


The Historical Development
of

Quantum Theory





Jagdish Mehra

Helmut Rechenberg

The Historical Development
of

Quantum Theory

VOLUME 6

The Completion of Quantum Mechanics

1926±1941

Part 2

The Conceptual Completion and the Extensions

of Quantum Mechanics

1932±1941

Epilogue: Aspects of the Further Development

of Quantum Theory

1942±1999

Subject Index: Volumes 1 to 6



Library of Congress Cataloging-in-Publication Data

Mehra, Jagdish.

The completion of quantum mechanics, 1926±1941 / Jagdish Mehra, Helmut Rechenberg.

p. cm. Ð (The historical development of quantum theory ; v. 6)

Includes bibliographical references and index.

ISBN 0-387-95086-9 (pt. 1 : alk. paper)

1. Quantum theoryÐHistory. I. Rechenberg, Helmut. II. Title.

QC173.98.M44 vol. 6

530:12009Ðdc21 00-040039

Printed on acid-free paper.

( 2001 Springer-Verlag New York, Inc.

All rights reserved. This work may not be translated or copied in whole or in part without the written

permission of the publisher (Springer-Verlag New York, Inc., 175 Fifth Avenue, New York, NY 10010,

USA), except for brief excerpts in connection with reviews or scholarly analysis. Use in connection with

any form of information storage and retrieval, electronic adaptation, computer software, or by similar

or dissimilar methodology now known or hereafter developed is forbidden.

The use of general descriptive names, trade names, trademarks, etc., in this publication, even if the

former are not especially identi®ed, is not to be taken as a sign that such names, as understood by the

Trade Marks and Merchandise Marks Act, may accordingly be used freely by anyone.

Production managed by Lesley Poliner; manufacturing supervised by Jacqui Ashri.

Typeset from the authors' Microsoft Word ®les by Asco Typesetters, Hong Kong.

Printed and bound by Edwards Brothers, Inc., Ann Arbor, MI.

Printed in the United States of America.

9 8 7 6 5 4 3 2 1

ISBN 0-387-95086-9 SPIN 10771857

Springer-Verlag New York Berlin Heidelberg

A member of BertelsmannSpringer Science�Business Media GmbH7



ContentsÐPart 2

Chapter IV The Conceptual Completion and the Extensions of

Quantum Mechanics (1932±1941) 671

Introduction 671

IV.1 The Causality Debate (1929±1935) 678

(a) Introduction: The Principle of Causality in Quantum Theory 678
(b) Heisenberg's Discussions Concerning the Positivism of the `Vienna

Circle' (1929±1932) 683
(c) The Indeterminacy Relations for Relativistic Quantum Fields

(1929±1933) 692
(d) The Continuation of the Debate on Causality with the Berlin

Physicists (1929±1935) 703

IV.2 The Debate on the Completeness of Quantum Mechanics and Its

Description of Reality (1931±1936) 713

(a) Introduction 713
(b) From Inconsistency to Incompleteness of Quantum Mechanics:

The EPR Paradox (1931±1935) 717
(c) The Response of the Quantum Physicists, Notably, Bohr and

Heisenberg to EPR (1935) 725
(d) Erwin SchroÈdinger Joins Albert Einstein: The Cat Paradox (1935±

1936) 738
(e) Reality and the Quantum-Mechanical Description (1935±1936) 747

IV.3 New Elementary Particles in Nuclear and Cosmic-Ray Physics

(1929±1937) 759

(a) Introduction: `Pure Theory' Versus `Experiment and Theory' 759
(b) The Theoretical Prediction of Dirac's `Holes' and `Monopoles'

(1928±1931) 772
(c) The Discovery of New Elementary Particles of Matter and

Antimatter (1930±1933) 785
(d) Quantum Mechanics of the Atomic Nucleus and Beta-Decay

(1931±1934) 801
(e) Universal Nuclear Forces and Yukawa's New Intermediate Mass

Particle (1933±1937) 822

IV.4 Solid-State, Low-Temperature, and Relativistic High-Density

Physics (1930±1941) 837

(a) Introduction 837
(b) New American and European Schools of Solid-State Physics

(1933±1937) 840



(c) Low-Temperature Physics and Quantum Degeneracy (1928±1941) 857
(d) Toward Astrophysics: Matter Under High Pressures and High

Temperatures (1926±1939) 877

IV.5 High-Energy Physics: Elementary Particles and Nuclear

Reactions (1932±1942) 898

(a) Introduction 898
(b) Between Hope and Despair: Progress in Quantum

Electrodynamics (1930±1938) 902
(c) New Fields Describing Elementary Particles, Their Properties, and

Interactions (1934±1941) 935
(d) Nuclear Forces and Reactions: Transmutation, Fusion, and

Fission of Nuclei (1934±1942) 964

Epilogue: Aspects of the Further Development of Quantum Theory

(1942±1999) 1015

1. The Elementary Constitution of Matter: Subnuclear Particles and

Fundamental Interactions 1020

1.1 Some Progress in Relativistic Quantum Field Theory and the

Formulation of the Alternative S-Matrix Theory (1941±1947) 1024

(a) E. C. G. Stueckelberg: `New Mechanics (1941)' 1024
(b) The Principle of Least Action in Quantum Mechanics (Feynman

and Tomonaga, 1942±1943) 1024
(c) Heisenberg's S-Matrix (1942±1947) 1030

1.2 The Renormalized Quantum Electrodynamics (1946±1950) 1033

(a) The Shelter Island Conference (1947) 1033
(b) Hans Bethe and the Initial Calculation of the Lamb Shift (1947) 1038
(c) The Anomalous Magnetic Moment of the Electron (1947) 1043
(d) The Pocono Conference (1948) 1051
(e) Vacuum Polarization (1948) 1057
(f ) The Michigan Summer School: Freeman Dyson at Julian

Schwinger's Lectures (1948) 1059
(g) The Immediate Impact of Schwinger's Lectures (1948) 1062
(h) Schwinger's Covariant Approach (1948±1949) 1064
(i) Gauge Invariance and Vacuum Polarization (1950) 1074
( j) The Quantum Action Principle (1951) 1081
(k) Tomonaga Writes to Oppenheimer (April 1948) 1085
(l) Tomonaga's Papers (1946±1948) 1086
(m) Feynman's Preparations up to 1947 1088
(n) Richard Feynman after the Shelter Island Conference (1947±

1950) 1091
(o) Freeman Dyson and the Equivalence of the Radiation Theories

of Schwinger, Tomonaga, and Feynman (1949±1952) 1099
(p) The Impact of Dyson's Work 1104
(q) Feynman and Schwinger: Cross Fertilization 1106

1.3 New Elementary Particles and Their Interactions (1947±1964) 1107

1.4 The Problems of Strong-Interaction Theory: Fields, S-Matrix,

Currents, and the Quark Model (1952±1969) 1118

Contentsvi



1.5 The `Standard Model' and Beyond (1964±1999) 1125

(a) The `Electroweak Theory' (1964±1983) 1126
(a1) The `Intermediate Weak Boson' 1126
(a2) Spontaneous Symmetry-Breaking and the Higgs Mechanism 1127
(a3) The Weinberg±Salam Model and Its Renormalization 1127
(a4) Neutral Currents and the Discovery of the Weak Bosons 1128

(b) Quantum Chromodynamics (QCD) (1965±1995) 1130
(b1) The Discovery of Physical Quarks 1130
(b2) Asymptotic Freedom of Strong Interaction Forces 1131
(b3) Quantum Chromodynamics 1132
(b4) The Completion of QCD 1133

(c) Beyond the Standard Model (1970±1999) 1134

2. Quantum E¨ects in the Physical Laboratory and in the Universe 1138

2.1 The Industrial and Celestial Laboratories (1947±1957) 1139

(a) The Transistor in the Industrial Laboratory (1947±1952) 1139
(b) The Celestial Laboratory (1946±1957) 1143

2.2 The Application of Known Quantum E¨ects (1947±1995) 1145

(a) The Casimir E¨ect and Its Applications (1947±1978) 1145
(b) The Maser and the Laser (1955±1961) 1153
(c) The Bose-Einstein Condensation (1980±1995) 1156

2.3 Super¯uidity, Superconductivity, and Further Progress in

Condensed Matter Physics (1947±1974) 1159

(a) Rotons and Other Quasi-Particles (1947±1957) 1159
(b) The Solution of the Riddle of Superconductivity (1950±1959) 1163
(c) Critical Phenomena and the Renormalization Group (1966±1974) 1170

2.4 New Quantum E¨ects in Condensed Matter Physics (1958±1986) 1173

(a) The MoÈssbauer E¨ect (1958) 1173
(b) Experimental Proof of Magnetic Flux Quantization (1961) 1175
(c) The Josephson E¨ect (1962) 1176
(d) Super¯uid Helium III: Prediction and Veri®cation (1961±1972) 1177
(e) The Quantum Hall E¨ect and Lower Dimensional Quantization

(1980) 1179
(f ) High-Temperature Superconductors (1986) 1181

2.5 Stellar Evolution, the Neutrino Crisis, and 3 K Radiation (1957±

1999) 1183

(a) Stellar Evolution and New Types of Stars (1957±1971) 1185
(b) The Solar Neutrino Problem and the Neutrino Mass (1964±1999) 1187
(c) 3 K Radiation and the Early Universe (1965±1990) 1190

3. New Aspects of the Interpretation of Quantum Mechanics 1193

3.1 The Copenhagen Interpretation Revisited and Extended (1948±

1966) 1197

3.2 Causality, Hidden Variables, and Locality (1952±1968) 1208

(a) The Hidden Variables and von Neumann's Mathematical
Disproof Revisited (1952±1963) 1212

Contents vii



(b) The EPR Paradox Revisited, Bell's Inequalities, and Another
Return to Hidden Variables (1957±1968) 1216

(c) The Aharonov±Bohm E¨ect (1959±1963) 1222

3.3 Further Interpretations and Experimental Con®rmation of the

Standard Quantum Mechanics (1957±1999) 1224

(a) The Many-World Interpretation and Other Proposals (1957±1973) 1224
(b) Tests of EPR-Type Gedankenexperiments: Hidden Variables or

Nonlocality (1972±1986) 1229
(c) The Process of Disentanglement of States and SchroÈdinger's Cat:

An Experimental Demonstration (1981±1999) 1235

Conclusion: Four Generations of Quantum Physicists 1244

References 1255

Author Index 1441

Subject Index for Volumes 1 to 6 1469

Contentsviii



Chapter IV

The Conceptual Completion and the Extensions of

Quantum Mechanics (1932±1941)

Introduction

The invention of quantum and wave mechanics and the great, if not complete,

progress achieved by these theories in describing atomic, molecular, solid-state

andÐto some extentÐnuclear phenomena, established a domain of microphysics

in addition to the previously existing macrophysics. To the latter domain of clas-

sical theories created since the 17th century appliedÐprincipally, the mechanics of

Newton and his successors, and the electrodynamics of Maxwell, Hertz, Lorentz,

and Einstein. The statistical mechanics of Maxwell, Boltzmann, Gibbs, Einstein,

and others indicated a transition to microphysics; when applied to explain the

behaviour of atomic and molecular ensembles, it exhibited serious limitations of

the classical approach. Classical theories were closely connected with a continuous

description of matter and the local causality of physical processes. The micro-

scopic phenomena exhibited discontinuities, `quantum' features, which demanded

changes from the classical description. In the standard scheme of quantum theory

that emerged between 1926 and 1928, notably in GoÈttingen, Cambridge, and

Copenhagen, the following description arose:

(i) Microscopic natural phenomena could be treated on the basis of the theories of
matrix and wave mechanics, i.e., formally di¨erent but mathematically equiva-
lent algebraic and operator formulations.

(ii) The quantum-mechanical theories satis®ed the known conservation principles of
energy, momentum, angular momentum, electric charge and current, etc.

(iii) The visualizable (anschauliche) particle and wave pictures of the classical theories
had to be replaced by `dualistic' or `complementary' aspects of microscopic
objects which exhibited simultaneous particle and wave features.

(iv) The causal structure known from the classical lawsÐi.e., the di¨erential equa-
tionsÐremained valid for the quantum-mechanical laws, but the behaviour of
quantum-mechanical objects deviated from those of classical ones.

(v) Based on Born's statistical interpretation of the wave function and Heisenberg's
uncertainty (or indeterminacy) relations, Bohr (on the physical side) and von
Neumann (on the mathematical side) proposed a subtle formalism that ac-
counted for the measurement of microscopic properties by macroscopic instru-
ments (and observers), in which the classical subject±object relation introduced
300 years earlier by ReneÂ Descartes was replaced by a di¨erent one.

The completed physical theory of microscopic phenomena that thus arose, and

was soon characterized as the `Copenhagen interpretation of quantum mechanics,'



was by no means accepted by all physicists, not even by all quantum physicists

universally. Especially in Middle Europe, a lively debate arose from the late 1920's

onward concerning several characteristic aspects of this interpretation. We have

mentioned in Chapter II that already since the origin of the complementarity view,

Erwin SchroÈdinger and Albert Einstein vigorously attacked the validity of its very

basis, namely, Heisenberg's uncertainty relations. While Bohr and his associates,

in particular Heisenberg and Pauli, had emerged victorious in this debate on

the uncertainty relationsÐby demonstrating that the quantum-mechanical scheme

was fully consistent as a mathematical theory and gave an adequate description of

microscopic phenomenaÐa new debate started around 1930 (i.e., after the defeat

of Einstein's arguments by Bohr et al. at the sixth Solvay Conference on Physics)

about the consequences from the uncertainty relations for the principle of cau-

sality in quantum mechanics. Now Planck and SchroÈdinger argued vigorously

against renouncing the (classical) causality concept, which had formed the basis

of all previous successful physical theories and beyond. On the other hand, a

powerful philosophical movement in Germany and its vicinity, notably positivism

and the related views of the `Vienna Circle,' supported, more or less fully, the

Copenhagen interpretation. Simultaneously with these epistemological debates,

certain theoreticians worked on the problem of whether the uncertainty relations

would not break down when one would seek to extend quantum mechanics to

relativistic phenomena. These investigations, carried out between 1930 and 1933,

ended with the result that uncertainty relations existed also for relativistic ®elds;

hence, the Copenhagen interpretation remained valid also in this domain.797 The

debate on causality and the extension of the uncertainty relations will be dealt with

in Section IV.1.

In spite of his defeat in 1930, Einstein would not yield to the claim of the

validity of the quantum-mechanical description of microscopic processes. After

several years of preparation, he would publish with two collaborators a new and,

as he believed, decisive blow: the so-called `Einstein-Podolsky-Rosen (EPR) para-

dox' did not argue against the consistency of the modern quantum theory (in-

volving, especially, the validity of the uncertainty relations) but rather attempted

to show that the entire, though so successful, scheme violated the very essence of

a physical theory, namely, to describe the `reality' of nature completely. Bohr,

Heisenberg, and others hurried to reply to Einstein's accusations by demonstrating

that the view of physical reality assumed by their distinguished colleague simply

did not apply to the microscopic domain. At the same time, Erwin SchroÈdinger

analyzed, partly independently of Einstein, the intuitive (anschauliche) content of

quantum mechanics and published his famous `cat paradox.' This nonrelativistic

example addressed the same reality problem which had been discussed by Einstein

and his quantum-mechanical opponents in the relativistic example of EPR. We

shall treat the purely epistemological debate between Einstein and SchroÈdinger, on

797We recall from Section II.7 that the most eminent quantum-mechanical experts were ready to
accept a breakdown of their theory in the domain of relativistic and nuclear physics.
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the one side, and the partisans of the Copenhagen interpretation, on the other, in

Section IV.2.

It has been noted and emphasized by several historians of science that the

debates on the philosophical contents of quantum mechanics were carried out

mainly in Middle Europe. Paul Forman explained this fact by associating the

philosophical ideas leading to the creation of quantum mechanics and its inter-

pretation with the general sociological conditions of the Weimar Republic: the

political and economic necessities following World War I in defeated Germany

also ultimately nourished the emergence of doubts in the causality of physical

phenomena (Forman, 1971). Nancy Cartwright, on the other hand, in an analysis

of the response of some American physicists to the Copenhagen interpretation,

argued that the limited participation of her fellow countrymen in the philosoph-

ical debates rested on `the well-known American doctrines of pragmatism and

operationalism':

[This] philosophy stressed two things: (1) hypotheses must be veri®ed by experiment
and not accepted merely because of their explanatory power; and (2) the models that
physics uses are inevitably incomplete and incompatible, even in studying di¨erent
aspects of the same phenomena. (Cartwright, 1987b, p. 417)

The `basic attitude' of the progressive young American quantum physicists (in-

cluding J. C. Slater, E. U. Condon, J. H. Van Vleck, E. H. Kennard, E. C.

Kemble, D. M. Dennison, N. Wiener, H. P. Robertson, and less so J. R. Oppen-

heimer) around 1930 `was that the task of physics is not to explain but to describe'

the natural phenomena (loc. cit.).798 However, by discussing the laws of quan-

tum mechanics in the light of previously recognized principles of physical theory

(notably, the relation between cause and e¨ect), Bohr and his associates sought to

found the new atomic theory as a generalization of the old dynamics: as in the old

theories, they wished to explain rather than just to describe natural processes. And

yet, in spite of all their epistemological e¨orts, they could not satisfy the demands

of physicists of the older generation, whose ideal seemed to be the status of

late nineteenth-century science before the quantum and relativistic phenomena

enforced a change of the description. Some of them, like Philipp Lenard and

Johannes Stark, were even more extreme and used the new political philosophy of

the Nazis, ruling Germany since 1933, to demand a return to what they called the

good `German physics (Deutsche Physik)' or `Aryan physics,' i.e., the mathemati-

cally less abstract, directly visualizable physics that existed before the advent of

the modern quantum and relativity theories. They accused Heisenberg, Sommer-

feld, and even the old Max Planck of having createdÐtogether with Einstein and

many well-known physicists who were driven out of German universities and

798 In a sense, one might say that the di¨erent attitudes toward quantum mechanics represented by
the Central Europeans, on the one hand, and the Americans, on the other, followed the old antipodean
schemes of deductively describing the laws of nature from metaphysical principles (e.g., by Leibniz) or
inductively deriving otherwise unexplained laws from observations (e.g., by Newton), respectively.
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research institutesÐa `Jewish,' a `degenerate' physics. The Third Reich, with its

racial laws and other anti-democratic, nationalistic measures, certainly damaged

seriously the cause of modern atomic theory in GermanyÐmany Jewish and

several of the other creators and distinguished representatives of quantum and

relativity theories took away with them the fruits of the great tradition established

in Middle Europe before and during the Weimar period.

Still, quantum theory continued to ¯ourish during the 1930s, even in im-

poverished Germany, through many applications and extensions, which we shall

sketch in the following sections of this chapter. In particular, the ®elds of nuclear

and high-energy physics were incorporated into the descriptions based on quan-

tum mechanics and relativistic quantum ®eld theory. These successes began with

the introduction of several new elementary particles, i.e., basic constituents of

matter, besides the already known proton and electron, two of them having been

predicted and the others detected by surprise. In Section III.7, we have already

mentioned the `neutron,' assumed hypothetically by Pauli to rescue energy con-

servation in the beta-decay (December 1930). Then, in summer 1931, Dirac inter-

preted the negative-energy states of his relativistic electron equation as a positively

charged `anti-electron,' which would be identi®ed in the following year by the

American physicist Carl Anderson with a particle detected in cosmic radiation and

named the `positron.' The existence of the positron, and in particular, the creation

of electron±positron pairs by very energetic gamma-rays, explained many phe-

nomena in high-energy physics, as well as the so-called Meitner±Hupfeld anomaly

referred to in Section III.7. On the other hand, a neutral particle, having appro-

ximately the mass of the proton, was identi®ed in February 1932 by James

Chadwick in certain nuclear reactions. This object, foreseen clearly by Rutherford

in 1920, performed a tremendous job in removing most of the previous di½culties

encountered by the physicists when they tried to apply the quantum-mechanical

scheme to nuclear structure: that is, all of the problems noticed earlier in con-

nection with the existence of electrons in nuclei and the statistics of certain

nuclei disappeared all of a sudden. Thus, in 1932, nuclear physics became a well-

de®ned branch of standard quantum mechanics. Heisenberg hurried to make

use, in the same year, of Chadwick's heavy `neutron' to establish the proton±

neutron structure of the atomic nuclei and started to explain their masses, or, more

accurately, their binding energies by assuming new exchange forces; two years

later, a young Japanese physicistÐHideki YukawaÐassociated these exchange

forces with another new elementary particle, which he called the `heavy quantum.'

Even earlier, in December 1933, Enrico Fermi developed a consistent quantum-

theoretical description of beta-decay by making use of Pauli's light `neutron' of

1930, which he (in 1932) properly renamed the `neutrino.' These wonderful dis-

coveries in nuclear and high-energy physics, which came to a peak in the `annus

mirabilis' of 1932, will be treated in Section IV.3.

Also in the low-energy domains of condensed matter physics, namely, solid-

state and low-temperature physics, the 1930's proved to be a quite fruitful period

for the application of quantum-mechanical methods and principles, as we shall
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summarize in Section IV.4. On the one hand, the theory of metals and solids,

established so successfully between 1927 and 1932 (and described in Section III.6),

was further developed, especially in the USA (with John Slater and the Hungarian

immigrant, Eugene Wigner, and their students playing a leading role) and England

(where, for example, Nevill Mott in Bristol formed a new school). On the other

hand, the newly investigated anomalous behaviour of helium at temperatures

around 2K (notably, the super¯uidity discovered by Peter Kapitza in late 1937)

became amenable to treatment by means of quantum theory. Only the old riddle of

low-temperature physicsÐsuperconductivityÐstill lacked real theoretical under-

standing from ®rst, microscopic principles, in spite of the great progress made in

the macroscopic description of the phenomenon.

The most exciting results in the second half of the 1930's were again achieved in

nuclear and high-energy physics, although the formalism exhibited, at least in the

relativistic domain, serious defects as had been noticed already by Heisenberg and

Pauli in their pioneering work on quantum ®eld theory of 1929. All of the ®eld

theories devised to explain elementary particles and their interactionsÐwhether

the original quantum electrodynamics, the so-called `Fermi-®eld' theory (devel-

oped from Fermi's beta-decay theory in order to account for binding and scatter-

ing processes in nuclear or high-energy physics), or the various forms of Yukawa's

heavy quantum (soon to be called `meson') theory of nuclear forcesÐyielded most

disturbing in®nite results for fundamental properties, like the masses of particles

or cross sections of characteristic processes. These principal in®nities would be

handled only later by the procedure of `renormalization,' ®rst in the case of

quantum electrodynamics. On the other hand, many experimental ®ndings, in the

®rst place the discovery of the `mesotron' by Anderson and Seth Neddermeyer

toward the end of 1936, encouraged the quantum-®eld theorists. The new cosmic-

ray particle not only seemed to have the properties demanded by Yukawa for the

`meson'; since it was unstable and decayed in milliseconds when at rest, it also

accounted for the existence and the properties of the hitherto unexplained `pene-

trating component' of cosmic radiation. The special task for the theoreticians re-

mained to select from the available quantum-®eld theoriesÐthe scalar theory of

Pauli and Viktor Weisskopf of 1934 or the vector theory proposed in late 1937

independently by Yukawa and his Japanese collaborators, on the one hand, and

several theoreticians in Great Britain (Nicholas Kemmer, Homi Bhabha, Herbert

FroÈhlich, and Walter Heitler), on the otherÐthe suitable candidate, which would

allow one to calculate both the binding energy of characteristic nuclei (especially

of `deuterium,' the nucleus of the heavy water atom) and the high-energy scatter-

ing of nuclear particles. While a host of problems remained unanswered in the late

1930's, the general investigation of quantum-®eld theories as the tool for describ-

ing elementary particles made great progress; thus, Pauli and Markus Fierz in

Zurich proved the general spin-statistics theorem (1938), and Frederick Belinfante

in Leyden discovered the symmetry of quantum ®elds under `charge conjugation'

(1939a). We shall close Section IV.5 of this chapter with another discovery in

the domain of nuclear physics, which would create an even bigger stir among the
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scientists and the public at large: nuclear ®ssion. This new, and completely un-

expected, mode of nuclear reactions, observed by the chemists Otto Hahn and

Fritz Straûmann (1939a) when scattering slow neutrons by uranium nuclei, could

be immediately explained on the basis of the standard quantum-mechanical nu-

clear theory.

In the early 1930's, the time began when quantum mechanics advanced to the

status of an established fundamental theory, on the basis of which the various

branches of physics became reorganized: atomic physics, molecular physics, solid-

state physics (with its sub®elds of metal, semiconductor physics, etc.) and the

physics of condensed matter (especially low-temperature physics), on the one

hand, and nuclear and elementary particle physics (emerging, to a large extent,

from cosmic-ray physics and still called, until the early 1950's, high-energy nuclear

physics), on the other. The community of quantum physicists, whose eminent

members earlier covered in their theoretical investigations several, if not all, ®elds,

now began to split into well-de®ned parts or groups of specialists dealing with one

or at the most two topics. The history of quantum theory consequently branches

out into separate histories of all of these ®elds, each of which deserving its own

detailed treatment. Such a task would clearly surpass the goal of the present series

of volumes on The Historical Development of Quantum Theory. Sections IV.3 to

IV.5 therefore address only the essential quantum-theoretical ideas involved in

the new ®elds; none of them would discuss any topic in its entirety, as this would

require a series of di¨erent historical accountsÐonly a few of which have been

attacked so far (e.g., in the book of Hoddeson et al. (1992) on the history of solid-

state physics, or in that of Brown and Rechenberg (1996) on the origin of the

concept of nuclear forces).

The development of these new topics demanded the work of many scholars;

even new schools arose, for example, the Bristol school of Nevill Mott in Great

Britain or the MIT school of John Slater in the United States, both devoted to

research on solid-state physics. Of course, also in the more specialized physics of

the 1930's, the great ®gures, who had ushered in the quantum-mechanical revolu-

tion in the 1920's, remained leaders in many of the new developments, especially

Bohr, Dirac, Heisenberg, Pauli, and Wigner, supported by their early gifted dis-

ciples (from Bloch and Heitler to Peierls and Rosenfeld). On the other hand,

the in¯uence of old masters like Born and Sommerfeld became diminished, less

by their age than by the formidable di½culties created by the Third Reich in

Germany, which forced the former into emigration and denied the latter to choose

an appropriate successor to continue the work of his school.

Indeed, the forced emigration of a large part of the best of the older as well

as the younger generation from Germany played a decisive role in the con-

tributions from various other countries to quantum physics of the later 1930s. One

can say that through the actions of the Nazi Government (which came to power in

Germany in early 1933) nearly a whole generation of the most talented quantum

theorists got lost to Germany; not all of them were Jews or of Jewish origin

(hence, fell under the racial laws of 1933 and 1935), but quite a few also had to
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leave or left voluntarily because of political reasons (because they were associated

with liberal to leftist ideas).799 The emigrating quantum theorists then ¯ooded in

large numbers into the other countries, preferably to the West (mostly to Great

Britain and the USA, less so to France, Spain, and some countries of South

America), but some also to the East (from Czechoslovakia to the Soviet Union,

Turkey, and even China). Much has been argued about the e¨ect of this emigra-

tion, in particular about the role played by the theorists coming from Germany in

establishing and strengthening quantum physics in their new home-countries. Paul

Hoch, who studied the situation in several cases more closely, arrived at more

modi®ed conclusions concerning the immediate in¯uence of the emigrants from

Germany, pointing out that their reception by the scienti®c communities abroad

was often lukewarm; thus, he warned about overrating the support the emigrants

received, especially in the most favoured host countries, Great Britain and the

USA, by referring to the historical situation as it existed then:

This is all very well, and was to be very important as a foundation for the growth of
theoretical physics in America in the subsequent decades. But in 1933 the number of
theoreticians on the physics sta¨ at those institutions considered to be the main cen-
tres of this discipline in America wasÐwith the possible exception of the University
of MichiganÐtiny compared to those primarily engaged in experimentation, and
rarely exceeded one or occasionally two permanent sta¨.

If one is going to write a dispassionate history of the transmission of this new
branch of knowledge, one has to bring into the equation not only those factors facil-
itating it but also those opposing it. The predominant attitude to physics in Britain
and America at that time was that it wasÐand should be almost as matter of
moralityÐan experimental science (at Oxford it was still known as ``experimental
philosophy''). Cambridge had a considerable mathematical aspect to its physics at
least since Maxwell, which embraced in part the work of Kelvin, Rayleigh and J. J.
Thomson among others. However, by the 1930s it was assumed even within this tra-
dition that Cavendish physicists did their own experiments and that those not doing
experiments were not physicists and belonged to the mathematics faculty. This was
still the case in the early 1930s, even for the Stokes Lecturer in Mathematical Physics,
Ralph Fowler, and for his most promising students Nevill Mott and Alan H. Wilson,
all of whom were attached to mathematics. [Moreover, Fowler's] own main interests
were within statistical and older mathematical physics, rather than, for example, in
the new ``German'' quantum mechanics and its application to solids, in which such
visitors to Germany and Denmark as Wilson and Mott were to play a considerable
part. In the years after 1933 a great number of refugee theoreticians obtained tem-
porary accommodation at Cambridge including Hans Bethe, Max Born, Rudolf
Peierls and P. P. Ewald, among others. But none of these was able to obtain a post on
the permanent sta¨ and all went elsewhere. (Hoch, 1990, pp. 24±25)

The situation, as Hoch described further, was similar at Oxford, where actually

only the brothers Fritz and Heinz London settled for a longer period.

799Many others (like Hermann Weyl and Erwin SchroÈdinger) just resigned from their posts,
because they did not wish to live in the atmosphere created by the Third Reich and refused to swear an
oath of allegiance to the FuÈhrer Adolf Hitler.
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To these reasons, which arose from the general background of science in Great

Britain and USA, often also anti-Semitic sentiments in the faculties (especially in

the USA) were added to prevent an early integration of the immigrants. They

mostly occupied positions and treated subjects which the local people did not

favour, investigating especially theoretical problems of nuclear physics (partially

needed by the well-established experimentalists in their host countries).800 Many

of them later participated decisively in the nuclear energy projects during World

War II in Britain and in the USA and, as a consequence of their meritorious work

at that time, established themselves as respected members of the scienti®c com-

munity after the war. But this is quite another story which transcends the aim of

this chapter and the subjects to be discussed here.

IV.1 The Causality Debate (1929±1935)

(a) Introduction: The Principle of Causality in Quantum Theory

In a dictionary of physics, the concept of causality is de®ned as follows:

The physicist considers causality as identical with determinism, that is, with the
unique ®xing of the future events by the present ones according to the laws of nature.
(Westphal, ed., 1952, p. 649)

Since in classical physics the fundamental equations of nature were di¨erential

equations, the `deterministic hypothesis,' as formulated toward the end of the 19th

century, says: If one knows at a given instant the initial values of all parameters

describing the system considered, then one can calculate the values of these

parameters for all future times. Evidently, this hypothesis worked well in New-

tonian mechanics and Maxwell's electrodynamics. It could also be taken over into

relativistic dynamics and Einstein's theory of gravitation of 1915, as David Hilbert

remarked:

By knowing the [physical quantities and their time derivatives] in the present, once
and for all the values of these quantities can be determined in the future, provided

they have a physical meaning. (Hilbert, 1917, p. 61)

Clearly, the classical statistical mechanics also did not a¨ect the `deterministic

hypothesis' as such: The probabilistic description involved in it was considered

only as a device to calculate in a simple and comfortable manner the gross prop-

erties of a large assembly of particles, and the clever `Maxwell demon' would then

be able to disentangle all individual particle trajectories, which obeyed determin-

istic classical laws.

800Particular examples have been discussed with respect to the `British' theoreticians developing the
meson theory of nuclear forces in 1937 and 1938 (Brown and Rechenberg, 1996, Section 7.4).
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The situation changed only with the investigation of certain phenomena after

1900, especially the blackbody radiation law of Max Planck (1900f ), the nature of

the law of radioactivity by Egon von Schweidler (1905), and the emission and

absorption processes of radiation by Albert Einstein (1916d). Hence, the former

trained physicist and later philosopher Moritz Schlick attempted to endow the

`causal principle' with a more adequate formulation by stating:

The causal principle is not a natural law itself but rather the general expression of the
fact, that everything which happens in nature obeys laws which are valid without
exception. . . . First, one realized that the events happening at one instant of time are
only determined by the events happening at the immediately preceding instant, i.e.,
the dependence does not extend without intermediate action over distant times. . . . A
further extended and increasingly better justi®ed experience has made it very proba-
ble that . . . in space there exists as little an action-at-a-distance as in time: the natural
processes therefore are completely determined by those in the immediate vicinity and
depend only via the intermediate action of the latter on those at a larger distance. The

intermediate action could occur also discontinuously, hence ®nite di¨erences would re-

place the di¨erentials. The experiences of quantum theory warn us not to lose sight of

this possibility. (Schlick, 1920, pp. 461±462)801

Around 1920, a new discussion indeed arose, especially in Germany, about the

meaning of causality, triggered by the progress of quantum theory.802 Walter

Schottky of WuÈrzburg published in June 1921 a popular article on `Das Kausal-

problem der Quantentheorie als eine Grundfrage der modernen Naturforschung

801We have added emphasis to the last two sentences by italics.
Moritz Schlick was born in Berlin on 14 April 1882, the son of an industrialist. He studied at the

University of Berlin and received his doctorate in 1904 under Planck's direction with a thesis, `UÈ ber die
Re¯exion des Lichtes in einer inhomogenen Schicht (On the Re¯ection of Light in An Inhomogeneous
Layer).' Immediately afterward, he turned his attention from the problems of theoretical physics to
those of a very general philosophical nature and started a career in the philosophy of science. In 1910 he
received his Habilitation at the University of Rostock; in 1917, he was promoted to a professorship
there, before moving to Vienna in 1921 as a full professor to occupy the philosophical chair previously
held by Ernst Mach and Ludwig Boltzmann. In Vienna, he created a school of the logic of science
(Wissenschaftslogik) and the foundations of mathematics, the `Wiener Kreis (Vienna Circle).' Schlick
was shot to death on 22 June 1936 by a former student in the University of Vienna. With his pub-
lications on the philosophy of modern physical theories, especially relativity theory and quantum
theory, and through the `Vienna Circle,' he became one of the most original and in¯uential teachers in
the philosophy of science. For more details on the life and work of Moritz Schlick, see his obituary by
Zilsel (1937).

802 In an article on the cultural origin of statistical causality, Norton M. Wise traced `the idea of
indeterministic statistical causality' back to the period between 1870 and 1920 in Central Europe, re-
ferring especially to the physiologist Wilhelm Wundt and his Leipzig colleague, the historian Karl
Lamprecht, and later to the Danish philosopher Harald Hù¨ding, who in¯uenced Niels Bohr (Wise,
1987). We might add here the name of Franz Exner, the teacher of Erwin SchroÈdinger, who pondered
at least since his rectorial address of 1908 about the statistical nature of physical laws, and expanded on
the subject in his 1919 book on a new concept of causality, arriving at the following conclusion: `There
must exist causes which direct the average processes, but only those and not the individual ones, into
lawful courses. (Es muÈssen Ursachen vorhanden sein, welche das durchschnittliche Geschehen, aber auch
nur dieses, und nicht Einzelheiten bedingen und in gesetzmaÈûige Bahnen leiten.)' (Exner, 1919; quoted
from the second edition, 1922, p. 676)
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uÈberhaupt (The Central Problem of Quantum Theory as a Fundamental Problem

of Modern Science in General).' (Schottky, 1921b) Schottky argued in particular

that the interaction between matter and electromagnetic radiation, as considered

by Planck, Einstein, and others, seems to put the strict causal law of classical

mechanics into doubt; that is, when considering a quantum jump, one cannot ask

the question: `How does such a jump occur from one ``orbit'' to another, under

what conditions does it happen, how long does it last, etc.?' (Schottky, loc. cit.,

p. 507) Rather:

What can be grasped by the concept of causality . . . are the conditions for the fre-
quency of occurrence of elementary events of a de®nite type. However, for this pur-
pose the laws . . . are so strict and general in validity that one never ®nds a deviation,
as long as one just takes a su½ciently large number of elementary processes together
or adopts a point of view, in which the assumed ``structure'' of processes does not
show up anymore. (Schottky, 1921b, p. 511)803

Though based on other results of modern atomic theory, Walther Nernst argued

for a similar weakening of the causality principle in his Berlin rectorial address of

15 November 1921 (Nernst, 1922, especially, p. 494).

The turbulent development of quantum theory in the following years led to a

series of speculations about the nature of physical laws, of which the radiation

theory of Niels Bohr, Hendrik Kramers, and John Slater, proposed in early 1924,

suggested the most radical departure from classical causality.804 The quantum and

wave mechanics, which emerged in 1925 and 1926, then restricted these spec-

ulations again. The conservation laws, violated in the previous Bohr±Kramers±

Slater approach, regained full validity in the new atomic theory; however, now

Max Born's statistical interpretation of the wave function implied a breakdown

of the causality hypothesis for all atomic processes, which Born replaced by

the statement: `The motion of particles conforms to the law of probability, but

the probability itself is propagated in accordance with the law of causality.'

(Born, 1926b, p. 804) This interpretation of the quantum-mechanical formalism

initiatedÐas we have shown in Chapter II in this volume (and in Volume 5, Part

2, Section IV.5)Ðthe fundamental debates, especially in Copenhagen, leading to

Heisenberg's uncertainty relations and Bohr's principle of complementarity. Then,

in March 1927, Heisenberg drew the radical conclusion:

803Walter Schottky, whom we have mentioned several times in earlier volumes, was born on 23
July 1886, in Zurich and studied at the University of Berlin from 1904 to 1912, obtaining his doctorate
under Planck's guidance in 1912 with a dissertation on relativistic dynamics. Then, he became an
assistant to Max Wien in Jena and worked on problems of electron tubes and on the thermal emission
of electrons in high-voltage electric ®elds (`Schottky e¨ect,' discovered in 1914). In 1915, he accepted a
position in the laboratory of Siemens & Halske in Berlin; in 1920, he returned to an academic career at
the University of Rostock (extraordinary professor, 1923, full professor, 1926). From 1927 to 1951, he
®nally worked as a leading scientist for the Siemens & Halske and Siemens-Schuckert Companies in
Berlin and Pretzfeld, developing in particular the theory of defects in crystals and of semiconductors.
Schottky, one of the great pioneers in this ®eld, died on 4 March 1976, at Forchheim.

804The BKS theory and its implications have been discussed in Volume 1, Part 2, Section V.2.
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Since all experiments obey the equation

�p1q1 @ h� ��631��

[with p1 and q1 denoting the minimum inaccuracies of momentum and position of
quantum-theoretical particles], the incorrectness of the law of causality is a de®nitely
established consequence of quantum mechanics itself. (Heisenberg, 1927b, p. 197)

He found, especially, that in the old statement of causalityÐ`The exact knowledge

of the present allows the future to be calculated'Ð`not the conclusion but the

[initial] hypothesis is false' (Heisenberg, loc. cit.).

About a year later, he had accepted the wider conclusions from his own ®nd-

ings, as formulated by Bohr in the principle of complementarity, and stated in a

public address the de®ciency of the causality principle as follows:

The [classical] formulations of the causal law have shown themselves to be untenable
in modern physics. . . . To obtain a statement about an object to be agreed upon, one
must observe it. This observation implies an interaction between the observer [i.e.,
subject] and the object, which changes the object. For the smallest particles the
interaction becomes so strong that observation often means destruction. Bohr has
coined the concept of ``complementarity'' to describe the situation more appropri-
ately. An accurate knowledge of the velocity [of the particle] excludes an accurate
knowledge of [its] position; the former is complementary to the latter. Or, the causal
description of a system is complementary to the space-time description of the same
system. Because, in order to obtain a space-time description, one must observe, and
this observation disturbs the system. If the system is disturbed, we cannot follow
anymore its causal connection in a pure manner. . . .

[Consequently], the simple deterministic concept of nature that existed in the pre-
vious [classical] physics cannot be carried out anymore. The interaction between
observer and object renders a clear causal connection impossible. Of course, one can
again think of formulations of the causal principle, which are compatible with mod-
ern physics. The most trivial example would be, say, ``Everything that happens, also
must happen.'' This statement is, however, meaningless, it does not tell us anything.
Or, also, ``If one knows the parameters of a system accurately, one can describe the
future.'' This statement is equally meaningless. (Heisenberg, 1984d, pp. 26±27)805

When Heisenberg published his paper containing the relation [(631)]Ðin the

above quotationÐhe created a considerable echo that reached beyond Europe.

For example, E. H. Kennard of Cornell University, whoÐduring his stay in Co-

penhagen in summer 1927Ðhad already analyzed the derivation of Heisenberg's

uncertainty relations and de®ned the inaccuracies as `mean square deviations'

(Kennard, 1927), later argued that they referred less to `the errors of a simultane-

805The quotation is from the address, entitled `Erkenntnistheoretische Probleme in der modernen
Physik (Epistemological Problems of Modern Physics)' post-humanly published (in Heisenberg, 1984d,
pp. 22±28). This address may have been Heisenberg's inaugural lecture upon his appointment as Pro-
fessor of Theoretical Physics at the University of Leipzig; lecture delivered in 1928.
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ous observation of both [canonically conjugate] quantities' but rather `primarily to

the ``statistical situation'' determined by the experimental conditions and our

knowledge of them' (Kennard, 1928, pp. 345±346). Arthur E. Ruark of the Uni-

versity of Pittsburgh, on the other hand, proposed `an arrangement of the appa-

ratus which seemed to make possible the simultaneous determinations of the

coordinate q and the momentum p of a free particle, so accurately that Hei-

senberg's relation Dq � Dp@ h is violated'; however, he noticed immediately that

`the precision of the measurement of both p and q is limited by statistical ¯uctua-

tions in the measuring apparatus,' especially: `The true reason for the validity of

the principle is that slight velocity changes occur when the particle passes through

a variable slit.' (Ruark, 1928, p. 709) Finally, Howard Percy Robertson of

Princeton provided a mathematical proof of the relation for generalized co-

ordinates in a letter of 18 June 1929, published in July of that year (Robertson,

1929). Altogether, the Americans did accept Heisenberg's result readily, but

showed little interest in the complementarity philosophy in which the Copenhagen

protagonists had embedded the relation [(631)].806 They rather asked practical

questions connected with it, for example, about the `the length of light-quanta'

(Breit, 1927). Such a question seemed to his philosophically ambitious European

colleagues quite irrelevant: Philipp Frank of Prague discussed in a paper, entitled

`UÈ ber die ``Anschaulichkeit'' physikalischer Theorien (On the ``Visualizability'' of

Physical Theories)' and published in a February 1928 issue of Naturwissen-

schaften, the consequences derived from Heisenberg's work on the concept of

Anschaulichkeit (visualizability, perceptualness, intuitiveness), which was also at

the basis of Bohr's investigations leading to the principle of complementarity.807

After sketching the contents of Heisenberg's pioneering paper (Heisenberg,

1927b), Frank wrote the following comments:

If one then thinks that nothing has been stated [in Heisenberg's g-ray experiment]
about the position and the velocities of electrons themselves, but only something
about the possibilities of obtaining an accurate measurement, we have to reply: One
must distinguish between the mathematical concepts of position coordinates and the
velocity coordinates as physical events. As to the latter, they are grasped just through
the properties of the scattered light; in the former sense, however, quantum me-
chanics demonstrates that the components of the coordinates of points do not con-
stitute the most suitable quantities to represent radiation phenomena. But there is
nothing ``visualizable'' in these material or electrical points [i.e., in the mathematical
position coordinates of particles or radiation]. (Frank, 1928, p. 124)

Frank further claimed that `the requirement for a representation [of atomic

objects] by moving points or aether vibrations has nothing to do at all with the

806For details, see the review by Cartwright (1987b).

807When Frank wrote his paper, he had not yet seen Bohr's papers on the principle of com-
plementarity (which he therefore did not refer to).
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requirement of Anschaulichkeit but is just connected with a certain Weltan-

schauung (world view) which is composed of two [quite di¨erent] aspects,' namely,

the `materialistic view of nature' and the `idealistic view': The former assumes the

existence of completely impenetrable small particles in vacuum, while the latter is

based on the (Kantian) trinity of space, time and causality. Only a third point of

view, the `positivistic view' (represented by Ernst Mach) would allow oneÐin

Frank's opinionÐto resolve the contradictions between the ®rst two views and

to describe the situation in quantum mechanics on the basis of Heisenberg's

results. Clearly, he claimed that the problem of visualizability was very much

connected with the problem of causality; Bohr and Heisenberg would agree, in

principle, though Frank's answer, given within the framework of Mach's positi-

vistic view, would be somewhat di¨erent (see also Frank, 1929, and the discussion

below).

(b) Heisenberg's Discussions Concerning the Positivism of the

`Vienna Circle' (1929±1932)

At the opening session of the ®fth Deutsche Physiker und Mathematikertag in

Prague, on 16 September 1928, two speakers addressed the philosophical con-

sequences from the new physical theories, the local physicist Philipp Frank and the

Berlin mathematician Richard von Mises. Frank (1929) embedded the results of

relativity and quantum theories into the more recent epistemological thoughts of

Henri Bergson, William James, and Ernst Mach, as well as those of Rudolf

Carnap, Moritz Schlick, and Hans Reichenbach. From the quantum-mechanical

situation, he concluded: `The question can never be asked, therefore, as the phys-

icist of the [old]-school philosophy puts it: ``Does strict causality govern nature?''

but rather: ``What are the properties of the correlation between the events and the

state variables connected by strict [mathematical] laws?'' ' (Frank, 1929, p. 993)

He continued:

When looked at from the point of view of the old philosophy [Schulphilosophie], the
[physical theories of the 20th century] imply an undermining (Zersetzung) of rational
thinking; they simply are prescriptions for representing experimental results but do
not yield any recognition of reality which is left to other methods. However, for those
who do not accept the non-scienti®c argumentations, the present theories enforce

the conviction that even in such questions, as the ones about space, time and conti-

nuity, still there exists a scienti®c progress which proceeds with the progress in our

experiences; that it is, therefore, not necessary to assume besides the green and
growing tree of science a grey region occupied by the problems that never will be
solved. . . . , but rather that there are no limitations where physics passes over into phi-

losophy, if one just formulates the task of physics in the sense of Ernst MachÐas
formulated by CarnapÐ``to organize the perceptions systematically, and to derive
from the existing perceptions conclusion for future perceptions.'' (Frank, loc. cit.,
pp. 993±994)
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Thus, Frank argued vigorously that the theories of the 20th century should deal

with the extended Machian positivism of the `Vienna Circle.'808

While Frank discussed the philosophical interpretation of the causal and the

statistical features of the new theories, von Mises spoke about the mathemat-

ical formulation of these aspects (von Mises, 1930a). First, he pointed out that

the causal principle had received many di¨erent expressions in the past and

summarized:

If physics, or science in general, based on progressing information, has ®nally
adopted fully the methods of reasoning (Schluûweisen) and the ideas of [mathemati-
cal] statistics and accepted them as indispensable tools, then after some time nobody
will think that thereby any philosophical demand will remain unsatis®ed. In a word:
The causal principle will be changed and will be subdued to what physics requires. (von
Mises, loc. cit., pp. 145±146)

The previous deterministic AnsaÈtze of classical physics, so Richard von Mises

argued, were connected with certain macroscopic concepts, such as density,

dielectric constants and with `directly observable' motions, say, of celestial bodies;

as soon as one proceeds to the situation involving many bodies (especially atoms),

however, the statistical description must be used that naturally implies a certain

irregularity, e.g., a molecular disorder. This description then requires, in the ®rst

place, the theorem `that every physical statement must represent a fact which can

be checked by observation, i.e., with the help of a real experiment,' and `the

observations possess as a decisive property that are repeatable arbitrarily often, be

it at di¨erent times, at di¨erent places, or by di¨erent means' (von Mises, loc. cit.,

pp. 150±151). Of course, due to errors in measurement, the individual obser-

vations will exhibit a ¯uctuation; hence, one must take as the `true value of a

measurement the expectation value of the ensemble under consideration,' or: `A

[physical] theory will be veri®ed by experiment, if the value calculated agrees with

the ``true value'' of the observation, i.e., the expectation value as determined

through the measured object and the measuring device which, strictly speaking,

can be obtained only after having performed in®nitely many measurements.' (von

Mises, loc. cit., p. 151)

Now the partisans of causal, deterministic theories insisted on a further `arbi-

trary' assumption, namely: `To each theoretical result there exists an in®nite

sequence of di¨erent experimental arrangements having an increasing accuracy

808The `Wiener Kreis' (`Vienna Circle') was founded, as mentioned earlier, by Moritz Schlick, and
was described as follows: `Numerous pupils, eager to learn and devoted [to learning], assembled around
the new Ordinarius [in Vienna, 1922] and the more advanced students together with some teachersÐ
among them the philosopher Rudolf Carnap, the mathematician Hans Hahn and other mathematical
colleaguesÐto form a circle, which discussed under the guidance of Schlick problems of the logic of
science and of fundamental mathematical research and investigated together the development of
the philosophical results obtained. Through several publications within a common framework and
the organization of several philosophical congresses, this working community became knownÐalso
outsideÐas the `Wiener Kreis' (Zilsel, 1937, p. 161).
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such that, if measured in constant units, the size of ¯uctuations of the distribu-

tion obtained decreases continuously and ®nally approaches zero.' However, the

mathematician Richard von Mises continued, the very existences of ®nite atoms

rendered this extrapolation impossible, since:

One would have to imagine that there exist measuring devices whose precision
supersedes atomic dimensions, which would obviously imply giving up any physical
content. Recently, especially Heisenberg has pointed out the necessity of describing
the atomic experiments in detail, and by this he has thrown new light on the discus-
sion of causality and statistics. (von Mises, loc. cit., p. 152)

Indeed, the new quantum mechanics allowed one to calculate quantities in agree-

ment with a statistical evaluation, and Heisenberg's considerations led to the

conclusion: `The actual measuring process, also in microphysics, does not repre-

sent an elementary but rather a statistical situation. (Der konkrete Meûvorgang

ist auch in der Mikrophysik kein Elementarvorgang, sondern ein statistisches

Geschehen).' Hence, von Mises declared:

Strict determinism, as is ascribed usually to classical physics of di¨erential equations,
is only an apparent (scheinbare) property; it cannot be upheld, if one considers a
theory in principle only as valid in connection with experiments that allow one to test
it, i.e., one restricts oneself to what is perceptible by senses (sinnlich Wahrnehmbare)
or observable ``in principle.'' In macroscopic physics, the indeterministic elements are
contained in the objects of observation and partly in the measurement processes; every
microscopical phenomenon, however, contains intrinsically the statistical element,
because this alone permits the transition to a mass phenomenon (Massenerscheinung)
[as opposed to an individual one] and each measurement already represents such a
thing [i.e., a mass phenomenon]. (von Mises, loc. cit., p. 153)

These quite lively presentations show that the latest results of the quantum

theorists were soon understood, accepted, and properly incorporated into the

philosophy of science and the mathematical description in Germany.809 The high

point of this very positive reception of the recent results of the quantum physicists

occurred at the 91.Naturforscherversammlung, held from 6 to 11 September 1930,

in KoÈnigsberg. A special `Tagung fuÈr Erkenntnislehre der exakten Wissenschaften

(Conference on the Epistemology of Exact Sciences)' during this large assembly of

scientists and physicians dealt with two topics, namely, the epistemology of science

and the foundations of mathematics. On the latter topic, distinguished speakers

discussed the main lines of these hot developments at that time: for example,

R. Carnap treated the mathematical `logic (Logizismus)' (of Bertrand Russell and

others), A. Heyting the `institutionalism' (aÁ la L. Brouwer), J. von Neumann the

`formalism' (of Hilbert), and F. Waismann a `critique of language' (aÁ la Wittgen-

809Richard von Mises repeated his positive remarks on the quantum-theoretical results in develop-
ing a `world view (Weltbild ) of science' in a public lecture delivered on 27 July 1930 at the University of
Berlin (von Mises, 1930b).
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stein); ®nally, D. Hilbert gave his famous talk on the mathematical problems,

ending with the enthusiastic statement, `Instead of a stupid Ignorabimus our parole

should be: ``We must know, we shall know (Wir muÈssen wissen, wir werden wis-

sen)'' ' (Hilbert, 1930, p. 963). Hilbert's optimistic remark also applied to the dis-

cussions of the second theme, dealing with `the philosophical questions arising

from quantum mechanics.' In a brief summary, Hans Reichenbach reported about

the talks:

W. Heisenberg (Leipzig) delivered a lecture on causality and quantum mechanics,
preceded by one by H. Reichenbach (Berlin) on the concept of truth in physics
( physikalischer Wahrheitsbegri¨ ). The latter talk [Reichenbach's] started from a
philosophical critique of the previous physics and explained how, already since some
time, the emergence of the probability concept has led in physics to a revision of the
physical concept of truth via replacing the alternate logic (Alternativlogik)Ðhitherto
the only one knownÐby a logic of probability, for which a given theorem may have
any degree of probability, chosen from the continuous values between 0 and 1. These
ideas connected smoothly with Heisenberg's lecture which argued that [absolutely]
rigorous statements about natural processes in microphysics cannot be made any-
more, hence they are meaningless. Following these two talks, in which a remarkable
agreement was expressed between the results of research in the philosophy of science
(Naturphilosophie) and physics, a stimulating discussion took place that further
clari®ed many details. (Reichenbach, 1930, p. 1094)

In a paper, entitled `Die KausalitaÈt in der gegenwaÈrtigen Physik (Causality in

Present Physics)' and published in February 1931, Moritz Schlick wrote in his

introductory remarks:

The turn taken by physics in recent years on the question of causality could not have
been foreseen in any case. As much has been philosophized about determinism and
indeterminism, about constants, validity and checks of the causality principleÐno
one has as yet hit upon the possibility o¨ered by quantum physics as the key to rec-
ognize that a kind of causal order exists in reality. Only a posteriori do we recognize
where the new ideas branch o¨ from the old ones, and we are a little amazed that we
have previously always passed carelessly through the intersection. (Schlick, 1931,
p. 145)

What the Viennese philosopher wished to emphasize was thatÐperhaps di¨erent

from the impression given earlier by Frank, von Mises, and ReichenbachÐthe

crucial new philosophical idea did not arise so much from the previous lines of

argument, but was triggered by Heisenberg's `uncertainty relations (Ungenauig-

keitsrelationen).' `The new thing which physics has contributed to the problem of

causality does not consist in the fact that the validity of the causal law has been

challenged at all, nor [in the claim] that the microstructure of nature would have to

be described by statistical instead of causal regularities. All these ideas have been

expressed earlier, in part a long time ago,' he declared, and further:
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Rather, the new thing consisted in the up to then never anticipated discovery that by
natural laws themselves a limitationÐin principleÐin the accuracy of predictions
has been ®xed. This is sometimes totally di¨erent from the obvious idea that factually
and practically there exists a limit in the accuracy of observations, and that the
assumption of absolutely exact natural laws can be dispensed with in any case if one
wants to account for the empirical facts. (Schlick, loc. cit., p. 153)

How did Heisenberg, the man responsible for this drastic change in natural phi-

losophy, see the situation?

In his lecture in KoÈnigsberg on `Kausalgesetz und Quantenmechanik (Causal

Law and Quantum Mechanics),' delivered on 6 September 1930, Heisenberg pre-

sented in detail what he considered to be the causal law in the old physics and the

extent to which it was violated by the new quantum mechanics (Heisenberg,

1931a). His earlier formulation (Heisenberg, 1927b) had been attacked recently

in a book by Hugo Bergmann of the Hebrew University in Jerusalem, who had

argued in particular that `one cannot talk about a de®nite statement of the causal

law being not valid in quantum mechanics, but at the most about its inapplicabil-

ity' (Bergmann, 1929, p. 39), i.e., Heisenberg's statement `if-then' would not

be su½cient to prove the principle as being invalid.810 Heisenberg answered by

taking a longer excursion into the concepts which, he said, were empty and un-

interesting if they could not be refuted formally. Thus he stated the simplest form

of the causal law as: `Everything that happens, also must happen.' (Heisenberg,

1931a, p. 174) On the other hand, the more serious formulation that `if the present

state of an isolated system is known through all the parameters, the future state

can be calculated,' still remained valid, provided the interaction between the ob-

serving subject and the object could be made arbitrarily small. `In the new quan-

tum theory . . . it is impossible, in principle, to determine all the parameters of an

isolated system,' Heisenberg emphasized and continued:

Therefore, the just mentioned formulation of the causal law is not proven to be false
but just empty; it does not possess any domain of validity or application any more,
hence it does not interest the physicist. (Heisenberg, loc. cit., p. 175)

Clearly, Heisenberg wished to say the following. Even the well-known for-

mulation of the causality principle by Immanuel KantÐi.e., `If we ®nd that

something happens, we always assume that something precedes it, upon which it

follows according to a [well-de®ned] rule'Ðhad not been proven wrong by quan-

tum mechanics, because the great philosopher had assumed it to be `an a priori

synthetic judgment' which could not be checked by experience. Now in quan-

tum physics, the statement simply turned out to be `impractical (unpraktisch).'

810For a brief account of the early discussion of the philosophical consequences of Heisenberg's
relations, see Jammer, 1974, pp. 75±78.
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(Heisenberg, loc. cit., p. 176) From the properties of atomic systems, it rather fol-

lowed that:

The indeterminacy relations show ®rst that an accurate knowledge of the parameters,
which is needed in classical physics to ®x the causal connection, cannot be achieved.
A further consequence of the indeterminacy is that also the future behaviour of such
an inaccurately known system can be predicted only inaccurately, i.e., only statisti-
cally. It is evident that through the indeterminacy relations the foundation for the
precise causal law of physics gets lost, both whether it applies to the particle or the
wave picture. (Heisenberg, loc. cit., p. 177)

By just referring to the SchroÈdinger equation, which appears to be a causal equa-

tion (in the sense of any classical theory), Heisenberg said, one cannot reinstate the

classical causal law, because the wave function does not determine the state of the

system uniquely in space and time: To reach this situation, one had to observe the

system, but then the indeterminacy relations would spoil the case. Even the idea of

describing the observer and the system by a single wave function would not solve

the problem, as there exists no space-time description in that case either.

In a lecture on `Die Rolle der Unbestimmtheitsrelationen in der neuen Physik

(The Role of the Indeterminacy Relations in the Recent Physics,' presented on 9

December 1930, in Vienna, Heisenberg returned in detail to the causality question

(Heisenberg, 1931b).811 He now made the following statement about causality:

In classical physics the causal law was formulated as: ``If at a certain time all data are
known for a given system, then it is possible to predict unambiguously the physical
behaviour of the system also for the future.'' In quantum theory one may consider as
data practically the representative [SchroÈdinger] function. . . . Then the prescription of
the classical law is certainly wrong, because the physical behaviour of a system can in
general be predicted only statistically from the SchroÈdinger function. (Heisenberg,
loc. cit., p. 370)

That is, the mathematical formalism of the theory `does not realize anything from

the indeterminacy relations'; just the transition from the SchroÈdinger function to

the physical behaviour implies the statistical hypothesis; hence, `one can always

consider the perturbations created by the measuring apparatus on the system as

the cause of the degeneracy' (Heisenberg, loc. cit.). Heisenberg ®nally concluded:

If nature has built the universe from small constituents of ®nite size, namely electrons
and protons, then the question: ``What happens in regions smaller than these con-
stituents?'' should not make a reasonable sense. Therefore, these constituents should
behave ``unanschaulich,'' i.e., di¨erent from the objects of the daily life, in order that

811 It should be noted that in 1930 Heisenberg always talked about the `indeterminacy relations
(Unbestimmtheitsrelationen)' rather than the earlier `uncertainty relations' (which Heisenberg had re-
ferred to as `Ungenauigkeit' or `Unsicherheit' in that context, e.g., in Heisenberg, 1927b). But from 1930
onward, he systematically replaced the word `uncertainty' always by `indeterminacy.'
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nature in the small can be considered to be a closed system (abgeschlossen). Modern
physics, for the ®rst time has shown how such a closure of the microworld might be
conceivable in principle; the epistemological (erkenntnistheoretische) discussions,
which have led to this goal, have clari®ed our thinking, made the language precise,
and o¨ered us a deep insight into the essence (Wesen) of human knowledge about
nature. (Heisenberg, loc. cit., pp. 371±372)

As we have mentioned earlier, the Viennese philosopher Moritz Schlick took up

Heisenberg's results on causality and embedded them into a more professional

philosophical system. He also rejected the criticisms of his colleagues like Hugo

Bergmann's, though with a slightly di¨erent argument:

There do not exist synthetic judgments a priori. If a theorem states anything at all
about reality (and only if it does so, it of course contains some knowledge), then by
observing reality one must be able to show whether it is right or wrong. If there exists
no possibility, in principle, for testing, i.e., the theorem is compatible with any pos-
sible experience, then it cannot contain any knowledge about nature. If, by assuming
the theorem to be wrong, anything in the world of experience were di¨erent from the
situation for which the theorem is right, a test would be possible; hence the impossi-
bility of a test by experience means that: the view of the world does not depend at all
on the theorem being right or wrong, hence it says nothing about nature. (Schlick,
1931, pp. 153±154)

In general, Schlick continued, three di¨erent attitudes could be taken toward the

principle of causality, namely:

1. The principle of causality is a tautology. In this case it would always be true but
without content (nichtssagend ).

2. It is an empirical theorem. Then it is either true or false, either knowledge or error
(Erkenntnis oder Irrtum).

3. It constitutes a postulate, a demand to look further for causes. In this case, it can
be neither true nor false, but at most useful or not useful. (Schlick, loc. cit., p. 154)

Now, a tautology was certainly not what was needed in science; on the other hand,

the causality principle used so far did not seem to have the character of a physical

law; hence, only the third interpretation remained. Indeed, from Heisenberg's

indeterminacy relation, de®nitely a physical law, there followed `a rejection of

determinism.' However, Schlick continued that this `rejection cannot be con-

sidered as a proof for a statement to be untrue, but rather as the demonstration

that a rule is not suitable,' and `there always remains the hope that the causality

principle will again become triumphant as knowledge progresses.' He concluded:

The rejection of determinism by modern physics means neither that a statement is
wrong nor that it is empty; but the prescription, which as the ``causal principle''
shows the path to every induction and every natural law, is unsuitable. The unsuit-
ability is claimed only for a well-de®ned, limited domain, but there it is connected
with every certainty implied in the physical experience of today's research. (Schlick,
loc. cit., p. 156)
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Evidently, Schlick wished to retain as much of the causality principle as possible

for future physics.812

It seems that Heisenberg either met Schlick in Vienna or got into direct contact

with the philosopher about that time. In any case, toward the end of December

1930, he wrote him a letter thanking him for his `interesting essay on the law of

causality' and said that he had `learned much from it' and that:

the tendency of it [Schlick's essay] is extraordinarily pleasant (auûerordentlich sym-

pathisch) to me. In particular, the clear distinction among the three possibilities [to
interpret the principle of causality] was very instructive for me; I have tried to present
something similar in my lecture at KoÈnigsberg, but I did not succeed in bringing it
out clearly. (Heisenberg to Schlick, 27 December 1930)

Still, Heisenberg had a few objections. He did not understand really `the di¨erence

between [the terms] order, lawfulness and ``statistical lawfulness'' ' used by Schlick,

and he especially criticized the latter's description of Born's interpretation of the

wave function as being `split into two parts: in the strictly lawful propagation of

the c-wave and the existence of a particle or a quantum that is absolutely acci-

dental (schlechthin zufaÈllig) within the limits of ``probability,'' as given by the c-

value at the position under consideration' (Schlick, 1931, p. 157). After proposing

an example in atomic physics to discuss this point, Heisenberg wrote:

Now what does ``absolutely accidental within the limits of probability'' mean? I
cannot see any di¨erence between your ``statistical lawfulness'' and that which we
know from atomic physics. Further, I do not see which intermediate between full
causality and disorder plus probability law can still be found. . . .

I am also a bit unhappy that I am always quoted along with the statement of the
``invalidity of the causal law,'' as if I were in opposition to Born's conceptions. At
that time I considered the phrase ``invalidity'' quite carefully, intending to express
two things: ®rst, that the principle of causality has lost its applicability in physics
. . .Ðwhich is not the same as the assertion that ``it is wrong''; second, that a theorem
having no domain of validity can really not be interesting. The word ``invalid''
seemed to me to lie just right in the middle between ``wrong'' and ``inapplicable,'' but
unfortunately it has always been identi®ed with the word ``wrong.'' (Heisenberg to
Schlick, 27 December 1930)

Needless to say, Heisenberg agreed with Schlick's refutation of Hugo Bergmann's

position. He closed the letter to the `highly esteemed colleague (sehr verehrte Herr

Kollege)' by correcting a few statements of the latter about Bohr's ideas of com-

plementarity when applied to biological systems, and thanked him again for his

`extraordinarily instructive essay.'

In an immediate reply, dated 2 January 1931, Schlick expressed his apprecia-

812Schlick also contradicted the proposal of Hans Reichenbach that the causal law could only be
extended to the future; hence, it ®xed a direction in time for natural phenomena (see Reichenbach, 1925
and 1931).
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tion of Heisenberg's quick reading of his manuscript, especially the clari®cation of

Bohr's position. However, he still hoped to be able to retain the di¨erentiation

between strict lawfulness and pure accident in atomic theory, as stated in his

manuscript (and later paper: Schlick, 1931). More than a year later, Schlick sent

Heisenberg a new essay with the title `Positivismus und Realismus (Positivism and

Realism),' published earlier in the journal Erkenntnis (Schlick, 1932). In it, he tried

to summarize the principles of `the philosophical methods (Denkweisen) known

under the name positivism' since the invention of this concept by Auguste Comte

in the ®rst half of the 19th century, which consisted in the removal of the contrast

between the `true' or `transcendental existence' of reality and the `apparent exis-

tence,' as noticed by perceptions. In particular, Schlick focused on the di¨erent

attitudes assumed by the `realists,' on the one hand, and the `positivists,' on the

other, by investigating the two sets of problems: `The meaning of statements' (in

Section II) and `What is the meaning of reality? What does the ``external world''

signify?' (in Section III). We shall return especially to the second part of Schlick's

arguments in our next Section IV.2, but here we shall refer to Heisenberg's reac-

tion, as it throws light on his position with respect to the positivistic movement

which had thus far embraced his physical results.

In a letter dated 21 November 1932, Heisenberg thanked Schlick for a copy of

his essay, and began by stating: `Most of your assertions concerning your pro-

gramme, I consider to be absolutely right, or, as you indicate on p. 8 yourself,

completely trivial. To doubt the statement, which you regard as the central theorem

of positivism, seems to me completely absurd.'813 But then he immediately pointed

out disagreements about their understanding of what is philosophy: In particular,

Heisenberg did not appreciate the establishment of systems of `arti®cial de®ni-

tions' which seemed to him to suppress the `important values' also of philosophy

(which he felt to be closer to art than to photography). Hence, he wrote especially:

Your de®nition of philosophy on p. 6 seems to meÐplease forgive meÐcompletely
o¨ the track (abwegig). The question whether a certain philosophical statement is true
or false, in most cases is completely uninteresting and irrelevant for the value of phi-
losophy. For many deep statements of truth rather the fact applies [as Bohr once said]
that the opposite of [a deeply true statement] is also a deep truth. . . . Of course, one
may say that ``these truths therefore contain only statements about experiences of
sentiments,'' but this excuse appears to me as very suspicious. If we say, ``Here is a
table,'' what else is that but ``the expression of the existence of certain feelings, which
induce us to de®nite reactions of speech or other nature'' (p. 28). If you reply, ``I can
show the table to everybody else,'' I'll tell you, ``similarly one can create in every
person the experiences, which are meant by the statements of philosophy.'' Perhaps,
you will object, that philosophy is partly art and therefore valuable, but therefore
no ``science.'' I would, at this point, at the most admit that philosophy is a type of
``chemical compound'' of science and art (not just a mixture!) . . . , at any rate, a
compound transferring knowledge. (Heisenberg to Schlick, 21 December 1932, p. 2)

813 In the published paper, there is just one statement marked as the `central theorem (Hauptsatz),'
namely: `Only the given things are real (Nur das Gegebene ist real ).' (Schlick, 1932, p. 4)
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Even in science, Heisenberg added, the nonanalytically discovered `suddenly

sparkling recognitions,' such as Newton's discovery that the gravity of all bodies

causes the planetary motion, constitute `valuable knowledge.'

Heisenberg concluded by emphasizing the importance of the logical calculus for

philosophyÐ`though this instrument [Heisenberg called it a ``brilliant (herrliches)''

system] is not yet philosophy.' While he did not believe at all in the possibility of a

`really ``clear'' language,' he believed `that the best [thing] to achieve is to create

clarity at the one little place, where a contradiction directs our attention to an

obscurity.' As an example, he cited simultaneity in Einstein's investigation leading

to special relativity theory. `Please forgive me that I have used the words light-

heartedly, . . . I hoped you would prefer to hear a natural opinion rather than read

a learned (ausgetuÈftelte) essay,' Heisenberg concluded his letter on philosophy to

Schlick, and signed it with `herzlicher Hochachtung (cordial respects).' He had

indeed written quite clearly about what he considered to be the central message of

quantum mechanics for philosophy, when he remarked: `It seems to me more than

an unfortunate accident that [Philipp] Frank and [Hans] Reichenbach in their

work hardly mention the real point of quantum theory, namely Bohr's [princi-

ple of ] complementarity, and instead of it reproduce the much more super®cial

aspects in Born's papers and mine.' (Heisenberg to Schlick, loc. cit.)

(c) The Indeterminacy Relations for Relativistic Quantum Fields

(1929±1933)

In spring 1931, the young Carl Friedrich von WeizsaÈcker (not yet quite 19 years of

age) submitted his doctoral thesis under the direction of Werner Heisenberg in

Leipzig, dealing with the determination of the position of an electron by a micro-

scope (von WeizsaÈcker, 1931). He carried out, in particular, `a rigorous calculation

of the problem . . . with the help of the Heisenberg-Pauli formulation of quantum

electrodynamics' (von WeizsaÈcker, loc. cit., p. 114). According to the standard

discussion of the g-ray Gedankenexperiment of Heisenberg, the uncertainty of the

position Dq assumed at least the value

Dq@
l

sin e
; �632�

with l denoting the wavelength of the light used and 2e the angle of aperture of the

bundle of rays used for the imaging procedure. Von WeizsaÈcker then found that

the procedures involved in the measurement of position were more complex than

Heisenberg and Bohr had assumed in their 1927 discussions of the Gedankenex-

periment; especially, they included the illumination of the original electron at

a space point P, the emission of radiation by this electron under the angle of

aperture �2e�, and the stimulation of a second electron at the point P 0 of the ob-

servation screen. If he treated the problem according to proper quantum electro-
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dynamics (with the Dirac equation describing the electron), he indeed obtained for

the position probability a wave packet of size l=sin e.814

Von WeizsaÈcker's thesis completed the demonstration of the `elementary' rela-

tions by using ®eld-theoretical methods. Two years earlier, Heisenberg `contem-

plated how one could elucidate the uncertainty relations (Unsicherheitsrelationen)

for the [electromagnetic] wave amplitudes.' As Heisenberg wrote to Bohr:

As a matter of course, any measurement would yield not [the electric ®eld strength] E
and the [magnetic ®eld strength] H at an exact point but average values over perhaps
very small spatial regions. Let DV be the volume of this spatial region, then the
commutation relations between Ei and Fk look like this,

EiFk ÿFkEi � dik2hci
1

DV
��633��

where Ei and Fk are now to be interpreted as average values over the spatial volume
DV�� �DL�3�. Consequently, one would expect indeterminacy relations of the form

DEiFi V dik
hc

DV
or EiDHk V

hc

DVDL
��634��

(Heisenberg to Bohr, 16 June 1929; English translation in Bohr, 1996, pp. 5±6)

Heisenberg then indicated twoÐas he admitted, not `quite solid'Ðmethods to

derive Eq. [(634)]. In spite of the shaky derivation, however, he took over the last

Eq. [(634)] into his lectures at Chicago [Heisenberg, 1930a, p. 50, Eq. (38)].

Bohr did not respond to the detailed contents of Heisenberg's letter until early

in 1931 when the situation had changed drastically, as LeÂon Rosenfeld recalled

nearly two decades later:

When I arrived at the [Copenhagen] Institute on the last day of February 1931, for
my annual stay, the ®rst person I saw was Gamow. As I asked him about the news,
he replied in his own picturesque way by showing me a neat pen drawing he had just
made. It represented Landau tightly bound to a chair and gagged, while Bohr
standing before him with upraised fore®nger, was saying: ``Bitte, bitte, Landau muss

ich nur ein Wort sagen! '' [``Please, please, Landau, may I just say one word!''] I
learned that Landau and Peierls had just come for a few days before with some new
paper of theirs which they wanted to show Bohr, ``but'' (Gamow added airily) ``he
does not seem to agreeÐand this is the kind of discussion which has been going on
all the time.'' Peierls had left the day before, ``in a state of complete exhaustion,''
Gamow said. Landau stayed for a few weeks longer, and I had the opportunity of
ascertaining that Gamow's representation of the situation was only exaggerated to
the extent usually conceded to artistic fantasy. (Rosenfeld, 1955, p. 70)

814Von WeizsaÈcker added the remark: `Our result that the uncertainty of imaging quantum-

theoretically will not be larger than
l

sin e
, cannot be guaranteed for l � l0 @

h

mc
because of the size of

the momentum transfer in the Compton e¨ect.' (von WeizsaÈcker, 1931, p. 130)
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Rosenfeld's reference was to the investigation, entitled `Erweiterung des Unbe-

stimmtheitsprinzips fuÈr die relativistische Quantentheorie (Extension of the Inde-

terminacy Principle to Relativistic Quantum Theory),' which Lev Landau and

Rudolf Peierls had completed in late January and would eventually submit in early

March 1931 to Zeitschrift fuÈ r Physik (Landau and Peierls, 1931). They started

with the observation that the application of wave-mechanical methods to relativ-

istic problems led to several `senseless' results: ®rst, the negative energy states of

Dirac's electron equation; second, to `hopelessly in®nite divergence' of the inter-

action of a charged particle with itself; and third, to `in®nite matrix elements of the

energy density.' Hence, they concluded:

It is shown that by considering possible methods of measurement that all the physical
quantities occurring in wave mechanics can in general no longer be de®ned in the
relativistic range. This is related to the well-known failure of the methods of wave
mechanics in that range. (Landau and Peierls, loc. cit., p. 56; English translation,
p. 152)

In order to support their special claim `that in the range considered the physical

requirements of the applicability of the methods of wave mechanics are no longer

satis®ed,' Landau and Peierls turned to what they considered a generalization of

Bohr's ideas on the concept of measurement (as presented by Bohr in his lectures

at Como and Brussels, 1928a, e, respectively). In particular, they argued that ac-

cording to Bohr, for every quantum-mechanical system there should exist predict-

able measurements; i.e., `measurements such that for every result there is a state of

the system in which the measurement certainly gives the result' (Landau and

Peierls, loc. cit., p. 57); hence, they also concluded: `If the wave function of

the system cannot be determined by the measurement, it can have no meaning,' or

`the existence of predictable measurements is an absolutely necessary condition for

the validity of wave mechanics' (Landau and Peierls, loc. cit., p. 58). Now, in

Bohr's scheme, every momentum measurement in time Dt is connected with a

de®nite change DP (in addition to the unknown change which restricts the accu-

racy of the measurement due to the indeterminacy relation), given by the relation

�vÿ v 0�DP >
h

Dt
; �635�

where v and v 0 denote the velocities of the particle before and after the change. In

the relativistic case, vÿ v 0 assumes at most the value c; hence, they found

DP � Dt >
h

c
; �635 0�

or `the concept of momentum has a sharp meaning only for long times.' (Landau

and Peierls, loc. cit., p. 61) This applies, in particular, for free particles, while for
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charged particles emitting radiation another additional momentum uncertainty,

Dp, would result; i.e.,

Dp � Dt >
e2

c3
�vÿ v 0�: �636�

Now, for electrons (where v 0 ÿ v is of the order c), the uncertainty is smaller

than the uncertainty (635 0), because then DpDt >
e2

c
(and the small ®ne-structure

constant); but for macroscopic bodies Eq. (636) becomes important; hence, both

uncertainties have to be combined to give the ®nal relation

DpDt >
h

c

�����
e2

hc

r
: �637�

Landau and Peierls thus derived, e.g., in the case of the Compton e¨ect, an addi-

tional scattering e¨ect, consisting of `a further, uncontrollable radiation . . .

obtained when higher approximations are taken into account in the perturbation-

theoretical calculation for the interaction between radiation and particle' (Landau

and Peierls, loc. cit., p. 62).815

With these preparations, Landau and Peierls proceeded to consider the

measurement of electric and magnetic ®eld strengths. For the observation of the

electric ®eld E, they employed a body of very large mass (hence small velocity, to

keep the magnetic disturbance small), whose momentum accuracy, Dp, after the

measurement processes was given by Eq. (637). Then, the accuracy DE of the

measured ®eld strength was given by

DE >
1

eDt
Dp �

�����
hc
p

�cDt�2 : �638�

Similarly, for the accuracy of the magnetic ®eld strength H followed in the case of

a separate measurement

DH >

�����
hc
p

�cDt�2 : �639�

In the case of simultaneous measurements of both electric and magnetic ®eld

strengths, the magnetic ®eld of the charged test body had to be considered as well,

815 In the case of the Compton e¨ect, though, this extra radiation became quite negligible due to the

smallness of
e2

pc
(the ®ne-structure constant), as Landau and Peierls noted (Landau and Peierls, 1931,

p. 62).
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yielding an additional inaccuracy; thus, ®nally, there followed the relation

DE � DH >
hc

�cDt�2
1

�Dl�2 ; �640�

where Dl was the distance between the test body and the magnetic needle (mea-

suring the magnetic ®eld strength H). From Eqs. (638) to (640), Landau and

Peierls concluded `that for Dt �y, the measurement can be made arbitrarily ac-

curate for both E and H'; hence:

Thus static ®elds can be completely de®ned in the classical sense. . . . In the quantum
range, on the other hand, the ®eld strengths are not measurable quantities. (Landau
and Peierls, loc. cit., p. 63)

That is, neither light-quanta nor material particles (such as electrons) could be

measuredÐthis impossibility then might explain also the well-known di½culties

with energy conservation in beta-decay, Landau and Peierls argued at the end of

their paper.

The investigation by Landau and Peierls caused considerable stir, not only in

Copenhagen.816 After some time, Pauli raised objections; in a letter to Peierls, he

wrote:

Obviously, it is wrong that the radiation energy
e2

c3

�vÿ v 0�2
Dt

represents an uncertain

energy change. . . . It may be that the radiation energy also contains some uncertainty
in time development, but in the ®rst approximation the radiation energy certainly
represents a de®nite change. Hence the equation [(636)] is certainly wrong as an
uncertainty relation. This is already clear from the fact that it does not contain h

[Planck's constant] and, if correct, would postulate a fundamental uncertainty of
charged particles in the classical theory. (Pauli to Peierls, 3 July 1931, in Pauli, 1985,
p. 91; English translation in Bohr, 1996, p. 10)

However, in January 1933, when he read the proofs of his Handbuch article on

wave mechanics, Pauli admitted the validity of the indeterminacy relations (638)

and (639), while still denying Eq. (636). (See Pauli's letter to Heisenberg, dated 18

January 1933, in Pauli, 1985, especially, p. 150.) In his published Handbuch trea-

tise, Pauli wrote:

At this point, however, the argument of Landau and Peierls contains an essential gap,
since the emitted-radiation momentum and the emitted-radiation energy can be
measured accurately. The change of energy and momentum of the charged [test] body
caused by them therefore cannot be regarded just as an indeterminate change.
Because of this the further consequences are connected with an essential uncertainty,
and the question of the ®eld-strength measurement must be considered to be one that
has not yet been clari®ed. (Pauli, 1933c, p. 257)

816See, for instance, the letters of Heisenberg to Peierls and Landau, dated 26 January 1931, and
Heisenberg to Pauli, dated 12 March 1931, in Pauli, 1985, pp. 53±54, 66±67.
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Pauli, in his letter to Heisenberg mentioned above, claimed that Bohr also con-

sidered Eqs. (638) and (639) to be correct. At that time, however, the Copenhagen

teamÐnow consisting of Bohr and RosenfeldÐhad nearly completed their own

investigation on the subject, leading to quite di¨erent conclusions. We do not know

exactlyÐnot even from Rosenfeld's recollections which we have quoted earlierÐ

when they really began their work actively. It might have been already rather early,

i.e., soon after Rosenfeld's arrival in March 1931, because the latter also recalled:

`My ®rst task was to lecture Bohr on the fundamentals of ®eld quantization; the

mathematical structure of the commutation relations and the underlying physical

assumptions of the theory were subjected to unrelenting scrutiny.' (Rosenfeld, 1955,

p. 71) But it is clear that the main results were in hand on 2 December 1932, when

Bohr presented them to the Danish Academy, although the ®nally published paper

was signed only in April 1933.817 In any case, Rosenfeld reported that Bohr took

over the lead `after a short time' and then `he was pointing out to me essential fea-

tures to which nobody had yet paid su½cient attention,' especially:

His ®rst remark, which threw decisive light on the problem, was that ®eld compo-
nents taken at de®nite space-time points are used in the formalism as idealizations
without immediate physical meaning; the only meaningful statements of the theory
concern averages of such ®eld components over ®nite space-time regions. This meant
that in studying the measurability of ®eld components we must use as test bodies
®nite distributions of charge and current, and not point charges as has been loosely
de®ned so far. The consideration of ®nite test bodies immediately disposed of Landau
and Peierls' argument concerning the perturbation of the momentum measurements
by the radiation reaction; it is easily seen that this reaction is so much reduced for
®nite test bodies, as to be always negligible. (Rosenfeld, 1955, p. 71)

However, the problem of constructing and using test bodies proved to be a long

story which began with a quick result, namely, the case given by Heisenberg's Eq.

(634)Ðin fact, the only case written by anybodyÐ`was one in which unlimited

accuracy had to be expected from the correctly integrated commutation law.' On

the other hand, the correct relativistic treatment of extended bodies presented

many di½cult situations, especially when they were investigating whether relativity

implied further restrictions to the measurability of momentum. `This necessitated a

much more detailed analysis of the measuring process than one was wont [to carry

out] in an ordinary quantum mechanics,' recalled Rosenfeld, and: `Bohr succeeded

in showing that the measurement of the total momentum can even be performed in

such a way that the displacements of the elements, though uncontrollable within a

817See the report in Overs. Dan. Vidensk. Selsk. Virks Juni 1932±Maj 1933, p. 35: `Niels Bohr gav en
Meddelelse: Om den begroensede Maarlelighed af elektromagnetiske Kraftfelter'; or the announcement
in Nature 132, 75 (1933): `Dec. 2, Niels Bohr: The limited measurability of electromagnetic ®elds of
force. An investigation in collaboration with L. Rosenfeld proves the existence of a limitation of the
measurability of electromagnetic ®eld components, conforming with the tentative rational formulation
of quantum electrodynamics, and analogous to the characteristic complementary limitations of the
mechanical quantities, which secures the consistency of quantum mechanics.' (Reprinted in Bohr, 1996,
p. 54)
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®nite latitude Dx, are equal, and that the determination of the total momentum is

only limited by the uncertainty of the common displacement Dx to the extent

p=Dx, indicated by the indeterminacy relation.' (Rosenfeld, loc. cit., p. 75) `The

reading of the fourteen or so successive proofs only took about one more year,' in

which a ®nal great trouble had to be resolved, namely, the role played by the ®eld

¯uctuation in the logical structure of the theory. (Rosenfeld, loc. cit., p. 77)

Bohr and Rosenfeld embarked upon their fundamental paper, `Zur Frage der

Meûbarkeit der elekromagnetischen FeldgroÈûen (On the Question of the Measur-

ability of the Electromagnetic Field Quantities),' with the ®rm conviction that `the

quantum theory of ®elds should be viewed as a consequent, correspondence-like

reformulation of the classical electrodynamic theory, just as quantum mechanics

constitutes a reshaping of classical mechanics corresponding to the existence of the

quantum of action' (Bohr and Rosenfeld, 1933, pp. 3±4). In dealing with the topic

properly, the fact had to be considered that the quantum-electrodynamical for-

malism did not depend per se on the atomic constitution of matter; hence, the

e¨ects of retardationÐwhich played an essential role in the earlier investigationsÐ

could be neglected by choosing suitably extended test bodies (i.e., large compared

to atomic dimensions) having an approximately constant charge distribution.

Further, `the ®eld quantities are not represented by genuine point-functions but by

functions of space-time regions, which correspond formally to the average values

of the idealized ®eld components over the regions under investigation' (Bohr and

Rosenfeld, loc. cit., p. 5). In relativistic ®eld theory, an essential complication of

measurement arose, because `when comparing ®eld averages over di¨erent space-

time regions, we cannot speak generally in a unique manner about a time sequence

of measuring processes, but already the interpretation of single results of a ®eld

measurement requires a still greater caution than in the case of usual [i.e., non-

relativistic] quantum-mechanical measurement problems,' Bohr and Rosenfeld

emphasized, and then sketched the main aspects of their treatment as follows:

For measurements of ®eld quantities, each result measured is well de®ned on the basis
of the classical ®eld concept; the limited application of the classical ®eld theory for
describing the unavoidable electromagnetic ®eld actions of the test bodies in the
measurements leads, as we shall see, to the consequence that those ®eld actions
in¯uence to a certain extent the very result of the measurement in an uncontrollable
manner. A closer study of the principally statistical character of the consequences
from the quantum-electrodynamical formalism, however, demonstrates that this
in¯uence of the measuring process on the measured object does not restrict the possi-
bilities to check such consequences in any way; it must rather be considered to consti-
tute an essential feature of the intimate ®t (innige Anpassung) of the quantum theory of
®elds to the problem of measurability. (Bohr and Rosenfeld, loc. cit., pp. 6±7)

With these ideas, Bohr and Rosenfeld attacked their problem, emphasizing at

once, however, that they would leave out completely the discussion of the well-

known di½culties of quantum electrodynamics, primarily the in®nite self-energy.

This meant that they were able to deal in their programme entirely with the

charge-free theory.
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In that approach, which had been prepared several years earlier by Pascual

Jordan and Wolfgang Pauli (1928), the commutation relations (see Section II.7)

between the electromagnetic ®eld components at the space-time points 1 and 2

assumed the form,

�E�1�x ;E�2�x � � �H�1�
x ;H�2�

x � � i
h

2p
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with the help of the relativistic generalizations of the Dirac d-function,
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Since Bohr and Rosenfeld considered the averages of the ®eld quantities (denoted

by bars) over a space-time region having the volume V and the time duration T,

i.e., E
�I�

x , etc., only the averaged (and, therefore, regular) relativistic d-functions,
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, etc., entered into their quantum-

electrodynamical commutation relations, which they wrote explicitly,
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From the relations (642), they derived immediately `that the averages of all ®eld

components over the same space-time region commute, and therefore can be

measured independently of each other,' and further `that the averages of two

di¨erent-types of components, like Ex and Hy, over arbitrary time intervals com-

mute if the respective space regions coincide' (Bohr and Rosenfeld, 1933, p. 12).

The di¨erent result, concluded in the latter cases by Heisenberg earlier, depended

on his peculiar limiting procedure: He ®rst took equal times t1 � t2, and then

equal space regions, which actually led to an ambiguous result. Such an ambiguity

could be avoided if one took, as Bohr and Rosenfeld insisted upon, extended test

bodies.

For spatial dimensions, i.e., L > cT , the above results corresponded to those of

the classical theory; for LU ct, peculiar ¯uctuations arose in quantum ®eld theory,

`which are most intimately connected with the impossibility to visualize the light-

quantum picture characterizing quantum ®eld theory in terms of classical con-

cepts' (Bohr and Rosenfeld, loc. cit., p. 15). Bohr and Rosenfeld calculated these

¯uctuations explicitly and found that for ®eld averages surpassing a critical value

S (which was the square root of the vacuum ¯uctuations), the ¯uctuations might

be neglected. From the commutation relations (642), there resulted also another

critical value U (being about the square root of the right-hand side of Eqs. (642)

for regions shifted by distances L and T ); for ®eld strengths larger than U, all

quantum-theoretical features would disappear. These critical values were given,

respectively, by

U@S@

��������
h

2p
c

r
=�L � cT� for L < cT �643a�

and
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�������������
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L3T
c

r
and S@

��������������������
�h=2p� � c

L2

r
for L > cT : �643b�

Hence, in the latter case, for Lg cT , where U becomes much larger than S, no

®eld ¯uctuations occur in the formalism.

With these background preparations, Bohr and Rosenfeld turned to their main

problem, the physical measurement of the ®eld quantities, which is based on the

process of transporting momentum onto electrical and magnetic test bodies

brought into the ®elds. Thus, for instance, to determine Ex by a test body of vol-

ume V�� L3�, having a homogeneous electric density r, they used the relation

p 00x ÿ p 0x � rExVT ; �644�

if p 0x and p 00x denoted the momentum of the test body at initial and ®nal times, t 0

and t 00, respectively �t 00 ÿ t 0 � T�. Upon inserting the fundamental indeterminacy
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relation � pxDx@ h=2p�, they obtained for the uncertainty of Ex,

DEx @
h=2p

rDx � V � T ; �645�

which could be made arbitrarily small by choosing the electric density r large

enough. By selecting the particularly suitable situation L > ct, DEx could be

written as

DEx @ lQ; with Q �
����������
h=2p

VT

r
; �645 0�

where l denoted a small dimensionless factor (namely,
1

rDx

����������
h=2p

VT

r
).818 Now, by

taking into account the acceleration of the test body, the measured ®eld received a

slight change; indeed, an elementary charge as a test body would then give rise to a

minimum uncertainty of the electric ®eld strength Ex; i.e.,

DmEx @

�����������������h=2p�cp
c2TDt

: �646�

Upon this result, Bohr and Rosenfeld commented as follows:

If one further, like Landau and Peierls, does not distinguish between T and Dt, this
expression agrees with the absolute limit of measurability of a ®eld component, on
which they based their criticism of the foundations of the quantum-electrodynamical
formalism. (Bohr and Rosenfeld, loc. cit., pp. 24±25)

However, in the case of an extended test chargeÐas considered by Bohr and

Rosenfeld, in contrast to Landau and Peierls and Heisenberg beforeÐthe retar-

dation e¨ect became much smaller, namely of the order of l2. Hence, the authors

concluded:

For the discussion of the measurability of [electromagnetic] ®eld quantities, it is of
fundamental importance to assume that the test bodies used [behave] like a uniformly
charged rigid body, whose momentum can be determined within any given, arbi-
trarily small time interval with an accuracy derived from �DpDx@ h=2p�, comple-
mentary to the accompanying, uncontrollable shift in position. (Bohr and Rosenfeld,
loc. cit., p. 27)

A detailed evaluation of the test body (if split into many parts) con®rmed that

conclusion.

818Evidently Q � U, due to Eq. (643b). For DxfL, the small factor l means that the test body

carries a large number N of elementary charges e, namely N � rV=e � 1

l

L

cT

��������������
h

2p
c=e2

r
.
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Before proceeding to their ®nal goalÐi.e., to calculate the accuracy of ®eld

measurementsÐBohr and Rosenfeld evaluated the e¨ect of the ®elds on the test

bodies: They found the classical result, with a ¯uctuation determined by S, Eq.

(643b); hence, it decreased quickly with increasing size L of the region of mea-

surement. Now, every ®eld component observed, say, Ex, constituted a super-

position of the corresponding ®eld components arising from all sources (including

the test bodies); hence, Eq. (644) had to be written explicitly as

p�I�
00

x ÿ p�I�
0

x � rIVITI�E�I�x � E
�I ; I�
x �; �644 0�

where E
�I�

x denoted the average value of Ex in the observed region I if no

momentum measurement would be made at time t on the test body, and E
�I ; I�
x the

contribution of the latter obtained from the measurement. Thus, a minimum value

followed for the uncertainty E
�I�

x , given by the relation

DmE
�I�

x @
������������������������
h=2pjA�I ; I�xx j

q
; �647�

which for LI > cTI became identical with the critical quantity QI . This limit could

be reduced still further by an additional mechanism (involving a spring), even to

zero, apart from the inevitable ®eld ¯uctuations. Hence, the accuracy of a single

®eld measurement in quantum electrodynamics was `restricted only by the limit of

the classical description of the test body's ®eld action' (Bohr and Rosenfeld, loc.

cit., p. 46), a result which appeared to be justi®ed by the fact `that one must deal

in all measurements of physical quantities, by de®nition, with the application of

classical conceptions, and that for ®eld measurement any reference to a limitation

of the strict applicability of classical electrodynamics would contradict the concept

of measurement itself ' (Bohr and Rosenfeld, loc. cit., p. 47). On the other hand,

this conclusion must be compensated, Bohr and Rosenfeld continued, in the

complementary view, namely by `the fact that the knowledge of the light-quantum

composition of the ®elds [i.e., the quantum-mechanical constitution] gets lost

by the ®eld actions of the test bodies, . . . the more the greater is the accuracy

demanded from the measurement' (Bohr and Rosenfeld, loc. cit., p. 48). That

complementary feature of the theory also ensured `that every attempt to restore

the knowledge of the light-quantum composition of the ®eld by a later measure-

ment with any suitable apparatus would simultaneously prevent any further use of

the ®eld measurement in question' (Bohr and Rosenfeld, loc. cit.).

The measurement of two average values of a given ®eld component could be

carried out just as well along these lines, yielding eventually the result,

DE
�I�

x � DE�II�x @
h

2p
jA�I ; II�xx ÿ A

�II ; I�
xx j �648�

in agreement with the ®rst Eq. (642). Herewith, one had to consider a special fea-

ture of the relativistic ®eld theory, notably: `When measuring two ®eld averages,

one can only speak about a sequence of measurements if the corresponding time
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intervals T1 and T2 are completely separated.' (Bohr and Rosenfeld, loc. cit.,

pp. 57±58) Finally, in the case of measuring two average values of di¨erent ®eld

components, Bohr and Rosenfeld calculated the indeterminacy relation

DE
�I�

x � DR�II�y @
h

2p
jC �I ; II�xy ÿ C

�II ; I�
xy j ; �649�

where R�II�y � E
�II�

y or H
�II�

y and C
�I ; II�
xy � A

�I ; II�
xy or B

�I ; II�
xy , respectively. `We

therefore arrive at the conclusion mentioned already in the beginning that the

quantum theory of ®elds represents, as far as the problem of measurability is

concerned, an idealization which is free from contradictions insofar as we can

forget about all restrictions created by the atomistic structure of ®eld sources and

of the measurement apparatus,' Bohr and Rosenfeld ®nished their long memoir

(Bohr and Rosenfeld, loc. cit., p. 64), for whose extensive details they excused

themselves on account of the complicated character of the mathematical formal-

ism of quantum electrodynamics which required, in addition the use of certain

features not known in the nonrelativistic measurement problem.819 LeÂon Rosen-

feld, with whom Bohr had worked out the ®eld-theoretical measurement prob-

lems, would become one of his favourite helpers and a long-term associate in

Copenhagen.820

(d) The Continuation of the Debate on Causality with the Berlin

Physicists (1929±1935)

In the early discussions of the causality problem immediately following Heisen-

berg's derivation of the uncertainty relations, we have thus far missed certain

voices that one would have expected to hear from the conservative side, notably,

819Bohr summarized this work in the general discussion at the seventh Solvay Conference on
Physics in Brussels (in Institut International de Physique Solvay, ed, 1934). He also returned to the
problem in an unpublished manuscript, entitled `Field and Charge Measurements in Quantum Theory'
of 1937 (reproduced in Bohr, 1996, pp. 195±209), and after many further years he wrote a ®nal paper
on the topic, again with Rosenfeld, which was published in the Physical Review after World War II
(Bohr and Rosenfeld, 1950).

820LeÂon Rosenfeld was born on 14 August 1904 at Charleroi, Belgium, and studied physics and
mathematics at the University of LieÁge, obtaining his doctorate in 1926. He then went to the EÂ cole
Normale SupeÂrieure and ColleÁge de France (to work with Louis de Broglie), and in spring 1927 to
Brussels (to work with TheÂophile de Donder), before he joined Max Born in GoÈttingen as an assistant
(1927±1929). During 1929±1930, Rosenfeld worked with Pauli in Zurich, and from 1930 to 1940 he
occupied positions at the University of LieÁge (1930±1935 as Reader, 1935±1940 as Professor), spending
simultaneously longer periods at Copenhagen, assisting Bohr. From 1940 to 1947, he held a professor-
ship in Utrecht, and from 1947 to 1958 one at the University of Manchester; then he moved to Co-
penhagen as professor at the newly established Nordic Institute for Theoretical Physics (NORDITA).
He died on 23 March 1974 at Copenhagen.

Rosenfeld worked especially on nuclear physics and quantum ®eld theory, principally quantum
electrodynamics, and in the 1940s he became an expert on the problem of nuclear forces (on which
topic he published a book in 1948). He also investigated basic problems of statistical mechanics and
quantum theory, but was always attracted to work on epistemological questions; thus, in later years, he
was considered one of the principal advocates and defenders of the `true' Copenhagen interpretation of
quantum mechanics and a great admirer of Niels Bohr.
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those of Einstein, Planck, and SchroÈdinger. Of course, Einstein, between the ®fth

and sixth Solvay Conferences in 1927 and 1930, respectively, had tried to under-

mine the very cornerstone of the acausal interpretation of quantum mechanics,

namely, Heisenberg's uncertainty relations, by considering clever Gedanken-

experiments in the atomic domain; this was his contribution to the discussion.821

Since all his e¨orts had failed in this direction, he would retire for some years,

especially from the public debate, and rather work very eagerly on what he con-

sidered to be the big question in physics: the extension of general relativity to

obtain a uni®ed ®eld theory of matter which would even incorporate such features

as revealed by Dirac's electron theory.822 Still, there existed a further reason for

Einstein's temporary absence from the causality debate: In the years after 1928, he

spent much time away from home, especially in the United States, where he ®nally

established a new home ready to receive him after the political change in Germany

drove him away from Europe. However, Berlin did not only have Einstein as

a representative of the anti-Copenhagen view, but Planck and SchroÈdinger also

belonged to the same group of critics, and they expressed themselves several times

in the 1930's, though expounding di¨erent reasons individually.

On 4 July 1929, Erwin SchroÈdingerÐwho had been appointed as Max Planck's

successor in the chair of theoretical physics at the University of Berlin in fall

1927Ðdelivered his inaugural lecture as a member of the Prussian Academy of

Sciences. After sketching the scienti®c development within the Viennese scienti®c

community (due to Ludwig Boltzmann, Franz Exner, and Fritz HasenoÈhrl) and

indicating his own ®eld of interest in theoretical physics, he turned to `the most

burning questions' of the theory in those days, namely, `whether along with

classical mechanics its method had to be given up as well, i.e., the fundamental

theorem (Grundsatz) that de®nite laws together with accidental initial condi-

tions determined the natural processes in each single case: it is the question of

the usefulness (ZweckmaÈûigkeit) of the infallible postulate of causality' (SchroÈ-

dinger, 1929d, p. CI). SchroÈdinger recalled how he had learned already in Vienna

(through Exner and HasenoÈhrl) that the strictly deterministic view of nature might

not be upheld because of the practical impossibility to ®x the state of a body con-

sisting of millions of atoms, and he pointed out that the recent development

of quantum theory seemed to demand even more, namely, the abandonment

altogether of the possibility of determining the initial state of an atomic system.

However, he continued:

I do not believe that [the causality problem] will ever be answered in this way. In my
opinion, this question does not decide about the real property of nature (wirkliche

Bescha¨enheit der Natur) as we are confronted with, but about the suitability and

821For details, see Section II.6.

822He worked on this topic especially with the Austrian mathematician Walther Mayer, focusing
on a ®ve-dimensional theory of what they called `semi-vectors' (Einstein and Mayer, 1931; 1932a,
1932b). These e¨orts, had they succeeded, would have opened vistas beyond the limitations of the
existing quantum mechanics (removing also, in particular, the unwanted statistical foundation).
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convenience of one or the other view in our thinking about nature. Henri PoincareÂ

has stated that we may be allowed to apply to real space the Euclidean as well as non-
Euclidean geometry without fearing to be contradicted by facts. The physical laws
which we discover, however, are functions of the geometry applied, and it may
happen that one geometry leads to complicated and the other to simpler physical
laws. Then one geometry turns out to be convenient, the other inconvenient, and the
words ``right'' or ``wrong'' should not be used. The situation may be similar with the
postulate of strict causality. There may hardly be [any] imaginable facts of experience
which will ®nally decide whether a process of nature is absolutely determined or
partially determined in reality, but at the most they will decide whether one or the
other view allows a simpler survey of the facts observed. Even to reach this decision
a long time will pass. Because also with respect to the geometry of the world we
have become less sure, since we grasped with PoincareÂ our freedom of choice.
(SchroÈdinger, loc. cit., pp. CI±CII)

SchroÈdinger had expressed a similar view already several years earlier in a letter

to Hans Reichenbach, dated 25 January 1924 (but published only in 1932). After

calling the causality conclusions `nothing but a tautology,' he had added:

However, it perhaps still appears that our idea of causality has something to do with
realism. Just because we consider our surrounding as something real which persists for
a certain while, we can go as far as giving this reality the property of being causally
connected. Of course, behind this concept of a ``relatively continuous reality (relativ

bestaÈndigen Realen)'' is hidden only what has been asked originally: why can past
experience state something about future experience? Namely, [we say] now: just
because of this the organizing property of reality, which has to be imagined as being
eternally durable. (SchroÈdinger, 1932a, p. 66)

Then, he further emphasized that he did not, `in fact, believe this organizational

property [of reality],' as was evident already from his inaugural lecture at the

University of Zurich in 1922 (SchroÈdinger, 1929a).823 Evidently, also in 1929,

SchroÈdinger had not moved away much farther from his earlier, uncommitted

point of view with respect to causality, as was felt clearly by Max Planck, who

responded to SchroÈdinger as follows:

I cannot resist the temptation to express here some words in favor of strictly causal
physics, even with the danger of appearing to you to be a narrow-minded reaction-
ary. . . . The question whether the lawful connections (GesetzmaÈûigkeiten) which we
encounter in nature all possess basically only an accidental character, i.e., are of
a statistical type, can also be formulated thus: should we search for an explanation
of the actually ever present uncertainty and accuracy, connected with every single
observation, always only in the peculiar properties of the case under investigation,
say, in the complex structure of the observed object or the incompleteness of the
measuring apparatus including our senses; or should we trace back the uncertainty
still further back into the formulation of the fundamental laws of physics? (Planck,
1929b, p. C II)

823 Indeed, SchroÈdinger enclosed in the letter to Reichenbach of 1924 a copy of the earlier Zurich
lecture, which was eventually published only in 1929.
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Certainly, Planck admitted, the problem constituted to some extent one of the

usefulness (ZweckmaÈûigkeit); but he also emphasized that `the scheme [of physical

theories], in any case, needs a solid basis, . . . and if the postulate of strict causality

fails to serve anymore such a basis, then the question arises about the basis of

``acausal physics.'' ' The older Planck did not consider the situation in quantum

mechanicsÐnamely, the fact that `the conditions which determine a process

causally cannot always be experimentally realized up to a, in principle unre-

stricted, degree of accuracy'Ðto present a new experience in the history of science.

But science must be taken as a whole enterprise based on the causal lawÐe.g., `in

biology the real science starts only once the causal law has been introduced'

(Planck, loc. cit., p. C III)Ðand he (Planck) rather hoped that SchroÈdinger's own

work on wave mechanicsÐ`which has ®rst demonstrated how the space-time

processes in an atomic system can indeed be formulated as strictly [causally]

determined' (loc. cit., p. CIV) would make it possible to restore strict causality

again in atomic theory.824

Both Planck and SchroÈdinger participated also in the causality debate of the

early 1930's with their younger colleagues in Germany by developing and ex-

pounding partly on the viewpoints mentioned so far. Thus, Planck delivered on 17

June 1932, the Seventh Guthrie Lecture on `The Concept of Causality' (Planck,

1932a); later, he elaborated on the topic in a brochure entitled `Der Kausalbegri¨

in der Physik (The Concept of Causality in Physics)' (Planck, 1932b). There

Planck admitted that the strict causality entering into the world view of the clas-

sical theories (including the one describing Brownian motion) failed vis a vis

quantum mechanics, in particular, Heisenberg's uncertainty relations, but he also

claimed that a `®nal refutation of the causal law . . . rested on a confusion of the

world view (Weltbild ) with the world of senses (Sinnenwelt),' which he called a

`premature step' because:

A di¨erent, more obvious way out of the di½culties exists, which has often served in
similar situations rather well: it consists in the assumption that the question asking
for simultaneous values of the coordinates and momenta of a material point makes
no physical sense at all. The impossibility to answer a meaningless question, however,
should not be held against the causal law per se but rather against the assumptions
leading to ask the question, hence in the present about the assumed structure of the
physical world view (Weltbild ). Now, since the classical world view has failed, it must
be replaced by another one. (Planck, 1932b, pp. 13±14)

The concept of matter waves, which described atomic particles by a wave packet,

in Planck's opinion admittedÐthough it satis®ed Heisenberg's relationÐas con-

sidering the same determinism to be at work as in classical point mechanics. Of

824 In a lecture on `Zwanzig Jahre Arbeit am physikalischen Weltbild (Twenty Years of Work on the
Physical World View),' which Planck gave at Leyden on 18 February 1929, he had addressed the
problem of causality in modern physics in some detail and argued that the wave-mechanical description
provided a `di¨erent determinism' from the one existing in classical physics: It now determined just the
matter waves (Planck, 1929a, especially, p. 220).
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course, now the conventional world of senses (Sinnenwelt) deviated from the world

view (Weltbild ) of the quantum physicist, about which Planck did not worry but

preferred to insist upon `retaining determinism ®rst of all in the world view

(Weltbild )' (Planck, loc. cit., p. 15). Even the fact that the wave function did not

yield the values of the coordinates as functions of time but only the probabilities

that the coordinates possess at a given time `somehow given values' would not

disturb him (Planck). There still existed `the saving way out,' namely, the

assumption that the question about the meaning of a given symbol of the causal

quantum-physical Weltbild, say, of a matter wave, makes `no de®nite sense as long

as one does not simultaneously say in which state the peculiar measuring appara-

tus is used to translate the symbol into the Sinnenwelt' (Planck, loc. cit., p. 17).

The latter argument raised then (by Bohr, Heisenberg and others) might be refuted

perhaps by referring to `indirect test methods which have yielded good results in

many cases, where the direct ones have failed' (Planck, loc. cit., pp. 16±17).

In a word, PlanckÐwho initiated quantum theory in the ®rst placeÐwas

not prepared to succumb to the central argument of the `indeterminists' stating:

Since the wave function in quantum physics is a probabilistic quantity, also strict

causality must be necessarily abandoned; all that remains to understand is how

strict laws, such as Coulomb's law for electric forces, can arise. Planck rather

expounded his credo as follows:

The determinist thinks quite the opposite about all these points. He declares the
Coulomb law to have the satisfactory character of a completely ®nal law: on the
other hand, he recognizes the wave function as a probabilistic quantity only as long
as one can forget about the measuring apparatus by which the wave is analyzed; and
he searches for strict theoretical relations between the properties of the wave function
and the processes in the measuring apparatus. To achieve this purpose, he must ®rst
turn the measuring apparatus, like the wave function, into an object of research: he
must not only translate the total experimental setup creating matter wavesÐsay, the
high-voltage battery, the heated wire, the radioactive probeÐbut also the register-
ing apparatusÐsay, the photographic plate, the ionization chamber or the Geiger
counterÐplus the processes occurring in them into his physical Weltbild, and must
deal with all these objects together as a single object, as a closed unit. But the prob-
lem would not be ®nished even then, as it has rather become more complex, because:
since the total object must neither be cut into parts nor be subject to external actions
for otherwise it would lose its characteristics, hence a direct test cannot be made at
all. However, now it would be possible to establish new hypotheses concerning the
internal processes [within the total object] and then to test their consequences.
(Planck, loc. cit., p. 20)

After all of these complications, Planck frankly admitted that `only future will tell

us' whether one might really be able to proceed successfully on the path indicated

(Planck, loc. cit., pp. 20±21). But with respect to the causality problem, Planck

remained optimistic, provided one would assume the following interpretation:

The causal law is neither right nor wrong; it is rather a heuristic principle, a path-
indicator (Wegweiser)Ðin my opinion the most valuable indicator we have at
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handÐfor us to ®nd our way in the colourful jumble of events and to indicate the
direction in which physical research must go on to reach ®nal results. Just as it oc-
cupies from the very beginning the awakening spirit of a child and puts into its mouth
the never-fatiguing question ``why?'' it also guides the scholar throughout his life
presenting to him unceasingly new problems. Indeed, science does not mean resting
leisurely in the possession of cognition already obtained, but it means restless work
and steadily progressive development. (Planck, loc. cit.. p. 26)

In presenting this `deterministic' world view (Weltbild ) of quantum theory,

Max Planck certainly followed his previous line of arguments, especially the stand

he had taken since 1908 against the philosophical attitude of Ernst Mach.825 In

Planck's opinion, physical theories should not be restricted to represent an eco-

nomical connection of sensations or observational data, but had to follow ideal

guidelinesÐin the ®rst place, the causal law. To support this view, Planck referred

to that form of modern atomic theory which he favoured, namely, SchroÈdinger's

wave mechanics. The wave-mechanical scheme indeed seemed to provide the best

chance of retaining the causal principle formulation, which was similar to that

of the classical theories. The opponents of the causal interpretation of quantum

mechanics, on the other hand, stuck (in Planck's view) too much to the ancient

concept of a mass point. Max von Laue, Planck's former student (and later, his

colleague and friend in Berlin), agreed in this opinion when he published a note

`Zu den EroÈrterungen uÈber KausalitaÈt (About the Discussions on Causality)' in the

Naturwissenschaften (von Laue, 1932b). In it, he wrote:

The present forms of quantum mechanics attempt to rescue the life of the ``mass
point'' [of the old Newtonian theory]. Then they immediately arrive, because of those
wave motions [as found in wave mechanics], necessarily at the uncertainty relations;
from the latter, they conclude further that physics must renounce the causal inter-
pretation of the individual [atomic] process and restrict itself to state [only] statistical
laws. We do not wish to reproach this procedure; for the moment it may represent the
best way out. (von Laue, loc. cit., p. 916)

However, von Laue continued, history may decide for a di¨erent method and

eventually return to the older conceptions. `Hence in the case of the quantum

riddle it is possible that time is not yet ripe for a [de®nitive] solution,' he claimed.

In any case, he concluded: `These di½culties cannot force anybody to change his

epistemological point of view, whatever it may be.' (von Laue, loc. cit.) That is, like

Planck, von Laue favoured the causal point of view.

The third senior Berlin theoretician, Erwin SchroÈdinger, also pondered in those

years about the consequences arising from quantum mechanics. Having studied in

some detail the derivation of the uncertainty relations, especially for relativistic

mechanics (SchroÈdinger, 1930), he declared in a popular talk on `Indeterminismus

825 In a way, Planck's lecture at Leyden, referred to in footnote 824, constituted a modernized ver-
sion of his previous talk at Leyden in 1908.
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in der Physik (Indeterminism in Physics)' two years later that the (uncertainty)

relations themselves contained an internal conceptual contradiction if applied to a

mass point (SchroÈdinger, 1932b, ®rst essay). Since a mass point in mechanics has

to be de®ned by position, velocity and mass, he now argued, the statement that

position and velocity cannot be determined simultaneously with arbitrary accu-

racy would dissolve the very concept. Evidently, he agreed with Planck and von

Laue in hoping for a satisfactory solution of the quantum riddle by applying the

purely wave-mechanical description.

As Planck noted, in the beginning of the 1930's, the majority of the quantum

physicists believed in the violation of the causality principle, while only a small

minority protested. Was this perhaps the matter of the generational di¨erence,

since even a scientist like Paul Ehrenfest, friendly to the young revolutionaries,

became worried that he might not understand the unanschauliche (non-intuitive)

trends taken by the later developments?826 However, Planck, von Laue, and

SchroÈdinger certainly did not adhere to old classical theories; they did not wish to

renounce any of the achievements of the modern relativity and quantum theories,

but only complained about the Copenhagen interpretation of quantum mechanics

and proposed to retain more `Objektivierkeit (objecti®ability)' in the sense ac-

cepted since centuries by scientists in many di¨erent ®elds. Bohr and Heisenberg,

the spokesmen of the Copenhagen Weltbild, saw the situation quite di¨erently and

they criticized the Berlin `conservatives.' Especially, Heisenberg argued that the

causal principle did not belong to the old traditions of science: The physicists had

accepted it only since about 150 years as an `important consequence of the pos-

tulate of Objektivierbarkeit of the observed facts,' he said in a lecture on `Atom-

theorie und Naturerkenntnis (Atomic Theory and Understanding of Nature)' pre-

sented on 22 November 1933, at Munich (Heisenberg, 1934b). Immanuel Kant

had initially expressed this consequence in his Kritik der reinen Vernunft (Critique

of Pure Reason) of 1781, and strict determinism had sneaked into the classical

theories since the early 19th century; the development of quantum mechanics and

its interpretation in the mid-1930s had then shown `that the requirements of per-

ception to be objectivierbar (objecti®able) and of connections being describable by

mathematical equations do not depend on each other,' but:

Rather the requirement of clarityÐand more is not attempted by the application
of mathematicsÐcan be retained absolutely, even in a ®eld of science, in which
Objektivierbarkeit (objecti®ability) of perceptions ceases to be possible. (Heisenberg,
loc. cit., p. 13)

In his talk, Heisenberg stated a little later: `For the indivisible constituents of

matter, i.e., for the lightest bodies, every irradiation, or every act of observation at

all, constitutes a remarkable perturbation (Eingri¨ ) which changes the behaviour

826See Paul Ehrenfest's `Erkundigungsfragen (scienti®c queries) (1932),' which we shall discuss in
the next section.
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of the observed body decisively.' (Heisenberg, loc. cit., p. 14). These and similar

arguments were reproached by Max von Laue in a further note, `UÈ ber Heisenbergs

Ungenauigkeitsbeziehungen und ihre erkenntnistheoretische Bedeutung (On Hei-

senberg's Uncertainty Relations and Their Epistemological Meaning,' published

in June of the following year (von Laue, 1934). He wrote:

It seems to me altogether doubtful to derive from the present status of physical
knowledge too far-reaching conclusions concerning the theory of cognition. Quite
apart from the fundamental doubt to abandon the principle that nature can be expe-
rienced (Prinzip der Erforschbarkeit der Natur), because one is not able to apply it so
far completely, one must at least start from a foundation which is logically ®rm and
does not contain contradictions. This cannot be said of the present physics. (von
Laue, loc. cit., p. 440)

Here, von Laue pointed to the fact that the concept of smallest particles followed

only from the most recent experiments if interpreted according to the old corpus-

cular view of matter, while wave mechanics and its relativistic extensions rather

spoke of extended electrons and the like. Again, he repeated: `The uncertainty re-

lations limit in my opinion every corpuscular mechanics but not every physical cog-

nition.' (von Laue, loc. cit., p. 441) Since he considered causality as the key to any

physical cognition, von Laue hoped that `the uncritical pessimism'Ðwhich seemed

to him `in spite of all the given physically spurious arguments (Scheinargumente),

to be a result of that deep general cultural pessimism forming the fundamental

tendency of our times'Ðmight soon be overcome (von Laue, loc. cit.).827

`Cultural pessimism' or `positivism'Ðthese were the accusations directed

against the Bohr-Heisenberg interpretation of quantum mechanics, though the

originators did not really feel to be victims of such verdicts.828 No, the successful

Heisenberg of those daysÐwho had recently explained the structure of atomic

nuclei (see Section IV.3 below) and was about to deal with cosmic-ray phenomena

827 In contrast to the other critics of the Copenhagen interpretation, von Laue did not worry about
the `Unanschaulichkeit' of quantum phenomena, arguing (as Heisenberg also did): `What one calls non-
visualizable, depends on time. A theory which forces us to give up the usual conceptions to describe the
external world, seems to the witnesses of its origin always necessarily unanschaulich, mostly even to the
originators themselves.' (von Laue, 1934, pp. 440±441)

828Heisenberg was even less worried about an argument raised by the Viennese Karl Popper against
the validity of the indeterminacy relations (Popper, 1934). Popper claimed that `for `non-prognostic'
measurements, e.g., to determine the momentum of a particle when arriving at an exactly given space
point,' the relations would not apply; he proposed to demonstrate this point by a Gedankenexperiment
involving the crossing of an electron-ray A and an X-ray B, with both rays representing `pure cases'
(i.e., a monochromatic parallel beam of electrons interacting with a monochromatic spherical X-ray).
Heisenberg let his student Carl Friedrich von WeizsaÈcker analyze the experiment and demonstrate that
nothing was wrong with the relations. Von WeizsaÈcker rather concluded:

The uncertainty relations cannot be applied to ``non-prognostic measurements'' because of the
only reason: the theorems stating their results do not contain statements about physically pos-
sible measurements; on the other hand, conclusions about the past obey the same accuracy as
those about the future, due to the symmetry of quantum-mechanical laws with respect to the
time direction. (von WeizsaÈcker in Popper, 1934, p. 808)
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(see Section IV.5)Ðcould hardly be accused of being in¯uenced by any feeling of

cultural pessimism.

Moreover, Heisenberg's Weltbild also did not follow any philosophical doc-

trine, such as positivism, as we have mentioned earlier in this section. He rather

developed his own epistemological conclusions from the quantum-mechanical

revolution, which he embedded into the grand historical schemes of physical de-

scriptions in the talk entitled `Wandlungen der Grundlagen der exakten Natur-

wissenschaft in juÈngster Zeit (Recent Changes in the Foundations of Exact

Science)' and delivered on 17 September 1934, at the Hanover Naturforscher-

versammlung (Heisenberg, 1934f ). Heisenberg spoke in this programmatic lecture

about the alterations in the physical concepts achieved by the modern relativity

and quantum theories, which showed the limitations of the previous theories, and

then stated:

Modern physics has rather purged classical physics from some obscurities connected
with the assumption of their unlimited applicability and shown that the single parts of
our scienceÐmechanics, electricity, quantum theoryÐconstitute schemes, closed in
themselves and being rationally penetrable to their limits, which probably represent
the corresponding laws of nature for all future times. (Heisenberg, loc. cit., p. 701)

Such `closed systems' then do not contradict but rather complement each other,

as Heisenberg explained in more detail in the talk on `Prinzipiellen Fragen der

modernen Physik (The Fundamental Questions of Modern Physics),' given on

27 November 1935, at the University of Vienna (where Moritz Schlick taught).

Classical physics, he said there, is built `on a system of sharply formulated axioms

whose physical content is determined by the fact that through the choice of words

appearing in the axioms their application to nature is uniquely prescribed,' he

began his remarks (Heisenberg, 1936a, p. 91). That means, classical physics rested

on the range of its concepts, like mass, velocity, and force. The modern theories,

®rst relativity and then quantum mechanics, had restricted the range of the sys-

tems of classical concepts. The di½culty in understanding the results of modern

theories arose from the necessity to leave `the domain of the daily human experi-

ence,' while one had simultaneously to continue using the concepts of those clas-

sical theories which can be regarded as the limiting cases of the modern theories.

That is, `the classical concepts remain still an indispensable part of the scienti®c

language, without which one cannot speak at all about scienti®c results,' Heisen-

berg concluded the introductory part of his lecture. (Heisenberg, loc. cit., p. 95)

The necessity to go beyond the classical theories had grown out of the experi-

mental observations of new phenomena; e.g., the new experience that `no signals

can be transmitted with velocities faster than light,' led to new systems of axioms

and concepts which allowed one to formulate new laws describing new experi-

ences. For the physicist, `even the mathematically formulated statements of phys-

ics are so-to-speak only ``pictures in words (WortgemaÈlde)'' through which we try

to interpret our experiences about nature for us and other people in a de®nite and
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understandable way' (Heisenberg, loc. cit., pp. 97±98), but one always had to

transcend the conventional concepts in essential aspects, for example:

Thus relativity theory and classical theory constitute the ®rst decisive steps from the
region of visualizable concepts into a more abstract land, and the character of the
here discovered connections leaves no doubt that these steps can never be taken
back. . . . Actually, the discovery of a new system of concepts means nothing else but
the discovery of a new way of thinking which as such can never be taken back.
(Heisenberg, loc. cit., p. 98)

That is, the hope expressed by some people that one might return ®nally to the

classical concepts must be given up. Especially, unless the results of quantum

mechanics were proven to be wrong, the statistical character of the theory would

remain ®nal. Further, in treating arbitrary experiments in quantum mechanics,

Heisenberg continued, a `cut (Schnitt)' must be introduced between the measuring

apparatus and the physical system observed; while this cut can be chosen largely at

an arbitrary point, it is responsible for the statistical behaviour of the quantum-

mechanical laws. That is, any possible deterministic reformulation of quantum

mechanics would have ®rst to remove the cut, which appears to be quite an im-

possible task; hence, any revision of the present atomic theory must move away

further from the classical theory. Perhaps, the `hole theory' of Paul Dirac might

open the way to understand the properties of electrons and even the strength of the

electromagnetic coupling constant, Heisenberg argued at the end of his paper, and

further continued:

Quite generally, one may say in conclusion: the assumption that even the concepts of
modern physics will have to be revised should not be taken as skepticism [or even
``cultural pessimism'']; quite the contrary, it is just another expression for the con-
viction that the extension of our range of experience will bring to light new harmonies
of nature. (Heisenberg, loc. cit., p. 102)

Returning to the topic of causality discussed in this section, we should ®nally

mention the attempt of a young student of philosophy, Grete Hermann from

éstrupgaard (Denmark), who discussed in her doctoral dissertation of 1935 the

`natural-philosophical foundations of quantum mechanics' (Hermann, 1935a, b).

The contents of her work, which she carried out in Leipzig and Copenhagen

(staying in close contact with Heisenberg and Bohr), may be derived from a review

written by Carl Friedrich von WeizsaÈcker:

The present memoir is perhaps the ®rst work from the philosophical side, which
provides a positive and incontestable contribution to derive the epistemological con-
sequences of quantum mechanics. She [Grete Hermann] achieves her goal by pursu-
ing a single problem to its depth. [On the one hand,] quantum mechanics claims the
impossibility of [arriving at] certain results. On the other hand, because our experi-
ences are not closed, it is always possible to search for the causes of an observed
phenomenon as long as they are not yet known. Hence, does not quantum mechanics,
when stating the impossibility of a causal description of nature determining all events,
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exceed its competence? The author [Grete Hermann] provides an answer, which on
®rst inspection sounds paradoxical but hits the point exactly: ®nding real, still un-
known causes is impossible because quantum mechanics already provides the causes
for a given event in any case completely. The impossibility of [making] certain pre-
dictions is not based on the fact that a causal chain investigated turns out to be
interrupted somewhere, but rather on the fact that the di¨erent causal chains cannot
be organized to form a uni®ed picture embracing all aspects of the process, thus it
rather remains to the whim (WillkuÈr) of the observer which of the di¨erent ``virtual
causal chains'' has been realized. (von WeizsaÈcker, 1936c, p. 527)

The physicists might not be tempted to embed their results too strictly into any

philosophical schoolÐas Grete Hermann did by appealing strongly to the tradi-

tions of Immanuel Kant, Herbert Fries and Leonard NelsonÐvon WeizsaÈcker

noted, and concluded that `a fruitful discussion on the topic could not be opened,

at any rate, in a clearer and more pertinent manner.' (von WeizsaÈcker, loc. cit.,

p. 528)

To complete the story in the words of Grete Hermann herself, a few sentences

from the summary of her work might be quoted. In particular, she wrote:

The di½culties, in which the partisans of causality are placed by the discoveries of
quantum mechanics, seem in proper light not to arise from the causality principle
itself. They rather emerge from the tacit assumption connected with it that the phys-
ical cognition grasps natural phenomena adequately and independently of the obser-
vational connection (Beobachtungszusammenhang). This assumption is expressed in
the prerequisite that every causal connection between processes yields a calculable
action due to the cause, even more, that the causal connection is identical with the
possibility of such a calculation.

Quantum mechanics forces us to dissolve this mixing of di¨erent principles of
natural philosophy, to drop the assumption of the absolute character of the cognition
of nature, and to use the causal principle independently of the latter. By no means has
it disproved the causal law, but it has clari®ed its status and freed it from other
principles which must not be combined with it necessarily. (Hermann, 1935b, p. 721)

When Grete Hermann wrote her dissertation, the debate among the quantum

physicists on causality and the prerequisites for cognition of nature had reached a

new climax in Albert Einstein's new attack on the question of the completeness of

quantum mechanics.

IV.2 The Debate on the Completeness of Quantum Mechanics

and Its Description of Reality (1931±1936)

(a) Introduction

Expressed in whichever formulation, quantum mechanics o¨ered even to expe-

rienced experts puzzling features to ponder about. Thus, Paul Ehrenfest, since

1906 an active contributor to the theory of quanta, wrote in summer 1932 `Einige
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die Quantenmechanik betre¨ende Erkundigungsfragen (Certain Queries Concerning

Quantum Mechanics)' and submitted them to Zeitschrift fuÈ r Physik (Ehrenfest,

1932). In particular, he listed the following queries: A. The (role of the) imaginary

unit in the SchroÈdinger equation and the Heisenberg±Born commutation rela-

tions. B. The limitation of the analogy between photons and electrons. C. The

convenient accessibility of the spinor calculus. He concentrated there on what he

thought might be called by most quantum physicists as being `senseless questions

(sinnlose Fragen)'; e.g., why did SchroÈdinger, in formulating wave mechanics, start

from a real wave function but soon introduce the complex notation, for it seemed

to be more convenient, and never returned later to the real formulation; or, how to

express the analogy between photons and electrons in a di¨erential equation for-

mulation, and not in the formulation of a non-local integral equation (as suggested

by Lev Landau and Rudolf Peierls, 1930)?

Wolfgang Pauli soon replied to these `senseless questions' of his senior friend in

some detail, ®rst by letters exchanged from October to December 1932 (Pauli,

1985), and then openly in a paper published also in Zeitschrift fuÈ r Physik (Pauli,

1933d). Concerning query A, he pointed out that it was the assumption of a posi-

tive normalized probability which demanded the imaginary unit, especially: `The

imaginary unit enters into the search for an expression for the probability density

W, which satis®es the requirements and does not contain the time derivatives of

[the wave function] c.' (Pauli, loc. cit., p. 576) This probability density then de-

pended quadratically on the wave function cr(x, t0) at a given instant of time t0

and could be expressed both in nonrelativistic and relativistic cases only with

complex wave functions. With respect to query B, the photon±electron analogy,

Pauli proposed to distinguish between `large ®elds (groûe Felder) Cr and E, H '

describing many electrons and photons, on the one hand, and `small ®elds (kleine

Felder)' cr and e, h describing single photons and electrons, on the other hand. In

the latter case, the photon would not possess a four-current satisfying a continuity

equation and having positive-de®nite density; hence, the electromagnetic ®elds e, h
of a photon could not be associated with a local space-time density W(x, t) for a

particle. Moreover, in the photon situation, particles with positive energies could

always be kept in the processes of interaction, while in the electron situation

negative-energy particles might result. The large-®eld case also revealed di¨erences:

When many photons were present, the E, H constituted classically measurable

®elds (though the number of quanta N did not commute with E and H ); however,

the Cr ®eld could not be measured like a classical ®eld.

Ehrenfest had mentioned another problem of the quantum theory that bothered

him: `If we recall what an uncanny theory of action-at-a-distance is represented by

SchroÈdinger's wave mechanics, we shall preserve a healthy nostalgia for a four-

dimensional theory of action by contact.' (Ehrenfest, 1932, p. 557, footnote 1) To

that, Pauli replied in detail in §3 of his paper. He noted that already in classical

electrodynamics action-at-a-distance forces formally occurred, but the situation

could be easily reformulated in the action-by-contact language when introducing

the di¨erential equation (div E � 4pr) which the electrostatic ®eld obeyed. Simi-
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larly, he argued, the Coulomb force in the SchroÈdinger equation (mentioned by

Ehrenfest) might be replaced by an action-by-contact (Pauli, 1933a, pp. 584±

586).

For several years, Ehrenfest had been bothered by his lack of understanding as

he re¯ected about the decisive features of the modern development.829 Somehow,

he still felt attracted by the nostalgic arguments of his friend Albert Einstein.

Already at the ®fth Solvay Conference in Brussels in fall 1927, Einstein had criti-

cized the point of view that `quantum mechanics is considered to be a complete

theory of individual [atomic] processes,' and stated: If a particle, somehow de-

scribed by the absolute square of the SchroÈdinger function jcj2, `is localized, a

peculiar action-at-a-distance must be assumed to occur which prevents the con-

tinuously distributed wave in space from producing an e¨ect at two places on a

screen' (Einstein, 1928, p. 255). In the early 1930's, Einstein continued to worry

about this particular problem, as Ehrenfest (with whom he conferred in those

times quite regularly) in his paper on the Erkundigungsfragen (queries) mentioned

that `certain thought experiments, designed by Einstein but never published, are

particularly suited for [clarifying] that purpose' (Ehrenfest, 1932, p. 557). The

answers given by Pauli to Ehrenfest did not satisfy Einstein (see the discussion in

Jammer, 1974, pp. 117±119), and the Gedankenexperiments recalled by Ehrenfest

in 1932 would ®nally lead to the paper containing the famous `Einstein-Podolsky-

Rosen (EPR) paradox,' as Max Jammer concluded from an examination of Ein-

stein's correspondence between 1927 and 1935 (partly supported by a letter which

Einstein wrote to Paul Epstein later, on 10 November 1945). Jammer summarized

Einstein's steps on the way to this decisive paper as follows:830

The point of departure is Einstein's well-known photon-box experiment which
he presented at the sixth Solvay Conference in October 1930 in Brussels in order to
disprove the Heisenberg energy-time uncertainty relation. . . . Although defeated,
Einstein continued to ponder about this argument and understood that in order
to eliminate the unwanted gravitational e¨ect only horizontal motion should be ad-
mitted. As described in his [later] letter to Epstein, he thus designed the following
modi®cation. He imagined an ideally re¯ecting box B which contains a clock oper-
ating a shutter V and a quantum of radiation of unknown frequency; the box is
assumed to be movable in a horizontal direction along a frictionless rail which serves
as a reference system K, but can also be rigidly connected with K. At one end of the
rail an absorbing screen or re¯ecting mirror can be mounted. An observer sitting on
top of the box B and in possession of all measuring devices releases the shutter at a
precisely determinable moment to emit a photon in the direction of the screen.
Thereupon the observer can either immediately connect B with K, read the position of
B and predict the time of arrival of the photon at the screen or he can measure the

829Paul Ehrenfest occasionally mentioned to his friends and colleagues that he would have to
vacate his university chair for another, more capable, person. It is di½cult to say how much such feel-
ings may have contributed to his suicide on 25 September 1933.

830Besides Max Jammer (1974, 1985), especially, Arthur Fine (1986, 1993) has worked on the his-
torical reconstruction of the EPR paper.
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momentum p of B relative to K by means of the Doppler e¨ect with arbitrarily low

frequency and the recoil formula p � hn

c
and predict the energy of the photon arriving

at the screen. As stated in the letter, Einstein already at that time conceived the idea
that the light-quantum, after leaving the box, represents a ``real state of a¨airs (einen

realen Sachverhalt)'' which can hardly be thought to depend on what kind of mea-
surement is being performed with B. Hence any property of the light-quantum, found
by a measurement on B, must also exist if the measurement would not have been
performed at all. The light-quantum must consequently possess a de®nite position as
well as a de®nite colour, a situation not describable in terms of a wave function.
Hence a description in terms of wave functions cannot be a complete description of
the physical reality. It is clear that the scenario of this thought-experiment is the same
as that of the Brussels photon-box experiment apart from being, so to say, rotated
into the horizontal direction. But it intends to show not the inconsistency but rather
the incompleteness of the theory. And to this end the additional feature of introduc-
ing the idea of a ``real state of a¨airs'' was imperative. It vaguely foreshadowed what
became later known as the ``Einstein separability principle.'' (Jammer, 1985, pp. 133±
134)

Thus, after a preparation of several years, Albert EinsteinÐwith Boris Podol-

sky and Nathan RosenÐ®nally sent a paper to the Physical Review (where it was

received on 25 March 1935); it was entitled `Can Quantum-Mechanical Descrip-

tion of Physical Reality be Considered Complete?' This EPR-paper concluded

with a bold statement:

While we have thus shown that the wave function does not provide a complete de-
scription of the physical reality, we left open the question whether or not such a
description exists. We believe, however, that such a theory is possible. (EPR, 1935,
p. 780)

The EPR-paper, which appeared in the Physical Review (issue of 15 May 1935),

aroused an abundant response, ®rst in America, then in Europe (especially from

Niels Bohr in Copenhagen). It initiated an extended debate among the physicists

on what `physical reality' was all about. In the fall of 1935 the EPR-arguments

were supported by Erwin SchroÈdinger, who in the context of a review on `Die

gegenwaÈrtige Situation in der Quantenmechanik (The Present Situation in Quan-

tum Mechanics),' also developed his famous `cat paradox' (SchroÈdinger, 1935a).

The response of the Copenhagen representatives, especially, Niels Bohr and

Werner HeisenbergÐas well as certain philosophical supportersÐmingled with

the political situation in Germany. The debate on `What is Real?' in physics and

whether quantum mechanics is, or ever could be, able to provide a complete de-

scription of nature has been going on till the present day.831

831We shall later brie¯y indicate the development of this debate during the past several decades in
the Epilogue.
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(b) From Inconsistency to Incompleteness of Quantum Mechanics:

The EPR Paradox (1931±1935)

In the early 1930's Albert Einstein, besides becoming deeply involved in a pro-

gramme on the development of quantum ®eld theory (Einstein and Mayer, 1931,

1932a, b), addressed the problem of the `Knowledge of Past and Future in Quan-

tum Mechanics' in a note written during his visit to California in the winter se-

mester 1930±1931, together with Richard Chace Tolman (the dean of the graduate

school of the California Institute of Technology) and the young Russian-born

physicist Boris Podolsky.832 In particular, they discussed `a simple ideal experi-

ment which showed that the possibility of describing the past path of a particle

would lead to predictions as to the future behaviour of a second particle of a

kind not allowed in quantum mechanics' (Einstein, Tolman, and Podolsky, 1931,

p. 780). Contrary to some earlier suppositions, stating `that the quantum me-

chanics would permit an exact prescription of the past path of a particle,' the

authors obtained from their analysis `an uncertainty in the description of past

events which is analogous to the uncertainty in the prediction of future events.'

(Einstein, Tolman, and Podolsky, loc. cit.)

The Einstein±Tolman±Podolsky (ETP) Gedankenexperimental setup worked

with a box B containing a number of identical particles in thermal agitation and

provided with two small openings to be closed and opened by a shutter S, which

releases for a short time particles in two directions: (i) directly toward an observer

O, and (ii) after re¯ection at a wall at the point R to the observer on a second,

larger path SRO. An energy measurement (by weighing the box B) and a time

determination were to be carried out. Then, `knowing the momentum of the par-

ticle in the past, and hence also its past velocity and energy, it would seem possible

to calculate the [instant of ] time when the shutter must have been open from the

known time of arrival of the ®rst particle [on the direct path SO], and to calculate

the energy and momentum of the second particle [on the longer path SRO] from

the known loss of the energy content of the box when the shutter opened' (ETP,

loc. cit., p. 781). This `paradoxical result' of a prediction of exact energy and time

of the arrival of the second particle could only be explained by `the circumstance

832Boris Podolsky, born in Taganrog, Russia, on 29 June 1896, emigrated to the United States in
1913. After receiving a B.S. degree in electrical engineering from the University of Southern California
(USC) in 1918, he served in the U. S. Army and then obtained employment in the Los Angeles Bureau
of Power and Light. After further studies in mathematics at USC (M.S. in 1926) and physics at the
California Institute of Technology, he received his doctorate at Caltech (under the supervision of Paul
Sophus Epstein) in 1928. With a National Research Council Fellowship, he spent a year at the Uni-
versity of California at Berkeley, followed by a year in Leipzig as an International Education Board
Fellow. In 1930, Podolsky returned to Caltech for a year and worked with Richard C. Tolman, and
then spent two years at the Ukrainian Physico-Technical Institute at Kharkov, collaborating there with
Vladimir Fock, Paul Dirac (who was on a visit to the U.S.S.R.), and Lev Landau. He returned to the
Institute for Advanced Study in Princeton with a fellowship in 1933; from there, he moved to the Uni-
versity of Cincinnati in 1935 as a professor of mathematical physics, and in 1961, he changed to Xavier
University in Cincinnati. He died on 28 November 1966, in Cincinnati.
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that the past momentum of the ®rst particle cannot be accurately determined as

was assumed' (ETP, loc. cit.).833 `Finally, it is of special interest to emphasize the

remarkable conclusion that the principles of quantum mechanics would actually

impose limitations upon the localization in time of a macroscopic phenomenon

such as the opening and closing of a shutter,' their letter stated (ETP, loc. cit.).834

The idea of using re¯ected particles entered into the next Gedankenexperiment

of Einstein, about which Paul Ehrenfest reported to Niels Bohr in a letter, dated 9

July 1931.835 Ehrenfest wrote, in particular, that Einstein no longer intended to

make use of the box experiment as an argument `against the indeterminacy rela-

tions' but `for a totally di¨erent purpose'; indeed, Einstein now constructed a

`machine' which ejects a projectile and considered the following situation: After

the projectile had been ejected, an `interrogator (Frager)' asks the `machinist' to

predict, by examining the `machine' alone, either what value a quantity A or what

value a conjugate quantity B would have if the projectile were subjected to the

respective measurements after a long period of time (when the projectile returns

after being re¯ected by a distant re¯ector). As Ehrenfest reported further, Einstein

believed that a photon box might represent such a machine and proposed to carry

out the following experiment:

1. Set the clock's pointer to time O hour and arrange that at the pointer position
1,000 hours [later] the shutter will be released for a short time interval.

2. Weigh the box during the ®rst 500 hours and screw it ®rmly to the fundamental
reference frame.

3. Wait for 1,500 hours to be sure that the quantum has left the box on its way to the
®xed re¯ector (mirror), placed at the distance of 1/2 light-year away.

4. Now let the interrogator choose what prediction he wants: (a) either the exact time
of arrival of the re¯ected quantum, or (b) the colour (energy) of it. In case (a),
open the still ®rmly screwed box and compare the clock reading (which during the
®rst 500 hours was a¨ected, due to the gravitational red-shift formula) with the
standard time and ®nd out the correct standard time for the pointer position
``1,000 hours''; then the exact time of arrival [of the photons] can be computed. In
case (b), weigh the box again after 500 hours; then the exact energy can be deter-
mined. (Ehrenfest to Bohr, 9 July 1931; see Jammer, 1974, pp. 171±172)

`The interesting point is that the projectile, while ¯ying around isolated on its own,

must be able to satisfy totally di¨erent non-commutative predictions, without

833Einstein, Tolman, and Podolsky substantiated the above argument to be correct by referring to
the measurement of the particle's momentum by a Doppler e¨ect in re¯ected infrared light, which
would lead to an uncertainty in the position of the ®rst particle, and thus also in the exact opening-
instant of the shutter.

834The ETP-paradox received some publicity, because a little later another visitor from Europe to
USA, Charles Galton Darwin, concluded di¨erently from a Gedankenexperiment working with two
shutters. In particular, he stated: `The uncertainty principle is essentially only concerned with the future;
we can install instruments which will tell us as much of the past as we like.' (Darwin, 1931, p. 653) See
the discussion of this point in Jammer, 1974, p. 169.

835For a detailed discussion of the contents of this letter and the further development of the story
until 1934, we refer to Jammer, 1974, p. 170±178, and Jammer, 1985, pp. 134±137.
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knowing as yet which of the predictions will be made,' Ehrenfest concluded the

description of Einstein's new Gedankenexperiment in his letter to Bohr, and pro-

posed that Bohr might visit Leyden in the fall to discuss the situation with Einstein

(who was also expected to visit Leyden at that time). However, the meeting of

Bohr and Einstein did not materialize; but on 4 November 1931, Einstein pre-

sented a talk in the Berlin colloquium entitled `UÈ ber die Unbestimmtheitsrelationen

(On the Uncertainty Relations),' dealing with a photon-box experiment (Einstein,

1932). The aim of this talk was to point out that, whatever quantity had to be

measured accurately, could be decided well after the photon had left the box.

On 4 April 1932, when Einstein was on his way back to Germany from another

visit to the United States, he met Ehrenfest again in Rotterdam (where the ship

docked for several days). Evidently, the two friends discussed further the Gedan-

kenexperiment, because the next day Einstein wrote a letter to Ehrenfest, and said:

Yesterday you prodded me to modify the ``box experiment'' in such a way that it
employs concepts more familiar to the wave-theoretician. This I do in the following
by applying only such idealizations which, as I know, you will accept unhesitatingly.
It operates as a schematized Compton e¨ect. (Einstein to Ehrenfest, 5 April 1932)

The new experiment now suggested involved the interaction of a photon and a

massive particle, and Einstein showed how either the momentum or the position of

the heavy particle might be determined by observing the corresponding quantities

of the photon. `This is the reason why I ®nd myself inclined to ascribe objec-

tive ``reality'' to both [observables, i.e., momentum and position],' he concluded

(Einstein to Ehrenfest, loc. cit.). Apparently, he addressed here for the ®rst time

explicitly the question of `reality' in quantum mechanics, and what he meant by it

became clearer about one-and-a-half years later. Indeed, shortly before Einstein

left Europe for good in fall 1933, he attended a lecture given by LeÂon Rosenfeld

(who was then a lecturer at the University of LieÁge) in Brussels on the Bohr±

Rosenfeld theory of the measurability of electromagnetic ®eld quantities; he then

expressed a certain uneasiness about the results obtained and asked Rosenfeld:

What would you say about the following situation? Suppose two particles are set
in motion towards each other with the same, very large momentum and that they
interact with each other for a very short time when they pass at known positions.
Consider now an observer who gets hold of one of the particles, far away from the
region of interaction, and measures its momentum; then, from the conditions of the
experiment, he will obviously be able to deduce the momentum of the other particle.
If, however, he chooses to measure the position of the ®rst particle, he will be able to
tell where the particle is. This is a perfectly correct and straightforward deduction
from the principles of quantum mechanics. (Rosenfeld, 1967, pp. 127±128)

However, Einstein considered the situation to be `very paradoxical,' because:

`How can the ®nal state of a second particle be in¯uenced by a measurement

performed on the ®rst, after all physical interaction has ceased between them?'

(Rosenfeld, loc. cit., p. 128)
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Thus, between spring and fall 1933, Einstein's Gedankenexperiment ®nally took

the direction toward what would be formulated in 1935 as the EPR-argument. It

may be that the ®nal write-up was also in¯uenced by a paper of Karl Popper

criticizing the uncertainty relations.836 Popper had sent a copy of his note (Pop-

per, 1934)Ðaccording to which the path of one particle determined via the con-

servation laws the path of its partner with which it had collidedÐto Einstein; and

a similar situation was considered in the EPR-paper.837 Still missing was only the

`completeness' argument, which could perhaps be obtained from the mathematical

literature or conversations with John von Neumann (who was also at the Institute

for Advanced Study in Princeton).838 In any case, in spring 1935, the Princeton

team of Einstein, Podolsky and Rosen connected the hitherto mathematical con-

cept of completeness with the metaphysical concept of `physical reality,' when they

stated in the preamble of their paper:

In a complete theory there is an element corresponding to each element of reality. A
su½cient condition for the reality of a physical quantity is the possibility of predicting
it with certainty, without disturbing the system. In quantum mechanics in the case of
two physical quantities described by non-commuting operators, the knowledge of one
precludes the knowledge of the other. Then either (1) the description of reality given
by the wave function in quantum mechanics is not complete or (2) these two quan-
tities cannot have simultaneous reality. (EPR, 1935, p. 777)

`Consideration of the problem of making predictions concerning a system on the

basis of measurements made on another system that had previously interacted

with it leads to the result that if (1) is false then (2) is also false,' EPR continued,

and then sharply concluded that `the physical description of reality as given by the

wave function is not complete.' (EPR, loc. cit.)

Max Jammer, in his classic book on The Philosophy of Quantum Mechanics,

organized the analysis of EPR's four-page note (containing two sections) as

follows:

The paper contains four parts: (A) an epistemological-metaphysical preamble; (B) a
general characterization of quantum-mechanical description; (C) the applciation of
this description to a speci®c example; and (D) a conclusion drawn from parts (A) and
(C). (Jammer, 1974, p. 181)

836We have mentioned it above in Footnote 828.

837For a detailed analysis of Popper's paper, see Jammer, 1974, pp. 174±178. In his reply to
Popper, Einstein criticized the conclusion because it contradicted the indeterminacy relations.

838Max Jammer, in his detailed analysis, referred to remarks on the `completeness of quantum
mechanics' by Bohr and other physicists, and to the studies of the Polish logician Alfred Tarski (Jam-
mer, 1985, pp. 137±139). As we have discussed in previous volumes, especially Volume 3, the concept
of `completeness' entered into the quantum-mechanical literature (Born, Heisenberg, and Jordan, 1926)
quite early, and the GoÈttingen quantum-theoreticians took it from the mathematicians, especially,
David Hilbert. Also, von Neumann, in his famous proof of `hidden variables' (discussed in the fore-
going Section III.3), made use of the same concept.
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The preamble (A) started with a de®nition of what Einstein, Podolsky, and Rosen

meant by reality, namely:

Any serious consideration of a physical theory must take into account the distinction
between the objective reality, which is independent of any theory, and the physical
concepts with which the theory operates. These concepts are intended to correspond
with the objective reality, and by means of the concepts we can picture this reality
ourselves. (EPR, 1935, p. 777)

Then, they called a theory `satisfactory' if the following two questions could be

answered positively: `Is the theory correct?' and `Is the description given by the

theory complete?'. By `correct' they meant the `agreement between the conclusions

from the theory and human experience,' while they de®ned `complete' by what

they stated as a `necessary requirement' in the summary, notably: `Every element

of the physical reality must have a counterpart in the physical theory.' (EPR, loc.

cit., p. 777) Since `physical reality' had to be derived from experiments, a su½cient

de®nition appeared to be the following:

If, without in any way disturbing a system, we can predict with certainty (i.e., with
probability equal to unity) the value of a physical quantity, then there exists an ele-
ment of physical reality corresponding to this physical quality. (EPR, loc. cit., p. 777)

In order to characterize brie¯y the quantum-mechanical formalism, Einstein,

Podolsky, and Rosen considered a state described by the wave function c and its

eigenvalues for a given quantity A; further, they assumed the commutation rela-

tions for canonical pairs of quantities, such as position and momentum, to be be

valid, and arrived at two statements (1) and (2), as formulated in their summary

(preamble) quoted above. Hence, they quickly concluded in part (B) that the usual

statement, `the wave function does contain a complete description of the physical

reality of the system in the state to which it corresponds'Ðthough `at ®rst

sight entirely reasonable, for the information obtainable from a wave function

seems to correspond exactly to what can be measured without altering the state'Ð

nevertheless leads to a contradiction if one wants to preserve the above reality

condition (EPR, loc. cit., pp. 778±779).

In part (C), EPR constructed their Gedankenexperiment by considering two

sytems, each composed of a particleÐEPR spoke of systems I and IIÐwhich were

allowed to interact from time t � 0 to t � T , their state being known before t � 0

while it could be calculated for t > T via the SchroÈdinger equation. This calcula-

tion yielded the wave functions for the combined system I� II, from which those

of the separated systems were derived according to the standard quantum-

mechanical process of `reduction of the wave packet,' i.e., formally given by

c�x1; x2� �
Xy
n�1

cn�x2�un�x1�; �650�

IV.2 The Debate on the Completeness of Quantum Mechanics and Its Description of Reality 721



where un�x1� denoted the eigenfunctions of an operator A of the system (particle) I

and cn�x� the corresponding eigenfunction of the system (particle) II. The mea-

surement of another quantity B might lead to a di¨erent result

c�x1; x2� �
Xy
s�1

fs�x2�vs�x1�; �650 0�

yielding afterward the states vs�x1� and fs�x2� of the systems I and II, respectively.

`Thus, it is possible to assign two di¨erent wave functions (in our example, ck and

fr) to the same reality ([i.e.,] the second system after the interaction with the ®rst),'

EPR concluded and referred to the fact that `at the time of measurement [of A and

B ] the two systems [I and II] no longer interact,' hence `no real change can take

place in the second system in consequence of anything that may be done to the

®rst system' (EPR, loc. cit., p. 779). Now, in the special case that the physical

quantities A and B were taken to be the momentum P and the position Q satisfy-

ing the commutation relations

PQÿQP � h

2pi

� �
; �651�

the following situation emerged: c�x1; x2� could be written either as

c�x1; x2� �
��y
ÿy

exp
2pi

h
x1p

� �
exp ÿ 2pi

h
�x2 ÿ x0�p

� �
dp �652�

or

c�x1; x2� � h

��y
ÿy

d�x1 ÿ x�d�xÿ x2 � x0� dx: �652 0�

In case (652), the associated wave functions were up�x1� � exp
2pi

h
x1p

� �
and

cp�x2�, corresponding to the operator P with the eigenvalues p1 � p for the parti-

cle I and p2 � ÿp for the particle II. In case (652 0), on the other hand, the wave

functions were vx�x1� � d�x1 ÿ x� and fx�x2� � d�xÿ x2 � x0�, corresponding to

the operator Q with the eigenvalues x1 � x and x2 � x� x0, respectively. `Thus,

by measuring either A or B we are in a position to predict with certainty, and

without in any way disturbing the second system, either the value of the quantity

P (that is pk) or the value of the quantity Q (that is qr),' EPR concluded and

continued:

In accordance with our criterion of reality, in the ®rst case we must consider the
quantity P as being an element of reality, in the second case the quantity Q is an
element of reality. But, as we have seen, both wave functions ck and fr belong to the
same reality. (EPR, loc. cit., p. 780)
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EPR interpreted the result thus obtained as follows in part (D): OriginallyÐ

i.e., in part (A)Ðthey had argued that the situation in quantum mechanics should

be described either by the assertion (1) or the assertion (2). However, now one had

to argue rather:

Starting then with the assumption that the wave function does give a complete de-
scription of the physical reality, we arrived at the conclusion that two physical
quantities with noncommuting operators can have simultaneous reality. Thus the
negation of (1) leads to the negation of the only other alternative (2). We are thus
forced to conclude that the quantum-mechanical description of the physical reality
given by the wave function is not complete. (EPR, loc. cit.)

One might evade this consequence, EPR continued, by re®ning the de®nition of

physical reality, say, by regarding `two or more physical quantities as simultane-

ous elements of reality only when they can be simultaneously measured or pre-

dicted 'Ðwhich would imply that `P and Q are not simultaneously real'ÐEPR

added, then `the reality of P and Q depends upon the process of measurement

carried out on the ®rst system in any way'; however, they claimed: `No reasonable

de®nition of reality could be expected to permit this.' (EPR, loc. cit.) Finally, they

expressed the hope which Einstein had cherished for more than a decade, namely,

the ®rm belief that another theory may be found for the phenomena of atomic

physics, such that a complete description of reality in the sense expressed above

will be possible.

In his detailed study, `The EPR Problem in Its Historical Development,' Max

Jammer tried to single out the individual contribution of each of the three authors

(Jammer, 1985). Evidently, Einstein, as he stated himself repeatedly (e.g., in his

letter of 10 November 1945, quoted earlier), conceived the general idea of the

EPR-argument.839 Then the work on the paper was shared in equal parts, as

Jammer learned especially from interviews with Nathan Rosen: EPR met for sev-

eral weeks in early 1935 in Einstein's o½ce to discuss the problem; then, `Podolsky

was the one who wrote the ®rst draft,' and, as Rosen recalled, `roughly speaking,

one can say that Einstein contributed the general point of view and its im-

plications, [and] I found the c-function (i.e., [the description of ] the ``EPR thought

experiment''), and Podolsky composed the paper' (Jammer, loc. cit., p. 142). Thus,

Podolsky `who liked to use the language of logic and was good at it' contributed

an essential aspect, namely `the completeness argument' which was previously not

in the line of Einstein's thinking. (Jammer, loc. cit.)

The EPR paper, which expressed Einstein's unhappiness with the standard in-

terpretation of quantum mechanicsÐor, rather expressed it most explicitlyÐalso

made his junior authors known to wider circles, especially the 26-year-old Nathan

839The background given above has been summarized by Jammer, 1985, pp. 141±144.
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Rosen.840 In order to prepare for the understanding of the response to the EPR-

study, let us summarize its contents (with Jammer) as follows:

The Einstein-Podolosky-Rosen [EPR] argument for the incompleteness of
quantum mechanics is based . . . on two explicitly formulated and two tacitly
assumedÐor only en passent mentionedÐpremises:

1. The reality criterion. ``If without in any way disturbing a system we can predict
with certainty . . . the value of a physical quantity, then there exists an element
of physical reality corresponding to this physical reality.''

2. The completeness criterion. A physical theory is complete only if ``every element
of the physical reality has a counterpart in the physical theory.''

The tacitly assumed arguments are:

3. The locality assumption. If ``at the time of measurement . . . two systems no
longer interact, no real change can take place in the second system in conse-
quence of anything that may be done to the ®rst system.''

4. The validity assumption. The statistical predictions of quantum mechanics are
con®rmed by experiment.

. . . The Einstein-Podolsky-Rosen argument then proves that on the basis of the
reality criterion 1, assumptions 3 and 4 imply that the quantum mechanics does
not satisfy criterion 2, that is, the necessary condition of completeness, and hence
provides only an incomplete description of physical reality. (Jammer, 1974,
pp. 184±185)

The various points mentioned here soon became the centre of a lively debate

among the physicists, ®rst some in the United States, and then the leading ones in

Europe.

The publicity began already on Saturday, 4 May 1935Ði.e., before the EPR-

paper appeared in The Physical ReviewÐwhen The New York Times carried an

extensive report under the provocative headline `Einstein Attacks Quantum

Theory,' which was summarized by the sentences: `Professor Einstein will attack

science's important theory of quantum mechanics, a theory of which he was sort

of grandfather. He concluded that while it [the quantum mechanics] is ``correct'' it

840Nathan Rosen, born on 22 March 1909, in Brooklyn, New York, received his education at the
Massachusetts Institute of Technology (a B.S. in electrochemical engineering in 1929, and an Sc.D. in
physics in 1932Ðwith Philip M. Morse as his thesis advisor on quantum chemistry). Then, he held
several postdoctoral positions, ®rst at the University of Michigan and Princeton Foundation; from 1934
to 1936, he served as Einstein's assistant at the Institute for Advanced Study in Princeton and instructed
Einstein in the details of the properties of wave functions in complex molecular situations. From 1936
to 1938, he worked as a professor of theoretical physics at Kiev State University, and then he returned
to MIT; he taught for one year at Black Mountain College in North Carolina and became a member of
the faculty of the University of North Carolina at Chapel Hill from 1941 to 1952. During World War
II, he worked on uranium-isotope separation. In 1953, Rosen went to Israel and joined the Technion at
Haifa as a professor of physics; at the Technion, he established the physics department and the gradu-
ate school and retired in 1973; in addition, he served from 1969 to 1971 as Dean of the Engineer-
ing School of the newly established Ben Gurion University of the Negev at Beersheba. He died on 18
December 1995, in Haifa.
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is not ``complete.'' ' After a non-technical description of the main contents of the

paper a statement attributed to Podolsky was added, namely:

Physicists believe that there exist real material things independent of our minds and
theories. We construct theories and invent words (such as electron, positron, etc.) in
an attempt to explain to ourselves what we know about our external world and help
us to obtain further knowledge about it. Before a theory can be considered to be
satisfactory it must pass two severe tests. First, the theory must enable us to calculate
facts of nature, and these calculations must agree very accurately with observation
and experiment. Second, we expect a satisfactory theory, as a good image of objective
reality, to contain a counterpart for every element of the physical world. A theory
satisfying the ®rst requirement must be called a correct theory while, if it satis®es the
second requirement, it may be called a complete theory. (The New York Times, 4
May 1935, p. 11)

The article in the newspaper was followed by a report of an interview with the

quantum theorist Edward Uhler Condon, then associate professor at Princeton

University, who stressed that the EPR-argument of course depended on `what

meaning is to be attached to the word ``reality'' in connection with physics' but

concluded that, in spite of Einstein's criticism of quantum-mechanical theories, `I

am afraid that thus far the statistical theories have withstood criticism.'

The public stir in The New York Times was completed by the strong statement

of Einstein himself in the issue of 7 May (p. 21), who pointed out that `any infor-

mation upon which the article ``Einstein Attacks Quantum Mechanics'' in your

issue of 4 May is based was given without authority.' The newspaper a¨air also

terminated the previously friendly collaboration between Einstein and the young

Russian-American theoretician Boris Podolsky, who left Princeton shortly there-

after. In a later essay (which will be discussed below), Einstein gave a few

indications where his view deviated from that of the unauthorized spokesman

(Einstein, 1936). In any case, as Einstein wished, from then on the discussion on

the topic was carried on `only in the appropriate forum' of scienti®c journals.841

(c) The Response of the Quantum Physicists, Notably, Bohr and

Heisenberg, to EPR (1935)

The very ®rst discussion of the EPR-argument occurred properly in the Physical

Review, which published a letter of the Harvard theoretician Edwin C. Kemble,

that was dated 25 May 1935, and appeared in the issue of 15 June (Kemble,

1935a). Kemble, a senior and experienced quantum physicist (who wrote a stan-

dard textbook on the subject: Kemble, 1937), expressed the opinion that `the

argument is not sound'; he had in mind especially the EPR assertion that the sys-

841The story of Einstein's dissatisfaction with Podolsky, and further details of the early response to
the EPR-paper, can be found in Jammer, 1974, pp. 189±194, and especially in Jammer, 1985, pp. 144±
146.
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tem II `cannot be a¨ected by [the observation of I] and must in all cases constitute

``the same physical reality'' ' Kemble, 1935a, p. 973). Kemble argued that `here lies

a fallacy, however, for whenever two systems interact for a short time there is a

correlation between the subsequent behaviour of one system and that of the other,'

and he claimed that the whole question had already been properly treated in `the

interpretation of quantum mechanics as a statistical mechanics of assemblages of

like systems,' as had been `most clearly formulated by Slater [1929a]' who had

invoked the assumption `that the wave functions of the SchroÈdinger theory have

meaning primarily as descriptions of the behaviour of (in®nite) assembleges of

identical systems similarly prepared' (Kemble, loc. cit., p. 974). Kemble then

showed how to phrase the EPR argument correctly according to this interpre-

tation and concluded: `There seems no reason to doubt the completeness of the

quantum-mechanical description of atomic systems within the frame of our pres-

ent experimental knowledge.' (Kemble, loc. cit.)

The second response to the EPR paper also came from an American author:

Arthur E. Ruark's letter dated 2 July was published in the Physical Review issue of

1 September 1935. Ruark principally attacked the conclusion of EPR that the

quantities corresponding to both P and Q possess reality, because one should

prefer to say `that P and Q could possess reality only if both A and B (not merely

one or the other) could be simultaneously measured' (Ruark, 1935, p. 466). He

continued:

Whereas Einstein, Podolosky and Rosen say it is not reasonable to suppose the real-
ity of P and Q can depend on the process of measurement carried out on system I, an
opponent could reply: (1) that it makes no di¨erence whether the measurements are
direct or indirect; (2) that system I is nothing more than an instrument, and the
measurement of A makes this instrument un®t for the measurement of B. Such an
opponent will feel that the ingenious method of measurement discussed by Einstein,
Podolosky and Rosen su¨ers from all the essential di½culties common to measure-
ments which result in disturbing system II. (Ruark, loc. cit., p. 466)

Ruark closed his letter by saying: `It seems to the writer that in the present

state of our knowledge the question cannot be decided by reasoning based on ac-

cepted principles,' and added: `The arguments which can be advanced on either

side seem to be so far from conclusive, and the issue involved appears to be

a matter of personal choice or of de®nition.' (Ruark, loc. cit., p. 467) The latter

opinion was not shared at all by his European colleagues Bohr, Heisenberg and

Pauli.

LeÂon Rosenfeld, Niels Bohr's closest collaborator in the 1930s, recalled that the

EPR paper ®rst `came down upon us as a bolt from the blue' (Rosenfeld, 1967, p.

128). Previously, the quantum physicists in Copenhagen had been quite used

to Einstein's attacks on quantum mechanics (since 1927, see our discussion in

Section II.6). `The situation changed radically, however, on the publication [of this

paper],' wrote Jùrgen Kalckar in introducing the `last battle' between Bohr and

Einstein on the interpretation of quantum mechanics:
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Not only did it attract the attention of many physicists, but the ensuing discussions
aroused interest in the more philosophical aspects of quantum physics far outside the
physics community. (Kalckar, in Bohr, 1996, p. 250)

Looking at the `Copenhagen theorists' in more detail, one may recognize two dif-

ferent general attitudes. On the one hand, especially Pauli and HeisenbergÐand,

to some extent, Bohr himselfÐwere greatly surprised that Einstein had published

statements which appeared to contain just the old and, at times, even `stupid'

arguments. On the other hand, Bohr still became rather worried, as Rosenfeld

recalled several decades later:

We were then in the midst of groping attempts at exploring the implications of the
¯uctuations of charge and current distributions, which presented us with riddles of a
kind we had not met in electrodynamics. A new worry could not come at a less pro-
pitious time. Yet, as soon as Bohr heard my report of Einstein's argument, everything
else was abandoned; we had to clear up such a misunderstanding at once. We should
reply by taking up the same example and showing the right way to speak about it. In
great excitement, Bohr immediately started discussing with me the outline of such a
reply. Very soon, however, he became hesitant. ``No, this won't do, we must try all
over again. . . . we must make it quite clear . . .'' So it went on for a while, with
growing wonder at the unexpected subtlety of the argument. Now and then, he would
turn to me: ``What can they mean? Do you understand it?'' There would follow some
inconclusive exegesis. Clearly, we were farther from the mark than we ®rst thought.
Eventually, he broke o¨ with the familiar remark that he ``must sleep on it.'' The next
morning, he at once took up the dictation again, and I was struck by a change in the
tone of sentences: there was no trace in them of the previous days sharp expression of
dissent. As I pointed out to him that he seemed to take a milder view of the case, he
smiled: ``That's a sign,'' he said, ``that we are beginning to understand the problem.''
And, indeed, the real problem now began in earnest: day after day, week after week,
the whole argument was patiently scrutinized with the help of simpler and more
transparent examples. Einstein's problem was reshaped and its solution reformulated
with such precision and clarity that weakness in the critic's reasoning became evident.
(Rosenfeld, 1967, pp. 128±129)

On 29 June 1935, Bohr wrote a letter to the British journal Nature, in which just

before, in the issue of 22 June, a note signed by H. T. F. (i.e., H. T. Flint from the

University of London) had drawn attention to the EPR paperÐand sketched his

answer to the `criterion of physical reality' of Einstein, Podolsky, and Rosen; in

particular, he wrote:

I would like to point out, however, that the named criterion contains an essential
ambiguity when it is applied to the problems of quantum mechanics. It is true that in
the measurement under consideration any direct mechanical interaction of the system
and the measuring agencies is excluded, but a closer examination reveals that the
procedure of measurement has an essential in¯uence on the conditions on which the
very de®nition of the physical quantities in question rests. Since these conditions must
be considered as an inherent element of any phenomenon to which the term ``physical
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reality'' can be unambiguously applied, the conclusion of the above-mentioned au-
thors [EPR] would not appear to be justi®ed. A further development of this argument
will be given in an article to be published in the Physical Review. (Bohr, 1935a, p. 65)

This article of Niels Bohr was indeed received by the Physical Review on 13 July

1935, and published in the 15 October issue of the same year (Bohr, 1935b).

Unlike Bohr, Pauli and Heisenberg took the EPR-arguments with much less

worry, as was revealed by their correspondence. Thus, Pauli wrote in a letter

to Heisenberg, dated 15 June 1935, about `two pedagogical problems where you

could perhaps interfere publicly,' addressing with the ®rst an idea of the Italian

theorist Gian Carlo Wick on the origin of the proton's magnetic moment, and

with the second, especially:

Einstein has once again made a public statement about quantum mechanics, and even
in the issue of Physical Review of May 15 (together with Podolsky and Rosen, not a
good company by the way). As is well known, that is a disaster whenever it happens.
``Because, thus he concludes most sharply nothing can exist if it ought not to exist.
(Weil, so schlieût er messerscharf, nicht sein kann was nicht sein darf.)''

Still I would grant him that if a student in one of his earlier semesters had
raised such objections, I would have considered him quite intelligent and promising.
Since through this publication there exists a certain danger of confusing the public
opinionÐnotably in AmericaÐit might perhaps be advisable to send an answer to
the Physical Review which I would like to persuade you to undertake. (See Pauli,
1985, p. 402; English translation in Bohr, 1996, pp. 251±252)

Pauli then outlined in his letter to Heisenberg `the facts demanded by quantum

mechanics which cause particular mental troubles to Einstein,' namely essentially

`the connection of two systems in quantum mechanics.' After outlining the results

obtained by calculation of the systems 1 and 2, he characterized the EPR inter-

pretation as follows:

Now comes the ``deep feeling'' which tells you: ``Since the measurement of 2 does not
disturb the particle 1, there must be something called `physical reality,' namely the
state of particle 1 per seÐindependently of which measurement one has performed at
2.'' It would be absurd to assume that particle 1 is changed by measurements at 2, i.e.,
it is transformed from a [given] state into another. In reality, the quantum-mechanical
description must attribute characteristics to the particle 1 which contain already all
those properties of 1 whichÐafter possible measurements of 2 which do not disturb
1Ðcan be predicted with certainty. (Pauli, loc. cit., p. 403)

Now, the pedagogical response on this argumentation, which Pauli expected

Heisenberg to formulate, had to clarify in particular the di¨erence between two

di¨erent situations: `(a) Two systems 1 and 2 have no interaction at all (i.e., the

interaction energy is missing)Ðin that case the observation of all quantities of 1

yield the same time evolution as if there were no system 2,' and (b) `The total system

[1� 2] is in a state where the partial systems 1 and 2 do not depend on each other
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(separation of an eigenfunction into a product of two eigenfunctions)Ðin that

case the expectation values of the quantities F1 of 1 remain, after the performance

of measurement of an arbitrary quantity F2 at 2 with known numerical result

F2 � �F2�0, the same as without performing a measurement at 2.' According to

Pauli, Einstein felt correctly that the composition and separation of systems

should play a greater role in considering the foundations of quantum mechanics;

since this point happened to be closely connected with Heisenberg's `consid-

erations about [the quantum-mechanical] cut and the possibility to shift it arbi-

trarily [as he had emphasized it in his talk at the Hanover Naturforscher-

versammlung (Heisenberg, 1934f )],' Pauli requested Heisenberg to `present [the

situation] once in a short [article], not in a popular language but with the use of

formulae,' and emphasized:

One must distinguish di¨erent levels of reality (Schichten der RealitaÈt): one R con-
taining all interactions which one can obtain by measurements of 1 and 2, another r

(deducible from R) which contains only interactions obtainable by measurements at 1
alone. Then one must show how from the statement (Bekanntgabe) of a measure-
ment's result at 2 a discontinuous change of r (r! rA or r! rB, etc.) follows (unless
the systems of particles were independent); and that necessarily contradictions would
arise if one tried to describe these changes without referring to 2Ðsay, by ``hidden
properties'' of 1 in a classical or semi-classical manner. (Pauli, loc. cit., p. 404)

In any case, Pauli hoped that Heisenberg would contradict in his answer to the

EPR paper the idea which `haunted elderly gentlemen like [von] Laue and Ein-

stein' that the present quantum mechanics was incomplete and must be `completed

by statements it does not [yet] contain,' such as `hidden variables'; he (Heisenberg)

should especially `make it obvious in an authoritative manner that such a supple-

ment to quantum mechanics is impossible without changing its contents' (Pauli,

loc. cit.).

Heisenberg took Pauli's request seriously and soon got down to work on the

proposed paper. Meanwhile, he had heard from Copenhagen about Bohr's con-

siderations in response to the EPR-argument; therefore, he concentrated on his

manuscript, entitled `Ist eine deterministische ErgaÈnzung der Quantenmechanik

moÈglich? (Is a Deterministic Extension of Quantum Mechanics Possible?),' very

much on the `Schnitt (cut) problem' and the supposed `incompleteness of quantum

theory' (Heisenberg to Pauli, 2 July 1935, in Pauli, 1985, pp. 409±418).842 As

Heisenberg would report to Bohr, `the essay was perhaps intended for publication

in Naturwissenschaften . . . and thought to contain an answer to von Laue and

SchroÈdinger, especially since I heard from [Arnold] Berliner that soon a similar

essay would appear [in that journal] written by SchroÈdinger'; and further: `In it I

842 It is not certain whether Heisenberg enclosed already the above-mentioned manuscript in his
letter of 2 July to Pauli, because he did not mention its existence even in his later letter to Bohr, dated
14 July 1935. We assume that Heisenberg composed it later in July or August; in any case, he sent a
copy of the type-written manuscript on 22 August in a letter to Bohr.
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haveÐin order not to write the same as you, because I still cannot do so as wellÐ

I have emphasized a little more the formal and logical side of the problem.' (Hei-

senberg to Bohr, 22 August 1935) That is, Heisenberg, in his paper, mainly tried

to reply to the peculiar question addressed by von Laue (1932b, 1934) and also

now by Einstein, Podolsky, and Rosen (1935) `whether quantum mechanics may

not later, due to new physical experiences, be so supplemented as to become a

deterministic theory.'843 Notably, he wrote:

Such a consideration in general assumes, vis-a-vis the experimental successes of
quantum mechanics, as a prerequisite that quantum mechanics provides [at present]
a correct description of nature. It connects this prerequisite, however, with the hope
that the later research will uncover behind statistical connections of quantum me-
chanics a hitherto hidden net of causal connectionsÐjust as behind the temperature
and entropy concepts of heat theory classical mechanics lies hidden. These causal
connections should not at all necessarily concern the visualizable (anschaulichen)
classical properties of physical systems; rather one concludes from the validity of the
indeterminacy relations that the classical concepts do not allow an adequate descrip-
tion of atomic phenomena, that therefore new concepts must be formed which are
associated perhaps with the hitherto unknown physical properties of atomic systems.
(See Heisenberg's manuscript, reproduced in Pauli, 1985, pp. 409±410)

Heisenberg, in the considerations in his manuscript, wished to demonstrate `that

such a deterministic addition to quantum mechanics is impossible, and that one

can therefore cherish the hope for a deterministic description of nature only if one

considers the most important successes of quantum mechanics to be accidental'

(Heisenberg, in Pauli, loc. cit., p. 410). He then demonstrated this claim in three

sections, emphasizing at the same time that his manuscript did not contain any-

thing new beyond what could be found in the earlier publications of Bohr, von

Neumann, Pauli, and himself.

In Section 1, Heisenberg addressed, in particular, `the noteworthy schism

(Zwiespalt)' of the quantum-mechanical description of nature: `On the one hand,

it assumes the task of physics to be the lawful description and synopsis of visual-

izable, objective processes in space and time; on the other hand, it uses for a

mathematical representation of physical processes those wave functions in multi-

dimensional con®guration spaces which in no way can be regarded as representa-

tive of the objective happenings in space and time such as, say, the coordinates of

a mass point in classical mechanics.' (In Pauli, loc. cit., pp. 410±411) This schism,

Heisenberg continued, leads to a certain `arbitrariness in applying quantum me-

chanics': i.e., either the observed atomic system is described by quantum mechan-

ics and the apparatus used for observation obeys the laws of classical physics, or

also the apparatus is described by wave functions and only `the observation of the

measuring apparatus, e.g., the observation of a line on the photographic plate'

843Heisenberg's manuscript was found in the Pauli Nachlaû and has been published in Pauli, 1985,
pp. 409±418, following Heisenberg's letter to Pauli dated 2 July 1935.
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obeys classical laws. This so-called `cut' or `gap' (Schnitt) between the descriptions

of quantum mechanics and classical theory could thus be placed arbitrarily, that

is: `The quantum-mechanical predictions concerning the result of any experiment

do not depend on the position of the cut in question' (Heisenberg, in Pauli, loc. cit.,

p. 411), as Heisenberg proved explicitly in an example: He took an atomic system

A, and considered the existence of several measuring apparatuses B, C, . . . (which

provide the observer the ®nal observation) which is treated by quantum mechanics

and by classical theory, respectively.

Clearly, the process A must be described by the time-dependent wave function

cA�qA; t�, yielding the probability jcA�q 0A; t 0�j2 for the coordinate to assume at time

t � t 0 the value q 0A as registered by the apparatus B, C, etc. in accordance with the

classical laws. On the other hand, if A� B were treated quantum-mechanically, an

application of the time-dependent SchroÈdinger equation (with HA, HB, and HAB

denoting the Hamiltonian operators of the systems A and B and the interaction

energy, respectively),

h

2pi

q

qt
�HA �HB

� �
c�qA; qB; t� � ÿHABc�qA; qB; t�; �653�

provided the wave function c�qA; qB; t� whichÐsince HAB deviated from zero only

for the value qA � q 0AÐmight be expressed as

c�qA; qB; t� � cA�qA; t�cB�qB; t� � cA�q 0A; t 0�f�qA; qB; t; t
0�; �654�

where f�qA; qB; t; t
0� was independent of the behaviour of the system A before

t � t 0. Now, the probability of the system B to undergo a change from the original

stateÐi.e., cB�qB; t�Ðwas given by the integral over the absolute square of the

interaction term on the right-hand side of Eq. (654) in the variables qA and qB,�
dqAdqBjc�q 0A; t 0�f�qA; qB; t; t

0�j2; hence, it became proportional to jcA�q 0A; t 0�j2
and did not depend on the prehistory of the system A. As a consequence, the

quantum-mechanical result in case the cut is transferred beyond B turned out to be

the same as before; similarly, one could transfer the cut beyond C, etc.

Thus, Heisenberg stated that the characteristic property of the application of

the wave-mechanical description of the measuring apparatus was the fact that the

interaction with the atomic system (to be measured) resulted only in transitions of

the coordinate qB at a ®xed value, q 0A, of the coordinate qA of the atomic system:

and then q 0B was just changed to q 00B, or `the total wave function then appears (for a

short time after switching on the interaction) as a product of two factors, one of

which being given by the wave function of the observed system A at the moment

the interaction is switched on, while the other represents the reaction of the mea-

suring apparatus B.' (In Pauli, loc. cit., p. 413) This result came out of the peculiar

properties of the quantum-mechanical formalism, and, as a consequence, `the

causal connections of the classical theories used in the measuring apparatus can

be reproduced in quantum mechanics only with that degree of accuracy as the
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visualizable classical characteristics of the measuring apparatus are represented

in wave optics'Ðbut `the fundamental indeterminacy created in this way of

formulating causal connections is in all practical cases much smaller than the

practical uncertainty that must be taken into account for everyÐeven the bestÐ

measuring device.' (In Pauli, loc. cit.) Heisenberg concluded the more technical

Section 1 with two remarks: (i) the cut cannot be shifted so arbitrarily that certain

measuring devices operating like atomic systems (e.g., nuclear systems measuring

the neutron ¯ux) are described by classical theory; (ii) since the wave-mechanical

formalism per se operates with respect to a causal behaviour like classical theory,

and the statistical aspect enters only via the cut, the whole measurement process

can represent causal connections in a restricted sense.

In Section 2, Heisenberg investigated `the assumption that the physical systems

described statistically by quantum mechanics carry up-to-now unknown physical

properties which determine so far only the statistically known behaviour uniquely'

(Pauli, loc. cit., p. 414); contrary to the expectations of von Laue and EPR, he

showed that `this assumption contradicts the statements of quantum mechanics,

especially not only its statistical results but also the de®nite conclusions derived'

(in Pauli, loc. cit., p. 415). This impossibility proof of `hidden variables' to establish

a causal behaviour was based on the premise that quantum mechanics determined

uniquely all properties of the system left of the cut, i.e., either of A, or A� B, or

A� B� C, etc. Hence, if extra properties had to be assumed for A in order to turn

the statistical statements of the measurement into de®nite results, also changes of

the properties of A� B, or A� B� C, etc., must arise, and `every statement about

A which was not already contained in the quantum-mechanical connection A� B

[or A� B� C, etc.] can contradict the conclusions from this connection' (in Pauli,

loc. cit.), thus also the above premise. Heisenberg then illustrated this situation in

an example, where he tried to obtain information about complementary quantities

of the system A. `For a supplement of the quantum-mechanical statements, the

only suitable place was that of the ``cut,'' ' he found, `but this place cannot be ®xed

physically, since it is rather the arbitrariness in the choice of the position of the cut

that is responsible for the [consistent] application of quantum mechanics'; hence,

`Any physical properties so far unknown that must be connected necessarily with a

physical system therefore could not serve in principle to supplement quantum-

mechanical statements.' (In Pauli, loc. cit., p. 416) After illustrating this result in

the case of the radioactive a-decay (by applying the complementary particle- and

wave-pictures, respectively), Heisenberg closed Section 2 with two comments:

It is a decisive feature of quantum mechanics that it permits via its formalism to
connect the physical domains foreign, in principle, to our visualization in an organic
way with the macroscopic, visualizable domain, such that the results from the for-
malism can be expressed by visualizable (anschauliche) concepts.

However, quantum mechanics, explicitly presupposesÐlike the argumentation
presented hereÐthat at the same place we are ®nally able to turn our interactions
into objective entities (unsere Wechselwirkungen zu objektivieren), i.e., allow us to
speak about objects and events. Classical physics proves that this can be done for a
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large domain [of experience], and all of experimental science rests on this possibility.
(Heisenberg, in Pauli, loc. cit., p. 417)

In Section 3, Heisenberg argued that the philosophical explanations of these

conclusions must be traced in the very essence of Nature, orÐas stated by Grete

Hermann (1935a)Ð`that a deterministic supplement of quantum mechanics fails

because quantum mechanics already allows us to give completely the causes for

the occurrence of a given result of measurement.' (Heisenberg, in Pauli, 1985,

p. 417) This situation involves the problem to search for the particular feature

of nature which forbids us to derive from the uniquely connectedÐone might

even say, causalÐformalism of quantum mechanics all (possible) results of mea-

surement, and which creates the statistical connections at the cut. A quantum-

mechanical state, Heisenberg said, is given uniquely by a wave packet moving

with a certain velocity at a ®xed space-point plus `further statements about the size

and shape of the wave packet, for which there exist no analogues in the classical

theory' (Heisenberg, in Pauli, loc. cit., p. 418); he called such a description a

`Beobachtungszusammenhang (context of observation)' and emphasized that `the

same visualizable events may correspond to di¨erent contexts of observation,' a

situation that was not known to occur in classical physics. `The experimental

conclusion formulated by quantum mechanics has shown that the observation of

a system in general leads from one Beobachtungszusammenhang into another,'

Heisenberg explained, and noted:

The causal connection can be followed within a de®nite context of observation, while
in the discontinuous transition from one [situation] to the other (especially to a
``complementary'' [one] in the sense of Bohr) only statistical predictions are possible.
Hence the possibility of di¨erent, complementary contexts of observation, unknown
in the classical theory, becomes responsible for the occurrence of statistical laws.
(Heisenberg, in Pauli, loc. cit.)

Finally, Heisenberg questioned whether a future modi®cation of quantum me-

chanics might give rise to a deterministic supplement, but he ®rmly claimed that

experimental evidence so far provided no hint that `the future description of nature

will ®t again into the narrow classical scheme of a visualizable and causal de-

scription of objective processes in space and time' (in Pauli, loc. cit.).

While no written comment of Pauli on Heisenberg's manuscript has survived

among the available documents, Niels Bohr, in a letter dated 15 September 1935,

to Heisenberg, asked for a few clari®cations of complementary situations, which

Heisenberg tried to provide in his letter of 29 September. Bohr further criticized

that he placed too much emphasis on the `shift of the cut,' to which Heisenberg

replied as follows:

Why the possibility of shifting the ``cut'' is so particularly important in my opinion, I
can most simply explain thus: You say correctly that ``all elements of description are
de®ned classically and yet the classical theory leaves no room for quantum-mechanical

IV.2 The Debate on the Completeness of Quantum Mechanics and Its Description of Reality 733



laws.'' This statement appears to physicists used to think formally as a plain contra-
diction, as I know for instance from talking to Herr von Laue. Hence I thought it to
be important to stress the property of the formalism which ensures that no contra-
diction arises here, and this, it seems to me, lies in the possibility to shift the cut. If
this were not so, simply two categories of physical systemsÐclassical and quantum-
mechanical onesÐwould exist, and one could never apply classical concepts to the
latter. That's how von Laue sees the situation. I believe that then it might be very
di½cult to argue against the hope of a later causal supplement. (Heisenberg to Bohr,
29 September 1935)

In any case, Heisenberg believed that the most direct way to understand why the

quantum-mechanical formalism did not at all need new concepts, totally di¨erent

from the classical ones, was to make e¨ective use of the possibility to shift the

`cut.' He hoped to be able to discuss these questions in greater detail with Bohr in

October in Copenhagen, especially the latter's arguments against the `more formal

manner of treating quantum theory' and promised not to submit his manuscript

for publication prior to these discussions.844

We shall now discuss the o½cial response given by Niels Bohr to the EPR

argument, published in the Physical Review issue of 15 October 1935, whichÐ

unlike Heisenberg's manuscriptÐworked with very little formalism in the style to

which Bohr had become accustomed in the previous 15 years. His answer was

contained especially in the comment which he added after he had summarized the

conclusion of the EPR-paper, and which read:

Such an argumentation, however, would hardly seem suited to a¨ect the soundness of
quantum-mechanical description which is based on a coherent mathematical de-
scription covering automatically any procedure of measurement like that indicated.*
The apparent contradiction in fact discloses only an essential inadequacy of the cus-
tomary viewpoint of natural philosophy for a rational account of physical phenom-
ena of the type with which we are concerned in quantum mechanics. Indeed the ®nite

interaction between object and measuring agencies conditioned by the very existence of
the quantum of action entailsÐbecause of the impossibility of controlling the reac-
tion of the object on the measuring instruments if these are to serve their purposeÐ
the necessity of a ®nal renunciation of the classical idea of causality and a radical
revision of our attitude towards the problem of physical reality. In fact, as we shall
see, a criterion of reality like that proposed by the authors [i.e., EPR] containsÐ
however cautious its formulation may appearÐan essential ambiguity when it is ap-
plied to the actual problems with which we are here concerned. In order to make the
argument to this end as clear as possible, I shall ®rst consider in some detail a few
simple examples of measuring arrangements. (Bohr, 1935b, pp. 696±697)

844We do not know the results of the discussions in Copenhagen in October 1935 on this subject, as
they were not mentioned in Heisenberg's letter to Bohr, in which he thanked the latter for the `®ne time'
in `your circle' and the `wonderful mixture of leisure and serious thinking.' One reason for not sending
his manuscript for publication may also have been the more di½cult situationÐwhich Heisenberg soon
experiencedÐthat existed towards modern theoretical physics; in particular, he did not wish to attack
people like Planck or von Laue [who were also under attack from Nazi partisans and representatives of
`German Physics (Deutsche Physik)'].
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From these lines of argument, the style of Bohr's answer may be recognized.

He intended to continue the previous discussions with Einstein (at the ®fth and

sixth Solvay Conferences of 1927 and 1930, respectively) by referring to the par-

ticular Gedankenexperiments which could be worked out with a minimum of

mathematical formalism. To characterize the subordinate position given here to

mathematical argumentation, as compared to Heisenberg's procedure, Bohr put

the entire formal apparatus essentially into a single footnote, marked by an aster-

isk (*) (attached to the ®rst sentence in the above quotation). Having emphasized

the mathematical completeness of the quantum-mechanical scheme by a sentence,

he went on quickly to describe an atomic system consisting of two partial systems

(1) and (2), interacting or not, by two pairs of canonical variables, �q1p1� and

�q2p2�, which satisfy the commutation rules,

�q1; p1� � �q2; p2� � ih

2p
;

�q1; q2� � � p1; p2� � �q1; p2� � �q2; p1� � 0:

9>>=>>; �655�

A canonical transformation by a simple orthogonal transformation yielded new

pairs of conjugate variables, �Q1;P1� and �Q2;P2�, de®ned by the equations

q1 � Q1 cos yÿQ2 sin y; p1 � P1 cos yÿ P2 sin y;

q2 � Q1 sin y�Q2 cos y; p2 � P1 sin y� P2 cos y;

9=; �656�

with the angle of rotation y. The analogous commutation relations, with the

transformed Q's and P's replacing the original q's and p's in Eq. (655), implied

that in the description of the combined system de®nite values could not be

assigned to both Q1 and P1, but certainly one could assign such values to Q1 and

P2, etc.Ði.e., all variables which commute. Further, from the expressions Q1 and

P2, namely,

Q1 � q1 cos y� q2 sin y; P2 � ÿp1 sin y� p2 cos y; �657�

one derived that a subsequent measurement of either q2 or p2 would allow one to

predict the value of q1 or p1, respectively. Eqs. (655) to (657) provided all the

quantum-mechanical formalism needed by Bohr, who put all his e¨orts in the

discussion of the following Gedankenexperiment.

Bohr began by considering the passage of an atomic particle through an

arrangement of diaphragms with parallel slits which allow either to detect the

position or the momentum of the object accuratelyÐin the ®rst case the dia-

phragms have to be ®xed rigidly, in the second case not rigidlyÐas was known

from previous discussions. Bohr commented: `My main purpose in repeating these

IV.2 The Debate on the Completeness of Quantum Mechanics and Its Description of Reality 735



simple . . . considerations, is to emphasize that in the phenomena concerned we are

not dealing with an incomplete description characterized by the arbitrary picking

out of di¨erent elements of physical reality at the cost of sacri®cing other such

elements, but a rational discrimination between essentially di¨erent experimental

arrangements and procedures which are suited either for an unambiguous use

of the idea of space location, or for a legitimate application of the conservation

theorem of momentum.' (Bohr, loc. cit., p. 699) On the one hand, there was the

`freedom of handling the measuring instruments, characteristic of the very idea of

experiment'; on the other hand, quantum theory, because of `the impossibility of

accurately controlling the reaction of the object to the measuring apparatus, i.e.,

the transfer of momentum in case of position measurements, and the displacement

in case of momentum measurements,' implied `the renunciation in each expe-

rimental arrangement of one or the other of the two aspects of the description

of physical phenomenaÐthe combination of which characterizes the method of

classical physics.' (Bohr, loc. cit.) Bohr continued:

Just in this last respect any comparison between quantum mechanics and ordinary
statistical mechanics . . . is essentially irrelevant. Indeed we have in each experimental
arrangement suited for the study of proper quantum phenomena not merely to do
with an ignorance of the value of certain physical quantities, but with the impossi-
bility of de®ning these quantities in an unambiguous way. (Bohr, loc. cit.)

After these preliminary remarks, Bohr reproduced the EPR Gedankenexperi-

ment on the interaction of two particles:

at least in principle, by a simple experimental arrangement, comprising a rigid dia-
phragm with two parallel slits, which are very narrow compared with their separa-
tion, and through each of which one particle with given initial momentum passes
independently of the other. If the momentum of this diaphragm is measured accu-
rately before as well as after the passing of the particles, we shall in fact know the sum
of the components perpendicular to the slits of the momenta of the two escaping
particles, as well as the di¨erence of their initial positional coordinates in the same
direction; while of course the conjugate quantities, i.e., the di¨erence of the com-
ponents of their momenta, and the sum of the positional coordinates, are entirely
unknown. (Bohr, loc. cit.)

At this point, Bohr added a footnote which explained how the experiment thus

proposed was theoretically described by the transformation of the variables ac-

cording to Eqs. (656) with the particular rotational angle y � p=2; further he em-

phasized that the wave function (652) of EPR corresponded `to the special choice

of P2 � 0 and the limiting case of two in®nitely narrow slits' (Bohr, loc. cit.,

footnote). `In this arrangement it is therefore clear that a subsequent single mea-

surement either of the position or of the momentum of one of the particles will

automatically determine the position or momentum, respectively, of the other

particle with any desired accuracy,' he continued and further admitted: `As
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pointed out by the named authors [i.e., EPR], we are therefore faced at this stage

with a completely free choice whether we want to determine the one or the other of

the latter quantities by a process which does not directly interfere with the particle

concerned.' (Bohr, loc. cit., p. 699) However, Bohr interpreted this `freedom of

choice' just as `a discrimination between di¨erent experimental procedures [in

quantum mechanics] which allow of the unambiguous use of complementary classical

concepts,' (Bohr, loc. cit., p. 700) and then went on to explain the well-known sit-

uation in atomic theory which required a quite di¨erent interpretation than pro-

posed by EPR. In particular, he summarized the quantum-theoretical position as

follows:

From our point of view we now see that the wording of the . . . criterion of physical
reality proposed by Einstein, Podolosky and Rosen contains an ambiguity as regards
the meaning of the expression ``without in any way disturbing the system.'' Of course
there is in a case like that just considered no question of a mechanical disturbance of
the system under investigation during the last critical stage of the measuring proce-
dure. But even at this stage there is essentially the question of an in¯uence on the very

conditions which de®ne the possible types of predictions regarding the future behaviour

of the system. Since these conditions constitute an inherent element of the description
of any phenomenon to which the term ``physical reality'' can be properly attached,
we see that the argumentation of the mentioned authors does not justify their con-
clusion that the quantum-mechanical description is essentially incomplete. (Bohr, loc.

cit., p. 699)

Quantum mechanics rather `may be characterized as a rational utilization of all

possibilities of unambiguous interpretation of measurements, compatible with the

®nite and uncontrollable interaction between the objects and the measuring instru-

ments in the ®eld of quantum theory,' Bohr emphasized (Bohr, loc. cit., our

italics)Ði.e., only the recognition of this fact in atomic physics, in his opinion,

`provides room for new physical laws' characterized by `the notion of comple-

mentary aims' (Bohr, loc. cit.).

In the discussion of Bohr's experiment, the time played only a secondary role,

but certainly also the consideration of the time and energy measurements which

had been emphasized by EPR could be discussed according to the rules of the

fundamental quantum-mechanical complementarity. To Bohr, the essential point

seemed to be `the necessity of discriminating in each experiment between those

parts of the physical system considered which constitute the objects under investi-

gation'; their necessity `may indeed be said to form a principal distinction between

classical and quantum and quantum-mechanical descriptions of physical phenom-

ena,' Bohr concluded, explaining:

While, however, in classical physics, the distinction between object and measuring
agencies does not entail any di¨erence in the character of the description of the phe-
nomena concerned, its fundamental importance in quantum theory, as we have seen,
has its root in the indispensable use of classical concepts in the interpretation of all
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proper measurements, even though the classical theories do not su½ce in accounting
for the new types of regularities with which we are concerned in atomic physics.
(Bohr, loc. cit., p. 701)

Hence, `there can be no question of any unambiguous interpretation of the sym-

bols of quantum mechanics other than that embodied in the well-known rules . . .

which have found their general expression through the transformation theorems.'

These theorems secured the correspondence of quantum mechanics with the

classical theory and excluded `any imaginable inconsistency in the quantum-

mechanical description, connected with a change of the place where the discrimi-

nation is made between object and measuring agencies.' Bohr concluded his paper

by announcing in a footnote a further study `where the writer will in particular

discuss a very interesting paradox suggested by Einstein concerning the appli-

cation of gravitation theory to energy measurements, and the solution of which

o¨ers an especially instructive illustration of the generality of the argument of

complementarity,' and further: `On the same occasion a more thorough discussion

of space-time measurements in quantum theory will be given with all necessary

developments and diagrams of experimental arrangements, which had been left

out in this article, where the main stress is laid on the dialectic aspect of the ques-

tion at issue.' (Bohr, loc. cit., pp. 701±702) However, this detailed paper intended

to extend the complementarity philosophy further never appeared.

(d) Erwin SchroÈdinger Joins Albert Einstein:

The Cat Paradox (1935±1936)

Unlike Albert Einstein, Erwin SchroÈdinger had regularly published since 1927 his

thoughts about quantum mechanics and its interpretation (e.g., SchroÈdinger, 1928;

1929b, c; 1932b). From the very beginning, he had shared with Einstein the un-

easiness, ®rst concerning certain resultsÐsuch as the uncertainty or indeterminacy

relationsÐand later the `unvisualizable (unanschauliche)' consequences of quan-

tum mechanics. In fact, he often discussed these questions with Einstein when they

were together in Berlin, and they both left after the Nazis took over the govern-

ment of Germany. While Einstein, after spending several months in Europe (in the

remote and secluded Villa `Savoyarde' in Le Coq-sur-mer, the resort town near

Ostende on the Belgian coast), settled down for good at the Institute for Advanced

Study in Princeton, SchroÈdinger ®rst went in summer 1933 as a Fellow of

Magdalen College at Oxford, and did not really know whether he should stay in

England in the following years. On 17 May 1935, he wrote to Albert Einstein:

`The feeling grows that I hold no position and depend on the generosity of others,'

and added, `When I came here I thought I could do something valuable for

teaching, but one did not care about that here. And further, I think that in truth I

must tell myself that in reality I am staying here for a very nice old man [Augustus

Love] to die or become disabled and that one calls upon me to be his successor.'

He therefore hoped, as he reported to Einstein further, to obtain a position in
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Austria, namely, the chair of Professor Michael RadakovicÂ in Graz.845 Three

weeks later, SchroÈdinger took up his correspondence again with Einstein, and

entered into a lively discussion of the contents of the paper of Einstein, Podolsky,

and Rosen:846

Dear Einstein,
I have much rejoiced that in your just published paper in Physical Review, you have
publicly gotten to the heart (oÈ¨entlich beim Schla½tchen erwischt hast) the dogmatic
quantum mechanics, about which we have discussed so much in Berlin. May I add a
few things to it? At ®rst they look like objections; but they concern only points which
I wish had been formulated more clearly. (SchroÈdinger to Einstein, 7 June 1935)

SchroÈdinger thus began his letter to Einstein, in which he analyzed the proce-

dure of proof in the EPR paper. In particular, he argued: `In constructing a con-

tradiction, it does not su½ce in my opinion that for the identical preparation of a

pair of systems the following may occur: one de®nite single measurement of the

®rst system yields for the second a certain value A, another a certain value B, and

the simultaneous reality of A and B is excluded because of general reasons.' Iden-

tical preparation would not always lead to the same result, but may yield in one

case the value A 0 for the quantity A, in a second one the value A 00 for the same

quantity, and in a third the value B 0 for the di¨erent quantity B. Thus, in order to

establish a genuine contradiction, one should rather require for a pair of systems

the existence of two quantities A and B whose reality is mutually excluded, and

further:

1. One method of measurement exists which yields for the quantity A for a wave
function always a sharply de®ned (though not always the same) value, hence I can
say without actually performing the experiment: in case of the given wave func-
tion, A possesses reality, independently of its value.

845O½cially, SchroÈdinger was at Oxford on leave of absence from the University of Berlin, which
was extended until he requested his Emeritierung in early 1935. In Austria, where he had looked for a
permanent position since summer 1933 (and also asked for the restoration of his Austrian citizenship),
it took until September 1936 when the SchroÈdingers could move to Graz. Two years later, after the
annexation (Anschluû) of Austria with the Third Reich, SchroÈdinger lost this position andÐafter a
transitory period again at Magdalen College in OxfordÐhe received in December 1938 a professorship
at the University of Ghent in Belgium. Upon the outbreak of World War II, SchroÈdinger had to leave
Belgium (having become o½cially a `hostile alien'). The Irish politician and prime minister, Eamon de
Valera, who had always been an amateur mathematician and had hoped to establish an `Institute for
Advanced Studies' in Dublin, invited SchroÈdinger (who had taken refuge at the Ponti®cal Academy of
Sciences at the Vatican) to meet with him in Geneva, Switzerland (where he, de Valera, was attending a
meeting of the League of Nations); as a result of their meeting, de Valera advanced the schedule of the
founding of the Institute for Advanced Studies in Dublin, and invited SchroÈdinger to join it as a Senior
Professor of Theoretical Physics in October 1939 (being made the Director of the Theoretical Physics
Division in November 1940).

846The Einstein±SchroÈdinger correspondence between 1935 and 1947 on the interpretation of
quantum mechanics has not been included in the correspondence collection edited by Karl Przibram
(SchroÈdinger et al., 1963). We thank Robert Schulmann for providing us with the contents.
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2. Another method of measurement should at least occasionally give the quantity B

a sharp value (always for the same wave function, of course). (SchroÈdinger to
Einstein, loc. cit.)

In general, SchroÈdinger continued, there exists only one way of expanding a func-

tion of two variables (or groups of variables) in a bilinear series,

c�x1; x2� �
Xy
n�1

cncn�x2�un�x1�; �658�

such that both un�x1� and cn�x2� form a normalized orthogonal system. Now, if

two of the coe½cients cn assume identical absolute value, the expansion (658)

ceases to be uniquely de®ned, and in the EPR case, all cn were taken to be equal:

`Hence you can rotate [by a canonical transformation of the quantum-mechanical

system] in an arbitrary manner, even from the ``Q-position'' into the ``P-

position.'' ' Apart from suggesting this sharper formulation, however, he agreed

with the EPR conclusions and considered the unsatisfactory situation as arising

from the inability of `the orthodox scheme [of quantum mechanics] to describe the

separation process' of the two systems.

Einstein replied to SchroÈdinger's letter on 19 June, being `very pleased' with this

support. `The real situation lies in the fact that physics is a kind of ``meta-

physics,'' ' he wrote, and further: `Physics describes ``reality,'' but we do not know

what ``reality'' is, as we know it only through physical description!' The latter

might be `complete' or `incomplete,' as he explainedÐleaving out the `erudition'

of Podolsky (who had redacted the paper but spoilt, in Einstein's opinion, the pre-

sentation of the argument)Ðin the example of two boxes having collapsible lids and

a sphere which may be found by `observation,' i.e., by opening the lid of a box:

Now I describe a state as follows: The probability to ®nd the sphere in the ®rst box is

1/2. Is this a complete description? [Answer] No. A complete description is: the ball is

in the ®rst box (or it is not there). This must look like the characterization of a com-
plete description. [Answer] Yes. Before I open the lid, the ball is not in either of the
two boxes. Its being in a certain box comes about only by opening the lid. In this
way, only the statistical character of the experienced world, or the empirical structure
of its law (Gesetzlichkeit) arises. The state before opening [the lid] can be completely

characterized by the number 1/2, whose meaning manifests itself in the process of
observation only as a statistical statement. The statistics arises only by introducing
insu½ciently known factors, foreign to the system considered, through the observa-
tion. (Einstein to SchroÈdinger, 19 June 1935)

Einstein then argued that one might not be able to distinguish between the two

conclusions mentioned above, unless one called for help upon an `additional

principle,' the `principle of separability,' and stated explicitly: `The second box

plus everything concerning its contents is independent of what happens in the ®rst

box ([both are] separated partial systems).' Thus, `if one sticks to the principle of
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separability, one excludes the second [he called it ``SchroÈdinger-like''] interpreta-

tion and retains only the ®rst [``Born's''], according to which the above description

of the state, however, is an incomplete description of reality, or the real state, re-

spectively.' (Einstein to SchroÈdinger, loc. cit.)

Einstein admitted that his example represented the quantum-mechanical situa-

tion only in an imperfect manner, although it stressed the `essential feature' of

whether the normalized wave function c can be uniquely associated with the real

state of the system, and the statistical character of the results of measurement

emerges exclusively from the process of measurement. If it were so, he would call

the situation a complete description of reality by the theory; if not, it would be

incomplete. SchroÈdinger responded to Einstein on 13 July: `Your letter shows that

I completely agree with you concerning the opinion about the existing theory . . . I

now take pleasure and use your note to challenge with it the most di¨erent, intel-

ligent people: London, Teller, Born, Pauli, Szilard, Weyl.' That is, he had asked

these colleagues (representing the orthodox viewpoint of quantum mechanics)

personally (if available in Great Britain, e.g., London, Teller, and Born) or by

letters (Pauli, Weyl) about their stand on this question. Now, SchroÈdinger reported

in particular that the `most relevant' answer came from Pauli, `who at least admits

that the use of the word ``state'' for the c-function is very suspicious (anruÈchig).'

(SchroÈdinger to Einstein, 13 July 1935, p. 1) Evidently, he referred to a letter, in

which PauliÐthough claiming that `one cannot, as the old conservative gentlemen

wish to do, declare the statistical statements of quantum mechanics (wave me-

chanics) as correct and nevertheless put a hidden causal mechanism behind it'Ð

had (after explaining to SchroÈdinger Bohr's reply to the EPR argument) con-

templated about the question whether a `pure case' (described by a given wave

function) might be called a `state (Zustand )':

A pure case [of a system] A represents a whole situation, in which the results of cer-
tain measurements at A (to the maximal extent) can be predicted with certainty. If
one calls this a ``state,'' I do not mindÐbut then it does follow that a change of the
state AÐi.e., of what is predictable about AÐlies also, di¨erently from the in¯uence
of a direct perturbation of A itselfÐi.e., also after the isolation of AÐ, in the free

choice of the experimentalist. (Pauli to SchroÈdinger, 9 July 1935, in Pauli, 1985,
p. 420)

`The great di½culty to reach an understanding with the orthodox people,' SchroÈ-

dinger went on to write in his letter to Einstein on 13 July 1935, `has induced me to

try to attempt an analysis of the present situation of the interpretation ab ovo [i.e.,

from the very beginning]. Whether and what I shall publish of it, I do not know;

but for me this is the best way to clarify matters for myself.' (SchroÈdinger to Ein-

stein, 13 July 1935, p. 2)

In this analysis, he wrote to Einstein, several points in the current foundations

of quantum mechanics occurred to him as `strange (komisch).' The ®rst such point

was that the new quantum theory, which deviated so strongly from the previous

one by the statements of indeterminacy, acausality, and many more speci®c ones,
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had not changed at all in one peculiar aspect, namely, the fact that: `The only real

thing in the world [of science], the result of the measurement, can be explained by

it only totally classically just as the measurement of a property in a classical

model.' Hence, di¨erently from the situation in electrodynamics, where the new

(Maxwell) theory had created new concepts (e.g., the ®eld strengths, etc.) to be

measured, in quantum mechanics, `one so-to-say measures happily further (ange-

blich lustig weiter) the same concepts as before [in the classical theory], because

supposedly our language is not able at all to grasp something else.' (SchroÈdinger to

Einstein, loc. cit.) Even the totally new `probability' statements in the quantum-

mechanical calculation referred in SchroÈdinger's opinion just to classical concepts

instead of dealing with the new properties of the atomic systems.847 Second, to

determine the obviously continuous c-function by a ®nite or discrete set of `suit-

ably chosen and ideally accurate measurements' appeared to be quite an un-

believable `hocus-pocus' (SchroÈdinger to Einstein, loc. cit., p. 3). Third, he strongly

criticized a statement of Paul Dirac's, according to which `canonical variables may

have as eigenvalues all real numbers, from minus in®nity to plus in®nity' as being

unbelievable and practically not veri®able by measurements. This point had been

clearly noticed already by John von Neumann (in his 1932 book on the mathe-

matical foundations of quantum mechanics) when he declared his own description

of the quantum-mechanical measurement process as `at least for the moment, the

mathematically most practicable.' `I believe that here our Johnny has already

indicated sharply (den Meiûel angesetzt) where a reformulation is needed,' SchroÈ-

dinger commented and added:

One had actually lost the classical model. One did not ®nd a new one but hit upon the
biggest di½culties opposing [the construction of ] any model at all. Hence one says:
Hey, we just retain the classical one, declare that all its properties are measurable in
principle, and add in a wise, philosophical manner that these measurements represent
the only reality, and everything else is metaphysics. Then the monstrosity of our
statements concerning the model does not disturb us. We do have recanted itÐand
therefore we are allowed to use it all the more happily. The mistake [of this stand-
point] is the following: if one wants to adopt this highly philosophical viewpoint, one
must declare really feasible measurements, or idealizations of these, to be the ``only
reality.'' (SchroÈdinger to Einstein, loc. cit., pp. 4±5)

Einstein replied to SchroÈdinger on 8 August 1935, and said: `You are practi-

cally the only person with whom I like to argue, because all the other fellows

(Kerle) do not view the theory from the facts but only view the facts from the

theory; they cannot escape from the once adopted net of concepts but can only

toss about it nicely ( possierlich darin herumzappeln).' He immediately proceeded

to stress the di¨erence in their respective criticisms of the quantum-mechanical

situation (`We represent the sharpest contrasts, he noted.'). While Einstein himself

847At this point, SchroÈdinger evidently forgot about the spin property, certainly a nonclassical
concept.
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preferred to have the c-function describe not the state of one system but an

ensemble of systems, SchroÈdinger did consider c as the representation of reality

(and he also wished, as we have discussed above, to abolish the connection with

the concepts of ordinary mechanics). However, SchroÈdinger's interpretation would

fail to describe the macroscopic experience, as Einstein now illustrated by the ex-

ample of a pile of gun powder in a chemically labile state. SchroÈdinger disagreed:

`Since long I have left the stage behind me that the c-function can somehow be

viewed as the description of reality,' he wrote back immediately and reported:

In a longer essay, which I have just written, I discuss an example very similar to your
exploding powder barrel. I just put the emphasis there to bring into play an uncer-
tainty which according to our present understanding is really of the ``Heisenberg
type'' and not of the ``Boltzmann type.'' A Geiger counter is enclosed in a steel
chamber connected with a tiny amount of uraniumÐso little that in the next hour
one atomic decay is as probable as improbable. An amplifying relay makes sure that
the ®rst atomic decay crashes a little retort containing hydrocyanic acid. This andÐ
cruellyÐa cat are contained in the steel chamber. After an hour, then, in the c-
function of the total systemÐsit venia verbo (excuse my words)Ða living and dead
cat are smeared out in equal parts. (SchroÈdinger to Einstein, 19 August 1935)

Although he did not follow the mathematical details of SchroÈdinger's letter, Ein-

stein was quite pleased with the example of the cat, which showed `that we agree

completely with respect to the character of the present theory,' because:

A c-function, in which a living and a dead cat enter [simultaneously], cannot just be
considered to describe a real state. This example precisely hints at the fact that it is
reasonable to attribute the c-function to a statistical ensemble, which embraces
equally well a system with a living cat as well as a dead one. (Einstein to SchroÈdinger,
4 September 1935)

SchroÈdinger, on the other hand, had submitted his essay already around 12 August

to the German journal Naturwissenschaften.848 It was entitled `Die gegenwaÈrtige

Situation in der Quantenmechanik (The Present Status of Quantum Mechanics),'

and SchroÈdinger organized in it in a quite detailed manner his ideas in 15 sections,

which were published in three issues of the journal between 29 November and 13

December 1935 (SchroÈdinger, 1935a).

SchroÈdinger started his essay by explaining the nature of a `classical model'

with its `determining characteristics (BestimmungsstuÈcke)'Ði.e., the `model con-

848SchroÈdinger had previously often published in this journal on various topics, including epis-
temological questions (1929a). As he wrote to Einstein on 19 August 1935, he had previously exchanged
letters with Arnold Berliner, the long-time editor of Naturwissenschaften. Just recently, Berliner had
informed him that he was ®red as the editor and was only allowed to serve as an advisor, but he had
requested SchroÈdinger still to send him papers for `his' journal. Contrary to his prior intentions,
SchroÈdinger let the paper appear in GermanyÐagainst Einstein's protestÐas his last contribution until
the end of the Third Reich. When Berliner was ordered years later to leave his home in Berlin, he
committed suicide on 22 March 1942.
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stants,' such as energy, momentum, angular momentum, etc., of which a complete

set ®xed the physical state of the model (§1). `The turning point of today's quan-

tum mechanics constitutes a dogma . . . stating that models with characteristics

which are determined uniquely, like the classical ones, do not correspond to

nature,' SchroÈdinger stated at the beginning of §2 on `The Statistics of Model

Variables in Quantum Mechanics' (SchroÈdinger, 1935a, p. 808). The new models

referred to the classical ones but emphasized restrictionsÐnamely, the `mutual

determination'Ðin the following way: (i) The classical concept of state is lost,

since at most half of the complete set of characteristics can be associated with ®xed

numerical values, while the others remain completely indeterminate (in certain

cases, like the Rutherford atomic model, all of them appear to be uncertain,

i.e., restricted by the indeterminacy relations). (ii) As not all the variables can be

determined at a given instant of time, they won't be determined also at a later

instant; hence, the principle of causality fails. That is, quantum mechanics replaces

the causal relations by a particular statistics: It allows one to compute, from the

maximal number of completely determined characteristics, the `statistical distri-

bution' of every variable at a given instant of time and at any later instants.

While the new theory thus declared the classical model as being unable to

represent the mutual connection of the characteristics (BestimmungsstuÈcke)Ðthus

renouncing the very reason why the model was inventedÐit assumed, on the other

hand, that the classical model still remained a suitable tool to inform us as to

which type of measurements can be carried out in principle on a given object in

nature. `This would seem to those who invented the picture [i.e., the classical

model] as an unprecedented overstraining of their paradigm (Denkmodell ), a

frivolous anticipation of the future development,' SchroÈdinger concluded (SchroÈ-

dinger, loc. cit., p. 809).

The probability predictions of quantum mechanics, SchroÈdinger explained in

the next section (§3), were quite sharp, even `sharper than any real measurement

could ever provide'; but the classical concepts (like angular momentum or energy)

were used only `to force the contents with some e¨ort into the Spanish boots of a

probability statement' or: `According to the wording [of quantum mechanics],

all statements refer to the classical model; but the valuable statements connected

with it are little visualizable, and its visualizable characteristics possess only little

value.' Thus:

The classical model plays the role of Proteus in quantum mechanics. Each of its de-
termining characteristics may, under suitable circumstances, become the object of
interest and gain a certain reality; but all of them can never do soÐonce there are
certain characteristics, next time there are others, especially at most always half of a
complete set of dynamical variables provide a clear picture of the instantaneous state
of the system under consideration. (SchroÈdinger, loc. cit., p. 810)

The question now arose about the `reality' of the otherÐthe uncertainÐ

variables, and SchroÈdinger discussed two alternatives. One alternative endowed all

of them with reality but did not permit a simultaneous knowledge (of all), similar
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to the statistical description of molecular systems in the late nineteenth century

(§4). SchroÈdinger then demonstrated in several examples of quantum-mechanical

variables that they could not be described by `ideal ensembles': `At no instant of

time, an aggregate of classical model states exists described by the ensemble of

quantum-theoretical results.' (SchroÈdinger, loc. cit., p. 811) The other alternative,

namely, the assumption that the undetermined characteristics possessed noÐor

just a `washed out (verschwommene)'Ðreality, seemed to be acceptable only at

®rst inspection (§5). One may, of course, use the tool of the c-function to describe

as clearly as in the classical case the degree of the `washing-out' of all variables;

however, `serious doubts arise if one realizes that the indeterminacy seizes coarsely

touchable and visible objects where the concept of washing-out simply turns out

to be wrong' (SchroÈdinger, loc. cit.). For example, in dealing with the radioactive

a-decay, it was possible to describe the interior of the atom by washed-out varia-

bles; yet the observation of the emitted a-rays revealed de®nite tracks in a Wilson

cloud chamber or clear scintillation spots on a screen. `One can even construct

quite burlesque cases,' SchroÈdinger continued, such as:

A cat is captured in a steel chamber together with the following infernal machinery
(which one must protect from the direct grip of the cat): in a Geiger counter there
exists a tiny amount of a radioactive substance, so little that in the course of an hour
perhaps one atom decays, and with equal probability it does not decay; if it decays,
the counter clicks and operates via a relay a small hammer such that it shatters a little
retort containing hydrocynic acid. On leaving the system to itself for an hour, one
may still say that the cat is still alive if no atom has decayed meanwhile; the very ®rst
decay would have poisoned it. Then the c-function of the total system would describe
the situation by claiming that it contains the living and the dead cat mixed or
smeared out in equal parts. (SchroÈdinger, loc. cit., p. 812)

The typical feature of such examples was that an indeterminacy in the atomic

domain caused an indeterminacy which might be sensed macroscopically (or

`grob sinnlich'); this fact `hinders us in accepting in such a naive manner a

``washed-out model'' as a picture of reality,' SchroÈdinger said in conclusion of §5

of his essay.

As the lesson to be derived, SchroÈdinger opened §6 on `The Conscious Change

of the Epistemological Point of View;' one could adopt the ruling dogma of the

quantum theorists, namely:

One tells us that no di¨erence has to be made between the real state of an object of
nature and what I know about it, or better, what I can learn to know about it with
[all] e¨orts. One says that only perception, observation, measurement are actually
real. Thus, once I have obtained at a given instant the best possible knowledge about
the state of the physical object that can be achieved according to the laws of nature, I
may refute any question about the ``real state'' which goes further as lacking in sense

(gegenstandslos), if I am convinced that no additional observation can enlarge
my knowledgeÐat least not without reducing it by the same amount (namely, by
changing the state). (SchroÈdinger, loc. cit., p. 823)
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Consequently, only observations had to be considered real, and all our physical

cognition was based on measurements that might be performed in principle, or it

was the theory which determined where nature posed the `ignorabimus limit'Ði.e.,

the limit beyond which we can never proceed to know. However, SchroÈdinger

did not like this limitation really and therefore went on to analyze the quantum-

mechanical situation and to suggest ways out of the ruling dogma.

The c-function, he argued in §7, acts as `a catalogue of expectation.' Quantum

mechanics told us that, although its time-evolution occurs by a partial di¨erential

equation according to the `classical causal model,' any measurement causes `a

peculiar, rather sudden change,' `a break with the naive realism' and the causal

law. Consequently, a quantum-mechanical theory of measurement (§8) arose stat-

ing: `A variable possesses in general no determined value before I measure it,' or

`the [act of ] measuring does not mean to determine the value which it possesses,'

but rather:

An interaction between two systems [called ] measured object and measuring device,

achieved on a given plan, is called measurement of the ®rst system if the value of a

directly perceptible variable property of the second system (a pointer position) in an

immediate repetition of the process (with the same measured object which should not be

a¨ected meanwhile by other in¯uences) will always be reproduced within certain limits

of error. (SchroÈdinger, loc. cit., p. 824)

Therefore, in quantum mechanics, one had to distinguish between two types of

statistics, the error statistics of the measurement and the theoretically predicted

statistics.

The c-function evidently described the state of a system insofar as `di¨erent c-

functions denote di¨erent states' and `the same c-function describes the same state

of the system,' SchroÈdinger noted in § 9 (SchroÈdinger, loc. cit., p. 825). Now, he

tried to construct (in §10) a new theory of measurement, based on an `objective

description of the interaction between the measured object and the measuring

instruments' (SchroÈdinger, loc. cit., p. 826). He then noted the result (already

reported above as the consequence of Heisenberg's unpublished manuscript): `The

best possible knowledge of the whole [system] does not necessarily imply the same

knowledge about its parts.' Hence, he concluded the `insu½ciency of the c-function

as a substitute of the model ' (SchroÈdinger, loc. cit., p. 827). Instead, the following

result was obtained for the observed object: `An organized catalogue of expected

data of the object has been split into a conditional disjunction of catalogues of ex-

pectation values. (Der Erwartungskatalog des Objektes hat sich in eine konditionale

Disjunktion von Erwartungskatalogen aufgespalten.') (SchroÈdinger, loc. cit.) Finally,

SchroÈdinger concluded that before one inspects the result of the measurement, the

discontinuous jump characterizing quantum mechanics occurs: The original c-

function then disappears and a new one reappears (connected with the former by a

discontinuous change). Actually, the interaction between two systems (or bodies)

`correlates (entangles)' the expectation catalogues of data of the individual sys-

tems, as he found in §11. Then, in §12, he discussed the EPR case, which he gen-
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eralized in the next section §13 by consideringÐbesides the measurement of

momentum and positionÐalso that of the other variables, such as p2 � q2 or

p2 � a2q2 (with a an arbitrary positive constant). He arrived at the unsatisfactory

conclusion:

But how the numerical values of all these variables of one system are mutually con-
nected, we do not know at all, though the system must possess for each of them a
quite de®nite readiness [or acceptability], because we may, if we wish, get to know it
[i.e., the numerical value] exactly at the auxiliary [i.e., second] system and always ®nd
it substantiated by direct measurement. (SchroÈdinger, loc. cit., p. 846±847)

Evidently, this situationÐwhere one does not know about the relations be-

tween the values of the variablesÐdid not exist in classical mechanics. But quan-

tum mechanics still exhibited another peculiarity, which SchroÈdinger discussed in

§14: The correlations or entanglements of the system are connected with a `sharply

de®ned time.' Such a distinction of time, however, seemed to SchroÈdinger to be

quite inconsistent, because `the numerical value (Maûzahl ) of time is like that of

every other variable the result of an observation' and one may ask the question

why `one is permitted to attribute to the measurement with a clock an exceptional

position' (SchroÈdinger, loc. cit., p. 848). The exceptional role of the time mea-

surement would especially create di½culties with the relativistic formulation of

quantum mechanics (§15). He ®nally wrote at the end of his comprehensive

analysis:

Perhaps the simple procedure which the nonrelativistic [SchroÈdinger called it ``un-
relative''] theory possesses [for describing the quantum-mechanical correlations] is
as yet only a comfortable trick which has however obtained, as we have seen, an
immensely large in¯uence on our fundamental view towards nature. (SchroÈdinger,
loc. cit., p. 849)

Although SchroÈdinger indicated certain hints as to how relativistic quantum me-

chanics might eventually change the situation again, he was not really able to o¨er

a solution of the problem of interpretation; still, he hoped that the situation pre-

sented by quantum mechanics would not be the ®nal word in this question.

(e) Reality and the Quantum-Mechanical Description (1935±1936)

The responses in the scienti®c literature following the articles of Einstein, Podol-

sky, and Rosen (1935), Bohr (1935b), and SchroÈdinger (1935a) showed mainly

that these authors followed, as SchroÈdinger would say, the usual `Lehrmeinung

(dogma).' Thus, Wendell Hinkle Furry of Harvard University, in a `Note on the

Quantum-Mechanical Theory of Measurement,' submitted in November 1935,

analyzed more general examples than the one treated by EPR with the methods of

measurement theory (Furry, 1936a). He put his ®nger on the point where EPR and

the orthodox quantum theoristsÐrepresented especially by Heisenberg, von Neu-
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mann, and PauliÐdisagreed: The former assumed the interaction to exist only at

an instant of time and then applied the usual probability evaluation (method A);

the latter, however, made use of the full quantum-mechanical formalism (method

B). By investigating the position and momentum measurement of a heavy atomic

particle (say, a proton) by the process of scattering it with a lighter one (say,

an electron), Furry concluded that `assumption A is consistent with quantum-

mechanics,' especially:

Both by mathematical arguments and by discussion of a conceptual experiment, we
have seen that the assumption that a system when free from mechanical interference
necessarily has independently real properties is contradicted by quantum mechanics.
This conclusion means that a system and the means used to observe it are to be re-
garded as related in a more subtle and intimate way than was assumed in classical
theory. (Furry, loc. cit., p. 399)

In a later letter, dated 2 March 1936, and published soon afterward also in Phys-

ical Review, Furry addressed SchroÈdinger's examples and his discussion of mea-

surement theory and rejected the latter (Furry, 1936b).849

Thus, among the quantum physicists, Einstein and SchroÈdinger appeared

indeed to be `lone wolves' who defended epistemological views that deviated

from those of the community of experts in modern atomic theory. But to what

amounted their views which they had expressed in the discussion of their Gedan-

kenexperiments discussed above? Many analyses of the science-theoretical and

cognition-theoretical contents have been published since 1935, especially in the

decades after 1950 when the subject of quantum-theoretical interpretation would

receive renewed interest by the stimulating e¨orts of David Bohm and others.850

The main idea brought into play in 1935 seems to have been what Einstein and

SchroÈdinger called `realism.' Toward the end of his life, Einstein characterized it in

a letter as follows:

It is basic for physics that one assumes a real world independently of any act of per-

ception [our italics]. But this we do not know. We take it only as a programme in

849Henry Margenau of Yale University and Hugh C. Wolfe of the City College of New York
arrived at similar conclusions in contributions submitted in November and December 1935 to the
Physical Review (Margenau, 1936; Wolfe, 1936). Margenau especially wanted to abolish a postulate
usually assumed in quantum mechanics, i.e.: `When a measurement is performed on a physical system,
then immediately after the measurement the state of the system is known with certainty.' (Margenau,
1936, p. 241) He claimed that it was unnecessary to assume this. Einstein, to whom Margenau sent a
copy of the manuscript, pointed out `that the formalism of quantum mechanics requires inevitably the
postulate: ``If a measurement performed upon a system yields a value m, then the same measurement
performed immediately afterwards yields again the value m with certainty.'' ' (Margenau, 1958, p. 29)
This exchange with Einstein entered into Margenau's later paper (Margenau, 1937), where he dis-
tinguished between `state preparation' and `measurement' (see Jammer, 1974, p. 224 ¨.).

850We shall return to this discussion later in the Epilogue. Here, we just wish to refer to two quite
detailed accounts of the problem of which we have made some use below, namely, Max Jammer's book
The Philosophy of Quantum Mechanics (1974, Chapter 6, pp. 181±251) and Arthur Fine's book The
Shaky Game: Einstein's Realism and the Quantum Theory (1986; second edition, 1996).
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our scienti®c endeavours. This programme is, of course, prescienti®c and our ordi-
nary language is already based on it. (Einstein to M. Laserna, 8 January 1955; quoted
in Fine, 1986, p. 95)

Einstein had addressed the connection between physics and the `real world' quite

early in the quantum-mechanical discussion, but he placed the ®rst detailed state-

ments on this issue in a paper entitled `Physik und RealitaÈt (Physics and Reality),'

which appeared in print in the March 1936 issue of the Journal of the Franklin

Institute (Einstein, 1936). In this article, Einstein also amended certain formu-

lations of the EPR-paper and explained the proper meaning of its contents.851

In Einstein's opinion, science was a re®nement of everyday thinking of the `real

external world'; while the latter rests exclusively on the sense impressions, science

must proceed further in the `setting of a ``real world.'' ' He wrote:

The ®rst step is the formation of the concept of bodily objects of various kinds. . . .
The second step is to be found in the fact that, in our thinking (which determines our
expectation), we attribute to this concept of the bodily object a signi®cance, which is
to a high degree independent of the sense impression which originally gives rise to it.
This is what we mean when we attribute to the bodily object ``a real existence.'' The
justi®cation of such a setting rests exclusively on the fact that, by means of such
concepts and mental relations between them, we are able to orient ourselves in the
labyrinth of sense impressions. (Einstein, loc. cit.; English translation, pp. 349±350)

Having established the criterion of a `real external world,' Einstein demanded `its

comprehensibility' by assuming the existence of relations between the concepts:

such special relations, namely, the theorems expressing `statements about reality'

constituted the laws of nature (Einstein, loc. cit., p. 352). `Science concerns the

totality of primary concepts, i.e., concepts directly connected with sense experi-

ences, and theorems connecting them,' Einstein continued, and added: `The aim of

science is, on the one hand, a comprehension, as complete as possible, of the con-

nection between the sense experiences in their totality, and, on the other hand, the

accomplishment of this aim by the use of a minimum of primary concepts.' (Ein-

stein, loc. cit.) He then talked about several stages in the development of science:

The `®rst layer' retains the primary concepts and relations; a `secondary system'

also involves concepts of the `secondary layer' which are not directly connected

with sense experiences, but it is logically more complete, as it possesses a `higher

logical unity.' `Thus the story goes on until we have arrived at a system of the

greatest conceivable unity, and of the greatest poverty of concepts of the logical

foundations, which are still compatible with the observations made by our own

senses,' Einstein concluded these general historical comments and stated: `We do

not know whether or not this ambition will ever result in a de®nite system.' (Ein-

stein, loc. cit., p. 353) He rather thought that the answer was negative, `however,

851Max Jammer called this paper `Einstein's credo concerning the philosophy of physics' (Jammer,
1974, p. 230).
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one will never give up the hope that this greatest of all aims can really be attained

to a very high degree' (Einstein, loc. cit.).

With this background preparation, Einstein proceeded `to demonstrate what

paths the constructive human mind has entered, in order to arrive at a basis of

physics which is logically as uni®ed as possible' (Einstein, loc. cit., p. 354). Thus,

he ®rst discussed in some detail `mechanics and the attempts to base all physics on

it' in §2 of the paper, `the ®eld concept' of electrodynamics (in §3), and the theory

of relativity (in §4). In §5, he turned to `quantum theory and the fundamentals of

physics,' which he introduced by saying:

The theoretical physicists of our generation are expecting the erection of a new theo-
retical basis of physics which would make use of fundamental concepts greatly dif-
ferent from those of the ®eld theory considered up to now. The reason is that it has
been found necessary to useÐfor the mathematical representation of the so-called
quantum phenomenaÐnew sorts of methods of consideration. (Einstein, loc. cit.,
p. 371)

Einstein then outlined what he considered to be the essence of wave mechanics

(emphasizing limiting connections with classical mechanics) and stressed its wide

application to `such a heterogeneous group of phenomena of experience' and

added:

In spite of this, however, I believe that the theory is up to beguile us into error in our
search for a uniform basis for physics, because, in my belief, it is an incomplete rep-
resentation of real things although it is the only one which can be built out of the
fundamental concepts of force and material points (quantum corrections to classical
laws). The incompleteness of the representation is the outcome of the statistical
nature (incompleteness) of the laws. (Einstein, loc. cit., 374)

Einstein supported his opinion concerning the incomplete representation of

quantum theory by asking the particular question whether the c-function de-

scribes `a real condition of a mechanical system' (Einstein, loc. cit.). For that

purpose, he selected a periodic system which, according to quantum mechanics,

possessed discrete energy states E1, E2, etc. Now, if the system in the lowest state

(E1) were perturbed during a ®nite time by a small force, the wave function could

be written as

c �
Xy
r�1

crcr; �659�

with jc1j being nearly unity and jc2j, jc3j, etc., very small quantities. But, he

argued, that c cannot `describe a real condition of the system,' because this should

have an energy exceeding E1 by a small amount; hence, it would lie between E1

and E2, which is excluded by quantum theory. `Our -function . . . represents rather

a statistical description in which the cr represent probabilities of the individual
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energy values,' Einstein continued and suggested: `The c-function does not in any

way describe a condition which could be that of a single system; it relates rather to

many systems, to ``an ensemble of systems'' in the sense of statistical mechanics.'

(Einstein, loc. cit., p. 375) In Einstein's opinion, such an interpretation removed

the `paradox recently demonstrated by myself and two collaborators,' but `what

happens to a single system remains . . . entirely eliminated from the representation

by the statistical manner of consideration' (Einstein, loc. cit., pp. 376±377). `But

now I ask,' he continued:

Is there really any physicist who believes that we shall ever get an inside view of these
important alterations in the single systems, in their structure and their causal con-
nections, and this regardless of the fact that these single happenings have been
brought so close to us, thanks to the inventions of the Wilson [cloud] chamber and
the Geiger counter? To believe this is logically possible without contradiction; but it is
so very contrary to my scienti®c instinct that I cannot forego to search for a more
complete conception. (Einstein, loc. cit.)

Quantum mechanics, he admitted, `has seized hold of a beautiful element of truth,'

and he did not doubt `that it will be a test stone for any future theoretical basis.'

`However, I do not believe that quantum mechanics will be the starting point in the

search for this basis,' as it seemed to Einstein `entirely justi®able seriously to con-

sider the question as to whether the basis of all ®eld physics cannot by any means be

put into harmony with the facts of quantum theory' (Einstein, loc. cit., p. 378).852

Like Einstein in America, SchroÈdinger in England also continued to think

about the interpretation of quantum mechanics beyond his essay to the Natur-

wissenschaften. In two papers, sent in August 1935 and April 1936 (communicated

by Max Born and Paul Dirac, respectively) to the Proceedings of the Cambridge

Philosophical Society, he investigated the `probability relations between separated

systems,' which the EPR-paper had shown to constitute a central point at which

the classical and the quantum-mechanical treatments di¨ered (SchroÈdinger, 1935b;

1936). Indeed, SchroÈdinger called `the characteristic trait of quantum mechanics,

the one that enforces its entire departure from the classical lines of thought,' the

following:

When two systems, of which we know the states by their respective representatives,
enter into temporary physical interaction due to known forces between them, and
when after a time of mutual in¯uence the systems separate again, and then they
cannot any longer be described in the same way as before, viz. by endowing each of
them with a representative of its own. (SchroÈdinger, 1935b, p. 555)

That is, the c-function describing the two systems became entangled by the inter-

action such that afterward only an experiment, rather than any previous knowl-

852The suggestions made by Einstein in the direction of bringing `the basis of ®eld physics into
harmony with the facts of quantum theory' in §6 (entitled `Relativity Theory and Corpuscles') did not
go beyond some indication of how to obtain a singularity-free representation of electric corpuscles.
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edge of the states can disentangle them; however, this measurement then also

exhibited the strange features revealed by the EPR-analysis. In particular, SchroÈ-

dinger showed that the `paradox' stated by Einstein, Podolsky, and Rosen was `the

rule and not the exception' in quantum mechanics by proving a general mathe-

matical theorem: The function C�x; y� representing the state of the composite

system after the two subsystems have separated again is not a product of two

functions containing only the variables x and y of the individual systems sepa-

rately. However, if one performs a measurement on the second system yielding the

state fn�y�, then C�x; y� becomes

C�x; y� �
X

n

cngn�x� fn�y�; �660�

with the function gk�x� and the probability coe½cient ck determined by the

equations �
g�k�x�gk�x� dx � 1 �661�

and

ckgk�x� �
�

f �k�y�C�x; y� dy: �662�

In general, the gk�x� thus obtained will not be orthogonal to each other, but under

suitable conditions for the fk, namely, that they satisfy the homogeneous linear

integral equation,

f �y� � l

�
K�y; y 0� f �y 0� dy 0; �663�

with the eigenvalue l and the Hermitean kernel K�y; y 0�,

K�y; y 0� �
�

C��x; y 0�C�x; y� dx; �663a�

they will be orthogonal.

The `biorthogonal development' of C�x; y� due to Eq. (660) then provided

SchroÈdinger the `true insight' into the di½cult problem of quantum-mechanical

entanglement, as he found:

If there are no coincidences among the jckj2 (excluding also the case that more than
one of them vanish) the relevant fk's form a well determined and complete set and so
do the gk's. Then one can say that the entanglement consists in that one and only one
variable (or set of commuting variables) of one system is uniquely determined by a

Chapter IV The Conceptual Completion and the Extensions of Quantum Mechanics752



de®nite observable (or set of observables) of the other system. This is the general case.
We shall now turn to the opposite extreme, which is the Einstein-Podolsky-Rosen
case. It could be characterized by all jckj2 being equal and all possible developments
being biorthogonal. Every observable (or set, etc.) of one system is determined by an
observable (or set, etc.) of the other one. (SchroÈdinger, loc. cit., p. 558)

Since a di½culty arose with normalizing the sum jckj2 to unity in the latter, de-

generate case, SchroÈdinger chose a di¨erent procedure there. He considered two

systems, denoted by position and momentum variables x1, p1 and x2, p2, and ob-

served that the following variables x and p of the total system C,

x � x1 ÿ x2 and p � p1 � p2; �664�

commuted; hence, they satis®ed

xC � x 0C and pC � p 0C; �665�

with eigenvalues x 0 and p 0, respectively. Consequently, the value of the variable x1,

namely, x 01, could be deduced from measuring the value x 02 of the variable x2 and,

similarly, the value p 01 from p 02. Further, SchroÈdinger claimed that more knowledge

might be obtained about system 1 from measurements in system 2, say, from the

measurement of energy or any other variable. Thus, `the two families of ob-

servables, relating to the ®rst and the second system, respectively, are linked by at

least one match between two de®nite members, one of either family,' where `the

word match is short of stating that the values of the two observables in question

determine each other uniquely and therefore (since the actual labelling is irrele-

vant) can be taken to be equal' (SchroÈdinger, loc. cit., p. 563).

In his second paper on the probability relations between separated systems,

SchroÈdinger tried to avoid the `match' linking the two families of observables of

systems 1 and 2, i.e., the conclusion that `the experimenter even with the indirect

method, which avoids touching the system [1] itself, controls its future state in very

much the same way as it is well known in the case of direct measurement.'

(SchroÈdinger, 1936, p. 446) This match, which Einstein and he had demonstrated

as characterizing the standard quantum mechanics, seemed to him to be the

greatest hindrance toward a more satisfactory theory describing what both (he and

Einstein) meant by physical reality. To achieve this purpose, SchroÈdinger now

became involved in a detailed discussion of quantum-mechanical mixtures, ob-

taining the result `that in general a sophisticated experimenter can, by a suitable

device which does also involve measuring non-commuting variables, produce a

non-vanishing probability of driving the system into any state he chooses, whereas

with the ordinary direct measurement at least the states orthogonal to the original

ones are excluded' (SchroÈdinger, loc. cit.). In particular, he described the case of

two systems as a special example of a mixture, and after the corresponding calcu-

lation was performed, he concluded:
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If the wave function of the whole system is known, either part is in the situation of a
mixture, which is decomposed into de®nite constituents by a de®nite measuring pro-
gramme to be carried out on the other part. All the conceivable decompositions (into
linearly independent constituents) of the ®rst system are just realized by all measuring
programmes that can be carried out on the second one. In general every state of the
®rst system can be given a ®nite chance by a suitable choice of the programme.
(SchroÈdinger, loc. cit., p. 452)

In fact, SchroÈdinger hoped to eliminate the experimenter's in¯uence on the state

of the system which he does not measure by an additional assumption, notably, by

assuming:

that the knowledge of the precise relation between the complex constants ck [occur-
ring in the wave function C�x; y� of the combined systems according to Eq. (660)] has
been entirely lost in consequence of the process of separation. This would mean that
not only the parts, but the whole system, would be in the situation of a mixture, not a
pure state. It would not preclude the possibility of determining the state of the ®rst
system by suitable measurements of the second one or vice versa. But it would utterly
eliminate the experimenter's in¯uence on the state of that system which he does not to
touch. (SchroÈdinger, loc. cit., p. 451)

SchroÈdinger agreed that the description thus proposed was `very incomplete,' but

he called it `a possible one, until I am told either why it is devoid of meaning or

with which experiment it disagrees' (SchroÈdinger, loc. cit., pp. 451±452). For the

moment, he remained convinced that the conclusions `unavoidable within the

present theory but repugnant to some physicists including the author, are caused

by applying nonrelativistic quantum mechanics beyond its legitimate range'

(SchroÈdinger, loc. cit., p. 452).853

Having reported about the e¨orts of the `conservative' Einstein±SchroÈdinger

camp, let us now shift to the opposite camp and report about the further devel-

opment of the arguments, especially those of Niels Bohr and Werner Heisenberg.

In the analysis of Bohr's reply to the EPR-argument, Mara Beller and Arthur Fine

have emphasized the fact that Niels Bohr had turned around the original com-

plaintÐthat quantum mechanics was incomplete because it did not endow the two

quantities, position and momentum, with equal realityÐand rather argued that

this `de®ciency' spoke in favour of the consistency and theoretical soundness of the

new quantum theory; in particular, they claimed that Bohr had overlooked two

extra assumptions made by Einstein, Podolsky, and Rosen, namely, ®rst, `that the

same ``reality'' pertains to the unmeasured component [i.e., variable] of the two-

particle systems,' and second, the assumption of `a principle of separation ac-

cording to which, after the two particles are far enough apart, the measurement of

particle 1 does not e¨ect the reality that pertains to particle 2' (Beller and Fine,

853As Jammer has pointed out, the study of Furry (1935a) proceeded along with involving much
the same mathematical steps as SchroÈdinger used in his paper (1936), though he arrived at rather dif-
ferent conclusions.
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1994, p. 8).854 Was Bohr only following a positivistic attitude when he tried to

work out ambiguities in the arguments of his opponents and thus hoped to per-

suade them about his own standpoint, and did he even apply the `improper'

assumption and interpretation of the EPR-arguments (as Beller and Fine

claimed)? The simplest historically substantiated answer is Yes, to a certain extent

Bohr accepted positivistic arguments, as the brief correspondence between him

and Philipp Frank (quoted by Beller and Fine, loc. cit., pp. 19±20) showed. But

one can also easily notice di¨erences in the opinions between Bohr, the author of

complementarity, and Frank, the positivist from Prague, who presented their re-

spective views quite clearly at the `Second International Congress for the Unity of

Science (Zweiter Internationaler Kongress fuÈr Einheit der Wissenschaft),' held in

Copenhagen from 21 to 26 June 1936, where both spoke on the same day (22

June). Bohr's talk, entitled `KausalitaÈt und KomplementaritaÈt (Causality and

Complementarity)' addressed the problem in quite general terms (Bohr, 1937a).

He argued that the mathematical formalism of quantum mechanics allowed

an unambiguous representation of the experimental facts but did not admit the

classical causal representation of the quantum phenomena; rather:

The renunciation of the causal ideal in atomic physics is founded conceptually alone
on the fact that we were not able, because of the inevitable interaction between ex-
perimental objects and measuring devices . . . anymore to talk about the independent
behaviour of a physical object. Finally, an arti®cial word like ``complementarity''
which does not belong to the concepts of daily life and therefore cannot be attributed
any visualizable content with the help of the usual concepts, just serves to remind us
of the completely new epistemological situation in physics. (Bohr, loc. cit., p. 298)

Frank, on the other hand, spoke explicitly on `Philosophische Deutungen und

Miûdeutungen der Quantentheorie (Philosophical Interpretations and Misinter-

pretations of Quantum Theory),' (Frank, 1937). He especially identi®ed as `the

essential misinterpretation' what he called `the passage through the ``real'' meta-

physical world (Durchgang durch die ``reale'' metaphysische Welt).' (Frank, loc.

cit., p. 306). By analyzing the situation in quantum mechanics, he identi®ed sev-

eral misinterpretations as arising from the use of classical concepts to describe

atomic phenomena and stated:

Quantum mechanics talks neither about particles, whose position and velocity exist
but cannot be observed accurately, nor about particles with inde®nite position and
velocity, but about measuring devices, in the description of which the phrases ``posi-
tion of a particle'' and ``velocity of a particle'' cannot be used simultaneously . . .
Measuring devices, of which one is described by the expression ``position of a parti-
cle'' and the other by ``velocity,'' or more accurately ``momentum,'' are called com-

plementary descriptions.

854Beller and Fine referred to the fact that Furry (1936a) had noticed these extra assumptions and
had answered them properly in Bohr's sense.
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If one sticks to this terminology, one will never run tinto the danger of a meta-
physical conception of the physical complementarity. Because here it is evident that
nothing has been said about a ``real world,'' neither about its nature, nor about the
possibility to recognize it. (Frank, loc. cit., pp. 308±309)

In their lectures at Copenhagen in 1936, Bohr and Frank did not talk explicitly

about positivism, although Frank clearly stated a positivistic formulation of the

principle of complementarity while Bohr said nothing of that sort. The same cau-

tious use of philosophical doctrines was made in the manuscript communicated by

Moritz Schlick on `Quantentheorie und Erkennbarkeit der Natur (Quantum Theory

and the Perceptibility of Nature,' which was read after his sudden death at the

Congress (Schlick, 1937). Schlick, the founder of the Vienna Circle, especially

emphasized in his last contribution the fact that the restriction enforced by the new

theory on the classical concepts like `position' and `momentum,' and also on the

causal description of natural phenomena, or on the physical description of bio-

logical phenomena, would not lead to a limitation in principle of our cognition of

nature. `The whole question constitutes a beautiful example of the important fun-

damental theorem of the consequential empiricism as represented by the Vienna

school, namely that nothing in the world cannot be recognized in principle,' he

concluded, and added:

There exist, though, many questions which may never be answered because of prac-
tical, technical reasons; however, in principle, a problem does not yield a solution in
just a single case, namely that it's no problem at all, i.e., one is dealing with a wrongly
posed question. The limit of cognition exists where there is nothing which can be
grasped. Where quantum theory places a limit on causal experience, it does not mean
that the further, still existing laws must remain unknown; it rather means that further
laws do not exist and cannot be found, because the quest for them would make no
sense. (Schlick, loc. cit., p. 326)

Bohr would return to the problem of reality and completeness of quantum

mechanics also in later years, especially in the short address on `The Causal

Problem in Atomic Physics,' which he delivered at the Conference of the Institute

of Intellectual Cooperation, held from 30 May to 3 June 1938, in Warsaw (Bohr,

1939a). On that occasion, as on previous and later ones, he embedded the topic

deeply into his views on complementarity, as he replied to a remark of John von

Neumann in the discussion of his talkÐnamely, that these views might be ele-

gantly phrased in the language of formal logic:855

We must also notice that the question of the logical forms which are best adapted to
quantum theory is in fact a practical problem, concerned with the choice of the most

855A logical formulation, di¨erent from the one given by von Neumann, was given in 1936 by Max
Strauû of Berlin (1936a, b).
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convenient manner in which to express the new situation that arises in this domain.
[Personally he (Bohr) compelled himself ] to keep the logical forms of daily life to
which actual experiments were necessarily con®ned. The aim of the idea of com-
plementarity was to allow of keeping the logical forms while procuring the extension
necessary for including the new situation relative to the problem of observation in
atomic physics. (Bohr, loc. cit., pp. 38±39)

Bohr may have argued that the same applies to any philosophical doctrine, be it

positivism or realism: It was ®ne as long as it accounted appropriately for the

empirical facts. But Einstein's realism would not do, though he repeated it at

various times:

1930: Physics is an attempt at the conceptual construction of a model of the real

world, as well as its lawful structure.
1940: Some physicists, among them myself, cannot believe that we must abandon,
actually and forever, the idea of direct representation of physical reality, in space and
time; or that we must accept the view that events in nature are analogous to a game.
1950: Summing up we may characterize the framework of physical thinking . . . as
follows: There exists a physical reality independent of substantiation and perception.
It can be completely comprehended by a theoretical construction which describes
phenomena in space and time. . . . The laws of nature imply complete causality. . . .
Will this credo survive forever? It seems to me that a smile is the best answer. (See
Fine, 1986, p. 97, for the selection of quotations from Einstein)

Again and again the `modern' quantum theorists would argue with Einstein about

it, and we shall return to some aspects of these discussions in the Epilogue.

In the second half of the 1930's, Heisenberg did not seem to be involved in any

arguments with Einstein and SchroÈdinger on the principles of the physical inter-

pretation of quantum mechanics. In fact, he had to survive far less intellectual

than rather serious political attacks on his own person and defend simultaneously

all modern theories, not just his own, against some dangerous enemies in Ger-

many. On 13 December 1935, Johannes Stark spoke at the inauguration ceremony

of the `Philipp Lenard Institut' at the University of Heidelberg. Stark, the previous

pioneer of quantum physics and Nobel laureate of physics in 1919, strongly criti-

cized `the conception and methods of the ``Einstein physics'' which are most

widely spread in Germany,' and stated explicitly:

Upon the sensation and advertisement of Einstein's relativity then followed the
matrix theory of Heisenberg and the so-called wave mechanics of SchroÈdinger, one as
obscure as the other. (See Menzel, 1936, p. 27)

Stark denounced these theories as `Jewish' or `degenerate' physics, in contrast to

what his political ally Lenard called `German' or `Aryan' physics and would de®ne

in his programmatic book Deutsche Physik only vaguely opposed to the `peculiar

physics of the Jews,' characterized by its `internationalism' and lack of `under-
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standing of truth' (Lenard, 1936, pp. ix±x). Both, the retired old professor Lenard

and the younger, active president of the Physikalisch-Technische Reichsanstalt

Stark, continued to conduct a malicious battle especially against Heisenberg. In

particular, Stark in¯uenced (and probably wrote himself ) in July 1937 the article

` ``Weiûe Juden'' in der Physik (``White Jews'' in Physics)' in the newspaper Das

Schwarze Korps of the powerful Nazi organization SS (Stark, 1937). After calling

the already accomplished expulsion of Jewish scientists from Germany just a

`partial victory,' the article demanded to attack those scientists who were not

racially but intellectually Jews, naming Heisenberg `Statthalter des ``einsteinschen

Geistes'' (Keeper of the Einstein Spirit) . . . who, like Jews, had to disappear.' The

theories which Stark wished to condemn, he described less polemically in a con-

tribution to the Physikalische Zeitschrift (of which he was then an editor), entitled

`Widerspruch zwischen Erfahrung und dogmatischer Atomtheorie (Contradiction

between Experience and Dogmatic Atomic Theory)':

If I criticize in the following the dogmatic atomic theory, I wish to refute ®rst of all
. . . the accusation that I am hostile toward any theory. On the contrary, I respect
greatly the realistic (wirklichkeitgetretene) theories which, like Maxwell's theory,
represent the results of experimental research in the exact language of mathematics;
similarly the theories which apply experimentally substantiated laws to special cases,
as it happens in the elasticity theory and hydrodynamics. I am, however, suspicious
toward dogmatic theories which build whole schemes of mathematical formulae upon
not proven or arbitrary assumptions, and I reject such dogmatic theories emphati-
cally which contradict experiences or do not represent them completely. The latter
situation pertains to modern dogmatic atomic and quantum theories. (Stark, 1938,
p. 190)

For a man like Heisenberg who did not wish to ¯ee his native country and

rather hoped to continue to do research in and teaching of modern physical

theories in Germany, these open political attacks were extremely dangerous. He

tried to obtain the assistance of colleagues, and he underwent extremely di½cult

interrogation in the main quarter of the frightful political police (the Gestapo) of

the Third Reich. These attacks ended when Heinrich Himmler, the chief of the SS,

wrote a letter to Heisenberg on 21 July 1938, informing him that he (Himmler)

disapproved of the article in Das Schwarze Korps; and on the very same day,

Himmler sent another letter to his deputy Reinhard Heydrich stating `that one

cannot a¨ord to kill [!] Heisenberg.'856 In this tense situation, Heisenberg could

not, and would not, argue anymore with scienti®c opponents like Einstein, Planck,

and SchroÈdinger, about details of the interpretation of quantum mechanics. In

Germany, at least, the whole state of modern physical theories was at stake, and

Heisenberg was glad to get publishedÐthough with considerable delayÐan

article, composed in 1940 and dealing with his positive evaluation of modern

856For details, see Beyerchen, 1977, Chapter 8, and Rechenberg, 1992.
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theoretical physics, in the o½cial journal of the Reichsdozentenbund in which he

especially emphasized that:

Relativity and quantum theory have so far been substantiated by experience. Since
they are at the moment the only theories which provide precise statements about the
most recent ®elds of physicsÐatomic physics, nuclear physics, cosmic-ray physics,
etc.Ðthey will also continue to remain as the basis for research in these ®elds, espe-
cially so long as a contradiction might show up between these theories and experi-
ence. The scienti®c battle against these theories could only be conducted by proving
such contradictions experimentally. Philosophical essays do not change anything and
tell [us] nothing about facts, hence they do not contribute to the decision about the
usefulness of theories. Arguments di¨erent from scienti®c ones or scienti®c methods
in a scienti®c con¯ict are not consistent with the dignity of German research. (Hei-
senberg, 1943a, p. 212)

By then the climate of scienti®c discussion had stabilized to the point that

Heisenberg had to be satis®ed to publish these obvious remarks in favour of the

`obscure, dogmatic atomic theories.' The whole episode characterized quite clearly

the decline of physics due to the actions of the government of the Third Reich.

IV.3 New Elementary Particles in Nuclear and

Cosmic-Ray Physics (1929±1937)

(a) Introduction: `Pure Theory' Versus `Experiment and Theory'

In looking back on his life as a physicist, Victor F. Weisskopf complained at

the Erice Summer School in 1971 that, when he began his studies in physics at

the University of Vienna, he came upon the scene three years too late:

I came to the university in 1926 after quantum mechanics was invented, and, of
course, I needed a few years to learn physics. That meant that I could not start active
work before 1929±1930, and all the fundamental developments in quantum me-
chanics were made between 1925 and 1930. . . .

Those fellows [of the previous years] such as [Hans] Bethe, [Rudolf ] Peierls, [Felix]
Bloch, and [Walter] Heitler were lucky. Every Ph.D. thesis at that time opened a new
®eld. Peierls worked on heat conduction and opened one part of solid-state physics.
Bethe wrote his Ph.D. paper on electron di¨raction of crystals and opened up another
part of solid-state physics. [Walter] Heitler and [Fritz] London opened up quantum
chemistry, [Gregor] Wentzel the theory of the photoe¨ect. (Weisskopf, 1972, pp. 1
and 4)

And yet, even Weisskopf had quite a satisfactory start as a productive physicist,

because he could work on his doctoral thesis beginning in 1928 at the University

of GoÈttingen as a member of Max Born's famous Institute of Theoretical Physics,

with brilliant young scholars like Pascual Jordan, Walter Heitler, Gerhard Herz-
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berg, and Eugene Wigner around him.857 It was Wigner who provided him im-

portant guidance in his ®rst steps in research. As Weisskopf recalled:

I was especially interested in the question of radiation damping, the natural width of
spectral lines. I dabbled around alone and tried to ®nd exponential solutions to elec-
trodynamics. I did not get far because I was too young and inexperienced. I asked the
great Wigner for help. . . . Of course, he helped me right away; together we wrote a
paper on the natural width of spectral lines, a paper that contained for the ®rst time a
divergent integral. I tried to convince Wigner that the integral could be made to
vanish. Wigner said, ``No, no, it is in®nite.'' I didn't believe him, but he was right, of
course. This paper, part of which later became my thesis, was the ®rst paper in which
the divergent integral appeared. They have not been resolved; they are still there after
40 years. (Weisskopf, loc. cit., p. 4)

Although it would seem that Weisskopf somewhat exaggerated his own situa-

tion, for divergent integrals had already appeared in the Heisenberg±Pauli work

on quantum electrodynamics,858 the two papers which he wrote with Wigner and

submitted on 2 May and 12 August 1930, to Zeitschrift fuÈ r Physik marked quite

a worthy entrance into the ®eld of theoretical physics for a not-yet 22-year-old

student of Max Born (Weisskopf and Wigner, 1930a, b). Weisskopf and Wigner

departed from the previous results (of Paul Ehrenfest and others), describing the

intensity J�n� of radiation (frequency n) emitted by an oscillator of the quantum

frequency nA
B 0 in the vicinity of that eigenfrequency as

J�n� dn � gA
B 0

1

2
gA

� �2

�4p�nÿ nA
B 0 �2

" #ÿ1

; �666�

857Victor Weisskopf was born on 19 September 1908, in Vienna, where he received his education in
a gymnasium and entered the University of Vienna to study physics for the ®rst two years under the
guidance of Hans Thirring. Following Thirring's advice, he left Vienna in 1928 to continue his studies
in GoÈttingen, where he also attended an inspiring lecture course of Paul Ehrenfest (who, in 1929, sub-
stituted for Max Born during his illness). Weisskopf matured in the company of ®ne fellow students,
such as Max DelbruÈck, Maria Goeppert-Mayer, and Edward Teller, and graduated in 1931 with a
thesis on the line-width of spectral lines (which he completed mostly under the guidance of Eugene
Wigner). From GoÈttingen, he went on to Leipzig (to work with Heisenberg, 1931±1932), Berlin (to
work with SchroÈdinger, 1932±1933), Kharkov (1933 with Landau), Copenhagen (with Bohr), and
Cambridge (with Dirac), being supported in his later studies by a grant from the Rockefeller Founda-
tion. In fall 1933, Wolfgang Pauli in Zurich hired Weisskopf as a successor to his assistant Hendrik
Casimir (who had returned to Leyden after the death by suicide of his mentor Paul Ehrenfest). In spring
1936, Weisskopf visited Bohr in Copenhagen again, and there he married Ellen Tvede. Bohr assisted
him in obtaining an instructorship at the University of Rochester in 1937, where (in 1940) he was pro-
moted to an assistant professorship. As a U.S. citizen (since 1942), he joined (in 1943) the American
(Manhattan) atomic bomb project in Los Alamos (under J. Robert Oppenheimer), where he assisted
Hans Bethe in directing the Theory Division. In 1946, after the war, Weisskopf obtained a full pro-
fessorship at MIT in Cambridge, Massachusetts; his career there was interrupted by several foreign
obligations, such as the position of Director General at the European high-energy centre (CERN) at
Geneva from 1960 to 1965.

Weisskopf began to work on quantum ®eld theory from the early 1930s; in 1936, he moved on to
work in nuclear physics, but in the 1950s, he returned to research on high-energy physics. (For details of
Weisskopf 's life and work, see Weisskopf, 1972; Rechenberg, 1978; and von Meyenn, 1985).

858See Heisenberg and Pauli, 1929, especially, p. 53, and Heisenberg and Pauli, 1930, p. 184.
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with gA
B 0 , denoting the line-width in question, and gA �P

B 0
gA

B 0

� �
denoting the sum

of all line-widths connected with the state A (i.e., the reciprocal of its lifetime).

Now, they reproduced Eq. (666) primarily with the help of Paul Dirac's radiation

theory (Dirac, 1927b, c); however, in deriving this result, an in®nite integral oc-

curred (see Weisskopf and Wigner, 1930a, Eq. (17), p. 63), which was handled in a

rather handwaving manner in order to obtain a consistent result (see Weisskopf

and Wigner, loc. cit., footnote (*) on pp. 64±65). It was this observation which

Weisskopf later remembered as the ®rst occurrence of an in®nity in quantum

electrodynamics. In the course of the next few years, as we shall report in Section

IV.5, Weisskopf would have to deal with more singularities in quantum ®eld

theory and become a real expert in handling them.

By 1930, relativistic quantum ®eld theory existed in two versions, one by

Heisenberg and Pauli, and the other by Enrico Fermi. Stimulated by Paul

Dirac's papers of 1927, Fermi had begun to write a series of short notes in spring

1929 (Fermi, 1929a, b, c; 1930d; 1931). Moreover, he taught the theory of quantum

electrodynamicsÐdeveloped in these notesÐin his lecture courses to his collabo-

rators in Rome as well as abroad, e.g., in April 1929 at the Institut Henri PrincareÂ

in Paris and at the 1930 Summer School of Theoretical Physics at the University of

Michigan in Ann Arbor, from which an extensive article resulted that was pub-

lished in Reviews of Modern Physics (Fermi, 1932a).858a While the ®rst three notes

suggested a quantum-theoretical reformulation of classical electrodynamics and a

subsequent application to explain interferfence fringes (Fermi, 1929a, b, c), the

fourth one (Fermi, 1930d) pointed out the di¨erence with the meanwhile published

papers of Heisenberg and Pauli (1929, 1930). As Fermi stated in his later review

article:

A general theory of the electromagnetic ®eld was constructed by Heisenberg and Pauli
by a method in which the values of the electromagnetic potentials in all the points of
space are considered as variables. Independently the writer proposed another method
of quantization starting from a Fourier analysis of the potentials. Though Heisenberg
and Pauli's method puts in evidence much more clearly the properties of relativistic
invariance and is in many respects more general, we prefer to use . . . the method of
the writer, which is more simple and more analogous to the method used in the
theory of radiation [i.e., by Dirac, 1927b, c]. (Fermi, 1932a, p. 125)

The new method actually consisted of expanding both the scalar potential V

and the vector potential U at a given time into a Fourier series [see Fermi, 1929a,

Eqs. (3) and (4)], notably,

V �
������
8p

W

r
c
X

s

Qs cos
2pas � X

ls
� bs

� �
�666a�

858aSee the introduction to Fermi's papers on quantum electrodynamics by Edoardo Amaldi, in
Fermi, 1962a, p. 305.
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and

U �
������
8p

W

r
c
X

s

qs sin
2pas � X

ls
� bs

� �
; �666b�

where Qs and qs denote the amplitudes of the scalar and vector potentials,

respectively (depending on the time), as and X are the vectors of the direction of

the electromagnetic wave propagation (of wavelength ls and the space coordinates

(x, y, z), and W is the cavity valume. Fermi expressed the form of the vector qs as

qs � asws � As1ws1 � As2ws2; �666c�

where the vectors As1 and As2 directly described the two perpendicular directions

of the polarizaed light-quanta with the amplitudes ws1 and ws2. In order to restrict

the degrees of freedom of the light-quanta, ws had to satisfy the equation

2pnsws � _Qs � 0; �666d�

and Fermi noted that `this relation is, as one immediately veri®es, identical with

the relation

div U� 1

c

qV

qt
� 0' ��666e��

(Fermi, 1929a, p. 886). Evidently, Fermi introduced here what was called the

`Lorentz condition' in a quantum-mechanical form. He thus avoided the di½-

culties, which Heisenberg and Pauli had encountered in quantizing the complete

set of electromagnetic potentials as independent variables (leading to a gauge

ambiguity of the potentials that appear in the Lagrangian formulation of the

Maxwell equations).

Fermi's quantum electrodynamics, from which he derived certain consequences

(e.g., for the electrodynamical mass of particles, in Fermi, 1931), did not receive

much attention, because people considered it to be just another version of the

Heisenberg±Pauli approach (see, e.g., the Pauli's Handbuch article, 1933c, pp.

264±267). Perhaps the active researchers at that time felt that the then fashionable

second quantization had played no prominent role in it. This was di¨erent from

the investigations of Vladimir Fock, whoÐat that timeÐwas a relatively senior

theoretician.858b In 1930, Fock embarked upon quite a productive period of

work on ®eld theoretical investigations, being interested originally in justifying the

`ingenious (geistreiche) approximation method' which Douglas R. Hartree had

858bVladimir Fock, who had been born in 1898, came, like Landau, from the Leningrad school, and
had contributed to quantum mechanics since he proposed in 1926 a generalization of SchroÈdinger's
wave equation (Fock, 1926a, see Volume 5, Part 2, p. 814 ¨.).
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proposed earlier to deal with many-body problems (Hartree, 1928).859 Indeed, a

variational principle involving a wave-function Ansatz in the con®guration space,

C � c1�x1�c2�x2� . . . c�xN�, whose proper symmetry behaviour (i.e., Pauli's ex-

clusion principle for the electrons) could, in the case of `complete degeneracy of

the term system, be approximated by the product of two determinants, i.e.,

C � C1C2; ��667��

with

C1 �

c1�x1�c2�x1� . . . cq�x1�
c1�x2�c2�x2� . . . cq�x2�
� � �
c1�xq�c2�xq� . . . cq�xq�

�����������

�����������
��667a��

and

C2 �

c1�xq�1�c2�xq�1� . . . cp�xq�1�
c1�xq�2�c2�xq�2� . . . cp�xq�2�
� � �
c1�xq�p�c2�xq�p� . . . cp�xq�p�

�����������

�����������
; ��667b��

where q� p � N.' (Fock, 1930, p. 138) Thus, he completed what was called the

`Hartree±Fock method,' one of the most powerful approximation methods in

nonrelativistic systems of many Fermi particles.

In January 1931, Fock presented in the theoretical physics seminar of the

University of Leningrad another detailed study dealing with the relation of

the method of second quantization in nonrelativistic quantum ®eld theory and

SchroÈdinger's original wave equation in con®guration space (Fock, 1932). He

proceeded in two steps: In Part I, he established the `second quantized' wave

functions, the C-operators from the SchroÈdinger function according to the pre-

scription of Jordan and Klein and Jordan and Pauli, respectively (see Section II.5);

then he continued:

The starting point of the considerations of Part II constitute the commutation rela-
tions between the quantized wave functions (C-operators). It will be shown that these
relations can be satis®ed by certain operators, which act on a sequence of usual wave
functions for 1; 2; . . . n; . . . particles. In this way the C-operators are represented in
the con®guration space (more accurately, in a sequence of con®guration spaces).

859We have referred to this method of the `self-consistent ®eld' in Section III.4.
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Further, the dependence of the C-operators on the time will be considered, and we
shall ®nd the form of the operator _C � qC=qt. Then, on the basis of the representa-
tion obtained, it will be shown that the time-dependent SchroÈdinger equation for C-
operators can be written as a sequence of ordinary SchroÈdinger equations for
1; 2; . . . n; . . . particles. As another application of the representation obtained we
present a simple derivation of the Hartree equation with exchange. (Fock, loc. cit.,
pp. 622±623)

In particular, Fock constructed two operators C and C�, such that their product

integral

n �
�

C��x�C�x� dx �668�

yields the eigenvalues n � 0; 1; 2; 3; . . . ; and they satisfy the commutation relations

(with e � �1 and ÿ1 for Bose and Fermi statistics, respectively)

C�x 0�C��x� ÿ eC��x�C�x 0� � d�xÿ x 0�

C�x 0�C�x� ÿ eC�x�C�x 0� � 0

9=; �669�

and demonstrated the following: They act on a sequence of usual SchroÈdinger

functions, c�x1�, c�x1x2�, c�x1x2x3�, such that C leads from a function of n

variables to a function of �nÿ 1� variables, and C� from a function of �nÿ 1�
variable to a function of n variables. This formalism constituted what one later

called the `Fock-space representation,' with C� and C denoting creation and

annihilation operators, respectively. Later on, this representation would play an

important role in relativistic quantum ®eld theory. Moreover, Vladimir Fock

himself soon went on to consider relativistic problems, especially in collaboration

with Paul Dirac.

Dirac, who maintained close relations with several Russian physicists, espe-

cially Igor Tamm (whom he had ®rst met in spring 1928 in Leyden), and visited

the Soviet Union repeatedly after the Kharkov Conference on Theoretical Physics

(which he had attended in May 1929)Ðthus, in September/October 1929 he

passed through the USSR again upon his return from his world trip, and then

again in the summers of 1930 and 1932Ðclosely followed the work of Fock.860

Besides exchanging ideas regularly with Tamm, who showed great interest in the

negative-energy states of his relativistic equation for the electron, Dirac entered

into a collaboration with Fock in summer 1932 on a new approach to quantum

electrodynamics.861 In a paper, entitled `Relativistic Quantum Mechanics' and

860See Dirac's response to Fock's paper dealing with the Hartree method: Dirac, 1931b.

861For an account of Dirac's relations with the Russian physicists, we refer to Alexei B. Kojevni-
kov's annotated edition of the Dirac±Tamm correspondence between 1928 and 1933 (Kojevnikov,
1993).
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submitted to the Proceedings of the Royal Society of London in March 1932, Dirac

had criticized the foundation of the Heisenberg±Pauli relativistic quantum ®eld

theory of 1929, especially the assumption that the ®eld could be regarded `as a

dynamical system amenable to Hamiltonian treatment and its interaction with the

particles as describable by an interaction energy, so that the usual methods of

Hamiltonian mechanics may be applied.' In particular, Dirac noted:

There are serious objections to these views, apart from the purely mathematical dif-
®culties to which they lead. If we wish to make an observation on a system of inter-
acting particles, the only e¨ective method of procedure is to subject them to a ®eld of
electromagnetic radiation and see how they react. Thus the roÃ le of the ®eld is to
provide a means for making observations. The very nature of an observation requires

an interplay between the ®eld and the particles. We cannot therefore suppose the ®eld
to be a dynamical system on the same footing as the particles and thus something to
be observed in the same way as the particles. The ®eld should appear in the theory as
something more elementary and fundamental. (Dirac, 1932, p. 454)

In contrast to Heisenberg and Pauli (see Section II.7), Dirac assumed `the ®eld

equations as [being] always linear;' hence, `deep-lying connections and possibilities

for simpli®cation and uni®cation' may be reached (Dirac, loc. cit., pp. 454±455).

In any case, he concluded that `quantities referring to two initial ®elds, or to two

®nal ®elds, are not allowed,' because they `are unconnected with results of

observations and must be removed from consideration if one is to obtain a clear

insight into the underlying physical relations' (Dirac, loc. cit., p. 457).

Dirac's new proposal deviated from the procedure which followed from the

classical theoryÐsuch as `assuming a de®nite structure of the electron and calcu-

lating the e¨ect of one part of it on the ®eld produced by the rest' (Dirac, loc. cit.,

p. 457)Ðby taking into account the in¯uence of both the incoming and the out-

going ®elds, such:

that we may associate, say the right-hand sides of the probability amplitudes [for the
quantities of the relativistic theory] with ingoing ®elds and the left-hand sides with the
outgoing ®elds. In this way we automatically exclude quantities referring to two
ingoing ®elds, or two outgoing ®elds and make a great simpli®cation in the founda-
tions of the theory. (Dirac, loc. cit., p. 458)

If retranslated into the classical picture, the electromagnetic ®eld considered cor-

responded to a free ®eld (i.e., a Maxwell ®eld in empty space), and interaction

could occur only with the ®eld of the electron c, or

Fc � 0; �670�

where F, neglecting spin, is

F � ih

2p

q

qt
� eA0

� �2

ÿ ihc

2p

q

qx
ÿ eAx

� �2

ÿ � � � ÿm2c4 �670a�
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(with e and m denoting the charge and mass of the electron). In the special case of

interaction between two electrons, the c must then satisfy two equations with the

respective operators F1 and F2 depending only on the coordinates of the ®rst and

second electron, respectively. The interaction manifested itself just in the functions

c1 and c2, each satisfying a separate Eq. (670), but `neither of the products c1c2

and c2c1 will satisfy both equations [(670)]' (Dirac, loc. cit., p. 460). Dirac ®nally

demonstrated in a simpli®ed exampleÐtwo electrons in one space dimensionÐ

that the usual result of (the Heisenberg±Pauli) quantum electrodynamics was also

obtained in the new theory.

Dirac eagerly presented his new approach to relativistic quantum ®eld theoryÐ

the ®rst he had proposed since his pioneering work ®ve years earlier on the rela-

tivistic theory in 1927Ðboth to Heisenberg and to the other members of Bohr's

Institute in Copenhagen (where he visited in April 1932). Oskar Klein, who

perused the paper in Dirac's presence, recalled:

And when I turned the ®rst page, Dirac said, ``You ought to read the paper more
slowly; Heisenberg read it too fast.'' And then I heard that Heisenberg had objected
that this was just the old theory in a new form. (Klein, AHQP Interview, 1963)

At that time, Pauli was Dirac's chief critic and he rejected Dirac's theory com-

pletely. As he wrote to Lise Meitner, the theory `cannot be taken seriously; neither

does it contain anything new, nor is it justi®ed to speak of a ``theory.'' ' (Pauli to

Meitner, 29 May 1932, in Pauli, 1985, p. 114) In writing to Dirac about his work,

Pauli's judgment was no less candid:

Your remarks about quantum electrodynamics which appeared in the Proceedings of

the Royal Society were, to put it gently, certainly no masterpiece. After a muddled
introduction, which consists of sentences which are only half understandable because
they are only half understood, you come at last, in an oversimpli®ed one-dimensional
example, to results which are identical to those obtained by applying Heisenberg's
and my formalism to this example . . . This end of your paper con¯icts with your
assertion, stated more or less clearly in the introduction, that you could somehow or
other construct a better quantum electrodynamics than Heisenberg and I. (Pauli to
Dirac, 11 September 1932, in Pauli, loc. cit., p. 115).862

The o½cial published response to Dirac's work was given by LeÂon Rosenfeld in a

paper submitted from Copenhagen to Zeitschrift fuÈ r Physik in May 1932: `The

Heisenberg-Pauli quantum electrodynamics represents a possible formulation of

the programme of relativistic quantum mechanics proposed recently by Dirac.'

(Rosenfeld, 1932, p. 729) Yet Paul Dirac, though he admitted the mathematical

equivalence of both theoriesÐ`The connection which you give between my new

theory and the Heisenberg-Pauli theory is, of course, quite general.' (Dirac to

862For further details of Dirac's new electrodynamics of 1932 and the response of his scienti®c
colleagues, see Kragh, 1990, especially, pp. 132±136.
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Rosenfeld, 6 May 1932)Ðstrongly insisted upon the physical di¨erence and con-

tinued to think about and work upon it. When he attended the Leningrad confer-

ence on the theory of metals, organized by his friend Igor Tamm in September

1932, Paul Dirac not only mentioned it in his talk, but also discussed the problem

with two other participants, Vladimir Fock and Boris Podolsky. Together, they

submitted a joint paper, entitled `On Quantum Electrodynamics,' to the Physi-

kalische Zeitschrift der Sowjetunion (Dirac, Fock, and Podolsky, 1932).863

The Dirac±Fock±Podolsky investigation consisted of two parts, one devoted to

a `simpli®ed proof ' of the `equivalence of Dirac's and Heisenberg-Pauli's theories,'

while the other treated `the Maxwellian case' in detail. The main aspect of the new

theory of Dirac, Fock, and Podolsky lay in the fact that it allowed them to exhibit

relativistic invariance more explicitly. Thus, the Heisenberg±Pauli scheme de-

scribed a system consisting of two subsystems, A and B, by the Hamiltonian

equation

H ÿ ih

2p

q

qT

� �
c�qa; qb;T� � 0; �671�

with the Hamiltonian operator

H � Ha �Hb � V �671a�

(where a and b referred to the subsystems A and B, respectively, with the position

coordinates qa and qb and the time T ). In Dirac's new scheme, Eq. (671) had now

to be replaced by

H �
a � V � ÿ ih

2p

q

qT

� �
c� � 0; �672�

with

c� � exp
2pi

h
HbT

� �
c �672a�

and

F � � exp
2pi

h
HbT

� �
F exp ÿ 2pi

h
HbT

� �
; �672b�

863Fock and Podolsky had already previously studied Dirac's paper in the Proceedings of the Royal
Society (1932). After the Leningrad conference, Dirac took a vacation for a couple of weeks in the
Crimea; on his return to Moscow, he passed through Kharkov, where he agreed with Podolsky to write
the joint paper (indeed, Podolsky worked out the ®rst draft and then communicated with Fock and
Dirac by letters). See Kojevnikov, 1993, pp. 61±63, especially the letter of Dirac to Tamm, dated 26
September 1932, and sent from Gaspra, Crimea.
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where F � Ha, or V. Since Ha commuted with Hb, there followed H �
a � Ha, and

further

V � � V�pa; qa; p�b ; q
�
b �: �673�

Evidently, if the subsystem A (having dynamical variables qa and pa) represented

the particle and B�qb; pb� the Maxwellian ®eldÐas in Dirac's quantum electro-

dynamics of March 1932Ðthe q�b and p�b satis®ed the free Maxwell equations,

unperturbed by the presence of the subsystem A. Moreover, Dirac, Fock, and

Podolsky found that Eq. (672) might assume the form

X
s

�Hs � V �s � ÿ
ih

2p

q

qT

" #
c��rs; J;T� � 0; �674�

where
P

s

Hs denoted the sum of the particle contributions to the free Hamiltonian

Ha. The particles then interacted with the electromagnetic ®eld, such that

V � �PVs represented the sum of interaction terms involving the ®eld and the

particles. In the wave function, J stood for the variables of the ®eld and rs for the

space variables of the particles. Eq. (674) now possessed a simpler solution if one

introduced `besides the common time T and the ®eld time t an individual time

ts � t1; t2; . . . tn for each particle' (Dirac, Fock, and Podolsky, loc. cit., p. 470, our

italics), namely,

Rs ÿ ih

2p

q

qts

� �
c� � 0; �675�

where

Rs � cas � ps �msc
2a4

s � es�F�rs; ts� ÿ as � A�rs; ts�� �675a�

and

c� � c��r1r2 . . . rn; t1t2 . . . tn; J�; �675b�

with all ts put equal to the common time t.

Equation (675) de®ned what was later called the `many-time formalism' and

was used especially by the Japanese physicist Sin-itiro Tomonaga many years later

to formulate renormalized relativistic quantum electrodynamics.864 At that time,

however, nobody derived any profound consequences from this formalism. Actu-

ally, in August 1933, Felix Bloch in Zurich, submitted a detailed study to the

Physikalische Zeitschrift der Sowjetunion dealing with `Die physikalische Bedeu-

864We shall discuss this future development in the Epilogue.
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tung mehrerer Zeiten in der Quantenelektrodynamik (The Physical Meaning of

Many Times in Quantum Electrodynamics).' He summarized his results in the

abstract as follows:

It will be shown that the wave function of Dirac-Fock-Podolsky's quantum electro-
dynamics, which depends on several times, can be interpreted analogously to the
usual wave mechanics as probability amplitude for such measurements which are
performed at times ts on the particles s and at time t on the electromagnetic ®eld. One
must demand, as the condition of integrability for the di¨erential equations, that one
restricts oneself to intervals of the particle times during which the particles cannot
in¯uence each other by radiation. Further, one must demand for the physical inter-
pretation that the ®eld measurement should also be concerned only with such space-
time regions in which the ®eld quantities existing there cannot be in¯uenced by the
radiation emitted by the particles. (Bloch, 1934, p. 301)

Indeed, in spite of his continuing dissatisfaction with the Heisenberg±Pauli quan-

tum electrodynamics, Dirac and his collaborators were not able to change the sit-

uation e¨ectively in the 1930's,865 as Pauli wrote to him candidly in fall 1932

(quoted earlier): `The end of your paper [Dirac, 1932] con¯icts with your asser-

tion, . . . that you could somehow or other construct a better quantum electro-

dynamics than Heisenberg and I.' (Pauli to Dirac, 11 September 1932, in Pauli,

1985, p. 115).

These speci®c developments of quantum electrodynamics in the early 1930's

illustrate that the concern with relativistic quantum ®eld theory kept the elite

among the quantum theoreticians occupied; Dirac, Heisenberg, Pauli, and others

did not stop thinking about what the fundamental di½culties revealed, especially

concerning the in®nities arising in the calculation of certain crucial physical

quantities.866 In®nities had plagued atomic theory since the discovery of the elec-

tron; an electron of ®nite size seemed to contradict relativity theory, and the self-

energy of a point electron became in®nitely large.867 In 1929, Heisenberg and

Pauli con®rmed the occurrence of the in®nite self-energy of the electron also in

their formulation of quantum electrodynamics (Heisenberg and Pauli, 1929; 1930),

and J. Robert Oppenheimer's subsequent evaluation showed that the divergence

was quadraticÐwhich was worse than in the classical case, where it came out

linearly (Oppenheimer, 1930a). For dealing with this problem, Heisenberg and

Pauli in particular employed the most radical and revolutionary means. Thus,

Heisenberg spoke in early 1930 for the ®rst time about the necessity of introducing

a quantization of space, i.e., to endow the three-dimensional space with a lattice

structure having the universal lattice constant L � h=Mc (with M denoting the

mass of the proton). In a letter to Niels Bohr at that time, he wrote:

865For these attempts, see also the discussion in Kragh, 1990, pp. 136±139.

866A condensed review of the in®nity problems in quantum ®eld theory of the 1930s may be found
in Pais, 1986, Chapter 16.

867See, e.g., Frenkel, 1925.
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I cannot report anything pleasant about physics. I now believe also that in the elec-
trodynamics of Pauli and myself the self-energy of the particles and the Dirac tran-
sitions destroy everything. Recently I have tried to splitÐin a manner similar to what
[was done] previously in the phase spaceÐthe real space into discrete cells of size
�h=Mc�3, in order to obtain a reasonable [i.e., ®nite] theory. Such a theory turns out
to appear already qualitatively much di¨erent than hitherto considered; but I am still
rather sceptical whether such a coarse method will yield many reasonable results.
However, I believe one thing quite de®nitely, namely that a future theory will just
have to exploit the freedom that lies in the uncertainty of h=Mc for all determinations
of length. (Heisenberg to Bohr, 26 February 1930)

In a later letter, again to Bohr (dated 10 March 1930), Heisenberg went into some

details of calculation in the ®eld theory of a one-dimensional quantum-theoretical

lattice model. He argued that it would endow an electron with a self-energy of

the order of
e2

hc
Mc2, and that only slight di½culties would arise with Lorentz

invariance and charge conservation.

The space-lattice model just represented the ®rst of a series of attempts by

which Heisenberg and Pauli hoped to cure the divergence problem of quantum

®eld theory.868 Although they shared the same ®nal goal, usually it was Heisen-

berg who pushed forward with concrete proposals; by taking a more positive atti-

tude than Pauli toward Dirac's `hole theory' (which we shall discuss below), he

hoped to connect the latter with the determination of the ®ne structure constant, as

he remarked in a letter to Pauli:

I have the feeling that the step from the present quantum electrodynamics to e2=qc

[the ®ne structure constant, with q � h=2p] is not much bigger than that of your
earlier theory of spin to Dirac's. Our ®eld quantization was so-to-speak simply a
thoughtless repetition of the familiar scheme and its application to problems to which
it does not ®t completely. Now only a new, formal idea is missing, and in order to
establish a reasonable quantum theory of ®elds perhaps no new physical facts will be
necessary at all. (Heisenberg to Pauli, 16 June 1934, in Pauli, 1985, p. 333)

But what the new idea should look like, Heisenberg did not know even after further

e¨orts in the following months, which he again summarized in a letter to Pauli:

The whole labour of calculations has strengthened my belief that there must exist
a uni®ed ®eld theory which is characterized by a Hamiltonian function that de-
pends quadratically on a density matrix; and in this theory the electron and the light-
quantum must [emerge as] nontrivial solutions. (Heisenberg to Pauli, 22 March 1935,
in Pauli, loc. cit., p. 383)

While Heisenberg and Pauli's dream of a uni®ed quantum ®eld theory was not

realized in the later 1930s, they and others obtained a host of results from purely

868For a condensed account of these e¨orts, which extended into the 1950s, see Rechenberg,
1993b.
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theoretical considerations, some of which we shall report on in Section IV.5. In the

early 1930's, however, a di¨erent path emerged, mainly through the discovery of

new elementary particles, whose existence immediately solved old problems of

quantum theory and opened new vistas in atomic, nuclear, and high-energy phys-

ics. Again, the theoreticians, notably, Dirac, Pauli, and Heisenberg, played a cru-

cial role through prophetic predictions and ingenious applications.

In order to enter into the spirit of this most fruitful period of cooperation

between experiment and theory, let us quote from a popular article which Hei-

senberg wrote for the Christmas 1931 issue of the widely read Berliner Tageblatt,

dealing with `The Problems of Modern Physics.' Heisenberg reported there about

the new atomic theory, which had been developed since 1925, and its relation to

the conventional understanding and natural philosophy; he discussed the problems

concerning causality and visualizability that had arisen in quantum mechanics,

and claimed that its necessarily more abstract concepts (compared to those of the

former classical theories) `made it possible to consider ``electrons'' and ``protons''

really as the ultimate constituents of matter.' He then continued:

The next progress . . . will consist in a more accurate experimental investigation of the
atomic nucleus. The interior of the atomic nucleus thus far de®es all e¨orts of the
theoreticians to formulate the laws governing it. An extensive experimental research
must ®rst force the atomic nucleus to reveal its behaviour. It will then be possible to
recognize the connections. Whether the year 1932 will already lead to this recogni-
tion, may be quite doubtful. (Heisenberg, 1931e)

With these doubts, Heisenberg evidently had in mind the insurmountable di½-

culties noticed up to then in applying quantum mechanics to the inner structure of

the atomic nucleus (see the discussion above in Section III.7). He speculated that

the procedure outlined above would occupy a number of years to come.

Heisenberg did not anticipate, however, the speed with which the progress

actually occurred, and how it was achieved not by a patient study of the complex

properties of nuclei but rather by a series of discoveries made by both theoreticians

and experimentalists. These discoveries increased, in particular, the number of the

`ultimate constituents of matter' or `elementary particles.' In looking back on these

exciting events, the historian of science Charles Weiner remarked:

In 1972 we celebrate the fortieth anniversary of the `annus mirabilis' of nuclear and
particle physics. Seen from the perspective of the present, the cluster of major con-
ceptual and technical developments of 1932 mark the ``marvellous'' year as a very
special one. It began with Harold Urey's announcement in January that he had dis-
covered a heavy isotope of hydrogen, which he called ``deuterium.'' In February
James Chadwick demonstrated the existence of a new nuclear constituent, the neu-
tron. In April John Cockcroft and E. T. S. Walton achieved the ®rst disintegration of
the nucleus by bombarding light elements with arti®cially accelerated protons. In
August Carl Anderson's photographs of cosmic-ray tracks revealed the existence of
another new particle, the positively charged electron, soon to be called the ``posi-
tron.'' And later that summer Stanley Livingston and Milton White disintegrated
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nuclei with the cyclotron, an instrument that would generate almost 5 million elec-
tron volts by the end of that eventful year.

New particles, new constituents of the nucleus and powerful techniques for prob-
ing its structureÐthey all provided a wealth of fresh challenges and opportunities for
theory and experiment. Physicists who remember the excitement of those days
sometime sound as if they were relishing an excellent wine when they smile and
comment: ``It was a great year.'' (Weiner, 1972, p. 40)

Weiner singled out from these events just the one yearÐ1932Ðbut actually the

`miraculous year' represented only the early centre and climax of experimental

contributions in a wonderful period of theoretical and experimental discoveries

extending from 1930 to 1937. It was started with the theoretical analyses of Paul

Dirac and Wolfgang Pauli between 1930 and 1931, from which they predicted the

existence of two new elementary particles, later called the `positron' and the `neu-

trino.' Even before the empirical substantiation of these particles, the experimental

progress set in by the construction of machines which arti®cially created high-

energy nuclear particles, such as the Van de Graa¨ accelerator (in September

1931), the cyclotron, and the Cockcroft±Walton device (both in February 1932).

The discovery of the neutron immediately stimulated Heisenberg's explanation of

nuclear structure (from May 1932 onward), which, in turnÐtogether with the

neutrino hypothesisÐpaved the way for another theoretical progress: Enrico

Fermi's description of the beta-decay (December 1933); still, a few weeks later, the

positive beta-decay, including the emission of positrons, was discovered (January

1934). While the discovery of the positron and the electron-positron pair creation

(in early 1932) in cosmic radiation provided the key to the understanding of

cosmic-ray phenomena (the `soft component'), Fermi's theory was taken as the

basis for explaining all nuclear forces, a wrong idea although it was upheld for

several years by most experts in nuclear physics. Indeed, a new theoretical idea

which involved the existence of a further hypothetical particle was put forward in

Japan by the end of the year 1934 to account especially for `strong' nuclear forces;

between 1936 and 1937, several groups in America and Japan observed in cosmic

radiation an object which seemed to ®t Hideki Yukawa's `heavy quantum' and

was named the `mesotron.' The story of these experimental and theoretical dis-

coveries and developments will be covered in the rest of this section.

(b) The Theoretical Prediction of Dirac's `Holes' and `Monopoles'

(1928±1931)

Several decades after his experimental observation of `the apparent existence of

easily de¯ectable positives,' which he reported in early September 1932 in the

American journal Science (Anderson, 1932b, p. 239), Carl Anderson recalled:

It has often been stated in the literature that the discovery of the positron was a
consequence of the theoretical prediction of Paul A. M. Dirac, but this is not true.
The discovery of the positron was wholly accidental. Despite the fact that Dirac's
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relativity theory of the electron was an excellent theory of the positron, and despite
the fact that the existence of this theory was well known to nearly all physicists, in-
cluding myself, it played no role whatsoever in the discovery of the positron.869

Actually, Anderson's statement illuminated only the ®nal, experimental story of

one of the most fundamental concepts of elementary particle theory, the existence

of anti-particles. The development began several years before 1932 as a theoretical

idea whose evolution we shall now analyze in some historical detail.

Having proposed his relativistic electron equation in 1928 (Dirac, 1928a, b),

Paul Dirac began to analyze the physical content of his new theory and hit upon a

di½culty which he ®rst stressed in his presentation at the Leipziger UniversitaÈts-

woche in June (Dirac, 1928c). A few weeks later, he wrote to Oskar Klein in

Copenhagen: `I have not met with any success in my attempts to solve the Ge

di½culty. Heisenberg (whom I met in Leipzig) thinks the problem will not be

solved until one has a theory of the proton and the electron together.' (Dirac to

Klein, 24 July 1928, quoted in Pais, 1986, p. 348) It was the di½culty of the extra

solutions of the equation having apparently negative energy, which irritated Dirac

and his colleagues quite a lot in those days. The unwanted solutions could neither

be discussed away nor suppressed, as Klein and Yoshio Nishina demonstrated in

their investigation of the Compton e¨ect on the basis of the Dirac equation (Klein

and Nishina, 1928), although a strange new paradox was thereby discovered:

When electrons were re¯ected from a potential wall, a greater intensity was

returned than was going in (Klein, 1929a).870

In the later months of 1928 and in early 1929, Dirac was occupied with the

writing of his book on quantum mechanics (which he ®nally completed only in

May of the following year: Dirac, 1930d). At the end of March 1929, he left

Cambridge for a tour around the world, beginning with a stay of several months in

the United States (Madison, Wisconsin, and Ann Arbor, Michigan), then travel-

ing to Japan, and returning to England via the Soviet Union. Prior to leaving

on this tour, he noted in a letter to Igor Tamm: `Have you seen Weyl's book

``Gruppentheorie und Quantenmechanik ''? It is very clearly written and by far the

most connected [i.e., systematic] account of quantum mechanics that has ap-

peared, although it is rather mathematical and therefore not very easy.' (Dirac to

Tamm, 3 January 1929, in Kojevnikov, 1993, p. 18) The mathematician Hermann

Weyl continuedÐafter publishing his book (Weyl, 1928b)Ðto work on problems

of quantum physics, and he reciprocated Dirac's interest in his work. In a paper

on `Elektron und Gravitation (Electron and Gravitation),' he addressed the rela-

tivistic electron theory directly, commenting:

The Dirac-Maxwell theory in its present form contains only the electromagnetic
potentials fp [i.e., Am, m � 0; 1; 2; 3] and the wave ®eld c of the electron. Doubtlessly,

869This recollection was reported in C. D. and H. L. Anderson, 1983, p. 140.

870We have discussed the di½culties arising from the Dirac equation in Section II.7.

IV.3 New Elementary Particles in Nuclear and Cosmic-Ray Physics (1929±1937) 773



the wave ®eld c 0 of the proton must be added. In particular, in the ®eld equations c,
c 0 and fp will be functions of the same four space-time coordinates, and one will not
be allowed really to demand before quantization that c is the function of a world
point (t 0; x 0; y 0; z 0) independent of the former. It suggests itself to expect that of both

component pairs of Dirac's quantity [i.e., the four-component spinor c] one is asso-

ciated with the electron, and the other with the proton [our italics]. Further, two con-
servation laws of electricity will have to exist which (after quantization) tell us that
the number of electrons remains constant like that of protons. (Weyl, 1929b, p. 332)

When Dirac, upon his return from his world tour, resumed his teaching duties

at CambridgeÐthe term started in the second week of October 1929Ðhe also

thought about the approach indicated earlier by Weyl. Thus, in his lecture series

on the problems of quantum mechanics, given in December 1929 as a visitor at the

Institut Henri PoincareÂ in Paris, he stated explicitly:

The fact that there are four components to c is unexpected. . . . The reason is that in
the relativistic Hamiltonian we started from, the W [of the relativistic equation] is not
uniquely determined. From this equation W, or rather W � eA0, can be positive or
negative. However, only positive values have a physical meaning. Half of our wave
function c thus corresponds to states for which the electron has negative energy. This
is a di½culty which appears in all relativistic theories [of the electron], in the classical
as well as in ours here. In the classical theory it is not serious, because none of the
dynamical variables can change in time in a discontinuous fashion. . . .

In quantum mechanics, on the other hand, one cannot in general clearly separate
a solution c of the wave equation into a part which corresponds to positive kinetic
energy and another corresponding to negative energy. Even in special cases where
this is possible, for example in the case where the ®eld is constant, a perturbation can
produce a transition from a state of positive energy to one of negative energy. (Dirac,
1931a, p. 398).

In order to resolve this problem, Dirac considered the trajectory of negative states

in classical theory and found that `the motion of an electron with negative energy

is identical to that of a positive electron with charge �e instead of ÿe,' a result

transferable to quantum mechanics; hence, he concluded:

The negative-energy electron behaves a little like a proton, but it cannot be exactly a
proton, because a proton certainly does not have a negative energy. If a negative-
energy electron had a large velocity, it would have to absorb energy in order to come
to rest, and we are sure that protons do not have this property.

The connection between negative-energy electrons and protons can be established
in a di¨erent way. We will make the following hypothesis: almost all the negative-
energy states in the universe are occupied; it is the empty places which constitute the
protons. (Dirac, loc. cit., p. 399)

Dirac had written about the ingenious and revolutionary ideas expressed in his

Paris lectures ®rst in a letter to Niels Bohr, who had earlier suggested (see Bohr to

Dirac, 24 November 1929) that the problem of negative-energy states should be
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resolved by renouncing energy conservation. However, Paul Dirac preferred `to

keep rigorous conservation of energy at all costs and would rather abandon even

the concept of matter consisting of separate atoms and electrons,' and introduced

`a simple way of avoiding the di½culty of electrons having negative kinetic

energy':

Let us now suppose that there are so many electrons in the world that all these most
stable [negative] energy states are occupied. The Pauli principle will then compel
some electrons to remain in less stable states. For example, if all the states of negative
energy are occupied and also few of positive energy, those electrons with positive
energy will then be unable to make transitions to states with negative energy and will
therefore have to behave quite properly. The distribution of negative energy electrons
will, of course, be of in®nite density, but it will be quite uniform so that it will not
produce any electromagnetic ®eld and one would not expect to be able to observe it.
(Dirac to Bohr, 26 November 1929)871

The situation thus introduced the idea of the `®lled' vacuum, which would later be

termed the `Dirac sea,' but Dirac himself described the vacant places in this sea as

`holes.' As he explained further in his letter to Bohr:

Such a hole can be described by a wave function like an X-ray orbit [in nonrelativistic
atomic theory] would appear experimentally as a thing with positive energy, since to
make the hole disappear (i.e., to ®ll it up) one would have to put negative energy into
it. Further one can easily see that such a hole would move in an electromagnetic ®eld
as though it had positive charge. These holes I believe to be protons. When an elec-
tron of positive energy drops into a hole and ®lls it up, we have an electron and
proton disappearing simultaneously and emitting their energy in the form of radia-
tion. (Dirac to Bohr, loc. cit.)

Dirac immediately published the ideas described in the letter to Bohr in a

paper, entitled `A Theory of Electrons and Protons' and communicated in early

December 1929 by Ralph Fowler to the Proceedings of the Royal Society (Dirac,

1930a). There, he also overcame the problem of the in®nite density (caused by the

negative-energy electrons) by the following argument:

It seems natural . . . to interpret the [density] r in Maxwell's equation [i.e.,
div E � ÿ4pr] as the departure [our italics] from the normal state of electri®cation,
which normal state of electri®cation, according to the present theory, is the one where
every electronic state of negative energy and none of positive energy is occupied. This
r will then consist of charge ÿe arising from each state of positive energy that is
occupied, together with a charge �e arising from each state of negative energy that
is unoccupied. Thus the ®eld produced by a proton will correspond to its having a
charge Ge. (Dirac, loc. cit., p. 363)

871Dirac's letter to Bohr has been reproduced in full in Kragh, 1990, pp. 90±91. For details of the
Bohr±Dirac exchange on the whole positron story, see Kragh, 1990, Chapter 5, pp. 87±117, and the
paper of Donald F. Moyer, 1981b.
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By means of this revolutionary concept of the vacuum as a completely ®lled `Dirac

sea,' Paul Dirac solved the original paradoxes arising from his electron equation,

namely: (i) the problem of violating charge conservation (when an electron makes

a transition into a proton); (ii) the Coulomb repulsion between electrons and neg-

ative energy states; (iii) the decrease of (absolute) energy with increasing velocity

for a negative-energy state. Of course, Dirac was quite aware of the dramatic

consequences that might ensue from combining electrons and protons in one rela-

tivistic equation: Especially, the great dissymmetry shown by the two di¨erent

particles was also disturbing as were their speci®c roles in forming atoms or

atomic nuclei (as was assumed at that time). However, he expected that the inter-

actions between the particlesÐelectron and protonÐwould take care of these

problems. `The consequences of this dissymmetry are not easy to calculate on rel-

ativistic lines, but we hope it will lead eventually to an explanation of the di¨erent

masses of proton and electron,' he argued and added: `Possibly some more perfect

theory of interaction, based perhaps on Eddington's calculation of the ®ne struc-

ture constant e2=�h=2p�c, is necessary before this result can be obtained.' (Dirac,

loc. cit., p. 364)

The well-known Cambridge astrophysicist Arthur Stanley Eddington had

earlier in 1929 published an ingenious idea on how to derive the charge-coupling

constant of an electron (Eddington, 1929). Though Heisenberg (in a letter to Dirac

of March 1929) and Pauli (in a letter to Klein, dated 18 February 1929) had de-

clared Eddington's proposal to be quite unreasonable or `romantic poetry,' Dirac

assumed a more tolerant attitude toward his colleague's conceptions and used

them to support his own work. The reactions to Dirac's new theory of electrons

and protons ¯uctuated between enthusiastic approval and increasingly serious

criticism.872 Bohr, in whom Dirac ®rst con®ded, raised a couple of objections,

which were partially answered already in a published paper (principally, by the

new de®nition of the vacuum). George Gamow (who witnessed the origin of

Dirac's work in Cambridge) and Paul Ehrenfest brought the new theory to Ger-

many and Russia, respectively; in Russia, Igor Tamm and Dmitrij Iwanenko

at once agreed, whereas Vladimir Fock remained reserved.873 Heisenberg, who

also heard about the new paper prior to publication (from Lev Landau through

Gamow), welcomed Dirac's conclusion but `did not yet see how the ratio of the

masses, etc., will come out' (Heisenberg to Dirac, 7 December 1929). A little later,

he wrote again to Dirac: `One can prove that the electron and the [Dirac] proton

had to have the same mass,' and objected further: `How can the negative-energy

electron go up to the ®nal level which is already occupied [in a process of normal

872For a summary of the reactions, see Kragh, 1990, pp. 94±96.

873For instance, Tamm wrote to Dirac on 5 February 1929: `The idea to put the whole of nega-
tive energy upside down, and to create from the presumable di½culty a uni®ed theory of electricity,
enlightensÐonce one gets to know itÐlike a ¯ash! I really (innigst) hope that you succeed in calculat-
ing the mass of the proton and thus will be able to substantiate your whole theory.' (For the original
German, see Kojevnikov, 1993, p. 30)
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scattering]?' (Heisenberg to Dirac, 16 January 1930).874 Many of the objections

raised by colleagues certainly rested on an incomplete knowledge of the `hole

theory,' though they were raised often years after the publication of Dirac's paper

in June 1930. On the other hand, much of Dirac's `hole' and `sea' concepts arose

from his visual inspiration from the nonrelativistic atomic theory.875 Admittedly,

the identi®cation of the holes with protonsÐwhich were not necessarily just the

negative-energy components of the naively interpreted Dirac equation, as Kragh

pointed out (Kragh, 1990, p. 95)Ðcreated most problems, and this idea had

®nally to be abandoned.876

Publicly, Dirac stuck to the uni®ed electron±proton theory during the following

year. In his second paper (Dirac, 1930b), which he submitted to the Proceedings of

the Cambridge Philosophical Society on 26 March 1930, he treated explicitly the

process of `annihilation of electrons and protons' on the basis of the hole theory,

leading to the emission of two photons (because of energy and momentum con-

servation).877 Considering this process as `stimulated emission,' Dirac could avoid

it in the calculation of the quantization of the radiation ®eld and apply a

straightforward quantum-mechanical density-matrix scheme, which he had con-

sidered earlier in connection with statistical mechanics (Dirac, 1929a). Thus, he

®rst obtained (in x5 of his paper: Dirac, 1930b) in second-order perturbation

theory the Compton e¨ect formula of Oskar Klein and Yoshio Nishina (1929).

On the other hand, the proton±electron annihilation process, described in the

same order, exhibited a transition probability per unit time, (with g � v

c
for

electrons),

Pep!2g � pe4

m2c3

1

a�a� 1�
a2 � 4a� 1

�a2 ÿ 1�1=2
log�a� �a2 ÿ 1�1=2� ÿ �a� 3�

( )
; �676�

with

a � gÿ 1: �676a�

874The letters of Heisenberg to Dirac are from the Dirac Papers, Florida State University, Talla-
hassee. The quotations are from Kragh, 1990, pp. 94±95, and from Brown and Rechenberg, 1987,
p. 140.

875Earlier in 1929, Dirac had published on this topic, especially the Hartree method for many-
electron systems (Dirac, 1929b), and in his Paris lectures, as well as in the earlier letter to Bohr, where
he explicitly referred to the theory of X-ray spectra.

876 In his 1962 AHQP Interview, Dirac claimed that originally he `really felt that it [i.e., the mass of
the hole] should be the same [as the mass of the electron],' but he did not accept it; hence, he never
wrote about it before 1931.

877Annihilation processes resulting in energy production were a quite popular topic in those days
and were especially advocated to solve the relevant problems in the theory of stars (Eddington, Jeans)
and the theory of cosmic rays (Nernst, Millikan). See also Richard Tolman's paper explaining the ob-
served expansion of the universe from an annihilation process (Tolman, 1930).
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Dirac concluded:

We cannot give an accurate numerical interpretation to our result [(676)] because we
do not know whether the m there refers to the mass of the electron or of proton.
Presumably it is some kind of mean. In any case the result [(676)] is much too large to
agree with the known stability of electrons and protons. (Dirac, 1930b, p. 375)

Actually, the order of magnitude of the cross section turned out to be consistent

with the size of electron or proton for very high energies, while it became in®nite

for zero velocities of the particles; hence, Dirac concluded that `the interaction

between the electron and proton, which has been neglected, very considerably re-

duces the collision area, at any rate for ordinary velocities' (Dirac, loc. cit.). Igor

Tamm, with whom Dirac kept closest contact in those days, independently treated

similar items and extended Dirac's dispersion theory of 1927 to the scattering of

light in solids (Tamm, 1930a); in the calculation of the Compton e¨ect according

to the Heisenberg±Pauli quantum electrodynamics, he essentially con®rmed the

result of Klein and Nishina, as he reported to Dirac in a letter of 5 February 1930.

In return, Dirac wrote to him on 21 February about his new results, which he then

submitted later in March (Dirac, 1930b). Tamm wrote back on 3 March and re-

ported his own evaluation of the annihilation problem; the result did agree with

that of Dirac's. At the same time, however, Tamm pointed out two `main di½-

culties': `1. If one (tentatively and approximatively) applies the formula to the case

of bound electrons, one gets a ridiculously small value for the lifetime of the

atoms, and 2. The frequency of the radiation emitted, when an electron drops in a

hole, is of the order of magnitude of mc2=h, where m is the mass of the electron,

and that cannot be reconciled with the existence of cosmic rays.' (Tamm to Dirac,

3 March 1930, in Kojevnikov, 1993, p. 37) Dirac, of course, was content with the

result, though he criticized Tamm's identi®cation of the mass m with the electron

mass (Dirac to Tamm, 20 March 1930).

Besides Igor Tamm in Russia, J. Robert Oppenheimer in the USA concerned

himself with Dirac's new hole theory. After seeing Dirac's published paper on hole

theory in January 1930, Oppenheimer sent a letter to the Physical Review on 14

February, in which he stressed `several grave di½culties': First, he claimed that the

theory would require an in®nite density of positive electricity, `otherwise the

scheme proposed would not give Thomson's formula [for the scattering of elec-

trons]'; second, the scattering of soft radiation by protons would not yield the

correct Thomson result (but rather the one known for electrons); third, the mean

lifetime of 10ÿ10 seconds in ordinary matter could not be reconciled with experi-

ence (Oppenheimer, 1930b, especially, p. 562). He announced the detailed calcu-

lation to be given in a forthcoming paper, which he submitted in early March

again to Physical Review (Oppenheimer, 1930c). In the case of correction for the

di¨erent proton (M ) and electron masses (m), the evaluation yielded the result

T � �m�M�2c3

64p5e4np
@

5� 1016

np
: �677�
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If np, denoting the number of protons per unit volume (about 1025), was inserted,

this gave indeed 5� 10ÿ10 seconds, `an absurdly short mean lifetime for matter,'

which would not be brought to agree with reality by any possible interaction be-

tween electron and proton (Oppenheimer, loc. cit., p. 943).878

The grave di½culties mentioned by Tamm and Oppenheimer did not prevent

Dirac from presenting his hole theory, including the proton interpretation, publicly

at the Bristol meeting of the British Association on 8 September 1930. There, he

gave a talk with the title `The Proton,' and introduced it with a remark on the

proton±electron structure of the atomic nucleus and the di½culties following for

the statistics of the nitrogen nucleus; after expressing the then fashionable view

that in some way the di½culty would disappear, he continued:

It has always been the dream of philosophers to have all matter built up from one
fundamental kind of particle, so that it is not altogether satisfactory to have two in
our theory. There are, however, reasons for believing that the electron and proton are
really not independent, but are just two manifestations of one elementary kind of
particle. This connexion between the electron and proton is, in fact, rather forced
upon us by general considerations about the symmetry between positive and negative
electric charge, which symmetry prevents us from building up a theory of the nega-
tively charged electrons without bringing in also the positively charged protons.
(Dirac, 1930e, p. 605)

Following this credo about the one fundamental particle constituting all matter,

Dirac then brie¯y outlined the contents of the hole theory; he showed especially

how a hole can be made to disappear by having it ®lled by a negative-energy

electron, thus, the hole must have positive energy; since it behaves like a positively

charged particle (having the same absolute charge as the electron), it is `reasonable

to assert that the hole is a proton' (Dirac, loc. cit.). In referring to the known dif-

®culties, Dirac considered the in®nite-density problem with the negative-energy

electrons to be solved (in Dirac, 1930a, as we have mentioned earlier), while the

large annihilation probability for electron-hole pairs might be removed in future.

Only the very di¨erent masses of the electron and the proton still caused him great

headache. He did not believe in the way out indicated by Oppenheimer in his

February letter, namely:

Thus we should hardly expect any states of negative energy to remain empty. If we
return to the assumption of two independent elementary particles, of opposite charge
and dissimilar mass, we can resolve all the di½culties raised in this note, and retain
the hypothesis that the reason why no transitions to states of negative energy occur,
either for electrons or protons, it is that all such states are ®lled. (Oppenheimer,
1930b, p. 563)

878 In the second part of his paper, Oppenheimer evaluated the relative probability for radiative and
radiationless transitions on Dirac's new theory, obtaining an expression basically equivalent to that
derived on the Heisenberg±Pauli electrodynamics.
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However, such a reconciliation with obvious experimental facts, which would

allow one to give the proton an arbitrary mass, contradicted Dirac's intentions

who `would like, if possible, to preserve the connection between the proton and the

electron . . . as it accounts in a very satisfactory way for the fact that the electron

and proton have charges equal in magnitude and opposite in sign' (Dirac, 1930e,

p. 606). In his talk at Bristol, Dirac rather hoped for further advances in quantum

electrodynamics or a new idea to settle the problem satisfactorily.

While Dirac's uni®ed electron±proton theory initially seemed to allow an

interesting explanation of the beta-decay problem by applying a sort of Auger

e¨ect to negative-energy levels of the nucleus (Ambartsumian and Iwanenko,

1930), the opposition against it grew among some of his most respected colleagues.

On 13 September 1930, Igor Tamm reported in a letter to Paul Dirac the

news about the 1st Congress of Soviet Physicists in Odessa, held from 19 to 24

August.879 In particular, he wrote:

I met Pauli and was pleased to make his acquaintance. Pauli told us that he has rig-
orously proved that the system consisting of m positive electrons and n ``holes'' in the
distribution of the negative-energy electrons has the same energy as the system con-
sisting of m holes and n electrons, the electrons having the velocities which previously
belonged to the holes and vice versa. Pauli concludes that on your theory of protons
the interaction of electrons cannot destroy the equality of the mass of an electron and
a proton. I would be very pleased to hear that Pauli is wrong. (Tamm to Dirac, 13
September 1930)

More than by the news about Pauli's calculation, Dirac was shaken by the argu-

ments put forward by the mathematician Hermann Weyl in the second edition

of his book Gruppentheorie und Quantenmechanik (Weyl, 1931b). Weyl, who, in

1929, had proposed the identi®cation of the negative-energy states with protons,

now wrote:

However attractive this idea may seem to be at ®rst, it is certainly impossible to hold
without introducing other profound modi®cations to square our theory [of electrons
and protons] with the observed facts. Indeed, according to it the mass of the proton
should be the same as the mass of the electron; furthermore, no matter how the action
is chosen (so long as it is invariant under interchange of right and left), this hypoth-
esis leads to the essential equivalence of positive and negative electricity under all
circumstancesÐeven on taking the interaction between matter and radiation rigor-
ously into account. (Weyl, loc. cit., p. 234; English translation, p. 263)

To demonstrate the correctness of this claim, Weyl considered the behaviour of

the terms of the action functions under substitutions interchanging the past and

879Dirac had visited the Soviet Union several weeks earlier and participated, at the end of June, in a
small meeting at the Ukrainian Physico-Technical Institute in Kharkov; however, he had to leave
Russia before 27 July because his visa had expired. (For details of this visit, see Kojevnikov, 1993,
pp. 40±41).
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the future (as was connected with Dirac's interpretation of the negative-energy

states). Though he noticed that `past and future play essentially di¨erent roles in the

quantized ®eld equations' (Weyl, loc. cit.), he also found that `this substitution

neither a¨ects the coordinates nor disturbs the quantized wave equations'; hence:

In view of Dirac's theory of the proton this means that positive and negative elec-
tricity have essentially the same properties in the sense that the laws governing them
are invariant under a certain substitution which interchanges the quantum numbers
of the electrons with those of the protons. The dissimilarity of the two kinds of elec-
tricity thus seems to hide a secret of Nature which lies yet deeper than the dissimi-
larity of past and future. (Weyl, loc. cit.; English translation, p. 264)

This mathematical argumentationÐstressed already in the introduction of

Weyl's book as `a new crisis of quantum physics' (see p. x of the English

translation)Ðultimately convinced Dirac to abandon his cherished theory. As he

later stated:

Weyl was a mathematician. . . . He was just concerned with the mathematical con-
sequences of an idea, working out what can be deduced from the various symmetries.
And this mathematical approach led directly to the conclusion that the holes would
have to have the same mass as electrons. (Dirac, 1971, p. 55)

In May 1931, Dirac submitted another paper to the Proceedings of the Royal

Society, dealing with `Quantized Singularities in the Electromagnetic Field,' in

which he explicitly withdrew the proton hypothesis (Dirac, 1931c). Referring to

the arguments of Weyl (1931b), Tamm (1930b), Oppenheimer (1930b), and him-

self, he now drew the conclusion:

It thus appears that we must abandon the identi®cation of the holes with protons and
must ®nd some other interpretation for them. Following Oppenheimer [1930b], we
can assume that in the world as we know it, all, and not nearly all, of the negative-
energy states for electrons are occupied. A hole, if there were one, would be a new
kind of particle, unknown to experimental physics, having the same mass and oppo-
site charge to an electron. We may call such a particle an anti-electron. (Dirac, 1931c,
p. 61)

The reason why this `anti-electron,' as Dirac baptized the new kind of particle, had

not been detected before, lay, he claimed, in `their rapid rate of recombination

with electrons'Ðas he, Tamm, and Oppenheimer had demonstrated already since

sometime. However, `if they could be produced experimentally in high vacuum,'

Dirac continued, `they would be quite stable and amenable to observation,' and

`an encounter between two hard g-rays (of energy at least half a million volts)

could lead to the creation simultaneously of an electron and an anti-electron, the

probability of occurrence of this process being of the same order of magnitude as

that of the collision of the two g-rays on the assumption that they are spheres of

the same size as classical electrons' (Dirac, loc. cit., pp. 61±62). However, Dirac
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regretted that the probability in question still appeared to be negligible with the

then available intensities of g-rays. (Dirac, loc. cit., p. 62) Independently of the

di½culties of producing the new particles, he now concluded: Protons must be

viewed as unconnected with electrons, and both the protons and the electrons have

their own negative-energy states which should be interpreted as anti-protons and

anti-electrons, respectively. Thus, Dirac's paper of May 1931 expounded the con-

cept of antimatter for particles obeying his relativistic equation.

The main content of the paper under discussion was not this conclusion, im-

portant as it was considered ever since, but `a new idea which is in many respects

comparable with this one about negative energies,' Dirac maintained (Dirac, loc.

cit., p. 62). Indeed, he claimed to need such a new idea in order to explain `the

reason for the existence of a smallest electric charge' that was experimentally de-

termined by the relation

hc=2pe2 � 137: �678�

This reason, he argued in particular, might be recognized immediately if one con-

nected the smallest electric charge e with `the smallest magnetic pole,' assuming

`a symmetry between electricity and magnetism quite foreign to current views'

(Dirac, loc. cit.). Certainly, however, he also admitted that the symmetry envis-

aged need not be complete, but:

Without this symmetry, the ratio of the left-hand-side of Eq. [(678)] remains, from the
theoretical standpoint, completely undetermined and if we insert the experimental
value 137 in our theory, it introduces quantitative di¨erences between electricity and
magnetism so large that one can understand why their qualitative similarities have
not been discovered experimentally up to the present. (Dirac, loc. cit.)

In order to formulate the proposed new idea, Dirac started from the fact that a

wave function c is determined only up to a phase factor exp (ig), or

c � c1 exp�ig�; �679�

where c1 is an ordinary wave function with a de®nite phase at each point (x, y, z,

t). Now, in the special case that g represents a nonintegrable function of the space

and time variables, the physical interpretation demanded: `The change in phase of

the wave function round any closed curve must be the same for all wave functions.'

(Dirac, loc. cit., p. 63) Hence, Dirac continued, `this phase must be independent of

which state of the system is considered,' or more speci®cally: `As our dynamical

system is merely a single particle, it appears that the non-integrability of the phase

must be connected with the ®eld of force in which the particle moves.' (Dirac, loc.

cit., p. 64) The g-factor in Eq. (679) does not really have a ®xed value at any space-

time point but possesses the de®nite derivatives

k � �qg=qx; qg=qy; qg=qz� and k0 � qg=qt: �680�
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Consequently, the change of phase round a closed curve may be written as (with

� ; � denoting the scalar product of the vectors involved)

Dg �
�
�k; ds� �

�
�curl k; d S�; �681�

respectively, where the line integral is replaced (via Stokes's theorem) by a surface

integral (actually S denotes a six-vector). Evidently, if c satis®es the usual time-

dependent SchroÈdinger equation, c1 satis®es another, in which the space and time

derivatives are replaced by

ÿ ih

2p

q

qx
c! ÿ ih

2p

q

qx
� h

p
kx

� �
c1 . . . �682�

and

ih

2p

q

qt
c! ih

2p

q

qt
ÿ h

2p
k0

� �
c1: �682a�

In the case of an electron of charge ÿe moving in an electromagnetic ®eld (A, A0),

Dirac identi®ed the k and the k0 with

kx � 2pe

hc
Ax; . . . ; k0 � ÿ 2pe

h
A0: �683�

Thus, for the phase change round a closed loop in the three-dimensional space, he

arrived at the expression

Dg � 2pe

hc

�
�H; d S�; �684�

with H denoting the magnetic-®eld vector.

So far, the considerations only reproduced, as Dirac remarked, the modern

formulation of the gauge-invariance principle, as had been given previously by

Hermann Weyl (1929b) and Vladimir Fock (1929). But quantum mechanics

allowed for much more than the conventional results, which Dirac showed in §3

of his paper (1931c). In particular, he noted (Dirac, loc. cit., p. 66) that `a further

fact must be taken into account, namely that a phase [in Eq. (679)] is always

undetermined to the extent of an arbitrary integral multiple of 2p,' and: `This

requires a reconsideration of the connection between the k's and the potentials and

leads to a new physical phenomenon.' In particular, Eq. (684) would be replaced

(for a `large' closed path) by

Dg � 2pSn� 2pe

hc

�
�H; d S�; �684 0�
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where n were the integer numbers associated with `small' closed curves making up,

in a network, the `large' one. Since the left-hand side of Eq. (684 0), when applied

to a closed surface, must vanish, Dirac concluded that `Sn summed for all nodal

lines [arising from the zeroth of the complex wave functions] crossing a closed

surface [in three-dimensional space] must be the same for all wave functions and

must equal ÿ e2p

hc
times the total magnetic ¯ux crossing the surface' (Dirac, loc.

cit., p. 68). He then continued: `If Sn does not vanish, some nodal lines must have

end points inside the closed surface, since a nodal line without such end point must

cross the surface twice (at least) and will contribute equal and opposite amounts of

Sn at the two points of crossing.' (Dirac, loc. cit.) Hence, a ®nite value for Sn

would give the sum of n for all nodal lines inside the surface having end points,

and this sum must be the same for all wave functions. In a physical interpretation,

this result meant that `these end points are then end points of singularity in the

electromagnetic ®eld,' whose nature can be derived from calculating the ¯ux of the

magnetic ®eld crossing a small surface surrounding one of the points yielding

4pm � nhc=e: �685�

Or, `at the end point there will be a magnetic pole of strength m � nhc

4pe
.' (Dirac, loc.

cit.) Dirac concluded:

Our theory thus allows isolated magnetic poles, but the strength of such poles must be
quantized, the quantum m0 being connected with the electric charge e by

hc

2pem0

� 2: ��686��

(Dirac, loc. cit.)

In the next section, Dirac illustrated how a magnetic monopole would act in

quantum mechanics. Evidently, the electromagnetic ®eld equations (683) were not

satis®ed around the magnetic pole, but he succeeded in writing the SchroÈdinger

equation for an electron in the magnetic ®eld of a monopole. Though he did not

arrive at a solution of this equation, he observed that `there can be no stable states

for which the electron is bound to the magnetic pole' (Dirac, loc. cit., p. 70).880

Dirac concluded by noting that, although in classical electrodynamics the equa-

tions of motion can be written in a Hamiltonian form `only when there are no

isolated magnetic poles,'

quantum mechanics does not really preclude the existence of isolated magnetic poles.
On the contrary, the present formalism of quantum mechanics, when developed

880 Immediately afterward, Igor Tamm treated the problem and obtained the general solution of
Dirac's equation (Tamm, 1931).
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naturally without the imposition of arbitrary restrictions, leads inevitably to wave
equations whose only physical interpretation is the motion of an electron in the ®eld
of a single pole. This new development requires no change whatever in the formalism
when expressed in terms of abstract symbols denoting states and observables, but is
merely a generalization of the possibilities of representation of these abstract symbols
by wave functions and matrices. Under these circumstances one would be surprised if
Nature had made no use of it. (Dirac, loc. cit., p. 71)

(c) The Discovery of New Elementary Particles of

Matter and Antimatter (1930±1933)

In his letter of 4 December 1930, to the `radioactive ladies and gentlemen' as-

sembled at the TuÈbingen Gauverein meeting of the German Physical Society,

Wolfgang Pauli had proposed the existence of an electrically neutral particle of

spin 1/2 (in units of h=2p) in order to solve the problem of the continuous b-

emission. He called this particle the `neutron' and attributed to it a small mass of

the order of magnitude of an electron mass, certainly not much higher than 1

percent of the proton mass.881 Pauli's `neutron,' which he would use also to ex-

plain the wrong statistics of certain nuclei, soon came into con¯ict with a rather

di¨erent neutron which had been proposed somewhat earlier for quite another

purpose. We shall ®rst deal with the story of the latter, while the discussion of the

former will be dealt with in the next part of this section.

Apparently, the ®rst scientist, who explicitly talked about a `neutron,' was

Walther Nernst.882 In the fourth section of his textbook Theoretische Chemie

of 1909, Nernst introduced a new chapter on `Die atomistische Theorie der

ElektrizitaÈt (The Atomistic Theory of Electricity)'; starting from Hermann von

Helmholtz's Faraday lecture of 1881, he assumed the existence of positive and

negative elementary particles (`electrons') to describe the behaviour of chemical

substances. He then continued:

Whether also the compound of a positive and a negative electron (lm � neutron,
electrically neutral massless molecule) possesses a real existence, is evidently quite an
important question. We wish to assume that neutrons may exist everywhere, just like
the light-aether; and we may add that a space ®lled with these molecules must be
imponderable, electrically non-conducting, but polarizable, i.e., it should possess
properties which physics moreover claims for the light-aether. (Nernst, 1909, p. 400)

Thus, the physicochemist, Nernst, connected his `neutron' with the electromag-

netic aether, a speculation which was later revived in a di¨erent form by William

Henry Bragg when he proposed to consider g-rays and highly energetic X-rays `to

consist of neutral pairs' of positive and negative electrons (W. H. Bragg, 1907,

p. 441). Several years later, Antonius Johannes Van den Broek, the codiscoverer

881See Pauli, 1985, p. 39, and our discussion in Section III.7.

882The prehistory of the neutron has been summarized in a review by Bernd KroÈger (1980).
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of the concept of atomic number, ®rst thought about the existence of groups of

massive neutral particles in atomic nuclei; in particular, he considered the neutral

helium particles (Van den Broek, 1915). Then, William D. Harkins, a professor of

physical chemistry at the University of Chicago, introducedÐin a paper submitted

in April 1920 to the Journal of the Chemical SocietyÐthe existence of `atoms of

zero atomic number' which might have `masses of 4, 3, 2 and 1, and possibly other

values,' in order to explain the recent experiments of Rutherford on the reactions

of atomic nuclei (Harkins, 1920, p. 1996). More concretely, Ernest Rutherford had

said in his Bakerian lecture in June of the same year:

It seems very likely that one electron can also bind two H nuclei and possibly one H
nucleus. In the one case, this entails the possible existence of an atom of mass nearly 2
carrying one charge, which is to be regarded as an isotope of hydrogen. In the other
case, it involves the idea of the possible existence of an atom of mass 1, which has
zero nucleus charge. . . . If the existence of such atoms be possible, it is to be expected
that they may be produced, but probably in very small numbers, in the electric dis-
charge through hydrogen, where both electrons and H nuclei are present in consid-
erable numbers. (Rutherford, 1920, p. 396)

Rutherford arranged suitable experiments to be done at his Cavendish Labora-

tory, but he and his collaborators did not obtain any result of the kind in the

1920's that he had envisaged. Neither the neutral atoms of mass 1 (which Harkins,

en passent, named the `neutron': 1921, p. 331), nor the predicted isotope of mass 2

was found. The discovery of both had to wait until the early 1930s.

The ®nal story of events leading to the discovery of Rutherford's `neutral mass-

1 atom' began with the `arti®cially excited nuclear g-rays,' observed in fall 1930 by

Walther Bothe and Herbert Becker at the Physikalisch-Technische Reichsanstalt in

Berlin. Bothe and Becker bombarded several nuclei, from hydrogen to lead, with

a-rays from a polonium source; in the case of Li, Be, B, F, Mg, and Al, they reg-

isteredÐwith a Geiger counter (point-counter tube)Ðemerging secondary g-rays,

which for B and Be belonged `in order of magnitude to the hardest g-rays observed

in radioactive decays' (Bothe and Becker, 1930, p. 289). In the particular case of

beryllium (where a large g-ray intensity resulted), a strong dependence of the ex-

citation energy as a function of the energy of the incident a-rays resulted, though

the hardness (i.e., energy) of the secondary radiation was not in¯uenced at all.

Bothe and Becker made use of Gamow's a-decay model (discussed in Section

III.7) to describe the situation and concluded that `a nuclear radiation can prac-

tically occur only in connection with ionization (smashing) or excitation of the

nucleus'Ðbecause then the a-particles might be either absorbed or inelastically

scattered (Bothe and Becker, loc. cit., p. 302). They expected to obtain more

accurate information by using a stronger Po probe. Indeed, in a later letter to

Naturwissenschaften, dated 6 August 1931, re®ned absorption measurements of

the Be-`radiation' (with iron and lead absorbers) were reported (Becker and Bothe,

1931). Becker and Bothe now determined its energy to be 14� 106 eV as com-

pared to 5:2� 106 eV of the incident a-particles; this correspondedÐif the motion
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of the nucleus were taken into accountÐto roughly 3:6� 106 eV for the newly

created `gammas.' Consequently, the original a-particle had to be absorbed by the

Be nucleus, leading to a gain of the negative binding energy, and Becker and

Bothe proposed the following interpretation: `Since the Be nucleus cannot be

smashed, hence no secondary corpuscular radiation is emitted, one may conclude

with good reason that the process represents a simple nuclear fusion, or Be9�
a � C13.' (Becker and Bothe, loc. cit., p. 753)

The results obtained by Becker and Bothe in Berlin aroused the interest of

IreÁne Curie in Paris. On 21 December 1931, a note of hers was presented at the

AcadeÂmie des Sciences, in which she examined the `nuclear g-radiation' emitted

from Be and Li upon bombardment with Po a-rays more closely; she determined

(with the help of the Klein±Nishina formula that had also been used by Becker

and Bothe, 1931) energies up to 15 to 20 MeV, which were much too large to be

credible except in cosmic rays (I. Curie, 1931). IreÁne Curie and her husband

FreÂdeÂric Joliot then allowed the `radiation' to pass through a very thin window

in an ionization chamber; they placed para½n wax (i.e., a substance containing

hydrogen) in front of it, and observed in early January 1932 an increased ioniza-

tion due to the ejection of protons from the wax (I. Curie and F. Joliot, 1932a).

They interpreted the proton energy, which was up to 4.5 MeV, as energy from a

Compton e¨ect with radiation having 50 MeV energy. In a second note, commu-

nicated to the AcadeÂmie des Sciences on 11 April, they observed the protons'

tracks in a cloud chamber and con®rmed the high energy (I. Curie and F. Joliot,

1932b). In the same paper, they withdrew their previous Compton-e¨ect explana-

tion. In between, however, James Chadwick in Cambridge, who had seen their

January communication, entered upon the stage. As he recalled many years later,

he was immediately quite startled by the January note of Curie±Joliot's, and:

Not many minutes afterwards, [Norman] Feather came to my room to tell me about
this report. . . . A little later that morning I told Rutherford. . . . As I told him about
the Curie-Joliot observation and their view of it, I saw his growing amazement
and ®nally he burst out: ``I don't believe it.'' (Chadwick, quoted in KroÈger, 1980,
p. 190)

The Cambridge group had followed already earlier the ®ndings of Bothe and

Becker with interest. `Mr. H. C. Webster in the Cavendish Laboratory had also

been making similar experiments, and he had proceeded to examine closely the

production of these radiations,' Chadwick recalled in his Nobel lecture of De-

cember 1935, and further noted: `I suggested . . . that the radiation [emitted by

beryllium] might consist of neutral particles and that a test of this hypothesis

might be made by passing the radiation into an expansion [cloud] chamber.'

(Chadwick, 1965, p. 340) But the photographs taken in 1930 or 1931 yielded

nothing spectacular (due to the weakness of the polonium source, as found later).

Now, the Curie±Joliot results led Chadwick to the decisive breakthrough, which

he reported in a letter to Nature, dated 17 February 1932:
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I made some experiments by using the valve counter to examine the properties of the
radiation excited. The valve counter consists of a small ionization chamber connected
to an ampli®er, and the sudden production of ions by the entry of a particle, such as a
proton or a-particle, is recorded by the de¯ection of an oscillograph. These experi-
ments have shown that the radiation [emitted from beryllium] ejects [secondary]
particles from hydrogen, helium, lithium, beryllium, carbon, air, and argon. The
particles ejected from hydrogen behave, as regards range and ionization power, like
protons with speeds up to about 3:2� 109 cm per sec. The particles from the other
elements have a large ionization power, and appear to be in each case recoil atoms of
the elements. (Chadwick, 1932a, p. 312)

Now, the real interpretation of the Cambridge result seemed to be evident. If

Chadwick assumed that the recoil protons arose from the Compton e¨ect of g-rays

(as his predecessors had claimed), both energy and ionization power should be

much lower than observed. Also, the study of the recoil nuclei in a cloud chamber

(which Chadwick carried out with his student Feather) required very high energy;

hence, the previous interpretation appeared to be `very di½cult,' if energy and

momentum conservation applied. However, Chadwick proceeded in his letter:

The di½culties disappear if it is assumed that the radiation [excited by a-particles in
beryllium] consists in particles of mass 1 and charge zero, or neutrons. The capture of
the a-particle by the Be9 nucleus may be supposed to result in the formation of a C12

nucleus and the emission of the neutron. From the energy relation of this process the
velocity of the neutron emitted in the forward direction may well be about 3� 109

cm per sec. The collision of this neutron with the atoms through which it passes gives
rise to the recoil atoms, and the observed energies of the recoil atoms are in fair
agreement with this view. (Chadwick, loc. cit.)

The observation of protons in an opposite direction to that of the incoming objects

(from beryllium) with much smaller range con®rmed the new interpretation. On

the other hand, the claim of Becker and Bothe (in August 1931) to have obtained a

C12 nucleus could be excluded on account of the known mass defect and energy

conservation.

The news from Cambridge was received with the greatest interest. For example,

Franco RasettiÐthen at Lise Meitner's Kaiser Wilhelm-Institut fuÈr Chemie in

BerlinÐinvestigated the case of beryllium both in a Wilson cloud chamber and in

a coincidence experiment. From the latter, he concluded that `the particles creat-

ing the coincidences behave like electrons having some million electron-volts of

energy, which cannot be explained by the neutron hypothesis,' but quite well `as

Compton electrons of a g-radiation of roughly 10 million electron-volts' (Rasetti,

1932, p. 253). Thus, he pleaded in favour of a more (complex) Be-radiation, con-

sisting of a mixture of g-quanta and neutrons. His letter of 15 March appeared in

the Naturwissenschaften issue of 1 April; six weeks later, the Naturwissenschaften

published a letter of Becker and Bothe, dated 15 April 1932, who insisted that they

had observed in their own experiments only g-radiation (Becker and Bothe, 1932a).

But in the beginning of May 1932, James Chadwick presented his neutron inter-
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pretation in full detail in a paper entitled `The Existence of a Neutron' and pub-

lished in the June issue of the Proceedings of the Royal Society (Chadwick, 1933b).

Chadwick condensed his proof as follows:

We have

Be9 �He4 � kinetic energy of a

� C12 � n1 � kinetic energy of C12 � kinetic energy of n1: ��687��

If we assume that the beryllium nucleus consists of two a-particles and a neutron,
then its mass cannot be greater than the sum of the masses of these particles, for the
binding energy corresponds to a defect mass. The energy equation becomes

�8:00212� n1� � 4:00106� kinetic energy of a

> 12:0003� n1 � kinetic energy of C12 � kinetic energy of n1 ��688��

or

kinetic energy of n1 � kinetic energy of

a� 0:003ÿ kinetic energy of C12: ��689��

Since the kinetic energy of the a-particle of polonium is 5:25� 106 electron-volts,
it follows that the energy of the emission of a neutron cannot be greater than
about 8� 106 electron-volts. The velocity of the neutron is about 3:3� 109 cm per
second, so that the proposed disintegration process is compatible with observation.
(Chadwick, loc. cit., p. 699)

Chadwick explained the Rasetti coincidences by the g-radiation emitted from an

excited C12 nucleus (see Chadwick, loc. cit., p. 707).883

From his experimental investigations, Chadwick also determined the nature

and properties of the neutron (in §4 and §5 of Chadwick, loc. cit.). Thus, he de-

rived the mass from the reaction B11 �He4 ! N14 � n1, namely:

mass of B11 �mass of He4 � kinetic energy of He4

� mass of N14 �mass of n1 � kinetic energy of N14

� kinetic energy of n1: ��690��
Unlike the mass of Be9, the masses of the nuclei B11 and N14 had been determined

already quite well. Thus, he obtained a value of 1.005 to 1.008 in the mass units of

Aston, a value below the sum of the masses of proton and electron, as he expected

883 In a further letter to Naturwissenschaften, dated 3 September 1932, Becker and Bothe again in-
sisted on the fact that their counter-experiment just registered g-radiation (Becker and Bothe, 1932b).
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from the view of the neutron as being a proton±electron bound state with a radius

of the order of 10ÿ13 cm.884 Because of its zero chargeÐthe electrical ®eld should

be negligible at least down to distances of the order of 10ÿ12 cmÐthe neutron

would be able to penetrate into nuclei. Chadwick further concluded that neutron±

nucleus scatterings would occur very rarely as compared to Coulomb scattering.

Preliminary tests seemed to con®rm these conclusions: Collisions with a proton

turned out to be more frequent than those with nuclei of light atoms, and those

with electrons occurred only very rarely (see Dee, 1932).885 Finally, he drew

another, important conclusion:

Although there is certain evidence for the emission of neutrons only in two cases of
nuclear transitions [namely the a-particle scattering on Be9 and B11], we must never-
theless suppose that the neutron is a common constituent of atomic nuclei. We may
then proceed to build up nuclei out of a-particles, neutrons and protons, and we are
able to avoid the presence of uncombined electrons in a nucleus. This has certain
advantages for, as is well known, the electrons in a nucleus have lost some properties
which they have outside, e.g., their spin and magnetic moment. (Chadwick, 1932b,
p. 706)

This important conclusionÐone may rather call it a hypothesisÐsolved the

great puzzles of the previous theories of nuclear structure, which we have dis-

cussed in Section III.7. Chadwick went on to argue further in favour of his

hypothesis:

If the a-particle, the neutron, and the proton are the only units of nuclear structure,
we can proceed to calculate the mass defect or building energy of a nucleus as the
di¨erence between the mass of the nucleus and the sum of the masses of the con-
stituent particles. It is, however, by no means certain that the a-particle and the
neutrons are the only complex particles in the nuclear structure, and therefore the
mass defects calculated this way may not be the true binding energies of the nu-
clei. In this connection it may be noted that the examples of disintegration discussed
by Dr. Feather in the next paper [Feather, 1932] are not at all of one type, and he
suggests that in some cases a particle of mass 2 and charge 1, the hydrogen isotope
recently reported by Urey, Brickwedde and Murphy, may be emitted. It is indeed
possible that this particle also occurs as a unit of nuclear structure. (Chadwick, loc.

cit.)

With these last remarks, Chadwick referred to the originally quite surprising ob-

servation, which had been reported in a short note by Harold Urey, Ferdinand

Brickwedde, and G. M. Murphy of Columbia University and the National Bureau

of Standards, signed on 5 December 1931, and published in the 1 January 1932,

issue of the Physical Review: From an analysis of atomic spectra of fractionated

liquid hydrogen in a discharge tube, they derived the existence of a hydrogen iso-

884This had been Rutherford's conception of the neutron in 1920.

885Chadwick noted (1932b, p. 704) that these experiments were carried out by several of his col-
laborators, notably, Dr. Gray and Mr. Lea.
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tope having a mass of about 2 and a relative abundance in natural water of 1 : 4000

(Urey, Brickwedde, and Murphy, 1932).886 While this stable isotope would play,

similar to the likewise strongly bound He4 isotope, a great role in the discussion of

nuclear structure and forces, the theoreticiansÐespecially Dmitrij Iwanenko

(1932a, b) and Werner Heisenberg (1932b, c)Ðwould ®rst pick up the idea of

building up nuclei simply of protons and neutrons. Notwithstanding the details of

the further development, Chadwick's discovery in Cambridge opened a new era in

nuclear physics, not only by explaining naturally the surprising observation of the

heavy hydrogen isotope, but by giving rise to a consistent quantum-mechanical

theory of nuclear constitution involving a new concept of nuclear forces, which in

turn led even to a further insight into the structure of matter and the existence of

new elementary particles.

The ®rst half of the year 1932, especially the month of February, proved to be an

even more successful period for the Cavendish Laboratory concerning experiments

on nuclear physics. In these, another student and collaborator of Ernest Ruth-

erford's, namely, John Cockcroft, became involved. At the turn of the year from

1928 to 1929, immediately after obtaining his doctorate, Cockcroft had proposedÐ

based on the stimulation received from George Gamow's nuclear theoryÐto con-

struct an apparatus to accelerate protons and a-particles beyond the energies

obtained from nuclear transformations and obtained the help of Ernest Thomas

Sinton Walton as collaborator.887 By January 1932, their accelerator machine was

ready, and they reported in a letter published in the 13 February issue of Nature:

For maximum energy of protons produced up to the present has been 710 kilo-
volts. . . . We do not anticipate any di½culty in working up to 800 kilovolts with our
present apparatus. (Cockcroft and Walton, 1932a, p. 242)

They described more details in a paper, which Lord Rutherford communicated

on 23 February to the Proceedings of the Royal Society (Cockcroft and Walton,

1932b). They pointed out that the high voltage was created in a cascade circuit

built of a series of four condensers, such that a voltage multiplication resulted.888

886Harold Urey would receive the Nobel Prize for Chemistry in 1934. Born on 29 April 1893, in
Walterton, Indiana, Urey studied zoology and chemistry at Montana State University after serving
(from 1911 to 1914) as a high school teacher; then, he joined the University of Montana (except from
1917 to 1919 when he worked as a research chemist at Barret Company, Baltimore). He continued his
studies at the University of California at Berkeley, where he received his Ph.D. in 1923. He spent the
year 1923±24 with Niels Bohr in Copenhagen on an American±Scandinavian Foundation fellowship;
then, he worked at Johns Hopkins University as a research associate. In 1929, Urey received a profes-
sorship at Columbia University (associate professor, 1929±1934; professor, 1934±1945), during which
period he participated as the leading expert in isotope chemistry in the Manhattan Project in World
War II. Then, he joined the University of Chicago and in 1958 the Scripps Institute for Oceanography
in San Diego. He died on 6 January 1981, in San Diego.

887For the biographical data on Cockcroft and Walton and the beginning of their accelerator
enterprize, see Volume 4, pp. 35±36.

888The principle of this voltage multiplication goes back to the Swiss physicist Heinrich Greinacher,
who applied it ®rst in 1914 (Greinacher, 1914)Ðsee Volume 5, Part 1, p. 284. Hence, this part of the
Cockcroft±Walton machine would occasionally be referred to as the `Greinacher circuit.'
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The high voltage was then applied to an experimental tube allowing positive ions

to be accelerated; the accelerated ions were ®nally directed into a chamber

screened from electric ®elds, where they hit a target consisting of di¨erent sub-

stances. Originally, Cockcroft and Walton used beryllium as the target (because of

the then recent interest in that substance), but they had troubles in detecting any

result originally, namely, a luminescence in the reaction chamber. Ultimately,

Rutherford, who urgently desired results, insisted that Cockcroft and Walton

should observe the reaction with his favourite method, using a ¯uorescent zinc

sulphide screen, which had worked so well in the detection and counting of a-

particles earlier. Until June 1932, Rutherford's coworkers con®rmed a number of

arti®cial nuclear transitions created by the bombardment with their accelerated

protons, starting with targets of lithium (which subsequently broke into two

a-particles), beryllium, boron, ¯uorine up to uranium (Cockcroft and Walton,

1932c). They had thus provided the nuclear physicists with a new, powerful

instrument to obtain controlled disintegration of nuclei, which Rutherford proudly

demonstrated to many visitors who came in 1932 and the following years to his

¯ourishing laboratory.889

It should be mentioned that the Cockcroft±Walton method did not constitute

the ®rst serious approach described in the literature to accelerate charged particles,

like protons and electrons, to high energies. These approaches were initiated from

two sides: namely, from the Norwegian Rolf Wideroe and others who developed

the `betatron' idea in the 1920's for speci®cally accelerating electrons, and from

Robert J. Van de Graa¨, National Research Fellow at Princeton University,

whose electrostatic generator should work in principle for all charged particles.

At the Schenectady meeting of the American Physical Society in September

1931, Van de Graa¨ introduced an apparatus which provided 1,500,000 volts, `a

powerful means for the investigation of the atomic nucleus and other fundamental

problems' (Van de Graa¨, 1931, p. 1919). Then, on 20 February, a few weeks after

Cockcroft and Walton announced their ®rst results in Cambridge, the Physical

Review received a detailed paper of Ernest O. Lawrence and M. Stanley Living-

ston from Berkeley in which they announced the invention of their `cyclotron'

(1932). However, the application of this method, which would provide even a

wider application in nuclear and high-energy physics than the Cockcroft±Walton

apparatus, in the case of producing nuclear reactionsÐnamely, the scattering

of protons by lithium nucleiÐcame later than that of the Cambridge team, nota-

bly, in a note submitted on 15 September 1932, to Physical Review (Lawrence,

Livingston, and White, 1932).890

While Great Britain surpassed America in obtaining the ®rst high-voltage in-

889Nearly 20 years after their work, Cockcroft and Walton were honoured with the 1951 Nobel
Prize for Physics; they were cited for having `produced a totally new epoch in nuclear research' (from
the Presentation Speech of Ivar Waller, reprinted in Nobel Foundation, ed., 1964, p. 165).

890We shall talk more about the development of particle accelerators in Section IV.5.
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duced nuclear reactions, the New World soon answered with another pioneering

deed: the discovery of antimatter, in particular, the experimental proof of Dirac's

`anti-electron.' Nearly seven months later, Carl Anderson recalled the moment of

discovery:

On August 2, 1932, during the course of photographing cosmic ray tracks produced
in a vertical Wilson chamber (magnetic ®eld of 15,000 gauss) designed in summer
1930 by Professor Millikan and the writer, the tracks shown in Fig. 1 were obtained,
which seemed to be interpretable only on the basis of the existence in this case of a
particle carrying a positive charge but having a mass of the same order of magnitude
as that normally possessed by a free negative electron. Later studies of the photo-
graph by a whole group of men of the Norman Bridge Laboratory only tended to
strengthen this view. (Anderson, 1933c, p. 491)

The public came to know about this ®nding in a short `special article,' signed

by Anderson on 1 September 1932, and published under the title `The Apparent

Existence of Easily De¯ectable Positives' (Anderson, 1932b). There he reported:

In measuring the energies of charged particles produced by cosmic rays, some tracks
have recently been found which seem to be produced by positive particles, but if so
the masses of these particles must be small compared to the mass of the proton. The
evidence for this statement is found in several photographs, three of which are dis-
cussed below.
. . .

The interpretation of these tracks as due to protons, or other heavier nuclei, is
ruled out on the basis of range and curvature. Protons or heavier nuclei of the
observed curvatures could not have ranges as great as those observed. The speci®ca-
tion is close to that of an electron of the same curvature, but indicating a positively-
charged particle comparable in mass and magnitude of charge with an electron.
(Anderson, loc. cit., pp. 238±239)

In retrospect, Anderson's observations of August 1932 have been celebrated

generally as the discovery of Dirac's hypothetical `anti-electron' proposed more

than a year previously (Dirac, 1931c).891 A closer look at the historical events tells

a much more complex story, consisting rather of a sequence of discoveries and

beginning several years before Anderson's particular result and continuing far into

the year 1933.892 Since the mid-1920s, Robert A. Millikan had chosen the inves-

tigation of cosmic radiation as the central task of his experimental programme;

especially, he attempted to support the hypothesis that is consisted essentially of

high-energy gamma radiation.893 In some contrast to Millikan's assumption,

891See, e.g., Cahn and Goldhaber, 1989, pp. 5±6.

892Several historical accounts of the discovery of the anti-electron, or `positron' (as Anderson
would call it) have been given, especially those by Hanson (1963) and De Maria and Russo (1985).

893For a historical account, see, e.g., Xu and Brown, 1987.
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Dmitri Skobeltzyn of Leningrad observed as early as spring 1927 tracks of

charged particles in his cloud chamber, combined with a magnetic ®eld, and pub-

lished in early 1929 a detailed report (Skobeltzyn, 1927, especially, p. 377; 1929).

Both he and, independently, Werner KolhoÈrster and Walther Bothe of Berlin, who

developed the coincidence method with counters (KolhoÈrster, 1928; Bothe and

KolhoÈrster, 1929), con®rmed that cosmic radiation consisted partly of high-energy

electrically charged particles.894

Then came Carl Anderson upon the scene, who later recalled the circumstances

of a new cloud-chamber programme in Pasadena:

At about the end of 1929, when it became clear to me that I was likely to receive my
Ph.D. degree at Caltech in June 1930, I made an appointment to see Dr. Millikan.
The purpose of my visit was to see if it were at all possible to spend one year more at
Caltech as a postdoctoral research fellow. My reason for doing so was twofold: to
carry out an experiment I had in mind and to learn something about quantum
mechanics. (C. Anderson and H. Anderson, 1983, p. 135)

But Millikan decided that Anderson should rather continue his research work

at another place, and (endowed with a National Research Council fellowship)

Anderson decided to apply to A. H. Compton at the University of Chicago.

However, several months later, Millikan changed his mind and strongly wished

Anderson `to spend one more year at Caltech to build an instrument to mea-

sure energies of the electrons present in cosmic radiation' (C. Anderson and

H. Anderson, loc. cit., pp. 136±137).895 Having previously obtained some exper-

tise in photographing secondary electrons in a cloud chamber, he began `to work

on the design of the instrument he [i.e., Millikan] had proposed for cosmic-ray

studies': `It was to consist of a cloud chamber operated in a magnetic ®eld . . .

a very powerful magnetic ®eld, for the cosmic-ray electrons were expected to

894See the report of Skobeltzyn (1981). Dmitri V. Skobeltzyn was born on 24 November 1892, in
St. Petersburg and graduated from the University of Leningrad. In 1925, he became a research fellow of
the Leningrad Polytechnical Institute. There, he began to investigate the Compton-e¨ect electrons and
later the cosmic-ray electrons, and spent some time (from 1929 to 1931) at Marie Curie's Paris labora-
tory. In the 1930s, he specialized on cascade studies in cosmic rays. Shortly before World War II, he
moved to the Lebedev Physical Institute of the Soviet Academy of Sciences (Director from 1951 to
1973) in Moscow; there, he also founded the Institute of Nuclear Physics at the Moscow State Uni-
versity. He died on 16 November 1990, in Moscow.

895Carl Anderson was born of Swedish parents in New York on 3 September 1905. Graduating
with a B.Sc. degree in physics and engineering from the California Institute of Technology in 1924,
he stayed on there to work with Robert A. Millikan for the Ph.D.: His thesis contained a Wilson
cloud chamber study of the space distribution of photoelectrons produced by X-rays in various gases
(Anderson, 1929, 1930). In the period from 1930 to 1933, he was a research fellow, then an assistant
professor, and ®nally, a full professor from 1939 until his retirement in 1976. During World War
II (from 1941 to 1946), he served on projects of the Defense Research Committee and the O½ce of
Scienti®c Research and Development. He died on 11 January 1991. (For more biographical informa-
tion on Anderson, see Nobel Foundation, 1965, p. 377, and the brief obituary note `Carl D. Anderson,
1905±1991' in CERN Courier, March 1991, p. 30.)
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have energies in the range of at least several hundred million electron volts.'

(C. Anderson and H. Anderson, loc. cit., p. 137)

In November 1931, Millikan presented and discussed the ®rst 11 cosmic-ray

photographs taken by Anderson's new instrument at the Institut Henri PoincareÂ in

Paris and at the Cavendish Laboratory in Cambridge (see Millikan and Anderson,

1932a, especially, p. 325). His conclusionÐthat is, `all the tracks seem to be

interpreted from the standpoint of the photon theory of the nature of the rays'

(Millikan and Anderson, 1932b, p. 1056)Ðdid not meet with the agreement of

European experts, although he had available an interpretation for the charged

particles observed in cosmic radiation by Skobeltzyn and Bothe and KolhoÈrster:

They should be created by a primary g-ray photon hitting an atomic nucleus. In

particular, Skobeltzyn in Leningrad, who was informed by letters from Cambridge

and Paris, also criticized Millikan's identi®cation of positive-charge tracks with

protons.896 Anderson also recalled that he had quarrels with Millikan in those

days on the nature of the positive tracks (C. Anderson and H. Anderson, 1983,

pp. 139±140), and even more so on their energy (C. Anderson and H. Anderson,

loc. cit., p. 143). He ®nally succeeded, supported by his student Seth H. Nedder-

meyer, to persuade the stubborn Millikan of the existence of `the energy of the

cosmic rays . . . in a few cases . . . of the order of 109 electron-volts' (Anderson,

1932a, p. 420), while Millikan had earlier insisted that the energies could not ex-

ceed 400 to 500 MeV. Anderson, however, also noticed: `The speci®c ionization

along the tracks showing positives is in most instances not much greater than that

of the electrons,' but addedÐin agreement with Millikan's assertionÐalso that

`the positives can only be protons, and cannot themselves represent nuclei of much

higher number than unity' (Anderson, loc. cit., p. 418). Two months later, he

publicly expressed a di¨erent opinion in a contribution to Science by claiming the

existence of `a positively charged particle comparable in mass and magnitude of

charge with an electron' (Anderson, 1932b, p. 239). In spite of this rather obvious

conclusion, the physicists at Caltech remained cautious about it.897

In fall 1932, the centre of development on the `positive electron' shifted to

Cambridge, where Patrick Maynard Stuart Blackett had been working at the

Cavendish Laboratory since the 1920's as an expert on cloud chamber observa-

tions. In July 1931, a new collaborator, Giuseppe Occhialini, had arrived at the

Cavendish from Italy, where he had worked previously at the Arcetri Physics

896For further details, see De Maria and Russo, 1985, pp. 244±245.

897Thus, J. Robert Oppenheimer wrote in fall 1932 to his brother Frank:

We have been running a nuclear seminar, in addition to the usual ones, trying to make some
order of the great chaos, [but] not getting very far with that. We are supplementing the paper I
wrote last summer [on electron impacts] with a study of radiation in electron impacts, and
worrying about the neutron and Anderson's positively charged electron, and are cleaning up a
few residual problems in atomic physics. (Robert Oppenheimer to his brother Frank, circa fall
1932, published in Oppenheimer, 1980, p. 159)
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Laboratory of the University of Florence.898 In spring 1932, he visited Paris

and became acquainted with the photographs, taken by IreÁne Curie and FreÂdeÂric

Joliot, for the scattering of the radiation from polonium-beryllium in a cloud

chamber (I. Curie and F. Joliot, 1932b). Curie and Joliot had observed strange

`electrons emitted backwards with respect to the incident beam' and claimed that

they originated from the scattering of neutrons with matter (I. Curie and F. Joliot,

loc. cit., p. 1230). During the summer of 1932, Blackett and Occhialini had built

an apparatus consisting of two Geiger counters arranged in a coincidence circuit,

one above and one below a cloud chamber (in order to have cosmic rays when

passing through the chamber, stimulating its expansion and, thus, the creation of

tracks); in addition, a magnet had been added to analyze the observed tracks

(Blackett and Occhialini, 1932).899 Blackett and Occhialini then started in fall

1932 to take photographs, and observed the same `anomalies' as Curie and Joliot

in Paris had found in spring with the terrestrial source (the polonium-beryllium

source), also in cosmic radiation without drawing any conclusions. As Occhialini

wrote later (in an Italian report of spring 1933): `In the magnetic ®eld some tracks

are curved in the direction corresponding to negative particles, others to positive

particles. . . . It had been evident since last summer, considering both penetration

and ionization, that the tracks curving to the positive side could not be produced

by protons.' (Occhialini in La Ricerca Scienti®ca, 1933, p. 373, English translation

by De Maria and Russo, 1985, p. 267) But Blackett and Occhialini ®rst tried to

®nd explanations through some `unclear mechanism,' even though Francis Aston

brought the news about Anderson's conclusion to Cambridge, after a visit to

Pasadena in September 1932. It took a while until Blackett and Occhialini had

gone through a series of investigations and tests that they came out with a decisive

publication. On 7 February 1933, the Proceedings of the Royal Society ®nally re-

ceived the report on `Some Photographs of the Tracks of Penetrating Radiation,'

communicated by Rutherford (Blackett and Occhialini, 1933). After explaining

certain technical details of their apparatus and method and adding some general

remarks on `the astonishing variety and complexity of those multiple tracks'

observed in the photographs, Blackett and Occhialini proceeded to the physical

898Occhialini was already familiar with the Geiger-counter methods (through Bruno Rossi's stay at
Berlin) and was supposed to learn about the British cloud chamber techniques.

G. P. S. Occhialini was born on 5 December 1907, in Rossombrone, the son of Augusto Occhialini,
who had been Director of the Physics Institute at the University of Genoa. Giuseppe studied physics at
the University of Florence and obtained his doctorate at the University of Florence in 1929. Then, he
joined the group around Rossi under Antonio Garbasso (later, Mayor of Florence, Senator of Italy,
and Chairman of the Italian National Research Council), and served as a research assistant. He spent
the years 1931 to 1934 on an Italian fellowship at the Cavendish Laboratory. In 1937, he left Italy and
worked on cosmic rays at the University of SaÄo Paulo, Brazil; in 1945, he accepted an appointment at
the University of Bristol, where he discovered (with Cecil F. Powell, Cesar Lattes, and Hugh Muirhead)
the p-meson. His later appointments were in Brussels (Free University, 1948±1950), Geneva (1950±
1952), and Milan (after 1952). He died on 30 December 1993, in Paris.

899Similar apparatus had been used for cosmic-radiation studies earlier in the United States, e.g., by
L. M. Mott-Smith and Gordon L. Locher (1931) at Rice University, and by J. C. Street and Thomas
H. Johnson (1932) of the Franklin Institute.
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interpretation in Section 3 (entitled `The Nature of the Particles and Showers').

`It is not always easy to [identify the particles producing the tracks] as evidence

furnished by the photographs is often inclusive,' they began cautiously, and con-

tinued perceptively:

But it will be shown that it is necessary to come to the same conclusion that has
already been drawn by Anderson [1932b] from similar photographs. This is that some
of the tracks must be due to particles with a positive charge but whose mass is much
less than that of the proton. (Blackett and Occhialini, loc. cit., p. 703)

They con®rmed this conclusion by a very detailed examination of the ionization

density of the fast particles and the curvatures of the tracks, expounding eventu-

ally the result: `Altogether we have found 14 tracks occurring in showers which

must almost certainly be attributed to such positive electrons, and several others

which are less certain.' (Blackett and Occhialini, loc. cit., p. 706) Thus far, Blackett

and Occhialini had not gone beyond the results found by Anderson in previous

August, but their analysis actually revealed more about the properties and nature

of the positive electron of their American colleague.

A closer study of the frequency of showers, Blackett and Occhialini especially

argued in Section 4 of their paper, made it `seem plausible to assume that [they]

arise from some nuclear disintegration process stimulated by particles or protons

of high energy associated with the penetrating radiation' (Blackett and Occhialini,

loc. cit., p. 709). Indeed, the showers were found basically to emerge from the

walls of the chamber; hence, they advanced (in Section 5) three possible `mecha-

nisms of the showers'; i.e.: `They have existed previously in the struck nucleus, or

they may have existed in the incident particle, or they may have been created

during the process of collision.' (Blackett and Occhialini, loc. cit., p. 712) They

decided: `Failing any independent evidence that they existed as separate particles

previously, it is reasonable to adopt the last hypothesis.' (Blackett and Occhialini,

loc. cit., pp. 712±713) Their hypothesis was now strongly supported by the ob-

vious absence of electrons in nuclei (as noted by Heisenberg and others); hence,

Blackett and Occhialini arrived at the following conclusion concerning the shower

mechanism:

In this way one can imagine that negative and positive electrons may be born in pairs
during the disintegration of light nuclei. If the mass of the positive electron is the
same as that of the negative electron, such a twin birth requires an energy of
2 mc2 @ 1 million [electron] volts, that is much less than the translatory energy with
which they appear in general in the showers. (Blackett and Occhialini, loc. cit., p. 713)

Thus, they expounded ®rst the `pair-creation' mechanism derived from experi-

ments.

The question now arose why the positive electrons exist in showers but other-

wise `have hitherto eluded observation.' The obvious reason, Blackett and Oc-

chialini answered, was `that they can have only a limited life as free particles since
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they do not appear to be associated with matter under normal conditions,' but: `It

is conceivable that they enter into combination with other elementary particles to

form stable nuclei.' (Blackett and Occhialini, loc. cit., p. 714) However, they

quickly added: `It seems more likely that they disappear by reacting with a nega-

tive electron to form two or more quanta.' At this point, Blackett and Occhialini

®nally referred to the theory of their Cambridge colleague Paul Dirac: `The latter

mechanism is given immediately by Dirac's theory of electrons.' (Blackett and

Occhialini, loc. cit.) Apparently, the reference was given after some hesitation, but

once it was out, Blackett and Occhialini made full use of the hole-theory for-

malism available and presented the annihilation calculation to demonstrate the

quick appearance of the positive electron in matter. `We are indebted to Pro-

fessor Dirac not only for most valuable discussions of these points, but also for

allowing us to quote the result of a calculation made by him of the actual proba-

bility of the annihilation process,' they admitted (Blackett and Occhialini, loc. cit.,

p. 715).

The publication of Blackett and Occhialini indeed decided all previous theo-

retical and experimental discussions in favour of Dirac's ingenious anti-particle

hypothesis. The meeting of the Royal Society of London on 16 February 1933,

when the paper was presented, caused some public stir beyond the scienti®c com-

munity; the news even went beyond the Atlantic ocean. Watson Davis, Director of

the American Science Service, informed Carl Anderson about it and suggested the

name `positron' to him, who accepted the proposal on 18 February 1933 (see De

Maria and Russo, 1985, p. 271). Anderson now quickly ®nished his detailed paper

on `The Positive Electron,' which was received by the Physical Review on 28

February 1933, and published in the issue 15 March (1933c). Having been occu-

pied in the previous months with details of the energy measurement of cosmic-ray

particles (Anderson, 1933a) and the analysis of cosmic-ray bursts (Anderson,

1933b)Ðall items only indirectly connected with the positive electronÐhe re-

turned for the ®rst time to his discovery of August 1932. Still, he hesitated to

accept the Cambridge interpretation on the basis of Dirac's hole theory and sug-

gested alternative interpretations of the annihilation process, such as the annihi-

lation of a `proton-negatron pair'; further he suggested that `the greater symmetry

between the positive and negative charges revealed by the discovery of the posi-

tron should prove a stimulus to search for evidence of the existence of negative

protons' (Anderson, 1933c, p. 494). Only slowly did he change over to accepting

the British view of the positron as anti-electron (Anderson, 1933d, e; Anderson

and Neddermeyer, 1933). Yet even this careful and substantiated change of opin-

ion encountered the opposition of Millikan, who caused Anderson again to be

doubtful. In an address, delivered on 27 December 1933, at the Boston meeting of

the American Physical Society, Anderson stated the consistency of the laboratory

g-ray observations (such as the Meitner±Hupfeld e¨ect to be discussed further

below). With the Cambridge hypothesis of pair creation (Anderson, 1934), he

joined his own voice with Millikan's later in December 1933 when he wrote:
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The simplest interpretation of the nature of the interaction of cosmic rays with the
nuclei of atoms, lies in the assumption that when a cosmic-ray photon impinges upon
a heavy nucleus, electrons of both sign are ejected from that nucleus and appear
in the form of positrons and negatrons shown in our photographs. The large, and
the, in general, uneven number of positrons and negatrons appearing in such
photographs . . . seem di½cult to reconcile with the Dirac theory, as interpreted by
Blackett and Occhialini, of the creation of electron pairs out of the incident pho-
tons, and point strongly to the existence of nuclear reactions of a type in which the
nucleus plays a more active role than merely that of the catalyst. (Anderson et al.,
1934, p. 363)

In Europe, the laboratory production of positive electrons was studied more

closely (Chadwick, Blackett, and Occhialini, 1933; Meitner and Philipp, 1933; I.

Curie and F. Joliot, 1933a, b). Blackett summarized the eventual outcome of all

investigations in his review in Nature in December 1933 on `The Positive Electron'

as follows:

These conclusions as to the existence and the properties of positive electrons have
been derived from the data by the use of simple physical principles. That Dirac's
theory of electrons predicts the existence of particles with just these properties, gives
strong reason to believe in the essential correctness of his theory. (Blackett, 1933,
p. 918)

Dirac, on the other hand, was convinced about the correctness of his theory; in

the second half of 1933, he delivered several talks on `The Theory of Positrons,'

beginning in September at Leningrad (Dirac, 1934a), continuing at the seventh

Solvay Conference on Physics in Brussels in October (Dirac, 1934b), and ®nally in

his Nobel lecture in December 1933 in Stockholm (Dirac, 1934c).900 Within a few

years, his view was generally accepted, and the Chairman of the Nobel Committee

for Physics, H. Pleijel, stated in the Presentation Speech for the Nobel Physics

Prize to Carl Anderson in December 1936 that with the observation of the posi-

tron also `the positron Dirac had been searching for was thus found' (in Nobel

Foundation (ed.), 1965, p. 358). Twelve years later, when Patrick Blackett was

honoured with the Nobel Prize for Physics for 1948, again the pair creation and

`the earlier mathematical electron theory elaborated by Dirac on the quantum

basis' was emphasized (Presentation Speech by G. Ising, in Nobel Foundation (ed.),

1965, p. 65).

While the `hole theory' thus celebrated an early experimental triumph, the other

brilliant hypothesis which Paul Dirac proposed in 1931, that of the `monopole,'

900 In America, de®nite support came from J. Robert Oppenheimer and M. S. Plesset, who calcu-
lated explicitly the creation of pairs from gamma rays in the electrostatic ®eld of nuclei in a simpli-
®ed model obtaining good agreement with the experimental ®ndings of Anderson and Neddermeyer
(Oppenheimer and M. S. Plesset, 1933; Anderson and Neddermeyer, 1933).
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was described as `just a disappointment' (Kragh, 1990, Chapter 10).901 Among

Dirac's closest colleagues and friends, many considered monopoles as mere spec-

ulation of Dirac's mathematically oriented mind: In particular, Niels Bohr and

Wolfgang Pauli disliked this concept. The witty group, which performed in April

1932 at Bohr's Institute in Copenhagen the play `QUANTUM-THEORETICAL

WALPURGIS NIGHT' (an adaptation of the scene in Goethe's famous play

Faust), introduced an entry on the monopole with the words:

Two Monopoles worshiped each other,
And all of their sentiments clicked.
Still neither could get to his brother,
Dirac was so fearfully strict.
(See the English translation in Gamow, 1966, p. 202)

In the 1930's, perhaps the strong support for the monopole came from Pascual

Jordan in Rostock. In a paper of 1935, he rederived the monopoles from a

quantum-electrodynamical formalism (Jordan, 1935b), while his Finnish stu-

dent Bernd Olof GroÈnblom demonstrated the spherical symmetry of the object

(GroÈnblom, 1935); three years later, Jordan returned to the topic and argued that,

in spite of the prevalent sceptical attitude, one `would now rather be inclined to

regard the Dirac poles as a possibility worthy of serious investigation,' since in the

meanwhile `the number of known elementary particles has increased considerably'

(Jordan, 1938a, p. 66). The senior Indian theoretical physicist Megh Nad Saha

devoted a large part of his address on `The Origin of Mass in Neutrons and

Protons,' delivered on 8 February 1936, at the Indian Science Congress, to various

aspects of the monopole; for instance, he derived the value of the monopole

strength, Eq. [(686)], from a consideration of the quantized angular momentum

(Saha, 1936, especially p. 145).902

Experimentally, the search for monopoles was started a few months after

Dirac's paper in which he introduced the idea of the monopole in September 1931

by Owen Willians Richardson's letter to Nature. Richardson speculated about the

possible existence of `magnetic' atoms, similar to the usual electrical atoms, and

calculated the spectra of such atoms (they could be extremely small, about 10ÿ14

to 10ÿ15 cm, and have very high spectral frequencies, about 3� 1025, compared

to 10ÿ8 cm and 1015 of the usual atoms); further, in cosmic radiation, even free

monopoles might occur, and their presence `obviously changes the basis for dis-

cussion of a good many cosmological questions,' he argued (Richardson, 1931,

p. 582). The American physicists also joined the empirical search for monopoles,

901 In a detailed historical account, Kragh has considered especially the e¨ect of the concept of
the monopole in theoretical and experimental physics of the 1930s (Kragh, 1981b). He discussed ®ve
theoretical publications, starting with Igor Tamm's immediate response (which we have already men-
tioned: Tamm, 1931), and some others from the 1940s. Actually, there were a couple of more such pa-
pers (see Kragh, 1990, Chapter 10), but this does not change the situation materially.

902See also the later notes of H. A. Wilson (1949) and Saha (1949).
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e.g., Rudolph M. Langer of Millikan's laboratory at Caltech (who suggested a

consideration about the energy levels of two bound objects similar to Richard-

son's: Langer, 1932). The following year, Merle A. Tuve of the Carnegie Institu-

tion in Washington, D.C. found that the `recent discovery of a positively charged

particle . . . presumably related to the positive electron predicted by Dirac . . . jus-

ti®es calling the attention of other experimentalists brie¯y to the probability of

detecting the existence of single isolated poles, as predicted by Dirac, by proper

de¯ection with magnetic or electric ®elds, most conveniently the former' (Tuve,

1933, p. 770). Stimulated by Richardson's note of 1931, he calculated the path of a

monopole with a mass considerably greater than that of the electron and high

speeds of the order of 108 electron volts. `One experiment adapted to the detec-

tion of such high-energy isolated magnetic poles has been a part of our projected

programme for some time, waiting on the acquisition of a magnet of suitable

dimensions,' he closed his letter of 17 April 1933, to the Physical Review, adding:

`Other tests requiring smaller magnetic ®elds and dealing with a lower energy re-

gion are being undertaken.' (Tuve, loc. cit., p. 771) But Tuve never reported the

discovery of magnetic monopoles, nor have others done so.903

(d) Quantum Mechanics of the Atomic Nucleus and Beta-Decay

(1931±1934)

The couple of years following the Royal Society's `Discussion on the Structure of

Atomic Nuclei' of 7 February 1929, described in Section III.7, in which George

Gamow's theory of a-decay and the alpha-particle structure of nuclei emerged as

the strong points of progress while the problem of statistics of nitrogen just

emerged, did not change the outlook in nuclear theory drastically. Only two major

experimental di½culties, the continuous spectrum of b-decay electrons and the

wrong statistics of certain nucleiÐif regarded as composed of protons and elec-

tronsÐbecame more pressing, even desperate, and physicists were prepared to

accept more appropriate hypotheses to ®nd a way out of the crisis, such as the

breakdown of energy conservation and of certain properties of the elementary

electron (such as spin and statistics?) or the hypothesis that a new neutral light

particle (Pauli's `neutron') existed. While the theoretical progress somehow stag-

nated in the same period, the experimental tools to investigate nuclear problems

improved considerably, and the interest of the physicists in the whole topic grew as

the previous frontiers of quantum physics moved forward to deal with them. This

903Work on magnetic monopoles, both experimental and theoretical (e.g., Fierz, 1944; Banderet,
1946; and Dirac, 1948) continued in the 1940s, and the search for them has never ceased since; for a
detailed review covering this topic up to the early 1970s, see Amaldi and Cabibbo, 1972. It remained a
®eld of wide speculations, even in the days of superstring theory and grand uni®ed theories. (For the
continuation of the search for monopoles into the 1980s, see Kragh, 1990, pp. 219±222; for the pre-
history of the monopole concept before Dirac, see Hendry, 1983.) In June 1980, Dirac remarked: `I
don't believe anymore that monopoles exist; with the long and arduous search for them they have never
been found.' (Conversations with Mehra in Chicago)
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can be illustrated, for instance, by the fact that after 1931 several international

conferences devoted to nuclear physics were held at various placesÐbesides the

more `private' meetings at Niels Bohr's Institute in Copenhagen (where, in any

case, most of the international elite of nuclear physics met)Ðespecially the Physi-

kalische Vortragswoche at the ETH in Zurich, held from 20 to 24 May 1931, the

Convegno di Fisica Nucleare, organized from 14 to 18 October 1931, in Rome.

These conferences served as a prelude to the even more historic (though also elite)

meeting held in October 1933 at Brussels, the seventh Solvay Conference on

Physics dealing with `The Structure and Properties of Atomic Nuclei,' where the

new nuclear theory was presented in a more or less well-established form.

A closer look at the Zurich and Rome conferences reveals the status of consid-

erations before the great revolution, which took place in the following yearÐ

1932Ðand emerged from the discovery of neutron. Eugene Guth (from Vienna)

and E. Bretscher wrote, on the basis of the notes of the lecturers, a summary of the

reports given in Zurich dealing with the following items: First, the phenomena

described by the a-particle model, which seemed to ®t the observations on nuclear

reactions grossly though not in all details (e.g., the extra g-rays demanded by the

theory to emerge in the a-decay of ThC were missing according to Lise Meitner's

observations); second, the recently observed `g-radiation' from beryllium if bom-

barded by a-particles (Walther Bothe and Herbert Becker, 1930), which created

considerable theoretical problems; third, the details of the hyper®ne structure data

in the cases of lithium and nitrogen, which (as emphasized by Pauli) also could not

be explained by the standard theory (see Bretscher and Guth, 1931). The theoret-

ical conclusions, summarized by Guth, emphasized the following points: (i) In

principle, the questions of nuclear physics can be treated by the usual quantum-

mechanical methods, with most nuclei being considered as built from a-particles

and protons alone; just occasionally, ad hoc, i.e., phenomenological, attractive

forces have to be introduced to ®t observations (which perhaps will be explained in

future by a correct relativistic quantum electrodynamics); (ii) more serious prob-

lems were caused by the assumption of electrons present within nuclei, which not

only had to obey Dirac's relativistic equation with the mysterious negative-energy

states, but also somehow violated conservation laws (in the continuous energy of

the b-electrons or the statistics of nuclei); (iii) ®nally, a new e¨ect observed in the

scattering of hard g-rays (by Lise Meitner and others) could not be accounted for

by the interaction with nuclear a-particles and protons but might have to do with

the problematic nuclear electrons. (Bretscher and Guth, loc. cit., pp. 672±674)

Unlike the Zurich meeting convened by Wolfgang Pauli because of his great

interest in the problems of nuclear structureÐhe had invited an illustrious group

of mostly junior researchers from all over Europe, especially George Gamow from

Copenhagen, Otto Stern, Immanuel Estermann and Robert Frisch from Ham-

burg, Lise Meitner, Hans Kopfermann, and Hermann SchuÈ ler from Berlin,

Walther Bothe from Gieûen, Hendrik Kramers from Utrecht, Maurice de Broglie,

Louis Leprince-Ringuet, and FreÂdeÂric Joliot from Paris, Patrick Blackett from

Cambridge, Eugene Guth and Theodor Sexl from ViennaÐthe Rome meeting
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served a di¨erent purpose, namely, the preparation of establishing an institute

devoted to nuclear physics in the Italian capital. In Rome, the Sicilian Orso Maria

Corbino, an Italian Senator and Minister of Education, represented physics;

he had brought Enrico Fermi (in 1927) and Franco Rasetti (in 1929) to the Uni-

versity of Rome. Emilio SegreÁ, who received his doctorate with Fermi in 1928,

recalled:

We knew [shortly before 1930] that atomic spectroscopy was in a state of being
completed. Quantum mechanics had been fully developed, and therefore something
new had to come, and this something new was rather evident. It was the atomic
nucleus. . . . In 1929 Corbino delivered an extraordinarily prophetic speech in his
characteristic Italian. He discussed this address with Fermi. . . . In spite of being quite
young, we had invested already considerably, in particular into the experimental
equipment for atomic physics; hence now it was not easy for us to pass over to
nuclear physics. Nevertheless Fermi convinced everybody that the transition had to be
made, and we started to turn overÐwe, these are, Fermi, Rasetti and myself. Natu-
rally, the ®rst step occurred in the direction of spectroscopy, since we had gathered
some experience in spectroscopy. . . . This led to the publications of Fermi on hyper-
®ne structure, and of Rasetti on the Raman e¨ect. (SegreÁ, 1981, p. 4)

As SegreÁ remarked, the second step consisted in organizing `a small conference

called together in Rome,' of which `[Guglielmo] Marconi, then president of the

Italian Academy acted as host' and `Corbino wrote an inauguration speech'

(SegreÁ, loc. cit., p. 5). Although Ernest Rutherford, the most distinguished senior

expert on nuclear physics, could not attend the Rome meeting, a most respectable

number of participants assembled, especially Niels Bohr and George Gamow from

Denmark, Francis Aston, Patrick Blackett, Charles D. Ellis, Ralph Fowler, Nevill

Mott, and Owen Richardson from England, Guido Beck, Walther Bothe, Peter

Debye, Hans Geiger, Werner Heisenberg, Lise Meitner, Arnold Sommerfeld, and

Otto Stern from Germany, LeÂon Brillouin, Marie Curie, and Jean Perrin from

France, Paul Ehrenfest and Samuel Goudsmit from the Netherlands, and Wolf-

gang Pauli from Switzerland; they joined the Italian participants from Rome,

Antonio Garbasso and Bruno Rossi from Florence, and Enrico Persico, G. C.

Trabacchi, and G. Wataghin from Turin. The talks presented at the conference

included Bohr's on `Atomic Stability and Conservation Laws,' Gamow's on `Nu-

clear Structure,' Ellis' on `b-Rays and g-Rays,' as well as Bothe's on `Arti®cial

Nuclear Transition and Excitation, Isotopes.' The participants from the Rome

institute wanted mainly to learn, but already in July of the following year, Enrico

Fermi was invited to present a report on `Lo stato attuale della ®sica del nucleo

atomico (The Present Status of the Physics of the Atomic Nucleus)' at the Cin-

quieÁme CongreÁs International d'ElectriciteÂ (Fifth International Congress on Elec-

tricity) in Paris (Fermi, 1932c). In this report, he ®rst summarized the results

obtained before the year 1932, and ®nally, he discussed the recent developments

since James Chadwick's discovery of the neutron (Fermi, loc. cit., pp. 112±113). In

between, he also mentioned Pauli's proposal of a `neutron (neutrone)' which takes
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away a part of the energy in b-decay (Fermi, loc. cit., p. 109), and pointed out in

the discussion that it had a much smaller mass than did Chadwick's neutron.

What he did not yet cover was Heisenberg's new theory of atomic constitution

based on the proton±neutron structure, because the ®rst paper (Heisenberg,

1932b) had not yet appeared in print.

On the other hand, Fermi addressed in Paris in quite some detail what he called

an `important peculiarity' observed in the absorption of g-rays `in recent years by

Chao, Meitner and Hupfeld . . . who have found that the absorption coe½cient for

various substances, if referred to a ®xed number of electrons, is not constant but

increases with the atomic number in the absorbing substance,' notably:

For the light atoms, the absorption coincides with that calculated on the basis of the
Klein-Nishina formula, while for the heavier atoms it will be higher. Perhaps this
phenomenon can be attributed to a di¨usion of atomic electrons, which grows in
intensity with increasing atomic number of the absorbing nucleus. (Fermi, 1932c,
p. 111)

Earlier, in Section II.7, we have reported on the relativistic treatment of the scat-

tering of g-rays by electrons (of atomic absorbers) suggested by Oskar Klein and

Yoshio Nishina, as well as the experimental test carried out by Louis Harold

Gray of Cambridge; the latter had in particular arrived at a perfect agreement of

his data with the theory of Klein and Nishina (Gray, 1929). Soon afterward,

however, the situation changed, as new investigations were performed in Europe

and the USA. Thus, for example, Carl Anderson of Millikan's Caltech laboratory

recalled:

At that time [i.e., in 1929] . . . , Dr. Chung-yao Chao, working in a room close to
mine, was using an electroscope to measure the absorption and scattering of g-rays
from ThC 00. His ®ndings interested me greatly. . . . Dr. Chao's results showed clearly
that both the absorption and scattering were substantially greater than calculated by
the Klein-Nishina formula. (C. Anderson and H. Anderson, 1983, pp. 135±136)

Anderson then proposed (without success, because his professor, Millikan, had

other plans) to study the situation in a cloud chamber experiment and voiced `®rm

conviction that had this experiment been carried out, the positive electron would

have been discovered, for about 10 percent of the electrons emerging from the lead

plate would have had a positive charge'Ðthe reason being that the excess ab-

sorption discovered by Chao was caused by electron±positron pair production,

and the excess scattering by g-rays produced from electron-positron annihilation

(C. Anderson and H. Anderson, loc. cit., p. 136).

The detailed story of this `excess' e¨ect involved indeed `four papers submitted

from three di¨erent laboratories in May 1930':

Each group made use of the ThC 00 g-ray source (consisting of a nearly pure line at the
high energy of 2.61 MeV) and each reported results con®rming the Klein-Nishina
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(KN ) formula for absorbers of low atomic number. Three of the papers reported that
additional new scattering and/or absorption phenomena, apparently associated with
the nucleus, resulted in increased absorption in heavy elements beyond that predicted
by KN. The Berlin group of Lise Meitner and H. H. Hupfeld was actually the ®rst to
publish, and the e¨ect was associated with those names. (Brown and Moyer, 1984,
p. 132)

Indeed, Meitner and her student Hupfeld at the Kaiser Wilhelm-Institut fuÈr

Chemie submitted their note `UÈ ber die PruÈfung der Streuungsformel von Klein und

Nishina an kurzwelliger g-Strahlung (On the Veri®cation of the Klein and Nishina

Formula for Short-Wavelength g-radiation)' already on 9 May 1930, to Natur-

wissenschaften, where it appeared in the issue of 30 May (Meitner and Hupfeld,

1930), while Chao's paper was communicated to the Proceedings of the National

Academy of Sciences (USA) on 15 May 1930 (Chao, 1930a); on the other hand,

the papers of G. T. P. Tarrant and Louis Gray of the Cavendish Laboratory were

both received on 5 May 1930, by the Proceedings of the Royal Society of London

and appeared in the issues of 1 July and 15 August, respectively, but they did notÐ

unlike the other twoÐshow a clear increase for materials of higher atomic numbers

(Tarrant, 1930; Gray, 1930). Meitner and Hupfeld, after referring to the previous

con®rmation of the Klein±Nishina formula (by Skobeltzyn and Stoner), which they

criticized as having been carried out with the complex g-line spectra of RaB� C,

compared their new data with the available formulae for the Compton e¨ect, by

Compton, Dirac±Gordon, and Klein±Nishina, respectively, and concluded:

The values obtained agree best by far with the formula of Klein and Nishina. How-
ever, there exist clear deviations, which for increasing atomic weight grow increas-
ingly large and certainly lie beyond the experimental error. (Meitner and Hupfeld,
1930, p. 535)

They agreed then that the Klein±Nishina formula had to be correct theoretically;

however, there existed an extra scattering e¨ect beyond the photoe¨ect and addi-

tional classical scattering, which might be attributed perhaps to a scattering of

very shortwave radiation by the atomic nuclei. Chao, who observed the same

e¨ect, examined in a second paper the angular dependence of the scattered radia-

tion in the case of lead, and concluded: `The wavelength and space distribution

of these are inconsistent with an extra nuclear scatterer and hence must have

their origin in the nuclei.' (Chao, 1930b, p. 1519)904 In the course of further ex-

perimental investigations, the di¨erent teams in Germany, England and the USA

added more, at times puzzling details.905 In particular, Chao (already in 1930b)

and Gray and Tarrant found, besides the forward peaked scattering, an isotro-

904 It might be pointed out that the di¨erent discoverers of the anomalous scattering used di¨erent
methods to register the radiation: Meitner and Hupfeld used counters, Tarrant and Gray used ioniza-
tion chambers, and Chao used the electroscope.

905For a more detailed report on the Meitner±Hupfeld e¨ect story, see Brown and Moyer, 1984.
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pic component at roughly 0.5- and 1.0-MeV energy (Gray and Tarrant, 1932).

Meitner and Hupfeld, who had presented in early December 1930 a detailed report

on the e¨ect, using both the ThC 00-line and ®ltered RaC g-radiation (1931), re-

turned in March 1932 again to the topic: On the one hand, they disagreed with the

existence of the shifted radiation observed by the English and American com-

petitors; on the other hand, they proposed the anomalous e¨ect to originate from

the scattering of hard g-rays by nuclear electrons (Meitner and Hupfeld, 1932).

The latter claim, of course, transferred the problem to a deeper-lying one, which

would be decided only later.906

In February 1932, with the announcement of the discovery of the neutron, a

new epoch began in nuclear physics. Soon afterward, on 28 April 1932, Lord

Rutherford opened another `Discussion on the Structure of Atomic Nuclei' at the

Royal Society, in which he focused on the progress achieved since the last discus-

sion in 1929 (Rutherford et al., 1932). Referring to the previous standard model of

the nucleus, he remarked:

It is generally supposed that the nucleus of a heavy element consists mainly of a-
particles with an admixture of a few free protons and electrons, but the exact division
between these constituents is unknown. On the theory, there is a great di½culty in
including within the minute nucleus particles of such widely di¨erent masses as a-
particles and electrons. . . . It appears as if the electron within the nucleus behaves
quite di¨erently from the electron in the outer atom. This di½culty may be of our
own creation for it seems to me more likely that an electron cannot exist in the free
state in a stable nucleus, but must always be associated with a proton or other mas-
sive units. The indication of the existence of the neutron in certain nuclei is signi®cant
in this connection. (Rutherford et al., loc. cit., pp. 736±737)

While Chadwick reported on some details of his recent discovery of the neutron,

he did not add anything about its particular role in the nuclear constitution.

However, he enlarged on this point in an extended paper received by the Pro-

ceedings of the Royal Society on 10 May 1932, by stating:

906We have come across Lise Meitner's work on the problems of nuclear physics already several
times. She was born on 17 November 1878 in Vienna and studied physics and mathematics (with
Ludwig Boltzmann and Franz Exner) at the University of Vienna, and obtained her doctorate with an
experimental thesis on heat conduction. In 1907, she went to Berlin to continue her studies in theoreti-
cal physics with Max Planck; simultaneously, she worked with Otto Hahn in the chemical institute of
the University of Berlin on problems of radioactivity. In 1912, she joined Hahn in the just founded
Kaiser Wilhelm-Institut (KWI) fuÈr Chemie; she also served then as assistant to Planck. After World
War I, during which she worked as an X-ray nurse in Austria, she returned to Berlin and established her
own physical division in radioactivity at the KWI (with Otto Hahn leading the corresponding chemical
division). From 1922, she taught at the University of Berlin (promoted to professorship in 1926), but
she lost this position in 1933 as a consequence of the Nazi racial laws. After the Anschluû (the annex-
ation of Austria into the Third Reich), Meitner's life was endangered and she escaped via Holland to
Sweden, where she got a modest position at the Nobel Institute in StockholmÐwhich improved only
after World War II (1946: guest professor at the Catholic University in Washington, D.C.; 1947: labo-
ratory leader of the Swedish Atomic Energy Commission; 1953±1960, head of the laboratory at the
Engineering Academy). She retired to Cambridge to live with her nephew, the physicist Otto Frisch,
and died there on 27 October 1968.
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We must suppose that the neutron is a common constituent of atomic nuclei. We may
then proceed to build up nuclei out of a-particles, neutrons and protons, and we are
able to avoid the presence of uncombined electrons in a nucleus. . . . If the a-particle,
the neutron and the proton are the only units of nuclear structure, we can proceed
to calculate the mass defect on the binding energy of a nucleus. (Chadwick, 1932b,
pp. 705±706)

Still, he added that one cannot be sure that besides the particles mentioned no

other complex particles, such as the heavy hydrogen isotope of Harold Urey and

his collaborators, may play a role.

On 28 April 1932, before Chadwick's paper was submitted, Dmitrij Iwanenko

submitted a short note to Nature on `The Neutron Hypothesis,' which appeared in

the issue of 28 May. He picked up on Chadwick's earlier note (Nature, 1932a),

talked about the discovery of the neutron, and continued:

Is it not possible to admit that neutrons also play an important role in the building of
nuclei, the nuclei electrons all packed in a-particles or neutrons? The lack of a theory
of nuclei makes, of course, this assumption rather uncertain, but perhaps it sounds
not so improbable if we remember that the nuclei electrons profoundly change their
properties when entering into the nuclei, and lose, so to say, their individuality, for
example their spin and magnetic moment.

The chief point of interest is how far the neutrons can be considered as elementary
particles (something like protons and electrons). It is easy to calculate the number of
a-particles, protons and neutrons for a given nucleus, and form in this way an idea
about the [angular] momentum of the nucleus (assuming for the neutron a momen-
tum 1

2 �h=2p�). It is curious that beryllium nuclei do not possess free protons but only
a-particles and neutrons. (Iwanenko, 1932a, p. 798)

In early August of the same year, Maurice de Broglie communicated to the Aca-

deÂmie des Sciences (Paris) another note of Iwanenko, `Sur la constitution des

noyaux atomique (On the Constitution of Atomic Nuclei,' in which he proceeded

to work out the proton±neutron structure of nuclei following his method of

banning all electrons from the nuclei (Iwanenko, 1932b, pp. 439±440). Thus, he

constructed the chlorine isotopes Cl35 and Cl37 out of eight a-particles, one proton,

and two or four neutrons, respectively; or Bi209 isotope of 41 a-particles, one pro-

ton, and 44 neutrons. If he especially endowed the neutron with a spin of
1

2

h

2p
he

found that the N14 nucleus obtained integral spin and obeyed Bose±Einstein sta-

tistics, which was just the right property that was observed empirically.907 We

907Together with E. Gapon, Iwanenko sent a further note on the topic to Naturwissenschaften, en-
titled `Zur Bestimmung der Isotopenzahl (On the Determination of the Isotopic Number),' in which the
authors assumed the nuclear particles proton and neutron to be bound by a central ®eld; they calculated
qualitatively the quantum states with this potential for the sequence of nuclei N15, O16, O17, O18, F19,
Ne20, Ne21 using ®ve quantum numbers (Gapon and Iwanenko, 1932). Iwanenko was born on 29 July
1904 in Poltava. Graduating in 1927 from the University of Leningrad in 1927, he became after 1930
professor at the institutes of Kharkov, Tomsk, Sverdlovsk and Kiev, in 1942 ®nally at the University of
Moscow.
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should not assume that Iwanenko's radical proposal to abolish all nuclear elec-

trons remained the only model of nuclear constitution after the discovery of the

neutron. Other models sprang up, e.g., the one of Georges Fournier: In a note

communicated by Jean Perrin in the session of 25 April 1932, of the AcadeÂmie

des Sciences (Paris), Fournier proposed to compose nuclei of an assembly of a-

particles, electrons, and `demi-helions'Ða compound of two protons and one

electron (Fournier, 1932). However, the success of the proton±neutron model,

which Iwanenko ®rst published, won out, especially after Heisenberg made the

same proposal and even provided on its basis a quantum-mechanical theory of

nuclear structure in a series of three pioneering papers that were received by

Zeitschrift fuÈ r Physik on 7 June, 30 July, and 22 September 1932 (Heisenberg,

1932b, c; 1933).

Also, a few years previously, Heisenberg, in order to avoid the `misfortunes

with spins,' had suggested that `there no longer really are electrons in the nucleus'

(Heisenberg to Bohr, 20 December 1929). In a further, later letter, he had then

sketched a `lattice model' of the microscopic world consisting of cells of volume

(h/Mc)3Ðwith M as the proton massÐin which the nucleus would consist just of

quanta of mass M (not necessarily charged) and photons (see Heisenberg to Bohr,

10 March 1930); but he soon abandoned this idea because it did not allow for

relativistic invariance.908 During the following one and a half years, Heisenberg

had then been occupied with di¨erent problems (mainly connected with relativistic

quantum ®eld theory); however, in October 1931, he had attended the Rome

Congress on Nuclear Physics, after which he had entered again upon some ex-

change with Niels Bohr, informing him about new considerations on cosmic-

radiation phenomena (especially connected with the behaviour of relativistic elec-

trons: Heisenberg, 1932a). In January and again in early March 1932, he met with

Bohr (on a skiing vacation in the Bavarian Alps, together with Felix Bloch and

Carl Friedrich von WeizsaÈcker), who then found upon his return to Copenhagen a

letter from James Chadwick, dated 24 February 1932, containing a copy of his

letter to Nature about the neutron (Chadwick, 1932a). Thus, Heisenberg was

informed of the discovery of the neutron even before its publication (through

letters from Bohr, dated 21 and 22 March 1932), and he had the opportunity of

discussing the implications of the discovery of the neutron for nuclear physics and

other ®elds at the following meeting in Copenhagen, 3±13 April 1932. Bohr, in

particular, thought along the following lines:

A neutron may be regarded from a formal descriptive point of view as a nucleus of an
element with atomic number zero. Just as little as it is possible at the present stage of
atomic mechanics to account in detail for the stability of ordinary nuclei, it is im-
possible at present to o¨er a detailed explanation of the constitution of the neutron.
Of course its mass and charge suggest that a neutron is formed by a combination of a

908For details of Heisenberg's early concern with nuclear problems, and the relation of his ideas to
Bohr's programme of renouncing conservation laws, see Bromberg, 1971, pp. 323±329. Heisenberg
evidently ¯uctuated between the opposite positions taken by Bohr and Pauli, respectively.
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proton and an electron, but we cannot explain why those particles combine in such
a way as little as we can explain why 4 protons and 2 electrons should combine
to form a helium or a-particle. (See Bohr's manuscript `On the Properties of the
Neutron,' dated 25 April 1932, published in Bohr, 1986, pp. 117±118, especially,
p. 117.)

This was the basic input when Heisenberg began to approach nuclear theory with

the help of the neutron.

While, initially, Heisenberg had just thought about the use of the neutron to

explain certain cosmic-ray problems (Heisenberg to Bohr, 24 March 1932), after

his visit to Copenhagen in April, he changed the topic of interest, and a couple of

months later he sent to Bohr `the proofs of a paper on the nuclei which I com-

pleted in the past weeks,' and wrote: `The basic idea is to shift all di½culties of

principle to the neutron and to deal with the nucleus by [ordinary] quantum

mechanics.' (Heisenberg to Bohr, 20 June 1932) Bohr replied a week later that

`I hasten to write how very much we all appreciated your wonderfully beautiful

paper.' (Bohr to Heisenberg, 27 June 1932; see Bohr, 1987, p. 703) Since the

available correspondence reveals little about the genesis of the paper in question,

we shall quote von WeizsaÈcker's recollections:909

I had the chance to spend with him [Heisenberg] in May 1932 his pentecost
vacationsÐduring which time of the year he was attacked by hay feverÐin Bot-
terode in the ThuÈringer Wald. In a phase of most intense labour that characterized
his style of work so often, and at the same time always walking and hiking in free
nature, he discussed and wrote his paper ``UÈ ber den Bau der Atomkerne. I,'' which
was received by the Zeitschrift fuÈ r Physik on 7 June 1932. (Carl Friedrich von
WeizsaÈcker, 1989, p. 186)

Heisenberg's paper referred to here was the ®rst of a sequence of three papers,

all of which were organized in the same manner (Heisenberg, 1932b, c; 1933).

There were one or more sections on the quantum-theoretical Hamiltonian of the

nucleus and its evaluation to discuss the observed structure and stability of nuclei.

Then, sections on the scattering of g-rays from nuclei followed (addressing espe-

cially the Meitner±Hupfeld e¨ect) and on the structure of the neutron (the funda-

mental problem). For the actual progress of nuclear physics, the ®rst part provided

the most important results. Here, Heisenberg considered the `neutron as an inde-

pendent fundamental [or elementary] constituent'Ðwith some hesitation, for he

added that `it may be assumed that it can be split under suitable circumstances

into a proton and an electron, probably by renouncing the conservation laws of

energy and momentum' (Heisenberg, 1932b, pp. 1±2). Then came the central

practical message of the work, when Heisenberg introduced the interaction be-

909For an introduction to the contents of this and two further papers of the series, seeÐbesides
von WeizsaÈcker, 1989Ðalso Brown and Rechenberg, 1989. The whole topic of nuclear structure and b-
decay, which is treated below, has been discussed in some detail by Brown and Rechenberg, 1988, and
Brown and Rechenberg, 1996, Chapter 2.
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tween the `elementary' constituents, especially the famous exchange force between

the neutrons and the protons as:

If one puts the neutron and the proton at a distance comparable to nuclear
dimensions, thenÐin analogy to the H�2 -ionÐan exchange of places (Platzwechsel ) of

the negative charge will occur, whose frequency is given by a function
1

h
J�r� of the

distance of the particles. The quantity J�r� corresponds to the exchange integral, or
better the Platzwechsel integral, of nuclear theory. Thus one can again visualize
Platzwechsel in the pictures of electrons [as] having no spin and obeying the rules of
Bose statistics. However, it may be more correct to consider the Platzwechsel integral
J�r� as a fundamental property of the neutron-proton pair without reducing it to the
motion of electrons. (Heisenberg, loc. cit., p. 2)

Two facts must be registered here. First, Heisenberg was still motivated a bit by

the former electron±proton model of the nucleus, which he had not yet abandoned

completely. Second, here again a general exchange integral was o¨ered for the

nuclear force, without referring to any `migration of electrons,' which has been

considered by some historians to be the more progressive idea (see, e.g., Miller,

1984, p. 255).

The decisive formal step consisted in providing the Hamiltonian function for

the nucleus, namely,

H � 1

2M

X
k

p2
k �

1

2

X
k>l

J�rkl��rx
k rx

l � r
h
k r

h
l �

� 1

4

X
k>l

K�rkl��1� rz
k��1� rz

l �

� 1

4

X
k>l

e2

rkl
�1ÿ rz

k��1ÿ rz
l � ÿ

1

2
D
X

k

�1� rz
k�; �691�

where M is the mass of the protons, rkl are the distances, and pk are the momenta

of protons and neutrons. Evidently, the ®rst force-term was associated with the

proton±neutron exchange force, the second force-term with the neutron-neutron

forceÐhere, Heisenberg had in mind the analogy to the homopolar binding force

between two neutral atoms in the hydrogen moleculeÐand the third with the

Coulomb repulsion force between protons (which was not an exchange force). The

last term took into account the mass defect between the protons and neutrons.910

In writing the expression (691), Heisenberg introducedÐbesides the space (r) and

spin �s� variablesÐa new set of `numbers rz to describe a particle in the nucleus,

which can assume the two values �1 and ÿ1,' namely:

910The large neutron±proton interaction was emphasized theoretically by Niels Bohr and sub-
stantiated experimentally by Meitner and Philipp (1932).
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rz � �1 should indicate that the particle is a neutron, while rz � ÿ1 denotes a pro-
ton. Since in the Hamiltonian function, because of the Platzwechsel processes, also
transitions occur between rz � �1 and rz � ÿ1, it will be practical to consider also
the use of the matrices

rx � 0 1

1 0

���� ����; rh � 0 ÿi

i 0

���� ����; rz � 1 0

0 ÿ1

���� ����: ��692��

The space of the x; h; z, of course, does not have to do [anything] with the real space.
(Heisenberg, 1932b, pp. 2±3)

The new space was later called `isotopic space' or `isospace' and connected with

the charge transition of nuclear particles and eventually the charge-independence

of nuclear forces (see Section IV.5 below).

With these matrices, Heisenberg could easily describe the number of neutrons

�n1 �
P�1� rz

k�� and protons �n2 � 1
2 �1ÿ rz

k��. The Hamiltonian (691), which

was independent of the change of sign of
P

rz
k, assumed a minimum for

P
rz

k � 0;

hence, Heisenberg concluded:

The minimum energy created by Platzwechsel integrals is obtained if the nucleus
consists of as many neutrons as protons. This result ®ts well with the experimental
data in general. . . . By the last three terms of [(691)] the ratio of neutron to proton
numbers corresponding to the energy minimum is shifted in favour of the former, i.e.,
for growing total number n because of the Coulomb forces of the protons. (Heisen-
berg, loc. cit., p. 4)

Based upon this qualitative success, Heisenberg considered the simplest complex

nucleus, the lowest energy state of the heavy-hydrogen isotope of Urey et al.,

composed of a proton and a neutron, and then more qualitatively that of the

helium nucleus. He further found that the nuclei repel each other at large distances

(because of their charges), while at short distances they are bound by a kind of

Van der Waals force and the neutron±neutron forces. In light of these consid-

erations, he discussed in §3 and §4 of the paper the most stable cases of nuclei with

respect to the dependence of the neutron to proton number ratio, while in §5 he

analyzed the stability data for beta-decay.

Heisenberg extended these stability considerations also to a-decay in parts II

and III, received on 30 July and 22 December, respectively (Heisenberg, 1932c;

1933).911 In these papers, he treated in particular the topics mentioned above,

notably, `other physical phenomena for which the neutron can no longer be con-

911 In part III, the molecular analogy was extended; thus, the neutron±proton exchange forces
became supplemented by an `electrostatic' (nonexchange) force, similar to what had been noticed in the
theory of the H�2 -ion. In addition, Heisenberg employed there the well-known Thomas±Fermi method
for actual calculations, applying in the minimalization-of-energy procedure an approximate Hamil-
tonian, with the restriction that the magnitude of the total r-spin was ®xed. This procedure forecast the
later charge-independence of nuclear forces (see Section IV.5).
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sidered a static structure . . . , e.g., the Meitner-Hupfeld e¨ect . . . [and] all experi-

ments in which the neutrons can be split into protons and electrons' (Heisenberg,

1932b, p. 1)Ðin short, all e¨ects where the peculiar property of the protonÐor its

assumed compositeness played a role. Heisenberg was fully convinced that in that

case the laws of quantum mechanics would break down since `the very existence

of the neutron contradicts the laws of quantum mechanics in its present form'

(Heisenberg, 1932c, p. 163), or:

The discovery of the stability of the neutron, not describable by the present theory,
allows a clean separation of the cases in which quantum mechanics is applicable from
those [cases] in which it is not; for this stability allows purely quantum-mechanical
systems to be built up out of protons and neutrons, in which the new kind of features
that enter into b-decay do not create any di½culty. This possibility of a sharp sepa-
ration of the quantum-mechanical aspects and those new features characteristic of
the nucleus seems to get lost if electrons are considered as independent nuclear
constituents. (Heisenberg, 1933, p. 595)

For instance, Heisenberg explained (incorrectly) the Meitner±Hupfeld e¨ect,

which belonged to the second category, by two kinds of processes: the normal

(quantum-mechanical) Rayleigh and Raman e¨ects, due to the scattering of g-rays

by the nuclear constituents proton and neutron, and a speci®c scattering by the

electrons in the nucleus that does not obey quantum-mechanical rules.

While Heisenberg was on a summer trip to the USA in 1932, he received a

letter from Bohr, who gave him some news: `In Brussels it was decided that the

next Solvay meeting would be about nuclear problems. Cockcroft, Joliot and

Chadwick will be asked to prepare reports on the latest experimental advances.

Furthermore, Gamow will be asked to give an account of the relationship be-

tween a- and g-spectra and you and I were suggested as the organizers of a

discussion about the more fundamental theoretical questions.' (Bohr to Heisen-

berg, 7 July 1932) On his way back home from America to Leipzig, Heisenberg

stopped over for a few days in Copenhagen and discussed with Bohr the task

envisaged and the progress of his own work on nuclear theory, which he pub-

lished in part III (Heisenberg, 1933).912 In the Winter Semester, a new visitor

arrived in Leipzig, whose work Heisenberg soon announced to Copenhagen as:

`Majorana (Jr.) has written quite a nice paper about which I shall report to you

soon.' (Heisenberg to Bohr, 23 February 1935) From January 1933, Ettore

Majorana, a member of Fermi's institute in Rome, stayed with Heisenberg until

the beginning of summer. He was extremely talented; he had worked on spec-

troscopic questions and the relativistic electron before turning to problems of

nuclear theory later in 1931, when he entered upon a critical study of the re-

sults published by Meitner and the Joliot±Curies before the discovery of the

912See Heisenberg to Bohr, 17 October 1932.
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neutron.913 Other than Fermi in Rome, HeisenbergÐfor whom Majorana

showed `a great admiration and feeling of friendship'Ð`persuaded him without

di½culty by the sheer weight of his authority to publish his paper on nuclear

theory' (Amaldi, 1966, p. 36). On 3 March 1933, the Zeitschrift fuÈ r Physik

received the investigation entitled `UÈ ber die Kerntheorie (On Nuclear Theory),'

proposingÐas Majorana pointed out in the abstractÐ`a new foundation of

Heisenberg's nuclear theory, leading to a somewhat deviating Hamiltonian'

(Majorana, 1933a, p. 137).914

The main di¨erence between the approach of Heisenberg and the new one of

Majorana lay in the fact that the latter dropped the analogy of nuclear to molec-

ular forces and simply assumed the existence of nuclear matter, formed by neu-

trons and protons and the forces among them. Majorana described these forces by

the expression

�Q 0; q 0jJjQ 00; q 00� � ÿd�q 0 ÿQ 00�d�q 00 ÿQ 0�J�r�; �693�

with Q and q denoting the coordinates of neutrons and protons, respectively, and

r � jq 0 ÿQ 0j their mutual distance. Hence, in an a-particle, two neutrons acted on

each proton, such that the two neutrons and the two protons formed a closed shell,

where all particles occupied the same (lowest) state. In contrast to Majorana,

Heisenberg's Q and q denoted all coordinates plus spin variables, and his interac-

tion energy [unlike Eq. (693)] exhibited a positive sign; hence, he failed to obtain

913Edoardo Amaldi, who had witnessed the development of Majorana in Rome, mentioned two
examples of the latter's insight in a biographical sketch: First, Majorana, having seen the papers of
Joliot and Curie from Paris, realized that the results had to be interpreted as `the recoil of protons
produced by a heavy neutral particle' (thus, anticipating the conclusions of Chadwick in February
1932); second, independently of Iwanenko and Heisenberg, Majorana also hit upon the idea of the
proton±neutron composition of the atomic nucleus. (Amaldi, 1966, especially, pp. 30±31; see also
SegreÁ, 1979, pp. 47±49)

Ettore Majorana was born on 5 August 1906, in Catania, a nephew of the physicist Quirino
Majorana, and received his school education as a boarder at the Istituto Massimo in Rome, graduating
in 1923 with his maturita classica. Then, he studied engineering at the University of Rome (as a fellow
student of Emilio SegreÁ), switching to study physics under Fermi in early 1928. He received his doctoral
degree with the thesis `Sulla meccanica dei nuclei radioattivi (On the Mechanics of Radioactive Nuclei).'
Though generally rather reserved, he maintained a close friendship with Giovanni Gentile, a fellow
Sicilian and lecturer at the physics institute in Rome, with whom he collaborated on his ®rst publication
dealing with the X-ray spectra of cesium. In November 1932, Majorana became a lecturer at the Uni-
versity of Rome, in spite of the fact that by that time he had only ®ve publications (though highly
appreciated). With a fellowship of the Italian National Research Council, he went to Leipzig in the
beginning of 1933, then to Copenhagen, and again to Leipzig. After his return to Rome, he fell sick and
withdrew increasingly from Fermi's institute. In early 1937, there was a competition for the chair of
theoretical physics at the University of Palermo (where SegreÁ held the experimental professorship), and
Majorana did not get it, but did obtain another such chair at the University of Naples in November
1937. On 25 March 1938, he sent a telegram from Palermo to a colleague in Naples; he boarded a
steamer there in the evening of the same day but never arrived in Naples. (For Majorana's biography,
see Amaldi, 1966)

914An Italian version of the paper appeared in La Ricerca Scienti®ca (Majorana, 1933b).
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any saturation e¨ect (as Majorana did) and also had to add additional repulsive

forces acting at small distances (see Heisenberg, 1933, pp. 590±591). Majorana's

energy expression looked much less complicated, as he simply wrote:

W � T � E � A; �694�

with T denoting the kinetic energy of the nuclear particles (of momentum p), E

denoting the electrostatic energy of the protons, and A denoting the neutron±

proton exchange energy, or in detail

T � 1

2M
Trace��rN � rP�p2�; �694a�

E � e2

2

�
�q 0jrPjq 0�

1

jq 0 ÿ q 00j �q
00jrPjq 00� dq 0 dq 00; �694b�

and

A � ÿ
�
�q 0jrNjq 00�J�jq 0 ÿ q 00j��q 00jrPjq 0� dq 0 dq 00; �694c�

for the new exchange-force Ansatz. The exchange integral J�r� might assume one

of the two alternate forms

J�r� � l
e2

r
�695a�

or

J�r� � A exp�ÿbr�; �695b�

of which Majorana preferred the second version, because it was regular at r � 0

and provided two parameters to ®t the mass defects of both the nuclei of heavy

hydrogen and of helium.

In those days, Eugene Wigner was also concerned with the mass defect of

the heavy-hydrogen isotope. In a paper on this topic, received by Physical

Review on 10 December 1932, and published in the issue of 15 February 1933,

Wigner started from the `point of view proposed by Dirac and adopted by [James

H.] Bartlett in his discussion of light elements [Bartlett, 1932]' that `the neutrons

are elementary particles and the nuclei are built up by protons, electrons and

neutrons' (Wigner, 1933a). Therefore, he replaced Heisenberg's exchange inter-

action between protons and neutrons by a simple potential V�r�. By assuming

a suitable form for such a potentialÐWigner tried the Ansatz V�r� � 4v0�1�
exp�r=r��ÿ1�1� exp�ÿr=r��ÿ1, with constants v0 and rÐhe succeeded in ®tting the
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mass defect of the H2-nucleus and helium nucleus (a-particle); furthermore, he

indicated how to arrive at the mass defects of more complex nuclei.915 The papers

of both Majorana and Wigner were discussed in the comprehensive report pre-

pared by Heisenberg for the seventh Solvay Conference, held from 22 to 29

October 1933, in Brussels on the theme `ConsideÂrations theÂoriques geÂneÂrales sur

la structure des noyaux (General Theoretical Considerations on the Structure of

Nuclei)' (Heisenberg, 1934a).916 Besides Heisenberg's report, others were pre-

sented by John Cockcroft (`Disintegration of Elements by Accelerated Protons'),

James Chadwick (`Anomalous Scattering of a-Particles and the Transmutation of

Elements by a-Particles' and `The Neutron'), FreÂdeÂric Joliot and IreÁne Curie

(`Penetrating Radiation from Atoms Under the Action of a-Rays'), Paul Dirac

(`Theory of Positrons'), and George Gamow (`The Origin of g-Rays and the

Nuclear Energy Levels').917 Gamow, in particular, called attention to the anom-

alous scattering of high-energy g-rays by elements of high atomic numberÐthe

Meitner±Hupfeld e¨ectÐwhich, according to the British experiments, gave rise to

secondary radiation with components 0.5- and 1.0-MeV quantum energy, and he

suggested the following explanation: The incident g-rays produces an arti®cial b-

disintegration which leaves the nuclear proton in an excited state, and eventually

the excited nucleus emits a secondary g-radiation and returns to a ground state

(Gamow, 1934, p. 259). Gamow also mentioned another explanation, due to

Blackett, namely, that the g-rays produce electron±positron pairs in the ®eld of

the nucleus with the positrons being annihilated then by combining with other

electrons.918

Heisenberg discussed the status of the theory of nuclear constitution brilliantly

in a long report, talking in §1 about principles, in §2 on hypotheses entering into

the description of atomic structure, and in §3 on the application of the new quan-

tum-mechanical theory of the nucleus. Evidently, the last part containing a reca-

pitulation of nuclear systematics, i.e., the stability curves listing the binding energy

of atomic nuclei versus the atomic mass numberÐthe binding energy being de-

®ned by the mass defect of a nucleus compared to the sum of masses of its con-

stituentsÐon the basis of his own work and that of Majorana using statistical

models, exhibited a considerable aspect of the new theory. In §2 on hypotheses,

Heisenberg ®rst spoke about Gamow's old `liquid drop model,' which emphasized

the a-particle structure of the nucleus, before displaying in greater detail the model

915Wigner added some comments on the possible existence of H3, a hydrogen isotope of mass 3. He
concluded: `It might be therefore that the second neutron is only somewhat (perhaps twice) as strongly
bound as the ®rst. The relative occurrence of H3 would be therefore much rarer than that of H2.'
(Wigner, 1933a, p. 255)

916Heisenberg had prepared his report in a close exchange of ideas with Bohr, whom he met in
March 1933 on a skiing vacation in the Bavarian Alps and again in early fall on a visit to Copenhagen.
Moreover, he communicated with Wolfgang Pauli by correspondence.

917The reports and discussions at the seventh Solvay Conference were treated historically by
Mehra, 1975a, Chapter 8, pp. 211±226.

918We shall discuss the outcome of the Meitner±Hupfeld e¨ect discussions later.
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of the proton±neutron structure and the corresponding exchange forces (his own

and that of Majorana, advocating in particular the latter).919

In his §2 on the hypotheses, Heisenberg also addressed the di½culties `of treat-

ing in a satisfactory manner the question of the stability of a nucleus against

b-disintegrations,' which arose from the observed continuous spectrum of the

emitted electrons. In particular, he said:

Pauli has discussed the hypothesis that, simultaneously with the b-rays, another very
penetrating radiation always leaves the nucleusÐperhaps consisting of ``neutrinos''
having the electron massÐwhich takes care of energy and angular momentum con-
servation in the nucleus. On the other hand, Bohr considers it more probable that
there is a failure of the energy concept, and hence also of the conservation laws in
nuclear reactions. (Heisenberg, 1934a, p. 315)

Actually, this suggestion came about by an earlier exchange with Wolfgang Pauli

on the contents of Heisenberg's Solvay report, carried out in their correspondence

between June and October 1933. Originally, in his German manuscript, Heisen-

berg had written the sentence: `At the moment it is not clear whether the statement

that ``energy conservation is violated in b-decay'' represents a valid application of

the energy concept.' But then he crossed it out and replaced it by the sentence

quoted above.920 Evidently, a letter which Pauli wrote to him on 2 June 1933,

persuaded him to do so, because he remarked:

Concerning nuclear physics I again believe very much in the validity of the energy
theorem in b-decay, since other very penetrating light particles will be emitted. I also
believe that the symmetry character of the total system as well as the momentum will
always be preserved in all nuclear processes. (Pauli, 1985, p. 167)

The development of Pauli's `neutron hypothesis' has been described in various

accounts, ®rst by Pauli himself (Pauli, 1961), and later by several historians of

science (e.g., Brown, 1978; Enz, 1981; von Meyenn, 1982; and Peierls, 1982). After

his letter of 4 December 1930, to the TuÈbingen meeting on radioactivity, Pauli

mentioned the hypothesis again in a talk at the American Physical Society meeting

in Pasadena, 15±22 June 1931, of which no abstract exists except a note in the

Time Magazine issue of 29 June 1931, with the headline `Neutron?' stating that

919The `liquid-drop model' of atomic nuclei had emerged at the 1929 Royal Society meeting on the
structure of atomic nuclei, where it was explained especially by George Gamow: He assumed `that all
the a-particles which constitute a nucleus are in the same quantum state with quantum number unity';
in `®rst rough approximation,' the nucleus was described by two equations as follows: `(1) an equation
connecting the energy of a-particles with the surface tension of the imaginary ``water drop,'' and (2) the
quantum condition of ordinary quantum mechanics' (Rutherford et al., 1929, p. 386). Gamow then
expanded on the model in his book published later (Gamow, 1931). It would be revived later on the
basis of the proton±neutron model of the nucleus (see Section IV.5).

920See Heisenberg's manuscript, entitled `Allgemeine theoretische UÈ berlegungen uÈber den Bau der
Atomkerne,' in Werner-Heisenberg-Archiv, Munich, p. 27.
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Pauli wanted to add a fourth to the `three unresolvable basic units of the universe'

(see Brown, 1978, p. 24). Later that year, Samuel Goudsmit talked at the Rome

Conference (in October 1931) about what Pauli had said in Pasadena; in particu-

lar, he reported `that the neutrons [i.e., what Pauli then called `neutrons'] should

have an angular momentum 1=2�h=2p� and also a magnetic moment and no

charge'; further `they are kept in the nucleus by magnetic forces and are emitted

together with b-rays in radioactive disintegration'; thus, `this might remove the

present di½culties in nuclear structure and at the same time in the explanation of

the b-ray spectrum, in which it seems that the law of conservation of energy is not

ful®lled'; also, `the mass of the ``neutron'' has to be very much smaller than that of

the proton, otherwise one would have detected the change in the atomic weight

after b-emission' (Goudsmit, 1932, p. 41). On his American trip in early summer

1931, Pauli gave another talk on his `neutron' in Ann Arbor, as J. Robert

Oppenheimer and J. Franklin Carlson reported; they also mentioned that the

hypothetical particle would explain some cosmic-ray phenomena (Carlson and

Oppenheimer, 1931, p. 1787). As Pauli himself recalled, at the Rome Conference

in October 1931 (in which he participated, though he apparently arrived late; see

Brown, 1978, p. 25), Fermi showed `immediately a lively interest in my new neu-

tral particle,' whereas Bohr rather preferred his nonconservation arguments. The

question was, `whether from an empirical point of view the beta-spectrum of

electrons exhibited a sharp upper limit or a Poisson distribution extending to

in®nity' (Pauli, 1961, p. 161).921 In 1932, at the Fifth International Conference on

Electricity in Paris, Enrico Fermi mentioned `Pauli's neutrons,' which `are emitted

simultaneously with b-particles' (Fermi, 1932c, in Fermi, 1962a, p. 498); and in the

discussion of his talk, he emphasized `that these neutrons are not the ones found

[by Chadwick] but had a lower mass' (see SegreÁ, in Fermi, 1962a, p. 488). That is,

Fermi had remained favourable to the concept; he even baptized the new particle,

as Franco Rasetti recalled:

The name ``neutrinos'' was jokingly suggested by Fermi in a conversation with other
Rome physicists. . . . The Italian word for the neutron, neutrone, suggests a compound
of neutro, neutral, and one, meaning ``a large object''; correspondingly neutrino would
mean ``a small neutral object.'' (Rasetti, in Fermi, loc. cit., p. 538)

The name `neutrino' became known to physicists beyond Rome, and at least since

the seventh Solvay Conference of October 1933, it was accepted internationally.

Fermi, the godfather of the `neutrino,' did even more to promote its fame. After

returning to Rome from BrusselsÐwhere he also attended the Solvay Confer-

enceÐhe thought further about the problem of b-decay and decided that he had to

learn second quantization, as Emilio SegreÁ recalled:

921Charles Ellis then promised to investigate the situation more closely, and after a couple of years,
he found that Pauli's view was supportable (because a clear upper limit existed for the b-spectrum (Ellis
and Mott, 1933).
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He had bypassed creation and annihilation operators in his famous electrodynamics
article [Fermi, 1932b], because he could not make them out very well. Now in 1933,
he decided he had to understand them. Then he said: ``I think I have understood
them. Now I am going to make an exercise to check whether I can do something with
them.'' And so he went on to set forth his theory of b-decay, which in his own esti-
mation was probably the most important work he did in theory. (SegreÁ, 1979, pp. 49±
50)

In Brussels, Fermi had been reminded of two important ingredients, Pauli's neu-

trino idea and Heisenberg's r-spin formalism. Then, he sat down and composed

the paper entitled `Tentativo di una teoria dell'emissione dei ragii ``beta'' (Attempt

at a Theory of b-ray Emission),' which was quickly published in the December

issue of the Italian journal Ricerca Scienti®ca (Fermi, 1933); on 16 January 1934,

the Zeitschrift fuÈ r Physik received an extended version of his article, as did the

Italian journal Il Nuovo Cimento (Fermi, 1934a, b).922

Fermi stated the essence of his theory in two points:

[i] Theory of the emission of b-rays from radioactive substances, founded on the hy-
pothesis that the electron emitted from the nuclei do not exist before its disintegration
but are being formed, together with a neutrino, in a way analogous to the formation
of a quantum of light which accompanies the quantum jump in an atom. [ii] Con-
frontation of the theory with empirical data. (Fermi, 1933, p. 491)

He basically searched for a quantitative description of b-decay on the basis of the

known principles of relativistic quantum ®eld theory, starting from the assumption

that `the total number of electrons and neutrinos in the nucleus is not necessarily

constant' and employing Heisenberg's idea to consider `the heavy particles, neu-

tron and proton, as two quantum states connected with two possible values of an

internal coordinate r' (Fermi, loc. cit., p. 492)Ðthat is, Fermi treated the heavy

particles involved in b-decay in a nonrelativistic approximation. Then, he selected

for the interaction energy an Ansatz such that in the transition of a nuclear neu-

tron into a nuclear proton (both described by the r-formalism) always an electron

(c)-neutrino (f) pair was created. This led to the speci®c Hamiltonian,

H � QL�cf� �Q�L��c�f��; �696�

where L stood for a bilinear form of the wave functions c and f (with the starred

operators denoting the Hermitean conjugates). Fermi then restricted L by the

922Fermi originally intended to announce the results of his beta-decay theory in a letter to Nature,
but the manuscript was rejected by the editor of that journal as containing abstract speculations
too remote from physical reality to be of interest to readers. He then sent a somewhat longer paper to
Ricerca Scienti®ca, where it was promptly published. The more complete articles, including all essential
details of the calculation, were then sent to Zeitschrift fuÈ r Physik and Nuovo Cimento. But already the
®rst publication contained all results, such as the ®t with numerical Ft-values. In our analysis below, we
closely follow Brown and Rechenberg, 1988, pp. 986±987.
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condition that it behaved under coordinate transformations like the time compo-

nent of a polar four-vector; hence,

L�cf� � g�c2f1 ÿ c1f2 � c3f4 ÿ c4f3�: �697�

The constant g in Eq. (697) represented the strength of the b-decay interaction,

which Fermi derived by evaluating the frequency
1

t
of b-decays from his theory,

i.e.,

1

t
� const: g2qF �h0� �698�

Ðwhere q is the space integral over the eigenfunctions of the heavy particles

(proton and neutron) and F �h0� is a complicated function of the maximum

momentum h0 of the electronÐand comparing
1

t
with the observed data. Empiri-

cally, the product tF �h0� took on values between 1 and 102; hence, the coupling

constant g became

g � 5� 105 in units of cm5 g sÿ2: �699�

It might be added that Fermi also indicated the possibility of a forbidden b-decay,

namely, when the neutron±proton space integral q was zero.

As seen from their correspondence, both Pauli and Heisenberg immediately

welcomed Fermi's theory. `Bloch told me interesting things from Fermi,' Pauli

wrote to Heisenberg and gave some details about the new theory (Pauli to Hei-

senberg, 7 January 1934), while Heisenberg enthusiastically replied: `Das waÈre also

Wasser auf unsere MuÈ hle. (This would be grist for our mill.)' (Heisenberg to Pauli,

12 January 1934, in Pauli, 1985, p. 249) Heisenberg would soon generalize the b-

decay theory into a theory describing all nuclear forces, as we shall discuss below.

The story of b-decay continued immediately with an experimental discovery re-

ported from Paris: At the meeting of the AcadeÂmie des Sciences on 15 January

1934, Jean Perrin communicated a note of IreÁne Curie and FreÂdeÂric Joliot entitled

`Un nouveau type de radioactiviteÂ (A New Type of Radioactivity)' (Curie and

Joliot, 1934). In pursuing an earlier observation (of June 1933) of the emission of

positive electrons from several light elements (beryllium, boron and aluminum)

when bombarded by the a-particles from polonium (Curie and Joliot, 1933c),

Curie and Joliot discussed the following phenomena:

The emission of positive electrons by certain light elements, if hit by a-rays from
polonium, continues for a longer or shorter period, which could assume more than
half an hour in the case of boron after the a-particle source has been removed. (Curie
and Joliot, 1934, p. 254)
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After giving certain details about the experiments, they proceeded to claim:

These experiments demonstrate the existence of a new type of radioactivity connected
with the emission of positive electrons. We believe that the emission process goes on
as follows in the case of aluminum:

27
13 Al� 4

2 He � 30
15 P� 1

0 n: ��700��

The isotope 30
15 P of phosphorus would be radioactive with a period of 3 min 15s, and

emit positive electrons according to the reaction

30
15 P � 30

14 S� �e : ��701��

(Curie and Joliot, loc. cit., p. 255)

Analogous reactions could occur with boron and magnesium, producing the

unstable isotopes 13
7N and 27

14Si, respectively, whichÐlike the isotope 30
15PÐwere

not observed in nature because of their short decay times. They concluded: `It has

de®nitely been possible for the ®rst time to create with the help of an external

agent the radioactivity of certain nuclei which can continue for a measurable

period of time in the absence of the exciting cause.' (Curie and Joliot, loc. cit.,

p. 256)

F. Joliot and I. Curie quickly informed their colleagues abroad about their

discovery of `a new kind of radio-element' in a short note to Nature (Joliot and

I. Curie, 1934). The result was immediately accepted, as even before their

®rst announcement had appeared in print, Pauli had written to Heisenberg:

`Do you know that Fermi's theory of b-decay yields for the frequency of pro-

cesses neutron � proton � electron� neutrino and proton � neutron� positron �
neutrino (possibly with the cooperation of energy provided by heavy parti-

cles passing by)? These should certainly be observable.' (Pauli to Heisenberg,

21 January 1934, in Pauli, 1985, p. 256). That is, he more or less predicted

the observations of Joliot and Curie, and as soon as he saw the note published

in Comptes Rendus `with the greatest interest,' he congratulated the French ex-

perimentalists `for this new result' and asked for further details of the posi-

tive electron decay, which he considered as proceeding like the usual b-decay

with continuous e�-energy and the joint emission of a neutrino (Pauli to Joliot,

26 January 1934, in Pauli, loc. cit., p. 265). Later that year, Rutherford de-

scribed their ®ndings as `the ®rst proof of arti®cial production of a radioac-

tive element' (Rutherford et al., 1935, p. 14). Already in 1935 the Nobel Prize

for Chemistry went to `Drs. IreÁne Joliot-Curie and FreÂdeÂric Joliot of Paris

for their synthesis of new radioactive elements carried out together' (Wilhelm

Palmaer in Les Prix Nobel en 1935, P. A. Norstedt and SoÈner, Stockholm, 1937,

Chapter IV The Conceptual Completion and the Extensions of Quantum Mechanics820



p. 38).923 Their method of creating new radioactive substances exhibiting posi-

tive±electron decay should be regarded, Joliot pointed out in his Nobel lecture, as

only the beginning of a new epoch extending the wealth of known elements; in

this, he referred in particular to the recent experiments of the Rome group under

Enrico Fermi, where neutrons were used to stimulate arti®cial transitions to new

elements (Joliot, 1937, p. 3).

The year 1934 thus saw the ®nal clari®cation of the complex of problems

which had bothered physicists since about 1928: It involved the paradoxes of

the relativistic electron and its presence in the atomic nucleus.924 The riddle of the

Meitner±Hupfeld e¨ect also got solved. While Meitner and KoÈsters in spring 1933

concentrated on the investigation of the scattering unshifted in wavelength and

con®rmed its explanation as being due to nuclear scatteringÐMax DelbruÈck in an

addendum spoke about `a photoe¨ect caused by one of the in®nitely many elec-

trons in the state of negative energy' (see Meitner and KoÈsters, 1933, especially, p.

144)ÐGray and Tarrant con®rmed in a new series of experiments the existence of

the shifted 0.5- and 1.0-MeV radiation (Gray and Tarrant, 1934). Patrick Blackett,

in an earlier report published on `The Positive Electron' in the Nature issue of 16

December 1933, provided the following explanation:

One would expect that the absorbed energy would be re-radiated in two ways. An
ejected positive electron may disappear by the reverse process to that which produced
it, that is, by reacting with a negative electron and a nucleus, to give a single quantum
of a million volts energy. Or it can disappear, according to Dirac's theory, by another
type of process, in which a positive electron reacts with a free or lightly-bound nega-
tive electron so that both disappear with the emission of two quanta of half a million
volts energy. (Blackett, 1933, p. 918)

Though the details of this explanation still remained to be con®rmed, the devia-

tion from the Klein±Nishina formula must be regarded as ®nally understood in

the essential aspects.925 Perhaps only one fundamental question remained to be

923 IreÁne Curie was born on 12 September 1897, in Paris. She studied physics and mathematics at
the University of Paris from 1914 to 1920; during World War I, she served as an X-ray assistant. In
1918, she became an assistant at the Radium Institute of her mother Marie Curie; in 1932, she was
promoted there to a leadership position, and from 1946, she directed the Institute. IreÁne Curie was
appointed professor at the Sorbonne in 1937, and from 1946 to 1950, she belonged to the directorate of
the French Atomic Energy Commission; then, she built the new nuclear physics laboratory at Orsay.
She died on 17 March 1957, in Paris.

FreÂdeÂric Joliot, who married IreÁne Curie in 1926, was born on 19 March 1900, in Paris. In 1920, he
began to study physics at the EÂ cole SupeÂrieure de Physique et Chimie with Paul Langevin, and later
joined Marie Curie's Radium Institute as personal assistant to the director. He obtained his doctorate
in 1930; in 1937, he became director of the Curie Laboratory with the Radium Institute and professor
at ColleÁge de France. In 1946, he was appointed High Commissioner of the French Atomic Energy
Commission (until 1950). After his wife IreÁne's death, he took up the directorship of the Radium
Institute, but died already on 14 August 1958, in Paris.

924For a review of the situation in late 1933, see Bothe, 1933.

925To the study and discussion of the Meitner±Hupfeld e¨ect, during the period 1933±1934, the
following papers also contributed: Oppenheimer and Plesset, 1933; Fermi and Uhlenbeck, 1933; and
Joliot, 1934.
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answered, namely, whether the neutrino could be detected experimentally and

what mass it possessed. While the observations in Cambridge spoke in favour of a

zero mass (Henderson, 1934), the direct search for Pauli's neutrino failed to be

successful until much later (see, e.g., Chadwick and Lea, 1934).

(e) Universal Nuclear Forces and Yukawa's New Intermediate Mass

Particle (1933±1937)

Hideki Yukawa of the Kyoto Imperial University recalled his active entrance into

the problem which had bothered him already for some time, especially since he

had eagerly studied the discoveries of the year 1932, including the neutron and the

ensuing theory of atomic structure:

In April 1933, the Physico-Mathematical Society of Japan [PMSJ ] held a meeting at
Tohuko University in Sendai. On this occasion I gave my ®rst research report on the
subject ``The Electrons Within the Nuclei.'' I did not have very much con®dence in
this research and did not, in the long run, publish the paper in the journal. There were
many obvious di½culties in treating the electron as the ``ball'' exchanged between
neutron and proton. In the ®rst place, the electron's characteristics, such as its spin
and the kind of statistics it obeys, make the electron unsuitable for this role. Never-
theless, I tried to use the electron ®eld that satis®es Dirac's wave equation as the ®eld
of nuclear force. (Yukawa, 1982, p. 196)

Yukawa pondered about the consequences concerning the nature of nuclear

forces, and began one of the manuscripts related to his talk at Sendai by stating:

`The nucleus, especially the problems of the nuclear electrons, are so intimately

related with the problems of the relativistic formulation of quantum mechanics

that when they are solved, if they ever will be solved at all, they will be solved

together.'926 That is, Yukawa still connected, in agreement with some familiar

ideas of Heisenberg and others, the problems of nuclear physics with those of rel-

ativistic quantum ®eld theory. In a summary of Heisenberg's work on nuclear

structure, which Yukawa discussed a little later in 1933, he also addressed a major

defect:

In this paper Heisenberg ignored the di½cult problems of electrons within the nu-
cleus, and under the assumption that all nuclei consist of protons and neutrons only,
considered what conclusions can be drawn from the present quantum mechanics.
This essentially means that he transferred the problem of the electron in the nucleus
to the problem of the makeup of the neutron itself, but it is also true that the limit
to which the present quantum mechanics can be applied to the atomic nucleus is
widened by this approach. Though Heisenberg does not present a de®nite view on
whether the neutrons should be seen as separate entities or a combination of a proton
and an electron, this problem like the b-decay problem stated above, cannot be

926See the unpublished manuscript of Hideki Yukawa, entitled `On the Problem of Nuclear Forces.
I,' and dated early 1933 ([YHAL] E05030U1), quoted in Brown, 1989, p. 20, footnote 23.
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resolved with today's theory. And unless these problems are resolved, one cannot
say whether the view that electrons have no independent existence in the nucleus is
correct. (Yukawa, 1933a, p. 195)927

In spring 1933, Yukawa wished to proceed a step further toward a fundamental

theory of nuclear forces and b-decay.928 He ®rst rejected Heisenberg's idea of a

complex neutron.929 Second, he attempted to formulate the charge-exchange force

in analogy to quantum electrodynamics by assuming explicitly that the exchange

of an electron between a neutron and a proton would produce the nuclear force,

just as a photon provided the electromagnetic force in quantum electrodynamics.

Third, he made use of Dirac's relativistic electron equation, in which he included a

source term J depending on the neutron and the proton wave functions; i.e.,

Dc � J; �702�

where D denoted a 4� 4 matrix di¨erential operator aÁ la Dirac, including the

electromagnetic potentials. J possessed a form somehow similar to Dirac's elec-

tromagnetic current jm, but it was a more complicated quantity: It transformed like

a spinor (as it contained Dirac matrices acting upon a spinor) and involved the r-

spin matrices (changing a neutron into a proton and vice versa). Yukawa then

tried to write the correct equation and to solve it properly; however, the solution

exhibited `a form like the Coulomb ®eld,' modi®ed by an exponential factor

exp ir3 mcjr 0 ÿ rj= h

2p

� �
; hence, it did `not decrease su½ciently with distance.'930

In the published abstract of the talk at Sendai on 3 April 1933, Yukawa claimed to

have obtained an exponential decrease of the nuclear charge-exchange force with a

range given by the quantity
h

2p

� �
=mc, where m denoted the mass of the electron

[Yukawa, 1933b, p. 131(A)].931 However, in the manuscript which he actually

read he withdrew the result by stating:

In any case, the practical calculation does not yield the looked-for result that the
interaction term decreases rapidly as the distance becomes larger than �h=2pmc�,
unlike I wrote in the abstract of this talk. (Yukawa, manuscript entitled `A Comment
on the Problem of Electrons in the Nucleus,' [YHAL] E05080U01, translated in
Kawabe, 1991a, pp. 248±249, especially, p. 249)

927For a translation of the introduction and more details of Yukawa's ®rst publication, see Brown,
1981, pp. 96±97 and pp. 121±122.

928The details of Yukawa's concern with nuclear forces have been treated in the following pub-
lications: Brown, 1981, 1985, 1986, 1989 and 1990; Kawabe, 1991a; and Brown and Rechenberg, 1996,
Chapter 5.

929See Yukawa's unpublished manuscript [YHAL] E05060U01 in the Yukawa Hall Archival
Library, Kyoto.

930See the manuscript cited in Footnote 929.

931For a translation, see Kawabe, 1991a, p. 247.
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In spite of the negative conclusion following from his endeavours, Yukawa found

that certain colleagues thought the approach worthwhile to be pursued. Thus, the

senior physicist Yoshio Nishina from Tokyo proposed to himÐin order to take

care of the problems observed with nuclear statistics (i.e., the wrong statistics for

some nuclei in the electron±proton model) and b-decay nuclei in the electron±

proton model (i.e., the apparent violation of conservation laws)Ðto introduce

instead of a real electron a `Bose electron'; however, Yukawa was not ready to

renounce in 1933 `the conservative desire to understand nature in terms of known

particles' (Yukawa, 1982, p. 196). Therefore, he rather turned to adopt Bohr's idea

of having some violation of conservation laws in nuclear physics, as did others at

that time.

For example, Guido Beck and Kurt Sitte from Prague published between 1933

and 1934 a series of papers, in which they outlined a new theory of b-decay (Beck

and Sitte, 1933, 1934; Beck, 1933).932 In particular, they assumed the following

picture of the physical process: A virtual electron±positron pair was created in the

strong nuclear potential, of which then the nucleus absorbed the positron and the

electron escaped in such a way that the properties of the positron except its charge

(which increased the charge of the nucleus by one unit) got lost (e.g., its spin,

magnetic moment and energy) or absorbed by the nucleus. At the Solvay Con-

ference in October 1933, Niels Bohr advocated the Beck±Sitte approach in the

discussion of Gamow's talk,933 and Beck still stuck to it in a contribution to the

International Conference on Physics at London in fall 1934 (Beck and Sitte, 1935),

in spite of the evolution of Enrico Fermi's successful theory which satis®ed all

conservation laws (Fermi, 1933; 1934a, b). By that time, other former advocates of

the violation of conservation laws in the nucleusÐnotably, Werner HeisenbergÐ

had turned over to Fermi's theory, including Pauli's neutrino's hypothesis. Hei-

senberg found Fermi's approach not only attractive for describing b-decay but

immediately noticed another very appealing possible application, as he wrote to

Pauli without delay:

If Fermi's matrix elements are correct for the creation of the pair electron plus
neutrino, then they mustÐjust as in the case of atomic electrons the possibility of
creation of light-quanta leads to the Coulomb forceÐyield in the second approxi-
mation a force between neutron and proton. I have computed these forces, and there
it turns out that an exchange interaction results between neutron and proton whichÐ
depending on the Ansatz for the Fermi matrix elementÐhas either the form of
Majorana's or mine. As the exchange integral I�r� there results essentially

J�r� � const:

r5
; ��703��

932The development of b-decay theory and its extension into a uni®ed theory of all nuclear forces
has been discussed especially by Brown and Rechenberg, 1994, and Brown and Rechenberg, 1996,
Chapter 3.

933See Gamow, 1934, p. 287.
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which, however, becomes wrong for distances rU
h

2p

� �
=Mc [i.e., the Compton

wavelength of the proton]. (Heisenberg to Pauli, 18 January 1934, in Pauli, 1985,
p. 250)

In his letter to Pauli, Heisenberg then sketched the actual calculation and esti-

mated the magnitude of the exchange energy as

J�r�@mc2�10ÿ14=r�5; �704�

noting that it came out to be `quite (reichlich) small' and added: `However, that

may not be a misfortune when considering the sloppiness of the calculation.'

(Heisenberg to Pauli, loc. cit., p. 252)934

But in spite of the encouraging observation that the exchange of nuclear forces

now seemed to be established as a second-order approximation in the combined

electron±neutrino ®eld of Fermi, for reasonable values of the nuclear radii (about

2� 10ÿ13 cm), the integral (704) continued to come out too small by a factor of a

million. Still, Heisenberg remained optimistic, since also the recent experimental

work of IreÁne Curie and FreÂdeÂric Joliot (1934) con®rmed `wonderfully the [theo-

retical] work of Fermi on b-decay as well as the exchange forces between the

neutrons and proton' (Heisenberg to Pauli, 8 February 1934, in Pauli, 1985, p. 281).

Heisenberg rather argued that the e¨ective value of the exchange force derived

from the electron±neutrino ®eld theory depended strongly on the behaviour of I�r�
at very small r, and that the usual perturbation-theoretical calculation should not

make sense for distances r less than the proton's Compton wavelength.935 Fermi,

whom Heisenberg told about his idea of deriving the exchange forces from the b-

decay theory, replied that he had thought along similar lines and found that `the

interaction which arises has the right form, but is quantitatively much too small'

(Fermi to Heisenberg, 30 January 1934). On the other hand, he suggested the

possibility of obtaining a larger exchange force which should arise by taking into

account the scalar and longitudinal components of the electron±neutrino ®eld

(similar to the case of quantum electrodynamics where these components provided

the comparatively strong electric Coulomb ®eld). While this idea seemed to point

into the right direction, Fermi did not see any possibility to play much with the

magnitude of his coupling constant, as Heisenberg had also suggested. Several

months later, Gian Carlo Wick, a member of Fermi's institute in Rome, sent a

934 It should be mentioned that Heisenberg's enthusiasm for the neutrino also in¯uenced Niels Bohr
to reconsider the return of conservation laws to nuclear physics. Thus, Bohr admitted that he was
`completely prepared to accept that we here really have a new situation which may be equivalent to the
real existence of neutrinos' (Bohr to Heisenberg, 15 March 1934).

935We should recall that Heisenberg had contemplated that b-decay forces gave rise to nuclear ex-
change forces already in summer 1933, when he wrote to Pauli: `From the standpoint of your theory
one would always have to say: [neutron] decay is into electron, proton and neutrino. Also then, the
exchange force should be present.' (Heisenberg to Pauli, 17 July 1933, in Pauli, 1985, p. 195)
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letter to Heisenberg at Leipzig, and reported about a `crazy idea': Perhaps the

smallness of Fermi's constant did not imply such a hopeless situation for ex-

plaining the nuclear forces because, ®rst, Fermi's original form of the b-decay

Hamiltonian, Eq. (696), might not be exact; second, Heisenberg's exchange force

actually involved much shorter wavelengths for the electron than did those in-

volved in b-decay; hence, the discrepancy in magnitude between theory and

experimental forces could be blamedÐas Heisenberg had suggested in his letters

to PauliÐon the extrapolation (and possibly the nonapplicability of quantum

mechanics at very small distances); third, since an evaluation of the probability for

the virtual dissociation process (n! p� eÿ � n or p! n� e� � n) yielded unity,

the theory might explain the anomalous value of the proton's magnetic moment,

as recently observed by Otto Stern and his collaborators (Frisch and Stern, 1933b;

Estermann and Stern, 1933). `However,' Wick closed his letter to Heisenberg by

saying, `please don't think that I believe all this.'936

The fruitful exchange with his Italian friends and colleagues stimulated Hei-

senberg greatly to employ the extension of Fermi's theory in a series of four Scott

Lectures at Cambridge, which Rutherford had invited him to present between 23

and 30 April 1934.937 In the introduction of these lectures, Heisenberg stressed a

fundamental point that entered into his new treatment of nuclear theory: `In all

cases, where one can really follow all the details of [nuclear] processes, one ®nds

that light-quanta or electrons are emitted after the collision.' Consequently, as

suggested by Fermi's theory of b-decay, the emitted particles were created in

nuclear processes and had not existed before in the nuclei. Heisenberg thus drew

the following analogy between atoms and nuclei: (i) just as atoms consist of elec-

trons and the atomic nucleus, so do nuclei consist just of protons, neutrons and a-

particles; (ii) just as atoms emit light-quanta after the collision with electrons

(Franck±Hertz experiment), so do nuclei emit electrons, positrons, or light-quanta

after a collision.938 In the third Scott Lecture, Heisenberg then established the

detailed connection between Fermi's description of the b-decay and the force-law

between neutrons and protons. He summarized at the end:

It seems possible to describe the nuclei to a large extent with the formulation of
Fermi; that means: instead of a Maxwell ®eld and the charge e another ®eld plays the
important role, the characteristic constant being [Fermi's coupling constant] g [see
Eq. (697)]. It seems that especially the neutrons and neutrinos have nothing whatever
to do with a Maxwell ®eld but they have to do with this g-®eld [consisting of the
electron-neutrino pair].

936And yet, he published later on the idea of explaining the anomalous magnetic moment of the
proton via the action of the electron±neutrino ®eld (Wick, 1935).

937Heisenberg's Scott Lectures dealt with the topic `Quantum Theory of the Constitution of Atomic
Nuclei.' A handwritten manuscript of Heisenberg's, outlining the sketch of the lectures in 18 pages,
exists in the Werner-Heisenberg-Archiv in Munich. We shall quote from it in the following. See also
Brown and Rechenberg, 1994; 1996, Chapter 3.

938Only the helium nuclei, resulting in a-decays, seemed to be already present in the nuclei.
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In his lecture, Heisenberg admitted the smallness of the neutron-proton exchange

force following from the present theory, namely by a factor of 10ÿ10, but he also

stressed the di¨erence between this force and the forces determining the `Fermi

process,' i.e., b-decay: the latter corresponded in the atomic analogy to the emis-

sion of radiation, while the former to the much larger Coulomb force.

Other theoreticians picked up the topic as well, probably independently of

Heisenberg, notably Igor Tamm in Moscow (1934a), Dmitrij Iwanenko in Lenin-

grad (1934) and Arnold Nordsieck in Ann Arbor (1934).939 Like Heisenberg, they

found an exchange force decreasing with the inverse of the ®fth power of the dis-

tance; but in order to obtain the observed magnitude of the nuclear binding energy

(about 1 MeV), one had to assume a mean distance of 10ÿ15 cm, about 100 times

smaller than the observed range of nuclear forces. Evidently, this theoretical result

did not describe nature; hence, Tamm proposedÐin a letter to NatureÐa gener-

alization of Fermi's theory (Tamm, 1934b). Again, he obtained a rÿ5-potential,

now multiplied by the constants h1 and h2 (denoting `neutral' charges of the neu-

trons and protons, respectively), but it now even seemed to ®t the empirical

data.940 On the other hand, in the discussion at the International Conference

on Physics, held in London and Cambridge in October 1934, Hans Bethe made

another proposal: He and Rudolf Peierls had been discussing alternative forms of

Fermi's interaction, which seemed to describe the low-energy spectra of b-decays

better than the original version, Eqs. (696) and (697). That is, they introduced

derivatives of the ®elds entering into the Hamiltonian; since the procedure sup-

pressed the b-decay interaction, a larger coupling constant than Fermi's g, Eq.

(698), had to be used in order to ®t the data (Bethe et al., 1935, p. 66). Heisenberg,

who had heard about the Bethe±Peierls Ansatz earlier (in September 1934) in

Copenhagen, was quite pleased with it, and he wrote to Pauli about it:

Bethe now proposes, e.g.,

g

�
CneutronFproton

qcneutrino

qx

qfelectron

qx
dV ��705��

[for the interaction Hamiltonian] . . . If one makes use of Bethe's Ansatz, then
g@ 10ÿ69 erg cm3, and the exchange force becomes

g2

hc

1

r9
A

10ÿ13

3

� �9

erg; ��706��

939On 13 May 1934, Tamm wrote to Dirac, enclosing `a note on some consequences of Fermi's
theory,' which he asked Dirac to submit to Nature. Dirac wrote back: `I sent your note to Nature and
the editor has accepted it, together with a note from Iwanenko. I shall read the proofs.' (Dirac to
Tamm, 7 June 1934). See Kojevnikov, 1996, p. 14 and p. 17.

940As Tamm wrote to Dirac later, `neutrons and protons are polar with these forces, i.e., if we dis-
regard Coulomb forces, two protons and two neutrons repel one another with the same force, with a
neutron and a proton attracting one another' (Tamm to Dirac, 27 April 1935; see Kojevnikov, 1996,
p. 25).
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hence one obtains the right order of magnitude. Of course, Bethe's Ansatz need not
be the correct one; but in any case, one recognizes: there exist simple modi®cations of
Fermi's theory, suggested by experiment, which also yield the correct exchange
forces. (Heisenberg to Pauli, 28 October 1934, in Pauli, 1985, p. 355)

In contrast to Heisenberg, Pauli showed no enthusiasm for the new development,

because the interaction term [(705)] appeared to him to be quite arbitrary, which

was not derived from a general principle. Hence, he concluded that `there exists

no agreement in favour nor any against the assumption of a connection between

b-radioactivity and proton-neutron exchange forces' (Pauli to Heisenberg, 1

November 1934, in Pauli, 1985, p. 357). Still, Heisenberg remained positive and

optimistic; he wrote to his former student Peierls to publish a note in Nature about

it, and added that also Fermi and Wick liked the idea (Heisenberg to Peierls, 28

January 1935).941

The ®rst detailed paper on the `uni®ed' theory of nuclear forces was submitted

by Heisenberg in February 1935 to the Zeeman Festschrift; his contribution,

entitled `Bemerkungen zur Theorie des Atomkerns (Remarks on the Theory of

the Atomic Nucleus),' summarized both his own ideas and those of others on

the subject (Heisenberg, 1935a).942 Heisenberg ®rst described the analogy between

the new theory in a table relating the electromagnetic forces governing the atoms

and the forces governing the atomic nuclei, where the Maxwell ®eld was partly

replaced by what he called `the Fermi ®eld': the latter determined the exchange

forces between the elementary constituents protons and neutrons and simulta-

neously led to the emission of electrons, positrons, and neutrinos, while the former

gave rise to Coulomb forces (binding protons and electrons in an atom) and

the emission of light-quanta (Heisenberg, 1935a, p. 110). Like the Maxwell ®eld,

the Fermi ®eld was considered to be a local ®eld, and it permitted `in principle the

mathematical execution of the idea that the existence of exchange forces follows

from the possibility of b-decay' (Heisenberg, loc. cit., p. 112). Further, Heisenberg

introduced the idea of Bethe and Peierls to replace the original Fermi interaction

by expressions containing the derivatives of the wave functions (of the particles

involved in b-decay), which resulted in exchange forces between protons and neu-

trons varying like rÿ7 or rÿ9 (depending on whether one took one or two deriva-

tives). Of course, Heisenberg was aware of the fact that these forces led in principle

to in®nite self-energy of proton and neutron, which then had to be avoided

by assuming appropriate radii for these particles. In spite of using such tricksÐ

Pauli spoke of a `nuclear physics of inde®nite functions' (Pauli to Heisenberg,

1 November 1934, in Pauli, 1985, p. 357)Ðthe `Fermi ®eld theory' became for the

next couple of years the standard theory of nuclear forces, advocated in the

941Bethe and Peierls did not comply, but eventually E. J. Konopinski and George E. Uhlenbeck
would publish the same theory of the b-decay interaction, apparently without knowing about their
predecessors (Konopinski and Uhlenbeck, 1935).

942Heisenberg had presented the main contents of this paper already in September 1934 at a meet-
ing in Copenhagen.
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new book by Carl Fredrich von WeizsaÈcker, Die Atomkerne (von WeizsaÈcker,

1937a), but also in the second edition of George Gamow's monograph of 1931,

now entitled Structure of Atomic Nuclei and Nuclear Transformations (Gamow,

1937). Moreover, the extremely in¯uential review articles of Hans Bethe and col-

laborators on nuclear physics in the Review of Modern PhysicsÐthe so-called

`Bethe bible'Ðwere based on the same fundamental theory of nuclear forces

(Bethe and Bacher, 1936; Bethe, 1937; Livingston and Bethe, 1937).943 Indeed,

until about mid-1937, no mention occurred of a competing theory which had

been introduced as early as 17 November 1934, in a meeting of the Physico-

Mathematical Society of Japan at Osaka and published in the English language

issue (January±February) of the journal of this society (Yukawa, 1935).

Yukawa had moved to Osaka after his marriage in April 1932, where a col-

league at the Osaka Imperial University directed his attention to Fermi's German

publication of the b-decay theory, including Pauli's neutrino (Fermi, 1934a).944 `I

was not aware of Pauli's arguments,' he said later, and added:

Fermi, however, had based his theory of beta-decay on Pauli's idea. After reading
Fermi, I wondered whether the problem of the strong nuclear forces could be solved
in the same manner. That is to say, could neutrons and protons be playing ``catch''
with a pair of particles, namely the electron and the neutrino? The ``ball'' would be
replaced by a pair of particles. (Yukawa, 1981, p. 201)

Now, while Yukawa thought along such lines, the physicists in Europe had been

pondering about the same ideas; when he saw the notes of Tamm (1934a) and

Iwanenko (1934) in the Nature issue of 30 June 1934, he noticed that `the results

were negative,' because the resulting force turned out to be `incomparably smaller

than the nuclear force.' He `was heartened by the negative result,' which `opened

his eyes . . . not [to] look for the particle that belongs to the ®eld of the nuclear

force among the known particles, including the new neutrino' (Yukawa, 1981,

943For details and the further development of the Fermi-®eld theory, see Brown and Rechenberg,
1994; 1996, Chapter 3.

944Hideki Yukawa was born on 23 January 1907, in Tokyo, the ®fth of seven children of Takuji
and Koyuki Ogawa. His father, a geologist in state service, became a professor of geology at the Kyoto
Imperial University in 1908. The family moved to Kyoto, and Hideki received his education there. In
high school, Sin-itiro Tomonaga was his classmate, and then fellow student at Kyoto Imperial Uni-
versity, which both entered in 1926 and from which they graduated three years later; they stayed on
there until 1932 as unpaid assistants. Then, Tomonaga joined Yoshio Nishina's institute at RIKEN in
Tokyo, while Yukawa was appointed a lecturer at Kyoto Imperial University. In 1932, he got married
and was adoptedÐaccording to customÐinto the family of his wife, surnamed `Yukawa,' which he
also assumed. In 1933, he obtained the position of a lecturer at Osaka Imperial University (but also
retained his position in Kyoto); in 1936, he was promoted to an associate professorship in Osaka, and
®nally to a full professorship at Kyoto University in fall 1939. From 1948 to 1953, he lived and worked
in the United States, ®rst as a visiting professor at the Institute for Advanced Study in Princeton and
then (from 1949) as a professor of physics at Columbia University. In 1953, the `Research Institute for
Fundamental Physics' was established in Kyoto, and YukawaÐthe ®rst Japanese to be honoured with
the Nobel Prize for Physics in 1949Ðreturned to Japan. He retired from Kyoto University in 1970 and
died on 8 September 1981, in Kyoto. For details of Yukawa's life, see Brown, 1990.
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p. 201). Yukawa rather turned the problem around and then started from the

properties of the nuclear force ®eld in order to derive the characteristics of the

object he was looking for. `The crucial point came to me one night in October

[1934],' he recalled:

The nuclear force is e¨ective at extremely small distances, of the order of 0.02 tril-
lionth of a centimetre. That much I knew already. My new insight was the realization
that this distance and the mass of the new particle that I was seeking are inversely
related to each other. Why had I not noticed that before? The next morning I tackled
the problem of the mass of the new particle and found it to be about two hundred
times that of the electron. It also had to have the charge of plus or minus that of the
electron. (Yukawa, loc. cit., p. 202)

Actually, Yukawa had come across the relation between the range of the nu-

clear force and the mass of the exchanged particle already in spring 1933, when he

considered the electron to be responsible for Heisenberg's nuclear exchange forces.

Now, one-and-a-half years later, he investigated in greater detail all properties of

the observed nuclear force, including its range; thus, he realized that the electron,

due to its mass, would be connected with a much larger range than found empiri-

cally. Still, a further question had to be considered, namely, why an elementary

particle of 200 electron masses had not yet been detected in nature. He found that

`the answer was simple,' as `an energy of 100 million electron volts would be

needed to create such a particle, and there was no accelerator, at that time, with

that much energy available.' (Yukawa, loc. cit., pp. 202±203)

The following weeks in fall 1934 were ®lled eagerly with work, of which the

documents preserved bear ample witness. In several sets of notes, Yukawa dealt

in particular with the wave equation that should be obeyed by the postulated

new particle of mass mU , which was related to the range of the nuclear potential,

lÿ1, as945

mU c � l
h

2p
: �707�

On 17 November 1934, Yukawa presented an outline of the material at the meet-

ing of the Physico-Mathematical Society of Japan in Osaka; he was allotted only

ten minutes for his talk, entitled `On the Interaction of Elementary Particles,'

which he evidently used to advantage, because he found: `Professor Nishina was

very interested in the theory.' (Yukawa, loc. cit., p. 203)946 Immediately after the

945The Yukawa Hall Archival Library [YHAL] has four sets of calculations containing the proton±
neutron force problem, dated October 1934, plus a few drafts entitled `On the Interaction of Elementary
Particles'; the ®rst of the latter (and the only one in Japanese) was dated 27 October 1934, and probably
contained the contents of the talk at Osaka (to be discussed below).

946The programme of the meeting, which started at 1.30 p.m., listed seven topics, from `Mer-
omorphic Functions' to `The Polarity of Thunder Clouds'Ðthe latter talk was allotted 40 minutes (see
[YHAL] E01090P1). For details of the story, see Brown and Rechenberg, 1996, Chapter 5, and the
papers of Brown, referred to in Footnote 928.
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meeting, he sat down and composed a paper in English which he submitted to the

Physico-Mathematical Society of Japan; it was received on 30 November 1934,

and appeared in the January±February 1935 issue of that journal (Yukawa, 1935).

In the introduction of his ®rst paper dealing entirely with his own research,

Yukawa referred to Heisenberg's `Platzwechsel ' forces of 1932 and Fermi's treat-

ment of the b-disintegration of 1933/34; he drew attention to the smallness of the

forces involved in Fermi's theory of b-decay, which could not `account for the

binding energies of neutrons and protons in the nucleus' (Yukawa, loc. cit., p. 48).

He continued:

To remove this defect, it seems natural to modify the theory of Heisenberg and Fermi
in the following way. The transition of a heavy particle from neutron state to proton
state is not always accompanied by the emission of light particles, i.e., a neutrino and
an electron, but the energy liberated by the transition is taken up sometimes by
another heavy particle, which in turn will be transformed from proton state to neu-
tron state. (Yukawa, loc. cit.)

If the probability of occurrence of the proton±neutron transition was much greater

than that of the b-decay transition, Yukawa now argued, then the proton±neutron

interaction must be much larger than that given by the Fermi-®eld theory, and

`such an interaction between the elementary particles [i.e., proton and neutron] can

be described by means of a ®eld of force, just as the interaction between charged

particles is described by the electromagnetic ®eld' (Yukawa, loc. cit.). Then, he

came to the main points: `The above considerations show that the interaction of

heavy particles with this ®eld is much larger than that of the light particles with

it' (Yukawa, loc. cit.), and ®nally: `In the quantum theory this ®eld should be

accompanied by a new sort of quantum [which Yukawa and others would call

the ``heavy quantum'' later], just as the electromagnetic ®eld is accompanied by

the photon.' (Yukawa, loc. cit., p. 49)

Yukawa thus developed his formalismÐas Fermi and especially Heisenberg

had doneÐin analogy with the electromagnetic ®eld.947 On replacing the
1

r
-

potential of the latter by the corresponding nuclear potential,

U�r� �G
g

r
exp�ÿlr�; �708�

where g denoted a constant having the dimension of an electric charge, and l the

inverse range, Yukawa noted that U�r� constituted the spherically symmetric

static solution of the generalized wave equation

Dÿ 1

c2

q2

qt2

 !
U � 0; �709�

947That is, the theories of Fermi, Heisenberg, and Yukawa representedÐapart from occasional
nonrelativistic approximations to describe proton and neutron, the heavy nuclear particlesÐrelativistic
quantum ®eld theories implying creation and annihilation operators.
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with D the d'Alembertian operator � q2

qx2
� q2

qy2
� q2

qz2

 !
. In the presence of

heavy particles (i.e., protons and neutrons), then, the zero on the right-hand side of

Eq. (709) turned into a source term J describing the transition of the neutron to

the proton state; that is

J � ÿ4pg ~C
t1 ÿ it2

2
C; �710�

where C (and its complex conjugate ~C) were the wave functions for the heavy

particles (being functions of space, time, and t3Ðthe third component of Hei-

senberg's r-spinÐtook on the values �1 or ÿ1).948

At this point, it should be emphasized that Yukawa maintained the full anal-

ogy of his U-®eld with the electromagnetic four-vector potential, though he dis-

regarded the (three-dimensional) vector for the moment, as `there's no correct

relativistic theory for the heavy particles' (Yukawa, loc. cit., p. 50). Thus, he

obtained from a single (quasi-scalar) nonrelativistic SchroÈdinger equation the

e¨ective potential between two heavy nuclear particles, and then observed that

`this Hamiltonian is equivalent to Heisenberg's Hamiltonian . . . if we take the

``Platzwechsel integral'' J�r� � ÿg exp�ÿlr�' (Yukawa, loc. cit., p. 51). The two

constants g and l ®nally followed from experiment, and ultimately, via Eq. (707),

with l � 5� 1012 cmÿ1 the mass mU of the U-®eld resulted as `2� 102 times as

large as the electron mass' (Yukawa, loc. cit., p. 53). He explained why this parti-

cle had not been observed so far in nuclear transformations by showing that the

energies required to produce it were not available in known nuclear reactions.

Yukawa did not stop with these considerations of the nuclear forces between

heavy particles. He assumed that the U-quantum (of the U-®eld) could couple to

another charge-changing current, di¨erent from J in Eq. (710), namely, to that

where the electron and neutrino ®elds (associated with the light nuclear particles)

replaced those of the proton and the neutron. Thus, he proposed an alternative

theory of b-decay to Fermi's by just taking into account the additional source

term J 0,

J 0 � ÿ4pg 0
X

~ckfk �711�

(which had to be added to the right-hand side of Eq. (709)), with ck and fk de-

noting the electron and neutrino ®elds and g 0 denoting a second coupling constant.

By comparing the matrix element calculated from Eq. (711) for b-decay with

Fermi's, he found the relation

4pgg 0

l2
� gFermi � 4� 10ÿ50 cm3 � erg; �712�

948The U-®eld carried a positive charge for (p! n)-transition, while the conjugate U-®eld de-
scribed the (n! p)-transition.
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hence, upon inserting g � 2� 10ÿ9 and l � 5� 1012, he obtained g 0 � 4� 10ÿ17.

He concluded the paper by saying: `This means that the interaction between the

neutrino and the electron is much smaller than between the neutron and the pro-

ton, so that the neutrino will be far more penetrating than the neutron and con-

sequently more di½cult to observe.' (Yukawa, loc. cit., p. 56) That is, he ex-

pounded here clearly for the ®rst time not only the existence of two kinds of

nuclear forces, a strong one and a weak one, but he also considered his `quantum

with large mass' (Yukawa, loc. cit., p. 53) as a kind of what one would later call a

`uni®ed intermediate boson,' which coupled both to particles having strong and

weak nuclear reactions.

Having completed this pioneering paper `On the Interaction of Elementary

Particles. I,' Yukawa pushed ahead and continued working on his new theory in

the following months. Indeed, a number of manuscripts related to a further arti-

cle, `On the Interaction of Elementary Particles. II,' exist in the Yukawa Hall

Archives, as well as a manuscript on a related talk presented at the annual meeting

of the Physico-Mathematical Society of Japan (PMSJ ) on 6 April 1935, dated 30

March. A still earlier memorandum, dated 19 March, emphasized the `defects' of

the published Part I as follows:

(1) Only the exchange force was considered.
(2) The forces between like particles were not considered.
(3) The spin-dependence was not considered.
(4) The range of the parameter l and the coupling constant determined from the

collision theory and from cosmic ray bursts become rather large, so the mass of
the U-quantum is large.

(5) The interaction of the charged U-quantum with the electromagnetic ®eld was not
investigated. (Yukawa, Memorandum, ®led as [YHAL] F03090 P12.)

Although Yukawa became very productive scienti®cally in the following one-and-

a-half years, and published seven papers either alone or mostly in collaboration

with his student Soichi Sakata, none of them continued the pioneering study of

1935.949 Finally, in fall 1936, after the lapse of one-and-a-half years, Yukawa

began to work and talk again about a second investigation involving U-quanta.

Thus, the programme of the PMSJ meeting on 28 November listed as the last of

11 ®ve-minute talks: `Yukawa, On the Interaction of Elementary Particles. II.'950

Yukawa's renewed interest, which eventually resulted in two weighty publications,

submitted in November 1937 and March 1938, respectively (Yukawa and Sakata,

1937; Yukawa, et al., 1938), must be attributed to one main reason: the discovery

of a new particle in cosmic radiation which seemed to have the properties of the

949Just in one of the papers on b-decay and allied phenomena, a reference occurred (Yukawa and
Sakata, 1935, p. 469). For details of Yukawa's work between 1935 an 1937, see Hayakawa, 1983, Re-
chenberg and Brown, 1990, and Brown and Rechenberg, 1996, Chapter 6.

950A manuscript of this talk exists: [YHAL] E02060 P13, the content of which has been discussed
by Hayakawa, 1983, pp. 88±89.
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hypothetical U-quantum. Indeed, in a letter dated 18 January 1937, addressed

to the British journal Nature, Yukawa advocated `A Consistent Theory of the

Nuclear Force and b-Disintegration.'951 After referring to the `b-hypothesis of

nuclear forces' (i.e., the fashionable Fermi-®eld theory) and its `well-known

inconsistency between the small probability for the b-decay and the large interac-

tion of the neutron and proton,' he drew attention of the Western scienti®c com-

munity to `one possible way of solving this di½culty which was proposed by the

present writer about two years ago.' He then outlined brie¯y his U-quantum

theory and concluded the letter by discussing certain results of a recent article of

the California experimentalists Carl Anderson and Seth Neddermeyer:

Now it is not altogether impossible that the anomalous tracks discovered by Ander-

son and Neddermeyer [1936], which are likely to belong to unknown rays with
e

m

larger than that of the proton, are really due to such [U-] quanta, as the range-
curvature relation of these tracks are not in contradiction to this hypothesis. At
present, much reserve is, of course, indispensable owing to the scantiness of the
experimental information.

No documented reaction from the editor of Nature has survived, but Yukawa re-

called later that `soon the manuscript was sent back with the reply that it could not

be printed in that journal because there was no experimental evidence to support

my idea' (see Kawabe, 1991b, p. 263).

Actually, unknown tracks with
e

m
larger than that of the proton and smaller

than that of the electron or positron had already been observed several years

earlier. In a paper submitted in May 1933, Paul Kunze of the University of

Rostock analyzed some individual tracks obtained with his cloud chamber oper-

ating in a uniform strong magnetic ®eld of 18,000 gauss.952 In particular, he

described the following noteworthy feature:

The other double track shows in the same neighbourhood a thin track of an electron
having 37 million [electron] volts and another of a positive particle of smaller curva-
ture, which ionizes much more strongly. The nature of the latter particle is not
known; it ionizes too little for a proton and too much for a positive electron. This
double track is probably a part of a ``shower'' of particles, such as have been ob-
served by Blackett and Occhialini [1933], hence the result of a nuclear explosion.
(Kunze, 1933, p. 10)

This ®rst observation was not particularly noticed by the contemporaries, but in

the following three years, the experimental study of cosmic-ray phenomena pro-

951See Kawabe, 1991b, for the contents of this letter and its fate.

952Julius Paul Kunze was born on 2 November 1897, in Chemnitz. In 1928, he became Privatdo-
zent; in 1933, extraordinary; and in 1936, ordinary professor of physics at the University of Rostock. In
the 1960s, he moved to the Technische Hochschule in Dresden as Director of the Institute for Experi-
mental Nuclear Physics. He died on 6 October 1986, in Dresden.
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gressed enormously, especially in England (where Patrick Blackett worked at

Birkbeck College, London), France (where Pierre Auger and Louis Leprince-

Ringuet established a group in Paris), and the United States.953 Carl Anderson

and Seth Neddermeyer, who had collaborated since 1932 in Pasadena, used a

counter-controlled cloud chamber with a magnetic ®eld of 7,900 gauss in 1935 to

observe cosmic rays, both at the summit of Pike's Peak, Colorado, and down in

Pasadena, California, giving a detailed report in a comprehensive paper published

in August 1936.

Anderson and Neddermeyer devoted special attention to analyzing a large

number of their photographed pictures, clarifying the energy determination and

discussing the peculiar features and anomalies of the tracks. In Fig. 12, they noted

in the caption:

If the observed curvature were produced entirely by magnetic de¯ection, it would be

necessary to conclude that this track represents a massive particle with an
e

m
much

greater than that of a proton or any other known nucleus. (Anderson and Nedder-
meyer, 1936, p. 270)

Still, because of experimental reasons, they were hesitant to state clearly the con-

sequence that the tracks belonged to an `unknown particle' (as had been expressed

by Kunze), and rather `tentatively interpreted [the particle] as a proton' (Anderson

and Neddermeyer, loc. cit.). However, Watson Davis reported on a colloquium in

Pasadena:

Discovery of an unknown particle that may prove to be as important as the positron
was made known by Dr. Carl Anderson and his colleagues at the California Institute
of Technology just a short time after he was noti®ed of his sharing the Nobel physics
prize for his discovery of the positron. (Watson Davis, in Science Service, 13
November 1936)

Although Anderson himself, in his Nobel lecture of 12 December 1936, only

weakly hinted at `highly penetrating particles,' which were not `free positive or

negative electrons' and, hence, `will provide interesting material for future study,'

he became quite explicit ®nally in a paper submitted to the Physical Review in

March 1937 (Neddermeyer and Anderson, 1937).954 There, Neddermeyer and

Anderson concluded strongly from their new observations:

The present data appear to constitute the ®rst experimental evidence for the existence
of both penetrating and nonpenetrating character in the energy range extending

953For a report on the early activities in London, see Blackett (1937) and J. G. Wilson (1985);
in Paris, see Auger, 1985, and Leprince-Ringuet, 1983; in the USA, see C. D. Anderson and H. L.
Anderson, 1983.

954Anderson, when recalling his Nobel lecture, stated that he `received no reaction' in Stockholm
and afterward on his announcement (C. D. Anderson and H. L. Anderson, 1983, p. 147), but this need
not surprise anybody because his presentation had been rather cautious.
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below 500 MeV. Moreover, the penetrating particles in this range do not ionize per-
ceptibly more than nonpenetrating ones, and cannot therefore be assumed to be of
protonic mass. (Neddermeyer and Anderson, loc. cit., p. 886)

Their ®ndings were soon con®rmed by another American group, consisting of

Jabez Street and E. C. Stevenson of Harvard University (Street and Stevenson,

1937a, b); later on in summer the Tokyo team of Yoshio Nishina, Masa Takeuchi,

and Tarao Ichimiya (1937) joined together, and ®rst reported the values for the

mass of the new particle.955

As we have mentioned above, already the ®rst vague indication in the Physical

Review of new particles with
e

m
much greater than that of a proton in the report of

Anderson and Neddermeyer (1936) had excited Hideki Yukawa. In his talk of 28

November 1936, `he made numerical estimates to determine whether cloud

chamber tracks obtained by Anderson and Neddermeyer might be those of heavy

[U-] quanta,' and he `showed that the upward particle track was consistent with a

U-particle of mass 200 me, and he suspected that the four downward particles

could also be U-particles' (Hayakawa, 1983, p. 89). Encouraged by this result,

Yukawa returned to investigate further the `interaction between elementary par-

ticles,' and also wrote the aforementioned letter to Nature. Upon its rejection, he

waited for half a year, in which the necessary empirical evidence was provided

and then submitted another letter, entitled `On a Possible Interpretation of the

Penetrating Component of the Cosmic Ray,' this time to the Japanese journal

(Yukawa, 1937).956 In spite of the unfavourable reaction of Western journals,

Yukawa's theory meanwhile received the ®rst recognition by colleagues from the

Western physics community. Notably, in the Physical Review issues of 15 June

and 1 July, the Americans J. Robert Oppenheimer and Robert Serber (1937) and

the Swiss Ernst C. G. Stueckelberg (1937b) drew attention to Yukawa's theory

of nuclear forces, although they arrived at opposite conclusions concerning its

value: Thus, Oppenheimer and Serber denied any connection with the new cos-

micray particle, while Stueckelberg claimed that Yukawa had predicted it.957 In

any case, the international community of quantum physicists began to take notice

of the work done in Japan after a delay of more than two years. It soon would

become the standard theory of nuclear forces, as we shall see in Section IV.5

below.

955For details of the discovery of the new penetrating cosmic-ray particle, see Galison, 1983,
Takeuchi, 1985, and Rechenberg and Brown, 1990.

956 It should be mentioned that a later attempt by Yukawa to publish a letter, dated 4 October
1937, in the Physical Review failed again. The letter was entitled `On the Theory of the New Particle in
Cosmic Ray' and signed by Yukawa, Sakata, and Taketani; the report from Physical Review, dated 2
December and signed by the assistant editor J. W. Buchta, declared that the theory was not acceptable
(see Kawabe, 1991b, pp. 186±190).

957For details of the ®rst recognition of Yukawa's theory, see Rechenberg and Brown, 1990, espe-
cially, pp. 233±242.
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IV.4 Solid-State, Low-Temperature, and Relativistic

High-Density Physics (1930±1941)

(a) Introduction

When Friedrich Hund joined Werner Heisenberg at the University of Leipzig as

the second professor of theoretical physics, the topic of his research deviated

somewhat from that of his more famous colleague. As he remarked later:

After [treating] atoms and molecules, for me now of course [the topic of ] electrons in
solids was due. I would have liked to form a circle of collaborators at that time to
deal with that kind of solid state physics. I was still quite young then, but we really
had too few students. At that time theoretical physics was in disrepute (verleumdet),
and almost nobody studied theoretical physics. (Hund, in Rechenberg, 1994, p. 103)

What Hund outlined with these words was the situation in German science, which

had developed soon after the Nazis came to power and chased away a consider-

able fraction of the professors and students from the universities and research

institutions, primarily because of their Jewish descent. The partisans of the new

government even went as far as defaming a little laterÐin the mid-1930sÐ

the modern relativity and quantum theories as `Jewish physics,' and personally

attacking the remaining outstanding physicists, especially Werner Heisenberg, and

denying them positions appropriate to their stature.958 No wonder that the young,

talented, and ambitious studentsÐunlike during prior decadesÐavoided devoting

themselves to research in theoretical physics; certainly, their numbers dropped

drastically as compared to the years immediately preceding 1933. Still, the atomic

physicists, who still remained in their positions in Germany, tried to pursue re-

search in their ®eld as well as they could.

With respect to his programme, Hund had indeed directed his attention already

as early as fall 1931 to consider againÐfor the ®rst time after leaving the subject

in 1925 in favour of atomic and later molecular physicsÐthe problems of solid-

state theory. He noted in his diary (Wissenschaftliches Tagebuch or Tagebuch):

In a one-dimensional chain of atoms with q � 1 to p valence electrons, one can show
the occurrence of metallic binding @q� pÿ q�=p. An improvement by screening and
estimate of terms due to Bloch seems to be possible. (Hund, Wissenschaftliches

Tagebuch, 22 September 1931)

The question, which bothered him at that time, concerned the proper under-

standing of the existence of metals and insulators on the basis of the detailed

constitution of atoms and their binding in solids. While his predecessors and the

958See, e.g., Beyerchen, 1977, and Rechenberg, 1992.
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pioneers of the quantum-mechanical description of solids, such as Felix Bloch,

Rudolf Peierls, and others, had been interested primarily in the principal phe-

nomena exhibited by the atomic lattices, Friedrich Hund wanted to investigate the

in¯uence of atomic shapesÐtheir particular valencesÐand the structure of the

lattices on the macroscopic properties, like electrical conduction, etc. In December

1931, he submitted a study to Zeitschrift fuÈ r Physik, entitled `Zur Theorie der

schwer¯uÈchtigen Atomgitter (On the Theory of Non-Volatile Nonconducting

Atomic Lattices)' and dealing with the so-called valence-bond lattices, such as

diamond (Hund, 1932b). Hund showed in his paperÐby visualizing the valence-

bondsÐhow in the latter case, the carbon atoms formed a ®rmly bound lattice, in

which the number of valence-electrons equalled the number of closest neighbours;

hence, the substance not only turned out to be nonvolatile, but also nonconduct-

ing. In the case of graphite, on the other hand, the di¨erent structure of the lattice

planes would cause metallic conductivity.

In summer 1932, Hund continued to ponder at Leipzig about solid-state theory;

he gave a talk on the term-structure of solids in Marburg (see his Tagebuch entry

of 18 June); he examined, for instance, the relation between the magnetization of

bodies and their term-structure (Tagebuch entries of 24 June and later). During the

following winter semester, Hund even devoted his lecture course to the subject of

solid-state theory and discussed in his diary (Tagebuch) such items as super-

conductivity and ferromagnetism. Hund proposed certain ideas about the origin

of superconductivity (in November 1932), based on the following assumption:

`A state, which can be described according to Bloch and Heitler-London by s-

electrons, lies a bit higher than the ``d-state'' and possesses higher term density.

For the s-state, Bloch's theory is valid; for the d-state, the latter serves as an ap-

proximation. There are two phases.' (Tagebuch entry dated 9 November). But the

di½culties remained as to how to explain the very high values of conductivity and

the existence of a transition temperature (entry of 29 November). During the ®rst

half of the year 1933, the political turbulence in Germany and other distracting

obligations prevented him from undertaking further serious investigations, but

in the fall of that year, Hund resumed his work. Again, the theory of conduc-

tivity, especially superconductivity, attracted him mostÐbesides other properties

of solids such as diamagnetism and ferromagnetism. For the International Con-

ference on Physics in London in October 1934, he prepared a lecture dealing with

the `Description of the Binding Forces in Molecules and Crystal Lattices on

Quantum Theory' (Hund, 1935a). In two notes in his Tagebuch, dated 1 and 3

September 1934, Hund referred to new work on the subject by Eugene Wigner and

Frederick Seitz and John Slater in the United States. From early 1935 on, he then

started a series of publications on the theory of crystals, notably, on the electro-

static energy in ionic lattices (Hund, 1935b), on the electron terms in a crystal

lattice (Hund and Mrowka, 1935a, b), and on the motion of electrons in non-

metallic lattices (Hund, 1935c), and ®nished in January 1936 with a study reveal-

ing the relation between crystal symmetry and the electronic states in crystals

(Hund, 1936a). We shall refer to these papers below.

Chapter IV The Conceptual Completion and the Extensions of Quantum Mechanics838



From early 1936 to October of that year, suddenly there appeared another topic

in the research programme of Friedrich Hund, which he denoted in his Tagebuch

entry of 22 January as `Materie in extremem ZustaÈnden (Matter under Extreme

Conditions),' adding the comment that matter then consisted essentially of an

ideal gas of electrons, to which he could applyÐas he wrote a few weeks laterÐ

certain ideas that John Slater and Harry M. Krutter had devised in solid-state

theory (see below). Hund especially proposed to apply his ideas to the theory of

the stars, which he discussed in detail in spring and summer 1936, including the

`Chandrasekhar catastrophe' and the transition of normal stars into neutron stars

if superhigh pressures act. From 26 July to 7 August 1936, he composed a review

article on the whole topic for Ergebnisse der exakten Naturwissenschaften (Hund,

1936b). He returned to the theory of stars later in 1937, after having been con-

cerned in the meantime (from fall 1936 to fall 1937) with the problems of nuclear

constitutionÐsee Section IV.5 belowÐand again with some solid-state problems

(since fall 1937).

Hund's diverse research programme in the 1930's covered much of the domain

to which the present section is devoted, i.e., solid-state theory, theory of low-

temperature phenomena (implying, in particular, the proof of quantum degen-

eracy, as proposed by Albert Einstein in his theory of ideal gases in 1924), and

®nally, the high-density situation occurring in relativistic astrophysics. Although

Hund contributed to all of these topicsÐexcept that he did not publish his ideas

on superconductivityÐhe was no longer, as in former times, the leading theorist in

any of these. One could rightly guess that he might have had a more fruitful and

productive time, had he had the occasion to work and communicate in a produc-

tive scienti®c community such as the one that existed in Germany before 1933Ð

consisting of, for example, Hans Bethe, Max Born, Paul Ewald, Lothar Nord-

heim, Rudolf Peierls, and Eugene Wigner. But all of these people had been driven

out by the Nazis, and had in some cases left the Third Reich voluntarily and now

assisted old and new centres abroad, notably, in Great Britain and the United

States, in establishing preeminence in physical theory; it was not in Germany, but

in England and the United States that modern solid-state theory was mainly pro-

moted after 1934. And yet, he could contribute quite a bit.

The situation in low-temperature physics seemed to be a little di¨erent. The

pioneering experimental investigations had been started by Heike Kamerlingh

Onnes in Leyden, Holland, and followed in the 1920's in laboratories in Canada

and at the Physikalisch-Technische Reichsanstalt in Berlin. In the early 1930s,

then, the Royal Society's Mond Laboratory was established in Cambridge, England,

and also in neighbouring Oxford's Clarendon Laboratory refugees from Germany,

such as Franz (later Sir Francis) Simon and Kurt Mendelssohn, helped to create a

new tradition in low-temperature physics. In the East, the Soviet Union entered

into serious research in low-temperature physics by installing laboratories in

Kharkov and, after 1934, in Moscow (detaining Peter Kapitza, who was visiting

home for holidays from Cambridge, England, and purchasing his important

apparatus from the Mond Laboratory). While the Reichsanstalt su¨ered from the
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takeover by Johannes Stark, who had become hostile to all modern theory, and

with the departure of Walther Meissner, the authorities of the Kaiser Wilhelm-

Gesellschaft hurried to install suitable low-temperature apparatus for Peter Debye's

new Kaiser Wilhelm-Institut fuÈr Physik in Berlin-Dahlem (which, however, started

operations only in 1938). The fruitful discoveries made at the above-mentioned

laboratories and institutes in the 1930s, were thoroughly analyzed with the help of

quantum mechanics. Still, the problem of superconductivity resisted all ingenious

attempts to come to grips with it. However, the phenomenon of super¯uidity,

which had been discovered later toward the end of the 1930s and in the early

1940s, found a satisfactory explanation (actually, rather, two explanations).

In the problems that Friedrich Hund had addressed as `matter under extreme

conditions,' especially the distinguished Cambridge astrophysicist Arthur Stanley

Eddington and the young Indian scholar Subrahmanyan Chandrasekhar (`Chan-

dra') acted as pioneers. During the years following Chandrasekhar's work, they

became engaged in a sharp and bitter controversy about this ingenious application

of relativistic quantum theory, especially the electron theory, to describe the de-

generate matter in stars. In this dispute, Chandrasekhar received the support of

quantum theoreticians, including Paul Dirac, Rudolf Peierls, and LeÂon Rosenfeld.

Further contributions to high-density astrophysics came from Lev Landau in

Kharkov and Robert Oppenheimer and his students in California, which will also

be reviewed below. Thus, we will show how some of the main concepts of modern

astrophysics, such as that of neutron stars, evolved from a proper extension of

quantum mechanics already in the 1930s.

(b) New American and European Schools of

Solid-State Physics (1933±1937)

Before John Clarke Slater moved from Harvard University to accept the pro-

fessorship of physics and chairmanship of the physics department at the neigh-

bouring MIT in fall 1930, he had been asked by John Tate, at that time, editor of

The Physical Review and Reviews of Modern Physics, if he `could write a review

article on the electron structure of metals for the Reviews of Modern Physics'

(Slater, 1975, p. 192). Owing to heavy obligations connected with the change of

position and other professional interests, Slater did not ®nd time to write the

required article until summer 1934. However, when he did write it, it became

a rather comprehensive essay of 71 pages covering the known material in 31 sec-

tions plus seven appendices. Slater's review, entitled `The Electronic Structure of

Metals,' constituted the ®rst account published in the United States of the exten-

sive literature which had appeared especially since the new electron (Fermi±Dirac)

statistics in 1926 (Slater, 1934c). The literature cited at the end of the article in-

cluded 118 references up to summer 1934, organized according to the year of

publication (since Hendrik Lorentz's book on The Theory of Electron in 1906),

exhibited quite an interesting feature, namely, an abrupt transition in the in-

stitutions of the authors between 1932 and 1934: Their positions had shifted from
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Central Europe to the West, in the ®rst place from Germany to England andÐto

a lesser extentÐto America. In his scienti®c autobiography, John Slater went so

far as to claim that the initiative in quantum physics had passed after 1933 from

Europe to America (see Slater, 1975, p. 163). An example may be seen by the fact

that, while William G. Penney and Robert Schlapp came in 1932 from Great

Britain to assist John H. Van Vleck in Madison, WisconsinÐto investigate in some

detail the splitting of levels in crystals containing three-dimensional or four-

dimensional transition elementsÐin the year 1933, `a turning point in the devel-

opment of the theory of solids' set in, especially:

The ®rst step came from Princeton: the ®rst of several papers by [Eugene] Wigner and
Frederick Seitz, his student, on the constitution of metallic sodium. . . . These papers
were the ®rst ones which broke de®nitely out of the pattern of LCAO [i.e., the linear
combination of atomic orbitals] versus plane waves which had been the direction in
which solid state theory had been traveling. They represented the ®rst attempt at
applying something very much like the self-consistent ®eld to a crystal. (Slater, loc.

cit., p. 173)

Eugene Wigner, who, in 1930, had obtained a half-time position as a visiting

professor at Princeton University, which was turned in 1933 into a full-time pro-

fessorship, began to train new students and collaborate with them. Frederick Seitz

was the ®rst student to arrive from Stanford, California, to take his doctorate with

Wigner.959 In March 1933 and June 1934, Wigner and Seitz submitted two

papers, entitled `On the Constitution of Metallic Sodium,' to Physical Review

(Wigner and Seitz, 1933, 1934). Together with an intermediate article of John

Slater on `Electronic Energy Bands in Metals' (Slater, 1934b) and Wigner's com-

prehensive article `On the Interaction of Electrons in Metals' of October 1934

(Wigner, 1934), these investigations indeed opened a new American era in solid-

state physics. `The problem [addressed by Wigner and Seitz] was formidable,'

wrote Walter Kohn more than 60 years later, and continued:

As Wigner knew well from his acquaintance with the quantum theory of small atoms
and molecules, any serious estimates of the energy as function of the nuclear posi-
tionsÐwhich is required for the calculation of the lattice parameters, cohesive
energies and elastic constantsÐhad to go beyond mean ®eld theories (Sommer-
feld, Hartree, Hartree-Fock) and include the e¨ects of dynamical correlations. The
Rayleigh-Ritz variational method had resulted in extremely accurate calculations for

959Frederick Seitz was born on 4 July 1911, in San Francisco, California, and began to study at
Leland Stanford, Jr. University (A.B. in 1932). He obtained his Ph.D. from Princeton in 1934, and then
became an instructor in physics (1935±1936) and assistant professor (1936±1937) at the University of
Rochester. After two years as a research physicist with the General Electric Company, he became an
assistant professor at the University of Pennsylvania (1939±1941), and then an associate (1941±1942)
and full professor of physics and head of the physics department at the Carnegie Institution of Tech-
nology (1942±1949); he then moved to the University of Illinois (where he stayed until 1965). In 1965,
Seitz became full-time President of the National Academy of Sciences in Washington, D.C., and, af-
terward, President of the Rockefeller University in New York City.
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the He-atom (Hylleraas) and the hydrogen molecule (James and Coolidge), but the
e¨ort increased very rapidly with the number of atoms involved, and the method was
totally inapplicable to the case of an ``in®nite'' metal. (Kohn, 1997, pp. 357±358)

The method of Wigner and Seitz consisted in `an intermediate point of view by

applying the free electron picture but aiming at a calculation of chemical proper-

ties of metallic sodium such as lattice constant, heat of vaporization, compressi-

bility, etc.' (Wigner and Seitz, 1933, p. 804) It had been used ®rst by Friedrich

Hund originally in the theory of molecules (Hund, 1927a), later by Hund again

to investigate `little volatile, non-conducting atomic lattices,' such as diamond

(Hund, 1932b). In the latter paper, Hund had approached `the eigenfunctions of

the crystal by the eigenfunctions of the single electrons in a substitute ®eld corre-

sponding to the crystal,' and further noticed: `The eigenfunctions of the single

electrons can be approximated again by eigenfunctions in the central ®elds of

separated atoms. We obtain, for any choice of quantum numbers of the separated

atoms a huge number of states of the single electrons of the crystal.' (Hund, loc.

cit., p. 5) He had thus succeeded in explaining qualitatively the existence of

insulators (all groups consisting of ground states of separated atoms are occupied

by two electrons, and they exhibit a ®nite distance from those of the excited atom)

or metals (in which case, the ground states of the single electrons form a contin-

uum). Wilhelm Lenz and Hans Jensen in Hamburg and J. E. Lennard-Jones in

Bristol had also applied Hund's procedure to two-dimensional metallic lattices,

before Wigner and Seitz took it up; Kohn characterized their speci®c approach as

follows:

They pointed out that in a metal each electron is surrounded by a neutralizing hole of
total charge Ge in the charge distribution of the other electrons. They calculated this
hole in the Hartree-Fock (HF) approximation for the case of a uniform electron
gas. . . . They noted, however, that in the HF-approximation the hole was due to sta-

tistical correlations of electrons of parallel spin and that the important dynamical

correlations due to the electron-electron repulsion, which a¨ected electrons of both
parallel and antiparallel spin were ignored. In the event they adopted the heuristic
viewpoint that any electron when located in a particular atomic cell, while the ions of
the other cells were perfectly screened by the charges of the other electrons. (Kohn,
1997, p. 358)

Wigner and Seitz practically introduced an e¨ective potential V�r� for the

valence-electron of atomic sodium, depending on the cell number k, and the space

point r lying within the cell volume surrounding the ion in k. Now, the solution

of the SchroÈdinger equation appeared to be straightforward, as Wigner and Seitz

remarked:

It will not be necessary to solve it for the entire lattice, because it will have the same
symmetry as the crystal and hence will merely repeat itself a great number of times.
Because of this symmetry, the derivative of the wave function at every crystallo-
graphic symmetry plane will be zero perpendicular to this plane. This will be used as
a boundary condition. (Wigner and Seitz, 1933, p. 805)
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Since the sodium crystal treated had a body-centred cubic structure, with one

atom at the centre and at each corner of the cubic lattice, they constructed from it

a nearly spherical `truncated octahedron' surrounding each atom. This cell, later

called `the Wigner cell,' is according to Slater's description `in fact equivalent

in ordinary space of the Brillouin zone in reciprocal space, and it can be proved

that the Wigner-Seitz cell for the body-centered cubical structure is identical in

shape with the Brillouin zone for the face-centered cubic structure, and vice versa.'

(Slater, 1975, p. 173)960 On carrying out the calculation for the lowest energy

wave function of the 3s-band in metallic sodium, which di¨ered from the atomic

3s-function just by the boundary condition referred to above, and taking into ac-

count the exclusion principleÐi.e., by adding to the band energy the mean Fermi

energy of a uniform gas of density
4p

3
rs

� �ÿ1

and minimizing the sum with respect

to rsÐWigner and Seitz obtained the total energy per ion at absolute-zero temper-

ature, and from there, they derived the corresponding properties, such as the lattice

parameter d, the cohesion-energy parameter l (i.e., the energy di¨erence between

gaseous and solid state in Rydberg units), and the compressibility k, respectively,

d � 4:2 A
�
; l � 25:6 k cal=mol; k � 1:6� 10ÿ11 c:g:s: units: �713�

These values, they claimed, `compare favorably' to the experimental data, imme-

diately adding: `partly, without doubt, as a consequence of compensating errors'

(Wigner and Seitz, 1933, p. 810).

In a second, more extended, paper submitted six months later, Wigner and Seitz

examined certain aspects of their theory in great detail. In Part I, they began

by taking a closer look at the e¨ective potential, which consisted of `®rst, the

potential arising from the ion at the center of the 2s-sphere [i.e., the idealized poly-

hedron of the previous paper], second, the potential arising from other free elec-

trons' (Wigner and Seitz, 1934, p. 509); then they introduced certain modi®cations

before dealing at length with the question of the Fermi energy (i.e., the `zero-point

energy' of the Fermi gas in the crystal considered) in Part II. Walter Kohn em-

phasized in his commentary that `the main contribution of this paper is the ®rst

serious attack on the problem of correlation energy, the change of the total energy

due to electric correlations resulting from their mutual repulsion,' and added:

The authors realized that this energy was due mostly to the fact that the electrons
of anti-parallel spin would be kept apart, since, even without repulsion, those with
parallel spin are kept apart by the Pauli exclusion principle. They made the inspired
Ansatz [i.e., c�x1; . . . xn; y1; . . . yn� �

1

n!

c1�y1; . . . yn; x1� . . . c1�y1; . . . yn; xn�
..
.

cn�y1; . . . yn; xn� . . . cn�y1; . . . yn; xn�

�������
������� �

c1�y1� . . . c1�yn�
..
.

cn�y1� . . . cn�yn�

�������
������� ��714��

960For details, we refer, for instance, to Slater, 1975, Chapter 22, pp. 173±184.
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for a system with n electrons, and xk denoting the three Cartesian coordinates of the
k-th electron having spin upward and yk the corresponding coordinates of the k-th
electron having spin downward] for the many-electron wave function, notwithstand-
ing its violation of strict anti-symmetry. Further inspiration was needed to deal with
the functions cn�y1; . . . yn; x1� occurring in this Ansatz. So the authors assumed that,
in dealing with the spin-up electrons of coordinates x1, an approximate ``mean con-
®guration'' for the spin-down electrons yn was a closed-packed lattice occupied by
pairs of the latter! With this brilliantly outrageous assumption, the correlation energy
for a uniform electron gas was approximately calculated as a function of rs. When
this was added to the appropriate Hartree energy and exchange energy, and mini-
mized with respect to rs, a lattice parameter of 4.75 AÊ and a cohesive energy of 26.9
kcal were obtained. (Kohn, 1997, p. 359)

Wigner and Seitz noted, of course, in their new paper, the discrepancy between

these theoretical values and the observed ones (4.23 AÊ and 23.2 kcal), and com-

mented that `it is hardly necessary to mention that the calculation of the last sec-

tion must be regarded only as an attempt to ®nd the correct wave function for the

electrons in the metal, and we are well aware that we could guess its form

roughly.' Especially, they argued that the discrepancy of 3.7 kcal for the heat of

cohesion arose from two sources: On the one hand, the so-called `Prokofjew ®eld'

used did not describe the situation completely; on the other hand, `the actual wave

function is not represented to a su½cient degree by a wave function of the form of

[(714)]' (Wigner and Seitz, 1934, p. 522).

In a subsequent work on lithium, Frederick Seitz investigated the ®rst point

more closely, and especially:

The previous work [by Wigner and Seitz] was divided into two parts, namely, the
solving of the best one-electron approximation [involving the Prokofjew ®eld men-
tioned above], on the one hand, and the investigation of more general statistical
correlations of electron-positions [in the original text this has been misprinted as
``positrons,'' (sic)] than those a¨orded by the ®rst part, on the other. In the case of
Na, the ®rst part yielded about one-®fth of the observed binding energy while the
second, for which the most satisfactory treatment has been given by E. P. Wigner in a
very recent paper, removes about 80 percent of the remaining discrepancy. In the case
of Li, it is found that the one-electron picture is appreciably changed, the individual
wave functions being less similar to free-electron wave functions than in the case of
Na. This has as its consequence that almost half of the observed energy is included in
the one-electron solution. At the present stage of calculation, the result of Wigner on
the nature of additional correlations is taken over directly and yields a binding energy
of 34 kg Cal. as compared with the observed 38.9. (Seitz, 1935a, p. 334)

While Seitz submitted a full account of the results (which we have quoted above

from the abstract of a talk he presented at the Pittsburgh meeting of the American

Physical Society in December 1934), in a paper submitted to the Physical Review,

where it was published in the issue of 1 May 1935 (Seitz, 1935b), Wigner had

already addressed the scienti®c public earlier in a general essay, bearing the title

`On the Interaction of Electrons in Metals,' which appeared in the Physical Review
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issue of the previous December (Wigner, 1934). There, Wigner still retained Eq.

[(714)] to derive the `correlation energy'Ðthough he admitted that `it is certainly

not the correct one' (Wigner, loc. cit., p. 1003)Ðbut he suggested a di¨erent ap-

proximation method, `which is essentially a development of the energy by means

of the Rayleigh-SchroÈdinger perturbation theory in a power series of e2' (Wigner,

loc. cit., p. 1002). In particular, he assumed for the functions cn�y1; . . . yn; xk�,
occurring in Eq. [(714)], the Ansatz

cn�y1; . . . yn; xk�

� cn�xk�f1� fn�y1 ÿ xk� � fn�y2 ÿ xk� � � � � fn�yn ÿ xk�g; �715�

where cn denoted a plane wave and the functions fn were expected to be small,

short range, and negative, describing the e¨ect of repulsion. Previously, Wigner

and Seitz had assumed the yk to constitute a closed-packed lattice of electron

pairs, but now Wigner took the y1; . . . yn to be Slater determinants of plane waves;

also, he calculated the fn's in second-order perturbation theory. In order to check

the accuracy of the new approximation method, Wigner compared the correlation

energy of small atoms with the low-density limit of the metallic cohesion energy

obtained according to the above procedure. In the limit rs !y (with rs, the

radius of a hole surrounding every electron in the metal) when the kinetic energy

of the electrons �@rÿ2
s � was small against the potential energy �@rÿ1

s �, the electron

would occupy the points of the closed-packed lattice (later named `Wigner lattice')

and yield a correlation energy of 0.292 e2=rs per electron. From this limiting value,

now the values for a more realistic description of the metal could be derived:

Wigner especially estimated in the case of sodium the characteristic quantities to be

d � 4:62 AÊ and l � 26:1 kcal, as compared to 4.75 AÊ and 23.2 kcal in the second

Wigner±Seitz paper, and 4.2 AÊ and 25.6 kcal in the ®rst Wigner±Seitz paper.961

In between the ®rst and the second Wigner±Seitz publications, there appeared,

as we mentioned above, a paper by John Slater on the `Electronic Energy Bands in

Metals' (Slater, 1934b). In it, Slater referred to the work of Wigner and Seitz but

proposed a di¨erent approach to the same problem, namely, `instead of using

simply one s wave function, as Wigner and Seitz do, a combination of eight sepa-

rate functions is used, one s, three p, three d and one f 0' (see the abstract of

the paper, Slater, 1934a, p. 766). That is, he wanted to adapt the Wigner±Seitz

ideas to the more realistic situation existing in metals. Thus, he proceeded in the

following way:

Boundary conditions for an arbitrary electron momentum are satis®ed at the mid-
points of the lines connecting an atom with its eight nearest neighbors. Energy levels

961As Walter Kohn noted, the modern theoretical evaluations produce instead 4.07 AÊ and 25.8
kcal, while the best experimental values are 4.22 AÊ and 26.1 kcal; thus, the old theoretical results
approximated the data already pretty well. (See Kohn, 1997, p. 360)
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and wave functions are determined as functions of internuclear distance, leading to
the following quantitative results: At the observed distance of separation, energy
levels are given with remarkable accuracy by the Fermi-Sommerfeld theory, the gaps
fall approximately where they should as computed from de Broglie waves, and the
wave functions act accurately like plane waves in the region between atoms, but
¯uctuate violently, like s; p; . . . functions, near the nuclei. Gaps in energy are precisely
®lled up, though in each de®nite direction of propagation there are gaps. As the
internuclear distance increases, gaps in energy appear at de®nite points, the allowed
region shrinking to zero breadth about the atomic levels at in®nite separation. (Slater,
1934a, pp. 766±767)

Slater concluded his detailed paper (1934b) by stressing the fact that the above

results `both depend on the possibility of actually solving the wave equation for an

electron in a periodic ®eld without important approximations'; he hardly expected

`them to follow with anything like some certainty from a perturbation method

which would be inaccurate at the actual internuclear separation' (Slater, loc. cit.,

p. 801). Therefore, he would `never be able to accept' the Wigner±Seitz treatment

of the correlation energy, because `they based their discussion on a uniformly dis-

tributed positive charge and a homogeneous electron gas, whereas it is obvious

that at large interatomic distances we must have the formation of individual atoms

behaving as they do when isolated from each other' (Slater, 1975, p. 184).

In fact, John Slater deeply concentrated on realistic energy-band calculations,

and to help with this problem, he gotÐfor the ®rst time in his careerÐgraduate

students involved. `Up to that time, I had never had graduate students working

with me,' he recalled decades later, and added:

One of the ®rst who went in for it was H[arry] M. Krutter, who worked out the
energy bands of the copper crystal in 1935. I had been particularly interested in
getting energy bands for the 3d transition elements, to see if my hypothesis . . . that
the 3d bands were narrow enough to show ferromagnetism in iron, cobalt, and nickel
was actually justi®ed. I felt that copper, the ®rst element beyond these, and yet with a
single valence electron like sodium, would be good enough to start with it. (Slater,
loc. cit., p. 185)

Krutter was indeed ready in 1935 to publish two papers about his investigations.

He composed the ®rst one with Slater, and it treated `The Thomas-Fermi Method

for Metals' (Slater and Krutter, 1935); i.e., they extended a well-known method

that had been used earlier in the problems of atomic physics. The authors noted

that that method `rests on the same fact which makes possible the Wigner-Seitz

calculation,' namely, `the potential acting on the electron in the neighborhood of

one of the nuclei of the metal is nearly spherically symmetrical, the nucleus being

the center, so that the same method of solving di¨erential equations, as for ex-

ample the Thomas-Fermi method or the SchroÈdinger equation, which is applicable

in an isolated atom, can be used in the metal, simply by using di¨erent boundary

conditions' (Slater and Krutter, loc. cit., p. 559). In their calculations of the po-

tential ®eld, the charge density and the kinetic, potential, and total energies,
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Krutter and Slater veri®ed the virial theorem for the energy, which Wilhelm Lenz

(1932) and his student Hans Jensen (1932) had proved a few years earlier to hold

for the Thomas±Fermi±Dirac methodÐi.e., the Thomas±Fermi method, includ-

ing Dirac's treatment (see Section III.4)Ðand also used in solid-state theory.962

Though the results obtained did not satisfy Krutter and Slater with respect to the

evaluated energy of metal electrons in the neighbourhood of equilibrium, they still

concluded that `the potential ®eld, momentum distribution and various other fea-

tures promised to be of decided value as ®rst approximations in more accurate

treatments of metals' (Slater and Krutter, 1935, p. 568).

In his paper on `Energy Bands in Copper,' submitted to the Physical Review in

July 1935, Krutter then extended the methods used previously by Slater to describe

the higher energy states and wave functions of metal electrons in body-centred

lattices to the face-centred lattices of copper (Krutter, 1935b).963 Here, he had to

solve the SchroÈdinger equation within a particular cell, which required the conti-

nuity of the wave function and its normal derivatives at the midpoints of the faces

of the cell and taking into account the Bloch conditionÐthis procedure implied

®tting the boundary conditions at 12 points, all at the same distance from the

nucleus. Krutter succeeded in performing this laborious task in a satisfactory

approximation and to demonstrate the strong overlap of the 3d band and the 4s

band, as Slater had imagined earlier. In particular, he concluded: `The assignment

of electrons to the various energy bands leads to the result that, theoretically,

copper is a good conductor, a well-known fact.' (Krutter, 1935b, p. 671) For more

quantitative results, he ®nally argued, the method of obtaining the potential ®eld

had to be improved, say, by solving the self-consistent Hartree problem for each

metal individually.

At the end of his paper, Krutter thankedÐbesides John SlaterÐGeorge E.

Kimball `for many helpful discussions' (Krutter, loc. cit.). Kimball, a Ph.D. in

chemistry from Princeton University, spent the years 1933±1935 as a postdoctoral

fellow at MIT. In an investigation on the electronic structure of diamondÐthe

paper was received on 9 July 1935, by the Journal of Physical Chemistry (Kimball,

1935b)Ðhe proposed to explain quantitatively the absence of electrical conduc-

tivity and other properties of that crystal, which had been studied more qual-

itatively earlier by Friedrich Hund (1932b): Kimball now used the Wigner±Seitz

method, as extended by Slater, for that purpose (Kimball, 1935a, b). In the case

of diamond, the corresponding Wigner±Seitz cells are formed by `twelve planes

bisecting the lines to the next nearest neighbors cut o¨ the corners of [a regular]

tetrahedron, leaving a 16-sided-solid,' and `the cells surrounding the two atoms of

the unit cell of the crystal are identical, but are oppositely oriented' (Kimball,

962John Slater himself had demonstrated the validity of the virial theorem for the case of molecules
by `assuming that external forces are applied to keep the nuclei ®xed' (Slater, 1933, p. 687). For more
details, see Slater, 1975, Chapter 24.

963Harry Krutter presented an outline of his work at the Washington meeting of the American
Physical Society in March 1935 (Krutter, 1935a).
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1935b, p. 560). Since Kimball found the task of joining the eigenfunctions of all 16

faces of these cells too complicated, he `therefore decided to ®t the eigenfunction

so that the value and normal derivative would be continuous at the four points

midway between the atom and its nearest neighbors, that is, at the centers of the

hexagonal faces of the cell' (Kimball, loc. cit.). He solved the tricky problem of

determining eight eigenfunctions in the second approximation, and computed

the energy band of diamond as a function of the internuclear distances; thus

he obtained four extended bands and four bands of zero width (Kimball, loc. cit.,

p. 563, Figs. 2 and 3). `Although not very much of a quantitative nature can be

concluded from these results, the essential di¨erences between diamond and the

metals are apparent,' he ®nally stated and added:

In the diamond the low energy bands are all completely ®lled, and a large amount of
energy would be necessary to promote an electron to an un®lled band. Now in each
band, for every electron wave traveling in one direction there is a second wave of the
same energy traveling in the opposite direction. The net result is that a ®lled band can
produce no ¯ow of charge. Hence it follows that diamond is a non-conductor.
(Kimball, loc. cit., p. 564)

In the United States, work on the theory of metals consisted mainly in pushing

further the principles of the subject, which had been discovered earlier in Europe,

and solving more realistic problems. On the other hand, a number of solid-state

physicists on the old continent did not remain idle. Thus, for example, LeÂon Bril-

louin in Paris investigated (between 1932 and 1934) especially the magnetic prop-

erties (e.g., Brillouin, 1932) and the ionization potential of metals (Brillouin,

1934). In spring 1934, Friedrich HundÐwho had treated the problem of electro-

static energies of ionic crystals before 1925 and now learned, like John Slater and

others, how to handle the modern approximation methods (see Hund, 1932d)Ð

turned again to the theory of crystals, initially concerning himself with their mag-

netic properties. On 13 June 1934, he noted in his Tagebuch: `The model of ``semi-

metals'' with [a] one-dimensional chain, each atom having two electrons and s-,

px-, py-states . . . may explain the properties of Bi.' In this context, Hund referred

to the experimental data of Peter Kapitza in England. Later that summer, Hund

had to prepare his lecture for the London conference dealing with the interaction

of electrons in the lattice (Hund, 1935a). Finally, in fall of the same year, he

plunged into a detailed research programme on solid-state theory, which led to

several original publications, the ®rst of which was devoted to a semiclassi-

cal calculation of the electrostatic energies in certain ionic crystals, such as

b-christobalite or cuprite, based on the empirical structure of these, in gen-

eral, complex substances (Hund, 1935b). Simultaneously, he turned to the new

quantum-mechanical ideas of Wigner and Seitz and Slater, respectively, and on 2

September 1934, he noted in his Tagebuch: `With Slater's method one might per-

haps [be able to] calculate the diamond lattice.' It took some time until Hund had

completed, together with his assistant Bernhard Mrowka, the extended memoir

entitled `UÈ ber die ZustaÈnde der Elektronen in einem Kristallgitter, insbesondere
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beim Diamant (On the Electron States in a Crystal Lattice, Especially of Dia-

mond),' which he presented at the meeting of SaÈchsische Akademie der Wissen-

schaften on 17 June 1935 (Hund and Mrowka, 1935a). Hund and Mrowka char-

acterized their procedure as follows:

By taking into account the periodicity and symmetry of a crystal lattice, the qualita-
tive properties of energy bands for the single electrons can be derived. In the case of
diamond, this qualitative consideration, the Bloch approximation and a numerical
calculation along the lines of Slater supplement each other to provide a fairly quan-
titative picture of the term structure. (Hund and Mrowka, loc. cit., p. 206)

At the 11th Physikertagung in Stuttgart, held in September 1935, Friedrich

Hund presented the main results of the above paper in a condensed form (Hund

and Mrowka, 1935b). Hund and Mrowka took as the basis of their treatment the

Wigner±Seitz assumption that the potential ®eld in the vicinity of the lattice point

possesses a spherical shape and considered the s-, p-, d-, etc., solutions of the

SchroÈdinger equation with that potential. Thus, they especially obtained the rela-

tions between the wavenumber vector k, the energy E, and the lattice constants.

From the structure of the calculated terms, Hund and Mrowka derived a classi®-

cation of lattices into four groups: the ®rst consisted of linear equidistant atoms,

two-dimensional lattices of the graphite type, the three-dimensional diamond

lattice, and a few others; the second group contained linear chains of equal atoms

and the cubic lattices of equal atoms; the third group embraced lattices of equal

atoms having a more complex structure, and the fourth group had lattices of dif-

ferent atoms or exhibiting di¨erent distances. Hund gave another talk at the

Stuttgart meeting on solid-state theory, dealing with electron motion in non-

metallic crystal lattices, in which he reviewed some recent results obtained in

Germany concerning semiconducting crystals (Hund, 1935c). Finally, he described

in a paperÐsubmitted in January 1936Ðthe conclusion that could be obtained

theoretically from the relations between the crystal symmetry, on the one hand,

and the electron states of solids, on the other (Hund, 1936a). He concluded there

that `the qualitative results derived on the term structure of electrons in a crystal

lattice from the symmetry properties (of the spatial group) of the lattice are, by and

large, the same as appear in Brillouin's approximation (apart from its quantitative

aspect),' but he also warned that `they are not always exactly the same' (Hund, loc.

cit., p. 135). However, these qualitative conclusions would often turn out to be

quite vague if they were not supplemented by additional information or con-

ditions. Hund especially emphasized that from symmetry considerations alone,

there followed just the necessary conditions for crystals not to conduct electricity;

these need not be su½cient, because two energy bands might easily overlap.

Unlike GermanyÐHund and his collaborators practically did not publish fur-

ther papers in the 1930s (and 1940s) on the quantum-mechanical theory of solids

(but for one paper on superconductivity)Ðthe work at the American centres

around Eugene Wigner and John Slater ¯ourished in the following years. Thus, by
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1938, Wigner wrote six papers, either alone or in collaboration with John Bardeen,

H. B. Huntington, L. P. Bouckaert, and Roman Smoluchowski.964 Wigner's in-

vestigation with Bardeen, then a Fellow in Mathematics at Princeton University,

on `The Theory of Work Function of Monovalent Metals' (Wigner and Bardeen,

1935), and the following one by Bardeen alone (Bardeen, 1936), laid the founda-

tion of the theory of the electronic structure of metallic surfaces. In this theory, the

so-called work function f was expressed as

f � eDÿ m; �716�

with m denoting the chemical potential and eD denoting the surface-dipole barrier,

and then related to the cohesive energies of the earlier Wigner±Seitz calculations.

In the paper of Wigner with Huntington, on the other hand, the question was ex-

plored whether hydrogen under high pressure might form metallic lattices; they

especially drew attention to the existence of layer lattices, di¨erent from the usual

Bravais lattices of sodium and other atoms having only one electron in the outer

shell (Wigner and Huntington, 1935). The three-man paper on `The Theory of

Brillouin Zones and Symmetry Properties of Wave Functions in Crystals'

(Bouckaert, Smoluchowski, and Wigner, 1936) went beyond Hund's earlier con-

siderations (Hund, 1936a), because he had dealt only `with those properties of the

Brillouin zones which are common to all zones of the same lattice,' while Wigner

and his collaborators considered `the di¨erent zones separately' (Bouckaert, Smo-

luchowski, and Wigner, 1936, p. 58, footnote 1). Besides Hund and Wigner,

Frederick Seitz also analyzed in particular the connections between the space

groups of crystals and the wave functions of the Brillouin zones (see, e.g., Seitz,

1935c). Before his move to the University of Rochester, Seitz entered into a col-

laboration with the Princeton experimentalists R. Bowling Barnes and R. Robert

Brattain to interpret the infrared absorption spectra of magnesium oxide by taking

into account anharmonic terms in the potential function (Barnes, Brattain, and

Seitz, 1935a, b). Afterward, Seitz turnedÐlike Nevill F. Mott and Ronald Gurney

in Bristol, EnglandÐto quantum-mechanical calculations of the electronic con-

stitution of alkali-halogenides (Ewing and Seitz, 1936).

At this point, we may remark on the mutual relations between the groups of

investigators working on solid-state theory in the United States, which were rather

close indeed. In Princeton, Wigner collaborated with Seitz, who had come to the

University in late 1931 to obtain his Ph.D. degree with Eduard Condon, but then

became associated with Wigner. During these years, Seitz also maintained contact

with William Shockley, a research student of Slater's at MIT, whom he had ®rst

met at a summer school at the California Institute of Technology.965 The Prince-

ton solid-state group, which included John Bardeen (who had changed from

964For an analysis of these papers from the Wigner school, we refer to Kohn, 1997, pp. 360±363.

965For more details on connections between the American groups, see Hoddeson et al., 1992,
pp. 184±193.
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mathematics to physics), was joined in 1934 by Conyers Herring, a graduate stu-

dent in astronomy from Kansas, whoÐafter spending a year at CaltechÐdecided

to switch to physics and obtain his Ph.D. with Wigner. Herring kept in close

contact with Bardeen, who left Princeton in 1935 as a Junior Fellow at Harvard,

where he established a strong interaction with Slater's solid-state group at MIT

(working on the properties of metallic surfaces). Slater, on the other hand, turned

his attention in 1936 to the theory of ferromagnetism, in which he tried to compute

the energy bonds according to the method developed by Wigner, Seitz, and

himself (Slater, 1936a, b). Then, he collaborated with Shockley on the optical

absorption of alkali halides (Slater and Shockley, 1936)Ðthe latter had earlier

calculated the energy bands of sodium chloride (Shockley, 1936)Ðand with the

MIT experimentalist Erik Rudberg on the theoretical description of inealstic elec-

tron scattering from solids (Rudberg and Slater, 1936). That is, the Americans

fully seized the topics in solid-state theory which had been pioneered previously by

their European colleagues, notably, in Germany, and soon achieved considerable

progress and eminence in nearly all ®elds. Besides the East Coast, solid-state

theory also played some role at the University of Minnesota, where John H. Van

Vleck continued to investigate magnetic problems; after he left for Harvard in

fall 1938, he got a proper replacement in the person of Bardeen. Furthermore,

in 1935, Hans Albrecht Bethe, a former pioneer of solid-state theory in Ger-

many, was appointed to the physics faculty of Cornell University (at the instiga-

tion of Lloyd Smith, a former postdoctoral fellow at Sommerfeld's institute at

Munich, now leading a group on thermionic emission at Cornell in Ithaca, New

York). Continental Europe seemed to have been relegated backward; however,

there still existed a new centre in England: Nevill Mott's group at Bristol Univer-

sity, which (like its American counterparts) pro®ted from the arrival of German

immigrants.

Already before 1933, solid-state theory had obtained some tradition in Cam-

bridge, with Ralph Fowler and Alan Wilson as its principal representatives. After

the Nazis came to power in Germany, the situation in Great Britain improved

quite a lot in the appropriate ®elds. First, the 28-year-old Nevill Francis Mott,

formerly a nuclear theorist, became professor of theoretical physics in Bristol and

changed his ®eld of research to solid-state physics. Second, among the German

refugees, there was Max Born, the great old master of solid-state theory, who

came to Cambridge as Stokes Lecturer. Before being forced to leave GoÈttingen

in May 1933, Born had published the article on `Dynamische Gittertheorie der

Metallle (Dynamical Lattice Theory of Metals),' written jointly with Maria

Goeppert-Mayer (1933), which presented those aspects of solid-state theory that

could be treated without explicit use of quantum mechanics; now he was quite

willing to join the work on the modern theory of the ®eld. After leaving Germany,

Born went on vacation to Wolkenstein, a resort in Northern Italy, and stayed

there until September of that year; during the summer, two British students

(Maurice Blackman from London and J. H. C. Thomson from Oxford, who had

originally planned to work at his institute in GoÈttingen) visited him, and he es-
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tablished for them a kind of summer workshop.966 Upon arrival in Cambridge,

Born ®rst became involved in a collaboration with Leopold Infeld on a nonlinear

approach to quantum electrodynamics; only after spending the academic year

1935/36 in Bangalore, India, following an invitation from Chandrasekhara Ven-

kata Raman, did he return in fall 1936 to Great Britain to take over the Tait

Professorship of Natural Philosophy at the University of Edinburgh, and there he

indeed established a school of solid-state physics.

However, the appointment of Nevill Francis Mott at Bristol had a much

greater and more immediate impact. `Towards the end of my second Cambridge

year [as fellow of Gonville and Caius College], an invitation came to be professor

of theoretical physics in Bristol,' Mott recalled later and gave the following details:

Arthur Tyndall, Professor of Physics there, had made friends with a member of the
Wills family [the rich tobacco products manufacturers], talked to him about physics
and got him to ®nance a building of an enormous laboratory for the subject, quite out
of scale with anything else in the recently founded university. Then he had to sta¨ it,
and obtained more money from the [Wills] family, from the Rockefeller Foundation
and from elsewhere. He had the right idea, believing that a ¯ourishing research
school needed a Professor of Theoretical Physics and secured funds for that too. It
was the Melville Wills Chair. The ®rst man to be appointed was J. E. Lennard-Jones,
but the Cambridge chemists were becoming interested in theory and in the summer of
1932 he left to take up the new Chair of Theoretical Chemistry there. Tyndall had to
®nd someone else. Alan Wilson and myself appeared to him as the only two people
with the right quali®cation not already holding a chair and Tyndall asked me. (Mott,
1986, pp. 43±44)

Since Mott had received an `unreserved recommendation . . . as an admirable

candidate' from Lord Rutherford and was persuaded by him to accept the o¨er,

he indeed made a double move by going to Bristol to work there in a ®eld of re-

search that was new to him.967

In establishing a research group, Nevill Mott received considerable support

from Frederick A. Lindemann, a member of the British government's Advisory

Council for Scienti®c and Industrial Research. Lindemann, the in¯uential Oxford

theoretical physicist, `was concerned at his country's neglect of fundamental work

on the behaviour of electrons in metals, and persuaded the Council that something

should be done about it,' Mott said, and recalled: `My predecessor Lennard-Jones

was told that he would receive the necessary funds if he would undertake to devote

some time to the subject. This was hardly to be refused, and as a result Harry

966Though Max Born, in his recollections, did not mention the topics he dealt with at the workshop
in Wolkenstein, we may guess that they included solid-state theory. In any case, he had already pub-
lished (earlier in 1933) a paper with one of the students on the ®ne structure of residual rays (Born and
Blackman, 1933).

967J. E. Lennard-Jones had advocated the appointment of the German physicist Erich HuÈckel, a
molecular theorist, as his successor. Before Mott accepted, Hans Bethe was also a candidate for the
chair (Lennard-Jones to Tyndall, 17 August 1932, see Hoddeson et al., 1992, pp. 196±197).
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Jones, a graduate of Leeds and post-graduate student of Fowler's, was appointed

a senior research assistant in the laboratory, with the task of studying what had

been done and where to go from there.' (Mott, 1986, p. 47)968

Harry Jones indeed took his job very seriously and worked on the theoretical

programme assigned to him already before Mott came to Bristol. For example, in

a paper with Clarence Zener, he established some fundamental equations on the

theory of metallic conduction (Jones and Zener, 1934a).969 The following publi-

cation of Jones, entitled `The Theory of Alloys in the g-phase,' showed `that it is

possible to relate properties [such as the diamagnetic susceptibility and Hall-e¨ect

coe½cients] to the crystal structure of the alloys, and to the fact that the compo-

sition within the g-phase follows the Hume-Rothery electronic rule' (Jones, 1934a,

p. 225). William Hume-Rothery, the Oxford chemist and metallurgist hadÐfrom

microscopic studiesÐderived similarities between the phases of various alloys,

which showed up when the ratio of the number of valence electrons to the number

of atoms in the lattice was the same (Hume-Rothery, 1927). While he had ex-

plained it on the basis of an older model of Frederick Lindemann's (assuming

that electrons form a lattice as atoms do), Jones derived from the modern Bloch±

Brillouin theory of Fermi surfaces in the case of alloys with g-structure ratios

of valence electrons to atoms very close to the empirical values observed by the

Oxford chemist (Jones, loc. cit., pp. 230±231; see Hume-Rothery, 1931). More-

over, he explained the observed diamagnetism and Hall e¨ects in the alloys under

investigation. Under Nevill Mott, the new professor, Jones continued to examine

the properties of alloys in a paper submitted in July 1934, in which he treated the

e- and h-phases of the binary alloys and the various phases of bismuth (Jones,

1934b); he especially found that `the theory [of Bloch] shows why bismuth does

not form a co-ordination lattice' and concluded that the electrical conductivity

and diamagnetism of this metal and its alloys can be derived in good agreement

with the experiment (Jones, loc. cit., p. 413). In another investigation, carried out

jointly with Zener, he determined the change of resistance of metallic lithium in a

magnetic ®eld `in excellent agreement with the observations of Kapitza' (Jones

and Zener, 1934b, especially, p. 269).

Mott had learned about the work done at Bristol on metal theory already

before arriving there in fall 1933: At Tyndall's request, he had to referee the work

of Jones and Zener.970 After his move to Bristol, Mott quickly became engaged

968For more details of the Bristol chair, we refer to Hoddeson et al., 1992, pp. 193±196.

969This paper was submitted in early August 1933 to the Proceedings of the Royal Society of
London. A revised version was accepted on 19 December 1933, and published in the Proceedings issue
of 1 March 1934.

Clarence Zener, born in 1906 in Indianapolis, Indiana, had studied at Stanford and Harvard (Ph.D.
in 1929) and then spent his postdoc years in Princeton, Leipzig, and Bristol (beginning in 1931). Later
on, he served in academic positions at Washington University in St. Louis, City College of New York,
Washington State University, the University of Chicago, Texas A. & M. University (as Dean of
Science), and ®nally at the Carnegie Mellon University in Pittsburgh; in between, from 1951 to 1965, he
worked at the Westinghouse Research Laboratories. He died in July 1993 in Pittsburgh.

970See Hoddeson et al., 1992, p. 198.
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upon the subject himself and began a collaboration with Jones and the spectros-

copist Herbert W. B. Skinner. During his stay for a year at MIT (with a Rocke-

feller Fellowship), Skinner had measured with Henry O'Brian the soft X-ray

spectra of various light metals (O'Brian and Skinner, 1934). As Mott recalled

later:

Skinner, a brilliant experimenter, always covered with cigarette ash, seemed to have
three pairs of hands as he pulled out from his spectrometer the radiation from the LIII

emission of sodium, magnesium and aluminum. They showed bands, just as electron
theory predicted, and what is more these bands showed a sharp upper limit. There
was no fuzzing due to electron-electron interaction. (Mott, 1984, p. 910)

What surprised Mott and others at that time was the following situation: Due to

the model of free electrons, or the model of electrons in a periodic lattice potential,

the energy states of a metal were ®lled to a limiting value, or the Fermi-surface in

the wavenumber space, and this limit or surface appeared not to be smeared out

because of the mutual interactions of electrons. Now, in their paper, which was

received by the Physical Review on 11 December 1933 (and published in the issue

of 15 March 1934, right after the experimental paper of O'Brian and Skinner),

Jones, Mott, and Skinner (1934) gave the following explanation, as Mott recalled

later:

An electron excited into a state separated from the limiting Fermi energy EF by a
small energy DE would have a lifetime determined by the Auger processes, in which it
could not lose a value of energy greater than DE, because to do so it would involve a
transition to a state already occupied by other electrons. Therefore the only electrons
to which it could lose energy were those in states in the range of energy DE below EF .
It followed that the probability �1=t� per unit time of a collision would tend to zero
with DE; the lifetime of an electron in a state just above E would be very long. This
meant, using the uncertainty principle, that the limiting energy EF would be sharply
de®ned. (Mott, 1984, p. 910)

The theoretical programme of Mott and his quite capable and independent

assistants in Bristol grew very rapidly. Thus, they quickly won con®dence in the

principles of the theory of metals and their application to new materials and phe-

nomena. Before hardly two years had elapsed when Mott and his senior assistant

completed a book on The Theory of the Properties of Metals and Alloys (Mott and

Jones, 1936), whichÐas Mott remarked in his autobiographyÐwas `based very

much on Bethe's Handbuch article, and tried to extend its in¯uence by sorting out

the di¨erences between real materials, and making approximations and using

intuition whenever we liked' (Mott, 1986, p. 48). Besides their own work, such

as their treatment of the Hume-Rothery rule, Mott and Jones included in the

advanced theoretical chapter of their work the results obtained by Wigner and

Seitz and the consequences derived therein. The reviewer of this book for the

German journal Physikalische Zeitschrift praised it by saying that `In this book
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the extremely pleasing and very successful attempt has been made to distribute the

weight of the presentation equally among the theoretical derivations and the visual

interpretation of the results,' and added:

How important quantum mechanics promised to turn out for purely practical prob-
lems of metal science, emerges among other things from the chapters in which the
in¯uence of the concentration of valence electrons on the stability of the types of
crystal structure (Hume-Rothery rule) is treated. One is surprised by the large extent
to which statements can already be made in this direction without the smallest pre-
requisite of mathematical knowledge. (Laves, 1937, p. 922)

At this point, we should add that John Slater looked at the relatively simple

mathematical treatment of his British colleagues a bit more skeptically; he espe-

cially criticized the following point:

One got the impression in studying the work of Mott and Jones that they felt that the
potential actually occurring in energy-band theory was a small perturbation, which
could be handled by perturbation theory. This was not justi®ed, but it a¨ected the
thinking of the English school of physicists enough so that even now most of them are
trying to get valid results relating to energy bands from simpli®ed models, rather than
through the direct types of calculation which one can make with the methods now in
use. (Slater, 1975, p. 191)

Quite unin¯uenced by such objectionsÐif they were expressed at that time at

allÐMott proceeded to work on new tasks. In 1935, Ronald Gurney came from

Manchester to Bristol and got Mott interested in the investigation of nonmetallic

substances and those in which certain defects might disturb the ideal periodic

crystalline order.971 The previous decades had witnessed lots of experimental re-

sults, which disclosed new properties of such substances. For example, the phe-

nomena of phosphorescence and luminescence had been investigated by Wilhelm

Conrad RoÈntgen, Philipp Lenard, and later by Robert Pohl and Abraham Jo¨eÂ.

On the theoretical side, Adolf Smekal and Jakov Frenkel had proposed certain

theoretical ideas for understanding the structure of `imperfect' crystals which

included disturbances and dislocations. In the 1930's, new concepts emerged from

quantum mechanics to describe particular situations in such solids, such as `the

trapping of an electron by an extremely distorted part of the lattice' (Landau,

1933)Ðlater called the `polaron'Ðor the `bound electron-hole pair' (Frenkel,

1936a), later called the `exciton.'972 Quantum mechanics was then ®nally ready to

971Ronald Gurney, born in 1898 at Cheltenham, England, studied at Cambridge University
and joined the Cavendish Laboratory under Rutherford. After some years with Lawrence Bragg in
Manchester and then in Bristol (1935±1941), Gurney went to the United States and worked on various
war-related projects. From 1948 to 1950, he was a visiting professor at Johns Hopkins University in
Baltimore. He died on 15 April 1953, in New York City.

972For details of this development, we refer to Hoddeson et al., 1992, Chapter 4.
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play a role also in understanding semiconductors, and the Bristol group took some

lead in that enterprize. As Mott recalled several decades later:

A semiconductor is not a metal; it contains a few electrons that are weakly held in
position, so that as the material is warmed up the electrons become free. Alan Wilson
had explained this in 1932 [see Section III.6], but there was plenty of work still to do.
Some people may remember the wireless receiver of the twenties [1920s], in which one
had to press a wire against a galena crystal and ®nd a spot which ``recti®ed'' the
current, that is, it allowed to pass only in one direction. I published a theory which
stood the test of time on that [Mott and Littleton, 1938] and a good many other
papers. Ronald Gurney and I set to work on a book, Electronic Processes in Ionic

Crystals, which came out in 1940. This was inspired by the experimental work of
Robert Pohl in GoÈttingen. I had met him in one of the conferences we organized in
Bristol. (Mott, 1986, pp. 53±54)

Robert Wichard Pohl, a long-time colleague of Max Born and James Franck,

indeed played a crucial role in the history of semiconductors, and Mott even con-

sidered him `to be one of the true fathers of solid state physics.' The Bristol con-

ference referred to dealt with the broad ®eld of `The Conduction of Electricity in

Solids' and was held from 13 to 16 July 1937, under the joint auspices of the

Physical Society of London and the University of Bristol. The lecturesÐpublished

in the Supplement to Volume 49 of the Proceedings of the Physical SocietyÐfell

into three parts: While Parts II and III covered the topics `Conduction in Alloys'

and `Conduction in Thin Films,' Part I contained papers devoted to `Conduction

of Non-Metals.' The very ®rst contribution in Part I was presented by Robert

Pohl, `whose school in GoÈttingen has been for many years investigating photo-

conductivity in alkali halides,' Mott wrote in the introduction to the reports, and

explained further:

These crystals do not show photoconductivity if they are illuminated in their own
absorption band; in order to obtain photoconductivity one must ®rst colour the
crystal by the addition of some impurity of defect, which gives a new absorption
band. The crystals used by Pohl are coloured by heating in the vapour of the alkali
metal, which gives the well-known yellow colour for rock salt crystals or blue for
KCl. The crystal shows photoconductivity if irradiated in the new absorption band so
obtained. This band is known as the F-band and the absorption centres as F-centres;
their precise origin is at present uncertain though hypotheses to explain it are
advanced in the papers by Gurney and Mott and in the subsequent discussion. (Mott,
Supplement to the Proceedings of the Physical Society 49 (1937), p. v)

Indeed, in the presentation following Pohl's very detailed account of his ®nd-

ings (Pohl, 1937), Gurney and Mott suggested a tentative wave-mechanical theory

of the phenomena. In particular, they assumed the following physical picture:

` ``By accident'' an electron remains on one positive ion [of a crystal] for about

10ÿ12 sec,' and `then the medium around will have become polarized, the positive

ions being displaced towards and the negative away from the electron' (Gurney

and Mott, 1937, p. 32). Practically in this way a `potential hole' was formed by the
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displaced medium, and the electron in the lowest state behaved like a `trapped

electron,' similar to Frenkel's idea of 1936. Gurney and Mott further noticed:

An electron trapped in this way can only move one ion (a) to a neighbouring ion (b),
if at the same time the surrounding ions move into new displaced positions about (b).
The frequency with which such a process occurs may be shown to be very small at
room temperature, so that we may assume that the trapped electrons are immobile.
At high temperatures, however, thermal vibrations may occasionally raise an electron
from its trapped position into the conduction band. (Gurney and Mott, loc. cit., p. 33)

It seemed to Gurney and Mott that their mechanism indeed described the behav-

iour of Pohl's F-centres; especially, they found a `broadening to be expected as the

temperature is raised . . . also in satisfactory agreement with experiment' (Gurney

and Mott, loc. cit., p. 34). Encouraged by their ®rst success, Mott and Gurney

went on to show, as they wrote in the preface of their later book on Electronic

Processes in Ionic Crystals, `that the phenomena observed in alkali-halides shed a

great deal of light on the more complex behaviour of substances of greater tech-

nical importance, such as semi-conductors, photographic emulsions, and lumines-

cent materials' (Mott and Gurney, 1940, p. ix). They discussed these items in detail

in the last three chapters of their pioneering monograph.

After Adolf Hitler came to power in Germany in 1933, `the number of theo-

retical physicists in England must have doubled through the in¯ux,' Mott said, and

recalled: `[Frederick] Lindemann took his Rolls-Royce to Germany and collected

some of the best physicists for Oxford, completely reviving Oxford's Clarendon

Laboratory.' (Mott, 1986, p. 50) While Lindemann thus succeeded in establishing

the ®eld of low-temperature physics at Oxford, Bristol also received an enormous

strengthening of its theoretical group by the arrival of six immigrants (including

Hans Bethe, Herbert FroÈhlich, Walter Heitler, and the young Klaus Fuchs). Not

all of them worked on solid-state physics, but so did another visitor, the Swiss

physicist Gregory Wannier, who, after taking his doctorate under E. C. G.

Stueckelberg at the University of Basle in 1935, went to Eugene Wigner in

Princeton and spent the year 1938/39 at the University of Bristol. Back in Ger-

many, Friedrich Hund could only deplore the lack of students and collaborators,

which prevented him from forming a similarly active and successful school of

solid-state physics at Leipzig.

(c) Low-Temperature Physics and Quantum Degeneracy (1928±1941)

In the most comprehensive account of the history of solid-state physics given thus

farÐthe book Out of the Crystal Maze, which emerged from an international

project (Hoddeson et al., 1992)Ðone chapter deals with the development of `col-

lective phenomena,' which comprise all types of phase transitions, such as those

from gas to liquid, liquid to solid, normal conducting to superconducting state,

¯uid to super¯uid, and paramagnetic to ferromagnetic state, in short, all of those

situations in which the latter phase arises from what one refers to as `cooperative
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phenomena.'973 Although in the 1920s and 1930s many problems of solid-state

theory were explained on a quantum-mechanical basis, especially those which

depended on the properties of a single electron, only a few of the `collective'

or `cooperative' phenomena could then be approached with some success. The

theoreticians devoted enormous e¨orts in the 1930's to describe the spectacular

low-temperature behaviour of condensed matter, as exhibited by the phenomena

of superconductivity and super¯uidity that were explored in detail experimentally

during the same period.

The story of low-temperature physics began with the production of liquid

helium by Heike Kamerlingh Onnes in Leyden, which was achieved in 1908 and

appropriately honoured with the Nobel Prize for Physics in 1913.974 Three years

later, he discovered a completely unexpected e¨ect, namely, the sudden drop of the

electrical conductivity in some metals, ®rst in mercury at 4.15 K (Kamerlingh

Onnes, 1911). This e¨ect received the great attention of physicists and technicians

during the following decades, though for a dozen years, the only place to inves-

tigate it was the cryogenic laboratory at Leyden.975 In 1923, there followed

Toronto, where John C. McLennan established his laboratory, and two years later

the one at the Physikalisch-Technische Reichsanstalt (PTR) in Berlin with Walther

Meiûner as the leading physicist.976 Meiûner's programme after 1925 dealt with

the question, `whether all metals become superconducting' (W. Meiûner, 1925,

973See Chapter 8 of Out of the Crystal Maze (Hoddeson et al., 1992), which treats the development
up to the late 1950s.

974See Kamerlingh Onnes's Nobel Lecture in The Nobel Lectures in Physics (Elsevier, 1967). Heike
Kamerlingh Onnes was born on 21 September 1853 in Groningen, and entered the university of his
hometown in 1870; then, he went to Heidelberg to study with Robert Bunsen and Gustav Kircho¨ from
October 1871 to April 1873. Upon his return to Groningen, he continued his studies there and received
his doctorate in 1879. Following an assistantship at the Delft Polytechnic (1878±1882 with Johannes
Bosscha), Kamerlingh Onnes was appointed professor of experimental physics and meteorology at the
University of Leyden. Already in 1881, he concerned himself with the theory of liquids and approached
van der Waals' law of corresponding states by means of kinetic theory, which he tried to verify experi-
mentally in the succeeding decades. The cryogenic laboratory in Leyden became the cradle of low-
temperature physics in the world, and Kamerlingh Onnes and his collaborators were recognized as the
experts in that ®eld. Kamerlingh Onnes himself received countless honours, national and international
prizes, and memberships of academic societies. He died on 21 February 1926, in Leyden.

975Actually, as H. B. G. Casimir reported, `the ®rst observations were made by Kamerlingh Onnes'
assistant Gilles Holst, who later became the founder and ®rst director of the Phillips Research Labo-
ratories, but the experiments were no doubt proposed and planned by Kamerlingh Onnes' (Casimir,
1973, p. 483, footnote). For details of the full story, see Casimir, 1983, pp. 165±166.

976At the PTR, the president Emil Warburg already ordered in 1913 the establishment of a `KaÈl-
telabor (Low Temperature Laboratory)' producing liquid hydrogen; by the end of that year, temper-
atures down to 20 K were reached, and then World War I interrupted further e¨orts. Work was again
resumed in 1920 with the intention of obtaining liquid helium, since (unlike Canada) pure helium was
not available and had to be extracted from air with the help of special apparatus. (For details, see Kern,
1994, pp. 148±155.)

Walther Meiûner, born on 16 December 1882, in Berlin, studied at the Technische Hochschule in
Berlin (1902±1907) and obtained his doctorate with a thesis on radiation theory under Max Planck. In
1908, he joined the PTR, where he organized the KaÈltelabor and, after the war (in which he served from
1915 to 1918), built the liquid-helium apparatus (1923±1925). In 1934, he was invited to accept a chair
of technical physics at the Technische Hochschule in Munich. Meiûner remained active in research far
into the 1960sÐafter his retirement within the Bavarian Academy of SciencesÐhe died in Munich on
16 November 1974.
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p. 691). His small group added a number of pure metals, e.g., tantalum, titanium,

and niobium, and certain alloys and compounds (even nonconductors like copper

sulfate) to the list of superconductors, but some metals, e.g., gold, did not join the

list down to the lowest temperature (namely, 1.3 K) that could be reached. In the

late 1920s and early 1930s, each of the two laboratories in Leyden and Berlin dis-

covered anÐas it would turn out, crucialÐe¨ect in low-temperature physics: On

17 December 1927, a paper of Willem Hendrik Keesom and M. Wolfke was re-

ceived by the Amsterdam Academy of Sciences, entitled `Two Di¨erent Liquid

States of Helium,' which the authors called `liquid helium I' and `liquid helium II'

(Keesom and Wolfke, 1928, p. 90); on 16 October 1933, Meiûner and his collab-

orator Robert Ochsenfeld submitted to Naturwissenschaften a note on `Ein neuer

E¨ekt bei Eintritt der SupraleitfaÈhigkeit (A New E¨ect at the Onset of Super-

conductivity),' containing the observation that the magnetic ®eld was completely

driven out from the interior of the superconductor (which therefore must be a

perfect diamagnetic substance), which was later called the `Meiûner-Ochsenfeld

e¨ect' (1933). Both of these experimental ®ndings would largely in¯uence the de-

velopment of low-temperature physics in the succeeding years.

During the 1930s, the number of cryogenic laboratories increased again. First,

the Mond Laboratory at the Cavendish in Cambridge, England, was completed

and began research in 1933 (see Volume 4, p. 33). Peter Kapitza, its Russian-born

director and collaborator of Ernest Rutherford's, devised in 1934 a new type of

liqui®er for helium by making use of `explosive' adiabatic turbo-expansion (which

was at least 10 times as e¨ective as previous installations: Kapitza, 1934). Still in

the same year, 1933, Franz Simon came as a refugee to the Clarendon Laboratory

at Oxford and brought with him from Breslau a very simple liqui®er suitable for

helium as well.977 However, in summer 1934, the Mond Laboratory lost Peter

Kapitza, its director, while he was visiting the Soviet Union for vacationÐas

he did every yearÐbut was not allowed to return to Cambridge. The Soviet

authorities prevented him from returning to England, in order to have him build

and direct a new institute of the U.S.S.R. Academy of Sciences in Moscow. The

Soviet government even purchased a part of the Mond Laboratory equipment for

that purpose, especially the large electromagnet for low- and normal-temperature

experiments and other apparatus for £30,000. Thus, research could be continued

in CambridgeÐnow under the direction of John CockcroftÐand begun in

Moscow under Peter Kapitza.978 Soon, Kapitza would make a major discovery,

that of `super¯uid helium' in 1938.

977See the report of Kurt Mendelssohn (1964, p. 7), another refugee from Breslau, who installed the
®rst helium liqui®er at Oxford.

978Peter (Pjotr) Leonidovich Kapitza was born in Kronstadt near St. Petersburg on 9 July 1894, the
son of the military engineer Leonid Kapitza and his wife Olga (neÂe Strebnitskaia), a teacher. He
graduated in electrical engineering (from Abram Jo¨eÂ's department) in 1918 at the Polytechnical In-
stitute, and was sent by his teacher in 1921 to Cambridge to work with Rutherford. Success in various
topics of experimental research, notably, in the application of high magnetic ®elds, made it possible for
him to have a leading role at the CavendishÐsince 1930 the Messel Research Professor of the Royal
Society (Fellow of the Royal Society in 1929) and the Director of the Mond Laboratory (1930±1934).
The new Moscow `Institute for Physical Problems' began to operate in late 1936 and soon achieved
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On the other hand, his Institute for Physical Problems did not constitute the

®rst place for low-temperature research in the Soviet Union. As early as 1930,

Lew Schubnikow (or Lev Shubnikov, as his name would be transcribed later

in Western scienti®c literature), who had acquired considerable expertise during

a stay in Leyden, was invited to join the recently founded Ukrainian Physico-

Technical Institute at Kharkov to establish a suitable laboratory there; already

by the end of 1931, he produced liquid hydrogen, and in the following year, he

obtained liquid helium according to Simon's method. After 1934, when Shubnikov

had the Meiûner apparatus available (which was installed by Meiûner himself ), a

continuous supply of helium existed in Kharkov.979 In Germany, the takeover of

the PTR by Johannes Stark and the departure of Meiûner in 1934Ðas well as

the ®ring of Max von Laue as a theoretical advisorÐconsiderably weakened the

formerly so successful KaÈltelabor. Several years later, a new research centre was

planned in Berlin±Dahlem as part of the Kaiser Wilhelm-Institut fuÈr Physik, which

started its operation early in 1937. Peter Debye, who had been appointed director

of the Kaiser Wilhelm-Institut in 1935, had already installed some apparatus

allowing him to obtain low temperatures, based on his method of adiabatic de-

magnetization of paramagnetic quantities (Debye, 1926). In a report on the new

instituteÐwhich, against the wishes of the Nazi minister of education, was also

named the `Max Planck-Institut'Ðhe emphasized `two special ®elds of research,

namely, in the ®rst place investigations in the domain of nuclear physics with

the help of very high voltages, and in the second place experiments at very low

temperatures close to the absolute zero' (Debye, 1937, p. 257). In the latter ®eld,

Debye wishedÐas he wrote in another publicationÐto continue the experimental

work of the former German emigrants Franz (Francis) Simon and Nikolaus

(Nicholas) Kurti (see Debye, 1938, p. 85).980

As we have already mentioned, the low-temperature research in the 1930's

concentrated very much on the detailed properties of two outstanding phenomena,

superconductivity and super¯uidity, of which the former had been known since

1911 and the latter became evident only in 1938. Theoretical considerations, both

classical and quantum-theoretical, played a vital role in obtaining insight into their

very nature, although it was only in the case of super¯uidity that the e¨orts helped

considerable progress in low-temperature physics. During World War II, Kapitza headed the newly
founded Department of Oxygen Industry; after the war, he entered into research on microwave gen-
erators and plasma physics. In 1978, Kapitza shared the Nobel Prize in Physics with Arno A. Penzias
and Robert W. Wilson; he was cited `for his basic inventions and discoveries in the area of low-
temperature physics' (Nobel Foundation, ed., 1992, p. 416). He died in Moscow on 8 April 1984.

979Lev Shubnikov was born in 1901 in St. Petersburg, where he studied from 1918 to 1926 (at the
university) and (after 1922) at the Physico-Technical Institute, obtaining a Diplom (with Ivan Obrei-
mov, who later became the director of the Physico-Technical Institute at Kharkov). From 1926 to 1930,
Jo¨eÂ sent Shubnikov to work at the Leyden cryogenic laboratory. In Kharkov, the theoretician Lev
Landau, initially a critic of his work, became a dear friend and collaborator. Shubnikov was im-
prisoned on 6 August 1937; he was sentenced to death and shot on 11 November of that year. (For a
more detailed biographical sketch of his life, see Rotter, 1997a, b).

980Peter Debye's programme at the newly established Dahlem institute has been discussed by Kant,
1996, especially, pp. 236±242.
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in obtaining some understanding within the framework of quantum mechanics.

We shall ®rst deal with the older discovery, superconductivity, for the explanation

of which quantum-theoretical concepts were invoked from the very beginning.

Notably, at the third and fourth Solvay Conferences of 1921 and 1924, respec-

tively, in Brussels, the principal reports by Kamerlingh Onnes and others dealt

with such interpretations. While in 1921 the question was asked as to whether

Bohr's atomic model yielded the necessary `coherence' of the conduction electrons,

such that they would give rise to superconducting ®laments (see the report of

Kamerlingh Onnes), in 1924, Hendrik Lorentz and Owen W. Richardson pro-

posed new ideas to explain this coherence.981 These ideas would appear quite

arbitrary, if not unnatural, when viewed with the following discovery of quantum

mechanics. After the ®rst successes of the new atomic theory in the situation of the

normal electrical (and thermal) conductivity, Heisenberg and several other phys-

icists turned their attention to solving also the puzzle of superconductivity, but the

quite serious e¨orts of the foremost expertsÐincluding Felix Bloch, Lev Landau,

Jakov Frenkel, Niels Bohr, and Ralph Kronig (besides Heisenberg himself )Ðdid

not attain the goal, as we have concluded in Section III.6 previously. New exper-

imental observations in the late 1920s and early 1930s, such as the existence of

superconductivity in impure substances or even nonconducting materials, the

transition from the superconducting into the normal conducting state in a high

magnetic ®eld and a kind of hysterisis e¨ect complicated the picture of the phe-

nomenon.982 With the availability of low temperatures in many di¨erent labo-

ratories since the early 1930's, new theoretical e¨orts were ushered in, especially

after the discovery of the Meiûner±Ochsenfeld e¨ect in 1933 provided a turning

point in the history of superconductivity, although they did not lead to the desired

solution of a microscopic quantum-mechanical description. The enormous di½-

culties which stood in the way of obtaining success in this speci®c topic might, of

course, be easily understood: The physicists had ®rst to disentangle the detailed

phenomena observed and then develop a phenomenological, macroscopic de-

scription, before they could pass over to the real microscopic quantum-mechanical

theory. Thus, the main progress in understanding superconductivity during the

1930s consisted in establishing a so-to-say semiclassical approach, which was

worked out primarily in Berlin, Leyden, and Oxford.

In February 1933, Paul Ehrenfest communicated what would be his last paper

for publication, entitled `Phasenraumwandlungen im uÈblichen und erweiteren Sinn,

classi®ziert nach den entsprechenden SingularitaÈten des thermodynamischen Poten-

tials (Phase Transitions in the Usual and Extended Sense, Classi®ed According

to the Corresponding Singularities of the Thermodynamic Potential)' to the

Amsterdam Academy.983 In the summary of his paper, Ehrenfest wrote:

981See the reports, given in Mehra, 1975a, Chapters 4 and 5.

982For details, we refer to Hoddeson et al., 1992, pp. 495±498, and Dahl, 1992, Chapters 6 and 7.

983On 25 September 1933, Ehrenfest went to the institution, where his youngest, mongoloid son
was taken care of, drew a revolver, and ®rst shot the child and then himself. (See Casimir, 1983, p. 148)
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The measurements of Keesom and his collaborators on the characteristic change of
the speci®c heat of ¯uid helium and also of superconductors suggest to discuss a cer-
tain generalization of the concept of phase transition. The discontinuity curves of
di¨erently high order in the plane of the thermodynamical potential become the
transition curves for the ``transitions of ®rst, second and higher order'' between the
two phases. In case of the usual transitions of ®rst order the equation of Clapeyron
applies to the jumps in the ®rst di¨erential quotient of the thermodynamic potential,
i.e., between S 00 ÿ S 0 and v 00 ÿ v 0; in case of second-order transitions analogous
equations between the jumps of the speci®c heat and the jumps of qv=qT and qv=qp

are valid [where S, v, T and p denote the entropy, volume, temperature and pressure,
respectively]. (Ehrenfest, 1933, p. 153)

Willem Hendrik Keesom and J. A. Kok (1932) had observed before a discontinu-

ity of the speci®c heat at the transition temperature of superconducting tin, and

the Leyden experimentalists reported similar results on the behaviour of liquid

helium (see below). In a series of papers, Hendrik Casimir and Cornelius Jacobus

Gorter, and Ehrenfest's student A. J. Rutgers, worked out the thermodynamics

of superconductors (Gorter and Casimir, 1934a; Rutgers, 1934, 1936), whichÐ

together with certain electrodynamical assumptions (such as zero magnetic ®eld

within the superconductor)Ðprovided a reasonable description of the observed

phenomena.984

Gorter and Casimir presented these results at the ®rst larger meeting on low-

temperature physics, held during the 10th Deutsche Physiker-und Mathematiker-

Tag at Bad Pyrmont in September 1934 (Gorter and Casimir, 1934b). Gorter and

Casimir argued: `Since an electron-theoretical treatment of superconductivity

seems to encounter great di½culties still, and a really satisfactory treatment of the

riddle of superconductivity is actually still missing, for the moment it may not be

useless at all to attack the problem from the phenomenological side without em-

barking upon detailed electron-theoretical concepts'; they expected `to gain in this

way an insight into the requirements that have to be satis®ed by a [microscopic]

theory' (Gorter and Casimir, loc. cit., p. 963). Then, they presented a two-¯uid

model, where a superconductor was imagined to consist of a normal-conducting

and superconducting phase. Gorter and Casimir aroused the interest of a quite

interested public; besides them, Peter Debye spoke on the methods to obtain very

low temperatures, Klaus Clusius and Walther Meiûner displayed new experimen-

tal results on superconductivity, and Willem Keesom exhibited results on the

caloric behaviour of metals at low temperatures; Eduard Justi and Max von

Laue discussed what they called `the phase equilibrium of the third kind;' Arnold

Eucken discussed the problem of phase transitions in general; Eduard GruÈneisen

and H. Reddemann analyzed electron- and lattice-conductivity; R. Schachenmeier

proposed his electron-theoretical model of superconductivity; K. Clusius and

E. BartholomeÂ reported on the properties of condensed heavy hydrogen; R.

984For a review of the thermodynamics of superconductors, see von Laue, 1938. Von Laue had
begun earlier, in 1932, to formulate the electrodynamics of superconductors (1932a). For the back-
ground story, especially in Leyden, we refer to Casimir, 1983, Chapter 6.
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Suhrmann and G. Barth discussed the high re¯ection of silver mirrors at very low

temperatures; and ®nally R. Suhrmann and D. Dempster reported on the photo-

electric e¨ect of composite photocathodes at low temperatures. An especially

lively discussion followed von Laue's talk on phase equilibria, in which Gorter,

Friedrich Hund, Keesom, and Clusius participated. Keesom, in particular, de-

fended Ehrenfest's concept of `phase transitions of higher order' against von

Laue's `equilibria of higher order,' while Clusius supported the latter view by

drawing attention to the situation in crystalline transformations. (See the reports

in Physikalische Zeitschrift 35, issue No. 23.)

Topics concerning low-temperature phenomena also formed part of the `Inter-

national Conference on Physics,' held in London in October of the same year.985

About seven months later, the Royal Society organized `A Discussion on Super-

conductivity and Other Low-Temperature Phenomena,' to which, besides British

experts, those from Canada, France, Germany, and The Netherlands were invited.

John C. McLennan of Toronto presented the opening address, in which he ®rst

spoke about the progress achieved since 1932 in liquefying helium (notably, the

methods of Simon and Mendelssohn in Oxford and Kapitza in Cambridge); then

he went on to discuss the recognition of the new properties of liquid helium

(mainly in Leyden), and the e¨orts to reach still lower temperatures down to

0.0044 K with the method of adiabatic demagnetization (in Leyden and Oxford);

and then he discussed new superconductors, as well as new experiments dealing

with the superconductivity of thin ®lms (in Toronto), and a series of other phe-

nomena observed. In particular, McLennan drew attention to a noteworthy fea-

ture noticed by the Leyden experimentalists and its interpretation:

De Haas and [H.] Bremmer have carried out an extensive series of measurements of
the thermal resistances of metals at liquid helium temperatures, both supraconductors
and non-supraconductors. For pure supraconducting metals below their transition
points the thermal conductivity is increased when the electrical supraconductivity is
interrupted by a magnetic ®eld. Qualitatively this is not di½cult to understand, for
the electrons responsible for supraconductivity must be excluded from taking part in
thermal phenomena. Quantitatively, however, there are great di½culties in reconcil-
ing these thermal conductivity measurements with other experiments. (McLennan et

al., 1935. p. 6)

Evidently, he concluded, that the rise of thermal resistance must be ascribed to the

impurities and irregularities of the lattice, which also explain the residual electrical

resistance. Finally, McLennan sketched the recent progress in the thermodynam-

ical and electrodynamical description of phenomena in superconductors, empha-

sizing especially the contributions of Richard Becker and his collaborators (Becker

et al., 1933) and the most recent work of Fritz and Heinz London (1935) and well

as that of Gorter (1935).

985The other part of the London conference was devoted to nuclear and high-energy physicsÐsee
Section IV.5.
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After McLennan's introductory speech, John Cockcroft and David Shoenberg

reported about the production of liquid helium and the ensuing experiments at the

Mond Laboratory after the unexpected departure of Kapitza; then, Keesom spoke

about the thermodynamical properties of helium and superconducting substances

as discerned from the investigations at Leyden and from Meiûner on the mag-

netic behaviour of superconductors. LeÂon Brillouin discussed the di½culties of a

quantum-theoretical interpretation of the phenomena observed with supercon-

ducting materials. In contrast to normal conductivity, he said:

Superconductivity arises in metals still containing some impurities, and shows a
decidedly di¨erent character; so there was a ®rst hypothesis to be introduced that
superconductive metals should crystallize in undistorted lattices, the impurities
gathering in separate spots, included in holes in the perfect lattice; so the super-
current could ¯ow through the regular lattice, ignoring the impurities. (Brillouin,
in McLennan et al., 1935, p. 19)

Since neither such a hypothesis had been substantiated empirically nor did im-

purities in general reduce superconductivity, Brillouin proposed the existence of

`a very peculiar type of energy-momentum curve, which had electrons with high

kinetic energies and low velocities but insensible to thermic agitation,' and these

might be present in face-centred cubic lattices (Brillouin, loc. cit., p. 20). Brillouin

argued further that every model of superconductivity had to satisfy a very general

condition proposed by Felix Bloch, which `is of great importance and practically

forbids any interpretation of superconductivity within the frame of classical phys-

ics.' As he explained in detail:

Let us suppose a current I to ¯ow through a part of the metal (it might be ¯owing
along the surface or some volume of the conductor); the energy of the metal will be E;
we want to prove that E cannot be a minimum. If we apply a potential di¨erence P

between both ends of the conductor, then the energy of the system will be increased
by a term I � P dt, in a very short time interval dt; by changing the sign of P we can
make this term positive or negative, hence we see that there is always a possibility of
decreasing the total energy E, which cannot be a minimum. Bloch's calculation is just
a translation, for wave mechanics, of this elementary result. (Brillouin, loc. cit.)

`Bloch's theorem,' as the result was called later, evidently implied in the classical

view the existence of unstable currents, which contradicted the observed stable

supercurrents.

After several participants, including the Oxford experimentalists Kurti, Simon,

and Mendelssohn, had reported on further empirical ®ndings in low-temperature

physics, their theoretical colleague Fritz London talked at length about a new

`macroscopical interpretation of superconductivity' (F. London, in McLennan et

al., loc. cit., pp. 24±33). He began by saying that `it seems that the principal ob-

stacle which stands in the way of understanding this phenomenon is to be sought

in its customary macroscopical interpretation as a kind of limiting case of ordinary

conductivity,' and quickly added: `It is rigorously demonstrable that, on the basis
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of the recognized conceptions of the electron theory of metals, a theory of supra-

conductivity is impossibleÐprovided that the phenomenon is interpreted in the

usual way.' (F. London, loc. cit., p. 24) If one would give up this conventional

conception, Fritz London continued, `the apparent contradiction to Bloch's theo-

rem' might be avoided, because the latter `deals with a system without external

electric or magnetic ®eld,' and he further stated:

The macroscopical description I have developed together with H[einz] London shows
that it is possible to work out this program to some extent and so to escape Bloch's
dilemma. The supracurrent there appears as a diamagnetic current which is main-
tained by a magnetic ®eld. In a permanent current in a ring the magnetic ®eld is
produced by the current itself. The most stable state of the ring has no current, unless
an external ®eld is applied. The states in which the ring possesses a permanent current
are not states of lowest energy but are metastable under macroscopic conditions.
(F. London, loc. cit., p. 26)

Fritz London then outlined the theory, given in a joint paper with his brother

Heinz, a former student of Franz Simon in Breslau.986 The London brothers

started from the fundamental equation

c curl�L js� � ÿH; �717�

where H denoted the magnetic ®eld vector, js, denoted the superconducting cur-

rent, and L denoted a positive constant characterizing the peculiar supercon-

ductor. Further, they noticed `that the total supraconductor is regarded as a big

diamagnetic atom and that the screening of an applied magnetic ®eld is e¨ected by

volume currents instead of an atomic magnetization' (F. London, loc. cit., p. 27).

Moreover, the solution yielded an exponential decrease of the magnetic ®eld in the

interior of a superconducting body, with a penetration depth of c
����
L
p

of the order

of 10ÿ6 to 10ÿ5 cm.987 The current ¯owing in the surface layer determined by it

would then shield the interior of the superconductor from the magnetic ®eld and

explain the Meiûner±Ochsenfeld e¨ect.

986Heinz London was born in Bonn on 7 November 1907, and grew up under the in¯uence of his
brother Fritz, who was seven years older (since their father, a university professor of mathematics, had
died early). After graduating from a classical gymnasium, Heinz studied physics and chemistry at the
University of Bonn andÐafter half a year of practical experience with the chemical ®rm of W. C.
Heraeus in HanauÐat the Technische Hochschule in Berlin; from 1929 to 1931, he studied at the Uni-
versity of Munich and later completed his doctorate at the University of Berlin (1933), with a thesis
published in 1934 and partly containing the ideas of Becker et al. (1933). In 1934, he joined his teacher
Francis Simon and his brother Fritz at Oxford, with whom he collaborated; in 1936, he moved to take
on a position at the H. H. Wills Laboratory in Bristol. During World War II, he worked on isotope
separation, and later joined the Harwell Atomic Energy Research Establishment, where he continued
his work on isotope separation and on low-temperature physics problems. He died on 3 August 1970,
near Oxford.

987This fact, ®rst published by Richard Becker et al. (1933), had been recognized independently by
Heinz London.
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In their detailed paper on `Supraleitung und Diamagnetismus (Superconduc-

tivity and Diamagnetism),' the London brothers had displayed the two di¨erent

approaches that have to be used for the superconducting state and the normal

state (coexisting in the superconductor according to the Gorter±Casimir two-¯uid

model), respectively (F. and H. London, 1935, especially, pp. 343±345). In the

discussion at the Royal Society conferenceÐthree months after the submission of

the paper cited aboveÐFritz London now outlined the sketch of a programme

which provided `a foundation of our macroscopical equations by the theory of

electrons in metals' (F. London, in McLennan et al., 1935, p. 31). In the case of

normal conductivity, he claimed, the new theory would lead to the very weak

diamagnetism of the Landau±Pauli type, but:

Suppose the electrons to be coupled by some form of interaction in such a way that
the lowest state may be separated by a ®nite interval from the excited ones. Then the
disturbing in¯uence of the ®eld on the eigenfunctions can only be considerable if it is
of the same order of magnitude as the coupling forces. (F. London, loc. cit.)

In a model calculation, Fritz London demonstrated how such an interaction

would work and indeed give rise to the characteristic (phenomenological) relation

between the vector potential A and the current j of a superconductor, namely,988

A � ÿLc j: �717 0�

In a set of further investigations, carried out with Max von Laue and his brother,

Fritz London then developed the full electrodynamical theory of superconductors

(von Laue and H. London, 1935; H. London, 1935; F. London, 1936, 1937). This

macroscopic theory, together with the thermodynamical studies of the Leyden

theorists and others (see the report of von Laue, 1938), then completed the phe-

nomenological description of the general situation. Still, it would not account for

all the details of observed phenomena, notably, in the Meiûner±Ochsenfeld e¨ects,

as Kurt Mendelssohn recalled later:

By hitting upon a simple technique of measurement, we [in Oxford] were able to
make rapid progress, and we soon had results showing a whole spectrum of behav-
iour, from a complete Meissner e¨ect in pure mercury to a complete freezing in a ¯ux
of alloys. In between, there were all the intermediate steps, showing clearly that the
presence of even a small proportion of a second constituent caused radical departure
from the ideal behaviour. Moreover, we found that, in those cases which di¨ered
from the ideal behaviour, there were two critical ®elds instead of one. There was the
®eld at which the electrical resistance became normal, and for which we retained the
name ``threshold ®eld'' (now Hc2

), and a much lower value at which the magnetic ¯ux
®rst began to penetrate the sample. This we called the ``penetration ®eld'' (now Hc1

).
(Mendelssohn, 1964, p. 9)

988The observations demanded that in the case of a ring-shaped superconductor, the right-hand side
of Eq. (717 0) had to be increased by grad n, where n could be associated with a parameter in the
quantum-mechanical eigenfunctions.
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That is, during the period between 1934 and 1936, the concept of a di¨erent type

of superconductor sneaked into the theoretical work of Gorter (1935) and Heinz

London (1935), as well as into the experimental observations of Lev Shubnikov

and his collaborators in Kharkov; the latter gave them the name `type II super-

conductors.'989

Because of several reasons, the advance of superconductor research slowed

down after 1936, for as Cornelius Gorter recalled:

Among the ®rst is the fact that the number of research workers in the ®eld was small
and that some of them almost simultaneously left it. Shubnikov disappeared, Men-
delssohn concentrated a large part of his attention on the super¯uid properties of
helium II while . . . I returned to magnetism. As to the properties of alloys, I feel that
the lack of metallurgical facilities and experiences also weighed heavily. The rapid
advance of the years 1932±1936 was consolidated by the appearance of Shoenberg's
excellent monograph. But, though much further valuable work . . . was carried out,
this consolidation did not lead to a concentrated attack on the remaining problems
before the outbreak of the war. (Gorter, 1964, p. 7)

The British (actually South African) David Shoenberg, author of `the excellent

monograph' (Shoenberg, 1938), actually collaborated for a while with the mem-

bers of Kapitza's Institute in Moscow, where Lev LandauÐwho, unlike Lev

ShubnikovÐhad escaped from the prosecution in the Ukraine in 1936 but would

still be caught in 1938 in Moscow and imprisoned until freed a year later with the

help and great e¨orts of his director Peter KapitzaÐbegan to publish papers on

the subject (Landau, 1937b, 1938b).990

Before concluding the story of superconductivity, a brief review should be

given of two proposals in the late 1930's to obtain a microscopic description of

the phenomenon, after such attempts had almost ceased completely in 1933.991

Toward the end of 1936, John Slater turned his attention to the problem. In par-

ticular, he suggested `that the superconducting state of metallic electrons may arise

by application of perturbation theory to Bloch's theory' in the following way:

The excited states of a metal, on the usual theory, form a continuum whose lower
boundary is the normal state. It is shown that under some circumstances there are
nondiagonal matrix components of energy states in this continuum, which would
tend to depress a few of the lowest states below their normal positions. These special
states of the metal would resemble a thermodynamic phase, stable only at the lowest

989For an early report of these investigations, see Gorter, 1935.

990For the story of Landau's life and work, see Mehra, 1990, and Meiman, 1990.

991 In passing, we just refer to a proposal by R. Schachenmeier from Berlin: At the Bad Pyrmont
meeting of September 1934, he drew attention to a theory which he had pursued for two years, and
which rested on the hypothesis that `of the two external electrons of a metal one stays in the vicinity of
the atomic core, while the other is distributed over the entire metal and may be called the conductivity
electron'Ðthe latter, in the degenerate part of the spectrum, alone being responsible for superconduc-
tivity (Schachenmeier, 1934, especially, p. 968). Since he could not suggest any quantum-mechanical
mechanism to create the superconducting phase, his theory played no role in further discussions.
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temperatures, and having practically zero entropy, in agreement with present theories
of superconductivity. They would also tend to have extremely low resistance, on
account of the small concentration of energy levels per unit energy. It is therefore
suggested that these states may constitute the superconducting state. (Slater, 1937a,
p. 195)

As a consequence, Slater expected no superconductivity to exist for the alkali

metals, and for Cu, Ag, and Au, and only at extremely low temperatures for W,

Fe, Ni, and Pt. A further investigation of the idea in a later paper revealed, e.g.,

`The wave functions correspond to electrons which can wander for some distance

through the metal, but are held to a ®nite region by forces of interaction with

positive ions'; hence they would `carry no current in the ordinary way, for they

correspond to the correlation of an electron and a positive ion, and these two

move together' (Slater, 1937b, p. 214). The detailed calculations yielded results

in apparent agreement with London's phenomenological theory; Slater even cal-

culated magnetic transition ®elds having the right order of magnitude of a few

hundred gauss.992 A second attempt came from Munich, where Sommerfeld's

doctoral student Heinrich Welker treated the `diamagnetism of a free electron gas

di¨erently from the usual approach' (Welker, 1938, especially, p. 920). For this

purpose, he especially added the following assumption: `In contrast to a normal

conductor, there should be required for the superconductor at least an energy of

the order of magnitude A � kTc in order to remove the electron from the ground

state.' (Welker, loc. cit., p. 924) In a detailed presentation, submitted a year later

to Zeitschrift fuÈ r Physik, Welker worked out some quantum-mechanical aspects of

his proposal; in particular, instead of an electron gas, he made use of an `electron

¯uid,' which was created by the action of a magnetic exchange forceÐthe latter

giving rise to a velocity behaviour of the electrons which deviated from that of the

usual metal electronsÐand characterized by a critical temperature Tc � 1 K for

the transition from ¯uid to gas (Welker, 1939, especially, p. 539). World War II

forced Welker to abandon these e¨orts; he became rather involved in work on

wireless telegraphy.993

As in superconductivity, research in the other main ®eld of low-temperature

992Stimulated by Slater's approach, Hund published a paper, dealing with the magnetic behaviour
of small metal pieces at low temperatures in a quantum-mechanical model; he concluded that if they
have suitable dimensions, they exhibit `at low temperatures and weak magnetic ®elds a region of strong
diamagnetism' and `are similar to superconductors.' (Hund, 1938, p. 114)

993Heinrich Welker was born on 9 September 1912, in Ingolstadt and studied mathematics
and physics at the University of Munich from 1931 to 1935. In 1936, he obtained his doctorate and
then served as Sommerfeld's assistant, receiving his Habilitation in 1939; then, he moved to the
Luftfunkforschungs-Institut in Oberpfa¨enhofen (1940±1945), although he remained associated simul-
taneously (from 1942 to 1944) with the physicochemical institute of Klaus Clusius at the University of
Munich. After the war, he worked for Westinghouse, Paris (1947±1951), and then he took over the
solid-state physics department of the Siemens±Schuckert Company in Erlangen (1951±1977), where he
developed the new, so-called III±V compounds, to replace silicon as semiconductors. For his research,
he won several prizes and honorary degrees; he was also elected president of the Deutsche Physikalische
Gesellschaft in 1977. Welker died on 25 December 1981, at Erlangen.
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physics, namely, the properties and applications of liquid helium, remained for

two decades the monopoly of Kamerlingh Onnes' Leyden laboratory. The early

investigations did not reveal any remarkable features of liquid helium, except that

it did not become a solid down to the lowest temperatures that had been reached

thus far, and perhaps it would still remain a liquid at absolute zero. Nevertheless,

the Leyden physicists (and later also those in the Toronto laboratory) noticed

some unusual features; e.g., liquid helium reached a maximum density at about 2.2

K, and exhibited other irregular behaviour at the same temperature (discovered in

1912 and 1925, respectively). Kamerlingh Onnes, known for his dislike of spec-

ulations, hesitated to emphasize these features too much and insisted on further

experimental examination. Only after his death did Willem Keesom and M.

Wolfke give an o½cial summary of the situation with respect to helium at the

meeting of the Amsterdam Academy of Sciences on 17 December 1927. In par-

ticular, they wrote in the introduction:

When measuring the dielectric constant of liquid helium between the boiling point
and 1.9 K on June 11th last, we observed that at a temperature almost corresponding
with the one at which Kamerlingh Onnes had found a maximum in the density curve,
the dielectric constant showed a sudden jump or at least a jump made in a very small
temperature-region. The thought suggests itself that at that temperature the liquid
helium transforms into another phase, liquid as well. If we call the liquid, stable
at higher temperatures ``liquid helium I,'' the liquid, stable at lower temperatures
``liquid helium II,'' then the dielectric constant of liquid helium I should be greater
than that of liquid helium II. (Keesom and Wolfke, 1928, p. 90)

While the repetitions of the experiment in the following days did not settle the last

point completely, Keesom and Wolfke discussed the other known phenomena

supporting their views on the two liquid-helium phases. Especially, they arrived at

the conclusion that the measurements of density, speci®c heat, and surface tension

(the latter two had been carried out between 1925 and 1926, when Kamerlingh

Onnes was still alive) could be interpreted satisfactorily with the new idea.994

Further experiments by Keesom and Wolfke in November and December 1927,

which determined the cooling and heating curve of helium in the critical temper-

ature region, de®nitely con®rmed the existence of a transformation point, and the

authors concluded: `We think that it is most probable that we have to do here with

two di¨erent states of liquid helium, which transform into each other'; that is, at

2.3 K, the following facts had to be acknowledged:

Of those phases the liquid helium II (stable at lower temperatures) compared with
helium I has a smaller density, a great heat of vaporization, a smaller surface tension,
while the transformation liquid helium II! liquid helium I takes place with an ab-
sorption of heat, of which the amount can be valued for the present at 0.13 cal/gram.
(Keesom and Wolfke, loc. cit., p. 94)

994Many original papers on liquid-helium research have been reprinted with a proper introduction
in Galasiewiez, 1971.
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Under Keesom, who had directed the Leyden laboratory with Wander

Johannes de Haas, the research on liquid helium ¯ourished immensely.995 Having

succeeded in 1926 in solidifying helium (under an external pressure of 25 atmos-

pheres to overcome the zero-point e¨ects), he selected the study of the properties

of liquid helium as the main ®eld of his research. In 1932, with Klaus Clusius, he

discovered an extremely sharp maximum in the speci®c heat curve, which they

also related to the transition from helium I to helium II; like the changes of

molecular rotation in solids, no latent heat was connected with this transition

(Keesom and Clusius, 1932). A further study, carried out with his daughter Anna

Petronella on the same topic, provided the proper name for the transition point in

helium, namely: `According to a suggestion made by Prof. Ehrenfest, we propose

to call that point, considering the resemblance of the speci®c-heat curve with the

Greek letter l, the lambda point.' (W. and A. Keesom, 1932, p. 742)

Parallel to the experimental e¨orts at Leyden and TorontoÐwhere John C.

McLennan and collaborators observed, for instance, in 1932 that helium changed

its outer appearance during the transition (the ¯uid became more placid at lower

temperatures)Ðtheoretical ideas emerged to explain the anomalous behaviour of

liquid helium. Already in his Nobel lecture in 1913, Kamerlingh Onnes had

speculated that the density maximum `could be possibly connected with quantum

theory' (Kamerlingh Onnes, 1967, p. 327). More than a decade later, Franz Simon

indicated, in a footnote in a paper dealing with the processes to achieve the abso-

lute zero of temperature, that Keesom's result should be connected with a de-

generacy of liquid helium (Simon, 1927, pp. 808±809, footnote 4). Then, M. C.

Johnson of the University of Birmingham studied the degeneracy question in

helium theoretically by studying the empirical equation of state curve of liquid

helium between 4 and 5 K, and concluded: `It is shown that . . . degeneracy would

comprise 15 percent of the total departure of helium from the ideal gas laws at 4

and 5 K, the remainder being due to the true imperfection of intermolecular

forces.' (Johnson, 1930, p. 170) In the discussion of Johnson's paper at a meeting

of the Physical Society of London, John Edward Lennard-Jones stressed the `great

theoretical interest' of the investigation, though he also pointed out: `The author

considers only the Fermi-Dirac statistics, whereas the theory indicates that helium

atoms should obey Bose-Einstein statistics. It would add to the value of his work if

the author could consider the e¨ect of the latter statistics on helium near the crit-

ical point.' (Lennard-Jones, in Johnson, loc. cit., pp. 179±180)

995Willem Keesom, born on 21 June 1876, on the Frisian island of Texel, studied from 1894 to 1900
at the University of Amsterdam under Johannes Diderik van der Waals and Jacobus Henricus van't
Ho¨, then joined Kamerlingh Onnes as an assistant in Leyden (1900±1917), and obtained his doctorate
in 1904. In 1917, Keesom became a professor of physics at the University of Veterinary Science at
Utrecht, and in 1923, he succeeded Kamerlingh Onnes as professor in Leyden. He split the re-
sponsibilities for directing the low-temperature laboratory with de Haas; Keesom took over the cryo-
genic plant, while de Haas directed research on electrical, magnetic, and optical properties of matter at
low temperatures. He retired in 1945 from his position at the University of Leyden and died on 3
March 1956, in Leyden.
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In the mid-1930s, then, Fritz London (who maintained contact with Simon in

Oxford) thought about a lattice structure of the diamond type to describe the

properties of liquid helium, which Herbert FroÈhlich picked up and worked out in

detail in Leyden, concluding that the `l-point appears as a phenomenon similar to

the transition point of metal alloys when the ordered phase passes over into the

disordered one' (FroÈhlich, 1937, p. 639). In 1938, while spending some time in

Paris to establish himself there, Fritz London returned to a quite general discus-

sion of the problem of Bose±Einstein condensation and its connection with the l-

point phenomenon of liquid helium, ®rst in a short note dated 5 March published

in the Nature issue of 9 April (F. London, 1938a) and then in a paper received

by Physical Review on 12 October and published in the issue of 1 December

(F. London, 1938b).996 While Fritz London, in the earlier note, just criticized

FroÈhlich's interpretation of the helium transition and rather claimed that `it seems

di½cult not to imagine a connection with the Bose-Einstein statistics' (F. London,

1938a, p. 643), he went ahead and proved this assertion in the following paper. He

began by saying that Einstein's discovery of the condensation phenomenon in

the ideal gas of massive Bose particles `has not appeared in textbooks, probably

because [George] Uhlenbeck in his [doctoral] thesis questioned the correctness of

Einstein's argument,' and he continued:

In discussing some properties of liquid helium I realized that Einstein's statement has
been erroneously discredited; moreover, some support could be given to the idea that
the peculiar phase transition (``l-point'') that liquid helium undergoes at 2.19 K, very
probably has to be regarded as the condensation phenomenon of the Bose-Einstein
statistics, distorted, of course, by the presence of molecular forces and by the fact that it
manifests itself in the liquid and not in the gaseous phase. (F. London, 1938b, p. 947)

Fritz London now proposed `a quite elementary condensation mechanism,' which

he imagined to occur in an ideal gas below a certain temperature depending on the

mass and the density of the atoms involved. Accordingly, two components existed,

a condensed one, whose particles assumed zero momentum, and the excited one

with the particles having a momentum distribution similar to the classical one. `If

one likes analogies, one may say that there is actually a condensation, but only one

in momentum space, and not in ordinary space, i.e., an equilibrium of two phases,

one containing the molecules N0 of momentum zero and occupying in the space of

momenta a zero volume; and another one showing a distribution over all momenta

similar to that which is realized for T > T0,' he concluded the display of his model

(F. London, loc. cit., p. 951). Fritz London devoted the remaining part of the

paper to discussing its application to the problem of liquid helium, remarking that

he would `not insist here on details' of the conceptions worked out; on the other

hand, the new phenomena discovered meanwhile by the Cambridge experimen-

talists seemed to con®rm them in general.

996 In fall 1938, Fritz London went to Duke University in North Carolina and was appointed in
1939 as a professor of theoretical chemistry (later physical chemistry).
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On the whole, Fritz London's theoretical views were received positively both by

experimentalists and theoreticians. Thus, when John Frank Allen and Harry Jones

of the Mond Laboratory discovered what they called the `fountain e¨ect' in Feb-

ruary 1938Ði.e., the rise of the helium II-liquid in a bulb when heat ¯ow was

applied (Allen and Jones, 1938)ÐRalph Fowler greeted the interpretation, though

Keesom in Leyden remained reserved.997 However, the experimental situation

changed extremely rapidly, since in the Nature issue of 8 January, there had ap-

peared two letters, one submitted by Peter Kapitza from Moscow and the other by

Allen and A. D. Misener in Cambridge, who announced the discovery of a new

physical property of helium II, which Kapitza called `super¯uidity' (Kapitza,

1938; Allen and Misener, 1938). Fritz London cited both of these notes in a review

of `The State of Liquid Helium Near Absolute Zero,' presented in December 1938

at a meeting of the American Chemical Society in Providence, Rhode Island

(F. London, 1939).

In late 1936, Kapitza's Institute for Physical Problems ®nally got into ac-

tion.998 Work in the ®eld of low-temperature physics was started, as Kapitza

reported several years later in detail to his colleagues in the U.S.S.R. Academy of

Sciences, based on some previous observations in Leyden and Cambridge (W. and

A. Keesom, 1936; Allen, Peierls, and Zaki Uddim, 1937) on the heat conductivity

(Kapitza 1941a).999 They had indicated a high viscosity of helium II, but the

experimental methods to determine that property had to be improved; and, as

Kapitza noted:

We were able to build a viscometer with a slit only half a micron wide, through which
the helium was made to ¯ow. The experiment was so designed as to avoid the adverse
e¨ect of turbulence to a considerable extent. Under such circumstances it became
evident that the observed viscosity of helium II was at most a thousandth of the value
previously found. (Kapitza, 1941a, English translation, p. 22)

Kapitza continued: `We also managed to show that the value of viscosity obtained

by us actually represented its possible upper limit, as in fact the actual value could

have been anywhere below this limit,' and added: `In other words, even our nar-

row slit did not fully eliminate the deleterious e¨ect of turbulence.' In any case, the

successes of Kapitza's laboratory in early 1938 `aroused considerable discussion

and criticism.' (Kapitza, loc. cit.)

The main di½culty to arrive at a consistent value of helium's viscosity actually

997See Brush, 1983, pp. 177±178.

998John Cockcroft, Director of the Mond Laboratory at Cambridge, had negotiated the contract
with the Soviet Government, and in winter 1935/36, the equipment that had been purchased from
England had been transported to Moscow; in summer 1936, Cockcroft had ®nally helped in installing it
properly (see Hartcup and Allibone, 1984, pp. 75±77; see also the letter from Kapitza to Rutherford,
dated March 1936, quoted in Badash, 1985, pp. 103±110).

999These publications had also initiated the experiments on the ¯ow of liquid helium in Cambridge
(Allen and Misener, 1938; Allen and Jones, 1938).
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consisted in disentangling the laminar and turbulent ¯ows of liquid helium. Thus,

Kapitza wrote in his letter to Nature, dated 3 December 1937:

In an attempt to get laminar motion the following method was devised. The viscosity
was measured by the pressure drop when the liquid ¯ows through the gap between
the disks (1) and (2); these discs were of glass and optically ¯at, the gap between them
adjustable to by mica distance pieces. The upper disc (1), was 3 cm in diameter with a
central hole of 1.5 cm diameter, over which a glass tube (3) was ®xed. Lowering and
raising this plunger in the liquid helium by means of the thread (4), the level of the
liquid column in the tube (3) could be set above or below the level (5) of the liquid in
the surrounding Dewar ¯ask. The amount of ¯ow and the pressure was deduced from
the di¨erence of the two levels, which was measured by a cathedometer. (Kapitza,
1938, p. 74)

The observed results `were rather striking,' yielding a viscosity of helium II of at

least 1,500 times smaller than that of helium I. Upon some further considerations,

Kapitza ®nally concluded:

We are making experiments in the hope of still further reducing the upper limit to the
viscosity of liquid helium II, but the present upper limit (namely, 10ÿ9 c.g.s. units) is
already very striking, since it is more than 104 times smaller than that of hydrogen
gas (previously thought to be the ¯uid of least viscosity). The present limit is perhaps
su½cient to suggest, by analogy with superconductors, that the helium below the l-
point enters a special state which might be called a ``super¯uid.'' (Kapitza, loc. cit.)

While Cambridge's Mond Laboratory team arrived at a similar conclusion in

their letter, dated 22 December and published right after Kapitza's (Allen and

Misener, 1938), some criticism (as mentioned above) arose from the previously

observed property of helium II to creep as a thin ®lm over the walls of vessels;

hence, in the Moscow viscosimeter a too low value for the super¯uid helium

should be measured. As Kapitza objected later: `It is noteworthy, however, that

this criticism, which originated from scientists in the USA and Canada, dis-

regarded the fact that helium can creep in a thin ®lm the thickness of which, as

measured by [I. K.] Kikoin and [P. P.] Lazarev, is less than one hundredth of

a micron, and only when its viscosity is one million times less than the limit

established by us,' and concluded: `Thus it turned out that the criticism of the high

¯uidity of helium was based on a phenomenon the explanation of which required

an even greater ¯uidity.' (Kapitza, 1941a, English translation, p. 23)1000 In the

following years, Kapitza worked with his collaborators on removing the contra-

dictions in explaining the conduction properties of helium II and clarifying the

mechanism of the motion of this ¯uid in capillary tubes; in a detailed memoir,

entitled `The Study of Heat Transfer in Helium II,' the results were summarized in

the following sentences:

1000Also Keesom, together with G. E. Macwood, examined the viscosity of liquid helium and ob-
served a strong decrease of the lambda point (Keesom and Macwood, 1938).
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Keesom and Keesom showed that liquid helium II in capillary tubes possesses an
unusually large heat conductivity which, by analogy to superconductivity in metals
they named ``superheat-conductivity.'' In opposition to this view the author put for-
ward a hypothesis which held that this abnormal heat conductivity was not due to
some exceptional thermal property of helium II but to heat transferred by convection
currents whose presence can be anticipated owing to the exceptionally high ¯uidity of
liquid helium II, and the author suggests that it should be named ``super¯uidity.''
That the heat conductivity is due to these convection currents is established by the
experiments described. . . . In this way, the author came to the conclusion that the
heat conductivity of helium II is due only to the high velocity of the ¯ow of the
helium in the thin ®lm which is possible owing to its ``super¯uidity.'' (Kapitza, 1941b,
p. 181)

In 1938, the theoreticians had to respond quickly to the changing situation in

helium II. While a group from Amsterdam concentrated on explaining the original

observations by the Keesoms (1936) by a particular mechanism, which they as-

sumed to operate in degenerate ideal Bose±Einstein gases (Michels, Bijl, and de

Boer, 1938) and which did `not seem to be quantitatively in agreement [with] the

latest publications about the ¯ow of liquid helium' (Michels, Bijl, and de Boer, loc.

cit., p. 124),1001 Laszlo Tisza, a Hungarian physicist then working experimentally

at the ColleÁge de France, discussed with Fritz London (also in Paris) the latter's

theory of gas degeneracy in liquid helium and applied it to the transport phe-

nomena in helium II.1002 For this purpose, like London, he considered helium

below the l-point as consisting of two independent ¯uids, where the atoms of one

component occupy excited states and those of the other condense in the ground

state; the latter form the super¯uidity and do not participate in the transport phe-

nomena. As a consequence, the viscosity of liquid helium would arise entirely from

the excited atoms, and the super¯uid component could ¯ow through very thin

capillaries on account of its zero viscosity (thus, giving rise to the observed `foun-

tain e¨ect': Tisza, 1938a). Kurt Mendelssohn from Oxford recalled: `When Tisza's

paper was published, London was at ®rst furious because he deplored the rash

use of his own cautious suggestion.' (Mendelssohn, 1977, p. 258) Fritz London,

the experienced theorist, felt the di½culty of simultaneously having two ¯uids

together, which consisted of the same type of atoms that should be indistinguish-

able in principle; moreover, the properties of the super¯uid assumed by Tisza

would not follow from Einstein's theory of ideal, degenerate gases, though the

explanation of the empirical data appeared to be quite promising. Unshaken by

such arguments, Tisza went ahead and submitted toward the end of the year two

1001 In a later paper, the same authors modi®ed the description of their mechanism to include the
phenomenon of super¯uidity (Bijl, de Boer, and Michels, 1941).

1002Laszlo Tisza was born on 7 July 1907, in Budapest and studied at the universities of his home
town, GoÈttingen (1928±1930) and Leipzig (1930), obtaining his doctorate in 1932. After that, he spent
two years at the Physico-Technical Institute in Kharkov (1935±1937), and then three years in Paris
(1937±1940). In 1941, he went to the United States and obtained a professorship at MIT, where he had
a very productive and distinguished career.
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short notes to the AcadeÂmie des Sciences in Paris (Tisza, 1938b, c). In particular,

he assumed that the inhomogeneities of temperature might produce inhomo-

geneities of the densities and pressures of the two phases; further, he predicted the

existence of `temperature waves' propagating with the velocity

v �
����������������������������������
kT

m
1ÿ T

T0

� �5
" #vuut �718�

(Tisza, 1938b, p. 1036), which were discovered several years later by Vasilii

Peshkov in Kapitza's Institute for Physical Problems and called the `second

sound' (Peshkov, 1944). This ingenious interpretation of super¯uidity as a Bose-

condensation phenomenon encountered serious criticism for some time. Notably,

Lev Landau, in the introduction of his own paper on the subject, wrote:

L. Tisza suggested that helium II should be considered as a degenerate ideal Bose gas.
He suggested that the atoms found in the normal state (a state of zero energy) move
through liquid without friction. This point of view, however, cannot be considered as
satisfactory. Apart from the fact that liquid helium has nothing to do with an ideal
gas, atoms in the normal state would not behave as a ``super¯uid.'' On the contrary,
nothing could prevent atoms in a normal state from colliding with excited atoms, i.e.,
when moving through the liquid they would experience a friction and there would be
no super¯uidity at all. In this way the explanation advanced by Tisza not only has no
foundation in his suggestions but is in direct contradiction with them. (Landau,
1941a, p. 71)

Landau joined Kapitza's Institute for Physical Problems in 1937, thereby es-

caping from the Stalinist purges in Kharkov (which had cost his friend Shubnikov

his life). He immediately began to publish, especially the two-part paper entitled

`Zur Theorie der Phasenumwandlungen (On the Theory of Phase Transitions)'

(Landau, 1937a). In the second part, he discussed in particular the nature of liquid

crystals and contemplated about the possibility that liquid helium might be repre-

sented by such a liquid crystal (raising, however, certain doubts against this

assumption: Landau, loc. cit., especially, English translation, in Landau, p. 215).

Landau was arrested on the charges of espionage in April 1938, and was freed only

a year later with the heroic assistance of Kapitza, and slowly got back into scienti®c

work, now being concerned with research on problems of nuclear and high-energy

physics. His extensive investigation on the theory of helium II constituted the ®rst

publication concerned with the central programme of Kapitza's institute (Landau,

1941a).1003 After rejecting the London±Tisza description of liquid helium below

the l-point as an ideal Bose±Einstein gas, Landau instead proposed to derive the

properties of the super¯uid from a consistent quantum-mechanical approach to a

1003A smaller note, received by Physical Review on 23 June 1941, contained some of the results of
his later paper (Landau, 1941b).
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¯uid, which was formulated in Sections 1 and 2 of his memoir (Landau, loc. cit.,

pp. 71±76). In particular, while considering the energy spectrum of the quantum

liquid in Section 2, Landau found for the excited states the results:

Every weakly excited state can be considered as an aggregate of a number of single
``elementary excitations.'' As far as the excited levels of the potential spectrum are
concerned, the potential internal motions of the liquid are longitudinal waves, i.e.,
these motions are sound waves. Therefore, the corresponding elementary excitations
are simply sound quanta, i.e., phonons. The energy of the phonons is known to be a
linear function of their momentum p:

e � c � p; ��719��

c being the velocity of sound. Thus, at the beginning of the potential spectrum, the
energy is proportional to the ®rst power of the momentum.

An ``elementary excitation'' of the vortex spectrum might be called a ``roton.''y

(Footnotey: This name was suggested by I. E. Tamm.) Those special reasons which
stipulate a linear dependence of e on p for phonons do not exist for rotons. For small
momenta p the energy of the roton can be simply expanded in powers of p; in view of
the isotropy of the liquid the expansion of the scalar e in powers of the vector p only
contains terms with even powers, so one may write

e � D� p2

2m
; ��720��

where m is an ``e¨ective mass'' of the roton . . . [and] D large compared with kT (at low
temperatures only when the aggregate of rotons can be treated as a gas). (Landau,
loc. cit., pp. 75±76)

With these theoretical arguments, Landau obtained for the heat capacity of the

liquid helium at very low temperatures, i.e., de®nitely below the l-point, Debye's

T 3-law plus a small roton correction, which accounted well for the available

dataÐthough the predicted magnitude seemed to be too small by far (Section 3).

On the other hand, he proved in a straightforward manner that limiting velocities

for the liquid existed, below which neither phonons �V < c� nor rotons

�V <
�����������
2D=m

p � would occur; hence, he concluded: `This means that the ¯ow of the

liquid does not slow down, i.e., helium II discloses the phenomenon of super-

¯uidity.' (Landau, loc. cit., Section 4, p. 78) In Section 5, Landau then demon-

strated how to explain in his approach the two-¯uid picture of Tisza formally. He

also worked out the ¯ow of super¯uid helium through capillaries, in agreement

with `the recent ingenious experiments made by P. L. Kapitza' (Landau, loc. cit.,

Section 6). In the last two sections, Landau considered the equations describing

the propagation of sound in liquid helium and the analogy of the formulae

describing super¯uidity with those for the superconductivity current. Finally, he

stated:
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As in helium II we come to the conclusion that the superconducting current must not
transfer heat. This is supported by the fact that the thermoelectric phenomena are
absent in superconductors. (Landau, loc. cit., p. 90)

Landau's theory can be considered as the last achievement in the theory of low-

temperature phenomena before World War II got into full swing. In spite of later

criticism (see the Epilogue), which resulted in a series of improvements in the work

on liquid helium both in the Soviet Union and in the West, it eventually gained for

Landau the Nobel Prize in Physics for 1962.

(d) Toward Astrophysics: Matter Under High Pressures and

High Temperatures (1926±1939)

On 10 December 1946, Percy W. Bridgman of Harvard University received the

Nobel Prize in Physics `for the invention of an apparatus to produce extremely

high pressures, and for the discoveries he made therewith in the ®eld of high-

pressure physics' (citation in Bridgman, 1964, p. 47). Since his early investigation

in 1905 of the in¯uence of high pressure on certain optical phenomena, Bridgman

had devoted his life to discovering the behaviour of matter under high pressures,

and successfully extended the existing limit of 3,000 kg/cm2 ®rst to 20,000 kg/cm2

and ®nally to 500,000 kg/cm2.1004 Besides constructing his brilliant apparatus by

a skillful use of resources and techniques, Bridgman investigated both the solid

and ¯uid states of matter under these high pressures, discovering new modi-

®cations (such as water in solid form di¨erent from ice or polymorphous states of

several substances, e.g., of phosphorous) and observing the physical properties

(such as the electrical resistance or elasticity) of various materials. The January

1935 issue of Reviews of Modern Physics contained right at the beginning a report

on `Theoretically Interesting Aspects of High Pressure Phenomena,' which Bridg-

man opened with the words:

Until very recently the condensed phases of matter, solid and liquid, have appeared
too complicated to make it worthwhile to spend much e¨ort in acquiring an under-
standing of them. . . . But now our understanding of the atomic, as distinguished from
nuclear, phenomena presented by matter in its rare®ed states is rapidly becoming
satisfactory, and in a sense exhausted, so that the attack on the problem of condensed
states is obviously next on the program. . . . The condensed state, par excellence,
is obviously presented by matter under high pressure, so that, to say the least, our
understanding of the condensed state cannot be regarded as satisfactory until we can
give an account of the e¨ect of pressure on every variety of physical phenomena. This
we can at present do in very few cases indeed. (Bridgman, 1935, p. 1)

1004Percy W. Bridgman was born on 21 April 1882, in Cambridge, Massachusetts, and entered
Harvard University in 1900 to study physics. Upon receiving his Ph.D. in 1908, Bridgman joined the
Harvard faculty and stayed there for the rest of his scienti®c career (1910 instructor, 1919 assistant
professor, 1926 Hollins Professor of Mathematics and Natural Philosophy, 1950 Higgins Professor). He
died on 20 August 1961, in Randolph, New Hampshire.
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In the above-mentioned review paper, Bridgman discussed in some detail the

various aspects of high-pressure phenomena on the basis of modern atomic theory,

beginning in Section II by considering the atomic changes. Here, the virial theo-

remÐ®rst formulated by Walter Schottky (1920) and extended by Max Born,

Werner Heisenberg, and Pascual Jordan (1926) to quantum mechanics, and ®nally

applied by John Slater (1933) to atomic problemsÐled to an equation for solids.

Thus, the volume change of solids and ¯uids could be described, if a reasonable

law of forces in atoms was assumed (Sections III±V). In addition, the periodic

relation obeyed by the compressibility of the chemical elements, and the com-

pressibility of single crystals seemed to work out (Sections VI and VII). In Section

VIII, Bridgman turned to the consequences of cases of the two-phase equilibrium

between two condensed phases, either solid±liquid or solid±solid, as produced by

the pressure. Then, he approached irreversible changes under pressure (Section

IX), the discontinuities and transitions (occurring) of the second kind (Section X),

as well as the changes observed in electrical resistance, thermoelectric phenomena,

thermal conductivity (Sections XI±XIII), and in the viscosity of ¯uids (Section

XIV); he also studied the condition of rupture in solids (XV). `Finally,' in the last

Section XVI, he declared, `we may indulge in a few perfectly frank speculations as

to what sorts of e¨ects may be expected at pressures very much higher than those

yet reached in the laboratory,' and added:

There is no natural upper pressure, nor there is any limit to the amount of energy which
can be imparted to a substance by compressing it; in the stars there are perfectly stu-
pendous pressures of the order of billions of atmospheres, and we know that sometimes
under such conditions matter is consolidated to densities of the order of 100,000Ðthe
®eld thus o¨ered for speculations is a fascinating one. (Bridgman, 1935, p. 31)

In these speculations, Bridgman stressed, the quantum-mechanical principles, such

as Pauli's exclusion principle or Heisenberg's uncertainty relation, played a deci-

sive role.

The theory of the stars and their structure, to which Bridgman referred above,

hadÐsince more than a decadeÐbeen fostered especially by Arthur Stanley

Eddington, the famous Cambridge astronomer (see Eddington, 1921b and 1926).

In the mid-1920's, Eddington's younger colleague, the Cambridge theoretical

physicist Ralph Fowler, showed some interest in the problem (e.g., Fowler, 1925c;

Fowler and Guggenheim, 1925). Clearly, the temperatures and pressures within

stars had to reach extraordinary values; for example, one assumed temperatures of

millions of degrees to exist in the centre of an ordinary star, while the high pres-

sures in cold stars should create enormous densities. `The accepted density of

matter in stars such as the companion of Sirius is of the order of 105 gr./c.c.,'

Fowler began the report of his investigation, published in the 10 December 1926

issue of the Monthly Notices of the Royal Astronomical Society of London and

entitled `On Dense Matter,' and then pointed out `that densities up to 1014 times

that of terrestrial materials may not be impossible' (Fowler, 1926, p. 114). Now in

what the astronomers called the `white dwarfs,' wherein the temperatures were

Chapter IV The Conceptual Completion and the Extensions of Quantum Mechanics878



known to be comparatively low, there aroseÐaccording to Eddington (1926,

§117)Ða paradox: The star had emitted, before approaching the dwarf state in

its evolution, so much energy that it now possessed less than the same amount

of matter (consisting of normal atoms) that it would have in the same volume at

absolute-zero temperature if the classical gas equation were valid. However, Ralph

Fowler was convinced that Enrico Fermi's new gas theory (statistics) must rather

be used to describe matter in stars, and claimed:

When this form of statistical mechanics is adopted, it at once appears that the sug-
gested di½culty resolves itself, and there is really no di½culty at all. . . . When the
correct relation [between energy and temperature] is substituted, it is found that the
limiting state of such dense stellar matter is one in which the energy is still, as it must
be, excessively great, but the temperature is zero! Since the temperature determines
the radiation, radiation stops when the dense matter has still ample energy to expand
and form normal matter if the pressure happens to be removed. As the dense matter
radiates its energy away, the number of its possible con®gurations rapidly falls, and
therewith the temperature. The absolutely ®nal state is one in which there is only one
possible con®guration left. Temperature then ceases to have any meaning, for the star
is strictly analogous to one gigantic molecule in its lowest quantum state. We may
call the temperature then zero. (Fowler, 1926, p. 115)

Fowler now proved that indeed, by considering the dense stellar matter to be

represented by an assembly of free electrons and bare nucleiÐboth of which

obeyed Fermi statisticsÐof net charge zero (and neglecting the electrostatic forces

between electrons and nuclei), the particles could still retain kinetic energy while

the temperature dropped to zero: Namely, the gas was in a degenerate state for the

low temperatures existing in white dwarfs and became normal (i.e., obeyed classi-

cal gas laws) only for temperatures of the order of 109 degrees (much higher than,

say, existing in the companion of Sirius). As we have mentioned earlier, Fowler's

paper was the ®rst application of Fermi's statistics to a physical problem, but soon

Wolfgang Pauli and especially Arnold Sommerfeld in Germany would establish its

validity in the terrestrial problem of metal electrons. Three years later, in 1929, the

celestial branch of quantum mechanics would attract a young man far away from

England and GermanyÐthis was Subrahmanyan Chandrasekhar in IndiaÐwho

carried the theory of white dwarfs started by Ralph Fowler to the next stage.

When Arnold Sommerfeld visited Madras, India, in fall 1928 and lectured to

science students at the Presidency College, Chandrasekhar was among them. He

listened to the famous visitor from Germany, and did even more, as he recalled

decades later:

I went to visit him in the hotel and told him that I was interested in physics and
would like to talk to him. He asked me to see him the following day, and so I went.
He asked me how much I had studied. I told him that I had read his Atomic Structure

and Spectral Lines, an English translation [of Sommerfeld, 1922d]. He promptly told
me that the whole of physics had been transformed after the book had been written
and referred to the discovery of wave mechanics by SchroÈdinger, and the new devel-
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opments due to Heisenberg, Dirac, Pauli and others. I must have appeared somewhat
crestfallen. So he asked me, what else did I know? I told him that I had studied some
statistical mechanics. He said, ``Well, there have been changes in statistical me-
chanics, too,'' and he gave me the galley proofs of his paper on the electron theory of
metals, which had not yet been published. (Chandrasekhar, in Wali, 1991, pp. 61±62)

Actually, far from being discouraged, the 18-year-old Chandrasekhar (later

to be called `Chandra' by friends, acquaintances, and students alike) plunged

into Sommerfeld's new work. He found that he had no greater problems in

understanding its contents; hence, he looked for a further application of the new

statistics.1005 In January 1929, he completed his ®rst paper on `The Compton

Scattering and the New Statistics' and sent it to Ralph Fowler, whose work on the

Fermi statistics in stellar matter he had come across; Fowler and Nevill Mott

studied the manuscript, made a few suggestions regarding style, approved it, and

with the author's agreement, communicated it in June 1929 to the Proceedings of

the Royal Society of London, where it was promptly published (Chandrasekhar,

1929). Encouraged by the positive response from England, Chandrasekhar con-

tinued the investigation of statistical problems and submitted further papers to

British journals, which were also published. At home, the young scholar attended

the meetings of the Indian Science Congress at Madras (in January 1929, where he

presented the results of his ®rst investigation) and Allahabad (in January 1930).

Armed with a Government of India scholarship, he went to England, got admitted

to the Trinity College in Cambridge, and began to attend the lectures of Paul

Dirac, Arthur Eddington, Ralph Fowler, and other celebrities at the University

of Cambridge. Fowler, who e¨ectively helped Chandrasekhar in overcoming

bureaucratic obstacles, appreciated his previous work and promised to send his

new work to Edward Arthur Milne in Oxford for consideration.

Before leaving for England, Chandrasekhar had made an attempt to combine

Fowler's ideas on the application of the Fermi statistics to dense white dwarfs with

Eddington's grand theory of stellar constitution.1006 In particular, by taking into

1005Subrahmanyan Chandrasekhar was born on 19 October 1910, in Lahore, India, the son of
Chandrasekhara Subrahmanyan Ayyar and nephew of Chandrasekhara Venkata Raman. He entered
Presidency College, Madras, in 1925 and studied physics and mathematics, and completed his degree
in spring 1930. Besides Sommerfeld in 1928, he looked after another distinguished visitorÐWerner
HeisenbergÐto Madras in 1929, and discussed his ®rst research papers with the latter (see Chandra's
biography by Wali, 1991, p. 64). After passing his ®nal examinations at Presidency College, he applied
for a Government of India scholarship to continue his studies in England; he received the scholarship
and went to Cambridge and got access to work under Ralph Fowler's guidance at Trinity College.
Upon receiving his Ph.D. in late 1933, Chandra obtained a fellowship at Trinity College. Two years
later, he accepted an o¨er (from the astronomer Otto Struve) to work at the University of Chicago;
having just been married in India, the Chandrasekhars went to the Yerkes Observatory, Williams Bay
(on Lake Geneva, Wisconsin), where the University of Chicago's astronomy department was then
housed. In 1952, Chandra was also appointed as a professor of physics in the Institute of Nuclear
Studies, as a colleague of Enrico Fermi and other distinguished physicists. He died on 21 August 1995,
in Chicago. (For Chandrasekhar's biography, see Wali, 1991, and the obituary by Brown et al., 1995)

1006Eddington's book on stellar constitution (1926) had been studied by Chandrasekhar in India
and was amongst the books he took with him to England (Wali, 1991, p. 76).
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account the relativistic increase of the electron's mass in Fermi's statistics, he had

hit upon a surprising result: There was evidently a limit to the mass of a star that

could evolve into a white dwarf. Upon arrival in Cambridge, he discussed the sit-

uation with Fowler and later with Milne (in Oxford); the latter seemed to be

pleased because Chandrasekhar supported his own conception of stellar evolution

(see, e.g., Milne, 1930), which partly deviated from Eddington's by assuming the

existence of inhomogeneous structures in stars. Thus, he quickly communicated

one of Chandrasekhar's papers on the subject, entitled `The Highly Collapsed

Con®gurations of a Stellar Mass,' to Monthly Notices (where it appeared in the

March issue: Chandrasekhar, 1931b). Chandrasekhar indeed concentrated his

attention upon `the development of Milne's theory of collapsed con®gurations a

step further' (Chandrasekhar, loc. cit., p. 456) and considered in detail three cases:

(i) the relativistic-degenerate Fermi gas; (ii) the nonrelativistic degenerate case;

and (iii) the essentially homogeneous case. Thus, he arrived at three di¨erent

situations, characterized by the mass M of the star, namely, the classes: I.

M U 0:61p bÿ3=2 [withp denoting the mass of the sun, and b the quantity

1ÿ �kL=4pcGM�, where k, L and G are, respectively, opacity and luminosity of

the star and Newton's gravitational constant]; II. 0:61p bÿ3=2 < M U 0:92p
bÿ3=2; and III. M > 0:92p bÿ3=2. The ®rst situation represented a polytropic case,

and the second gave rise to a composite case of a degenerate envelope surround-

ing a homogeneous core. `To apply the above classi®cation to the known white

dwarfs,' Chandrasekhar concluded the following: `O2 Eridani, Procyon B and van

Maanen's star possibly belong to Class I. That the companion of Sirius is Class II,

is also likely.' (Chandrasekhar, loc. cit., p. 465)

Milne expressed much less satisfaction with the main result of the original

consideration of the degenerate relativistic Fermi gas, which Chandrasekhar had

formulated in the short note on `The Maximum Mass of Ideal White Dwarfs.'

After many arguments with Milne, Chandrasekhar sent it in November 1930 to

the American Astrophysical Journal, where it appeared in the March issue (Chan-

drasekhar, 1931a). The central argument was the following: The pressure P of a

relativistic Fermi gas may be described by the equation

P � Kr4=3; �721�

with r denoting the density and K a constant (equal to 3:619� 1014 c.g.s. units).

`We can now immediately apply the theory of polytropic gas spheres for the

equation of state given by [Eq. (721)], where for the exponent g we have g � 4

3
or

1� 1

n
� 4

3
or n � 3,' Chandrasekhar wrote (Chandrasekhar, loc. cit., p. 82) and

added the relation (due to Eddington, 1926, p. 83),

GM

M 0

� �2

� �4K�3
4pG

�722�
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(with G, Newton's gravitational constant; M, the mass of the star; and M 0, a

number of the order of 1) which yielded the result for the mass

M � 1:822� 1033 � 0:91p: �723�

`As we have derived this mass of the star under ideal conditions of extreme de-

generacy, we may regard 1:822� 1033 as the maximum mass of an ideal white

dwarf,' Chandrasekhar concluded (Chandrasekhar, 1931a, p. 82).

Unlike Chandrasekhar, Milne and Eddington (both renowned for their con-

tributions to the topic of stellar structure) did not take the result very seriously.

They could easily point to the fact that the question as to which equation of

state had to be applied in the problem had not yet been decided at the time. Thus,

Edmund C. Stoner, who had worked since several years on Fermi gases, argued

that `concentrations which are of astrophysical interest (corresponding roughly to

densities of the order of 105 to 108) happen to fall in a range where neither [i.e.,

the relativistic nor the nonrelativistic] equation can be strictly appliedÐpossibly

because this is a transition region' (Stoner, 1932, p. 651). On the other hand, as we

have mentioned, Eddington and Milne carried on a vigorous debate during these

years about the true model which should describe stellar structure, and each of

them sought to win Chandrasekhar to his side: One preferred `composite' models

(Milne, 1930), while the other insisted on perfect gas models, in order to account

for all speci®c, observed properties, such as the opacity of stellar matter or the

surface temperatures.1007 Chandrasekhar went on to work out the consequences

of his relativistic theory in a detailed paper, entitled `Some Remarks on the

State of Matter in the Interior of Stars' and submitted in September 1932 from

Copenhagen to Zeitschrift fuÈ r Astrophysik (Chandrasekhar, 1932). There, he

demonstrated, in particular, `that for all centrally condensed stars of mass greater

than M [which was about 1.2 times his critical mass, Eq. (723)], the perfect [i.e.,

non-degenerate] gas equation of state does not break down, however high the density

may become, and the matter does not become degenerate,' and: `An appeal to the

Fermi-Dirac statistics to avoid the central singularity cannot be made.' (Chan-

drasekhar, loc. cit., p. 324) Hence, he turned against the models of both Eddington

and Milne, and rather stated a problem at the end of the paper:

We may conclude that great progress in the analysis of stellar structure is not possible
before we can answer the following question: Given an enclosure containing electrons

and atomic nuclei (total charge zero) what happens if we go on compressing the mate-

rial inde®nitely? (Chandrasekhar, loc. cit., p. 327)

In spite of such controversies, however, Chandrasekhar got along quite well

with his `opponents,' and occasionally even wrote a paper with Milne. At the same

1007Milne claimed that Chandrasekhar's relativistic theory of white dwarfs contradicted certain
conclusions derived from his model; he thought that Chandrasekhar had not investigated the problem
`to the bitter end' (see Wali, 1991, p. 121).
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time, he travelled around EuropeÐe.g., to GoÈttingen in 1931, to Copenhagen in

fall 1932 and to LieÁge in March 1933 (to deliver lectures on stellar atmospheres)Ð

and got to know personally many of the prominent quantum physicists (including

Niels Bohr and Max Born). On 20 June 1933, he passed the orals of his Ph.D.

examination at Cambridge University (with Fowler and Eddington as examiners),

and in fall of that year, he competed for and won a fellowship of Trinity College.

Milne expressed to him his `intense pleasure,' and wrote:

I hasten to send you my heartiest congratulations. I am very proud to have been as-
sociated with you in some of your work, and the satisfaction at your success is a very
personal one. (Milne to Chandrasekhar, 9 October 1933, quoted in Wali, 1991,
pp. 109±110)

Upon Milne's nomination, Chandrasekhar became a Fellow of the Royal

Astronomical Society and then began to attend the Society's meetings regularly. In

summer 1934, he travelled again, this time to the Soviet Union to meet especially

two colleagues, the theoretical physicist Lev Landau and the astronomer Viktor

A. Ambartsumian. Landau had, in a paper `On the Theory of Stars' (published

in the Physikalische Zeitschrift der Sowjetunion), also derived a critical mass of

white dwarfs of about the same magnitude as had Chandrasekhar (Landau, 1932).

However, he had not taken the conclusion too seriously, arguing that the stars

may contain condensed and noncondensed states separated by unstable regions

which would change the whole situation. As his biographer wrote, Chandra-

sekhar's visit to the U.S.S.R. turned out to be quite stimulating:

During his week's stay at Leningrad, Chandra gave two lectures at Pulkovo Obser-
vatory to large audiences. One of the two lectures was about his work on white
dwarfs and the limiting mass, which had attracted little or no attention in Cambridge.
Ambartsumian suggested investigating the problem in greater detail by avoiding
some of the approximations Chandra had resorted to and working out the exact
theory. As Chandra recalls, it was this remark of Ambartsumian, his interest and
encouragement, that made him take up the subject again after his return to Cam-
bridge and follow it to its conclusion. (Wali, 1991, p. 117)

In fall 1934, Chandrasekhar indeed went on to work seriously on the problem, and

Eddington supported these endeavours with `a great deal of interest,' and even

provided him with a new hand calculator to carry out numerical work (Wali, loc.

cit., p. 127). He still expected that Chandrasekhar would eventually arrive at the

result that every star, no matter what its mass, could become a white dwarf. But

the investigations ended di¨erently and reestablished the original result of 1930.

By the end of 1934, Chandrasekhar submitted two papers to the Monthly

Notices of the Royal Astronomical Society containing the latest conclusions: The

®rst of these papers continued the topic of the 1931 investigation (on `The Highly

Collapsed Con®gurations of a Stellar Mass': Chandrasekhar, 1935a; see also the

later paper: Chandrasekhar, 1935c); the second paper contained the most detailed
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discussion of `Stellar Con®gurations with Degenerate Cores' (Chandrasekhar,

1935b). He subsequently received an invitation to present these matters in the

January meeting of the Society. Some ®fty years later, he still remembered the

events of that dramatic meeting quite vividly:

I knew the assistant secretary, a Miss Kay Williams, rather well, and she used to send
me the program ahead of the meeting. On Thursday evening I got the program and
found that immediately after my paper Eddington was giving a paper on ``Relativistic
Degeneracy.'' I was really very annoyed because, here Eddington was coming to see
me every day, and he never told me he was giving a paper.

Then I went to College and Eddington was there. Somehow I thought Eddington
would come to talk with me, so I did not go over to talk with him. After dinner I
was standing by myself in the combination room where we used to have co¨ee, and
Eddington came up to me and asked me, ``I suppose you are going to London
tomorrow?'' I said, ``Yes.'' He said, ``You know your paper is very long. So I have
asked Smart [the Secretary of the Royal Astronomical Society] to give you a half
hour for your presentation instead of the customary ®fteen minutes.'' I said, ``That's
very nice of you.'' And he still did not tell me that he too was presenting a paper. So I
was a little nervous as to what the story was.

The next day at the Burlington House [the headquarters of the Royal Society,
where the meeting took place], at the usual tea before the meeting, [William Hunter]
McCrea and I were standing together and Eddington came by. McCrea asked
Eddington, ``Well, Professor Eddington, what are we to understand by `Relativistic
Degeneracy?' '' Eddington turned to me and said, ``That's a surprise for you,'' and
walked away. (Chandrasekhar, in Wali, 1991, p. 124)

Indeed, on the following day, 11 January 1935, after Chandrasekhar's talk sum-

marizing the results of his `generalized standard model' of stars with degenerate

cores (Chandrasekhar, 1935b), Milne made a short commentÐas the previous

`usual standard model' was his ownÐand then the President of the Society invited

Eddington to speak. Eddington began his talk by saying:1008

Dr. Chandrasekhar has been referring to degeneracy. There are two expressions
commonly used in this connection, ``ordinary'' degeneracy and ``relativistic'' degen-
eracy, and perhaps I had better begin by explaining the di¨erence. They refer to
formulae expressing the electron pressure P in terms of the electron density s. For
ordinary degeneracy Pe � Ks5=3. But it is generally supposed that this is only the
limiting form at low densities of a more complicated relativistic formula, which shows
P varying as something between s5=3 and s4=3 at the highest densities. . . .

Chandrasekhar, using the relativistic formula which has been accepted for the last
®ve years, shows that a star of mass greater than a certain limit M remains a perfect
gas and can never cool down. The star has to go on radiating and contracting and

contracting and radiating until, I suppose, it gets down to a few km. radius, when

gravity becomes strong enough to hold in the radiation, and the star can at last ®nd

peace. (See Wali, 1991, p. 125)

1008Eddington's paper on `Relativistic Degeneracy' was published before the two papers of Chan-
drasekhar (1935a, b) in the Monthly Notices (Eddington, 1935). The wording of his talk on 11 January
1935, is quoted from the report in the journal Observatory.
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Eddington then went on to state that he felt that this result was wrong and `I think

there should be a law of Nature to prevent a star from behaving in this absurd way!'

However, he admitted: `If one takes the mathematical derivation of the relativistic

degeneracy formula as given in astronomical papers, no fault is to be found.'

Hence, one had to look `deeper into its physical foundation,' he continued, and

arrived at the conclusion: `The current formula is, based on a partial relati-

vity theory,' and `if the theory is made complete the relativity corrections are

compensated, so that we come back to the ``ordinary'' formula.' (Wali, loc. cit.,

pp. 125±126)1009

Evidently, Eddington's presentation and mathematical arguments stunned

everybody, but Professor Stratton, the Chairman of the meeting, did not allow any

discussion. Chandrasekhar was extremely unhappy about the whole procedure,

and even more so about the reaction of his colleagues. Perhaps he could have

understood that Milne was euphoric about Eddington's conclusion, since he now

felt `his own idea that every star had an adequate core must be valid' (see Wali,

1982, p. 6), but the others simply remained silent. Back in Cambridge, even

Fowler did not take Chandrasekhar's side strongly. So Chandrasekhar wrote a

letter for help to LeÂon Rosenfeld, his friend who was now in Copenhagen:

Yesterday I gave an account of my work at the Royal Astronomical Society and after
my paper Eddington sprang a surprise on everyone by saying that the method of
derivation of [Eq. (721)] was all wrong, that ``Pauli's principle'' refers to electrons as
being stationary waves and that the use of the relativistic expression for energy is a
misunderstanding. . . . If Eddington is right, my last four months' work all goes in the
®re. Could Eddington be right? I should very much like Bohr's opinion. Please con-
sult him on the matter as soon as you possibly can and reply to me by air mail.
(Chandrasekhar to Rosenfeld, 12 January 1935, quoted in Wali, 1991, p. 129)

Rosenfeld acted quickly and wrote back immediately, reporting the results of a

joint discussion of the problem between Bohr and himself. They had arrived at the

conclusion that the exclusion principle could be applied both to electrons repre-

sented by standing or progressive waves in a given volume: `These two cases

become equivalent in the limit, considered by you, of an (asymptotically) in®nite

volume, and both yield . . . precisely the expression you have used in your equa-

tion,' and `further this expression is relativistically invariant.' (Rosenfeld to

Chandrasekhar, 14 January 1935, loc. cit.)1010 In a second letter on the same day,

Rosenfeld added: `It seems to us as if Eddington's statement that several high

speed electrons might be in one cell of the phase space would imply that to another

observer several slow speed electrons, in contrast to Pauli's principle, would be in

the same cell.' (Rosenfeld to Chandrasekhar, loc. cit., p. 130) Chandrasekhar,

however, wanted more; after Eddington presented another talk on his interpreta-

1009For details of the mathematical derivation, we refer to Eddington, 1935.

1010Chandrasekhar would carry out later the details of the calculation together with Christian
Mùller from Copenhagen (Mùller and Chandrasekhar, 1935).
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tion of relativistic degeneracy in the Cambridge colloquium, he got hold of the

latter's manuscript and forwarded it to Rosenfeld, requesting for `an authoritative

pronouncement' from Niels Bohr. Being quite exhausted from other work, Bohr

passed it on to Wolfgang Pauli, who simply declared Eddington's arguments to be

`wishful thinking, in his attempt to ®t the exclusion principle to what he wanted

in astrophysics,' and Paul Dirac expressed a similar opinion to Chandrasekhar

from Princeton (see Wali, loc. cit., pp. 131±132). But the older generation of

astrophysicists remained unshaken. Milne even wrote to Chandrasekhar:

Your marshalling of authorities such as Bohr, Pauli, Wilson, etc., impressive as it is,
leaves me cold. If the consequences of quantum mechanics contradict very obvious,
much more immediate, considerations, then something must be wrong either with the
principles underlying the equations of state derivation or with the aforementioned
general principles. . . . To me it is clear that matter cannot behave as you predict.
(Milne to Chandrasekhar, 24 February 1935, quoted in Wali, loc. cit., p. 132)

The opinions of Milne and Eddington in¯uenced the members of the profes-

sional community at the Paris meeting of the International Astronomical Union in

July 1935, where Eddington again declared Chandrasekhar's relativistic theory of

white dwarfs to be wrong. The quantum physicists did not have a strong voice in

this community, even when they became activeÐunlike Bohr, Dirac, and Pauli,

who showed no interest in the details of the astronomical problemÐas did Rudolf

Peierls (then at the Mond Laboratory in Cambridge).1011 As Peierls recalled: `I did

not know any physicist to whom it was not obvious that Chandrasekhar was right

in using relativistic Fermi-Dirac statistics, and who was not shocked by Edding-

ton's denials of the obvious,' and added:

It was therefore not a question of studying the problem, but of countering Eddington.
It was for this purpose that I wrote my paper in the Monthly Notices [Peierls,

1936]. The simplest way to derive the equation of state is to use cyclic boundary
conditions, which allow the use of progressive waves. This was one of the points
criticized by Eddington, and therefore I looked for a simple proof that, for a large
enough system, the use of the cyclic boundary condition was justi®ed. (Peierls to
Wali, 5 May 1983, quoted in Wali, loc. cit., p. 135)

Needless to say, Eddington remained unconvinced and repeated his opinion on

relativistic degeneracy as late as August 1939 (at the `Conference on White Dwarfs

and Supernovae' in Paris). But, on this occasion, Chandrasekhar, now a well-

established professor of astronomy at the University of Chicago and author of

the monograph on An Introduction to the Study of Stellar Structure (1939), was

1011Ralph Fowler, in spite of his general support for Chandrasekhar, nevertheless added in the
second edition of his Statistical Mechanics (in Section 16.34) a reference to Eddington's arguments
(see Fowler, 1936, p. 652, footnote II). He avoided taking a clear stand against Eddington, the famous
astronomer.
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allowed to present his di¨erent conclusions in detail. We shall come back to these

later; here, we just mention the fact that Eddington, the previous champion of

relativity theory, kept on battling against `the widespread misapprehension as to

the application of the Lorentz transformation to quantum theory,' as found in `the

literature of modern atomic physics, and in conversation with theoretical phys-

icists'Ðthus, he had written a little earlier (Eddington, 1939, p. 186). He especially

criticized two procedures:

In most quantum investigations with a practical application the coordinates are
relative space coordinates x; h; z coupled with a progressive time coordinate, so that
�x; h; z; it� is not a 4-vector. Nevertheless, conditions of Lorentz-invariance are ap-
plied by many authors. Alternatively, they attempt to base the investigation on wave
functions of non-relative coordinates x; y; z; t. It is here pointed out that such wave
functions give no information about eigenstates, and that there is no means of deriv-
ing wave functions of x; h; z from those of x; y; z. (Eddington, loc. cit., pp. 193±194)

A couple of years later, Dirac, Peierls, and M. H. L. Pryce gave a detailed and

careful answer to the above arguments of Eddington. The physicists showed in

particular that the dynamics of atomic systems did allow one to perform correctly

all of the procedures he had criticized. Thus, they simply con®rmed the general

opinion of the community of physicist, namely: `Eddington's system of mechanics

is in many important respects completely di¨erent from quantum mechanics.'

(Dirac, Peierls, and Pryce, 1942, p. 193). Eddington, thus attacked, protested: `The

[quantum-mechanical] theory is perhaps more self-consistent than it appeared to

be; but, on the other hand, the pressing need for amendment becomes too plain to

be overlooked.' (Eddington, 1942, p. 201)

The astronomical problems addressed in the dispute between Chandrasekhar

and EddingtonÐin spite of their fundamental importance for the application of

relativistic quantum mechanicsÐrepresented only one aspect of a larger ®eld of

physics which Friedrich Hund treated in the mid-1930's as `matter in extreme

conditions' (Materie in extremen ZustaÈnden') or `matter under very high pressures

and temperatures' (`Materie unter hohen Drucken und Temperaturen'). This was

the entry in Hund's diary (Wissenschaftliches Tagebuch), dated 22 January 1936,

or the title of a review article composed that summer and published in Ergebnisse

der exakten Naturwissenschaften (Hund, 1936b). Hund approached this ®eldÐ

which embraced the terrestrial problems investigated by Percy Bridgman (whom

he knew personally from his visit to the United States in 1929) and the astro-

physical issues discussed by Chandrasekhar, Eddington, and MilneÐ®rst in a note

in his diary, dated 19 October 1935, where he stated: `The question concerning the

state of the earth's interior is identical with the question concerning the equation

of state in a region, which should be treated according to the Thomas-Fermi

method.' Very probably, Hund was stimulated to embark upon this topic by a

remark which John Slater and Harry Krutter had made at the end of their paper

on `The Thomas-Fermi Method for Metals,' namely:
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One further ®eld in which the method might be advantageous is investigating the
limiting behavior of matter under high pressure, as is found particularly in astro-
physics. Stellar material, either at low temperature and very high density as in dense
stars, or at high temperature or more normal density, as in hot stars, could be ap-
proximated as in the present paper, and a much better approximation to the equation
of state could be found than has been so far obtained. (Slater and Krutter, 1935,
p. 568)

The steps taken by Hund, who especially developed a programme in 1936 to

cover the above-mentioned ®eld, may be easily recognized by looking at the brief

entries in his diary (Tagebuch). There, we ®nd in particular:

22.1. [1936]. Matter in extreme states (Materie in extremen ZustaÈnden): For a large
domain an ideal gas of electrons.

12.2±17.2 [1936]. Fruitless e¨orts to establish the transition from Slater-Krutter to
the electron gas.

18.2. [1936]. The transition from Slater-Krutter to the electron gas is possible.
25.2. [1936]. Stellar structure at T � 0 with the equation of state r � r0 � pU p1�,

r � ep3=5 � pV p1� leads to a universal di¨erential equation with ®xed initial
values in the inner region pV p1 and to a closed solution in the outer region.Ð
To obtain the structure of cold stars, one has to achieve: numerical transition
from Slater-Krutter to the electron gas plus a numerical solution of the di¨er-
ential equation.

16.3. [1936]. With r@ p3=5 alone [there follows]: mass times volume � constant
(FluÈgge also got this).

27.3 [1936]. Domains of states: dense matter, electron gas, ordinary gas, condensate,
radiating cavity.

15.4. [1936]. Cold stars have a relation R�M�, where R is not larger than several
earth radii [and M denotes the mass]. Numerical calculations [can be] carried
out with the help of [Robert] Emden's equation. The large planets do not sat-
isfy the R�M� relation, among the white dwarfs only van Maanen's star does.

The state-diagram still contains the relativistic electron gas and the region of
nuclear transformations (T > 1010 [K]; p > 1024 atmospheres). The stellar
energy can only arise from T > 1010 [K], otherwise the densities must be very
large.

17.4. [1936]. Estimate with a polytropic change of state p@ r�nÿ1�=n, and observed
radii and masses yields only for n (nearly 5) su½ciently high temperatures in the
centre, especially for giant stars. In the main sequence, the more luminescent
stars seem to have a smaller pressure in the centre.

18.4. [1936]. Nuclei consisting of many heavy particles dissociate already below the
temperatures corresponding to the dissociation potential.

22.4. [1936]. Energy production in equilibrium (of nuclear transformations) corre-
sponds to T > 109 [K] or pV 1020 atmospheres.

25.4. [1936]. The in¯uence of [opacity] k and h (energy production); increase of h

with T reduces n; decrease of k with T increases n. Empirically n � 1
2 to 5 ®t [the

data], kh decreases more slowly than Tÿ2.
Draft of a report on matter in stars:
1. Diagram of states, energy constant;
2. Cold star;
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3. First orientation with polytrope, large n, conclusion for kh;
4. Meaning of the ML [mass-luminosity] relations.

29.4. [1936]. Similarity law for stellar structure with p@ rT ; k@ r=T n; e@T 2 yields
two LRM-relations. Empirical LM-relation with n � 3; empirical MR-relation
with large l.

1.5. [1936]. A theory with an ideal gas must assume that e@ 1=p3 (!), in order to
understand the main parts of the [Hertzsprung-] Russell diagram.

19.5. [1936]. (Talked in the colloquium about the constitution of stars.)
27.5. [1936]. The energy ``pairs'' contribute at most some hundredths of the total

energy of matter, and do so only if kT Amc2.
23.6. [1936]. (Colloquium on MLR-relation of stars.)
8.7. [1936]. If for temperatures below that of nuclear dissociation the pressure sur-

passes a certain limit (A1027 atmospheres), then matter transforms into
neutrons.

9.7. [1936]. In the region, where also the heavy particles are degenerate, the situa-
tion is more complicated.

10.7. [1936]. The correct discussion yields also in this region, for about 1022 [atmos-
pheres], the sudden transition into neutrons. In the transition region matter is
rather compressible.

11.7. [1936]. There exist three regions: neutrons dominant at high pressure (and not
too high temperature); nuclei and electrons dominant at low pressure and low
temperature; protons and electrons dominant at high temperature (especially at
low pressure)Ðpair production has not been considered. For very high pres-
sures (without forces between neutrons) [there follows] p � pc�r=M�4=3 !
1
3 rc2; hence matter is very compressible. Chandrasekhar's catastrophe can only
be avoided by the emission of liberated gravitational energy at the surface.

18.7. [1936]. For very high pressures the general equation of state is p � 1
3 rc2.

Domains, where forces between particles or pair creation play a role, extend
only to a very small extent. Also, the proton region is small.

22.7. [1936]. In the electron gas, the electrical conductivity is at least as large as
a metal having the same temperature. [D. S.] Kothari's calculation must be
supplemented, for small pressures and lower temperatures, since there occurs
an ordering of nuclei.

23.7. [1936]. With the help of this conductivity, the same opacity is obtained phe-
nomenologically as by [R. C.] Majumdar.

26.7.±7.8. [1936]. Report on matter under high pressures and temperatures (Materie

unter hohen Drucken und Temperaturen) composed for the Ergebnisse. (Hund,
Tagebuch)

The topics sketched here were organized by Hund in his review article for the

Ergebnisse (1936b) into three parts: Part I dealt with the equation of state; Part II

treated additional physical properties (such as energy content, electrical and ther-

mal conductivity, the absorption of light, and the energy transport); and Part III

described the behaviour of matter in planets and stars, where especially high

pressures and temperatures were expected to exist. As Hund emphasized in the

introduction, in terrestrial laboratories, matter could so far only be studied at

temperatures under some 1,000 degrees (K) and pressures up to 10,000 atmos-

pheres; hence, one had to turn to celestial bodies if one wanted to observe more

extreme situations. On the other hand, he also noticed that:
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Physics today is able to provide ample knowledge about the behaviour of matter
under such [extreme] conditions. In these domains, in which matter may be assumed
to consist of atomic nuclei and electrons, the laws of its constitution are completely
known. Further, we are certain that these laws are still valid for a while when one
pushes into regions of more extreme pressures and temperatures, where atomic nuclei
do not remain unaltered; today's physics does not yet know completely the forces that
exist between the nuclear constituents, though the energy values of many [nuclear]
states depending on these forces have been revealed. (Hund, 1936b, p. 190)

In approaching the physics of the interior of stars, where the highest temper-

atures and pressures observed in nature dominated, Hund could indeed count on

the validity mainly of the fundamental principles and laws of quantum mechanics

and relativity theory to explain the astronomical observations, notably, also on the

application of Coulomb's law between the charged constituents of matter down to

distances of the order of nuclear radii (i.e., 10ÿ13 cm) and on Pauli's exclusion

principle for the statistical behaviour of electrons and nuclear constituents. In

addition, he made use of results derived by other physicists on the various prop-

erties of condensed matterÐe.g., of `A Note on the Transport Phenomena in a

Degenerate Gas' by D. S. Kothari, who had dealt with these phenomena in a de-

generate gas, with the goal of applying the results to stellar conditions (Kothari,

1932)Ðor to atomic nucleiÐin particular, he cited the papers such as those of

George Gamow (1928a) and Fritz Houtermans (1930)Ðor to radiation processes

and related physical topics.1012 Hund derived his astronomical knowledge from

the most recent literature; he especially cited the papers of Eddington, Milne, and

Chandrasekhar (most of which we have mentioned in the foregoing). In the review

for the Ergebnisse and in a later brief report at the 12th Deutsche Physikertagung

in Bad Salzbrunn (Hund, 1936cÐwhich was con®ned to the problem of the

equation of state), Hund did not attempt to derive new laws but rather demon-

strated how the known quantum-mechanical description, eventually augmented by

relativistic features, of atoms and atomic nuclei and their constituents provided `a

basis for the theoretical treatment of the behaviour of matter under non-terrestrial

high pressures and temperatures up to a limit lying several orders of magnitude

higher than the existing oneÐbased on our knowledgeÐin stars, and up to a

temperature limit exceeding several orders of magnitude than those existing in the

interior of stars.' (Hund, loc. cit., p. 853) For this purpose, he developed special

approximation methods in order to interpolate between the various idealized for-

mulae previously derived and to ®t the available (terrestrial and celestial) data.

Thus, he achieved a quite impressive, at least semiquantitative, complete overview

of the essential features of matter under extreme conditions.

The main goal achieved by Hund in his review article was the systematic orga-

nization of all experimental and theoretical information required to establish dif-

ferent domains characterized by the speci®c behaviour of condensed matter, as

1012Hund also referred to the GoÈttingen doctoral thesis publication of his assistant Siegfried FluÈgge
on the role of neutrons in the structure of stars (FluÈgge 1933).
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dependent on pressure (or density) and temperature. Thus, by carefully consider-

ing the various equations of state proposed until thenÐfrom the ideal gas equa-

tions (for classical and quantum-mechanical particles, especially those obeying

Fermi statistics) to the ultrarelativistic degenerate gas equation employed by

Chandrasekhar, the corresponding equation for neutrons, and the situation in-

volving nuclear reactions and electromagnetic radiation of all frequenciesÐHund

arrived at the following conclusions:

For lower temperatures and pressures, we obtain the usual condensed (solid or ¯uid)
state; for higher temperatures, we arrive ®rst at a gas consisting of molecules or
atoms, and then at an ionized gas of electrons and atomic nuclei, and ®nally the
radiation proportional to T 4 dominates. . . . If we pass over from the usual condensed
state to higher pressures, then at ®rst the compressibility is low. The (zero-point)
energy of the electron states . . . notably rises strongly for higher pressures. When we
have arrived at bodies consisting not of atoms but of electrons and atomic nuclei
(i.e., [at pressures] beyond 108 atmospheres), the compressibility rises to [that of ] a
degenerate electron gas [which is] continuously connected with both the usually con-
densed state and with the nondegenerate electron gas of highly ionized matter. Now
the ideal electron gas containing atomic nuclei constitutes the state of matter within a
wide domain of pressure and temperatureÐas a nondegenerate, a degenerate, or
(beyond 1017 atmospheres) as a relativistically degenerate gas. This fact leads to a
great uniformity and simplicity of the behaviour of matter [in that wide domain]: for
low densities, the domain is limited by the gas becoming nonideal because of the
Coulomb forces, which ultimately results in the formation of atoms in the gas or
to the condensed state; for high densities it may be limited by the increase of non-
Coulomb forces (responsible for the nuclear structure) between the particles, which
may give rise to some sort of van der Waals transition. But before one reaches such
high densities . . . because of the high zero-point energy of electrons, it becomes
favourable above 1023 atmospheres if matter transforms into neutrons, hence elec-
trons catch protons from nuclei and unite to form neutrons. Thus we get into the
region of an ideal gas of neutrons, being either degenerate [for lower temperatures] or
nondegenerate [for higher temperatures]. In the case of still higher pressures (say,
above 1023 atmospheres), we are not certain anymore whether the forces between
neutrons can be neglected. (Hund, 1936c, p. 853)

Hence, the whole domain to which modern physics could be applied to determine

the properties of matter extended up to pressures of about 1026 atmospheres and

temperatures of 1012 K.

What Hund expressed in his lecture at the physics meeting of September 1936

in Bad Salzbrunn as a grand vision, he displayed in Part I of his article in the

Ergebnisse in greater mathematical detail. For example, he showed how for high

temperatures the separation between atoms, on the one side, and mixtures of

electrons, on the other side of the phase diagram, turned out to be independent

of the ionization potential. Then, he derived for the transition from quenched

atoms to the electron gas, aÁ la Slater and Krutter, a simpli®ed equation of state `by

putting r � rk (constant) and assuming for high pressures the relation of the elec-

tron gas [to describe the situation] such that r�p� remains continuous,' and noted:
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`The transition depends sensibly on the temperature only if the electron state is not

degenerate anymore, i.e., if kT approaches the atomic energy values.' (Hund,

1936b, p. 196) He further considered the situations at the borderline between

nondegenerate electron gas and the nonrelativistic degenerate electron gas, and

between the nonrelativistic degenerate and the relativistic degenerate electron

gases, including the triple point between these regions; he concluded these consid-

erations by looking at the borderlines in the phase diagram between the con-

densate and the degenerate electron gas, and between the condensate and the

nondegenerate electron gas and the related triple point. These items did not ex-

haust the possible states and their connections; hence, Hund proceeded to consider

the case of the neutron gas, where he treated the nonrelativistic, nondegenerate,

and degenerate states, on the one hand, and the relativistic state existing under

extremely high pressures, on the other. Then, he discussed the phenomena in the

domain of nuclear transitions in thermodynamic equilibrium and away from it;

depending on the particular situation (degeneracy or not, relativistic or not), a

qualitative description of those regions followed where there existed either protons

and electrons or neutrons, while for temperatures smaller than R=k (with R the

binding energy per nuclear constituent) nuclei played the essential role. Finally,

Hund considered the in¯uence of electromagnetic radiation and the possibility of

pair-creation, which occurred only at higher temperatures.

Starting from the various equations of state, Hund turned in Part II in his re-

view article in the Ergebnisse to derive conclusions concerning certain physical

properties of matter under unusual conditions, such as energy content, electrical

and thermal conductivities, opacity (i.e., the absorption of light), and the energy

transfer. All of these properties entered crucially in the physical description of the

internal structure of celestial bodies (which he sketched in Part III), from the

planets to the ordinary stars (on the so-called main sequence, like the sun), in-

cluding the relation between their radius, mass, and luminosity. In particular, he

found: `It seems that the empirical mass-luminosity relation of the usual stars

constitutes an expression for the far-reaching uniformity of stellar matter with

respect to the equation of state and the law of energy transfer.' (Hund, loc. cit.,

p. 225) Finally, he presented the case of white dwarfs very much along the lines of

Chandrasekhar's theory, stating in particular: `As the possible ®nal state of stellar

evolution we may thus expect stars of moderate mass and very high densities.'

On the other hand, he also suggested to examine the singularity derived by

Chandrasekhar for stars of higher mass, and speculated: `The stars of great mass

might avoid shrinking to small radii . . . by radiating away the gravitational energy

produced by contraction.' (Hund, loc. cit., p. 227)

In 1935, Eddington had characterized exactly this shrinkage of massive stars

to more or less zero radius as the `absurd' behaviour of stars. Chandrasekhar,

on the other hand, had proposed an escape from this situation in the case that

the massive star would lose as much of its matter until the limit was reached

(Chandrasekhar, 1935b, p. 257). Actually, the situation was a little more compli-
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cated, as there existed two critical masses, the mass M3, identical with the limit

given in Eq. (723), and another value M�A1:2M3� de®ned earlier as follows:

For all centrally condensed stars of mass greater than M, the perfect gas equation of
state does not break down, however high the density may become, and the matter
does not become degenerate. An appeal to the Fermi-Dirac statistics to avoid the
central singularity cannot be made. (Chandrasekhar, 1932, p. 324)

With the two critical masses Chandrasekhar had then discussed, in his detailed

papers of 1935, the complete behaviour of stars (of arbitrary mass) in the last

stages of their lives (Chandrasekhar, 1935a, b, c). At the 1935 conference of the

International Astronomical Union in Paris, Chandrasekhar had not been allowed

to present even a short account of these results; however, four years later, at the

international `Conference on White Stars and Supernovae' (actually, the last such

meeting before the outbreak of World War II), he was invited to speak on the

subject, and Chandrasekhar made a clear presentation of the whole situation:

For stars of mass less than M3, we can tentatively assume that the completely de-
generate state represents the last stage of the evolution of starsÐthe state of complete
darkness and extinction. These completely degenerate con®gurations with M < M3

are of course characterized by ®nite radii.
For M > M3 no such simple interpretation is possible. The problem that we are

faced with can be stated as follows:
Consider a star of mass greater than M and suppose that it has exhausted all its

sources of subatomic [i.e., nuclear] energyÐhydrogen in this connection. The star
must then contract according to the Helmholtz-Kelvin time scale. Since degeneracy
cannot set in, in the interior of such stars, continued and unrestricted contraction is
possible, in theory.

However, we may expect instability of one kind or another (e.g., rotational) to
set in long before, resulting in the ``explosion'' of the star into smaller fragments. It
is also conceivable that the star may decrease its mass below M3 by a process
of continual ejection of matter. The Wolf-Rayet phenomenon is suggestive in this
connection.

For stars of masses M3 < M <M there exist other possibilities. During the
contractive stage, such stars are likely to develop degenerate cases. If the degenerate
cases attain su½ciently high densities (as is possible for these stars) the protons and
electrons will combine to form neutrons. This would cause a sudden diminution of
pressure resulting in the collapse of the star onto a neutron core giving rise to an
enormous liberation of gravitational energy. This may be the origin of the Supernova
phenomenon. (Chandrasekhar, quoted in Wali, 1991, p. 136)

In spite of the fact that Eddington still argued against the ®rst scenario, Chan-

drasekhar's presentation would win in the future. Almost 45 years later, on 10

December 1983, he would receive the Nobel Prize for Physics `for his theoretical

studies of the physical processes of importance to the structure and evolution of
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stars.'1013 Thus, the ®rst application of relativistic quantum mechanics to decipher

a central problem of celestial physics was ultimately honoured properly.

In the years following the theoretical discovery of the critical mass of white

dwarfs, i.e., from 1932 to 1938, the detailed picture was found of the nuclear pro-

cesses which provided the stars their energy before they reached their ®nal states.

We shall not enter here into this fundamental aspect of astrophysics, which was

based on the stormy progress in nuclear theory in those daysÐhowever, certain

items will be dealt with in the next sectionÐbut rather deal with some further

investigations by theoretical physicists on the last stages of stellar evolution.1014

Again, Chandrasekhar thought about the latter problem when he discussed his

relativistic mass-limit theory in spring 1935 with John von Neumann, who was

visiting Cambridge at that time. He recalled that von Neumann was `rather lonely'

and:

He used to come to my rooms often. Naturally we discussed Eddington's objections.
John said, ``If Eddington does not like stars to recede inside the Schwarzschild radius,
one probably should try to see what happens if one uses the absolute, relativistic
equations of state.'' We started working on that together, but to go on we had to
study equilibrium conditions within the framework of general relativity. Soon John
left Cambridge and forgot the problem, and I got su½ciently discouraged with the
situation to leave the problem alone. (Chandrasekhar, quoted in Wali, 1991, pp. 143±
144)

While the Chandrasekhar±von Neumann discussions only led to (posthumously

published) notes of von Neumann (1963, pp. 175±176)Ðwhich Chandrasekhar

worked into his later book on stellar structure (1939, pp. 332±349)ÐJ. Robert

Oppenheimer and his students investigated several aspects of the stability problem

in a set of papers published in 1938 and 1939.

In the ®rst note, which Oppenheimer and Robert Serber submitted in Septem-

ber 1938 to Physical Review, they were interested in the source of the unusually

large radiation of stars like Capella. Upon considering the possibility of obtaining

energy from several nuclear processes, such as the formation of deuterons from

protons or the proton capture by nuclei of elements lying between carbon and

oxygen, Oppenheimer and Serber concluded `that for these [very luminescent stars]

either one would have to involve other and readier nuclear reactions, with a cor-

respondingly reduced scale, or one would here be led, as in earlier arguments of

Milne, to expect serious deviations from the Eddington model' (Oppenheimer and

Serber, 1938, p. 540). In this context, they referred to the idea of a condensed

1013See the citation in Nobel Foundation, ed., 1993, p. 133.

1014An early consideration, dealing with the relation between a process of nuclear fusion,
7Li�1 H! 24He, and the internal temperature of stars was provided by George Gamow and Lev
Landau (1933). Later on, especially Carl Friedrich von WeizsaÈcker (1937b, 1938b), George Gamow
(1938a), and Hans Bethe (1939) treated the nuclear energy production in normal stars. For more de-
tails, see the next section.
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neutron star, as discussed by George Gamow (1937, pp. 234±235)Ðand others,

including Hund (see above)Ðand to Lev Landau's claim that the gradual growth

of such a core would release enormous amounts of gravitational energy (Landau,

1938a). Landau's conclusion about a limiting lower mass for this coreÐby re-

quiring that the sum of the gravitational and kinetic energies per particle of the

core should be lower than the energy per particle in stable nuclei, he had derived a

value of 0.001 solar massÐwas now contested by Oppenheimer and Serber. They

argued that the neutron's free energy in the core must be less than in the nucleus,

in order to establish stability, and concluded therefrom a limiting mass of 1
6 that of

the sun, which they also con®rmed by a rigorous evaluation of the equation of

state.1015 However, this minimum core mass was reduced to about 1
10 of the solar

mass if there existed `forces between the neutrons of the spin-exchange saturating

type �ss 0�,' and even much further to a few percent of the solar mass if another

charge-independent nuclear force was assumed. Finally, Oppenheimer and Serber

arrived at the result `that forces of the often assumed spin exchange type preclude

the existence of a core of stars with mass comparable to that of the sun' (Oppen-

heimer and Serber, 1938, p. 540).

While the above-mentioned note seemed to be motivated by Oppenheimer's

interest in the nature of nuclear forces, he approached in the following paper

written with G. M. Volko¨Ðand submitted in early January 1939 to Physical

ReviewÐthe detailed properties of neutron stars, `notably the gravitational equi-

librium of masses of neutrons, using the equation of state for a cold Fermi gas and

general relativity.' They then found:

For masses under 1
3p [i.e., 1

3 of the mass of the sun] only an equilibrium solution ex-
ists, which is approximately described by the nonrelativistic Fermi equation of state
and Newtonian gravitational theory. For masses 1

3p< m < 3
4p two solutions exist,

one stable and quasi-Newtonian, one more condensed and unstable. For greater
masses there are no static equilibrium solutions. (Oppenheimer and Volko¨, 1939,
p. 374)

That is, Oppenheimer and Volko¨ now explored in some detail whether the

general idea, that `in su½ciently massive stars after all thermonuclear sources of

energy, at least for the central material of the star, have been exhausted a con-

densed neutron core would be formed,' was `correct for arbitrarily heavy stars';

and they did con®rm here the fact that there was `an upper limit to the possible

size of the core' (Oppenheimer and Volko¨, loc. cit., p. 375). Of course, it was

known that Chandrasekhar and Landau had proved the existence of a similar limit

before (in 1931 and 1932, respectively), but these people had derived it from the

1015 In a talk presented at the Washington, D.C., meeting of the American Physical Society in April
1938, George Gamow and Edward Teller had claimed that stars cannot really have a core (besides an
outer part in which the usual gas laws apply) because the equilibrium conditions would then give rise to
densities and temperatures close to the core, which were too high and would disagree with the observed
radiation (Gamow and Teller, 1938b, p. 930).
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relativistic equation of state for electrons, while Oppenheimer and Volko¨ now did

so for stars obeyingÐbecause of their larger massesÐa nonrelativistic degenerate-

gas equation. Further, they replaced in this treatment the Newtonian gravitational

theory by the general relativistic one.

In order to obtain the general relativistic gas equation, Oppenheimer and

Volko¨ considered the equilibrium of spherically symmetric distributions of

matter and derived two relations between the pressure p and the density r; i.e.,

dp

dr
� p� r� p�

r�rÿ 2u� �4ppr3 � u� �724�

and

du

dr
� 4pr�p�r2; �725�

with u denoting a variable connected with Karl Schwarzschild's famous solution

of the spherical problem in general relativity.1016 They commented:

Equations [(724)] and [(725)] form a system of two ®rst-order equations in u and
p. Starting with some initial values u � u0, p � p0 at r � 0, the two equations are
integrated simultaneously to the value r � rb where p � 0, i.e., until the boundary of
the matter distribution is reached. The value of u � ub at r � rb determines the value
of el�rb� at the boundary, and this is joined continuously across the boundary to the
exterior solution, making

ub � rb

2
�1ÿ el�rb�� � rb

2
1ÿ 1ÿ 2m

rb

� �� �
� m: ��726��

Thus the mass of the spherical distribution as measured by a distant observer is given
by the value ub of u at r � rb. (Oppenheimer and Volko¨, loc. cit., p. 376)

To ensure the physical interpretation of the result, several restrictions (such as

p0 � 0 and u0 � 0 at r0) must be imposed. Now, for a Fermi gas of particles

with mass m0, the equation of state could be written in a parametric form as (see

Tolman, 1934, pp. 246±147)

r � K�sinh tÿ t� �727�

and

p � 1
3 K �sinh tÿ 8 sinh�12 t� � 3t�; �728�

1016Schwarzschild's solution (1916a) can be written as exp�ÿl�r�� � 1� A=r, and then u�r� �
1
2 rf1ÿ exp�ÿl�r��g.
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with the quantities K and t de®ned as

K � 4m2
0c5=4h3 �728a�

and

t � 4 log
pmax

m0c
� 1� pmax

m0c

� �2
" #1=2

8<:
9=;; �728b�

where pmax denoted the maximum momentum of the Fermi distribution.

The integration of Eqs. (724) and (725) had to be performed numerically for the

general case. In the case of very small t, the equation of state became

p � Kr5=3; �729�

with pmax being proportional to t. Also, the mass of the star turned out to be in

good approximation (for small masses and densities) proportional to t3=2. If they

plotted the mass m in units of the solar mass against tanÿ1 t0, Oppenheimer and

Volko¨ found the following behaviour:

The striking feature of the curve is that the mass increases with increasing t0 [the
value of t at the centre r � 0] until a maximum is reached at about t0 � 3, after which
the curve drops until a value roughly 1

3p is reached for t0 �y. In other words, no
static solutions at all exist for m > 3

4p, two solutions exist for all m in 3
4p> m > 1

3p,

and one solution exists for all m < 1
3p. (Oppenheimer and Volko¨, 1939, p. 378)

Expressed physically, these results meant: (i) For `a cold neutron core there are no

static solutions, and thus no equilibrium, for core masses greater than mA0:07p';

(ii) `Since neutron cores can hardly be stable (with respect to the formation of

electrons and nuclei) for masses less than mA0:1p, and since, even after ther-

monuclear sources and energy are exhausted, they will not tend to form by col-

lapse of ordinary matter for masses below 1:5p (Landau limit), it seems unlikely

that static neutron cores can play any great part in stellar evolution.' (iii) `The

question of what happens, after energy sources are exhausted, to stars of mass

greater than 1:5p still remains unanswered.' (iv) While for masses between 0.1

and 0:7p the stability of neutron cores seemed to be established, the ®nal behav-

iour of massive stars was either not described by the equations of Oppenheimer

and Volko¨, or `the star will continue to contract inde®nitely, never reaching

equilibrium' (Oppenheimer and Volko¨, loc. cit., pp. 380±381).

In July 1939, the Physical Review received the account of Oppenheimer's next

investigation, this time composed jointly with Hartland Snyder, which was de-

voted speci®cally to ®nding out about the behaviour of stars with masses greater

than 0:7p. They started from the following previous results:
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A star under the circumstances would collapse under the in¯uence of its gravitational
®eld and release energy. This energy could be divided into four parts: (1) kinetic
energy of the motion of particles in the star; (2) radiation; (3) potential and kinetic
energy of the outer layers of the star which could be blown away by the radiation; (4)
rotational energy which could divide the star into two or more parts. (Oppenheimer
and Snyder, 1939, p. 455)

Only in those cases where the mass of the original star was su½ciently small, or

enough mass was lost to reach the limit of about 0.7 solar masses, a white dwarf

(in agreement with Chandrasekhar's pioneering work) would develop. For the

more massive stars, Oppenheimer and Snyder carried out the calculation of a

slightly simpli®ed model, obtaining the result: `The total time of collapse for an

observer comoving with the stellar matter is ®nite, and for this idealized case of

typical stellar masses, of the order of a day; an external observer sees the star

asymptotically shrinking to its gravitational radius.' (Oppenheimer and Snyder,

loc. cit.) `Of course, actual stars would collapse more slowly than the example

which we studied analytically because of the pressure of matter, of radiation, and

of temperature,' they concluded (Oppenheimer and Snyder, loc. cit., p. 459)

The work of Oppenheimer and his collaborators in Berkeley by no means ex-

hausted the interest of quantum theorists in the problems of astrophysics toward

the end of the 1930's. For example, Hund returned in his Tagebuch entries to the

problems of stellar structure, in connection with his lecture courses on `Aufbau

der Materie (Structure of Matter)' of fall 1939 and winter 1939/40. From Octo-

ber 1939 to May 1940, he made notes dealing with the properties of the normal

main-sequence stars, then of variable stars (like the Cepheids), and ®nally of stars

whose nuclear energy had been exhausted. However, in spite of these e¨orts of the

theoretical physicists, it seems that the professional astronomers only reluctantly

accepted the results of the quantum physicists seeking to invade their domain; as

in the case of Chandrasekhar's ingenious e¨orts of 1931, it took decades until the

impressive consequences of quantum mechanics were considered standard knowl-

edge in astrophysics.

IV.5 High-Energy Physics: Elementary Particles and

Nuclear Reactions (1932±1942)

(a) Introduction

In the beginning of the 1930s, Werner Heisenberg and the other experts on quan-

tum mechanics had claimed that the phenomena of nuclear and relativistic phys-

ics, i.e., the physics of highest energies, were intimately connected and had to be

solvedÐif at allÐtogether. This was before the discovery of the neutron in-

augurated a quick change in the physicists' desire to establish a consistent

description of nuclear structure on the basis of the usual laws of nonrelativistic

quantum mechanics. No such satisfactory result could be achieved in other ®elds
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of phenomena, notably, in cosmic radiation, though they also appeared to be

relatedÐlike the nuclear onesÐto the innermost structure of matter. Thus, at the

`International Conference on Physics' in London in October 1934, Patrick M. S.

Blackett of Birkbeck CollegeÐin the introduction of his talk on `The Absorption

of Cosmic Rays'Ðstated:

One of the main di½culties which stand in the way of a satisfactory interpretation of
the phenomena of cosmic radiation lies in our ignorance of the exact mechanism of
the absorption of photons and charged particles of very great energy.

In fact, it is only through the study of cosmic rays that we can hope to learn about
the properties of very energetic radiations. But since the experimental phenomena of
cosmic rays are both complicated and hardly at all under the experimenter's control,
it is by no means easy to ®nd their correct interpretation. For to do this implies the
analysis of the complex radiation into simpler constituents and then the decision as to
the nature and properties of the various radiations.

Unfortunately we cannot get much help in this process from theoretical physics
for there seems to be no theory which is certainly valid for particles and photons of
very great energy. While it is quite certain that, in the cosmic radiation, we have to
deal with particle energies of the order of 108 to 1011 e.V. (electron volts), it seems
nearly equally certain that the only existing theory, that of Dirac, is only valid for
energies less than 137 mc2, that is about 7� 107 volts. (Blackett, 1935, pp. 199±200)

Blackett, the former research student of Ernest Rutherford's and co-discoverer

of pair creation, here expressed clearly the experts' knowledge at that time. His

report and the reports of the other cosmic-ray physicists who were assembled at

the London conference, such as Pierre Auger and Louis Leprince-Ringuet of

France, Gerhard Ho¨mann of Germany, Bruno Rossi of Italy, and Carl Ander-

son, Arthur Compton, Robert Millikan, and Seth Neddermeyer of the United

States, emphasized the existence of at least two di¨erent components in the extra-

terrestrial radiation, a highly absorbable `soft' and a penetrating `hard' compo-

nent, for both of which only very preliminary physical interpretation had been

suggested so far. While the soft component, consisting of a group of from a few up

to a few hundred positively and negatively charged electrons, seemed to be con-

nected with the known process of electron±positron pair creation, the hard com-

ponentÐconsisting mainly of single tracks and particles with low ionizing

powerÐmore or less lacked any explanation.

The experimental investigation of cosmic radiation actually constituted the

most important source of fundamental knowledge of high-energy phenomena in

the 1930s and even beyond.1017 The theoreticians encountered many di½culties

when they wanted to describe the empirical ®ndings, because the cosmic-ray events

were rare and contradictory in appearance and hard to interpret in terms of

the physical quantities that entered into any mathematical formulation of the

observed phenomena. In contrast to that, the nuclear reactions observed in ter-

1017For a review, see the papers of Weiner, 1972, Brown and Hoddeson, 1982, Xu and Brown,
1987, and Brown and Rechenberg, 1996 (Chapter 4).

IV.5 High-Energy Physics: Elementary Particles and Nuclear Reactions (1932±1942) 899



restrial laboratoriesÐalthough they referred to much lower energiesÐpermitted a

more de®nite analysis, yielding in most cases a reliable description in terms of

a quantum-mechanical formalism. Hence, the theory of nuclear structure and

nuclear reactions could be developed largely in the 1930s, but the understanding of

cosmic-ray processes with elementary particles having much higher energies re-

mained largely selective. Still, some progress in applying the rules of relativistic

quantum theory to certain events, especially those involving electron±positron

pair creation and mesotrons and their decays, could be reached only by the end of

the 1930s, while other grave puzzles had to wait for many more years before they

®nally got resolved.1018

During the two years following the London conference, the theoristsÐespecially

Walter Heitler in England and J. Robert Oppenheimer in the United StatesÐ

succeeded in obtaining a theory of the principal soft-component process, the cas-

cade formation, which provided a con®rmation of the quantum-electrodynamical

schemes of Heisenberg and Pauli or Fermi, respectively. On the other hand, the

increasingly detailed analysis of the hard component resulted not only in the dis-

covery of a new intermediate-mass particle, the `mesotron' (which had been pre-

dicted by Hideki Yukawa's theory of nuclear forces treated in Section IV.3), but

also gave rise to a number of new puzzles. In this section, we shall ®rst deal with

the progress of quantum electrodynamics in the 1930s, achieved both through the

description of certain cosmic-ray phenomena (such as cascades) and the mathe-

matical and physical analysis of the existing formalism. The remaining defects

of that particular relativistic quantum ®eld theory, also indicated by speci®c low-

energy observations, evidently required the input of new, more or less revolution-

ary, concepts and methods to account for the high-energy processes involving only

the electromagnetic interaction of matter. The puzzles of the hard component

considered next posed even tougher dilemmas for their theoretical understanding:

In particular, what was the nature of particles participating in the processes in

question, and by what fundamental interactions and wave equations had they to

be described? In the second half of the 1930s and beyond, many of the leading

quantum physicists employed great skill and imagination in dealing with these

matters; although satisfactory answers could not be obtained for any of these

fundamental questions, their ideas and suggestions served to lay the foundation of

most of the concepts of the future theories of elementary particles.

Already at the 1934 London conference, in his opening remarks, Ernest Ruther-

ford presented a much brighter view of the situation existing then in nuclear

physics (Rutherford, 1935). After quickly sketching the history of the ®eld from

the discovery of radioactivity until 1933, Rutherford continued:

The rapidity of advance in the last few years has been in large part due to the great
improvement in the technical methods of attack. Largely due to the work of [H.]

1018For a review of the modest progress in quantum ®eld theory, which accompanied these cosmic-
ray researches until 1947, see Wentzel, 1960.
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Geiger, [H.] Greinacher, [C. E.] Wynn-Williams and others, we have now available
simple and reliable methods for automatically counting swift particles like a-particles
and protons. The sensitive Geiger-MuÈller tube counters have proved of the utmost
value in the study of the cosmic rays and in investigating the production of radioac-
tive bodies by arti®cial methods, and science owes a great debt of gratitude to C. T.
R. Wilson for the invention of that wonderful instrument, the expansion chamber.
This has been proved a powerful method for investigating the nature of the cosmic
rays and the transformation of elements. In many cases it a¨ords in a sense a ®nal
court of appeal by which the validity of our explanations can be judged. (Rutherford,
1935, p. 14)

The experimental methods emphasized here actually played a vital role in ex-

amining the nature and particle content of both the soft and the hard components

of cosmic radiation, in the ®rst place, the Geiger±MuÈller counter in coincidence

and anti-coincidence circuits and the Wilson cloud chamber operating in the ®eld

of strong magnets (for determining the energy and velocity of charged particles).

However, they also did so in the study of nuclear reactions and transformations,

for which in the early 1930s, several new machines were constructed. As Ruther-

ford summarized in London:

The use in the laboratory of high voltages of the order of a million volts to accelerate
[charged nuclear] projectiles has raised many di½cult technical as well as ®nancial
problems. We owe much to those pioneers like [W. D.] Coolidge, [T. E.] Allibone,
[M. A.] Tuve, [C. C.] Lauritsen, [Arno] Brasch and [Fritz] Lange and others who
have opened up these new methods of attack. Progress in this direction would have
been very di½cult if not impossible but for the invention of fast di¨usion pumps in
which [W.] Gaede was the pioneer. The invention by Van der Graaf [sic] of a new
type of electrostatic machine for the production of very high voltages may prove of
much more importance for the future. We must not omit to mention our appreciation
of the skill of Lawrence in developing to a successful issue his method of multiple
acceleration which has given us the fastest particles so far generated in the laboratory.
(Rutherford, loc. cit.)

The new arti®cial accelerators for charged particles, notably, the electrosta-

tic voltage accumulator of Robert J. Van de Graa¨ and the cyclotron of Ernest

Orlando Lawrence, as well as the voltage multipliers of John Cockcroft and Ernest

T. S. Walton (according to a method ®rst suggested by Heinrich Greinacher), have

been mentioned already (in Section IV.3). From 1934 onward, every modern lab-

oratory of nuclear physics, especially in the USA, the home of Van de Graa¨ and

Lawrence, but also in Europe, would acquire one of these new particle accel-

erators to perform nuclear transformations, though the energies thus available

amounted only to a few MeV, i.e., much less than observed in cosmic-ray par-

ticles. Still, the projectiles produced in terrestrial laboratories exhibited a great

advantage, as their nature was known and they could be created in regular

(though normally of small intensity) beams of a more or less sharply de®ned en-

ergy. The arti®cially achieved projectile energies did not su½ce to produce new
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particles; hence, cosmic radiation remained during the subsequent ®fteen years

the unique source of mesotrons and heavier particles; however, they made it pos-

sible to study nuclear processes and the strength and properties of nuclear forces

systematically.

Besides the action of fast-charged particles, which could penetrate through the

Gamow potentials of nuclei, nuclear transformations could also be initiated by the

neutral nuclear particleÐthe neutronÐdiscovered by James Chadwick in 1932,

because it was able to sneak easily through the Coulomb potential of even the

heaviest (and most charged) atomic nucleus. When, in spring 1934, several phys-

icists in RomeÐunder the leadership of Enrico FermiÐbegan to investigate the

neutron-induced nuclear transformations, they soon observed that the low-energy

neutrons (i.e., the neutrons slowed by collisions with the light hydrogen nuclei

contained in para½n wax) were especially e¨ective in creating new elements. The

joint e¨orts of chemists and physicists, especially in France and Germany, to

analyze the results of neutron±nuclei reactions, in particular, the many new sub-

stances and isotopes that were detected, led by late 1938 to the discovery of

another type of radioactivity exhibited by the heaviest chemical elements: nuclear

®ssion. This discovery greatly surprised the experts in nuclear theory, whoÐfrom

their quantum-mechanical approachÐhad previously excluded such a process; but

they quickly managed to generalize their standard liquid-drop model of nuclei to

yield also the splitting of uranium nuclei by slow neutrons into two, approximately

equally heavy, nuclear fragments. Since in the ®ssion process more neutrons were

liberated than absorbed, it opened for the ®rst time the door to exploit nuclear

energy on a large technical scale, if a chain reaction could be achieved. World War

II, which was started in September 1939 by Adolf Hitler's Germany, strengthened

the e¨orts both to obtain useful nuclear energy, both by constructing a crit-

ical reactorÐi.e., a device in which the ®ssion process is self-sustained by the

chain reaction and produces power continuouslyÐand a super-powerful atomic

weaponÐi.e., a bomb containing critical amounts of the uranium isotope U235 or

the transuranic element plutonium, which were to react in an explosive manner.

The technical development of nuclear energy during World War II (and beyond)

must therefore also be regarded as an immediate outcome of the combined exper-

imental and theoretical work of the quantum physicists in the 1930's. In addi-

tion, they investigated, though only purely theoretically, another source of nuclear

energy existing in nature: the process of nuclear fusion, primarily of lighter atomic

nuclei, which should occur in the stars and provide the vast quantities of energies

radiated away by the celestial bodies in the course of billions of years.

(b) Between Hope and Despair: Progress in Quantum Electrodynamics

(1930±1938)

In an overview of the development of quantum electrodynamics (QED) given at

the `International Symposium on the History of Particle Physics' at the Fermilab

in May 1980, Victor Weisskopf characterized the main contributions to the ®eld in

the 1930s under four headings (see Weisskopf, 1983, pp. 68±75):
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The ®ght against in®nities: (I) elimination of vacuum electrons; (II) in®nities on the
attack; the in®nite self-mass; (III) in®nities on the attack; the in®nite vacuum polar-
ization; (IV) counter attack; renormalization.

Being himself quite an active participant in the enterprize, Weisskopf suggested a

more or less steadily proceeding evolution toward the goal of achieving a consis-

tent theory of electrons, photons, and the electromagnetic interaction, especially

placing: in (I) the investigations of J. Robert Oppenheimer and Wendell Furry; in

(II) his work on the self-mass of the electron, as well as that of Felix Bloch and

Arnold Nordsieck on the infrared divergence; in (III) the investigations of Werner

Heisenberg, Hans Euler, and himself, as well as those of Robert Oppenheimer's

collaborators Robert Serber and Edwin Uehling on the dielectric properties of the

vacuum; and in (IV) the ®rst indications of the future renormalization scheme,

both in the experimental work of certain spectroscopists and in the theoretical

investigations, especially those of Hendrik Kramers. The historical accounts given

by Abraham Pais (1986, especially, Chapter 16, entitled `Battling the In®nite,'

pp. 360±392) and Silvan S. Schweber (1994, Section 2.2, pp. 76±129) reveal a

more complex and less linear substructure in the story, stressing also the role of

several personalities (or schools) and the local occurrences at various places in

Europe and America (see Pais, 1986, pp. 364±370, 374±385, 388±391).

Indeed, a closer examination of the physical ideas and theoretical investiga-

tions connected in the 1930s with the ®eld of QED opens a wide variety of

topics, ranging from the description of observed phenomena in high-energy cosmic

radiation to the consideration of fundamental theoretical concepts, such as the

electron mass or the polarization of the vacuum. Of course, the situation was

complicated by the fact that certain topics appeared intermingled, thereby often

interrupting the historical sequence and turning the logical sequence upside down.

Nevertheless, we shall attempt to assemble in the following the important aspects

of the development of QED, which may also endow the whole story with some

historical order. We shall begin with a discussion of the understandingÐup to

1934Ðof elementary processes in cosmic radiation involving the interaction of

light and charged matter; then, we shall continue with the ®rst applications of Paul

Dirac's idea of the anti-electron, as treated by Oppenheimer and his associates

within the framework of quantum ®eld theory, before turning to the new `hole'

theory of positrons inaugurated by Paul Dirac in late 1933 and early 1934, as well

as its extensions expounded by Werner Heisenberg and his collaborators in Leip-

zig. Throughout this period, Heisenberg maintained close contact with Wolfgang

Pauli in spite of their di¨erent attitudes toward the central idea of hole theory. In

Zurich, Weisskopf, in particular, approached the fundamental problem of the

®eld-theoretical mass of the electron and achieved some progress in the divergence

problem (Weisskopf, 1934a, b). On the other hand, Felix Bloch, Heisenberg's

former student and collaborator, by then well established in America, showed with

Arnold Nordsieck how the so-called `infrared divergence' problem of QED could

be resolved (1937). Meanwhile, i.e., by the end of 1936, two theoretical groupsÐ

one in California and the other in EnglandÐproposed a satisfactory theory (i.e.,
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one accounting for the latest observations in cosmic radiation processes) of the

`soft-component' cascade showers, which demonstrated the up-to-then questioned

validity of QED for high-energy scattering. However, until 1939, a much slower

and more hesitant advance occurred in the deeper-lying problems of the entire

QED-scheme; even the experimental indications of de®nite deviations from the

standard results in atomic spectroscopy (which had previously substantiated

Dirac's equation for the electron) could not yet play a decisive role when just the

®rst indications of the later renormalization procedure encountered other more

radical proposals for abandoning the structure of the classical theory underlying a

future QED.

In February 1932, Werner Heisenberg submitted the ®rst of his many substan-

tial papers on cosmic-ray phenomena in the 1930's, a lengthy investigation entitled

`Theoretische UÈ berlegungen zur HoÈhenstrahlung (Theoretical Considerations on

Cosmic Radiation)' to Annalen der Physik (Heisenberg, 1932a).1019 As Heisen-

berg wrote in the introduction, he intended `to discuss in detail the most important

experiments on cosmic radiation from the point of view of the existing theories,

and to state at which points the experiments roughly agree with the theoretical

expectation, and where such large deviations show up that one has to be prepared

for important surprises' (Heisenberg, 1932a, p. 430). He then discussed, in partic-

ular, the deceleration of electrons when passing through matter and several typical

cosmic-ray phenomena (such as those observed in the absorption curves), and he

explained the existing discrepancies between theory (especially, the Klein±Nishina

formula) and experiment on account of `the failure, in principle, of Dirac's radia-

tion theory or the equivalent quantum electrodynamics which might be applied

for this purpose'Ðas had been noticed to be `already a fact for other reasons'

(Heisenberg, loc. cit., p. 452). At about the same time, also other theoreticians in

Germany turned to the discussion of the problems of cosmic radiation, among

them, Walter Heitler in GoÈttingen. As Heitler recalled, he began to turn away

from his previous principal topics of research in quantum chemistry in 1932, and

moved into the ®eld of quantum electrodynamics:

Of course, quantum electrodynamics then represented the fundamental unsolved
problem . . . then I thought that high-energy phenomena would give some key to the
further development of quantum electrodynamics, and so I started to work out the
problem of Bremsstrahlung in GoÈttingen. Well, in my ®rst paper about it I merely
estimated the order of magnitude, and then I continued my interests in England . . .
after I had to leave Germany owing to Hitler's persecution. At that time then Dirac's
``holes'' theory appeared, and also the discovery of the positive electron. . . . With the
work on Bremsstrahlung . . . I could see . . . that this was practically the same process:
Bremsstrahlung and the creation of pairs. So I included the electron pairs. . . . Bethe
joined [in] this work; then we could show that there was really perfect agreement
between the experiment and the theory, thus proving Dirac's hole theory to be cor-

1019A general review of these papers on cosmic radiation has been given by Erich Bagge in his
annotation to Group 8 in Werner Heisenberg: Collected Works, Vol. AII (Bagge, 1989).
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rect. As a consequence of this I published a few more papers in Bristol, all concerned
with electron pairs, with positive electron, annihilation, and various other processes.
(Heitler, AHQP Interview, 19 March 1963, pp. 3±4)

Heitler submitted his ®rst study `UÈ ber die bei sehr schnellen StoÈûen emittierte

Strahlung (On the Radiation Emitted by Very Fast Collisions)' in early June 1933,

still from GoÈttingen (Heitler, 1933). There, he found that the Bremsstrahlung cal-

culated for the collisions of electrons having an energy much bigger than mc2

(with m denoting the mass of the electron) yieldedÐin the ®rst approximationÐ

an especially large cross section of the order of magnitude
1

137
�e2=mc2�2, in

agreement with the cosmic-radiation data. On the other hand, he noticed that the

application of Dirac's theory to describe these processes involved the known di½-

culties with negative-energy states. In particular, the exact back-coupling `should

be obtained only after the electron radius has been properly introduced into the

theory . . . [which is] the main problem of today's physics,' he remarked, and

concluded: `Whether the results of our theory are correct for normal transitions,

can only be derived from a closer comparison with experience.' (Heitler, loc. cit.,

p. 167)

Independently of Heitler, Fritz Sauter of the Technische Hochschule in Berlin

treated the same problem, starting out from a nonrelativistic theory of the con-

tinuous X-ray spectrum (Sauter, 1933). In the following paper, entitled `UÈ ber die

Bremsstrahlung schneller Elektronen (On the Bremsstrahlung of Fast Electrons),'

he extended the previous theoretical approachÐnamely, the ®rst Born approxi-

mation using plane waves for the incident electronsÐto relativistic electrons and

arrived at a detailed expression for the intensity of the Bremsstrahlung, J, which

passed overÐfor extremely high primary-electron energiesÐinto the equation

J � 4a
e2Z

mc2

� �2

E0 log
2E0

mc2
ÿ 1

3

� �
; �730�

where a denoted the ®ne structure constant, Z denoted the atomic number of the

scattering atom, and E0 denoted the primary energy. Hence, `the average energy

loss of an electron caused by the emission of radiation increases more strongly

than linearly with energy,' he concluded (Sauter, 1934, p. 412). Sauter had pointed

out the importance of Eq. (730) for the corresponding cosmic-ray process pre-

viously in a letter to Nature written with Heitler (Heitler and Sauter, 1933).

Heitler continued to work on the problem (as mentioned in the quotation

above) with Hans Bethe, another German emigrant to England, who `contributed

mainly by taking into account the qualitatively important screening e¨ects' (Hei-

tler, AHQP Interview, 19 March 1963, p. 4). In their extended paper `On the

Stopping of Fast Particles and on the Creation of Positive Electrons,' which Paul

Dirac communicated to the Proceedings of the Royal Society in February 1934,
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Bethe and Heitler arrived at a complicated expression which replaced Sauter's Eq.

(730): In particular, the screening e¨ect noticeably raised the increase of the loss of

intensity for large energies above the E0 log E0 dependence, a result which had

to be correct quantitatively for light scattering nuclei and qualitatively correct

(because of the errors involved in the Born approximation) for heavy nuclei (see

Bethe and Heitler, 1934, pp. 96±97).

These obviously quite reliable deductions from the standard quantum electro-

dynamical theory (up to 1934) had now to be compared with the latest high-energy

data from cosmic radiation, and a good opportunity for doing so arose at the

International Conference on Physics held in London in October 1934. In the ses-

sion on `Cosmic Radiation,' in particular, the experts Carl Anderson and Seth

Neddermeyer from Caltech indeed presented such results in their talk on `Funda-

mental Processes in the Absorption of Cosmic Ray Particles' (Anderson and

Neddermeyer, 1935), and they stated ®nally: `The new theoretical values for the

mean radiative loss in lead (1.77 MeV/cm for 100 MeV electrons and 500 MeV for

300 MeV electrons, the latter value [of ] 250 MeV/cm for a 1 cm lead plate if

the dependence on the probability of a radiative loss of the energy is taken into

account) still seem to be too high to be reconciled with our experimental data,

although the latter contain as yet too few cases where accurate measurements are

possible, for a satisfactory comparison to be made.' (Anderson and Neddermeyer,

loc. cit., p. 181, footnote) In the discussion at the session on `Cosmic Radiation,'

Bethe freely admitted:

The experiments of Anderson and Neddermeyer on the passage of cosmic-ray elec-
trons through lead are extremely valuable for theoretical physics. They show that a
large fraction of the energy loss by electrons in the energy range around 108 volts is
due to emission of g-radiation rather than to collisions, but still the relative energy
loss seems far smaller than predicted by theory. Thus the quantum theory apparently
goes wrong for energies of about 108 volts, and it would be of special value for any
future quantum electrodynamics to know exactly at which energy the present theory
begins to fail, in other words to have much more experimental data on the energy loss
of fast electrons (energy 107 to 5� 108 volts) passing through matter. (Bethe, in
Bernardini et al., 1935, p. 250)

That is, in the case of the net radiation loss for highest-energy g-rays, the theory

and experiment thus did not seem to agree by the mid-1930's.1020 On the other

hand, stimulated by the discovery of the positron, the theoreticians worked out

some conclusions from Dirac's theory of the electron that might eventually help in

analyzing certain special e¨ects observed in the scattering of short-wavelength

gammas with nuclei both in the laboratory and in cosmic radiation. The ®rst such

e¨ect was proposed by Max DelbruÈck, a student of Lise Meitner's at the Kaiser

1020Further experiments carried out by various groups in Europe and the USA would con®rm the
conclusions derived from the data of Anderson and Neddermeyer in general. However, it was also
discovered that the observed energy losses were partly connected with particles other than electrons; the
existence of `heavy electron' would help to clarify the situation later on.

Chapter IV The Conceptual Completion and the Extensions of Quantum Mechanics906



Wilhelm-Institut fuÈr Chemie in Berlin; in an addendum to the paper of Meitner

and H. KoÈsters (1933) on the topic, he assumed that `negative electrons' created

in pairs by hard g-rays (emerging from radiative nuclei) would contribute to the

coherent scattering of the incident g-rays in matter in the same way as `positive

electrons' (DelbruÈck, 1933). DelbruÈck's note appeared in July 1933. Later that

year, in a letter to Physical Review dated 26 October and published in the second

issue of November, Otto Halpern of New York University also considered `Scat-

tering Processes Produced by Electrons in Negative Energy States' (Halpern,

1933). He discussed there in particular what he called the `scattering properties of

the ``vacuum,'' ' i.e., light-scattering processes below the `permanent formation of

electron-positron pairs,' or `in the language of Dirac's theory of radiation' split-

tings of the incident quantum in processes of the following type:

An electron in a negative energy state passes by absorption of the incident quantum
into a state of positive energy; the electron then returns in several steps under emis-
sion of hn in toto to its original state. At each step the total momentum is conserved.
A scattering process of this type can only reduce the frequency. (Halpern, loc. cit.,
p. 856)

Halpern hoped to explain with the help of this special process of light scattering

the observed red-shift of the spectral lines emitted by distant galaxies (rather than

using the expanding universe solution of general relativity theory). Although the

elastic or nearly elastic scattering of light by light, created by the production and

annihilation of electron±positron pairs in intermediate steps, could not be isolated

then from other scattering mechanisms, the theoreticians in the 1930s certainly

agreed that they played a role in several observed high-energy phenomena. Two

years later, Homi Jehangir Bhabha, an Indian research student in Cambridge,

England, introduced another elementary quantum electrodynamical scattering

mechanism in high-energy physics, namely, the scattering of electrons and posi-

trons (Bhabha, 1935).

While the above developments showed European theoreticians at work, a

number of publications also appeared in the United States in which the known

quantum-electrodynamical formalism was applied to cosmic-ray and other high-

energy phenomena and the results were compared to the available data. The cen-

tral ®gure in this enterprize was J. Robert Oppenheimer, who after completing his

graduate and postdoctoral training in Europe, took a teaching position in 1929

simultaneously at the University of California in Berkeley and at Caltech in Pas-

adena. Having become involved, while in Zurich a little earlier, in Heisenberg and

Pauli's pioneering collaboration on relativistic quantum ®eld theory (see Section

III.6), he had publishedÐupon his return to the United StatesÐa number of

papers and notes on the subject (Oppenheimer, 1929, 1930a±c), in which he in-

vestigated in particular certain aspects of Dirac's relativistic theory of the electron

(1930b, c). Great interest among his colleagues was aroused by his `Note on the

Theory of the Interaction of Field and Matter' (Oppenheimer, 1930a), which
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demonstrated in detail the observation (contained already in the Heisenberg±Pauli

papers) that the electromagnetic self-energy of a charged particle (say, an elec-

tron) turned out to be in®nite; that is, in the second-order approximation of the

Heisenberg±Pauli±Dirac Hamiltonian (to the order e2), the perturbation-energy

integral became quadratically divergent. In 1931, Oppenheimer directed his atten-

tion more to nuclear problems, but the discovery of the positron (by Carl Anderson

in Pasadena, California) and its con®rmation as Dirac's anti-electron (in England)

brought him back to a further intense examination of the problems of quantum

electrodynamics, which he now undertook with an increasing number of students

and collaborators. Following a visit of Niels Bohr to California in spring 1933,

Oppenheimer submitted early in June of that year a longer note to Physical Re-

view, which he composed with Milton PlessetÐthen a National Research Council

FellowÐ`On the Production of Positive Electrons' occurring in the Coulomb ®eld

of nuclei.1021 Oppenheimer and Plesset obtained formulae for the absorption cross

sections, which for very high energies of the incident g-quantum were proportional

to Z2, with Z the atomic number (or positive charge) of the nuclear scatterer,

evidently in partial agreement with the observations of Carl Anderson and Seth

Neddermeyer (1933), although they were derived on the basis of a somewhat

doubtful procedure (Oppenheimer and Plesset, 1933, especially, pp. 54±55). But in

fall 1933, Oppenheimer reported less happily to George Uhlenbeck about further

results:

During the summer and since my return [to Berkeley] we have been working on two
things. . . . For one thing we have wanted to look again at the calculations of the
absorption coe½cient of very hard gamma rays, where our perturbation method
appeared so dubious, and the results so de®nitely in disagreement with experiment.
We have found a way of calculating this absorption which for large enough gamma
energies appears to be fully justi®ed; and the answer is de®nite. . . . The results are
even more de®nitely in disagreement with experiment than those which Plesset and I
got; for small Z we just get our old result, whereas for larger Z we get a larger result
than before, and increasing more rapidly than Z2. I think therefore that the methods
of the radiation theory give completely wrong results when applied to wavelengths of
the order of electron radius. For radiation which is not too hard the theory presum-
ably gives the right answer; and I understand that in Cambridge they are making
more careful and laborious calculations just for this case. (Oppenheimer to Uhlen-
beck, fall 1930, in Oppenheimer, 1980, pp. 167±168)

Nevertheless, the following notes, written with his student Leo Nedelsky and

published between December 1933 and February 1934 on that subject (Oppen-

heimer and Nedelsky, 1933, 1934a, b), satis®ed him, although he admitted (in a

letter to his younger brother Frank on 7 January 1934): `There is no doubt that the

theory is quite wrong for cosmic ray energies, but it is a devil of a job to see just

exactly what it gives.' (See Oppenheimer, 1980, pp. 171±172)

1021See Oppenheimer's letter to Bohr, 14 June 1933, published in Oppenheimer, 1980, pp. 161±162.
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Simultaneously with this practical application of the known formalism of

QEDÐessentially in the Born approximation, as used also by his European col-

leagues Bethe, Heitler, and others at that time to deal with the stopping power

of fast electrons (and leading eventually also to a breakdown at the highest

energies)Ðto the problem of pair production, Oppenheimer approached a deeper

theoretical task, as he announced in his letter to Uhlenbeck in fall 1933, notably,

`the development of a general formalism [of electrons and positrons]' (see Oppen-

heimer, 1980, p. 168)Ða deeper theoretical problem indeedÐwhich he now treated

with Wendell Furry, another National Research Council Fellow. He reported

about the progress in this ambitious programme to his brother Frank in England:

The work went well all autumn. I sent Dirac a copy of a long discourse on MNtory
[i.e., a kind of inventory of the number of positive (M) and negative (N) electrons]
but even since the writing we have come on some new and simplifying things. I do not
know whether Dirac liked what we wrote; but if you see him you might warn him
that we shall send more presently, in which by extending the group of trans-
formations under which positive and negative [energy] states could be de®ned, we can
greatly shorten some of the proofs, treat the gauge invariance more adequately, and
take into account the non-observability of the wave functions in the theory. This
extension, while it is not absolutely necessary for making a sensible theory, seems to
me very clarifying. It makes the nonobservability of the susceptibility of pairs even
more certain. (J. Robert Oppenheimer to Frank Oppenheimer, 7 January 1934, in
Oppenheimer, 1980, p. 171)

The entire programme had obviously been stimulated by Niels Bohr's visit in

spring 1933 and Oppenheimer's discussions with him, and it resulted directly into

a lengthy andÐfor the young OppenheimerÐunusually `philosophical' paper

entitled `On the Theory of the Electron and the Positive [Positron].' The authors,

Furry and Oppenheimer, summarized its contents in the abstract as:

In this paper we develop Dirac's suggestion for the interpretation of his theory of the
electron (Dirac, 1931c) to give a consistent theory of electrons and positives. In Sec-
tion 1, we discuss the physical interpretation of the theory, the limits which it imposes
on the spatio-temporal description of a system and in particular on the localizability
of the electron. In Section 2, we set up the corresponding formalism, including wave
functions to describe the state of the electrons and positives in the system, and con-
structing operators to represent the energy, charge and current density, etc. It is
shown that the theory is Lorentz invariant, and just has that invariance under contact
transformations which the physical interpretation requires. The electromagnetic
interaction of the electrons and positives is formulated, and certain ambiguities which
arise here are discussed. In Section 3, it is shown that in all problems to which the
Dirac equation is directly applicable it gives the correct energy levels for the electron,
and the correct radiative and collision transition probabilities. . . . In Section 4, we
discuss certain problems which have no analogue in the original Dirac theory of the
electron, show that a certain part of the energy of an electromagnetic ®eld resides in
the electrons and positives, and consider the extent to which, in the present state of
theory, this can be detected. (Furry and Oppenheimer, 1934a, p. 245)
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Thus, the investigation, which Oppenheimer also presented at the meeting of the

American Physical Society at Boston in late December 1933 (Oppenheimer, 1934),

aimed at no less than a new, more fundamental formulation of Dirac's theory of

the electron, as is con®rmed by the following excerpt from the introductory re-

marks of his ®rst paper with Furry:

The Dirac theory of the electron . . . starts with the postulation of a probability
density W(x) that the electron be found near the point x, and thus guarantees the
observability of the position of the electron. But it does this only at the expense of
admitting the existence of states of negative kinetic energy. . . . Because of the non-
existence in fact of electrons of negative kinetic energy, the postulation of complete
localizability of the electron and the existence of the probability density W(x) appears
unjusti®able.

With the charge density the situation is completely di¨erent. On the Dirac theory,
it is true, this charge density is merely proportional to W(x):

r�x� � eW �x� ��731��

But for the determination of r other experimental procedures are available. For the
quantum theory of the electromagnetic ®eld and the careful considerations given by
Bohr to the possibilities of observation which it implies [see Bohr and Rosenfeld,
1933] show that, at least as we may abstract from the atomic nature of the measuring
instruments, the electric ®eld may be mapped out with any precision we want. . . . In
any theory in which the atomic nature of the measuring apparatus is neglected, this
observability of charge density must persist. Since we have seen what grave di½culties
inhere in relativistic theory in the de®nition of particle density, we must be prepared
to abandon the simple de®nition of r given by [Eq. (731)]. (Furry and Oppenheimer,
loc. cit., p. 247)

These statements sounded like a programme envisaged by Niels Bohr, the old

`pope of quantum theory,' and his eager new `evangelists' Furry and Oppenheimer

rushed to carry it out in complete technical detail. For an adequate replacement of

Dirac's theory of the electron, they started from a relativistic wave function

cN;M�r; r�, yielding (as in Erwin SchroÈdinger's original wave mechanics) `directly

the probability P�r1 . . . rN ; r1 . . . rM� of ®nding in the system [under investigation]

N electrons and M positives [i.e., positrons] in the state r1 . . . rM ' (loc. cit., p. 254).

They constructed this wave function (in Section 2 of their paper) in a somewhat

clumsy way from creation and annihilation operators (Furry and Oppenheimer,

loc. cit., pp. 250±252), and derived therefrom expressions for the charge density

which could be inserted into the expressions for the electromagnetic interaction

terms (Furry and Oppenheimer, loc. cit., pp. 253±254).1022 The systematic re-

placement of a hole in the magnetic-energy states by a positive particle, as the

foundation of the entire Furry±Oppenheimer scheme, evidently demanded a re-

striction in applying the usual quantum-mechanical transformation theory. In

1022The r and r variables included, of course, the spin orientation of the states.
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Section 3, Furry and Oppenheimer proved the equivalence of the results following

in those cases, in which the old Dirac formulation had succeeded, e.g., in the case

of stationary energy states of an electron in an atomic ®eld (but not in the case of

Klein's paradox); in doing so, they neglected the mutual interactions of the par-

ticles (electrons) which they considered to yield a small contribution. They even

expressed some unhappiness about this particular situation by saying that `it is

thus in general not necessary to use the wave function cN;M�r; r� at all . . . , since

the wave equations which determine them are in generation intractable' (Furry

and Oppenheimer, loc. cit., p. 259). However, in other cases, e.g., when calculating

the energy E �0� of the `nascent' electron±positron pairs, the full new formula-

tion had to be applied and even yielded in®nite results, thereby pointing also to a

limitation of the Furry±Oppenheimer electron-positive theory, whichÐas they

emphasizedÐ`may be schematically formulated as the failure of such theories

when applied to extremely small lengths or intervals of time.' Hence, they em-

phasized that it is `at once apparent that the theory in its present form can make

no predictions whatsoever about the ®elds within the critical distance e2=mc2 of a

charge.' (Furry and Oppenheimer, loc. cit., p. 260)

In the case of pair production, the problem considered earlier in Berkeley on

the basis of QED, Furry and Oppenheimer now obtained evidence `that the pres-

ent theory gives too high probability for high energy pairs,' which they ascribed to

the `(classical) model of the point electron which underlies the present theory'

(Furry and Oppenheimer, loc. cit.). But if one took proper care of the fact that the

electrodynamical theory `would give altogether wrong results for the reaction of

the electron to light of wavelength appreciably shorter than the critical length

e2=mc2 [determined by the classical electron radius],' one might be able to com-

pute the energy E �0� of the ground-state pairs in an electromagnetic ®eld of energy

Ee � 1

8p
dV�E2 �H2�

� �
, and obtain via the equation

E �0�=Ee � ÿak �732�

the polarization e¨ect added by `nascent pairs.' Furry and Oppenheimer estimated

a value of about 2 for the quantity k, and concluded: `This result tells us that the

work we must do to establish an electrostatic ®eld is about 2 percent less than the

energy stored in the electromagnetic ®eld; the di¨erence is supplied by the pairs.'

They then showed that the result would not change the electromagnetic theory

drastically. In order to retain the standard equation for E �0�, one had just to re-

de®ne the unit charge, and the di¨erence between the rede®ned and the `true'

charges would not be observable:

Because of all the polarizability of the nascent pairs, the dielectric constant of space
in which no matter has been introduced di¨ers from that of truly empty space. For
®elds which are neither too strong nor too rapidly varying the dielectric constant of a
vacuum then has the constant value @�1� ka�. Because it is in practice impossible
not to have pairs present, we may rede®ne all dielectric constants, as is customarily
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done, by taking that of a vacuum to be unity. (Furry and Oppenheimer, loc. cit.,
p. 261)

The only observable consequence from the theory seemed to consist in a small

increase of the e¨ective charge of the proton.1023

In a short note, dated 12 February 1934, Furry and Oppenheimer simpli®ed the

treatment of gauge invariance in their theory; they emphasized that only the ®nite

results obtained were really gauge and Lorentz invariant, and that the theory

failed to give reliable results for very short-wavelength quanta (Furry and

Oppenheimer, 1934b). `At this point came a letter from Pauli,' Oppenheimer wrote

in March 1934 to Uhlenbeck and reported:

He told us that he had set Peierls to calculating the magnetic susceptibility, and that
they had found what earlier we hadÐthat it was not independent of gauge. . . . The
search was absolutely sterile, and we are now persuaded, although not beyond con-
viction, that no classi®cation of states can be found in a gauge invariant de®nition. . . .
(See Oppenheimer, 1980, p. 175)

Furry and Oppenheimer were `prepared to believe that the theory can be

improved.' `But,' Oppenheimer continued in his letter to Uhlenbeck, `we are

skeptical, and think that this will not be on the basis of quantum-theoretic ®eld

methods,' and added: `This point should be settled by summer; either Pauli or

Dirac will have found the improvement or they will have come with us to share the

belief that it does not exist.' (Oppenheimer, loc. cit.)

The question of a gauge-invariant formulation of a quantum ®eld theory con-

taining no in®nities remained for some time as a desideratum that could not be

satis®ed. What concerned the Furry and Oppenheimer theory of electrons and

protons, nobody pursued it further, not even Oppenheimer and his associates. In

looking back, Weisskopf emphasized its main merits by saying:

It was recognized in 1934 by J. Robert Oppenheimer and Wendell Furry that the
creation and destruction operators are more suitable for turning the liability of the
negative states into an asset, by interchanging the role of creation and destruction of
those operators that act on the negative states. This interchange can be done in a
consistent way without any fundamental change of the equations. The consequences
are identical to those of the ®lled-vacuum assumption, but it is not necessary to
introduce that disagreeable assumption explicitly. Particles and antiparticles enter
symmetrically into the formalism, and the in®nite charge density of the vacuum dis-
appears. (Weisskopf, 1983, pp. 68±69)

Hence, the great e¨orts of Furry and OppenheimerÐthough they did not result

into a workable theoryÐbrought about a formal improvement by suggesting a

1023For a proton, owing to its larger mass M (gm), the quantum-®eld theoretical di½culties should
arise only for smaller distances or larger accelerations than in the case of the electron; hence, the
changes in the electron theory might become visible already in the spectroscopic observations. For a
check of this suggestion, see below.
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possible way out of the `hole' assumption, though this was not the path to be

pursued immediately.

In the letter to Uhlenbeck referred to above, Oppenheimer also remarked that

`from Dirac we have not had a murmur.' Indeed, Dirac did not take the time to

respond to the Furry±Oppenheimer theory while he was himself engaged in a new

formulation of the hole theory, which he had begun to introduce in October 1933

with his report on the `TheÂorie du positron (Theory of the Positron)' presented at

the seventh Solvay Conference in Brussels (Dirac, 1934b). In it, Dirac established

a quantum-mechanical description of the experimentally well-established posi-

trons, at least for phenomena on a scale above the classical electron radius e2=mc2,

or for energies considerably smaller than mc2=�e2=qc�, by employing his concept

of `holes;' that is, he represented the positrons by holes in a nearly ®lled sea of

occupied single states of negative energy extending throughout space. He then

showed that the positive-energy states so de®ned (as compared to a completely

®lled `Dirac sea') indeed behaved like an anti-electron, which could also annihilate

with a positive-energy state (de®ning an electron) into photons, with energy and

momentum being conserved.1024 Moreover, a world of fully occupied negative-

energy states would not exhibit any electric ®elds, the latter being created only by

the occupied positive-energy states (i.e., electrons with charge ÿe) and/or holes

(i.e., positrons with charge �e), following the relation

div E � 4pr; �733�

where E denoted the vector of the electric ®eld and r denoted the uni®ed charge

density. Dirac commented: `The new assumption works satisfactorily when we

deal with a ®eld-free space, where the distinction between positive and negative

energy states is clearly de®ned,' and added:

But it has to be made more precise to give unambiguous results in regions with non-
zero ®elds. We have to supply a mathematical rule for specifying which electron dis-
tribution produces no ®eld, and a rule for subtracting this distribution from the given
one, so as to obtain a ®nite di¨erence which can be substituted into Eq. [(733)], as
in general subtracting two in®nite quantities is not a mathematically well-de®ned
operation. (Dirac, loc. cit., p. 207).

While Dirac could not solve this problem in the general case of an arbitrary

electromagnetic ®eld, he managed in the case of a weak electrostatic ®eldÐ

by introducing a (nonrelativistically de®ned) density matrix in the Hartree±Fock

approximationÐto establish the following result: The charge density emerging

from the polarization, as produced by the action of the ®eld on the negative-

energy electrons, consisted of two terms; the ®rst, the principal term provided `a

charge density only where the charge density r producing the ®eld is non-zero, and

1024That is, in the presence of an atomic nucleus, one photon would result in `free'-space into two
photons.
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that the induced density cancels a fraction of order 1/137 of this density'; the sec-

ond term `is a signi®cant correction only when the density r varies rapidly with

position and changes appreciably over a distance of order q=mc.' (Dirac, loc. cit.,

p. 212) Hence, in conclusion of his Solvay report, Dirac noted that the conven-

tionally assumed situation was reproduced, but for small e¨ects created by the

polarization due to the negative-energy states.

In the following paper, submitted in early February 1934 to the Proceedings

of the Cambridge Philosophical Society and entitled `Discussion of the In®nite

Distribution of Electrons in the Theory of the Positron,' Dirac developed the idea

of the density matrix further (Dirac, 1934d). In particular, he now introduced a

`relativistic density matrix R,' whose elements depended on two times t 0 and t 00 and

which might be split into appropriate subterms (1
2 RF and 1

2 R1, where RF repre-

sented the full distribution with all possible states occupied). `At least to the ac-

curacy of the Hartree method of approximation,' he obtained the result:

(i) One can give a precise meaning to a distribution of electrons in which every state
is occupied. This distribution may be de®ned as described by the density matrix
RF . . . , this matrix being completely ®xed for any given ®eld.

(ii) One can give a precise meaning to a distribution of electrons in which nearly all
(i.e., all but a ®nite number, or all but a ®nite number per unit volume) of the
negative-energy states are occupied and nearly all of the positive-energy ones are
unoccupied. Such a distribution may be de®ned as one described by a density
matrix R � 1

2 �RF � R1�. . . . Our method does not give any precise meaning to
which negative-energy states are unoccupied or which positive-energy ones are
occupied. It is su½ciently de®nite, though, to take as the basis of the theory of the
positron the assumption that only the distributions described by R � 1

2 �RF � R1�
. . . occur in nature.

(iii) A distribution R such as occurs in nature according to the above assumption can
be divided naturally into two parts

R � Ra � Rb; ��734��

where Ra contains all the singularities and is also completely ®xed for any given
®eld, so that any alteration one may make in the distribution of electrons and
positrons will correspond to an alteration in Rb but to none in Ra. We get this
division into two parts by putting the term containing [the ®nite] g into Rb and
all other terms into Ra. Thus

Rb � g=4iq: ��735��

It is easily seen that Rb is relativistically invariant and gauge invariant, and it
may be veri®ed after some calculation that Rb is Hermitean and that the electric
density and current density corresponding to it satisfy the [usual] conservation
law. It therefore appears reasonable to make the assumption that the electric and

current densities corresponding to [the ®nite] Rb are those which are physically

present, arising from the distribution of electrons and positrons. In this way we can
remove all the in®nities mentioned. (Dirac, loc. cit., pp. 162±163)
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Dirac added that further work had to be done to complete his formalism, like

including the e¨ect of the exclusion principle; and one had to examine the physical

consequences, such as the polarization of the vacuum by an electromagnetic ®eld.

Dirac's new formulation of the `hole theory' caused quite some stir in the

community of quantum physicists and stimulated many further investigations,

especially in Leipzig and Zurich (by Heisenberg, Pauli, and their collaborators)

but also in Berkeley. In Berkeley, Furry and Oppenheimer published soonÐin a

June issue of the Physical ReviewÐa note `On the Limitation of the Theory of the

Positron,' in which they remarked critically:

In the further development of Dirac's suggestion one meets, however, a curious di½-
culty, in that it is apparently impossible to ®nd a consistent de®nition of the operators
for the energy and momentum density of the epd (electron-positron distribution).
Dirac's density matrix, of course, makes possible a complete formal de®nition of any
operator. . . . If one carries this through for the energy momentum tensor of the epd,
one ®nds in general that its divergence is not given by the Lorentz force with Dirac's
expressions for the charge and current. This is because the electromagnetic potentials
enter explicitly in the density matrix and lead to the existence of non-Maxwellian
forces. . . . (Furry and Oppenheimer, 1934c, pp. 903±904)

Furry and Oppenheimer continued: `The simplest way of obviating these di½-

culties is to modify the density matrix in a way which does not depend on the

electromagnetic ®eld strengths present: i.e., to subtract from the operator given by

the Dirac theory of the electron the expressions for the state of the electron dis-

tribution in the absence of external ®elds, for which all negative states are full.'

(Furry and Oppenheimer, loc. cit., p. 904) And they emphasized that `this proce-

dure leads directly to the theory of the positron as we have developed it [in Furry

and Oppenheimer, 1934a].' That is, only their theory would yield a valid descrip-

tion of electron±positron phenomena, as long as questions involving lengths of the

order of e2=mc2 would not be asked.1025

In spite of these strong statements, Oppenheimer did not continue to work

on his own fundamental theory of electrons and positrons, but rather turned his

attention back to the practical applications of Dirac's new theory to the absorp-

tion of high-energy photons as observed in cosmic radiation. The leadership in the

theoretical questions of principle shifted again to Europe, where Oppenheimer's

colleagues in turn criticized his e¨orts. Thus, Wolfgang Pauli, in a letter to Werner

Heisenberg, dated 21 January 1934, categorically declared: `A short while ago,

Oppenheimer sent me a manuscript, which treated, however, only the old, non-

gauge-invariant formulation of the hole theory, and which completely ignored the

problems treated by Dirac and ourselves.' (See Pauli, 1985, p. 255) In Leipzig and

Zurich, they rushed to achieve the next advances.

After completing their pioneering set of papers on quantum ®eld theory (Hei-

1025Such questions would, however, play a role in a theory of the positron, as Furry and Oppen-
heimer pointed out in their note (1934c).
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senberg and Pauli, 1929, 1930), Heisenberg and Pauli had directed their attention

to other questions, notably, the problems of nuclear physics.1026 Only around the

middle of 1933, following the experimental substantiation of the existence of the

positron, did the rich and rewarding correspondence between Heisenberg and

Pauli turn to the new topic of Dirac's hole theory.1027 Pauli opened the exchange

on 16 June 1933, when he wrote: `I do not believe in the theory of holes (LoÈcher-

theorie), since I wish to have an asymmetry in the laws of nature between positive

and negative electricity,' and then added that Walter Elsasser even suspected the

positive electrons to obey the Bose statistics, in contradiction to Dirac's theory,

which he [Pauli] liked (see Pauli, 1985, p. 169). But, about a month later, Pauli was

`not disinclined to believe in a kind of reformed hole theory,' stimulated that he

now was by the theoretical interpretation, given by Max DelbruÈck and Rudolf

Peierls, of the Meitner±Hupfeld e¨ect as a consequence of pair creation (Pauli

to Heisenberg, 14 July 1933, in Pauli, loc. cit., p. 187). In his reply, Heisenberg

proposed to make use of holes in the Hamiltonian formalism of quantum electro-

dynamics for improving upon the divergence problems. `Therefore I believe

strongly in the hole theory, and think that one should in future compute all prob-

lems, e.g., the scattering of g-rays from nuclei, with the scheme [including holes

and a certain arrangement of non-commuting factors],' Heisenberg wrote to Pauli

on 17 July, though he admitted that the procedure would not remove the in®nite

self-energy (see Pauli, loc. cit., p. 194). Unlike Heisenberg and Peierls, Pauli re-

mained skeptical about the prospects of the hole theory; still, he suggested (in a

letter dated 19 July 1933, to Heisenberg) the exposition of the topic in a report at

the seventh Solvay Conference in October of that year, to be given either by Paul

Langevin or Paul Dirac himself.1028 Dirac indeed gave the hole-theory report

1026However, in 1930, Heisenberg had also written a paper on the behaviour of fast electrons
and investigated in particular the consequences from the assumption of zero mass for the electrons
(Heisenberg, 1930b); and in January 1931, he had discussed the problems of energy ¯uctuation in a
radiation ®eld (1931c)Ðthese were still topics related to quantum electrodynamics. (For historical re-
views of Heisenberg's work on quantum electrodynamics up to 1936, see Pais, 1989, and Mitter, 1993.)
Pauli, on the other hand, published only a few investigations from 1930 to 1934, mainly dealing with
quite general problems of the quantum theory of the electron and quantum ®eld theory.

1027Pauli ®rst mentioned the hole theory in a letter to Patrick M. S. Blackett, dated 19 April 1933,
congratulating him on his successful work with Giuseppe Occhialini on the discovery of the positive
electron; he then added: `Besides I don't believe in Dirac's ``holes,'' even if the positive electron exists.'
(See Pauli, 1985, p. 158) In the later letter to Heisenberg, dated 16 June 1933, he even admitted: `What
concerns the theoretical scheme of Dirac's hole theory I have after its exposition [by Dirac in late 1929]
developed one myself and presented it in detail in Copenhagen and Leyden.' (Pauli, loc. cit., p. 169)
This remark evidently referred to Pauli's lectures of March and April 1930 (Dirac had expounded the
idea of `holes' in fall 1929 and written about it to several colleagues; see Section IV.3 above). Heisen-
berg also made use of the idea of `holes' quite early, e.g., in his paper on Pauli's exclusion principle,
submitted in June 1931 and dealing with nonrelativistic problems of atomic and solid-state theory
(Heisenberg, 1931d); however, he did not mention Dirac there at all.

1028Although Pauli admitted that his `attitude towards the hole theory was not anymore entirely
reserved and negative' (see his letter to Heisenberg, 29 September 1933), he raised serious objections,
such as the lack of gauge invariance against the formalism (see Pauli, 1985, p. 212). Heisenberg then
tried to construct a gauge-invariant hole theory, but Pauli proved that it was actually not so (Pauli to
Heisenberg, 9 November 1933, in Pauli, loc. cit., p. 223).
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(Dirac, 1934b), and in the following months, he entered into a correspondence

with Pauli on the subject. Simultaneously, Pauli and Heisenberg developed a joint

programme on quantum electrodynamics, which they had agreed upon in Brus-

sels: Basically, Heisenberg worked out the details between November 1933 and

January 1934, which Pauli criticized subsequently.1029 The common goal of their

approach and the doubts to achieve it in a hole theory were expressed clearly by

Heisenberg as follows:

Of course, it would be most satisfactory, if one were able to establishÐcompletely
independently of any conception of holesÐa theory, in which (I) the charge density
comes out ®nite and (II) the energy-momentum density also remains ®nite, with the
former being positive. This goal cannot be achieved before one is able to ®x the value
of e2=qc, possibly on the basis of using essentially the neutrino.

With respect to analysing (II) one must only put forward the postulate that,
starting from the known force-free state (als bekannt vorauszusetzenden kraÈftefreien

Zustand ) of the hole theory, certain matrix elements . . . will now be reinterpreted in
terms of pair creation, with the energy remaining positive.

The best to be expected is that according to Dirac the postulate (I) can be just
satis®ed. However, it must really be doubted whether one should put so much em-
phasis on that, as long as the self-energy still remains in®nite. . . . Therefore I rather
believe that, for an arbitrary value of e2=qc, the ``theory of holes'' cannot actually be
formulated in a unique way. (Heisenberg to Pauli, 30 January 1934, in Pauli, 1985,
p. 270)

The failure of Dirac's new hole theory to satisfy their programme and hopes

disappointed both friends deeply. `My feeling of unhappiness was increased im-

mensely when yesterday I received Dirac's manuscript of his investigation that we

had been expecting since long,' Pauli wrote to Heisenberg on 6 February 1934,

and continued: `At the moment I am close to a light faintness (leise Ohnmacht)

from the [inability] to calculate practically anything with his formulae.' (See Pauli,

loc. cit., p. 275.) He did not hesitate to call the new paper (Dirac, 1934d), `Diracs

Naturgesetzgebung auf dem Berge Sinai (Dirac's Commandment of the Law of

Nature from Mount Sinai),' about which he was very `degoutiert (disgusted)'

(Pauli, loc. cit.). In his reply to Pauli on 8 February, Heisenberg declared that

`Dirac's theory, which I only know so far from two eruptions of despair from

Copenhagen and Zurich to be erudite nonsense' (see Pauli, loc. cit., p. 279). But

at the same time, he suggested a di¨erent hole scheme; after some criticism and

subsequent clari®cation, Pauli proposed that Heisenberg, WeisskopfÐwho had

become his assistant in fall 1933Ðand he should compose a `three-man paper.' In

particular, Pauli wrote:

1029 In January 1934, Pauli also formulated a detailed programme based on the assumption that the
particle number could not be determined directly by measurement (addendum, entitled `UÈ ber die
quantenelektrodynamische Formulierung der LoÈchertheorie (On the Quantum-Electrodynamical For-
mulation of the Theory of Holes),' in Pauli to Heisenberg, 21 January 1934; see Pauli, 1985, pp. 257±
263).
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The paper should contain: The formulation of the general theory (with a special sec-
tion on the problem of the energy-momentum tensor). Precision of limiting proce-
dures. A section on the ¯uctuation of the charge density (using the contents of your
last letter). A further section on the vacuum polarization in a ®eld changing with time
(according to Weisskopf ). (Pauli to Heisenberg, 17 February 1934, in Pauli, loc. cit.,
pp. 293±294)

In particular, he requested: `Dirac's conceptions should be battled.' To his letter,

Pauli also added an outline of the programme for the three-man paper he had

proposedÐentitled `BeitraÈge zur Theorie der Elektronen und Positronen (Con-

tributions to the Theory of the Electrons and Positrons)' (see Pauli, loc. cit.,

pp. 294±300)Ðbut the proposed common work of the Zurich±Leipzig team was

not quite realized. Instead, a part of the proposed programme found its place in

Viktor Weisskopf 's publication of his work on the self-energy of the electron

(which we shall discuss later, and which was received by Zeitschrift fuÈ r Physik on

13 March 1934: Weisskopf, 1934a), while Heisenberg formulated another partÐ

which he elaborated in critical discussions with Pauli and WeisskopfÐin an

extended paper of his own (having been encouraged to do so by Pauli himself ),

entitled `Bemerkung zur Diracschen Theorie des Positrons (Remarks on Dirac's

Theory of the Positron)' and received by Zeitschrift fuÈ r Physik on 21 June 1934

(Heisenberg, 1934d). In the introduction, he wrote that `the intention of the pres-

ent work is to build Dirac's theory of the positron into the formalism for quantum

electrodynamics,' and continued:

In this context, it should be required that the symmetry of nature between the positive
and negative charge is expressed from the very beginning in the fundamental equa-
tions of the theory; moreover, besides the divergences created by the known di½-
culties of quantum electrodynamics [QED], no further in®nities [should] occur in the
formalism, i.e., the theory provides an approximate method to deal with the set of
problems which could already be treated by the known QED. . . . The present attempt
. . . is closely connected with a paper of Dirac [1934d]. As compared to the latter, the
importance of conservation laws for the whole systemÐradiation±matterÐis em-
phasized, and also the necessity to formulate the fundamental equations in a way
going beyond the Hartree-Fock method. (Heisenberg, loc. cit., p. 209)

Heisenberg's paper of June 1934 consisted of two parts. In the ®rst, larger

partÐentitled `Visualizable (anschauliche) Theory of Matter Waves'Ðhe used

Dirac's density matrix and the Hartree±Fock approximation explicitly and

showed that Dirac's subtraction procedure in the R-matrix (which exhibited sym-

metry between the electrons and holes) was indeed compatible with the usual

conservation laws. He then noted that the additional term computed by Dirac in

the charge density, the `induced density' created by electron±positron pairs,

namely,

r � ÿ 1

15p

e2

qc

q
mc

� �2

Dr0 �736�
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(with r0 as the external charge density), `has no physical meaning, because it

cannot be separated from the ``external'' density and is therefore added automat-

ically to the ``external'' density'; indeed, this `vacuum polarization' would give

rise `to a physical problem only for time-dependent external densities' (Heisen-

berg, loc. cit., p. 222). In the second partÐentitled `Quantentheorie der Wellen-

felder (Quantum Theory of Wave Fields)' (Heisenberg, loc. cit., pp. 224±231)Ð

Heisenberg indeed went beyond Dirac's Hartree±Fock approximation method; he

especially introduced q-number wave ®elds and developed both a perturbation

method (still along the lines of the Hartree±Fock approximation) and a di¨erent

iteration procedure, thereby expanding the Hamiltonian up to the fourth order in

the electric charge. As Abraham Pais noted later, `Heisenberg gives for the ®rst

time the foundations for the quantum electrodynamics of the full Dirac-Maxwell

set of equations in the way we know it today,' and added: `Furry and Oppen-

heimer [1934a] had the same idea, but Heisenberg pushed it much further.' (Pais,

1989, p. 101)

With the new theoretical scheme, Heisenberg now calculated the photon self-

energy in the second order, arriving at the strange result that the energy diverged

even before the limit for the distance xl ! 0 was taken (and giving rise to the

usual divergences in QED). He quickly commented:

The fact that only the application of quantum theory leads to divergences that do not
occur in the visualizable theory of wave-®elds, suggests the assumption that, although
this visualizable theory already contains essentially the correct correspondence-like
description of the events, still the transition to quantum theory cannot be performed
in the primitive manner as has been attempted in the presently available theory.
(Heisenberg, 1934d, p. 231)

Here, Heisenberg was misled by a computational error, as Robert Serber pointed

out later (Serber, 1936); if the error were avoided, a more standard result for the

photon self-energy followed in the second order, namely,

W � ÿ ahn

3p
z=r2 ÿ 2 log

1

2
Cr�O�r�

� �
; �737�

with z the component of the space vector x in the direction of the electric pho-

ton vector, r � jxj, and log C � 0:577 (Serber, loc. cit., p. 548). Evidently, the

right-hand side of Eq. (737) diverged for r! 0, i.e., the limit to zero spatial

distance.1030

In the following investigation, presented on 23 July 1934, before the SaÈchsi-

sche Akademie der Wissenschaften, Heisenberg treated the problem of charge

¯uctuationsÐwhich he had discussed before in the Heisenberg±Pauli QED

(1931c)Ðin Dirac's positron theory (Heisenberg, 1934e). He obtained for the

1030Several other, less-critical, mistakes were corrected a little later by Heisenberg himself (1934g).
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¯uctuation the expressions

�De�2@
e2 V 2=3

cTb
for T f

q
mc2

;

e2V 2=3q
�cT 2� �mc � b for T g

q
mc2

;

8>>>><>>>>:
(738a)

(738b)

and concluded `that in measuring the charge in a given space-time region [denoted

by the volume V and the time T ] ¯uctuations occur which have no analogue in

classical theory, arising from matter created by measurement on the surface

[whose width was denoted by b] of the spatial region under investigation' (Hei-

senberg, loc. cit., p. 322).1031 In this case, extra in®nities did not occur, since

b could be smeared out properly, but what happened to the polarization e¨ect

considered by Furry and Oppenheimer in 1933 if calculated in the new Dirac±

Heisenberg positron theory? Two contributions dealing with this question came

from California, another two from Leipzig, and a ®fth from Viktor Weisskopf,

then in Copenhagen.

Robert Serber opened the competition in his paper on `Linear Modi®cations in

the Maxwell Field Equations,' submitted in April 1935 to Physical Review; in

particular, he calculated both charge and current densities induced in the vacuum

by an electromagnetic ®eld, both static and varying in space and time (Serber,

1935). At the same time, Edwin A. Uehling considered the same e¨ects caused by

electrostatic ®elds varying strongly in space but having limited maximum ®eld

strengths; the vacuum polarization thus obtained caused deviations from Cou-

lomb's law, which might give rise to `departures from the Coulombian scattering

law for heavy particles and the displacement in the energy levels for atomic elec-

trons moving in the ®eld of the nucleus' (Uehling, 1935, p. 55). They obtained

results in agreement with those derived earlier by Furry and Oppenheimer

(1934a).1032 Then, in Leipzig, Heisenberg's students Hans Euler and Bernhard

Kockel picked up the already-mentioned problem of the scattering of light by

lightÐDelbruÈck, HalpernÐwhich also gave rise, in the Dirac±Heisenberg theory

of the positron, to additional polarization e¨ects and certain changes resulting in

the Maxwell equations (Euler and Kockel, 1935). In particular, they examined the

interaction process creating (from each photon) a virtual electron±positron pair

1031 In a later `Note on Charge and Field Fluctuations,' Oppenheimer provided a simple interpre-
tation of the e¨ects Heisenberg had calculated, and remarked: `The pair-induced ¯uctuations in the
radiation ®eld are in general small of order a compared to those which arise from the corpuscular
character of radiation.' (Oppenheimer, 1935b, p. 144)

1032 In January 1936, while at the Institute for Advanced Study in Princeton, Pauli submitted a
paper that he wrote with Morris Erich Rose, in which they simpli®ed the calculation of the additional
current density in the Dirac±Heisenberg theory (Pauli and Rose, 1936).
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and decaying again into light-quanta (below the energy su½cient to create a real

pair), which corresponded to a fourth-order (in the electron's charge) perturbation

term H4,

H4 � � 1

12p2

e2

qc

� �2
1

qc
lim
r!0

�
dx A�x�; r

r

� �4

; �739�

which had been obtained already by Heisenberg (Heisenberg, 1934d, p. 228).1033

Then, they expanded H4Ðthis time in terms of the light-quantum energy, or,

more accurately, the dimensionless quantity hn=mc2Ðand found that in zeroth

order the result could be formally represented by H 0, a new Hamiltonian of the

electromagnetic ®eld, containing an additional term; i.e.,

H 0 � ÿ 1

360p2

qc

e2

1

E2
0

�
��B2 ÿD2� � 7�B �D�2�dV ; �740�

with D and B denoting the vectors for the electrical displacement and the magnetic

induction, respectively, and E0 � e

�e2=mc2�2 denoting the value of `the ®eld

strength at the rim of the electron' (Euler and Kockel, 1935, p. 246±247). Clearly,

H 0, which Euler and Kockel interpreted `as anschaulich as the interaction energy

of light-quanta' implied a `nonlinear correction to the Maxwell equations of the

vacuum,' which `becomes e¨ective if the ®eld strengths approach the ones ``at the

rim of the electron'' ' (Euler and Kockel, loc. cit., p. 247)Ðthough the calculations

performed required ®eld strengths de®nitely below E0. Still, Euler and Kockel

mentioned that the experimental deviations from the classical Maxwell equations

due to the light-scattering mechanism were extremely small (and they produced for

visible light a cross section of about 10ÿ70 cm2).1034

In fall 1935, Heisenberg joined Euler in computing the general higher-order

terms correcting the Maxwell equations (properly translated into quantum theory)

on the basis of the `positron theory'; i.e., the terms being induced by static, ho-

mogeneous, external electric ®elds in the absence of (real) electron±positron pairs.

In a detailed paper, entitled `Folgerungen aus der Diracschen Theorie des Positrons

(Consequences from the Dirac Theory of the Positron)' and received by Zeitschrift

fuÈ r Physik on 22 December 1935, they obtained rather complex expressions which

1033Heisenberg's Eq. (61), however, contained an error of a factor 4, which he corrected (in
Heisenberg, 1934g). Heisenberg had already referred to the fact that the H4-term would describe the
scattering of light by light (see Heisenberg, 1934d, p. 228).

1034Euler carried out systematic and detailed calculations in his Leipzig doctoral thesis, entitled
`UÈ ber die Streuung von Licht an Licht nach der Diracschen Theorie (On the Scattering of Light by Light
According to Dirac's Theory),' the publication of which was dated 21 June 1935, but submitted as a
thesis only in late January 1936 (Euler, 1936).
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could be written in a condensed form as the e¨ective Lagrangian function L,

L � 1

2
�E2 ÿ B2� � e2

qc

�y
0

exp�ÿh� � dh

h3

� ih2�E � B�
cos� h

Ecrit

�������������������������������������
E2ÿB2�2i�E � B�

q
� c:c:

cos� h

Ecrit

�������������������������������������
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q
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� E2
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h3

3
�B2 ÿ E2�

8>><>>:
9>>=>>;; �741�

with Ecrit � �m2c3=eq� � 1

137

e

�e2=mc2�2 giving a critical ®eld strength [Heisenberg

and Euler, 1936, p. 728, Eq. (45a)]. In a review of this work, Heinrich Mitter

wrote: `Heisenberg later reported that, in carrying out the laborious calculations,

the workers were placed in separate rooms and were not permitted any commu-

nication during the calculation; only when everybody had obtained the same re-

sult, the contribution was believed to be correct.' He added: `The result of the

paper until today remains one of the few, in which the summation of perturbation

theory contributions succeeded [fully].' (Mitter, 1993, p. 117)

The ®nal point in the considerations of the whole subject provided Weisskopf

with a kind of review paper, `UÈ ber die Elektrodynamik des Vakuums auf Grund der

Quantentheorie des Elektrons (On the Electrodynamics of the Vacuum based on the

Quantum Theory of the Electron),' which he published in late 1936 in Copenha-

gen (Weisskopf, 1936). He emphasized there in particular that the new quantum-

electrodynamical methods of Dirac and Heisenberg led to unambiguous results,

provided one assumed the following quantities to be physically meaningless: (i) the

energy of the vacuum electrons in the ®eld-free space; (ii) the charge and current

density of vacuum electrons in the ®eld-free space; (iii) an electric and magnetic

polarizability, constant in space and time and independent of the ®elds. All of

these quantities, he argued, came out to be in®nite and had to be subtracted. On

the other hand, `all physically meaningful actions of vacuum electrons . . . led to

convergent expressions,' and he therefore concluded: `The hole theory of the pos-

itron has given rise to no essential problems in the electron theory, as long as no

quantized wave ®elds are involved.' (Weisskopf, 1936, p. 39)

In spite of Pauli's continuing reservation about Dirac's hole theory, WeisskopfÐ

from ZurichÐmade a major contribution to the new QED, namely, his calcula-

tion of the self-energy of the electron, which was completed already in March 1934

and submitted to Zeitschrift fuÈ r Physik as the ®rst separate item of the joint

Leipzig-Zurich programme (Weisskopf, 1934a).1035 For this purpose, Weisskopf

made use of a previous method of Heisenberg's radiation theory (Heisenberg,

1931c), which had established a closer connection with classical electrodynamics

1035The early submission of this paper as a separate publication of one of the intended authors
of the `three-man collaboration' was advocated by Pauli as an exception, because he did not wish to
hinder his assistant's publication, since Weisskopf needed a more permanent position at that time.
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and had been tested before in Zurich by Hendrik Casimir (to reproduce the

Weisskopf±Wigner results: Casimir, 1933), namely, to use the amplitude of the

electromagnetic potentials and their quantum-mechanical commutation relations.

Thus, he expressed the self-energy of the electron by a sum of two terms,

Eel � E S � E D; �742�

where E S denoted the `electrostatic' self-energy and E D denoted the `electro-

dynamical' self-energy (derived from the vector potential). In the hole theory, E S

and E D became, respectively,

E S � 1

2

��
dr dr 0

�r�r� ÿ ~r�r���r�r 0� ÿ ~r�r 0��
jrÿ r 0j �743a�

and (where the vector product is taken within the bracket)

E D � 1

2

�
j�r� ÿ ~j�r�;A�r� ÿ ~A�r�ÿ �

dr; �743b�

with ~r and ~j (the subtractive) charge and current densities of the electrons in neg-

ative states, and ~A their vector potential (j, r, and A denoted the corresponding

quantities of the positive-energy electrons). Upon inserting the proper expansions

in terms of creation and annihilation operators, Weisskopf derived the following

expression for the electrostatic part of the electron's self-energy in the state q0

according to the hole theory,

2E S �
X

r
�

A
q0

�
r
�

r
�

q0

� ÿ
X

r
ÿ

A
q0

�
r
ÿ

r
ÿ

q0
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with the A's describing the approximate matrix elements of the Coulomb

expression

A � e2

�
dr dr 0

f��r�; f�r�� � �f��r 0�; f�r 0�� �
jrÿ r 0j �745�

(Equation (744) deviated from the one for the case without negative-energy states

by the sign of the second term.) The evaluation of Eq. (744) yielded for the elec-

trostatic term of the electron's self-energy the result

E S � e2

h
���������������������
m2c2 � p2

p �2m2c2 � p2�
�y

k0

dk

k0
� finite terms: �746�

That is, the expression on the right-hand side diverged logarithmically as com-
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pared to the linear divergence of one-electron expression (i.e., without occupied

negative-energy states).1036

Similarly, Weisskopf evaluated the electrodynamical part

E D � ÿc1

�
dk

k
ÿ c2

�y
0

dk ÿ c3

�y
0

k dk � finite terms; �747�

which diverged quadratically. `Hence one recognizes that the degree of divergence

does not diminish by the occupation of the negative states,' Weisskopf concluded

rashly (Weisskopf, 1934a, p. 39). However, in an addendum to his paper, which

was received on 20 July 1934, by Zeitschrift fuÈ r Physik, he remarked: `Page 38 of

the above paper contains an error of calculation falsifying decisively the result of

the electrodynamical self-energy of the electron according to Dirac's hole theory. I

am greatly indebted to Mr. Furry (University of California, Berkeley) for kindly

pointing it out to me.' (Weisskopf, 1934b, p. 817) When corrected, the electro-

dynamical part also became much weaker, namely, logarithmically divergent; i.e.,

E D � e2

h
���������������������
m2c2 � p2

p m2c2 ÿ 4

3
p2

� ��y
0

dk

k
� finite terms: �747 0�

This ®nal reduction of the total divergence of the electron's self-energy to a loga-

rithmic one appeared to open the possibility to avoid eventually the divergence

completely by a suitable limiting procedure, e.g., the l-limiting process of Gregor

Wentzel (see below).

Three years after Weisskopf had achieved this encouraging result, Felix Bloch,

then settled at Stanford University in California, wrote a `Note on the Radia-

tion Field of the Electron' jointly with Arnold Nordsieck (a Ph.D. graduate of

Oppenheimer's); in this, Bloch and Nordsieck removed another di½culty of

QED connected with low-energy radiation (and noticed, e.g., in the k0-limit of the

logarithmic integrals of Weisskopf ), which was called `infrared divergence' or

`infrared catastrophe' (Bloch and Nordsieck, 1937). As Bloch and Nordsieck

stated, this `characteristic di½culty . . . is clearly visible in formulae given by Mott

(1931), Sommerfeld (1931), and Bethe and Heitler (1934) for the probability of

scattering of an electron in a Coulomb ®eld accompanied by the emission of a

single light-quantum,' in particular:

If the emitted quantum lies in the frequency range o to o� do, this probability is for
small frequencies proportional to do=o independently of the angle of scattering.
Taking these formulae literally and asking for the total probability of scattering with
the emission of any light-quantum, one therefore gets by integration over o a result
which diverges logarithmically in the low frequencies. (Bloch and Nordsieck, loc. cit.,
p. 54)1037

1036Weisskopf introduced here a lowest momentum k0 to avoid the divergence of the integral at
k � 0.

1037Although Bethe and Heitler noticed the infrared divergence, they claimed that their screening
procedure allowed one to avoid the in®nity (see Bethe and Heitler, 1934, p. 96, footnote y).
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The in®nity thus described was unrelated to the usual `ultraviolet divergences' of

QED, and it did not really possess an analogue in the classical theory (although

Bloch and Nordsieck noticed an indication there). But, as they wrote (in the

introduction), it essentially arose from an inadequate perturbation treatment of

QED in powers of the electric charge (or e2=qc); and they claimed: `We shall

show how this can be formulated [adequately and free of divergences] in quantum

mechanics as the solution in successive approximation of a system of two simul-

taneous di¨erential equations; of these approximations only the one of the lowest

order is here needed and investigated.' (Bloch and Nordsieck, loc. cit., p. 55)

Bloch and Nordsieck indeed discussed the system consisting of the electron plus

the electromagnetic ®eld according to their proposal, and they then calculated the

transitions in this system due to external forces on the electron by the usual

method of small perturbations.1038 Ultimately, an extra frequency factor o turned

up in the expressions for the scattering, which would remove the logarithmic

divergence totally. Though the physicists welcomed the result of this particular

calculation as a sign that the infrared `catastrophe' could be avoided, theorists

like Pauli were still not quite happy. At the Galvani Bicentennial Celebration in

October 1937, Pauli presented the result of a paper which he had written jointly

with Markus Fierz (then his assistant at the ETH in Zurich). Pauli and Fierz

had attacked the problem somewhat di¨erently by using a ®nitely extended elec-

tron; though the in®nity disappeared for all models of the electron, and always

®nite energy losses (due to the emitted long-wavelength radiation) resulted, they

cautioned:

On the other hand, the dependence of [the cross section] for very small energy losses
E so critically depends on the extension of the [charged] body in the exact treatment
that an immediate application of the result to real electrons cannot be made. Hence
we conclude that the problem in question is essentially connected with the still
unsolved [divergence] di½culties of quantum electrodynamics. (Pauli and Fierz, 1938,
p. 167)

Before proceeding to the next fundamental topic in QED, let us ®rst return to

an application of the theory, albeit in its preliminary form, to cosmic-ray physics,

which especially J. Robert Oppenheimer and his collaborators in California never

lost sight of.1039 For instance, in late 1934, Oppenheimer asked the question: `Are

the formulae for the absorption of high energy radiation valid?', i.e., would they

1038The two coupled di¨erential equations mentioned above actually connected the situations of
positive- and negative-energy states, and the approximation indicated neglected the negative-energy
states. Instead of a perturbation theory in orders of e2=pc, alternative assumptions were used, namely,
that e2o=mc3, po=mc2 and po=cDp (with Dp the change in the electron's momentum) were small
compared to unity.

1039 In his historical study on `Cosmic-Ray Showers, High Energy Physics, and Quantum Field
Theories,' David Cassidy claimed the existence of a programmatic di¨erence between `cosmic-ray
physicists,' such as Walter Heitler and J. Robert Oppenheimer, and `®eld theorists,' like Paul Dirac,
Werner Heisenberg and Wolfgang Pauli (Cassidy, 1981). It seems to us that the state of a¨airs was
much more complex at that time than Cassidy believes; the ®eld theorists Heisenberg and Pauli, in
particular, concerned themselves a great deal with problems arising from cosmic-ray observations.
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describe the absorption of cosmic-ray electron and gamma rays (Oppenheimer,

1935a)? A little later, he wrote a theoretical note on the production of pairs by

high-energy charged particles (Oppenheimer, 1935b). At that time, he referred to

the fact that Carl Friedrich von WeizsaÈcker (1934) and Evan J. Williams (1934) in

Europe had previously argued that, if viewed in a suitable coordinate frame of

reference, also in high-energy cosmic ray collisions only energies not higher than a

few MeV were involved, for which QED should provide correct results; however,

Oppenheimer maintained that he did not believe that result because experiments

(which he had discussed with his colleagues at Caltech in Pasadena) contradicted

it. In particular, he wrote:

Little evidence exists for the validity of the theoretical formulae for pair production
by gamma rays of very high energy. The theoretical formulae hold quite well up to
107 volts, but beyond there are no de®nite tests of the formulae. (Oppenheimer,
1935a, p. 46)

Hence, he attempted the following procedure: `By applying a strict criterion for

the validity of classical electron theory, it is possible to derive new formulae for

impact and radioactive-energy losses . . . which are in far better agreement with

experiment than the formulae given by an uncritical application of quantum

mechanics to these problems.' (Oppenheimer, loc. cit., p. 44) Thus, he obtained

certain damping factors reducing the increase derived from the previous QED

formulae.

During the following one-and-a-half years, Oppenheimer published only little

( just a couple of papers on particular problems of nuclear physics), but afterward

he turned to new phenomena observed in cosmic radiation, as the abstract of his

talk presented at the Seattle meeting of the American Physical Society, held from

17 to 19 June 1936, indicated. It read:

The theoretical formulae for ionization and radiation losses of electrons and pair
production by photons have, as a consequence that an electron or photon of very
high energy will form sprays of electrons, positrons and g-rays as it passes through
matter. For an incident energy of 3� 109 eV, the maximum of the probable number
of electrons and positrons occurs at 2.2 cm Pb, and 45 cm Al; the maximum values
attained are 12 and 2.3, respectively. For an incident energy of 1012 eV, the maxi-
mum occurs at 6 cm Pb, and gives about 2,000 electrons and positrons and a com-
parable number of photons. The energy distribution observed in the cloud chamber,
and the transition and absorption curves both for showers and for bursts, are in good
agreement with these calculations. (Oppenheimer, 1936, p. 389)

That is, after the continuously expressed pessimism and great lamenting for years

about the failure of the standard QED calculations in cosmic-ray phenomena,

there now suddenly sneaked in a more optimistic view into Oppenheimer's think-

ing. Less than half a year later, in fact, on 8 December 1936, the Physical Review

received an extended paper of Oppenheimer's, written with J. Franklin Carlson

and entitled `On Multiplicative Showers' (Carlson and Oppenheimer, 1937), which
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con®rmed the change of attitude. Almost simultaneously, Nevill F. Mott (from

Bristol) communicated the paper on `The Passage of Fast Electrons and the

Theory of Cosmic Showers' by Homi Bhabha and Walter Heitler to the Proceed-

ings of the Royal Society of London, where it was received on 11 December and

appeared in print (Bhabha and Heitler, 1937) nearly at the same time as the work

of Carlson and Oppenheimer. As the American authors wrote in their paper, they

had not only seen the letter of their European counterparts (Bhabha and Heitler,

1936) on the subject, but also the manuscript of their paper in the Proceedings of

the Royal Society of London, and they commented: `Their result di¨ers from ours

primarily because of ionization losses; apart from this the agreement between their

values and ours is excellent.' (Carlson and Oppenheimer, 1937, p. 222, footnote 7)

Although the two investigations had been carried out independently, they re-

ferred essentially to the same set of data. Bhabha and Heitler emphasized the

experimental results and their theoretical implications most clearly in the intro-

duction, where they wrote:

More recent experiments of Anderson and Neddermeyer [1936] have . . . led them to
revise their former conclusion, and their new and more accurate experiments show
that up to energies of 300 million e-volts (the highest energies measured in their ex-
periments) and probably higher, the experimentally measured energy loss of fast
electrons is in agreement with that predicted theoretically. In fact, one may say that
at the moment there are no direct measurements of energy loss by fast electrons which
conclusively prove a breakdown of theory. . . . Under these circumstances, and in view
of the experimental evidence mentioned above, it is reasonable . . . to assume the
theoretical formulae for energy loss and pair creation to be valid for all energies,
however high, and work out the consequences which result from them. (Bhabha and
Heitler, 1937, p. 432)

Carlson and Oppenheimer, on the other hand, began by saying:

In nuclear ®elds, gamma rays produce pairs, and electrons lose energy by radiation.
The formulae which have been deduced from the quantum theory give for the prob-
ability of these processes values which, for su½ciently high energies, no longer de-
pend upon the energy of the radiation. Because of this, the secondaries, produced by
a photon or electron of very high energy, will be nearly as penetrating as the primary,
so that the primary energy will soon be divided over a large number of photons and
electrons. It is this development and absorption of showers which we wish to investi-
gate. (Carlson and Oppenheimer, 1937, p. 220)

Bhabha and Heitler reported that the crucial idea involved was ®rst expressed by

Lothar Nordheim in 1934; the latter did not derive any theoretical consequences at

that time because of the anticipated certain failure of QED for very high energies

(see Bhabha and Heitler, 1937, p. 434, footnote; also Nordheim, 1935). It was also

Nordheim who communicated his results on the topic to Carlson and Oppen-

heimer (Carlson and Oppenheimer, 1937, p. 222, footnote). In any case, toward

the end of 1937, Bhabha and Heitler as well as Carlson and Oppenheimer worked
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out the details and published their classical papers on the theoretical of `absorp-

tion showers' or `cascade showers.'

Evidently, the theory of electromagnetically (i.e., via Bremsstrahlung and pair

creation) produced showers in air and other materials thus described by the

`standard' QED provided a great triumph of that theory, though it did not

contribute to the solution of its fundamental de®ciencies. These appeared only

when divergent integrals resulted in the second and higher order perturbation

approximations as the consequence of the emission and absorption of virtual

photons and pairs. Throughout the period from 1933 to 1940 (and even beyond),

the theoreticians attempted to come to grips on this fundamental issue, and some

steps were taken toward what was later called `renormalization theory.'1040 In a

review lecture on `Paul Dirac: Aspects of His Life and Work,' Abraham Pais

noted:

The ®rst steps towards renormalization go back once again to Dirac. In August 1933
[actually, on the 10th], he had written to Bohr: ``Peierls and I have been looking into
the question of the charge in the distribution of negative energy electrons produced
by a static electric ®eld. We ®nd that this changed distribution causes a partial neu-
tralization of the charge producing this ®eld. . . . If we neglect the disturbance that the
®eld produces in negative energy electrons with energies less than ÿ137 mc2, then the
neutralization of charge produced by the other negative electrons is small and of the
order of 136/137. . . . The e¨ective charges are what one measures in all low-energy
measurements, and the experimentally determined value of e must be the e¨ective
charge of an electron, the real value being slightly bigger. . . . One would expect some
small alterations in the Rutherford scattering formula, the Klein-Nishina formula,
etc., when energies of the order of mc2 come into play.'' (Pais, 1998, pp. 18±19)

Here, Dirac spoke about the di¨erence between the `real' value of the charge and

the `e¨ective,' measured onesÐdenoting by `real' the value of the charge which

would exist in empty space undisturbed by any ¯uctuations of matter and charges

created by negative-energy statesÐwhich, later on, people would rather name

`bare' and `dressed' values. The essential point in the early debate on renormali-

zation was that the charges thus calculated by Dirac, Heisenberg, Serber, and

others (for the vacuum polarization, see besides Serber, 1936; Dirac 1934b; Hei-

senberg, 1934d; Uehling, 1935) remained ®nite. However, the theoreticians in the

1930s felt that much more had to be done in QED in order to arrive at a consistent

description of natural phenomena. For instance, in lectures presented in late 1935

and early 1936, Pauli said that `quantum theoryÐwhen dealing with systems

possessing in®nitely many degrees of freedomÐcauses di½culties to appear'; since

`the theory of holes postulates the existence of an in®nite number of electrons,' it

`comes into the same category,' and further remarked:

1040The phrase `renormalization' was perhaps ®rst mentioned in Robert Serber's paper on the
positron theory (Serber, 1936, p. 546), where he described Heisenberg's earlier method as `chosen to
renormalize the polarization of vacuum.' But that method alone did not fully characterize the theoret-
ical development of the later renormalization procedure.
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It seems to me that our present methods are not fundamental enough, and there are
two possibilities for overcoming the di½culties. The ®rst is to change our concept of
space and time in small regions. The second, to change the concept of state for sys-
tems with an in®nite number of degrees of freedom. . . . I believe that the development
of the theory along the correct lines will then lead to a numerical value of the ®ne
structure constant a � e2qc � 1

137, and to an explanation of the fact that arbitrary
high masses do not appear concentrated in any given space region in nature. It seems
likely that the future theory will be unitary in the sense that the duality of light and
matter will disappear. By this I will not claim that we shall necessarily explain one in
terms of the other, but perhaps both in terms of some more fundamental concept.
(Pauli, 1935±1936, pp. X±XI)

Pauli's arguments and hopes, as expressed here, were based on the ambitious

programme, which he had considered together with Heisenberg since 1930 and of

which the work on the problems of QED represented only a special aspect.1041

Now, the ®rst possibility sketched above by Pauli did not yield encouraging

resultsÐHeisenberg and Pauli discussed, e.g., the introduction of a quantized

(lattice) structure in space for certain models of quantum ®eld theoryÐbut the

second possibility occupied both of them for some time, though without any real

success either. However, a third possibility still existed, not mentioned by Pauli,

which became more evident only after the ®rst half of the 1930s were over. As

Weisskopf recalled later:

Already in 1936 the conjecture had been expressed that the in®nite contributions of
the high-momentum photons were all connected with the in®nite self-mass, with the
in®nite charge Q0 [of the electron], and with the non-measurable vacuum quantities
such as a constant dielectric coe½cient of the vacuum. Thus it seemed that a system-
atic theory could be developed in which these in®nities were circumvented. At that
time, nobody attempted to formulate such a theory, although it would have been
possible then to develop what is known as the method of renormalization. (Weis-
skopf, 1983, pp. 73±74)

Evidently, this de®nition of the concept of renormalization deviated a bit from

what Dirac and Serber had had in mind earlier, because it explicitly addressed the

in®nite quantities in QED, which had so far been treated by the subtraction

formalism. In contrast to what Weisskopf said later, in 1936, the experts in quan-

tum electrodynamical theory wereÐas outlined aboveÐfar from succeeding in

the programme of renormalization. One major step, for instance, consisted in

formulating a Lorentz- and gauge-invariant QED scheme. Heisenberg and his

collaborators, as well as Pauli, de®nitely insisted on the requirement of gauge

invariance (see, e.g., Euler, 1936), but in general the quantum-®eld-theoretical

perturbation methods of the 1930's were not fully covariant. On the other hand,

Ernst C. G. Stueckelberg `wrote several papers in which manifestly invariant for-

mulation of ®eld theory was put forward,' Weisskopf recalled and added:

1041See the correspondence carried on between Pauli and Heisenberg (in Pauli, 1985); for a brief
historical account, we refer to Rechenberg, 1993b, especially, pp. 3±9.
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Unfortunately, his writings and his talks were rather obscure, and it was very di½cult
to understand them or to make use of his methods. He came frequently to Zurich in
the years 1934±36, when I was working with Pauli, but we could not follow his way
of presentation. Had Pauli and myself been capable of grasping his ideas, we might
well have calculated the Lamb shift and the correction to the magnetic moment of the
electron at that time. (Weisskopf, loc. cit., p. 74)

Stueckelberg, who lectured until 1935 at the neighbouring University of Zurich,

indeed submitted a paper in September 1934 on what he called a `Relativistisch

invariante StoÈrungstheorie des Diracschen Elektrons (The Relativistically Invariant

Perturbation Theory of the Direct Electron)' to Annalen der Physik, in which he

investigated in particular the high-energy collision phenomena between electrons

and nuclei (Stueckelberg, 1934).1042 Indeed, it took more than two years until, as

Pauli wrote to Heisenberg about this work on 5 February 1937: `Concerning the

formalism of scattering theory, I wish to draw your attention to a paper of

Stueckelberg (1934). This paper is not written very well, but the basic idea (which

goes back to Wentzel) seems to me reasonable; it consists of establishing relativ-

istic invariance by the fact that one removes space and time totally from the

theory, and directly examines the coe½cients of the four-dimensional Fourier ex-

pansion of the wave function.' (Pauli, 1985, p. 513) In the early years at Geneva,

Stueckelberg explored Lorentz-invariant formulations of more general quantum

®eld theories involving electrons, neutrinos and nuclear particles, aiming ultimately

at a uni®ed description of all the known elementary particles (Stueckelberg, 1938),

whichÐas Weisskopf notedÐcould hardly be grasped by his colleagues.1043

Gregor WentzelÐErwin SchroÈdinger's successor at the University of Zurich,

and Stueckelberg's superior thereÐalso became quite active in the fundamental

problem of relativistic interactions between elementary particles, notably, in a

series of three papers, entitled `UÈ ber die EigenkraÈfte der Elementarteilchen (On

the Self-Interactions of the Elementary Particles)' and submitted in fall 1933 to

Zeitschrift fuÈ r Physik (Wentzel, 1933b, c; 1934a). He departed from the Dirac±

Fock±Podolsky version of the many-time quantum electrodynamics (which we

have discussed in Section IV.3), and expanded the Maxwellian ®eld of an elemen-

tary particle below its four-dimensional space-time surface into the interior.

Wentzel claimed that `In the interior of the light cone emerging from the particle

1042Ernst Carl Gerlach Stueckelberg von Breidenbach und zu Breidenstein was born on 1 February
1905, in Basel, Switzerland. From 1923 to 1926, he studied at the University of Basel and then at the
Technische Hochschule in Munich, obtaining his doctorate with an experimental thesis on the properties
of cathode rays in Basel. He then switched over to theoretical physics, and from 1927 to 1932, he
worked on molecular problems (partly with Philip Morse) at Princeton University. Upon his return to
Switzerland, he became a Privatdozent at the University of Zurich and then, in 1935, Professor of
Theoretical Physics at the University of Geneva; beginning in 1942, he also taught courses at the Uni-
versity of Lausanne. He su¨ered from serious health problems, which caused some interruptions in his
duties in Geneva, but he continued to function until his retirement in 1975. He died on 4 September
1984, in Geneva.

1043Stueckelberg's contribution to the meson theory of nuclear forces and other items will be men-
tioned below; for his further work on QED, see the Epilogue.
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the ®eld behaves quite di¨erently from the outside. Especially for the classical

limiting case �q � 0�, it will be shown that the ®eld strengths assume at the world

point of the particle ®nite limiting values if one approaches the origin from a time-

like region.' (Wentzel, 1933b, p. 479) As a consequence, Wentzel obtained for the

self-force of a point particle an expression exhibiting no electromagnetic inertial

force but only a radiation damping. Still, in the quantum-theoretical evaluation of

the particle's self-energy, a quadratic divergence remained, at least for empty

negative-energy states (i.e., in a non-hole theory)Ðthe divergence disappeared only

in the classical limit if external forces were absent (Wentzel, 1933c). In spite of

such remaining problems, the hope was raised that Wentzel's so-called `l-limiting

process' might help to improve the situation in the hole theory, and even improve

upon the logarithmic divergence found by Weisskopf (1934a) and corrected by

Furry (Weisskopf, 1934b).1044 Further, the resolution of the infrared divergence,

an originally logarithmic divergence, by the methods of Bloch and Nordsieck

(1937) or Pauli and Fierz (1938), respectively (see above), encouraged the opti-

mism of the theoreticians to arrive ultimately at a consistent, even ®nite, QED.

Another sign of the optimism might have emerged from a completely di¨erent

approach which Hendrik Kramers took in Leyden, proceeding along paths quite

isolated from the rest of quantum ®eld theorists. He indeed promoted essentially

the concept of renormalization, as outlined above by Weisskopf.

From the very beginning, Kramers had expressed unhappiness about Paul

Dirac's radiation theory of 1927 and his relativistic electron theory of 1928.1045 In

contrast to Dirac, Kramers did not wish to make too abrupt and too radical

alterations away from the classical electron theory of Hendrik Lorentz, but rather

proposed a cautious step-by-step procedure in order to construct the new QED

scheme. `The concepts of Dirac are su½cient for everyday use, for most purposes

the photon idea of Einstein is incorporated in an acceptable manner,' Kramers

argued in fall 1931 in his inaugural lecture at the Technical University of Delft

(where he was appointed extraordinary professor of theoretical physics in addition

to his professorship in Utrecht); but, he cautioned: `The problem of principleÐ

which is the complete synthesis of quantum theory and relativityÐremains un-

solved and is left untouched.'1046 Only several years laterÐin the meanwhile (in

1934), he had moved to Leyden to take up the chair of theoretical physics pre-

viously held by Lorentz (and his successor Paul Ehrenfest)ÐKramers presented

his views deviating from the accepted QED more explicitly. Thus, in the preface of

an extended account of the foundations of quantum theory and the theory of

electrons and radiation (forming Volume 1 of the Hand- und Jahrbuch der chem-

ischen Physik), which he completed and signed in August 1937, Kramers empha-

sized `in particular the fact that Dirac's radiation theory cannot be considered

1044See Weisskopf 1934a, p. 27, footnote 1, together with the correction in Weisskopf, 1934b.

1045See Max Dresden's biography of Hendrik Kramers (1987), Chapter 16, for detailed informa-
tion concerning this matter.

1046See Kramers' inaugural lecture of 30 October 1931, quoted according to Dresden, 1987, p. 336.
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right o¨ as a quantization of the classical electron theory but isÐin contrast to

itÐonly able to deal with the ``secular'' interaction of radiation and particles'

(Kramers, 1938a, p. VI). He elaborated on this point at the Luigi Galvani Bicen-

tennial CelebrationÐheld in October 1937 in Bolognia, ItalyÐas follows:

In a recently published work, I have developed the fundamental relations of the
quantum theory of interaction between the radiation ®eld and charged particles in a
way that is quite di¨erent from the usual presentations in the literature . . . I have
tried to display the theory in such a way that the problem of the structure and ®nite
extension of the particles does not occur explicitly, and that the quantity, which is
introduced as ``particle mass,'' is identi®ed from the very beginning with the experi-
mental mass. Notably I departÐfor the moment we talk purely in classical termsÐ
from the phenomena where a charged particle moves in an external electromagnetic
®eld and where the emission and reaction of the radiation can be neglected (``quasis-
tationary motion''). This motion is governed by a Hamiltonian which I call H �mat�,
and in this function the experimental mass occurs: one might even say that by H �mat�

the use of the concept of mass is de®ned. H �mat� depends on the space variables x, y, z

(vector r) and time, on the one hand, and on the component of the momentum vector
p, on the other. Because of the gauge invariance p occurs in the combination

pÿ e

c
Aext, where Aext represents the vector potential of the ®eld at the position of the

particle, hence a function of x, y, z, t. (Kramers, 1938b, pp. 108±109)

Kramers then explained his deviating interpretation of electrodynamics by

writing explicitly the Hamiltonian function for a system of radiation (with the

Fourier coe½cients a 0l and b 0l, and the wave vector s 0l) interacting with the charged

particles via H �mat�; i.e.,

H � 1

8p

X
l

s2
l�a 0�l a 0l � b 0�l b 0l� �H �mat�: �748�

In the usual radiation theory, Kramers said, the di¨erence between the external

®eld (denoted by the primes) and the total ®eld (which is the sum of the external

®eld and the proper ®eld of the particles) was neglected; hence, one replaced the

primed components by the nonprimed ones. However, he criticized this procedure,

and warned: `Quite apart from the divergence di½culties [connected with the

proper ®elds] one must criticize Eq. [(748)], because the transverse part of the

electromagnetic mass is now counted twice, at least if m and H �mat� should repre-

sent the external mass.' (Kramers, loc. cit., pp. 110±111) Hence, in his new theory,

Kramers carefully discussed the proper ®eld of the particle and interpreted Eq.

(748) by clearly identifying the a 0l and b 0l with the external ®eld, and:

We therefore can interpret h as the sum of the energy of the external ®eld and H �mat�,
which we ascribe to the particle's quasistationary motion; the latter contains im-
plicitly the energy of the proper ®eld, because the kinetic energy of the potential,
expressed with the help of the experimental mass, enters into H �mat�. While in the
former interpretation of H certain energy terms were doubly counted, one must say
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that in the present interpretation a certain part of the total energy is discarded,

namely that energy which in the full expression
1

8p

�
�E2 �H2� dV corresponds to the

inner products of the scalar ®eld and the proper ®eld. (Kramers, loc. cit., pp. 112±
113)

Moreover, in the new interpretation, H automatically embraced the reaction of the

external ®eld on the particle (though for secular motions only). The quantization

of Eq. (748) then showed: The interactions of the proper ®elds are included in

H �mat� and would `not appear, as in the usual quantum electrodynamics, as a

consequence of the quantized ®eld theory' (Kramers, loc. cit., p. 113).

Kramers displayed details of the treatment outlined above, especially in Sec-

tions 89 and 90 of his Handbuch article (Kramers, 1938a, pp. 448±464). One

should not say that the di¨erence between this new approach to QED and the

previous one consisted just in ®ne subtleties. Max Dresden actually pointed out

that Kramers took care of at least three points which he had criticized in Dirac's

theory, namely:

(1) The occurrence of divergences in Dirac's theory was objectionable to Kramers.
He was unhappy and concerned about the divergence of zero-point energy, but he
was especially critical of the result (®rst obtained by Oppenheimer [1930a]) that
the Dirac Hamiltonian and the Dirac theory led to an in®nite shift of the spectral
lines of an atom in a radiation ®eld.

(2) To Kramers . . . it was particularly upsetting that the relation between the Dirac
theory and the Lorentz electron was very tenuous. A naive application of the
Bohr correspondence principle to the Dirac theory does not yield the correct
correspondence limit.

(3) Kramers was enormously impressed by Lorentz's discussion of the electromag-
netic mass of the electron. He felt that Dirac had not made su½ciently precise
distinction between the electromagnetic mass and the experimental mass. . . . He
simply could not accept a theory in which the famous Lorentz radiation term
2
3 �e2=c3� x

...
, which classically is responsible for electromagnetic radiation, would

not have a simple straightforward quantum-mechanical interpretation. (Dresden,
1987, pp. 339±340)

Although the principles of Kramers's criticism of the standard QED and of his

own attempts were quite clearÐand even shared by some theoreticians, including

PauliÐneither he nor anyone else pushed the programme outlined above much

further.1047 The historical development in the following years rather proceeded on

the basis of what Kramers called `the Dirac theory.' Thus, the Physical Review

1047 In general, Kramers did not publish much at that time. In connection with QED, we may just
refer to an earlier paper on Dirac's hole theory, in which Kramers pointed out `that a correction must
be applied to the energy values of the stationary states of the hydrogen atom, as given by the Dirac
theory of 1928' (Kramers, 1937, p. 823); but he did not present here or later the promised calculation of
this correction. In another paper, which J. Serpe of the University of LieÁge published, he made use of
Kramers's `theÂorie recti®eÂe' in order to remove the in®nite level shifts derived by Wigner and Weisskopf
(1930a, b) in their calculation of the line widths (Serpe, 1940).
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carried two articles in the ®rst half of 1939 that pursued this line, one submitted by

Victor Weisskopf in April and the other by Sidney M. Danco¨ in March. Weis-

skopf essentially reviewed the status of his old problem of the electron mass and

assembled arguments that the higher order (than the second in the ®ne structure

constant) approximations would also not diverge more strongly than logarithmi-

cally (Weisskopf, 1939, especially, p. 85). Danco¨, in an extended note `On Radi-

ative Corrections for Electron Scattering' investigatedÐstimulated by his teacher

Oppenheimer and Felix BlochÐas `to what extent the inclusion of relativistic

e¨ects modi®es the conclusions of Pauli and Fierz,' who had treated in their paper

on infrared divergence (Fierz and Pauli, 1938), the motion of charged particles in

a nonrelativistic approximation (Danco¨, 1939, p. 960). After carrying out a de-

tailed calculation, Danco¨ arrived at three types of termsÐ(A), (B), and (C)Ð

and found: `For a Dirac electron . . . while terms (A) converge, terms (C) contrib-

ute a positive logarithmic divergence; it is to be remembered that nonrelativisti-

cally the divergence was negative, indicating an in®nite cross section.' (Danco¨,

loc. cit., p. 963) In his historical account of development of QED, Silvan S.

Schweber described Danco¨ 's result as follows:

He thus obtained a divergent result and calculated that in hole theory a new type of
divergence occurred in the radiation corrections to the elastic scattering of an elec-
tron by an external ®eld . . . divergences that would later be called ``vertex function''
divergences. When combined with pieces of self-energy divergences . . . these diver-
gences cancel one another. (Schweber, 1994, p. 60)

Danco¨, however, made a mistake in his calculation by omitting the contribution of

the Coulomb interaction terms.1048 `Why did no one redo Danco¨ 's calculation at

that time?' lamented Schweber, and claimed: `Had it [been] done so, the di½culties

of QED might have been resolved much earlier.' (Schweber, 1994, p. 91)

Evidently, the time was not really ripe to make essential progress in renor-

malizing QED already at the end of the 1930's. The quantum theoreticians were

concerned with many other problems of high-energy physics at that time: They

investigated di¨erent ®eld theoriesÐrather than just QEDÐand applied them

to particles other than the electron, also those observed in cosmic radiation (see

below). Even indications of deviations from the standard result of Dirac's relativ-

istic theory of the electron on the ®ne structure of the hydrogen and deuterium

spectral lines Ha and Da, studied by William V. Houston (1937) and Robley C.

Williams (1938) (see also R. C. Williams and R. C. Gibbs, 1934), and analyzed by

Simon Pasternack (1938) did not change the outlook. Thus, Pasternack, then at

Caltech, noted that `these deviations [of the Da-line, as observed by Williams] are

consistent with a perturbation of the 22S-level of deuterium,' and that `an S-level

displacement of this magnitude checks quite well with discrepancies observed in

the doublet separations of other Balmer lines of hydrogen.' He argued further:

1048Actually, Robert Serber reminded him of this omission (see Danco¨, 1939, p. 962, footnote *).
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A displacement of the S-levels would seem to point toward some perturbing interac-
tion between the electron and the nucleus. . . . An estimate of the magnitude of the
interaction can be obtained by superposing on the Coulomb ®eld a simple repulsive
potential of height D, extending for a distance r0 from the nucleus. A ®rst order per-
turbation treatment raises the energy of the n2S-level of a hydrogen-like atom by an

amount
4

3
D

Z3r3
0

n3a3
0

, where a0 is the Bohr radius. If we assume a displacement of the 2S-

level of deuterium of about 0.3 cmÿ1, as suggested by Williams' results, we ®nd
that . . . D would have to be given the extremely high value of about 100 MeV.
(Pasternack, 1938, p. 1113)

These observations and further, more accurate results, obtained by new experi-

mental methods later after World War II, would immediately stimulate the ®rst

breakthrough to renormalized QED.

Also, in the late 1930s, theoretical ideas for removing divergences in di¨erent

ways surged forward. For example, DiracÐpreviously reproached by Kramers to

have abandoned too much of Lorentz's classical electron theoryÐconstructed a

classical theory of radiation, involving an electron of ®nite size (in the interior of

which signals could be transmitted faster than the speed of light), as the correspon-

dence limit of a new QED (Dirac, 1938b; see also Pryce, 1938). While this proposal

could be related conceptually to that of Gregor Wentzel of 1933, which we have

already mentioned, an earlier one of Max Born's changed the classical basis of elec-

trodynamics even more drastically: In particular, he replaced the Maxwell equa-

tions by nonlinear ®eld equations (see, e.g., Born and Infeld, 1934a, b; 1935). But

in spite of great e¨orts, all attempts to quantize these equations failed; on the other

hand, from the hole theory, such nonlinear terms seemed to follow directly; hence,

QED did not really have to begin with a corresponding nonlinear classical theory.

(c) New Fields Describing Elementary Particles, Their Properties,

and Interactions (1934±1941)

In an address, delivered at the Indian Science Congress on 8 February 1936, Megh

Nad Saha discussed `The Origin of Mass in Neutrons and Protons' (Saha, 1936). He

drew attention to the di¨erence between the electromagnetic mass of the electron

(due to Lorentz's theory) and the masses of the nuclear constituents, and proposed

to look at the neutron (due to an idea of D. S. Kothari) as being `composed of two

equal and oppositely charged free magnetic poles' (Saha, loc. cit., p. 146). He also

mentioned other attempts to explain the ratio of the proton mass to that of elec-

tron mass, as being `one of the outstanding fundamental problems of physics,' es-

pecially the rather speculative one of Arthur Stanley Eddington, which the latter

had discussed for a number of years in the literature. According to Eddington, the

charged elementary particles, electron and proton, could be described in a multi-

dimensional mathematical space, and their masses resulted from the equation

10m 02 ÿ 136m� 1 � 0; �749�
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such that the ratio of the two roots assumed the particular value 1847.60, close to

the actually observed one (Eddington, 1931, p. 529). In 1936, Eddington general-

ized his equation to

10m2 ÿ 136mm 0 �m 02 � 0; �749 0�

where m 0 now denoted the mass of neutral scalar particle, while m remained

associated with the electron and proton having half-integer spin [Eddington, 1936,

Eq. (12.47)]. Two years later, Herbert Charles Corben, then at Trinity College,

Cambridge, pointed out that the scalar object whose mass computed from Eq.

(749 0) was m 0 � 135:9me might be interpreted as follows: `If this particle were to

combine with an electron or a positron with the emission of a neutrino, it would

yield a heavy negative or positive electron obeying Bose statistics and with a mass

between 136 and 137 times that of an ordinary electron.' He further remarked:

`This result is so closely in agreement with the U-particle theory of Yukawa (1935)

and Bhabha (1938a), and others, which is in turn supported by facts so far as

present accuracy goes . . . [hence] Eddington's theory merits more attention than is

usually given to it.' (Corben, 1938, p. 747)

However, Eddington's speculative theory of 1931 and the following years did

not win the approval of most of his colleagues, and Max Born in a later lecture

just mentioned `a few coincidences . . . which are not true predictions, but expres-

sions of known quantities' (Born, 1943, p. 38). Born, adding that another predic-

tion of the same theory was a value of the ®ne structure constant and, like others,

he mocked: `Now at that time when Eddington began his work the experimental

value of hc=2pe2 was near to 136. Later experiments indicated a larger value, and

today it is very near 137. Accordingly Eddington adapted his theory by adding

[quite arbitrarily without proper motivation] a unit.' (Born, loc. cit.) Still, the

references occasionally made to Eddington's numerology in the second half of

the 1930s (and even afterward) indicate how hard were the problems that the

theory then faced and how desperately one was looking everywhere for a solu-

tion in the theory of elementary particles.1049 As we have mentioned earlier,

the hope of determining the ®ne structure constant from quantum ®eld theory

had greatly driven Heisenberg and Pauli in their e¨orts, and this hope was es-

pecially stimulated by the appearance of new elementary particlesÐsuch as the

neutron, the positron, and the neutrinoÐupon the scene. Thus, on 21 January

1934, Pauli wrote to Heisenberg about a new development in the context of this

problem:

1049 In 1937, even Paul Dirac considered another proposal to explain the `cosmological constants,'
such as the ratio of the electrodynamical to the gravitational force for an electron (about 1039), or the
ratio of the mass of the proton to the mass of the universe (about 10ÿ78) by an ingenious hypothesis
involving a change of these constants in time during the evolution of the universe (Dirac, 1937a, b;
1938a). This speculation even gave rise to much more serious discussion among the physicists than
Eddington's (see, e.g., Kragh, 1991, for a historical review).
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I entirely agree with your conviction that the solution of quantum electrodynamics
(the self-energy di½culty) lies along the direction which we discussed in Brussels. A
light-quantum must consist of a neutrino and a neutrino hole, like [Louis] de Broglie
wants to have it, and the neutrino mass must be zero. . . . I also believe that the Fermi
Hamiltonian for b-decay and the usual quantum electrodynamics must be understood
in a uni®ed manner. . . . I very much wish to stimulate you to think further about the

neutrino and quantum electrodynamics, for I believe that the solution cannot be
[much] farther anymore. (See Pauli, 1985, p. 256)

In a note presented to the AcadeÂmie des Sciences (Paris), Louis de Broglie had

just proposed a `neutrino theory of light' (de Broglie, 1934a), which both Werner

Heisenberg and Wolfgang Pauli found `very suggestive' and which supported their

own desire to establish a relation between Enrico Fermi's b-decay constant (de-

rived experimentally) and the ®ne structure constant. Indeed, they devotedÐfor a

timeÐpart of their following exchange of correspondence to that subject. The

Heisenberg±Pauli exchange started with a letter from Pauli of 19 January 1934, in

which he wrote: `In the Comptes rendus of 8 January 1934 . . . there has appeared a

rather interesting note of de Broglie, in which he discusses the point of view that

the photon is composed of two neutrinos. It seems to me that the main problem is

to formulate in a reasonable manner the interaction terms of neutrinos and elec-

trons in the Hamiltonian. One cannot grasp a priori how the particular neutrino

pairs which stick together and build up the photon occur much more easily than

any two neutrinos having di¨erent directions of momenta and di¨erent energies.'

(Pauli, 1985, pp. 253±254) Although, in 1934, Louis de Broglie wrote several notes

and papers on this idea, in which certain results about the equation of motion and

spin of the photonÐwhen composed of neutrinosÐwere derived (de Broglie,

1934, b, c; de Broglie and Winter, 1934), he did not answer Pauli's question.

However, a number of other theoreticians also picked up the idea and worked out

certain consequences.1050

After Gregor Wentzel at the University of Zurich demonstrated in a paper

submitted in October 1934 that `the fundamental equations of electrodynamics

can indeed be derived from a formal scheme, in which the electromagnetic ®eld

quantities enter as operators representing the creation and destruction of pairs of

corpuscles' (Wentzel, 1934b, p. 337), Pascual Jordan (then in Rostock) entered

into the discussion by addressing the `key problem (Kernfrage), namely the emer-

gence of Bose statistics for the light-quanta if one starts with Fermi statistics for

the fundamental objects' (Jordan, 1935a, p. 465). This question was not answered

by simply putting together two spin-1
2 neutrinos, but the result now followed from

a one-dimensional model of Jordan. Ralph Kronig from Groningen proceeded

along the same lines in a series of investigations submitted to Physica from March

to August 1935: He established the statistical relationship between the number of

1050For details of the neutrino theory of light in the 1930s, see Brown and Rechenberg, 1991a, or
Brown and Rechenberg, 1996, Section 4.3.
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light-quanta and the number of neutrinos and their energies (Kronig, 1935a),

and he further pointed toward a relation with Fermi's b-decay theory by noting

`radiation-free states of the neutrinos ®eld having a ®nite neutrino density'

(Kronig, 1935b; see also, 1935c). Jordan and Kronig, partly in collaboration,

continued to pursue the consequences from the neutrino theory of light in the fol-

lowing year, but at the end of 1936, Vladimir Fock of Leningrad criticized their

results because of two objections: First, the light-quantum ®eld thus emerging

depended quadratically on the neutrino ®eld and could not therefore satisfy any

linear di¨erential equation; second, the photon operator constructed by Jordan

and Kronig would commute with its conjugate operator (Fock, 1936). However,

Ernst C. G. Stueckelberg of Geneva immediately countered the latter statement by

referring to the fact that Fock's conclusion did not apply to the actual situation,

where in®nitely many neutrinos were required to construct one photon (Stueckel-

berg, 1937a).

The discussion on the neutrino theory of light still occupied physicists for a

number of years, notably, after Max Born and S. N. Nagendra Nath in Bangalore,

India, and M. H. L. Pryce in England joined the fray. Evidently, the challenge of

the scheme lay in the expectation `that it might be possible to dress quantum

electrodynamics in such a form that the present role of light-quanta can now be

taken over by particles or pairs of particles which behave in a higher measure ac-

cording to the manner of ordinary corpuscles (say, similar to Dirac electrons), and

that one might thus arrive on a wave-mechanical basis of a new type ``unitary''

theory of matter and ®eld' (Wentzel, 1934b, p. 337). Indeed, if one took the pre-

vailing concept of nuclear forces as being described by the Fermi-®eld theory

(which we have outlined in Section IV.3), the connection between light and neu-

trinos suggested the possibility of obtaining eventually a uni®ed quantum ®eld

theory of all electromagnetic and nuclear forces. A step toward this goal could be

discerned in the e¨orts of Werner Heisenberg to draw further consequences from

the Fermi ®eld theory by seeking to predict the occurrence of a certain phenome-

non in cosmic radiation. He addressed them ®rst in a letter to Pauli dated 26 May

1936 (see Pauli, 1985, pp. 445±446). Heisenberg wrote that by taking the familiar

quantum-electrodynamical description, the probability for creating n electron±

positron pairs in a high-energy process turned out to be smaller by a factor

�e2=qc�nÿ1 than the probability for creating one pair, independently of the energy

of the incident object. He continued:

Entirely di¨erent is the situation in Fermi's theory. If one puts there, according to
Uhlenbeck-Konopinski, [for the Hamiltonian],

e �
�

c�ai
q

qxi

c� � � � � g

qc
c�protoncneutronc�electron

q

qx
cneutrino

� �
dV ; ��750��

then the constant g 0 � g=qc has the dimension of cm3. For large energies, where one
can neglect the rest-mass of the particles, this implies: every perturbation method is
an expansion in g 0=l3, with l denoting the wavelength of the particle involved. Hence

Chapter IV The Conceptual Completion and the Extensions of Quantum Mechanics938



it follows: for large energies the interaction term becomes decisive; in particular, now
the processes in which many particles are emitted simultaneously turn out to be not
far less probable than processes in which only one or two particles are emitted; below
a wavelength l � ����

g 03
p

, therefore, ``showers'' of particles must be expected. Hence it

seems to me that one can understand the existence of cosmic-ray showers on the basis of

the Fermi-®eld theory. (Heisenberg to Pauli, 26 May 1936, in Pauli, 1985, pp. 445±
446)

Heisenberg addressed here, as he would explain in greater detail in a paperÐ

entitled `Zur Theorie der ``Schauer'' in der HoÈhenstrahlung (On the Theory of

``Showers'' in Cosmic Radiation)' and submitted early in June 1936Ðthe cosmic-

ray processes exhibiting the creation of a large number of secondary particles,

which had been observed since several years, especially by Gerhard Ho¨mann and

his collaborators (Heisenberg, 1936b, p. 533). Already in 1928, Ho¨mann had re-

ported the existence of `spontaneous bursts' in cosmic radiation when registered at

high altitudes (Ho¨mann and Lindholm, 1928). This phenomenonÐoften called

`Ho¨mannsche StoÈûe (Ho¨mann bursts)'Ðwas later experimentally studied by

many experts, especially in Germany and the United States, and several, partly

con¯icting, conclusions about their nature had been suggested. Heisenberg's

new explanation of the bursts as the simultaneous production of multiple pairs of

neutrinos and electrons, or `explosive showers' as he called them, received a mixed

reaction from his theoretical colleagues. While Bhabha and Heitler, in their paper

on cascade showers, described the theory of explosive showers as `elegant' and said

that it might well explain the largest showers observed in cosmic rays (Bhabha and

Heitler, 1937, p. 435), Carlson and Oppenheimer claimed that it was `without

cogent experimental foundation' and `in fact rests on an abusive extension of the

theory of the electron-neutrino ®eld' (Carlson and Oppenheimer, 1937, p. 221). At

the same time, Heisenberg assembled further experimental evidence in support of

his views; in a letter to Pauli, dated 18 December 1936, he reported about a new

Hungarian work on shower formation at large depths (BarnoÂthy and ForroÂ ,

1937). `It is shown,' he wrote, `that there exists a non-ionizing shower producing

radiation of absorption coe½cient m � 2:1� 10ÿ5 cm2 gÿ1 (corresponding to a

cross section of about 10ÿ28 cm2),' and said: `Light-quanta can scarcely have such

penetrating power (according to Bethe certainly not); neutrons also surely not,

hence BarnoÂthy and ForroÂ conclude that we are dealing with neutrinos. That

seems to me to be quite convincing.' (Heisenberg, in Pauli, 1985, p. 491) When

Jùrgen Bùggild, in his Copenhagen doctoral thesis, arrived at the conclusion that

the `Ho¨mann bursts' nevertheless could be described by the cascade theory

(Bùggild, 1937; also Bùggild and Karkov, 1937), Heisenberg argued in a letter to

Niels Bohr:

It seems as though many showers can only originate via cascades; however, it seems
certain . . . that the explosive type of showers does occur . . . a thousand times less
frequently than cascades, and that the ``bursts'' have mainly this origin. (Heisenberg
to Bohr, 5 July 1937)

IV.5 High-Energy Physics: Elementary Particles and Nuclear Reactions (1932±1942) 939



The same conclusion was arrived at by Hans Euler, the theoretical expert on

bursts in Leipzig, who analyzed the situation in his Habilitation thesis (Euler,

1938b, c) in close cooperation with the experimentalist Gerhard Ho¨mann who,

meanwhile, had become Peter Deybe's successor in the experimental chair at

Leipzig. Euler admitted that a part of the `bursts' might be ascribed to electro-

magnetic cascades, but a substantial fraction (dominant both below very thin and

very thick absorbers) was clearly `non-cascade bursts created in an explosive

manner' (Euler, 1938c, p. 692). Indeed, exactly the very penetrating, `hard com-

ponent' of cosmic radiation appeared to be connected with the explosive creation

of many particles, which most probably were neutrinos. However, the under-

standing of the hard component of cosmic rays changed quickly at that time, and

in 1939, Heisenberg would develop a di¨erent approach to explosive showers via

the vector-meson theory (see below).

Clearly, behind Heisenberg's work on cosmic-radiation showers in 1936,

there lay the desire to unify the description of nuclear forces (®rst via the Fermi-

®eld theory), maybe even with the electromagnetic forces (via de Broglie's neu-

trino theory of light). An even stronger push into the same direction of a uni-

®ed theory of all elementary particles was attempted by Ernst Stueckelberg,

who expounded his ambitious programme in a short letter to Nature on 7 May

1936:

The hypothesis is put forward that positive electron, neutrino, positive proton and
neutron are four di¨erent quantum states of one elementary particle. Such an as-
sumption would be trivial unless transitions between the di¨erent states occur. It is
required that Dirac's equation follows from the theory, and that the conservation law
of electric charge holds, so only a small number of transitions are allowed. If in
addition we satisfy a certain symmetry condition (corresponding to the conservation
law of Jordan's neutrino charge [Jordan, 1936, §2]) the number of possible processes
is further reduced. (Stueckelberg, 1936a, p. 1032)

Stueckelberg then wrote a list of transitions (including that of a positive elec-

tron into a neutrino, or of a proton into a neutron), which `occur only if another

[transition] takes place in the reverse direction;' hence, the entire process sat-

is®es the symmetry conditions, and he concluded by saying: `As soon as the

neutrino theory of light can be formulated in a satisfactory way, we have a

unitary ®eld theory, its variable being a spinor of 16 components.' (Stueckel-

berg, loc. cit., p. 1032) Stueckelberg published the details of the development of

these ideas in the following months (Stueckelberg, 1936b, c). After the discovery

of the mesotron, he sent a letter to the Physical Review, welcoming the new

particle and placing it into the uni®ed ®eld theory (Stueckelberg, 1937b); he

then wrote two papers on `Die WechselwirkungskraÈfte in der Elektrodynamik

und in der Feldtheorie der KernkraÈfte (The Forces of Interaction in Electro-

dynamics and in the Field Theory of Nuclear Forces),' where he introduced a
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16-component spinor ®eld to describe the structure of matter (Stueckelberg,

1938).1051

In contrast to Stueckelberg's far-reaching ®eld-theoretical speculations, the

investigations conducted at other places (with the possible exception of some of

Heisenberg's) seemed to be more modest and followed conventional paths, though

they served the same goal, namely, to understand the nature of high-energy pro-

cesses and the elementary particles involved. Wolfgang Pauli announced the ®rst

such work in a letter to Werner Heisenberg, dated 14 June 1934, as follows:

My own physics in the meanwhile has turned out to be completely negative (not

because of my laziness). Still I have hit upon a kind of curiosity about which I would
like to tell you. If, instead of Dirac's [equation], one assumes as the basis the old
scalar Klein-Gordon relativistic equation, it possesses the following properties:

1. The charge density

r � c�
q
i

qc

qt
ÿ eF0c

� �
ÿ q

i

qc�

qt
� eF0c�

� �
c ��751��

may be both positive and negative.
2. The energy density

q
i

qc

qt
ÿ eF0c

���� ����2�X3

k�1

q
i

qc

qt
� eFkc

���� ����2 ��752��

is alwaysV0, it can never be negative [with F0 and Fk denoting the electromagnetic
potentials].

This is exactly the opposite situation as in Dirac's theory, and exactly what
one wants to have.ÐThen I could easily show: the application of our old [Pauli-
Heisenberg] ®eld quantization formalism to this theory leads with without any further

hypothesis (without the ``hole'' idea, without limit-aerobatics, without subtraction
physics!) to the existence of positrons and to processes of pair-creation with an easily
calculable frequency. Furthermore, this works for both Einstein-Bose and Fermi-
Dirac statistics. (In the ®rst case one must drop a zero-point energy of matter analo-
gous to the zero-point energy of radiation.)ÐNow I'll let Weisskopf check whether
an (eventually ®nite) polarization of the vacuum follows or not in the theory. (Pauli,
1985, p. 328)

In the same letter to Heisenberg, Pauli regretted that the `much more satisfac-

tory scalar-wave theory would not represent reality, as one could not include spin

in a relativistic way without running again into the negative-energy states di½-

culty,' and he concluded by saying, `Therefore, practically one cannot achieve

much with this curiosity,' and added: `Still I am happy to beat again my old

enemy, the Dirac theory of the spinning electron (aber es hat mich doch gefreut,

1051We shall come back to this work below.
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daû ich immer meiner alter Feindin, der Diracschen Theory des Spinelektrons,

wieder eins anhaÈngen konnte).' (Pauli, loc. cit., p. 328)1052 Two weeks later, Pauli

sent Heisenberg the manuscript of a joint paper with Weisskopf inviting his criti-

cism. Besides emphasizing the positive points (in the accompanying letter), he also

reported about an important `negative' result, namely:

When quantizing the scalar wave equation in accordance with the exclusion principle
in the present form, one cannot achieve that simultaneously: 1. relativistic and gauge
invariance exist; 2. the energy eigenvalues come out positive (in the quantization
according to Bose statistics both are ful®lled). (Pauli to Heisenberg, 28 June 1934, in
Pauli, loc. cit., p. 335)

Pauli therefore regretted that the Heisenberg±Pauli quantization scheme for ®elds

was not general enough to admit the two quantum statistics for arbitrary Hamil-

tonians and wave ®elds, and he still hoped to succeed in this goal, i.e., to ®nd `a

reasonable change of the quantization rules in ®eld theory' (Pauli, loc. cit.). The

published paper, which was received by Helvetica Physica Acta on 27 July 1934,

did not ful®ll this hope, however, as the authors admitted: `For the particles the

statistics of symmetrical states (Einstein-Bose statistics) must be assumed.' (Pauli

and Weisskopf, 1934, p. 709)1053 Besides the treatment of the scalar quantum ®eld

theory with Bose statistics, the paper contained at the end Weisskopf 's calculation

of the vacuum polarization, which yielded the result for the density averaged over

the directions of the momentum K

r�x� � KDF0 � finite terms; �753�

1052As Weisskopf recalled:

Note that at the time the method of exchanging the creation and destruction operators (for
negative energy states) was not yet in fashion; the hole theory of the ®lled vacuum was still the
accepted way of dealing with positrons. Pauli called our work the ``anti-Dirac paper.'' He con-
sidered it a weapon in the ®ght against the ®lled vacuum that he never liked. We thought that
this theory only served the purpose of a nonrelativistic example of a theory that contained all the
advantages of the hole theory without the necessity of ®lling the vacuum. We had no idea that
the world of particles would abound with spin-zero entities a quarter of a century later. That
was the reason we published it in the venerable but not widely read Helvetica Physica Acta.
(Weisskopf, 1983, p. 70)

1053As Weisskopf also recalled:

The work on the quantization of the Klein-Gordon equation led Pauli to the famous relation
between spin and statistics. Pauli demonstrated in 1936 the impossibility of quantizing equations
of scalar or vector ®elds that obey anticommutation rules. He showed that such relations would
have the consequence that physical operators do not commute at two points that di¨er by a
space-like interval. This would be in contradiction to causality because it would require that
measurements interfere with each other when no signal can pass from one to the other (Pauli,
1936). Thus Pauli concluded that particles with integer spin could not obey Fermi statistics.
They must be bosons. During the days of the hole theory it was obvious that particles with spin-
1/2 could not obey Bose statistics because it would be impossible to ``®ll'' the vacuum. Four
years later Pauli proved the necessity of Fermi statistics for half-integer spins, also on the basis
of causality arguments [W. Pauli, 1940]. (Weisskopf, 1983, p. 70)
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Pauli and Weisskopf commented: `The induced charge density has the opposite

sign as the external density r0 � ÿ
1

4p
DF0, and it is proportional to the latter, with

diverging proportionality factor 4pK ; hence any external charge would be totally

compensated by the induced one. This result completely agrees with Dirac's, as

computed in his hole theory; even the factor K of the diverging terms comes out to

be the same.' (Pauli and Weisskopf, loc. cit., p. 731)

In spite of having arrived happily at a quantum ®eld theory di¨erent from

Dirac's to describe the essential features of electrodynamics (and matter theory),

Pauli and Weisskopf did not yet know whether any elementary particles existed

that could be described by their relativistic scheme.1054 About two years later,

the Romanian-born Alexandre Proca in Paris submitted a paper, entitled `Sur la

theÂorie ondulatoire des eleÂctrons positifs et neÂgatifs (On the Wave Theory of Posi-

tive and Negative Electrons)' to Journal de physique et le radium, in which he

proposed a new relativistic- and gauge-invariant wave equation exhibiting the

following properties:

The wave function does not have more than four components (which form a world
vector); it is possible to de®ne a current which satis®es a conservation equation, and a
charge which can be positive or negative, of the type that the theory also embraces
well the case of positrons and electrons; one can write down a systematic energy-
momentum tensor which satis®es a continuity equation and where energy states are
always positive; and ®nally, one can de®ne the magnetic moment of the particles, as
well as their spin. (Proca, 1936, p. 347)

The fundamental equation, which Proca presented in his paper, read

rFr ÿ k2Fr � 0; �754�

(with r � q

qt2
ÿ q

qx2
ÿ q

qy2
ÿ q

qz2
), and the ®eld components Fr �r � 0; 1; 2; 3�

could be derived from a scalar c by taking time and spatial derivatives, the c

satisfying the Klein±Gordon equation

rc � k2c; �755�

where k � mc

q
and m denoted the mass of the particle. He was then able to take

over essentially the Pauli±Weisskopf quantization procedure, but it must be con-

1054They excluded the a-particle as a possible candidate because of its composite structure and the
nuclear forces, which `might lie completely outside the validity of the domain of the present quantum
theory.' (Pauli and Weisskopf, 1934, p. 713)
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sidered as quite remarkable that it took him more than a year to admit that Eq.

(754), which would later be called the `Proca equation' (by Nicholas Kemmer, see

below), would not describe electrons and positrons.1055 By that time, however, the

experiments had discovered an object that seemed to be described by Eq. (754), as

several theoreticians referring to Hideki Yukawa's theory of nuclear forces

claimed.

In 1937, Ettore Majorana, then still working alone at Fermi's institute in

Rome, introduced in one of his rare publications, entitled `Teoria simmetrica

dell' elletrone et del protone (The Symmetrical Theory of Electrons and Protons),'

another new quantum ®eld theory (Majorana, 1937). Like Pauli, Weisskopf, and

Proca, Majorana sought to avoid a de®ciency of Dirac's hole theory, namely,

the asymmetry which Dirac had introduced into the treatment of positive and

negative electricity (and the associated occurrence of in®nite constants due to

the negative-energy states, e.g., in the charge density). In order to improve upon

this de®ciency, Majorana proposed to use a special representation of the Dirac

matrices, where all gk �k � 1; 2; 3; 4� have the same reality as the components of

the four-vector (r, ict). In the new representation, then, the Dirac equation for the

free fermion had only real coe½cients; hence, all solutions could be split in a real

part and an imaginary part, each of which satis®ed the equation separately. Now,

the real solutions f thus emerging exhibited two properties: ®rst they implied no

electric charge and current, since

jk�x� � f�x�gkf�x� � 0; �k � 1; 2; 3; 4�; �756�

due to the fact that f� � f and f � f�g4; and second, they satis®ed the anti-

communication relation

�fr�x�; fs�y��� � 0: �757�

Hence, particles associated with the real Majorana ®eld possessed no charge and

no magnetic moment; they were identical with their antiparticles, and Majorana

thought that he could describe with it possibly the neutron or the neutrino. Wendell

Furry argued a little later that neutronsÐbecause of their magnetic momentÐ

could not be Majorana particles while the neutrinos still had a chance; on the

other hand, the formalismÐFurry actually generalized Majorana's special repre-

sentation of Dirac's matricesÐwould `still show the stigmata associated with the

subtractive theories of the positron: the presence of the otiose in®nite terms which

should be removed by subtraction, and the creation and destruction of pairs of

particles' (Furry, 1938, p. 56). Consequently, the Majorana ®eld was not actually

considered very seriously in the following period for the description of elementary

particles.

1055 In a paper submitted in December 1937, Proca showed that the spin of the particles obeying
Eq. (754) came out as integral multiples of h/2p in the nonrelativistic limit (Proca, 1938).
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The discovery of the medium-heavy charged particle in cosmic radiation by

Seth Neddermeyer and Carl AndersonÐsee Section IV.3Ðsoon stimulated the

interest of theoreticians in all parts of the scienti®c community. First, J. Robert

Oppenheimer and Robert Serber wrote a letter to Physical Review on 6 June 1937,

in which they referred to the possible interpretation of the particle as Yukawa's

heavy or U-quantum of nuclear forces, but they argued that such an interpretation

led to many di½culties; hence: `These considerations [of Yukawa] therefore cannot

be regarded as the elements of a correct theory, nor serve as any argument what-

ever for the existence of the [experimentally observed] particle.' (Oppenheimer and

Serber, 1937, p. 1113). Oppenheimer and his collaborators in California indeed

refrained for years to adopt and work on meson theory. Second, Ernst Stueckel-

berg's letter of 6 June 1937, also sent to Physical Review, sounded much more

positive; he called `attention to an explanation of the nuclear forces, given as early

as 1934 by Yukawa, which predicts particles of that sort,' and then added:

Independently of Yukawa the writer arrived at the same conclusion. . . . We describe
matter by a 16 component spinor c, whose ®rst four components refer to the electron

state, the second four functions to the neutrino state, the third group to the proton

state and the last four components to the neutron state of matter. . . .
The known form of radiation is described by a tensor ®eld A of four components

(the vector potential) . . . [which] satisfy Poisson's equation, the charge density being
expressed by a suitably chosen Dirac matrix P � ecyLc [with L a 4� 4 matrix, as
introduced in Stueckelberg, 1936a]. We generalize Poisson's equation, introducing the
fundamental length l in the form:

Dÿ 1

c2

q2

qt2
ÿ S

1

l2

 !
A � ÿP: ��758��

A is now a tensor of more than four components. S is a matrix operating on the
tensor indices analogously to the way Dirac's matrices act on spin indices of c. We
assume for simplicity A to have ®ve components. Furthermore let S be of such a form
that the four ®rst components which represent a four vector satisfy the ordinary
Poisson equation (S � 0), while the ®fth component (a scalar) satis®es Eq. [(758)]
with S � 1. In a nonrelativistic approximation the four-vector part gives the Cou-
lomb potential, while the scalar part [i.e., the ®fth component] gives a static interac-
tion term between the particles of the form of f e2=r exp�r=l�; f is a numerical factor.
A suitable choice of the generalized Dirac matrices L gives the electrostatic inter-
action between charged matter particles plus Heisenberg, Majorana, Wigner and
Bartlett interactions between the heavy matter particles and the di¨erent interactions
between heavy and light matter particles (b-decay, etc.) discussed by the author.
(Stueckelberg, 1937b, pp. 41±42)

Thus, Stueckelberg ingeniously included the Yukawa theory of nuclear forces into

a general uni®ed theory of electromagnetism and nuclear forces, which he formally

sketched here and in later, more detailed publications (Stueckelberg, 1938), with-

out dealing with speci®c experimental phenomena, as his colleagues would do in

the following months.
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Hideki Yukawa already took the lead in 1937. He was the fastest to react to the

cosmic-radiation results by noticing immediately in the preliminary analysis of the

experimentalists (Anderson and Neddermeyer, 1936) the ®rst trace of the U-

quantum he had predicted, and he gave an account of it in a letter to Nature (dated

18 January 1937), and again in a later letter to Physical Review (dated 4 October

1937), both of which remained unpublished.1056 In those letters, he also mentioned

the programme of his forthcoming publications in the Proceedings of the Physico-

Mathematical Society of Japan, namely, the formulation of the scalar and vector

theory of U-quantaÐor mesotrons or mesons as they would soon be named. In early

fall 1937, Yukawa and Shoichi SakataÐwho had come to Osaka already in 1937Ð

developed the scalar theory.1057 Sakata recalled later about this investigation:

Just two [actually three] years earlier, Pauli and Weisskopf had studied a ``scalar
electron theory'' . . . Therefore this research was purely of formal interest at that time;
however, we could literally take over their results in quantizing the U-®eld. Using
that formalism, we performed the derivation of the nuclear forces and also calculated
some processes by mesons. (Sakata, 1965)

On 10 November 1937, the journal received the completed paper `On the Interac-

tion of Elementary Particles. II,' marked `read on 25 September 1937' (at a meet-

ing of the Physico-Mathematical Society of Japan in Kyoto), which would appear

in print before the end of the year (Yukawa and Sakata, 1937).1058 After men-

tioning the pioneering paper (No. 1 of the series: Yukawa, 1935), Yukawa and

Sakata drew attention to the recent con®rmation of the cosmic-ray particle's dis-

covery (Section 1), and then displayed the details of a scalar description of the U-

®eld in terms of the Pauli±Weisskopf formalism (Section 2). In Section 3, they

derived the interaction between the nuclear particlesÐproton and neutronÐin

terms of the creation and annihilation operators of the U-®eld quanta; in the sec-

ond-order perturbation calculation, the static potential resulted,

Vpn � J�r�PH
12b1b2; �759�

where PH
12 denoted the `Heisenberg exchange operator,' and J�r� the exchange

integral (with g the coupling constant and l the range of the nuclear forces); i.e.,

J�r� � g2 exp�ÿlr�=r: �759a�

1056See above in Section IV.3 and, especially, Rechenberg and Brown, 1990, and Brown and
Rechenberg, 1996, Section 6.5.

1057Shoichi Sakata, who was born on 18 January 1911, near Hiroshima, studied physics from 1929
to 1933 at Tokyo (with Y. Nishina) and later at the Kyoto Imperial University, attending Yukawa's
courses and taking his degree under him. After a year at RIKEN, he joined Yukawa in Osaka and
became his principal collaborator in developing the meson theory of nuclear forces; in 1939, he moved
(with Yukawa) to Kyoto Imperial University ®rst as instructor; in 1942, he was appointed professor of
theoretical physics at Nagoya University, where he remained until his death on 16 October 1970.

1058For details of the contents of this paper, see Brown and Rechenberg, 1991b, and Brown and
Rechenberg, 1996, Section 7.3.
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In particular, they noticed:

In nonrelativistic approximation, [the Dirac matrices] b1 and b2 reduce to 1, so that
Eq. [(759)] becomes the same with the result in I except the sign. In order to obtain a
result exactly the same as I, we have to change the sign of HU [the Hamiltonian of
the U-®eld], which will obviously lead to serious di½culties of negative energy for the
U-®eld. Whether or not this defect can be removed by introducing non-scalar ®eld
will be discussed in III. (Yukawa and Sakata, 1937, pp. 1088±1089)

Even nuclear forces of the Majorana type could be obtained in the scalar scheme

from a second-order perturbation calculation by introducing the spin of nuclear

particles. However, the ordinary, nonexchange forces between particles (Wigner

forces), as well as the forces between particles would appear only in the fourth or

higher order, yielding forces of shorter range and smaller magnitude (by a factor

of 10) than those computed between the like particles in contradiction to experi-

ment.1059 In order to account for the last point, Yukawa and Sakata concluded

that one would perhaps `have to introduce neutral heavy [U-] quanta' (Yukawa

and Sakata, loc. cit., p. 1090).

The situation for the forces between the nuclear constituents improved consid-

erably when Yukawa and his collaborators submitted the continuation of their

paper in part III: The manuscript was marked `read 25 September 1937 and 22

January 1938,' and the paper appeared in a spring issue of the journal, coauthored

by Yukawa, Sakata, and Mitsuo Taketani (1938). Sakata later recalled about its

origin as follows:

Yukawa tried to generalize Maxwell's equations on the electromagnetic ®eld, while I
examined the wave equations proposed by Dirac [for particles having arbitrary spins]
a year earlier (Dirac, 1936). Taketani joined our group about this time and we in-
cluded him in our studies. We three developed a theory, today called ``vector meson
theory,'' and showed that it agreed with the experimental results. (Sakata, 1965)

Indeed, YukawaÐaccording to the date of a manuscript in the Yukawa Hall

ArchiveÐas early as 6 January 1937, considered generalizing Maxwell's equations

explored by Proca (1936). He worked on this topic for the entire year and enlisted

the association of collaborators (since the ®rst manuscript of paper III, dated

November 1937, already included their names as coauthors). In the introduction

of the published paper, Yukawa, Sakata, and Taketani referred to papers I and II

as having introduced `a new ®eld of force'ÐI, using a complex vector ®eld and II,

a scalar vector ®eld to describe the U-particlesÐbut stressed that `neither of them

was ample enough for the derivation of complete expressions for the interaction of

the heavy [nuclear] particles and their anomalous magnetic moments' (Yukawa,

Sakata, and Taketani, 1938, p. 319). The formulation presented in III `can be

considered as a generalization of Maxwell's equations for the electromagnetic ®eld

1059The charge independence of nuclear forces will be discussed below.
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. . . described by two four-vectors and two six-vectors, which are complex conju-

gate to each other respectively,' the three authors continued and noted that their

`system of equations in spinor form reduces to a special case of Dirac's wave

equations (1936) for the particle with spin larger than 1/2' and also `was equiva-

lent to a method of linearization of wave equations for the electron, which had

been developed by Proca (1936) as an extension of the scalar theory of Pauli

and Weisskopf ' (Yukawa, Sakata, and Taketani, loc. cit.). The latter reference

might well have been particularly stimulated by a letter from Bristol, in which

Herbert FroÈhlich and Walter Heitler thanked Yukawa (on 5 March 1938) for

having especially received a copy of the (unpublished) manuscript of Yukawa,

Sakata, and Taketani (i.e., the letter of 4 October 1937, to Physical Review) and

further commented:

We quite believe that your theory is correct in principle. We ourselves have consid-
ered a great deal about the heavy electron and have formulated a theory of its inter-
action with the nucleus (together with Kemmer). From the discussion of the spin

dependence of the proton-neutron force we have arrived at the conviction that the
®eld [of the heavy electron] must be a vector ®eld, as you have assumed in your
Japanese note. (FroÈhlich and Heitler to Yukawa, 5 March 1938, quoted in Brown
and Rechenberg, 1996, p. 148)

The three-man Japanese paper thus introduced two vector ®elds F and GÐ

analogous to electric and magnetic vectors in electrodynamicsÐto describe the

free U-particle by the equation

�rÿ l2� F

G

� �
� 0; �760�

with l � mU c=q (mU being the mass of the U-quantum). The usual linear equa-

tions of the Maxwell type would then be obtained by introducing another four-

vector of ®elds U0;U, similar to the electromagnetic four-potential (§2). In Section

3, Yukawa, Sakata, and Taketani carried out the canonical quantization proce-

dure for the U-®eld in the vacuum with this U-®eld, and in Section 4, they con-

sidered the interaction between the U-®eld and the electromagnetic ®eld; in Section

5, they obtained an expression for the anomalous magnetic moments for the neu-

tron and proton owing to the action of the heavy quantum:1060

g2

qc

eq
2mU c

� g2

qc

M

mU
mn; �761�

where mn denoted the nuclear magneton and M denoted the mass of the nuclear

particle (neutron or proton). Section 6 dealt with the interaction, in general, be-

tween the U-®eld and the heavy nuclear particles, and Section 7 with the forces

1060The rough estimate followed from the consideration: `The fraction of time during which the
neutron is splitting up into a proton and a heavy quantum with negative charge virtually, is roughly
given by g2=pc.' (Yukawa, Sakata, and Taketani, 1938, p. 329)
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between protons and neutrons. Yukawa et al. obtained, in particular, for the U-

®eld at the point r1 due to the presence of a heavy particle (spin vector s�2�) at the

point r2, the result

U�r1� � ÿg2 curlfs�2�Q�2 exp�ÿlr=r�g; �762a�

~U��r1� � g1

4plc
grad

exp�ÿlr�
r

Q�2 ; �762b�

with r � jr1 ÿ r2j and Q�2 the operator that changes a proton into a neutron ( ~U�

denotes the complex conjugate of the canonical momentum operator associated

with the U-®eld). With U�r1� and U�r2�, the interaction Hamiltonians for two

heavy nuclear particles followed, essentially in agreement with the result found

earlier by Nicholas Kemmer (1938a, see below). Yukawa et al. commented upon

the so-derived `combination of exchange forces of Majorana and Heisenberg types

between neutron and proton' by pointing out the speci®c peculiarity `that the force

thus obtained is not strictly central, so that we can separate S-state, P-state,

etc., only in the ®rst approximation' (Yukawa, Sakata, and Taketani, loc., cit.,

pp. 335±336).

At one point, they could not improve on the previous scalar theory, namely, in

the description of forces between like nuclear particles; hence, they emphatically

called for `the introduction of neutral heavy quanta in order to reproduce the

approximate equality of the like and unlike-particle forces,' and concluded: `It

is not di½cult to consider the ®eld accompanied by the neutral heavy quanta

and described by the linear equations similar to those considered above,' and

announced a detailed discussion of this topic in the next paper (Yukawa, Sakata,

and Taketani, loc. cit., pp. 336±337). On the other hand, they still pursued in the

present paper III the calculation of the estimates for the lifetime of U-quanta, ob-

taining about 5� 10ÿ7 sec. with a mass mU � 100me (§8).1061

At several places in their paper, Yukawa, Sakata, and Taketani cited recent

notes of some colleagues in Great Britain, notably, the German immigrants Her-

bert FroÈhlich, Walter Heitler, and Nicholas Kemmer and the Indian research

scholar Homi Jehangir Bhabha. Kemmer had been Pauli's assistant in summer

1936 (succeeding Viktor Weisskopf ) and worked on problems of electrodynamics

and nuclear forces (e.g., Kemmer, 1935; 1937a, b).1062 In a paper on the `Field

Theory of Nuclear Interaction,' submitted to Physical Review in July 1937, he

1061For that purpose, Yukawa et al. assumed that the U-quanta coupled to the light nuclear par-
ticles (e�, eÿ, neutrinos) in a manner similar to the heavy ones, but for smaller coupling constants.

1062Nikolaus (or Nicholas, as he called himself later) Kemmer was born on 7 December 1911, in St.
Petersburg, the son of an engineer of German descent. Since 1916, he grew up in London, came to
Germany in 1921 and studied in GoÈttingen and Zurich, obtaining his doctorate with Gregor Wentzel in
1935. In October 1936, he went with a Beit Scienti®c Research Fellowship to Imperial College, London,
and took up British citizenship in 1942. During World War II, he worked in Cambridge on problems of
nuclear ®ssion, and then on the Montreal reactor team of John Cockcroft. He returned as lecturer to
Cambridge in 1946 and succeeded Max Born in 1953 to the Tait Professorship of Natural Philosophy in
Edinburgh. He died on 21 October 1998, in Edinburgh. (See Brown and Rechenberg, 1999)
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discussed the description of equal nuclear forces between the like and unlike con-

stituents of nuclei, as required by the results of American experiments (which we

shall discuss below); he still made use of the then-standard Fermi-®eld theory and

concluded in particular:

The equality of forces . . . is exactly accounted for by introducing interaction terms
involving electron pairs or neutrino pairs. The interaction may be stated very simply
with the aid of an isotopic spin variable for light as well as for heavy particles. The
ratio of force constants obtainable for the theory of mass defects may be accounted
for in detail by a suitable choice of the light particle ®eld. However, it is di½cult
to explain any law involving more than one potential function J�r�. (Kemmer, 1937c,
p. 906)

This charge-independent formulation of nuclear forces would play a decisive role

also in the later work on the Yukawa theory.

After the existence of a `heavy electron' was con®rmed in the second half of the

year 1937, Kemmer found it `certainly suggestive that a Yukawa particle with a

mass of the observed order of magnitude (100mel) does indeed give nuclear forces

of the correct range'Ðand thus wrote in a letter to Nature, entitled `Nature of

the Nuclear Field' and dated 8 December 1937. Kemmer proposed there a new

theoretical scheme to describe the Yukawa particle (assuming erroneously that

Yukawa had used a scalar wave equation in 1935), which would be able to explain

the observed 1S and 3S states of the deuteron. `It has been found that a more

satisfactory theory can be obtained if one admits a vector wave function for the

new particle, such as was used by Proca [1936] in a di¨erent connexion,' he argued

and continued:

Proca's equations can be quantized on lines analogous to the Pauli-Weisskopf
method [1934] for the scalar wave equation, and the resulting neutron-proton poten-
tial can easily be determined. Using the most general combination of possible inter-
actions of the Yukawa and Proca type, the potential is found to be

V�r� � fA� B�sNsP� � Ckÿ2�sN grad��sP grad�g � exp�ÿkr�
r

; ��763��

where k is 2pc=h times the rest mass of the particle, sN and sP the spin operators of
neutron and proton respectively and r the distance between these particles. (Kemmer,
1938a, p. 117)

The independent constants A, B, and C could be ®tted to the experimental

data, obtaining the values C � 0;A : B � 3 : 5 (see Heisenberg, 1937, p. 749). The

potential should further include the `isotopic spin' factor tNtP, `which can be

accounted for the ®eld theory along the same line as in the case of the Fermi ®eld

(Kemmer, 1937c), that is, by assuming that the new particle also has a charged

and an uncharged state,' Kemmer wrote and concluded: `In any case, it is possible

to give a ®eld theory in which the magnitude and range of the nuclear forces, as
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well as their dependence on spin and charge, are all accounted equally well.'

(Kemmer, 1938a, p. 117).

Just below Kemmer's letterÐin the same issue (of 15 January 1938) of

NatureÐanother letter, bearing the date 13 December 1937, and entitled `Nuclear

Forces, Heavy Electrons and b-decay,' made its appearance (Bhabha, 1938a). It

began with the words:

We have generalized a theory [put forward by Yukawa (1935) showing that nuclear
forces can be explained by assuming the existence of new particles of mass about two
hundred times that of an electron. Our theory is relativistically invariant, and in its
present form gives results which we believe are of actual signi®cance for cosmic ray
and nuclear phenomena. (Bhabha, loc. cit., p. 117)

Bhabha, who had coauthored with Heitler the paper on cascade showers (1937),

then became occupied with nuclear forces in his further study of cascades created

by protons and neutrons (Bhabha, 1937).1063 Then, Heitler drew his attention to

Yukawa's theory and he began to take interest in it.1064 The vector-®eld theory

which he developed to describe the U-particles essentially coincided with the

schemes given independently by Nicholas Kemmer and Yukawa et al. In his letter

to Nature, however, Bhabha emphasized several consequences in particular from

the theory of phenomena observable in cosmic radiation, especially:

A positive U-particle at rest may disintegrate spontaneously into a positive electron
and a neutrino. This disintegration being spontaneous, the U-particle may be de-
scribed as a ``clock,'' and hence it follows merely from considerations of relativity
that the time of disintegration is larger when the particle is in motion. (Bhabha,
1938a, p. 118)

By this theoretical conclusion, he said, the fact emphasized at that time especially

by Patrick Blackett could be easily explained: Below 2� 108 eV, most cosmic-ray

particles are electrons, and above this energy, lie the heavy electrons (i.e., rela-

tively long-lived U-particles).

On 13 January 1938, Wolfgang Pauli reported to Victor Weisskopf in America:

`Last week Bhabha and Kemmer were here, and we had (with the important par-

ticipation of Wentzel) a kind of theoretical conference on cosmic rays,' and added:

`These two gentlemen and also Heitler soon intend to ¯ood Nature and the Pro-

1063Homi Jehangir Bhabha was born on 30 October 1909, in Bombay, India, a nephew of the
founder of the wealthy Tata industrial dynasty. In 1927, he went to England for higher studies; he
joined the Gonville and Caius College in Cambridge, where he obtained his doctorate in 1934. He ob-
tained various fellowships to travel widely in Europe (e.g., to Pauli in Zurich and Fermi in Rome). In
1940, he accepted a Readership at the Indian Institute of Science in Bangalore, and in 1942, he was
promoted to a Professorship; at the Institute in Bangalore, he established the Cosmic Ray Research
Unit. Three years later, he became Director of the newly established Tata Institute of Fundamental
Research, the research establishment for future Indian scientists and mathematicians, where he had a
chequered career. He was killed in an air crash on Mt. Blanc on 24 January 1966.

1064See Bhabha, 1938a, p. 118, footnote 5, and Bhabha, 1938b, p. 504, footnote (*).
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ceedings of the Royal Society with their intellectual outputs, which deal with the so

called ``Yukawa theory'' of nuclear forces.' (Pauli, 1985, p. 548) Walter Heitler,

then in Bristol, had become interested there in the question of the anomalous

magnetic moment of the proton. In September 1937, he had attended a meeting

in Copenhagen, where the `heavy electron' was discussed, and he and Herbert

FroÈhlich (with whom he was collaborating at that time) thought of applying

Yukawa's concept to attack the problem of proton's magnetic moment. Already

on 24 November 1937, they submitted a letter to Nature, dealing with the ``Mag-

netic Moments of the Proton and the Neutron,' which appeared in the ®rst issue of

January 1938 of that journal (FroÈhlich and Heitler, 1938). Although FroÈhlich and

Heitler did not cite Yukawa's theory explicitly, they made use of ideas derived

from it; so they assumed a virtual emission of `heavy electrons,' which transform a

neutron into a proton and vice versa. Provided the (unspeci®ed) interaction could

induce a spin ¯ip, as well as a change of charge, there would be a contribution to

the magnetic moment of protons and neutrons arising from the orbital angular

momentum of the heavy electron. If a denoted the fraction of time that the nuclear

particle spends dissociated (i.e., the proton appears as a neutron and a virtual

positive heavy electron), then the magnetic moments of proton and neutron as-

sumed the (total) values (in units of Bohr magnetons, with M and m representing

the protonÐor neutronÐand electron masses)

mP � 1ÿ a� aM=m; �764�

mN � ÿa� aM=m: �764a�

FroÈhlich and Heitler happily concluded their note: `Inserting the observed values

mP � 2:6, mN � ÿ1:75, we obtain M=m � 22 or m � 80 electron masses.'1065

A few weeks later, Heitler met Kemmer in London, and the Bristol team joined

e¨orts with Kemmer to write a detailed study `On the Nuclear Forces and the

Magnetic Moments of the Neutron and the Proton,' which was received by the

Proceedings of the Royal Society of London on 1 February 1938, and published in

its issue of 4 May (FroÈhlich, Heitler, and Kemmer, 1938). Kemmer, in particular,

pointed out to his colleagues that their original approach violated parity, as they

had worked with a scalar instead of a vector-®eld theory; he taught them how to

use the latter systematically.1066 A little later, on 9 February, the series of papers

in the Proceedings of the Royal Society of London was continued by the recep-

tion of Kemmer's work on the `Quantum Theory of Einstein-Bose Particles and

Nuclear Interaction' (Kemmer, 1938b), and toward the end of February, Bhabha's

1065Since 1933, Otto Stern and his collaborators (see Estermann and Stern, 1933) had found the
proton's magnetic moment to deviate strongly from the one predicted by assuming the Dirac equation
for the proton; the same was found (indirectly) for the neutron (see Kellogg et al., 1936, and Estermann
et al., 1937).

1066See Kemmer's reminiscences for his collaboration with FroÈhlich and Heitler (Kemmer, 1965).
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extensive work `On the Theory of Heavy Electrons and Nuclear Forces' (Bhabha,

1938b) was received. Then, in the beginning of March, Heitler had his investiga-

tion on `Showers Produced by Penetrating Cosmic Radiation' ready for submis-

sion (Heitler, 1938). Still, these e¨orts did not exhaust the immense productivity of

the theoreticians in Great Britain during the ®rst months of that year, as Kemmer

published a little later another article, entitled `The Charge Dependence of Nu-

clear Forces,' in the Proceedings of the Cambridge Philosophical Society (Kemmer,

1938c).

In their papers in the Proceedings of the Royal Society, Bhabha and Kemmer

worked out in full the ideas indicated in their previous letters to Nature. Thus,

Kemmer, departing from Dirac's general spinor equation (Dirac, 1936), wrote the

most general interaction Lagrangians for the system of nuclear particles and U-

vector ®elds and derived from them expressions for the neutron±proton exchange

potentials (i.e., the static limit of the forces in question), especially

V a�r� � ÿ cl

4p
g2

aY �r�; �765a�

V b�r� � � cl

4p
fg2

b � f 2
b ��sN � sP� ÿ �sN � grad��sP � grad��gY �r�; �765b�

V c�r� � ÿ cl

4p
fg2

c �sN � grad��sP � grad� � f 2
c ��sN � sP�

ÿ �sN � grad��sP � grad��gY�r�; �765c�

V d�r� � � cl

4p
g2

d�sN � grad��sP � grad�Y �r�; �765d�

with Y �r� � exp�ÿlr�=r. He then concluded that only the case (765b) `agrees

with experience'; hence, he announced: `The detailed discussion of this fact is the

subject of the paper of FroÈhlich and others' (Kemmer, 1938b, p. 147). In the three-

man work, the authors (FroÈhlich, Heitler, and Kemmer) indeed adopted the solu-

tion (765b) to ®t the spin-triplet ground state and the spin-singlet `virtual' scatter-

ing state of the deuteron, and obtained the result:

3S : VNP � ÿY�r��g2 � 2 f 2=3�;

1S : VNP � ÿY�r��2 f 2 ÿ g2�;

9>=>; �766�

which, with f Ag, accounted `in a reasonable way for the nuclear forces, including

the right spin dependence' (FroÈhlich, Heitler, and Kemmer, 1938, p. 166). They

also noticed: `In the scalar theory (Yukawa and Sakata, 1937) it turns out, for
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instance, that the 3S-state is always repulsive and the 1S-state attractive with the

same absolute value, which is contrary to experiment.'1067

Bhabha, on the other hand, concerned himself less with the details of the

nuclear potential. He began his paper in the Proceedings of the Royal Society with

an introduction to the decay property of the `heavy electrons,' and then developed

in detail the vector-®eld formulation closely following Proca's theory and working

out the necessary quantization procedures. After a more formal section on the

forces of interaction between protons and neutrons, he ®nally discussed the rela-

tivistic scattering of neutrons and protons, and of U-particles by neutrons or pro-

tons, as occurred in cosmic radiation (Bhabha, 1938b). Moreover, Heitler, in his

paper, attempted within the framework of the vector-®eld theoretical formulation

`a qualitative explanation of a number of cosmic-ray facts connected with the

penetrating radiation' (Heitler, 1938, p. 529), for example, the neutron capture of

a positive heavy electron, the multiple-production of heavy electrons from the

collision of a heavy electron with a nucleus, or the creation of heavy electrons.

While these robust activities were going on in Great Britain on the vector-

version of Yukawa's theory, the Japanese theoreticians did not remain idle. On

28 May 1938, the fourth paper of Yukawa's series was read at a meeting of the

Physico-Mathematical Society of Japan, now involvingÐbesides Yukawa, Sakata,

and TaketaniÐMinoru Kobayashi (another Osaka student) as an author. The new

investigation ®rst displayed a theory of the neutral Yukawa particle, sometimes

called the `neutretto' (§2), then treated in greater detail the deuteron problem (§3),

the b-decay theory in general (§5), and the annihilation (§6), creation (§7), and

absorption of U-quanta (§8); ®nally (in §9), the spin and magnetic moment of

the vector object were discussed (Yukawa, Sakata, Kobayashi, and Taketani,

1938). With this four-man paper `On the Interaction of Elementary Particles. IV,'

Yukawa et al. completed the pioneering work begun in Osaka in fall 1934, though

the authors (and their students) would continue to contribute in subsequent years

a series of further theoretical investigations on special problems in this funda-

mental ®eld of high-energy nuclear forces. For instance, the b-decay lifetime of the

Yukawa particle received great attention after 1938, when the ®rst experimental

estimates became available. In particular, Hans Euler and Werner Heisenberg (in

Leipzig) developed methods to analyze the absorption data of cosmic radiation in

di¨erent mediaÐlarger absorption of the intensity was obtained in air as com-

pared to denser water of the same `e¨ective thickness!'Ðand derived a decay time

of the `hard component' particle of t � 2:7� 10ÿ6 s (Euler and Heisenberg, 1938,

p. 42).1068 When Heisenberg wrote about the result to Yukawa (in a letter dated

16 June 1938), the latter replied promptly on 15 July:1069 `It is a pity that there

1067FroÈhlich et al. (1938) also emphasized that in the scalar theory the magnetic moments of proton
and neutron turned out to be zero.

1068The authors assumed, as did most experts at the time, that the penetrating `hard' component
consisted of heavy electrons or Yukawa particles.

1069See the Yukawa correspondence preserved in the Yukawa Hall Archival Library.
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was an error of a factor 2 in our calculations [i.e., Yukawa, Sakata, and Taketani,

1938, p. 339], so that the lifetime for the heavy electron with mass mU � 100me

becomes 0:25� 10ÿ6 s, which makes the situation a little worse.'1070 The discrep-

ancy of a factor of at least 10 in the lifetime between theory and experiment re-

mained, though Yukawa expressedÐin a letter to Proca on 12 December 1938Ð

the hope that `the matter will be settled, when the cloud chamber photograph

showing the ejection of the fast electron with the predicted energy from the end (in

the gas) of the track of the mesotron will happen to be obtained,' referring here to

a French observation which Proca had reported to him. Yet, neither the ®nal

analysis of this observation, nor of further ones carried out by Bruno Rossi and

Franco Rasetti in the USA between 1939 and 1941 improved the theoretical situ-

ation. However, the very idea of the decaying cosmic-ray particle, as ®rst treated

in the literature by Bhabha, together with the ®rst determination of its decay time

(by Euler and Heisenberg) led immediately to an enormous progress in cosmic-ray

physics, and HeisenbergÐin a lecture delivered in Hamburg on 1 December

1938Ðstressed optimistically:

Actually, we can then understand the entire experimental material [on the ``hard''
component]Ðfor the time being, rather qualitatively. We may therefore rightly expect
that we nowÐwith the discoveries of recent years, notably that of the positron and
®nally also of the mesotron with its ®nite lifetimeÐhave gained the key to a complete
understanding of the nature of cosmic rays. (Heisenberg, 1939a, p. 42)

During the year 1939, the theoretical work on the entire ®eld (involving nuclear

forces and cosmic-ray phenomena) increased immensely (see Brown and Rechen-

berg, 1996, Chapter 9). The Japanese and European physicists were ®nally joined

in their e¨orts by their colleagues in the United States, and a lively scienti®c ex-

change between Europe, Asia, and America, went on in that period just before the

outbreak of the European (in September 1939) and World War (two years later).

At that time, even more complex ®eld theories were proposed for the `heavy elec-

trons,' `mesotrons,' or `mesons,' e.g., the mixed vector-pseudoscalar theory of

Christian Mùller and LeÂon Rosenfeld (1939, 1940) in Copenhagen. Besides quan-

titative discrepancies between theory and experimentÐwhich extended beyond the

lifetime problem, say, in the description of cross sections of reactions involving

mesotronsÐthe fundamental divergence di½culties, known already from quantum

electrodynamics (and the Fermi-®eld theory) emerged clearly from these investiga-

tions. In view of the new vector-meson theory, one is reminded of the letter which

Pauli wrote to Weisskopf on 13 January 1938 (cited earlier), in which he stressed:

Notably . . . the self-energies and magnetic moments of the particles also become
in®niteÐmore strongly, by the way, than in quantum electrodynamics. (Heitler has
made computations on the magnetic moment of the proton and neutron in such

1070For details of the story of mesotron's decay-time between 1937 and 1941, see Brown and
Rechenberg, 1996, Chapter 8.
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theories, which partly rest on omissions, partly on wild cuto¨ manipulations.) Hence
we have, of course, arrived again where we always got stuck since 1930, namely at the
in®nities of quantized ®eld theories. (Pauli, 1985, p. 549)

And on 10 May 1938, he remarked to Heisenberg: `Meanwhile I have read

Yukawa's paper [III] and am satis®ed with it; so far the theory does not diverge

(as in the case of the magnetic moment of the neutron).' (Pauli to Heisenberg,

1985, p. 573) Similarly, Heitler, the pioneer of the vector-®eld theoryÐwhom

Pauli criticized hereÐwas aware of the fact that the new scheme provided only

`a qualitative explanation of a number of cosmic ray facts connected with the

penetrating radiation,' because: `For higher energies the theory leads to serious

mathematical di½culties (diverging self-energy, diverging nuclear forces of higher

order, etc.' (Heitler, 1938, p. 529)

Heisenberg responded to such statements with two papers in 1938, one `UÈ ber

die in der Theorie der Elementarteilchen auftretende universelle LaÈnge (On the

Universal Length Entering into the Theory of Elementary Particles)'Ðsubmitted

in January for the issue of Annalen der Physik commemorating Max Planck's

80th birthday (Heisenberg, 1938a)Ðand the other entitled `UÈ ber die Grenzen der

Anwendbarkeit der bisherigen Quantentheorie (On the Limitation of the Applica-

bility of the Present Quantum Theory)'Ðreceived on 24 June by Zeitschrift fuÈ r

Physik (Heisenberg, 1938b). The main argument put forward by Heisenberg was

the following: In the ®eld theories of nuclear forces (as in quantum ®eld theory in

general), a universal length r0 � e2=mc2 � 2:81� 10ÿ13 cmÐthe classical electron

radius, which agreed closely with the Compton wavelength of the Yukawa or

cosmic-ray particleÐplayed a fundamental role. In their correspondence, Pauli

criticized certain parts of the ®rst paper as being `sloppy,' but agreed with the im-

proved presentation in the second paper. When in spring 1939, Heisenberg was

asked to prepare a report on `general problems, limitations of the present theory,

and the concepts of elementary particle' (see Heisenberg to Pauli, 20 April 1939, in

Pauli; 1985, p. 629), he wroteÐafter deliberating on the contentsÐto his critical

friend:

I have found out that a considerable part deals with questions which you know better
than I do. Hence I want to ask you whether you have got the time and interest in
taking over this part. (Heisenberg to Pauli, 23 April 1939, in Pauli, loc. cit., p. 634)

He then sketched in his letter a programme consisting of three parts: 1. General

Properties of Elementary Particles; 2. The Speci®c, Empirical Forms of Inter-

actions and Their Consequences; 3. The Limitations of the Present Theory. `You

see from this programme that I would like to leave Section 1 to you, of which you

understand much more, and which I just would have to copy laboriously [anyway]

from you and Fierz,' he concluded (Heisenberg to Pauli, 23 April 1939, in Pauli,

loc. cit.). Pauli agreed to the proposal and prepared his part, while Heisenberg was

freed to concentrate on his specialty.
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Actually, for Section 2 of his above-mentioned programme, he separated

quantum ®eld theories into two classes:

(1) The interaction term in the Hamiltonian contains, besides the wave functions
involved, only a dimensionless numerical factor Z. Then this numerical factor Z

must be f1, so that in the present stage of the theory the introduction of this
interaction can be connected at all with any clear physical meaning.

(2) The interaction term contains, besides the wave function, a constant of the
dimension of the power of a length. In this case the interaction may be considered
as a small interaction only if particles of small energy are involved. . . . For high-
energy particles nothing can be derived at the moment from the interaction
expression, because in that case the problem of interaction cannot be separated
from the problem of the mass of the particles, hence the quantum-theoretical
methods fail at present. (See Heisenberg, 1984a, p. 347)

Among the known quantum ®eld theories, quantum electrodynamics had to

be considered as a typical Class-1 theory (at least if not too high energy and

momentum transfers were involved). On the other hand, Heisenberg emphasized:

The most interesting example for an interaction of the second class is provided by
Yukawa's theory of the mesotron. If one wants to explain the forms of interac-
tions between the nuclear constituents, as derived from experience, with the help
of Yukawa's theory, then one must introduce this ®eld . . . as a vector ®eld (hence
assume spinÿ1q mesotrons), and one has to admit in the interaction between the
Yukawa ®eld with nuclear constituents) terms containing a dimension of length (in
contrast to Maxwell's theory). (Heisenberg, loc. cit., p. 351)

Such Class-2 theories possessed, as Heisenberg explained in a slightly simpli®ed

vector-®eld theoryÐwhich Homi Bhabha had proposed in a letter to Nature on 17

December 1938 (Bhabha, 1939)Ðseveral peculiar properties, namely, in particu-

lar, that `the interaction is a small perturbation only if particles of small energy are

involved,' and `in the Yukawa theory [the root of the numerical factor] l is of the

order of magnitude
1

k
� q

mmeson

@ 2� 1013 cm' (Heisenberg's report intended for

the 1939 Solvay Conference; Heisenberg, 1984a, p. 352). Now, for the description

of (static) nuclear forces the condition of small energy might be satis®ed, Heisen-

berg wrote, but for large energies the interaction term (involving the factor l 2)

would clearly dominate the Hamiltonian and then `the usual quantum-theoretical

treatment fails' (Heisenberg, loc. cit., p. 353). As an immediate consequence, then

followed the breakdown of any perturbation-theoretical treatment for energies

determined by k0 (i.e., the energy, up to factors h and c) > 1/l, and this fact would

show up in cosmic rays by the occurrence of explosive multiparticle production,

Heisenberg concluded.1071 The debate on the role of a fundamental length l in

1071Heisenberg discussed the formation of explosive showers in the vector-meson theory, or in
Bhabha's simpli®ed model, respectively, in his paper `Zur Theorie der explosionsartigen Schauer in der
kosmischen Strahlung.II (On the Theory of Explosion-Like Showers in Cosmic Radiation II),' which he
had submitted in early May 1939 to Zeitschrift fuÈ r Physik (Heisenberg, 1939b).

IV.5 High-Energy Physics: Elementary Particles and Nuclear Reactions (1932±1942) 957



meson theory and the description of cosmic-ray showers was carried on in a quite

attentive manner at the `Symposium on Cosmic Rays' in Chicago in June 1939, in

which Heisenberg participated and where he gave a talk (Heisenberg, 1939c); this

debate would be resumed again and again in later years.1072

In Part 3 of his intended Solvay report, entitled (in English translation) `The

Limitations of the Present Theory,' Heisenberg largely followed the items dis-

cussed in his second paper of 1938. He proposed to consider the two regions for

high-energy processes: ®rst, those in which the energy and momentum changes

could be considered small, or in relativistic formulation,

j� pI ÿ pII �2 ÿ �p0
I ÿ p0

II �2jf
q
r0

� �2

; �767�

here, the available quantum-mechanical formalism should apply. In the second

region, determined by the relativistically invariant condition

j� pI ÿ pII �2 ÿ �p0
I ÿ p0

II �2jg
q
r0

� �2

; �767a�

the quantum-mechanical description broke downÐand the theoreticians occa-

sionally tried to work with a `cuto¨ '-prescription; in this case, certain phenom-

enaÐsuch as explosive multiparticle productionÐshould occur. Heisenberg

warned, however, not to interpret too naively the concept of the fundamental

length, as he wrote:

According to Eq. [(767a)] one might, at ®rst sight, guess that it makes no sense at
all to talk about lengths which are small compared to r0. Such a conclusion would
certainly not be justi®ed; because, even if in processes of the type [(767a)] totally new
phenomena show up, it is always possible in principle to determine, say, wavelengths
that are small compared to r0 with di¨raction phenomena, without at all involving
processes of the type [(767a)]. It constitutes a di¨erent question whether one can
determine the position of a particle more accurately than to the order r0. Whether this
is possible can only be decided once the new phenomena are exactly known which
occur in the region given by [(767a)]. (Heisenberg, 1984a, p. 355)

Finally, Heisenberg sketched a few suggestions about the concepts that might be

used for describing the new processes for the second region.

In contrast to Parts 2 and 3 of Heisenberg's intended Solvay report, which

focused on the most problematic, unsolved questions of elementary particle theory

at the end of the 1930s, PauliÐin Part 1, dealing essentially with the properties of

free particlesÐpresented some ®rm results obtained essentially during the previous

1072For a historical account of explosive showers in cosmic rays, see Cassidy, 1981, and Brown and
Rechenberg, 1991a.
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two years by himself and his main collaborator and assistant Markus Fierz, on the

one hand, and Frederick Joseph Belinfante of Leyden, on the other.1073 Already

when formulating previously the `anti-Dirac' theory, Pauli had foundÐcontrary

to expectationÐthat the scalar ®elds could not be consistently quantized accord-

ing to the anti-commutation rules (Pauli and Weisskopf, 1934, see above). After

his assistant Kemmer left in 1936 for England, Pauli gained the collaboration as

assistant for several years (until 1940, when he went to Princeton for the duration

of World War II) of Markus Fierz, a very able and devoted helper in analyzing

and investigating systematically the available quantum ®eld theories. Fierz, who

had worked for his doctorate under Gregor Wentzel, which he obtained in early

1936 with a thesis on the b-decay of arti®cially produced proton±neutron tran-

sitions, began his work with Pauli by studying all possible invariant forms of the

matrix elements in b-decay according to Fermi's theory (without derivatives of the

Konopinski±Uhlenbeck type) and their consequences (Fierz, 1937). He then

assisted Pauli in work on the infrared divergence, which the latter presented in

October 1937 at the Galvani Bicentennial Celebration in Bologna (Pauli and

Fierz, 1938). At the DeleÂmont meeting of the Swiss Physical Society in spring

1938, Fierz spoke on some of his results [`UÈ ber die relativistische Theorie fuÈr Teil-

chen mit ganzzahligem Spin sowie deren Quantisierung (On the Relativistic Theory

for Particles with Integral Spin and Its Quantization),' Fierz, 1938], and in Sep-

tember of that year, he submitted his Habilitation thesis to ETH, entitled `UÈ ber die

relativistische Theorie kraÈftefreier Teilchen mit beliebigem Spin (On the Relativistic

Theory of Free Particles with Arbitrary Spin),' which was published in the fol-

lowing January issue of Helvetica Physica Acta (Fierz, 1939). Then, at the Brugg

meeting of the Swiss Physical Society in May 1939, Pauli and Fierz presented a

short report [`UÈ ber relativistische Feldgleichungen von Teilchen mit beliebigen Spin

in elektromagnetischen Felde (On the Relativistic Field Equations of Particles

of Arbitrary Spin in an Electromagnetic Field),' Pauli and Fierz, 1939], and they

communicated a more detailed paper with essentially the same title to the Pro-

ceedings of the Royal Society (Fierz and Pauli, 1939). We shall now turn to the

contents of these investigations dealing with the spin and statistics connections of

relativistic quantum ®elds.

Markus Fierz began in spring 1938 by investigating the case of a relativistic

tensor ®eld of degree f, satisfying conditions like a continuity equation and a sec-

ond-order wave equation. When applying the rules of quantum dynamics, Fierz

could associate with the ®elds particles of integral spin f �h=2p� and mass; he fur-

ther established relativistically invariant commutation relations by generalizing

those of spin-zero particles (in the Pauli±Weisskopf scheme) and showed that the

particles obeyed Bose statics (Fierz, 1938). In his Habilitation thesis, Fierz then

treated again, in the interaction-free case, also the generalized spinor ®elds of

1073Actually, Pauli split his report into two chapters, of which the ®rst was devoted to general
considerations and the second to the discussion of special cases (see the programme reproduced in
Pauli, 1985, p. 664).
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Dirac (1936) associated with particles of half-integral spin; by using the spinor

calculus of the Leipzig mathematician Bartel Van der Waerden (1932), he arrived

at the results:

Particles with integral spin must always satisfy Bose statistics and particles with half-
integral spin Fermi statistics. Force-free wave ®elds having spinU 1 are already
distinguished by the singular fact that their charge density and energy density are
uniquely de®ned, gauge-invariant quantities; for higher spins only the total charge
and total energy satisfy these requirements. (Fierz, 1939, p. 3)

In a letter to Paul Dirac, dated 11 November 1938, Pauli informed him that `Fierz

has a long paper in press, where he can show that no di½culties arise by the

quantization of these equations, so long as no interaction between the particles (or

with other particles' electromagnetic ®eld) is taken into account,' and continued:

`Recently, however, we investigated more clearly the question of this interaction

and came to quite di¨erent results.' (Pauli, 1985, p. 607). He then mentioned three

di½culties that might occur in the case of higher spins: (i) Dirac's substitution

pm ÿ �e=c�Am for pm [i.e., the four-momentum of the free particle pm, and the same

momentum in the presence of an electromagnetic ®eld having the four-potential

Am] did not apply for particles with spin > 1; (ii) the equations for higher-spin

particles would at least describe two types of particles which could make tran-

sitions into each other; (iii) for higher spins, at least one type of particles assumed

negative energies, hence `no elementary particle (at least with non-vanishing rest

mass) with a spin greater than 1 can exist,' Pauli concluded (Pauli, loc. cit.).

While Pauli and Fierz tried to cope with the extra, negative-energy particlesÐ

they especially formulated conditions to suppress these objects (Pauli and Fierz,

1939; Fierz and Pauli, 1939)ÐBelinfante, a student of Hendrik Kramers's,

entered into the fray by applying certain new mathematical methods and physical

concepts in the theory of elementary particles; in particular, he introducedÐ

instead of the well-known tensor and spin calculusÐa di¨erent scheme of mathe-

matical quantities, which he called `undors' and which could describe both inte-

gral-spin and half-integral spin ®elds (Belinfante, 1939a). The undors were related

to Dirac spinorsÐdenoting essentially the outer products of the latterÐand they

(the Dirac spinors) just became `undors of the ®rst rank.' Belinfante then wrote

the di¨erent existing relativistic wave equations, such as that for vector mesons, in

terms of his undor-formalism, and he noticed in particular that, e.g., the second-

rank undor might be decomposed into a scalar and a pseudoscalar, a vector and

an axial-vector, and a symmetrical tensor, thus unifying the possible descriptions

of wave ®elds with spin up to 2�h=2p� (Belinfante, 1939b, c). This formalism per se

added little to the already known results of the di¨erent theories, which had been

proposed at the time to describe Yukawa's U-quanta, but it supported the con-

sideration of the new physical concept of charge conjugation in particle physics.

Thus, in particular, Belinfante wrote:
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To one description of the Dirac particles, mesons, neutrettos [i.e., neutral mesons as
demanded especially by Yukawa and Kemmer in 1938] and the electromagnetic ®eld
by undor wave functions[, etc.,] there is an equivalent charge-conjugated descrip-

tion. . . . [which] suggests a kind of symmetry between the two ways of describing
physical situations. By way of hypothesis one might assume that such a symmetry is a
fundamental property of nature. We shall call this property charge conjugation. (Be-
linfante, 1939b, pp. 881±882)

Belinfante then made use of the new symmetry concept to determine physically

meaningful quantities in particle physics and stated:

We shall show here that the postulate of charge invariance implies directly that pho-
tons and neutrettos must be neutral, that Dirac electrons must obey Fermi statistics
and that mesons must obey Einstein-Bose statistics. The interesting fact is that this
statistical behaviour of particles and quanta follows much more directly from the
postulate of charge invariance than from postulates concerning the positive character
of the total energy of free particles or quanta. (Belinfante, loc. cit., p. 882)

In the following investigation `On the Statistical Behaviour of Known and

Unknown Elementary Particles' (submitted in December 1939 and published in

the March 1940 issue of Physica, the article having been written in English, with

an abstract in German), Pauli and Belinfante joined forces. They ®rst stated the

three postulates which determined the statistics in the relativistic theories of (free)

elementary particles, namely:

(I) The energy is always positive,
(II) Observables at di¨erent space-time points commute for space-like distances,

(III) There exist two quivalent descriptions of nature, in which the elementary
charges have opposite sign, and in which corresponding ®eld quantities trans-
form in the same way under Lorentz transformations. (Pauli and Belinfante,
1940, p. 177)

Pauli and Belinfante then demonstrated that, in the general case of undors having

the same rank, postulate (III)Ðinvolving Belinfante's charge symmetryÐwould

not su½ce to determine the statistics of the associated particles; however, the pos-

tulates (I) or (II), respectively, would always do. On the other hand, in the hitherto

considered cases of spin-0, spinor (i.e., spin-1
2), and vector ®elds, the postulate (III)

indeed ®xed the statistical behaviour, as Belinfante had previously claimed (Pauli

and Belinfante, 1940).

Since the planned Solvay Conference of October 1939, for which Pauli (and

Heisenberg) had written reports, was cancelled because of the outbreak of the

European War in September, Pauli published the results of his contribution in the

following years. In the ®rst paper, entitled `The Connection between Spin and

Statistics' and submitted from Princeton (where Pauli had moved in spring 1940)

to Physical Review in August 1940, he summarized the conclusions derived
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from the collaboration with Markus Fierz and Frederick Belinfante (Pauli, 1940).

Especially from the postulates (I) and (II) he obtained the two results:

For integral spin the quantization according to the exclusion principle is not possible. . . .
On the other hand, it is formally possible to quantize the theory for half-integral spins
according to Einstein-Bose statistics, but . . . the energy of the system would not be

positive. (Pauli, loc. cit., p. 722)

Pauli published an even more extensive report in the July 1941 issue of Reviews of

Modern Physics (Pauli, 1941). In Part II of this comprehensive paper (called `an

improved form of an article written for the Solvay Congress, 1939, which has not

been published in view of the unfavorable times,' Pauli, loc. cit., p. 203, footnote),

Pauli also discussed the interaction of spin-0, spin-1
2, and spin-1-particles with an

external electric ®eld. Since his work with Fierz on this problem in 1939, several

theoreticians in Europe and the United States had become interested in the elec-

tromagnetic properties of particles described by di¨erent relativistic wave equa-

tions, such as the cross sections of some electromagnetic processes involving

charged particles of various spins.1074 In his 1941 paper, Pauli thus summarized

the status (achieved before the European War turned into World War II) of that

aspect of elementary particle theory, which referred mainly to the consistent de-

scription of the properties of free elementary particles and their interaction with

the external electromagnetic ®elds.

As mentioned earlier, toward the end of the 1930s, Paul Dirac had attempted

to formulate a new classical basis for a more consistent, i.e., less divergent de-

scription of the electron and its behaviour (Dirac, 1938b). Three years later, he

addressed the problem of the divergences in the existing quantum ®eld theories

from a new, quite di¨erent, point of view in his Bakerian lecture delivered on 19

June 1941. Evidently, he said, the modern developments of atomic theory had led

so far to `a satisfactory nonrelativistic quantum mechanics;' hence, it seemed to

him obvious to associate the divergence problem in relativistic theory not with an

inappropriate mathematical description of the physical facts, as was usually done,

but he rather suggested:

In extending the theory to make it relativistic, the developments needed in the mathe-
matical scheme are easily worked out, but the di½culties arise in the interpretation. If
one keeps to the same basis of interpretation as in the nonrelativistic theory, one ®nds
that particles have states of negative kinetic energy as well as their usual states of
positive energy, and, further, for particles whose spin is an integral number of quanta,
there is the added di½culty that states of negative energy can occur with a negative
probability. (Dirac, 1942, p. 1)

Evidently, Dirac here repeated some of the same di½culties, which he had criti-

cized since 1926 against the Klein±Gordon equation, and which had guided his

1074For a historical account, see Brown and Rechenberg, 1996, Section 10.6.
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path to the relativistic spinor equation for the electron. While most problems of

the scalar equation had been formally overcome by reinterpreting the density with

the inde®nite sign as a charge density (which could be associated with particles of

opposite sign), in Dirac's electron theory, also the problem of negative energy

states showed up: They had to be suppressed by invoking the Dirac sea and the

hole theory. However, this theory had not succeeded in solving the divergence

problems of QED completely, in spite of achieving some moderate success in oc-

casionally reducing the degree of divergence. Now, in 1941, Dirac proposed to

forget about these previous limited successes entirely as being unsatisfactory and

`extremely complicated,' and rather suggested the following interpretation of the

electron and photon situations, respectively:

The simple accurate calculations that one can make [in the case of the electron
theory] apply to a world which is almost saturated with positrons, and it appears to
be a better method of interpretation to make the general assumption that transition
probabilities obtained for this hypothetical world are the same as in the actual world.

With photons one can get over the negative-energy di½culty by considering the
states of positive and negative energy to be associated with the emission and absorp-
tion of a photon respectively, instead of, as previously, with the existence of a photon.
The simplest way of developing the theory would make it apply to a hypothetical
world in which the initial probability of certain states is negative, but transition
probabilities calculated for this hypothetical world are found to be always positive,
and it is quite reasonable to assume that these transition probabilities are the same as
those in the actual world. (Dirac, loc. cit.)

For demonstrating how his new interpretation worked, Dirac investigated

the situation in quantum electrodynamics involving n photons. If one tried to solve

the wave equations involving them, thenÐin generalÐdivergent integrals over

frequencies n of the form�y
0

f �n� dn; with f �n�@ nn for large n; �768�

arose. Dirac now emphasized that one could `build up a form of quantum elec-

trodynamics symmetrical between positive and negative energy photon states,'

which implied similar equations as the old one but led to integrals of the type

��y
ÿy

f �n� dn; �768 0�

instead of Eq. (768); hence, `the divergencies with odd n values all cancel out'

(Dirac, loc. cit., p. 13).1075 Thus, a new form of QED emerged, in which the

1075Those with even n-values might be avoided by a suitable limiting process in the classical theory
(Dirac, 1938b; 1939a).
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quantum-theoretical operators corresponding to real dynamical variables in the

classical theory were no longer self-adjoint. Instead of being bothered by such

hitherto unusual perspectives of his ingenious `cutting the Gordian knot' of quan-

tum ®eld-theoretical divergences, Dirac rather examined the consequences from

`the new hypothetical world,' which he assumed to yield the same probability co-

e½cients as the real world, ®nding indeed: `When applied to elementary examples,

it gives the same results as Heisenberg and Pauli's quantum electrodynamics with

neglect of the divergent integrals.' (Dirac, loc. cit., p. 17)

The `new method of ®eld quantization' would attract, as soon as it appeared in

spring 1942, especially the attention of Wolfgang Pauli in America. In a report for

Reviews of Modern Physics, which Pauli called a kind of continuation of his earlier

one on the spin-statistics connection in quantum ®eld theory (Pauli, 1941), he

pointed out that Dirac `uses an inde®nite metric in the space of quantum states'

(Pauli, 1943, p. 175). Although he considered Dirac's procedure as by no means

supplying `a consistent and complete system of relativistic quantum ®eld theoryÐ

it even led to obviously wrong conclusions'Ðhe confessed in a letter to Homi

Bhabha in India: `Nevertheless it seems to be very interesting.' (Pauli to Bhabha,

16 March 1943, in Pauli, 1993, p. 179)1076

(d) Nuclear Forces and Reactions: Transmutation, Fusion,

and Fission of Nuclei (1934±1942)

The discovery of arti®cial radioactivity by IreÁne Curie and FreÂdeÂric Joliot (when

bombarding boron nuclei with a-particles in early 1934)Ðsee Section IV.3Ð

stimulated Enrico Fermi to use neutrons in order to produce similar e¨ects; he

thought that even the available weak neutron sources should be e¨ective because

the neutral particles are not repelled by the positively charged nuclei. The experi-

ments began in March 1934 and were undertaken by Franco Rasetti, the expert on

neutrons in Fermi's institute, but at ®rst they did not yield results. As Emilio SegreÁ

recalled:

Rasetti then left for vacations in Morocco and Fermi continued the experiments. He
had the idea, essential for the success, of replacing polonium-plus-beryllium source
with a much stronger radon-plus-beryllium source. Radon could be employed
because beta and gamma radiation would not interfere with the observation of a
delayed e¨ect. Professor G. C. Trabacchi had a radon plant and gave the material to
Fermi. . . . Radon-plus-beryllium sources were prepared by ®lling a small glass bulb
with beryllium powder, evacuating the air, and replacing the air with radon. The
sources decayed with the half-life of radon, 3.82 days. When Fermi had his stronger
neutron source, he systematically bombarded the elements in order of increasing

1076Dirac's method of the inde®nite metric would be widely used in the following decades. In 1972,
Heisenberg would write a review article on `Inde®nite Metric in State-Space' for the Dirac Festschrift
(Heisenberg, 1972).
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atomic number, starting with hydrogen and following with lithium, beryllium, boron,
carbon, nitrogen and oxygen, all with negative results. Finally, he was successful in
obtaining a few counts on his Geiger-MuÈller counter when he tried ¯uorine. (SegreÁ,
1970, p. 73)

In spite of the still comparatively weak neutron source and the primitive counter

available, Fermi submitted a short letter already on 25 March 1934, to Ricerca

Scienti®ca, announcing a positive result (Fermi, 1934c), the ®rst of a series on the

topic in this journal. Soon afterward, on 10 April, he also sent a letter to Nature

which appeared under the title `Radioactivity Induced by Neutron Bombardment'

in the issue of 19 May (Fermi, 1934d).

In order to push further the investigations in this new ®eld of research, Fermi

asked Edoardo Amaldi and Emilio SegreÁ to assist him and ordered Rasetti to

come back from Morocco: In addition, they obtained the assistance of Oscar

d'Agostino, a chemist from Trabacchi's laboratory, who had acquired knowledge

of radioactivity during his stay in Paris with Marie Curie. This team from Rome

communicated almost weekly letters to Ricerca Scienti®ca and sent preprints of

these letters to colleagues abroad. Thus, Ernest Rutherford acknowledged the

receipt of one of these preprints on 23 April, and congratulated Fermi on `your

successful escape from the sphere of theoretical physics' (quoted in SegreÁ, 1970,

p. 75). Soon, Fermi submitted another letter to Nature, in which he reported fur-

ther results, especially:

As a matter of fact, it has been shown that a large number of elements (47 out of 68
examined until now) of any atomic number could be activated, using neutron sources
consisting of a small glass tube ®lled with beryllium powder and radon up to 800
millicuries. This source gives an yield of about one million neutrons per second.
(Fermi, 1934e, p. 898)

After explaining the methods of detecting the induced activity, he continued:

It seemed worth while to direct particular attention to the heavy radioactive elements
thorium and uranium, as the general instability of nuclei in this range of atomic
weight might give rise to successive transformations. For this reason an investigation
of these elements was undertaken by the writer in collaboration with F. Rasetti and
O. d'Agostino.

Experiments showed that both elements, previously freed of ordinary impurities,
can be strongly activated by neutron bombardment. . . . A rough survey of thorium
activity showed in this element at least [the occurrence of ] two periods [of decay].

Better investigated is the case of uranium; the existence of periods of about 10 sec,
40 sec, 13 min, plus at least two more periods from 40 minutes to one day is well
established. (Fermi, loc. cit., p. 899)

Though `the large uncertainty in the decay curves due to the statistical ¯uctuations

makes it very di½cult to establish whether these periods represent successive or

alternative processes of disintegration,' Fermi concluded from the existence of a
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`13 minute-product from most of the heaviest elements' that it `suggests the possi-

bility that the atomic number of the element might be greater than 92' (Fermi, loc.

cit.). In fact, he claimed that chemical analysis would support the hypothesis that

it might be the new element No. 93, homologous to manganese and rhenium.

Hence, the title of Fermi's note (1934e) in Nature suggestively announced the

`Possible Production of Elements of Atomic Number Higher Than 92,' and the

same conclusion from the result of the uranium bombardment was reported in

later publications (e.g., the paper of Fermi, Amaldi, d'Agostino et al., which ap-

peared in the Proceedings of the Royal Society, 1934).

The discoveries of Fermi's team in Rome aroused much interest in the scienti®c

community, as can be discerned from the large number of letters received espe-

cially by Nature on the subject in summer 1934. Thus, the transmutation of light

to medium elements was con®rmed in the Cavendish Laboratory (Bjerge and

Weststedt, 1934a, b), and the ®rst theoretical explanations of the results on the

basis of a nuclear model (consisting mainly of a-particles and some extra neutrons

and deuterons) were o¨ered (Newman and Walke, 1934a, b; GueÂben, 1934).

On the other hand, in the 15 September issue of the well-reputed German jour-

nal Angewandte Chemie, Ida Noddack, co-discoverer of the element rhenium,

analyzedÐespecially from the chemical point of viewÐFermi's claim to have

created the transuranic element No. 93 (Noddack, 1934), and she concluded that

Fermi's method of proof was not `stichhaltig (conclusive),' since:

The fact that Fermi not only compares the known immediate neighbour of
uraniumÐprotactiniumÐwith his newly created b-radioactive substance, but includes
several elements down to lead, shows that he considers the possibility of a sequence of
decay processes (with the emission of electrons, protons and helium nuclei), which
®nally led to the formation of the radioactive elements with half-life of 13 minutes. If
he proceeds in this way, one cannot understand why he stops with lead, since the old
view that the uninterrupted sequence of radioactive elements stops with lead or better
with thallium (No. 81) has been rejected by the above-mentioned experiments of
Curie and Joliot. Fermi should have compared his new radio[active] element with all

know elements. (Noddack, loc. cit., p. 654)

After this general criticism, the chemist Ida Noddack speci®cally attacked the

method of chemical analysis pursued in Fermi's laboratoryÐusing nitric acid and

the precipitation with manganese dioxideÐbecause it might absorb some of

the substances produced in the reaction; hence, she again concluded: `The proof

that the new radioelement has the atomic number 93 is not completed at all.'

(Noddack, loc. cit.) Instead of Fermi's proposal, she now suggested a di¨erent

conclusion:

One may just as well assume that in this nuclear smashing by neutrons very di¨erent
``nuclear reactions'' occur than have hitherto been observed when protons and a-
particles hit atomic nuclei. In the latter mentioned irradiations only those nuclear
transformations are observed that imply the emission of electrons, protons and
helium nuclei, hence for heavy elements the mass of the irradiated atomic nuclei
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should also change only little, since neighbouring elements would result. It might be
conceivable [still] that in the bombardment of heavy nuclei with neutrons these nuclei
decay in several larger fractions which, though being isotopes of known elements, are
not neighbours of the irradiated elements. (Noddack, loc. cit.)

After raising more objections, Ida Noddack pleaded for further investigations

before one could consider element No. 93 as having really been found. However,

her arguments and warning did not attract much attention at that time; only Otto

Hahn and Lise Meitner, who carried out their own experiments on the neutron

bombardment of uranium at the Kaiser Wilhelm-Institut fuÈr Chemie in Berlin,

objected (to Noddack's conclusions) in a letter to Naturwissenschaften (dated 22

December 1934, and published in early 1935), though they did not mention Nod-

dack's name and arguments in detail (Hahn and Meitner, 1935). They argued, in

particular, that their analysis excluded all elements down to mercury, `hence it

becomes very probable that the 13- and 90-minute bodies [i.e., the radioactive

products emerging from neutron irradiation] constitute elements beyond 92' (Hahn

and Meitner, loc. cit., p. 38). This was the beginning of a story which would occupy

the nuclear physicists and nuclear chemists for the next four years, until it resulted

in the discovery of a new phenomenon: the ®ssion of the uranium nucleus.1077

Before the end of the year 1934, Enrico Fermi and his collaborators already

expounded upon a new discovery in the ®eld of nuclear bombardment. In a

note submitted to Ricerca Scienti®ca, dated 7 November, Fermi, Amaldi, Bruno

Pontecorvo, Rasetti, and SegreÁ (1934) announced an increase of the radioactivity

obtained if a layer of para½n (a few centimetres thick) was placed between the

neutron source and the irradiated substances, and they argued: `A possible expla-

nation of these facts seems to be the following: neutrons rapidly lose their energy

by repeated collisions with hydrogen nuclei. It is plausible that the neutron-proton

collision cross section increases for decreasing energy.' (Fermi, Amaldi, Ponte-

corvo et al., 1934, p. 283) This observation of the e¨ectiveness of slow neutrons for

stimulating transmutations played an important role in the later experimental and

theoretical investigations.

While the transmutation experiments, which constituted one important ingre-

dient for the theory of atomic nuclei, could be performed with neutrons obtained

from the irradiation of beryllium with a-particles from natural radioactive sources

available everywhere, the other important empirical result in nuclear physics

demanded the use of arti®cially accelerated protons, produced by the new de-

vices that had been constructed since 1931, especially in the United States. On 13

December 1935, the Physical Review received a detailed paper written by Milton

G. White from the Radiation Laboratory in Berkeley, California (headed by

Ernest Orlando Lawrence), in which he presented new results from the `Scattering

of High-Energy Protons in Hydrogen' (White, 1936). White reported that he had

1077For a chronology of the events and the later developments to be reported below, see Rechenberg,
1988.
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analyzed 7340 photographs of the tracks of fast protons obtained with the cyclo-

tron in a Wilson cloud chamber and noticed `strong anomalies when the energy of

the incident proton exceeded 600 kV' as compared with Mott's wave-mechanical

treatment (White, loc. cit., p. 309), and he concluded from this evaluation: `If

further data are in substantial agreement with the above observed scattering then

the present theoretical ideas about intranuclear forces will have to be seriously

modi®ed.' (White, loc. cit., p. 316)1078 More than half a year later, a team from

Washington's Carnegie Institution, consisting of Merle A. Tuve, P. Heydenburg,

and Lawrence R. Hafstad, submitted the results of their proton±proton scattering

experimentsÐperformed with the Van de Graa¨ accelerator reaching proton

energies up to 1.2 MeV (devised earlier by Tuve, Hafstad, and Otto Dahl), and

analyzing the scattered protons with the help of slit systems in an ionization

chamberÐfor publication. In contrast to White who based his conclusions `on a

total of 18 observed particles at high angles with energies over 600 kV,' the ex-

perimentalists at the Carnegie Institution registered in their `®nal experiments a

total of 21,540 particles in the same region [notably, between 600 and 900 keV of

the incident proton beam]' (Tuve, Heydenburg, and Hafstad, 1936, p. 807). Thus,

as summarized in their abstract, they arrived at the following results:

At 600 kV the observed numbers at all angles are roughly two-thirds of the values
predicted by Mott's formula. The curves for this observed ``Mott ratio'' versus angle
change progressively as the voltage is increased and at 900 kV the observations show
two-thirds of the Mott value at 15�, 1.4 times Mott at 30�, and 4.0 times Mott at 45�.
Measurements of the scattering of protons by deuterium, helium, and air . . . have led
to the conclusion that the observed anomaly is not due to contamination and must be
ascribed to a proton-proton interaction at close distances (less than 5� 10ÿ13 cm)
which involves a marked departure from the ordinary Coulomb forces. (Tuve, Hey-
denburg, and Hafstad, loc. cit., p. 806)

The deviation of the observed proton±proton scattering data from the values

derived from Nevill Mott's well-known scattering formula (see Section III.7) evi-

dently contradicted one of the fundamental assumptions of nuclear theory,

namely, that the force between two protons in a nucleus was essentially Cou-

lombian. At the time of the experiments, several possibilities had been discussed,

such as whether corrections to the Coulomb potentials arising from the creation of

pairs (see Section IV.4) might not give rise to these deviations; moreover, the

Fermi ®eld theory, which implied that the proton occasionally be in a neutron-

electron state, should also cause deviationsÐhence, the situation appeared to be

quite unclear and complicated.1079 However, by early 1936, the experts favoured

the answer proposed by White and Tuve in their papers; thus, Pauli wrote on 24

February to Gregor Wentzel in Zurich:

1078White had already given the initial indications of these anomalies in a letter submitted for
publication in March 1935 (White, 1935).

1079For instance, White reported another attempt to explain his data: His theoretical colleague
Robert Serber introduced a phenomenological potential and obtained for its depth a value of 17.2 MeV
(at close distances), which quite contradicted observed mass defects (see White, 1936, p. 316).
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I am just returning [to Princeton] from the New York meeting [of the American Phys-
ical Society, 21±22 February 1936] . . . where I also learned much about physics. There
were especially Tuve's new experiments on proton-proton scattering, the ®rst which are
reliable. In particular, he uses counters instead of the Wilson chamber to detect pro-
tons, hence the statistical ¯uctuation errors (which have rendered everything irregular
and uncertain in White's published experiments) are eliminated. The result is: one needs

additional attractive forces between two protons which are of the same order of magni-
tude as the forces between protons and neutrons. (Pauli, 1985, p. 441)

We should recall at this point that arguments had been given along that direction

in the previous year: Thus, Lloyd A. Young of the Carnegie Institute of Technol-

ogy had claimed in a letter of May 1935 to Physical Review and in a detailed paper

submitted in August 1935 `that the empirical data on the binding energies of the

heavy nuclei could be explained fairly well by taking all these possible interactions

[between nuclear constituents] of the same range and strength' (Young, 1935a;

1935b, especially, p. 913). Then, the careful analysis of Tuve and collaborators

decided the question directly, as they stated de®nitely:

A complete discussion of the theoretical signi®cance . . . may be summarized by the
statement that these proton scattering experiments demonstrate the existence of a
proton-proton interaction which is violently di¨erent from the Coulomb repulsion for
distances of separation of the order of 10ÿ13 cm. The measurements are qualitatively
in agreement, as regards magnitudes, variation with angle, and variation with volt-
age, with a simple phase shift of the spherically symmetrical de Broglie wave (``S
wave'') due to the collision or scattering, corresponding to a new force overpowering
the Coulomb repulsion, and give a rather accurate measure of the ``potential well''
which is therefore permissible as representing the interaction. Interestingly enough,
this potential well appears to be identical, within the limits of error of both determi-
nations, with the potential well which represents the proton-neutron interaction as
derived from the scattering and absorption of slow neutrons. Furthermore, the mag-
nitude of interactions thus determined by the scattering experiments is in very satis-
factory agreement with that used successfully for calculations of mass defects of light
nuclei. It thus appears that a real beginning has been made toward an accurate and
intimate knowledge of forces which bind the ``primary particles'' into heavier nuclei
so important in the structure and energetics of the material universe. (Tuve, Hey-
denburg, and Hafstad, 1936, pp. 824±825)

The detailed theoretical analysis, to which Tuve et al. referred, was provided by

Gregory Breit of the University of Wisconsin, Edward U. Condon of Princeton

University, and Richard D. Present of Purdue University in a paper prepared in

August 1936 for the `Tercentenary Conference of Arts and Sciences at Harvard

University.' By applying the standard theory of scattering in central ®elds, as a

phase-shift analysis in angular momenta L � 0; q; 2q of the experimental data, the

theoreticians concluded:

The experiments of THH [i.e., Tuve, Heydenburg and Hafstad] indicate an interac-
tion potential between protons equivalent to ÿ11:1 MeV in a distance of 2:82� 10ÿ13

cm acting in addition to a Coulombian repulsion. The potential agrees closely with
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that obtained from mass defect calculations which use a neutron-proton interaction
depending on spin orientation. Higher phase shifts than those for L � 0 are not called
for su½ciently de®nitely to make their existence certain.

The magnitude of the interaction between like particles in 1S states is arrived at
here with a relatively high precision. It is compared with the proton-neutron interac-
tion in the corresponding state as derived from the experiments of Fermi and Amaldi.
The proton-proton and proton-neutron interactions are found to be equal within the
experimental error. This suggests that interactions between heavy [nuclear] particles
are equal also in other states. (Breit, Condon, and Present, 1936, p. 845)

Thus, the charge independence of nuclear forces was established as a crucial ele-

ment of nuclear theory after the mid-1930s.

In the meanwhile, the application of nuclear theory to describe the increasingly

available data on the properties of nuclei had progressed steadily, starting from

Heisenberg's pioneering work in 1932.1080 In particular, the liquid-drop model

of Gamow, formulated in the language of the proton±neutron constitution of

nuclei served as the main tool. At the seventh Solvay Conference in October 1933,

Heisenberg had derived an expression for the exchange energy of a nucleus con-

taining n1 neutrons and n2 protons, namely,

Eex � h2

2M

4p

5

3

8p

� �5=3

�n5=3
1 � n

5=3
2 �Vÿ2=3 ÿ Vf

n1

V
;
n2

V

� �
; �769�

with V denoting the nuclear volume, M denoting the mass of the proton or neu-

tron, and f denoting a function of the neutron and proton densities, and had con-

cluded: `This shows that the exchange action introduced by Majorana leads, for

nuclear matter, to characteristic analogies to those of a liquid.' (Heisenberg,

1934a, pp. 306±307). The total energy could then be written as a sum of the ex-

change energy, Eq. (769), and the Coulomb energy of the protons in the nucleus

(Heisenberg, loc. cit., p. 310),

EC � 3

5

� �
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By evaluating the function f
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V
;
n2

V

� �
, Heisenberg had arrived at the energy of the

nucleus as

E
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� 0:00347n2 ÿ 0:0364n1 � 0:01211
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� �
� 10ÿ4 ��0:049�; �771�

1080For the following part, we refer to the detailed historical study of Stuewer, 1994, and for special
aspects to Rechenberg, 1993a.
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which ®tted Aston's mass defect data reasonably well. In Rome, Gian Carlo Wick

then improved upon the new version of the liquid drop model: He pointed to the

fact that the binding energy (771) should be reduced somewhat, because the par-

ticles at the nuclear surface would be attracted only by half as many particles as

those in the interior (Wick, 1934). A year later, Carl Friedrich von WeizsaÈckerÐ

while working on his Habilitation thesisÐpicked up the problem and, in early July

1935, submitted a paper entitled `Zur Theorie der Kernmassen (On the Theory of

Nuclear Masses)' to Zeitschrift fuÈ r Physik (von WeizsaÈcker, 1935a). He started

from the following ideas:

It has now become very probable that protons and neutrons are the only elementary
constituents of nuclei. Since the rest energies of these particles are large compared to
the binding energy of the nuclei, their movement in nuclei ought to be describable in
the ®rst approximation by nonrelativistic quantum mechanics. If the forces between
the elementary particles were known, it should be possible in principle to compute the
binding energies, i.e., the mass defects, of all atomic nuclei. Since the attempts to
determine these forces directly from a theory have not yet led to unique results, we
are for the moment directed to use the inverse procedure, namely to derive the
nuclear forces from the empirically known mass defects. (von WeizsaÈcker, loc. cit.,
p. 431)

In order to arrive at his goal of obtaining a satisfactory theory of nuclear

masses, von WeizsaÈcker selected the following data as the basis: `1. The mass de-

fects of the lightest nuclei �H2
1 ;H

3
1 ;He3

2 ;He4
2� increase extremely rapidly with the

particle number. 2. The mass defects of heavy nuclei increase about linearly with

the particle number. 3. The packing fraction (mass defect per particle) of the

lightest nuclei (up to about Fe) are not strictly constant but increase further

slowly. 4. The packing fractions of heavier nuclei decrease after being approxi-

mately constant [for medium heavy nuclei]. 5. Nuclei with even numbers of pro-

tons and neutrons are generally bound somewhat more strongly than those with

odd numbers.' (von WeizsaÈcker, loc. cit., p. 432) In order to ®t these facts into a

theoretical scheme, von WeizsaÈcker made use of the Majorana forces and the well-

known Thomas±Fermi approximation method for many-particle systems (which

Heisenberg had often made use of ) and derived a constant particle density for

in®nitely large nuclei, while for ®nite ones a `surface tension' existed, which de-

creased the binding energy toward the surface of the nucleus (von WeizsaÈcker, loc.

cit., p. 434). In addition, a quantum-theoretical e¨ect which avoided (on account

of the uncertainty relation) a discontinuous decrease of the nuclear density at the

surface had to be considered, thereby creating a `kinetic surface tension' which

even dominated the normal surface tension (of the classical liquid drop, see von

WeizsaÈcker, loc. cit., p. 435). All the terms added up ®nally to yield the expression

for the total energy:

E � �hc
10=3
0 ÿ f�c0��

N

c2
0

� zc2
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2
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where EC � 3

5

Ze2

r

� �
denoted the Coulomb energy of Z protons when evenly

distributed in a sphere of radius r, c2
0 denoted the constant Majorana density of

nuclear particles in the interior of the sphere, and f denoted Heisenberg's function

f, Eq. (769)Ðwhich could be written as a complicated function of the constants a

and b of the Majorana potential J�r� � a exp�ÿbr� and of c0. The constants h and

z were given by

h � 8ph2

5M

3

8p

� �5=3

and z � h2

4p2M
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Von WeizsaÈcker evaluated Eq. (772) by constructing tables; the numbers ob-

tained in them reproduced the dependence of the mass defects on atomic numbers

reasonably well, butÐas von WeizsaÈcker assumed, because of the de®ciency of the

Thomas±Fermi methodÐ`no quantitative conclusions could be derived from the

mass defects on the proton-neutron interaction'; hence, he called his theory `a kind

of phenomenological description of nuclear masses': It yielded the result `that the

nuclear energies can be considered at all as the sum of a term proportional to the

volume energy, one to the surface energy, and another to the Coulomb energy'

(von WeizsaÈcker, loc. cit., p. 443). Following further physical arguments, he

eventually arrived at the `semi-empirical' formula
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He determined the constants a, b, g, d, and r0 (i) by ®tting with the light-nuclei

data, or (ii) by ®tting with the values for heavy nuclei. He found both methods

to agree to some extent; in particular, they led to a reasonable `e¨ective radius'

parameter r0.

It should be emphasized that Hans Bethe, in Part A of his review of nuclear

physics (published with Robert Fox Bacher in the April 1936 issue of Reviews

of Modern Physics), used a `slightly simpler' form of the total energy of atomic

nuclei, namely,

E � NMn � ZMp ÿ aA� b�N ÿ Z�2=A� gA2=3 � 3

5

e2

r0

� �
Z2Aÿ1=3; �774�

where A, N, and Z denoted the atomic number, the number of neutrons, and the

number of protons, respectively, and Mn and Mp denoted the slightly di¨erent

masses of the nuclear constituents. Evidently, the nuclear radius became r0A1=3,
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and the (Bethe-Bacher) constants a, b, g and r0 were derived from the empirical

data (r0 � 1:48� 10ÿ13 cm,
3

5

e2

r0
� 0:58 MeV).1081 Formulae of the type (773) or

(774) were henceforth referred to as the `Bethe±WeizsaÈcker formulae.'

During the period between 1935 and 1937, the detailed description of the

nuclear constitution attracted the attention of more and more physicists. Besides

the `standard' liquid-drop model in its various forms, the alternative proposal ex-

isted, pursued especially by Walter Elsasser in Paris, for calculating the energy

levels of a neutron±proton system in a potential hole with in®nitely high walls;

thus, a shell structure of the nuclear particles could be derived that explained the

three `magic numbers' for the nuclear constituents, i.e., the relative abundance

of certain isotopes (Elsasser, 1933; 1934a, b).1082 On the other hand, Werner

HeisenbergÐin his last publication on nuclear structure, dealing with `Die Struk-

tur der leichten Kerne (The Structure of Light Nuclei)' and submitted to Zeitschrift

fuÈ r Physik in July 1935Ðsought to resolve the discrepancy between the values of

the parameters a and b of the Majorana potential gained from the semi-empirical

formula of von WeizsaÈcker and evaluated directly by Eugene Wigner (1933a). He

proposed to replace the Thomas±Fermi approximation method, which had been

preferred thus far and accounted badly for the data on light nuclei, by a Hartree±

Fock method (Heisenberg, 1935b). Heisenberg then described the eigenfunctions

of the nuclei by the product of suitable eigenfunctions for the individual protons

and neutrons, choosing for them those of the harmonic oscillator; thus, he indeed

arrived at a better agreement with the earlier descriptions of the helium nucleus

(see, e.g., Feenberg, 1935), but he also concluded:

A determination of the values of a and b individually (i.e., not just the relation
between a and b) from computations of the above type would, however, hardly be
possible at all. In order to obtain the values of the constants individually, one would
rather have to turn to more detailed features of the nuclear constitution, which de-
pend crucially on the single values of the constant (e.g., the mass defect of the deu-
teron). Moreover, the question whetherÐbesides the Majorana exchange forcesÐ
still other smaller forces (e.g., forces between equal particles) play a role in the con-
stitution of nuclei will only be answered by taking into account such re®ned features
of nuclear structure. (Heisenberg, 1935b, p. 484)

Heisenberg then asked one of his doctoral students to carry out such evalua-

tions in the case of the lightest nuclei (deuteron, triton, and a-particle): Heimo

Dolch indeed showed that, by taking slight variation of Eugene Feenberg's

potential, i.e.,

V�rik� � a exp�ÿb2r2
ik�P�ik�; �775�

1081 In obtaining Eq. (774), Bethe corrected a computational error in von WeizsaÈcker's formula
(773). (See the Interview of Hans Bethe, with Charles Weiner and Jagdish Mehra, 27±28 October 1966,
p. 18.)

1082A brief account of the development of the `shell model' of nuclear structure was given by Bethe,
1979, pp. 15±18.
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a ®t of the ground states of these nuclei seemed to be possible with one set of

parameters (Dolch, 1936).

For some years at Heisenberg's institute, a small group dealing with nuclear

theory and a detailed description of nuclear energy states continued to be

active.1083 In September 1935, von WeizsaÈcker also included the results of this

Leipzig group in his review talk on `Die fuÈr den Bau der Atomkerne maûgebenen

KraÈfte (The Decisive Forces Determining the Structure of Atomic Nuclei)'

(WeizsaÈcker, 1935b).1084 At the end of his lecture, von WeizsaÈcker referred to

certain `as yet unpublished calculations of the speaker' which extended the previ-

ous theory of nuclear forces:

To each dependence of the [nuclear] force on the mutual distance of particles, how-
ever, there also accompanies a dependence on the spin direction. The exact form of
this spin-spin and spin-orbit force depends on the special form of the chosen Ansatz;
in any case, it will essentially be larger than the in¯uence of the spin's magnetic mo-
ment [on the nuclear force]. This result implies that the coupling situation between
the di¨erent angular-momentum vectors of orbit and spin in the nucleus cannotÐas
in the theory of atomic shellsÐbe computed from the electric and magnetic forces.
Therefore, at the moment, no deductive theory of the nuclear spin is possible. On the
other hand, the spin systematics will now obtain an interest for the problem of
nuclear forces; perhaps at a later time exactly the empirical organization of nuclear
spins may contribute in deciding between the di¨erent forms proposed for the theory
of b-decay. (von WeizsaÈcker, loc. cit., p. 785)

In his Habilitation thesis, entitled `UÈ ber die SpinabhaÈngigkeit der KernkraÈfte

(On the Spin Dependence of Nuclear Forces)' and submitted to Zeitschrift fuÈ r

Physik in June 1936, von WeizsaÈcker then generalized the earlier considerations on

nuclear forces, especially by taking into account spins, with the goal of arriving at

a relativistic theory (von WeizsaÈcker, 1936b). As the conceptual basis of the

1083With the participation of Siegfried FluÈgge, who joined Heisenberg's institute in Leipzig in
1935, this group included the Chinese student Wang Foh-san, (occasionally) Hans Euler, Berndt Olof
GroÈnblum from Finland, and Harold Wergeland from Norway, and from Japan Satoshi Watanabe and
Sin-itiro Tomonaga. (For details, see Rechenberg, 1993a).

1084Carl Friedrich von WeizsaÈcker was born in Kiel on 28 June 1912, the son of a Navy o½cer (and
later diplomat and politician Ernst von WeizsaÈcker). He grew up in various German cities and abroad
(including The Hague, Basel, and Copenhagen), but completed his Abitur in Berlin in 1929; then, he
studied physics in Berlin, GoÈttingen, and Leipzig, obtaining his doctorate (under Heisenberg) in 1933
and his Habilitation in 1936. In fall 1936, he joined the new Kaiser Wilhelm-Institut fuÈr Physik in Berlin,
of which Peter Debye was then director, where he also became Privatdozent at the University (in 1937).
Until fall 1942, he participated in the German nuclear energy project, and then obtained an extra-
ordinary professorship of theoretical physics at the University of Strassbourg. In 1944, he returned
to Germany and was interned after the war in England until January 1946. From 1946 to 1957, he
directed the theory division at the Max Planck-Institut fuÈr Physik (the reconstituted Kaiser Wilhelm-
Institut) in GoÈttingen; then, he was appointed a professor of philosophy at the University of Ham-
burg. From 1970 to 1980, he served as director of the Max Planck-Institut zur Erforschung der Leb-
ensbedingungen der wissenschaftlich-technischen Welt, which he established in Starnberg near Munich.
He retired in 1980, but continued to do research, write books, give lectures, and take part in scienti®c
a¨airs.
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approach, he made use of the well-known (and generally accepted) Fermi ®eld

theory, which implied as an elementary process the transformation of a neutron

into a proton and the pair of light particles electron plus neutrino; he further

assumed that both the light nuclear particles and the heavy ones, protons and

neutrons, obeyed Dirac equations with the wave functions c, f and C, F, respec-

tively (and even the hole theory)Ða point of view which contrasted with the then

held majority opinion. Proceeding along these lines, von WeizsaÈcker derivedÐin

the nonrelativistic limit for the heavy nuclear particlesÐfour di¨erent forms of the

interaction term, Ha, Hb, Hc, and Hd , of which the ®rst two represented scalar

coupling between the ®elds and the other two vector coupling. Among the latter,

that is,

Hc � gS

�
sn�C�F�sn�c�f� dr� conjugate; �776�

Hd � gS

�
sn�C�c�sn�c�F� dr� conjugate: �776a�

Hc described the original Fermi-Ansatz, and Hd described the Heisenberg version

of the Majorana force. By summing over the spin indices of the light particles and

integrating over their momenta, von WeizsaÈcker arrived at expressions for the

`relativistic' proton±neutron potential in Pauli's spin approximation, which could

be expanded as a sum of terms of zeroth, second, and fourth order in the momenta

of the heavy particles proton and neutron. Finally, he derived the existence of the

Heisenberg and Majorana forces, and also the additional magnetic moments (as

compared to the standard ones obtained from the Dirac equation) of the proton

and neutron, having the order of magnitude

mc � 4peg2

5c2h5a3
and md � 6peg2

5c2h5a3
; �777�

with e denoting the charge of the exchanged electron or positron and g denoting

the coupling constant of Fermi's theory. If ah=2p were identi®ed with the nuclear

radii (which served as a cuto¨ in the strongly divergent expressions of the Fermi

®eld theory), the nuclear moments and the exchange forces turned out to be neg-

ligible; however, when ®tting the parameter a by inserting the empirical magnitude

of the exchange forces, the magnetic moments (777) also grew to assume nearly

the observed order of magnitude.

A little earlier than von WeizsaÈcker's Habilitation thesis, a monumental review

article appeared on `Nuclear Physics. A. Stationary States of Nuclei' in Reviews of

Modern Physics. The authorsÐHans A. Bethe and Robert F. BacherÐafter pre-

senting the essential nuclear data and deriving some qualitative conclusions, dis-

played in detail the theory of the lightest nuclei (deuteron to a-particle), and out-

lined the various descriptions of atomic nuclei (statistical and semi-empirical
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approximations for the heavy nuclei); then, they discussed the Fermi ®eld-

theoretical approach to nuclear forces and the description of nuclear moments

(Bethe and Bacher, 1936). In short, the account given hereÐas far as the theoret-

ical aspects were concernedÐmore or less dealt with the same developments

which von WeizsaÈcker addressed in his two major papers on nuclear theory of

1935 and 1936, thus exhibiting the simultaneity of theoretical interests in nuclear

physics on both sides of the Atlantic ocean, as represented by Bethe and von

WeizsaÈcker, respectively.1085 Soon, however, other physicists joined them. Con-

siderable stimulus was provided by the American experiments mentioned above,

which demonstrated the existence of attractive proton±proton forces, having the

same (exchange) character and magnitude as Heisenberg's proton±neutron force

of 1932. Around 10 August 1936, the Physical Review received four papers on

the topic: one, experimental, by Tuve, Heydenburg, and Hafstad (1936, already

mentioned), and three theoretical ones by Breit, Condon, and Present (1936, also

already mentioned), Cassen and Condon (1936), and Breit and Feenberg (1936).

While the ®rst theoretical paper of Breit, Condon, and Present contained an

analysis of the experimental proton±proton scattering data, yielding the result of

approximately equal magnitude of proton±proton and proton±neutron forces, the

latter two derived the consequences for the theory of nuclear forces. In particular,

Bernard Cassen and Edward Uhler Condon found: `The various types of exchange

forces that are being used in current discussions of nuclear structure may all be

simply expressed in terms of a formalism which attributes ®ve coordinates to each

``heavy'' particle and applies the Pauli exclusion principle to all the particles in

the system,' and further: `The simplest assumption for the interaction law is that

which implies equality of proton-proton and proton-neutron forces of correspond-

ing symmetry . . . in accord with the empirical knowledge of these interactions

at present.' (Cassen and Condon, 1936, p. 846) The ®fth coordinate mentioned

here was introduced by Heisenberg's description of protons and neutrons by the r-

matrix, later renamed the t-matrix. Cassen and Condon developed the t-matrix

formalism in detail and used it to express the di¨erent types of nuclear forces

considered so far: the ordinary Wigner potential �V� and the exchange potentials

of Heisenberg �H�, Bartlett �B�, and Majorana �M�. Thus, they obtained the most

general nuclear potential

U � V � VhH � VbB� VmM; �778�

1085Of course, important di¨erences showed up in the respective treatments of the various topics,
which could especially be noticed in the mathematical style and the use of experimental data. Thus, von
WeizsaÈcker employed more general formulae and less experimental details, while Bethe (with Bacher)
focused on experimental details and considered only the meticulous approximation methods. The same
di¨erence was characterized by the contents of von WeizsaÈcker's book Die Atomkerne, which he deliv-
ered to the publisher in September 1936 (von WeizsaÈcker, 1937a), when compared with the three
monumental review articles of Bethe (Bethe and Bacher, 1936; Bethe, 1937; Livingston and Bethe,
1937). Hans Bethe placed great emphasis on the reliability of the description of the available data, while
von WeizsaÈcker rather outlined the fundamental ideas and was occasionally criticized for slips in his
calculations (see, e.g., Pauli to Heisenberg, 24 November 1936, in Pauli, 1985, p. 479).
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expressed by the distance-dependent functions Vh, Vb, and Vm and the spin and

t-spin dependent speci®c operators H, B, and M. Cassen and Condon then de-

scribed the deuteron states, the capture of neutrons by protons and the proton±

proton scattering by their formalism. Breit and Feenberg proceeded in a similar

manner to obtain `a universal form of interaction for all nuclear particles'; i.e.,

Vij � f�1ÿ gÿ g1 ÿ g2�PM
ij � gPH

ij � g1 � 1� g2PS
ij gJ�rij�; �779�

where g, g1, and g2 were constants, PM
ij and PH

ij were the Majorana and Heisen-

berg operators, PS
ij � PM

ij PH
ij was the Bartlett operator, and J�rij� was the Yukawa

potential (Breit and Feenberg, 1936, p. 850). They could account for the observed

binding energies of light and heavy nuclei by assuming for the latter case the

inequality

1� g� 6e2

5r0jJ�0�j V 5g1 � 3g2; �780�

with r0 as the nuclear radius.

The charge-symmetrical nuclear forces (of Cassen and Condon, and Breit

and Feenberg) were immediately accepted by the experts in the United States and

Europe, especially in Germany.1086 From a more general theoretical point of

view, two relatively senior physicists independently drew consequences from the

new symmetry: Eugene Wigner in Wisconsin and Friedrich Hund in Leipzig.

Wigner had made his entrance into nuclear theory by investigating the mass defect

of helium (Wigner, 1933a), and he also introduced a very short-range potential

to describe the scattering of protons and neutrons and to ®t the mass defect of

Harold Urey's heavy-hydrogen nucleus (Wigner, 1933b). After an interruption of

a couple of years, he returned to the problem of nuclear structure in late 1936 and

at ®rst discussed the saturation of exchange forces (Wigner, 1936). Subsequently,

he analyzed with Eugene Feenberg the empirical binding energies of nuclei from

helium to oxygen; in their paper, submitted in October 1936, Wigner and Feen-

berg attempted to answer the question `whether or not the di¨erence between

proton±proton and neutron±neutron interaction is only the Coulomb force' and

concluded: `One cannot claim with certainty at present that the neutron±neutron

interaction is stronger than the proton±proton interaction.' (Feenberg and

Wigner, 1937, p. 93 and p. 103) Based on the recent experimental investigations of

Merle Tuve and his collaborators and the theoretical evaluation of these proton±

proton scattering data by Breit, Condon, and Present, then Wigner derived `Con-

sequences of the Symmetry of the Nuclear Hamiltonian on the Spectroscopy of

Nuclei'Ðthis being the title of a paper submitted in late October 1936 and pub-

lished in the 15 January issue of Physical ReviewÐby extensively invoking Hei-

1086 In particular, Heisenberg's students Hans Euler and Helmut Volz, like Siegfried FluÈgge, ex-
amined the consequences for light and heavy nuclei in early 1937 (see Rechenberg, 1993a, pp. 40±42).
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senberg's variable r for protons and neutrons (which, like the others, he rewrote as

t), denoting what `we shall call the isotopic spin' (Wigner, 1937a, p. 106). That is,

he investigated `the structure of the multiplets of nuclear terms, using as a ®rst

approximation a Hamiltonian which does not involve the ordinary spin and cor-

responds to equal forces between all nuclear constituents, protons and neutrons'

(Wigner, loc. cit.). Recalling here the fact that in December 1932 Heisenberg had

used only those wave functions, which had a constant total t, for determining the

energy states of nuclei (see Heisenberg, 1933, p. 588), we note that now in 1936Ð

under the in¯uence of new experimental informationÐWigner went far beyond in

demanding a new t-symmetry. `The multiplets [of nuclear energy states] turn out

to have a rather complicated structure, instead of the S of atomic spectroscopy one

has S, T, Y,' he wrote, thereby introducing a new symmetry group, in which the z-

components of spin, isotopic spin and of a new variable Y played a crucial role. By

working out the consequences for the Hamiltonian of nuclei in accordance with

the familiar methods of group theory, and ®nally also taking into account the spin

forces, Wigner succeeded in explaining qualitatively the observed ground states

of stable nuclei up to about Mo. In a second paper, `On the Structure of Nuclei

beyond Oxygen' which he submitted in March 1937, he derived the relation

between `the kinks in the mass defect curve with the energy di¨erences between

isobars, both as obtained from direct measurements and from the shift of the iso-

topic number to higher values with increasing number of the particles,' from his

group-theoretical scheme (Wigner, 1937b, p. 947). In this paper he also referred to

a publication of `Friedrich Hund, Zeitschrift fuÈ r Physik to appear soon' (Wigner,

loc. cit., p. 947, footnote 1).

In 1935 and 1936, when dealing with the properties of matter at extreme density

and temperature, Friedrich Hund had come upon the problems of nuclear struc-

ture. Then, in fall 1936, he took a more detailed look at this question, as may be

seen from the note in his Tagebuch, dated 14 October: `Deuteron obtains as the

lowest term not a triplet or a singlet but as a group of four terms (like the H2-

molecule without the Pauli principle.' During the following months, he examined

the nuclear data from the point of view of the Pauli principle and the Hartree

approximation, and then talked about his preliminary results on 9 January 1937,

at the Gauvereinstagung in Freiburg, and ®nally composed the paper entitled

`Symmetrieeigenschaften der KraÈfte in Atomkerne und Folgen fuÈ r deren ZustaÈnde,

insbesondere der Kerne bis zu 16 Teilchen (Symmetry Properties of the Forces in

the Atomic Nuclei and Consequences for Their States, in Particular of Nuclei up

to 16 Particles)' (Hund, 1937a).1087 Like Wigner, Hund pro®ted from a long and

thorough acquaintance with symmetry methods in quantum-mechanical problems

(see Section III.4) which he now displayed in nuclear theory. As the fundamental

1087 In a footnote, Hund referred to the work of Feenberg and Wigner (1937) and Wigner (1937a)
which had meanwhile appeared in print (and of which he had heard as early as 9 January 1937Ðsee the
entry in his Tagebuch)Ðbut he added: `Since the applications are a bit di¨erent, also since Wigner's
presentation seems to me a rather condensed one, I still wish to publish my investigation.' (Hund,
1937a, p. 102, footnote 1)
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properties and invariances of nuclear constituents and forces, he noted the fol-

lowing: `1. The nuclei are free in space; 2. All neutrons and protons are equal; 3.

The Coulomb forces which distinguish between neutrons and protons can be

neglected as compared to nuclear forces; 4. Spin-orbit couplings play a minor role;

5. The forces between the nuclear constituents are essentially of the same order of

magnitude; 6. Space-dependent nuclear forces (Majorana forces) dominate; 7. The

single nuclear constituents may be regarded as being acted upon by spherically

symmetric ®elds.' (Hund, loc. cit., pp. 202±203) He thus immediately derived sev-

eral consequences: First, nuclei with even particle numbers possessed integral,

while those with odd numbers half-integral angular momenta; second, the nuclear

wave functions were antisymmetrical in the variables of space, spin, and r-spin of

all particles involved, and a permutation of the isospin-coordinate of the con-

stituents would not, in the ®rst approximation, a¨ect the energy terms; third, the

nuclear terms were described, similar to those of atoms, by quantum numbers L,

S, J, and in addition by the quantum number R of the r (or isotopic) spin, such

that 2R� 1 nuclei formed a charge multipletÐe.g., the nucleus 42P3=2 was a

member of the multiplet 2P �L � 1;S � 1=2; J � 3=2� with the isotopic spin-3
2 and

the charge multiplicity 4; fourth, the restriction to space-dependent forces led to

the coincidence of a number of spin- and charge-multiplets. In the special case of

nuclei up to 16 particles, Hund showed that the energy values were given by his

peculiar `symmetry characters' (see Section III.4), and he obtained a set of simple

rules for the ground state of nucleiÐwith the detailed splitting depending on the

type of forces (Majorana, Wigner, Heisenberg, or Bartlett) to be assumed.

During the year 1937, Hund continued his interest in nuclear structure and

investigated speci®c questions, such as the a-particle model of nuclei or the calcu-

lation of nuclear momenta. In September, at the Bad Kreuznach meeting of the

German Physical Society, he presented a review talk on `Theoretische Erforschung

der KernkraÈfte (Theoretical Investigation of Nuclear Forces),' in which he sum-

marized the progress achieved since 1936 (and von WeizsaÈcker's 1935 talk at

Stuttgart), especially in the USA and at Leipzig in Germany. He concluded his

report by saying:

The past [few] years have provided us with a more accurate qualitative knowledge of
forces between the nuclear particles; notably, they taught us that between the equal
particles approximately equal forces act as between the non-equal ones. Thus a better
approximation for computing nuclear properties is possible. Two limiting cases of
approach, the model of single elementary particles in a spherically-symmetric ®eld of
force, and the model of a rather rigid sca¨olding of a-particles containing a few sur-
plus elementary particles [Hund referred here to the investigations of W. Wefelmeier,
see below], enable us to understand some general properties of nuclear energies,
angular momenta and magnetic moments. But this knowledge does not yet extend to
individual points. (Hund, 1937b, p. 935)

That is, much had yet to be done in experimental and theoretical studies, but as

Hund emphasized: `The goal is worth the e¨ort, since we are dealing with forces
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that are quite di¨erent from the hitherto known electromagnetic and gravitational

forces and represent something new versus these two types of forces.' (Hund, loc.

cit.) The next advance in the nuclear force problem came from two sides: ®rst, the

development of Yukawa's theory of nuclear forces, based on the assumption of the

existence of new particles (as discussed above); second, the progress in the theo-

retical description of nuclear reactions to which we shall now turn.

In May 1936, George Gamow signed the preface to the second edition of his

earlier monographÐConstitution of Atomic Nuclei and Radioactivity (1931)Ðnow

entitled Structure of Atomic Nuclei and Nuclear Transformations, in which he

considered as `the main aim [to deal with] questions of principle concerning nu-

clear structure and to understand the di¨erent nuclear processes from the point of

view of the present quantum theory' (Gamow, 1937, p. viii). Besides the knowl-

edge of nuclear structure, the knowledge of nuclear processes had also undergone

great changes since 1931, mainly produced by the increasing experimental studies

made with arti®cially accelerated particles or slow neutrons, and it now seemed to

Gamow that `most of the previous calculations concerning nuclear processes must

be abandoned or considerably changed' (Gamow, loc. cit., p. vii). In particular, he

referred in this context to a recent note on `Neutron Capture and Nuclear Con-

stitution,' published by Niels Bohr in the issue of Nature of 29 February 1936

(Bohr, 1936a). Bohr had personally informed Gamow earlier about this paper in a

letter:

As you will see from the enclosed article, which will soon appear . . . this is a devel-
opment of thought which I already brought up at the last Copenhagen conference in
the autumn of 1934, immediately after Fermi's ®rst experiments on the capture of fast
neutrons, and which I have taken up again after the latest wonderful discoveries of
slow neutrons . . . Kalckar and I are at this moment engaged in working out a de-
tailed formulation of the consequences of the theory. (Bohr to Gamow, 26 February
1936, in Bohr, 1986, p. 20)

The members and visitors present in 1934 at Bohr's Institute in Copenhagen con-

®rmed the great impact of the experiments performed by Enrico Fermi and his

collaborators in Rome (see, e.g., Wheeler, 1979, p. 253). Otto Robert Frisch es-

pecially recalled an incident in this context:

I vividly remember the occasion: Bohr repeatedly (more than usually) interrupted a
colloquium speaker who tried to report on a paper (by Hans Bethe, I believe) on the
interaction of neutrons with nuclei; then, having got up once more, Bohr sat down
again, his face suddenly quite dead. We watched him for several seconds, getting
anxious; but then he stood up again and said with an apologetic smile, ``Now I have
understood it all''; and he outlined the compound nucleus idea. (Frisch, 1979a,
p. 69)1088

1088See also Frisch, 1979b, p. 107, for a similar account. See further the historical introduction by
Peierls for details of Niels Bohr's work on nuclear theory (Peierls, in Bohr, 1986, especially, pp. 14±41),
and Stuewer, 1985.
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The origin of the important idea of the compound nucleus, and the subsequent

work of Niels Bohr and Fritz Kalckar on it, may indeed be traced back to the re-

sponse to a previous publication of Hans Bethe, who in turn was among the ®rst

theoreticians to react publicly to the experimental ®ndings of the Rome group on

the disintegration of nuclei by slow neutrons (Fermi, Amaldi, d'Agostino, Rasetti,

and SegreÁ, 1934, see above). Already in a contribution to the New York meeting

of the American Physical Society in February 1935, Bethe talked about an attempt

to explain the large cross sections observed (Bethe, 1935a)Ðwhich he `realized at

the time of the meeting to be an unsuccessful attempt,' as he stated in the follow-

ing detailed paper on the `Theory of Disintegration of Nuclei by Neutrons' (re-

ceived by Physical Review on 26 March 1935; Bethe, 1935b, p. 747, footnote 1). As

he noted: `We want to show in this paper that a straightforward application of

wave mechanics leads to cross sections of just the right magnitude,' and he stressed

at the same time that `long distance forces between neutrons and nucleus are

not required, it being assumed that the interaction is appreciable only when the

neutron is inside the nucleus' (Bethe, loc. cit., p. 748).1089 In particular, Bethe

found:

The large disintegration cross sections are due to two factors. The ®rst is elementary:
the cross section is inversely proportional to the neutron velocity, because a slow neu-
tron stays longer in the nucleus. The second factor is 1=sin2 f0, where f0 is the phase of
the neutron wave function at the nuclear boundary. This resonance factor explains the
large di¨erences between the cross sections of di¨erent elements. f0 cannot be pre-
dicted theoretically, but reasonable assumptions lead to agreement with experiment.
The resonance factor occurs in all phenomena with slow neutrons; therefore large cross
sections should always be accompanied by large scattering. (Bethe, loc. cit., p. 747)

He concluded: `The explanation of the large neutron cross sections on the basis of

ordinary wave mechanics makes one con®dent in the applicability of orthodox

quantum theory in nuclear phenomena.' (Bethe, loc. cit.)1090

Actually, Bethe had concerned himself earlier with the whole problem: In

September 1934, he had proposed, in a lecture at Bohr's Institute in Copenhagen,

a description of the observed large neutron cross sections in terms of a single-

particle theory of nuclear reactions. After more than a year, in a letter to LeÂon

Rosenfeld, Niels Bohr referred to his reaction to this lecture:

I have taken up an old idea again, which already occurred to me in the discussion
with Bethe during the last conference in Copenhagen, namely that the motion of the
neutron which penetrates into the nucleus can in no way be described as a one-body

1089BetheÐin his paper, 1935b, p. 747, footnote 1Ðmentioned that Enrico Fermi in Rome, Francis
Perrin and Walter Elsasser in Paris, and Guido Beck and L. H. Hossley in Kansas, had thought about
similar explanations.

1090With the help of these ideas, Bethe investigated in the same paper the following phenomena:
elastic scattering of neutrons by nuclei; the capture of neutrons with the emission of particles; and he
also compared the theoretical predictions with the few experimental data then available.
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problem in a static potential, but on the contrary the neutron will so-to-speak share
its energy with the other nuclear particles, and create an intermediate system with a
su½ciently long lifetime so that there remains a large probability of radiative transi-
tion, before a neutron or another particle leaves the system as the result of an escape
process which has no direct connection with the capture process. This point of view
seems not only to explain the neutron capture, but also to solve a large number of
other di½culties, with which Gamow has struggled on the basis of his schematic
model of the nucleus. (Bohr to Rosenfeld, 8 January 1936, in Peierls, 1986, p. 19)

Now Bethe's approach of March 1935, also dealing with a large number of nu-

clear processes, may be considered as a response to Bohr's criticism of his earlier

one-particle description of the phenomena connected with the bombardment of

nuclei by neutrons; however, shortly before Bohr published his alternative ideas,

the Physical Review received a paper on the `Capture of Slow Neutrons' by

Gregory Breit and Eugene Wigner, also suggesting a theoretical interpretation of

the same phenomena (Breit and Wigner, 1936).1091

In the introduction of their paper (whose contents they also presented at the

American Physical Society meeting in New York in February 1936), Breit and

Wigner criticized `the current theories of the large cross sections of slow neutrons,'

such as Bethe's [1935b], because these `expected large capture of thermal energies';

however, they noted:

This consequence of the current theories is apparently in contradiction with experi-
ment, there being no evidence of a large scattering in good absorbers. It also follows
from current theories with very few exceptions that the capture should vary inversely
as the velocity of the slow neutrons. Experiments on selective absorption recently
performed indiated that there are absorption bands characteristic of di¨erent nuclei
and it appears from the experiments of Szilard that these bands have fairly well-
de®ned edges. It has been pointed out by Van Vleck [1935] that it is hard and
probably impossible to reconcile the di¨erence in internal phase required by the
Bethe-Fermi theory with reasonable pictures of the structure of the nucleus. (Breit
and Wigner, 1936, p. 519)

Breit and Wigner therefore replaced the so-called Bethe±Fermi approach to neu-

tron absorption by a resonance mechanism, which Wigner and Michael Polanyi

1091We have come across the contributions of Gregory Breit to di¨erent quantum-mechanical
problems at several places; hence, it is appropriate to introduce him biographically. Breit was born on
14 July 1899, in Nikolajev, Russia, from where he emigrated to the United States in 1915. He began to
study at Johns Hopkins University and graduated with a Ph.D. thesis under Joseph S. Ames. Following
a postdoctoral year (as a National Research Council Fellow) at the University of Leyden, he was
appointed in 1923 as an assistant professor at the University of Minnesota. In 1924, he joined the
Carnegie Institution in Washington, D.C., as a mathematical physicist, and in 1929, he obtained a
professorship of physics at New York University (after another European excursion in 1928, working
with Pauli at the ETH in Zurich). From 1934 to 1947, Breit taught at the University of Wisconsin in
Madison, afterward (until 1968) at Yale University, and ®nally at the State University of New York in
Bu¨alo, New York. During World War II, Breit worked on nuclear energy and other war-related
projects. He died on 13 September 1981, in Salem, Oregon.
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had already used over ten years earlier to describe the inverse Auger e¨ect (Polanyi

and Wigner, 1925). For this purpose, `it will be supposed that there exist quasi-

stationary (virtual) energy levels of the system nucleus� neutron which happen to

fall in the region of thermal energies as well as somewhat above that region,' Breit

and Wigner argued, and continued:

The incident neutron will be supposed to pass from its incident state into the quasi-
stationary level. The excited system formed by the nucleus and the neutron will then
jump into a lower level through the emission of g-radiation or perhaps in some other
fashion. The presence of the quasi-stationary level, Q, will also a¨ect scattering
because the neutron can be returned to its free condition during the mean life of Q. If
the probability of g-ray emission from Q were negligible there would be in fact strong
scattering at the resonance, the scattering cross section being then of the order of the
square of the wavelength. (Breit and Wigner, 1936, pp. 519±520)

Consequently, Breit and Wigner developed a systematic theory of damping in

quantum mechanics, arriving at the capture and scattering cross section formulae,

sc � L2

p
S

GsGr

�nÿ n0�2 � G2
�781a�

and

ss � L2

p
S

G2
s

�nÿ n0�2 � G2
; �781b�

where L and S denoted the de Broglie wavelength of the incident neutron and

the statistical factor 2L� 1 of the nuclear level (with L its angular momentum),

respectively, Gr and Gs denoted the half-value widths for the capture and the scat-

tering �G � Gr � Gs�, and hn0 denoted the (central) energy of the quasi-stationary

state. They summarized their conclusions as:

Interaction with the nucleus is most probable through the S part of the incident wave.
The higher the resonance region, the smaller will be the absorption. For a resonance
region at 50 volts the cross section at resonance may be as high as 10ÿ19 cm2 and
0:5� 10ÿ20 cm2 at thermal energy. The estimated probability of having a nuclear
level in the low energy region is su½ciently high to make the explanation reasonable.
Temperature e¨ects and absorption of ®ltered radiation point to the existence of
bands which ®t the present theory. (Breit and Wigner, loc. cit., p. 519)

Evidently, Bethe accepted Breit and Wigner's theory as the explanation of slow-

neutron phenomena in nuclei; in `An Attempt to Calculate the Number of Energy

Levels of a Heavy Nucleus,' submitted in early June 1935 to Physical Review, he

applied the idea to a model in which he considered the nucleus to be represented

by a Fermi gas (Bethe, 1936). In the same paper, he also referred to the note
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of Niels Bohr in the 29 February issue of Nature, which assumed the existence

of excited nucleon-neutron states, and quoted experiments verifying the Breit±

Wigner resonances ranging from 0.1 volt to about 50 volts (Bethe, loc. cit., p. 332).

Toward the end of 1935, Bohr prepared the way for an initial formulation of his

ideas on the `Neutron Capture and Nuclear Constitution,' ®rst in a communica-

tion to the Royal Danish Academy, dated 24 January 1936, then in an extended

note to Nature (Bohr, 1936a).1092 Concerning the last stages of his considerations,

he informed Heisenberg in a letter, dated 8 February 1936:

I have worked hard to the last minute ®nishing the small article on nuclear reactions
which I promised you long time ago, but the matter was continuously developing for
me, and it gradually became a more comprehensive point of view, which I believe to
be of use for the understanding of many di¨erent nuclear problems. . . . The small
note, of which I enclose a manuscript, is only an approximate reproduction of a
lecture . . . You should not worry about my remarks on the constituents of the
nucleus, which in this context are of minor importance. This does not imply any lack
of understanding of yours and Fermi's great contributions, but only a certain skepti-
cism concerning the details, not at least in the application of the Pauli principle,
which the new points of view have introduced. (Bohr to Heisenberg, 8 February 1936;
English translation in Peierls, 1986, pp. 19±20)

The result of Bohr's last-minute labour, namely, working out the contents of his

address at the Royal Danish Academy in Copenhagen, was indeed the ®ve-page

note in Nature, which Bohr opened by outlining a few empirical facts that had

been obtained on this topic during the previous couple of years, after which he

claimed: `The phenomena of neutron capture . . . force us to assume that a colli-

sion between a high-speed neutron and a heavy nucleus will in ®rst place result

in the formation of a compound system of remarkable stability' (Bohr, 1936a,

p. 344). This intermediate `compound system' would later break up by the ejection

of material particles or radiation into the ®nal state; thus, the initial collision

process and the eventual break-up had `to be considered as separate competing

processes which have no immediate connexion.' Bohr further concluded: `In view

of the close packing of the particles and nuclei we must be prepared . . . for just

such energy changes to play a predominant role in typical nuclear reactions'

(Bohr, loc. cit.). In detail, the initial excess energy of the incident neutron would

`be rapidly divided among all the nuclear particles with the result that for some

time afterwards no single particle will possess the kinetic energy to leave the

nucleus' (Bohr, loc. cit., p. 345). Bohr then proposed a preliminaryÐnot a detailed

one, as he emphasizedÐpicture of such processes, taking into account the old

di½culties of having individual particles (especially electrons) within the nucleus.

He argued that in the nucleus `we, from the very beginning, have to do with

1092A four-page manuscript, entitled `The Nuclear Constitution and Neutron Captures,' was in-
cluded in Volume 9 of Niels Bohr: Collected Works (1986, pp. 145±147). Bohr travelled to England in
February 1936 and gave lectures on this subject at the University College, London, on 11 February,
and in Cambridge during the week from 11 February onward (see Peierls, 1986, p. 21).
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the essential collective aspects of the interplay between the constituent particles.'

Notably, a `striking di¨erence in the level schemes for low and high excitations of

heavy nuclei' must be concluded, that is:

In contrast to the usual view, where the excitation is attributed to an elevated quan-
tum state of an individual particle in the nucleus, we must in fact assume that the
excitation will correspond to some quantized collective type of motion of all the
nuclear particles. On account of the rapid increase of the possibilities of combination
of the proper frequencies of such motions for increasing values of the total energy of
the nucleus, we should therefore expect that the distance between neighbouring levels
would become very much smaller for the high excitation concerned in neutron colli-
sions than in the ordinary g-ray levels where we probably have to do with the states of
collective motions of the most simple type. (Bohr, loc. cit., p. 346)

After discussing the g-ray emission processes, Bohr turned to the collisions of

small-energy neutrons, especially the `irregularities' or transmutations as observed

by Fermi and his collaborators. Here, Bohr said, the large de Broglie wavelengths

of the neutron as compared with the nuclear dimensions would contradict `the

simple ideas of paths and collisions' applied so far in physics; on the other hand,

the `compound-system' picture derived for the high-energy collisions o¨ered the

necessary explanation also for the low-energy neutron collisions (Bohr, loc. cit.,

p. 346). Bohr then discussed the selective `resonance capture' of neutrons observed

shortly before as well as other collision processes, before he concluded:

Even if we could experiment with neutrons and protons of energies of more than a
hundred million volts, we should still expect that the excess energy of such particles,
when they penetrate into a nucleus of not too small mass, would in ®rst place be
divided among the nuclear particles with the result that a liberation of any of these
would necessitate a subsequent energy concentration. (Bohr, loc. cit., p. 348)

Consequently, `in general not one but several charged or uncharged particles

will eventually leave the nucleus as a result of the encounter'; and, for particles

impinging with energies above 1,000 million electron volts, `we must even be pre-

pared for the collisions to lead to an explosion of the whole nucleus' (Bohr, loc.

cit.). At the end of his note, Bohr emphasized that this new `comprehensive inter-

pretation of characteristic properties of nuclei' allowed `a division of nuclear re-

actions into well separated stages to an extent which has no simple parallel in the

mechanical behaviour of atoms' (Bohr, loc. cit., p. 348).

This nontechnical outline thus provided a two-type description of nuclear phe-

nomenaÐi.e., the normal reactions and those involving the `compound system'

pictureÐwhich Bohr propagated ®rst by letters to theoretical-physicist friends,

and it received great attention. The contents of Bohr's article in Nature were dis-

cussed quite favourably and in detail, e.g., in George Gamow's book (Gamow,

1937, preface and Chapter XI), and in the following publications of Hans Bethe

(1936, 1937). Bohr himself presented his new views in many lectures, beginning on
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11 February 1936, in London, then in Cambridge (see the report on `Neutron

Capture and Nuclear Constitution' in Nature 137, issue of 29 February 1936,

p. 351) and in Helsinki on 12 August 1936 (see Bohr, 1936b); he continued to do

so in spring of the following year in the United States (Bohr, 1937b) and Europe

(Bohr, 1937c). In particular, he tried to illustrate the concept and the reactions of

the atomic nucleus as a compound system by means of a simple mechanical model

consisting of a shallow basin containing a number of billiard balls as follows:

If the basin was empty, then upon striking a ball from the outside, it would go down
on a slope and pass out on the opposite side with its original velocity. But with other
balls in the basin, these two would similarly share their energies with others, and so
[on] until the original kinetic energy was divided among all the balls. If the basin and
the balls are regarded as perfectly smooth and elastic, the collisions would continue
until the kinetic energy happens to be again concentrated upon a ball close to the
edge. This ball would escape from the basin and the remainder of the balls would be
left with insu½cient total energy for any of them to climb the slope. (See report in
Nature 137, 1936, p. 351)

After other authors had taken up the compound-system description of the

nucleus and treated it as a thermodynamical system, with the excitation `consid-

ered as a heating up, due to an elementary absorption process . . . while the initial

temperature was equal to zero' (Frenkel, 1936b, pp. 533±534), and drew quanti-

tative consequences on the `Statistics of Nuclear Reactions' (Weisskopf, 1937),

Bohr incorporated their resultsÐagain in a pictorial wayÐinto his later lectures.

Thus, he explained:

To begin with, the original nucleus is in its normal state and at temperature zero [Fig.
3 (1)]. After the nucleus has been struck by a neutron with about 10 million volts
energy, a compound nucleus is formed with 18 million volts energy, and the temper-
ature is raised from zero to roughly one million volts. The irregular contour of the
nucleus symbolizes the oscillations in shape corresponding to the di¨erent vibrations
excited at the temperature in question [Fig. 3 (2)]. The next ®gure [Fig. 3 (3)] shows
how a neutron escapes from the system and the excitation, and accordingly the tem-
perature is somewhat lowered. In the last stage of the process the remaining part of
the energy is emitted in the form of electromagnetic radiation and the temperature
drops down to zero. (Bohr, 1937b, p. 163)

It should be mentioned here that Bohr also considered the work of Breit and

Wigner on the nuclear resonances (1936), and a subsequent one by Hans Bethe

and George Placzek (1937), in order to provide essential con®rmation of the views

entering into the compound-nucleus model (Bohr, 1937b, p. 163, footnote 3).

In a letter to Heisenberg, Bohr announced that `the details concerning nuclear

reactions and the help which the new understanding provides compared with the

earlier one, will be discussed in a more complete paper on which I have been

working at the same time with Kalckar' (Bohr to Heisenberg, 8 February 1936).

However, it took another year and a half until the paper, entitled `On the Trans-

mutation of Atomic Nuclei by Impact of Material Particles' by Niels Bohr and
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Fritz Kalckar, would be submitted to the Mathematisk-fysiske Meddelelser of the

Royal Danish Academy of Sciences (Bohr and Kalckar, 1937). This ®nal paper

also bore the subtitle, `I. General Theoretical Remarks,' and contained seven

sections, namely: `§1. Basic Ideas; §2. Nuclear Level Distribution; §3. Radioactive

Properties of Nuclei; §4. Escape of Neutrons from Excited Nuclei; §5. Slow Neu-

tron Collisions; §6. Release of Charged Particles from Nuclei; §7. Collision be-

tween Charged Particles and Nuclei.' (Bohr and Kalckar, loc. cit., p. 3)1093 Bohr

and Kalckar here presented the ideas of Bohr in some detail without, however,

going too much into the depth of the theoretical formalism. Thus, in §2, they

outlined the arguments, allowing `a simple comparison between many properties

of nuclear matter and the properties of ordinary liquid and solid substances' (Bohr

and Kalckar, loc. cit., p. 8) by considering the quantum-theoretical behaviour of

N nuclear particles in a volume Nd3, where d � 3� 1013 cm, having an average

kinetic energy K�� h2=8d2m�, with m being the mass of the proton or neutron. An

elasticity e and a surface tension o could be assigned to this system, and then the

corresponding oscillations with frequencies ne and no could be calculated: The

di¨erence of these frequencies was found to vary faster than Nÿ1=3 and Nÿ1=2, re-

spectively. `Of course,' as Bohr and Kalckar pointed out, `more detailed consid-

erations regarding the speci®c character of the interaction between the individual

nuclear particles on the stability as well as the excitation mechanism of nuclei are

needed' (Bohr and Kalckar, loc. cit., pp. 11±12). In particular, the Pauli principle

had to be invoked, but they also emphasized that `any attempt of accounting for

the spin values by attributing orbital momenta to individual particles seems quite

unjusti®able,' because `any orbital momentum is shared by all constituent particles

of the nucleus in a way which resembles that of the rotation of a solid body' (Bohr

and Kalckar, loc. cit., p. 12). Hence, if I denoted the moment of inertia, the energy

di¨erences between the lowest quantum states were estimated to be

DrE � h2

8pI
ANÿ5=8K : �782�

In a similar qualitative manner, Bohr and Kalckar derived the radiative proper-

ties, especially the probability for radiative transitions and the escape of neutrons

from excited nuclei, obtaining for the latter

Gn � N 2=3tÿ1 exp ÿW

kT

� �
; �783�

1093 In the introduction, Bohr and Kalckar said that they envisaged a three-part paper, with `the
second part planned as a more detailed elaboration of the theory of nuclear collisions on the general
lines discussed here while the third part should contain an analysis on such lines of the available
experimental evidence about nuclear transformations' (Bohr and Kalckar, 1937, p. 1). However, the
interruption of the investigations of Bohr and Kalckar after the completion of Part I in January 1937
owing to Bohr's visit to several American universities in the following months, and the appearance of
Hans Bethe's Part B of his major review of the current knowledge of nuclear physics in Review of
Modern Physics (Bethe, 1937) covering the same material, made them abandon their plan. Thus, Bohr
and Kalckar just added in Part I several references to Bethe's paper and the related work published in
the course of 1937 before they submitted their paper for publication in November of that year.
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where t � md2=h denoted the characteristic nuclear time of about 10ÿ22 sec, W

denoted the work function of the neutron, and T denoted the e¨ective temperature

of the excited nucleus. Regarding the collision of nuclei, they referred to the results

of Breit and Wigner, Eqs. (781a) and (781b), for the capture and scattering of

cross sections; concerning the release of charged particles, they assumed a

Gamow-like formula; i.e.,

GaAtÿ1 exp ÿ 4p

h

� b

a

���������������������������
2m�P�r� ÿ E�

p
dr

� �
: �784�

Moreover, they discussed on a qualitative level the collision between charged

particles and nuclei, andÐin an `addendum'Ðdrew critical attention to some

more detailed suggestions by their colleagues, notably, Bethe, Landau, Kalckar,

Oppenheimer and Serber, and Weisskopf. `[Lev] Landau [1937c] has succeeded . . .

from very general arguments in deducing a comprehensive formula for the de-

pendence of the probability of nuclear disintegration under release of charged

particles on the external repulsion as well as on the density of the level distribution

of the nucleus in the energy region concerned,' Bohr and Kalckar noted, and

concluded their extensive essay by announcing: `The closer connection between

Landau's treatment and the argumentation given in the text will be discussed in a

forthcoming paper by Kalckar.' (Bohr and Kalckar, loc. cit., p. 40)1094

When Niels Bohr visited the United States in 1937, he attended the `Third

Conference on Theoretical Physics,' organized by George Gamow, Edward Teller,

and Merle Tuve, beginning on 15 February in Washington, D.C. Most of the

American expertsÐfrom Gregory Breit to L. H. ThomasÐincluding many im-

migrants, like Hans Bethe and Eugene WignerÐparticipated in this meeting.

Afterward, Bohr travelled with Bethe to attend the meeting of the American

Physical Society, which was held on 19 and 20 February 1937, at Duke University

in Durham and at the University of North Carolina in Chapel Hill. At Chapel

Hill, he met John Archibald Wheeler who taught there.1095 Stimulated by dis-

1094The work of Fritz Kalckar suddenly came to an end, when the not yet quite 28-year-old young
man died on 6 January 1938. Bohr continued to investigate his compound-nucleus model further in
1938, now keeping closer contact with Rudolf Peierls and George PlaczekÐbut also with Wolfgang
Pauli and Werner Heisenberg who criticized but also applied the theory (see, e.g., Bagge, 1938). For
details, we refer to Peierls, 1986, pp. 43±52.

1095John Archibald Wheeler, born on 9 July 1911, in Jacksonville, Florida, was educated at Balti-
more City College and Johns Hopkins University, receiving his Ph.D. in 1933. As a National Council
Research Fellow, he spent the academic year 1934±1935 in Copenhagen, and then he went to the
University of North Carolina before joining the faculty of Princeton University in 1938, where he was
appointed Joseph Henry Professor (1966±1976). Upon retirement from Princeton, he was invited to join
the University of Texas at Austin. Wheeler served as a physics consultant on atomic energy projects
from 1939 to 1945, and at Los Alamos (1950±1952) and Princeton (1951±1953), he directed projects
connected with thermonuclear weapons. From 1969 to 1976, he was a member of the U. S. General
Advisory Committee on Arms Control and Disarmament. [For more biographical information on
Wheeler, see Klauder, 1972, especially, pp. 1±14; see also John A. Wheeler (with Kenneth Ford), Geons,
Black Holes & Quantum Foam: A Life in Physics (W. W. Norton & Co., Inc., New York, 1998).]
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cussions with BohrÐhe retained brief notes of Bohr's two lectures from that

time (see Peierls, 1986, p. 39)ÐWheeler became very interested in the liquid-drop

model of the nucleus.1096 Actually, at the North Carolina APS meeting in Feb-

ruary, he developed a concept, which could be connected with Bohr's compound

nucleus, the `Resonating Group Structure of the Nucleus' (Wheeler, 1937a).

Wheeler de®ned this idea in the following way:

By regarding the neutrons and protons in a given nucleus, 7Li for example, as
resonating between di¨erent possible con®gurations, such as 4He (normal)� 3H
(normal), 5He (excited)� 2H (normal), etc., one obtains a description of nuclear
structure in which by far the largest part of the energy of the compound nucleus is
already accounted for by the internal binding of the separate groups. Use from the
beginning of this saturation property of nuclear binding gives an improved treatment
of nuclear collisions and transmutations. (Wheeler, loc. cit., p. 683)

Wheeler applied his method by writing `the wave function as a sum of properly

antisymmetrical parts corresponding to the most important con®gurations, each

part involving a di¨erent unknown function, F, of the inter-group separations,'

and then used a variational principle to determine ®nally the energy levels, scat-

tering phase shifts, and transmutation probabilities of the nuclei with the condition

of a vanishing Fredholm determinant. Wheeler noted that `this method gives very

satisfactory results when applied to the interaction between two alpha-particles

and is being employed in the treatment of other collision problems.' (Wheeler, loc.

cit.) Six months later, he submitted a detailed paper on `Molecular Viewpoints

in Nuclear Structure' (Wheeler, 1937b). In it, he wishedÐas he declared in the

introductionÐto add to the `concepts native to atomic structure' also `some points

of view more closely related to molecular structure,' especially:

If atomic structure be characterized by a central force dominating the motion of
almost independent particles, and nuclear constitution, by those collective types of
motion which Bohr and Kalckar [in the not yet published paper of 1937] liken to
modes of vibration and rotation of a liquid droplet, then the feature which dis-
tinguishes molecular structure from these is its division into more or less well de®ned
groups, between which it is a good approximation to say that inter-``atomic'' forces
act. It is the usefulness, and limitation, of this concept of group structure that we wish
to study in connection with the mechanical description of the atomic nucleus.
(Wheeler, loc. cit., p. 1083)

In his paper, Wheeler ®rst examined how the mathematical procedure worked in

the case of the H�2 -molecule and the corresponding three-body nucleus by estab-

lishing a connection between the associated wave functions (as obtained from his

variational principle). In the molecular situation, the wave function represented

a state in which the system resonated between the groupings of atom-ion and ion-

1096Wheeler had worked on the production of pairs in Copenhagen and began to study nuclear
forces in Chapel Hill (see Wheeler, 1936).
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atom; in the nuclear situation, the resonance occurred between the deuteron±

neutron state and a state of the nucleus 3H. `Group theory gives information as

to which groupings are the most important in describing a particular state of a

nucleus,' Wheeler noted and added:

The interchange of neutrons between the groups is rapid. It is largely responsible
for the intergrouping forces, but also prevents one from attributing any well-de®ned
individuality to the groups except as follows: If the time required for a particle to
di¨use between two parts of the nucleus vibrating in opposite phase (in the language
of the liquid droplet model) is large in comparison with the period of vibrations, then
the particles of the nucleus may be divided into groups which preserve their identity
long enough to make possible a simple description of the nuclear motions in terms of
the relative displacements of these clusters. (Wheeler, loc. cit.)

Wheeler outlined in greater detail his peculiar mathematical formalism in

another paper `On the Mathematical Description of Light Nuclei by the Method

of Resonating Group Structure,' which was submitted and published simulta-

neously with the previous one (Wheeler, 1937c). In particular, Wheeler introduced

in it what he called the `scattering matrix,' i.e., a unitary matrix of coe½cients

connecting `the asymptotic behavior of an arbitrary particular solution [of the

integral equations] with that of solutions of a standard form'; hence, `the Fred-

holm determinant also determines [besides the stable energy values of the nuclear

system] all the scattering and disintegration cross sections' (Wheeler, loc. cit.,

p. 1107).1097 Wheeler did not pursue this method further, but in the following

year, he joined Edward Teller in drawing certain consequences from a study of the

rotations in Bohr's droplet model (Teller and Wheeler, 1938b). In particular, they

arrived at the conclusion: `The absence of low lying levels in heavy nuclei de®-

nitely indicates . . . that if nuclei are to be compared with a phase of matter in

macroscopic experiments the correct analog to use is not a crystallite but a droplet

of a ``quantum liquid'' such as the low temperature modi®cation of liquid helium'

(Teller and Wheeler, loc. cit., p. 789).

Teller and Wheeler ®rst presented their result at the New York meeting of the

American Physical Society (Teller and Wheeler, 1938a). At the same meeting,

Katherine Way, Wheeler's ®rst graduate student at Chapel Hill, talked about `Nu-

clear Quadrupole and Magnetic Moments'; in the abstract of her talk, she stated:

Observations of nuclear quadrupole moments, q, reveal a lack of spherical symmetry
in the distribution of positive charge, the more frequently found positive q indicating
an elongated and the less common negative q a ¯attened shape. Nuclear models
which have been proposed may be classi®ed under (1) single particle model, (2) liquid
drop model, and (3) central core plus single particle model. (Way, 1938, p. 685)

1097This formulation of nuclear problems contained the germ of a later successful treatment of
elementary particles, inaugurated by Werner Heisenberg in 1942 (see the Epilogue). Wheeler, however,
would not become involved in this development.
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Katherine Way then added that model (1) would account for the magnetic mo-

ments of light nuclei, though it could not make predictions about the value of q,

while model (2) yielded the right order of magnitude for magnetic moments,

however, far too small q; ®nally, model (3) appeared to be most promising in ex-

plaining both properties of nuclei. In the detailed paper, which she submitted in

March 1939, Miss Way analyzed in greater detail the liquid-drop model (2). In

particular, she considered a uniformly charged spinning drop which, `if assigned

classical properties, will have a magnetic moment on account of the rotation of the

charges, and a quadrupole moment if any bulging is caused by spinning' (Way,

1939, p. 964). In carrying out the calculations, she found reasonable values for the

magnetic moments of the nuclei (roughly between 1 and 5), but the nuclear spin

quantum numbers derived from the rotational energies (according to Teller and

Wheeler, 1938b, p. 786) came out to be an order of magnitude higher. Further-

more, by calculating the quadrupole moments from the equilibrium shape of the

charged spinning drop (which was approximately assumed to be an ellipsoid of

revolution), she concluded: `From the signs of the di¨erent terms it is clear that for

any values [of the parameters of the liquid drop], a positive q, or a cigar-like shape,

will never be obtained from the drop model if the drop has any angular momen-

tum. . . . Although the cigar-like shape is stable against distortions into other

ellipsoids, it has not been shown whether it is stable against arbitrary distortions.'

(Way, 1939, p. 965) This was only a weak formulation of a di½culty, which

Wheeler expressed later much more de®nitely:

One day [Katherine Way] came in and reported a di½culty. The equations gave no
solution in the case of a su½ciently highly charged nucleus turning at a su½ciently
great angular velocity. It was clear that one had to do in this case with a kind of
instability. It took only 1939 and the discovery of Hahn and Strassmann to recognize
the nature of the instability: nuclear ®ssion. Why did we not go to the analysis of the
higher order terms in the deformation energy and predict ®ssion in advance of
its discovery? It was not any di½culty in mathematics. It was a di½culty in the model.
It failed to give the right magnitudes and the right trends for nuclear magnetic
moments. (Wheeler, 1979, p. 266)

The serious theoretical considerations on nuclear reactions stimulated also in

1937 a renewed discussion of an old problem: the transmutation of chemical ele-

ments and the energy sources of stars. Carl Friedrich von WeizsaÈcker, since fall

1936 an assistant at the new Kaiser Wilhelm-Institut fuÈr Physik in Berlin-Dahlem,

signed on 22 January 1937, a review article entitled `UÈ ber Elementumwandlung im

Innern der Sterne (On the Transmutation of Elements in Stars)' (von WeizsaÈcker,

1937b). He started from what he called the `Aufbauhypothese' (`hypothesis of

constitution' or `building-up'), which he attributed to Arthur Stanley Eddington

(1926) and stated `that, apart from negligibly small e¨ects, the nuclear transmu-

tations studied theoretically provide the sole origin of the composite inner regions

of the stars which initially are composed of pure hydrogen and their unique source
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of energy' (von WeizsaÈcker, 1937b, p. 176).1098 The empirical data obtained on

the chemical constitution of stars, especially the frequency of the occurrence of

heavier elements, encouraged von WeizsaÈcker to extend the `Aufbauhypothese' as

The temperature in the interior of stars takes on values allowing the transmutation
of the lightest nuclei on the basis of hydrogen. The energy obtained from these
transmutations provides the source of the emission of radiation due to the [surface]
temperature of the star. The transformations do not directly lead to the origin of
heavier nuclei; however, in their course free neutrons are created as byproducts,
which build-up a part of the available [lighter] nuclei into the known heavier ele-
ments. (von WeizsaÈcker, loc. cit., p. 178)

He added: `If this concept is correct, the star acts as an engine which, with the help

of the liberated nuclear energies, sustains the necessary external conditions stead-

ily,' and: `It should be the only possible engine of this kind.' (von WeizsaÈcker, loc.

cit.) With this fundamental hypothesis in mind, von WeizsaÈcker pursued a sys-

tematic survey of the various energy-producing reactions of the lightest nuclei and

their relevance for the internal constitution of the stars, and then the formation of

the heavy nuclei by reactions with neutrons.

In dealing with the nuclear reactions in stars, von WeizsaÈcker con®ned him-

self to consider only thermally induced reactions, initially with charged light

particlesÐnamely, proton, deuteron, and tritonÐhaving essentially a Maxwell±

Boltzmann distribution, such as

7
3Li� 1

1H � 8
4Be or 7

3Li� 1
1H � 2 4

2H; �785�

the reaction on the left providing a formation and the one on the right a destruc-

tion process. These processes could be described by the liquid-drop model of

Gamow and Bohr, with cross sections depending crucially on the available tem-

perature. For the continuous production of energy the existence of `reaction

chains' was necessary, which not only produced enough energy and higher ele-

ments (such as helium from hydrogen) but also supplied the material for the initial

reaction. von WeizsaÈcker discussed a number of possibilities for such reactions

and the resulting relative frequencies of higher nuclei in stars, and concluded:

1. The temperatures in the interior of stars su½ce for starting nuclear reactions, in
which from hydrogen higher elements can build up. . . .

2. All appreciably frequent reactions begin with hydrogen having thermal energy. . . .
3. The exact course of reactions depends on the unknown properties of nuclei having

the mass 5 [such as 5
2 Li and 5

2 He] . . .
4. Because of the Gamow factor the reactions occur only in the vicinity of the centre

of the star. . . .

1098The pioneers in connecting Eddington's original building-up hypothesis with nuclear theory
were Fritz Houtermans and R. d'E. Atkinson (1929)Ðsee Section III.7.
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5. The neutron production su½ces for the build-up of the heavier elements, if their
total number is about 100 times below that of helium. . . .

. . .
7. The state of a star should be determined by its hydrogen content. The stability

versus pulsation rests on the delay of energy production by intermediate b-decays.
(von WeizsaÈcker, loc. cit., pp. 190±191)

In spite of these initial successes, the generalized `Aufbauhypothese (building-up

hypothesis)' revealed serious di½culties, as von WeizsaÈcker summarized in Part

One of his second paper `UÈ ber Elementumwandlung im Innern der Sterne. II (On

the Transmutation of Elements in Stars. II),' submitted one-and-a-half years later

(von WeizsaÈcker, 1938b). Notably, von WeizsaÈcker said that the coupling of the

energy-producing processes with those of the building-up of higher elements

seemed to be contradicted by empirical data, and the availability of larger num-

bers of neutrons (required for the synthesis of heavier nuclei) also could not really

be justi®ed theoretically. Hence, especially the origin of all heavy nuclei should not

be included in the building-up hypothesis.

Having stated this restriction of the fundamental hypothesis, von WeizsaÈcker

returned in Part Two of his 1938 survey to consider the possible mechanisms of

nuclear energy production in stars. Now, he also abandoned his previously pre-

ferred model cycle which implied the hypothetical mass-5 nucleus (which had been

found in the meanwhile to be an unstable object). Besides a process having the net

result H�H � D� e� and those processes leading to the formation of helium via

lithium, as well as several other processes, he focused on a process connected with

the carbon nucleus 12C, the so-called `carbon cycle'; i.e.,

12C�H � 13N; 13N � 13C� e�; 13C�H � 14N;

14N�H � 15O; 15O � 15N� e�; 15N�H � 12C� 4He:
�786�

Von WeizsaÈcker ®nally noted that `the energy source of stars would therefore ®rst

consist of a decomposition of elements below carbon, followed by the cycle [(786)],

and added: `If via side reactions the abundance of carbon ®nally decreases as well,

an analogous cycle starting from oxygen would be available.' (von WeizsaÈcker,

loc. cit., p. 639) With the carbon cycle, the known features of stellar evolution did

indeed follow, while the origin of the heaviest elements certainly had to be de-

coupled; it required extreme conditions which von WeizsaÈcker thought might exist

in supermassive stars.

In the discussion of stellar evolution, von WeizsaÈcker referred to investigations

of George Gamow, in particular to the papers submitted between December 1937

and August 1938.1099 The ®rst one, on `Nuclear Energy Sources and Stellar Evo-

lution' (Gamow, 1938a), began with a modern reformulation of the theory of

1099According to the footnotes and acknowledgement, Gamow supplied von WeizsaÈcker with hints
on not yet published results of his own and those of others. (See von WeizsaÈcker, 1938b, p. 639 and
p. 646.)
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stellar constitution by Arthur Eddington (1926). Gamow then analyzed, just as

von WeizsaÈcker had done (whose paper of 1937 he cited), the thermal reactions of

the lightest nuclei (helium, lithium, and beryllium), arriving at a reasonable de-

scription of the known facts from stellar observations. In his considerations,

Gamow also included a shell structure of stars (as demanded earlier by Edward

Milne and Subrahmanyan ChandrasekharÐsee Section IV.4) obtained when

an energy production process ceased to operate in the centre of the star. With

such ideas, he investigated more closely with Edward Teller a speci®c problem

involved, namely `The Rate of Selective Thermonuclear Reactions,' especially the

dissociation of the 8Be nucleus (Gamow and Teller, 1938a). Later on, Gamow

developed a `Tentative Theory of Novae' (Gamow, 1938b).

In March 1938, Gamow and Teller organized a conference on stellar energyÐ

as one of the regular annual meetings sponsored jointly by the George Washing-

ton University and the Department of Terrestrial Magnetism of the Carnegie

Institution (see the previous one on nuclear theory referred to aboveÐbringing

together astrophysicists (including Bengt StroÈmgren) and nuclear theorists, in-

cluding Hans Bethe from Cornell University. Bethe recalled about this event as

follows: `The conference was concerned with energy production in stars. The

direct combination of two protons [Bethe and Critch®eld, 1938] had been estab-

lished as a satisfactory energy source for the sun, but could not explain the enor-

mous increase of luminosity with increasing mass of the star. It was therefore

necessary to ®nd nuclear reactions depending more strongly on temperature

H�H, pointing to the involvement of heavier nuclei than H. At the same time, it

was known that the abundance of heavier nuclei is much smaller than that of hy-

drogen. The CN cycle ®ts both requirements: `It involves the heavier nuclei, C and

N, but they are regenerated in the cycle, only the abundant H is consumed.'

(Bethe, 1997, p. 355) Bethe arrived at this conclusion as a result of the Washington

meeting, which aroused his interest in the problem of the energy generation in

stars. Like von WeizsaÈcker and Gamow, he studied the individual reactions be-

tween light nuclei as a source of stellar energy. He further recalled:

One of the participants [at the conference] was von WeizsaÈcker, and he reported on
some of the attempts which he was making to explain energy production. Nobody at
the conference had any question but that the energy production must be due to nu-
clear reactions. This of course was very di¨erent from the original ideas of Eddington
several years earlierÐten years earlier or so. Eddington thought to use annihilation
of matter to produce the energy. But nuclear reactions were well established by this
time and gave a good, large amount of energy, and anybody could calculate for
himself that nuclear reactions with abundant elements were su½cient to keep the sun
shining from the past life of the universe and of course many billions of years there-
after. So this was more or less unwritten common background. (Bethe, Interview with
Charles Weiner and Jagdish Mehra, 27±28 October 1966, p. 49)1099a

1099aBethe's recollection about von WeizsaÈcker's participation in the Washington meeting cannot
be substantiated. The same is true with Wolfgang Pauli, who is shown on a photo attributed to the 1938
meeting and reproduced in Wali's Chandra (1991, No. 18 after p. 182). Von WeizsaÈcker clearly got in-
formation about the meeting only via Gamow (1938a)Ðsee previous footnote.
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Bethe also recalled that von WeizsaÈcker `in particular had tried to do two things at

the same timeÐnamely, to build up the elements and simultaneously generate

energy.' This information was contained in the latter's ®rst paper (von WeizsaÈcker,

1937b) available since a year and probably discussed at the Washington meeting.

`The main step which I took was to get away from the coupling between building

up the elements and generating energy. But that of course came later.'1099b Bethe

continued:

Another point which excited everybody at the time was that apparently even without
knowing the source of energy, there were internal discrepancies in the calculations of
the astrophysicistsÐnamely, in one way they calculated the central temperature of
the sun as some 40 million volts and in another way they calculated less than 20
million volts. The mistake which they were making at the time, which was soon
afterwards corrected, was that they assumed that most of the material of the sun and
other stars was of the same composition as the earthÐnamely, mostly heavy ele-
ments, heavy starting from carbon and going up through iron. And if you assumed
that, then you get this discrepancy. Later on they discovered . . . that the main con-
stituent is really hydrogen, and with hydrogen, the two determinations of central
temperature came into agreement. . . . Before the summer I [learned] that it was all
right to assume hydrogen as a major constituentÐif not the main constituent. (Bethe,
loc. cit., p. 50)

Soon after the Washington conference, Hans Bethe and C. A. Critch®eld col-

laborated on a paper on `The Formation of Deuterons by Proton Combination,'

in which

The probability of the astrophysically important reaction H�H � D� e� is cal-
culated. For the probability of positron emission, Fermi's theory is used. The pene-
tration of the protons through their mutual potential barrier, and the transition
probability of the deuteron state can be calculated exactly, using the known interac-
tion between two protons. The energy evolution due to the reaction is about 2 ergs
per gram per second under the conditions prevailing at the center of the sun (density
80, hydrogen content 35 percent by weight, temperature 2� 107 degrees). This is
almost but not quite su½cient to explain the observed average energy evolution of the
sun (2 ergs/g sec) because only a small part of the sun has high temperatures and
density. The reaction rate depends on the temperature approximately as T 3:5 for the
temperature around 2� 107 degrees. (Bethe and Critch®eld, 1938, p. 248)

The Bethe±Critch®eld paper was received by the Physical Review on 23 June 1938,

and published in its issue of 15 August 1938. They noted that `the most primitive is

the combination of two protons to form a deuteron, with positron emissionÐ

H�H � D� e�Ð. . . this reaction must stand in the beginning of any building

1099bAs we have mentioned, von WeizsaÈcker dropped the connection between building up elements
and energy production in stars in his second paper, submitted in July and published in September 1938
(1938b), where he especially arrived at two conclusions: 1. `The assumption that all known chemical
elements have been built up in the presently existing stars and still will be, is given up.' (von WeizsaÈcker,
loc. cit., p. 645) 2. Concerning the energy producing reaction in stars: `Most probable is a cycle
involving carbon as catalyzer for forming helium.' (von WeizsaÈcker, loc. cit., p. 646)
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up of chemical elements; it has already been discussed in this connection by von

WeizsaÈcker [1937b].' (Bethe and Critch®eld, loc. cit., p. 248) Bethe recalled:

The proton-proton reaction was not my idea and not Critch®eld's idea. The two of us
wrote the paper and got credit for it, but I think it was really Gamow's idea to look at
that. Critch®eld was Gamow's student, a Ph.D. student, and I think this paper was
probably Critch®eld's thesis. So Gamow suggested to Critch®eld this topic. Critch-
®eld did it, but he didn't feel certain about his methods and so he sent me the paper
for criticism and correction. And I found a few factors of two which I would change
one way or other, and I used perhaps a somewhat more powerful way to calculate the
wave function of the deuteron. I made minor additions to the paper. I was very much
interested in this paper of course in connection with the conference, but I don't re-
member whether the paper was sent to me before or after the meeting [in Washing-
ton]. I have a vague feeling that it was before the meeting.

Now this feeling gets a little stronger because I have the impression that when I
went home to think about the conference, I had clearly in mind the proton-proton
reaction, and we had been told about the properties of stars so that I could ®gure out
that this reaction was insu½cient to give energy for the hotter starsÐin particular
Sirius A and Cygni Y or something like that. (Bethe, Interview with Charles Weiner
and Jagdish Mehra, 27±28 October 1966, p. 51)

Bethe continued:

Now, I had at my disposalÐand this has never been su½ciently creditedÐa paper by
Gamow and Teller on the rate of thermonuclear reactions. This came out I think
early in '38. And using this and my knowledge of nuclear reactions from the three
[comprehensive review papers which he had written for the Reviews of Modern

Physics], I set out to discuss the various nuclear reactions that could occur between
protons and other nuclei, and I would have gone onÐand did go on, in factÐto
discussing reactions between alpha-particles. So doing this, I very soon was able to
rule out reactions between protons and helium because they don't give any product;
the reactions between protons and lithium, beryllium, boron, because they immedi-
ately consume these elements, and there isn't very much of any of these elements and
[one] could easily show that the energy would last only a few hundred thousand years
if these were the elements responsible. And having come to that point, I was almost
sure that nothing would work but the proton-proton reaction. But then I looked at
the next, which was carbon, and that did give the right order of energy production;
and looking at it for about a day, I recognized that there was a cycle which returned
to carbon. This must have been sometime during May 1938. . . . After a few more
days I found that this reaction in contrast to the proton-proton [reaction] gave a
tremendous dependence on temperature, about the 17th power of the temperature,
which was su½cient to explain the di¨erence in energy production between the sun
and Cygni, with a very modest ratio of temperatures, which the astrophysicists would
allow me. Moreover, somehow I must have known already then, which was in May,
that hydrogen was a major constituent, perhaps the major constituent; and this pro-
cess used up only hydrogen, and that was ®ne and would mean that the fuel supply
would last billions of years. The whole work took me about a month from the
[Washington] conference. (Bethe, Interview with Charles Weiner and Jagdish Mehra,
27±28 October 1966, p. 52)
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In his major paper on `Energy Production in Stars,' which was received by the

Physical Review on 7 September 1938, Bethe showed in twelve sections that:

the most important source of energy in ordinary stars is the reactions of carbon and

nitrogen with protons. These reactions form a cycle in which the original nucleus is
reproduced, viz. C12 �H � N13, N13 � C12 � e�, C13 �H � N14, N13 �H � O15,
O15 � N13 � e�, N13 �H � C12 �He4. Thus carbon and nitrogen merely serve as
catalysts for the combination of four protons (and two electrons) into an a-particle.

The carbon-nitrogen reactions are unique in their cyclical character. For any
nuclei lighter than carbon, reaction with protons will lead to the emission of an a-
particle so that the original nucleus is permanently destroyed. For all nuclei heavier
than ¯uorine, only radiative capture of the protons occurs, also destroying the origi-
nal nucleus. Oxygen and ¯uorine reactions mostly lead back to nitrogen. Besides,
these heavier nuclei react much more slowly than C and N and are therefore unim-
portant for the energy production.

The agreement of the carbon-nitrogen reactions with observational data is excel-
lent. In order to give the correct energy evolution in the sun, the central temperature
of the sun would have to be 18.5 million degrees while integration of the Eddington
equations gives 19. For the brilliant star Y Cygni the corresponding ®gures are 30
and 32. This good agreement holds for all bright stars of the main sequence.

For fainter stars, with lower central temperatures, the reaction H�H � D� e�

and the reactions following it, are believed to be responsible for the energy production.
It is shown that no elements heavier than He4 can be built up in ordinary stars. This

is due to the fact, mentioned above, that all elements up to boron are disintegrated by
proton bombardment (a-emission) rather than built up (by radiative capture). The
instability of Be8 reduces the formation of heavier elements still further. The pro-
duction of neutrons in stars is likewise negligible. The heavier elements found in stars
must therefore have existed already when the star was formed.

Finally, the suggested mechanism of energy production is used to draw con-
clusions about astrophysical problems such as the mass-luminosity relation, the sta-
bility against temperature changes, and stellar evolution. (Bethe, 1939, p. 434)

After Hans Bethe sent in his paper on `Energy Production in Stars' to Physical

Review, he learned from his doctoral student Robert E. Marshak that the New

York Academy of Sciences was o¨ering a prize of $500 (A. Cressy Morrison Prize

in 1938) for a paper on the energy production in stars, with the condition that the

paper must not have been published previously. `And $500 was a good deal of

money for me at the time, so I asked the Physical Review to delay publication and

sent in the paper for the prize, which I got, and of which I gave the ®nder's fee

to Marshak [10%]. Then after I got the prize, I asked the Physical Review now

to publish it; and in order to accelerate the publication I sent in the letter to the

editor, which is really an abstract of the paper [quoted above] after I had sent in

the paper, and that explains why there are two papers and why they were so much

delayed . . . it took six months for publication.' (Bethe, Interview with Weiner and

Mehra, 27±28 October 1966, p. 58)

One year after this interview, Hans Bethe was awarded the 1967 Nobel Prize

for Physics for his work on the energy production in stars; it was the ®rst time that
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an astrophysical subject was recognized by the Nobel Committee. In his Nobel

lecture on 11 December 1967, Bethe stated the CN-cycle as follows:

C12 �H � N13 � g; �787a�

N13 � C13 � e� � n; �787b�

C13 �H � N14 � g; �787c�

N14 �H � O15 � g; �787d�

O15 � N15 � e� � n; �787e�

N15 �H � C12 �He4; �787f�

He noted:

Reactions a, c, and d are radiative captures; the proton is captured by the nucleus and
the energy emitted in the form of gamma rays; these are then quickly converted into
thermal energy of the gas. . . . Reactions b and e are simply spontaneous beta decays,
with lifetimes of 10 and 2 minutes respectively, negligible in comparison with stellar
lifetimes. Reaction f is the most common type of nuclear reaction, with 2 nuclei re-
sulting from the collision. . . .

Reaction f is in a way the most interesting because it closes the cycle: we repro-
duce C12 which we started from. In other words, it is only used as a catalyst: the re-
sult of the reaction is a combination of 4 protons and 2 electrons to form one He4

nucleus. In this process two neutrinos are emitted, taking away about 2 MeV energy
together. The rest of the energy, about 25 MeV per cycle, is released usefully to keep
the sun warm. (Bethe, 1968a, p. 40)

In a later commentary on his paper on `Energy Production in Stars' (1939),

Bethe remarked:

The CN cycle is now generally accepted by astrophysicists as the source of energy of
the heavier stars in the main sequence. The nuclear reactions involved have been
measured by [William A.] Fowler and his collaborators at Caltech, and the resulting
energy production agrees well with that calculated in this paper. Further con®rma-
tion comes from the observation that a number of heavy stars there are clouds in
which N is highly enriched relative to C and O, compared with the average in the
galaxy. (Oxygen is transformed, by a slower reaction, into C and N: this is to be ex-
pected from the CN cycle since 14N has a longer life than 12C.) In modern compu-
tations of stellar evolution, the CN cycle is assumed as a basis. (Bethe, 1997, p. 355)

The substantial progress achieved during 1937 and 1938 in the problem of the

energy production and the synthesis of heavy elements in stars contrasted with the

slow advance in the speci®c physical questions of nuclear constitution and re-
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actions. Still, von WeizsaÈcker, in another review paper published in two issues of

Naturwissenschaften in April 1938, was able to outline some recent model-based

conceptions that were applied more or less successfully to the constitution of

atomic nuclei (von WeizsaÈcker, 1938a). For instance, he drew attention to a geo-

metrical model of the atomic nucleus based on loosely bound a-particles in a

regular lattice and a few surplus neutronsÐadvocated by Wilfried Wefelmeier (a

member of the Kaiser Wilhelm-Institut fuÈr PhysikÐby means of which the latter

had explained the frequency of nuclear isotopes (Wefelmeier, 1937a, b). Besides

Ugo Fano of Rome (Fano, 1938), two Japanese visitors at Heisenberg's institute

in LeipzigÐSin-itiro Tomonaga (1938) and Satosi Watanabe (1939)Ðdeveloped

further details of the thermodynamical model of nuclear matter. By the way, most

of these publications made reference to the Bohr±Kalckar paper, which thus

seemed to appear as the canonical basis of the treatment of nuclear structure and

reactions, especially since it evidently accounted for most of the observed nuclear

properties, not least to the phenomena found in 1934 by Enrico Fermi and

his collaborators when they bombarded atomic nuclei with neutrons. On 10

December 1938, Enrico Fermi was addressed in Stockholm by the Chairman of

the Nobel Committee for Physics with the words: `Professor Fermi: The Royal

Swedish Academy has awarded you the Nobel Prize for Physics for 1938 for your

discovery of new radioactive substances belonging to the entire ®eld of elements

and for the discovery . . . of the selective powers of slow neutrons.' (H. Pleijel,

in Nobel Lectures: Physics 1921±1940, Nobel Foundation, ed., 1965, especially,

p. 413) In his Nobel lecture, Fermi emphasized, among other discoveries:

We attempted since the spring of 1934 to isolate chemically the carriers of these
activities, with the result that the carriers of some of the activities of uranium are
neither isotopes of uranium itself, nor of elements lighter than uranium down to the
atomic number 86. We concluded that the carrier was one or more elements of
atomic number larger than 92; we used to call the elements 93 and 94 at home with
the names of Auseneum and Hesperium, respectively. It is known that O. Hahn and
L. Meitner have investigated very carefully and extensively the decay products of
irradiated uranium, and were able to trace among them elements up to the atomic
number 96. (Fermi, 1939, p. 4)

Otto Hahn and Lise Meitner of the Kaiser Wilhelm-Institut fuÈr Chemie, whose

careful investigations Fermi referred to, had begun in fall 1934 to examine the

claims of the Rome group and some criticism of the work done there (raised by

Aristid von Grosse and Ida Noddack).1100 The Berlin team soon con®rmed the

discovery of transuranic elements (Hahn and Meitner, 1935), and indeed claimed

in subsequent years, just as Fermi had stated in December 1938, the formation of

1100The collaboration between Otto Hahn, the director of the Institute, and Lise Meitner, the head
of the Physics Department, was stimulated by the latter, who knew that in this programme the phys-
icists and the chemists had to have a close working relationship. For details of the work of Hahn and
Meitner and their collaborator Fritz Straûmann, see Fritz Kra¨t's biography of Straûmann (1981),
especially, pp. 203±337.
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several transuranic elements up to the atomic number 96 (Hahn, Meitner, and

Straûmann, 1937). On the other hand, IreÁne Curie and Paul Savitch in Paris had

obtained, also from the bombardment of uranium by slow neutrons, a substance

of 3.5 h half-life, and suggested that it was a uranium isotope (Curie and Savitch,

1937). Then, Hahn, Meitner, and the young analytical chemist Fritz Straûmann,

whom they had drawn into their collaboration since 1935, examined and refuted

this claim; they did not publish their result but rather informed their colleagues in

Paris by letter, who withdrew their conclusion in another paper submitted on

12 July 1938: Curie and Savitch now stated that their 3.5 h half-life substance

exhibited chemical properties similar to lanthanum (Curie and Savitch, 1938,

p. 355). Before their paper appeared in print in the September issue of Journal de

physique et le radium, Lise Meitner had ¯ed from Germany on 13 July 1938

(where she was endangered after the occupation of Austria, being an Austrian

of Jewish descent) with the help of Otto Hahn and their Dutch colleague Dirk

Coster; she arrived in Sweden via Holland and Denmark, where she found a

modest position in Manne Siegbahn's physics institute.1101 Hahn and Straûmann

maintained contact with Meitner in Stockholm, while continuing their experi-

mental programme in Berlin and checking the new claim of Curie and Savitch in

Paris. Their ®rst joint paper, submitted on 8 November 1938, analyzed the options

proposed by Curie and Savitch to explain the nature of the 3.5 h half-life sub-

stance, namely:

1. The 3.5 h [half-life] substance has the atomic number 93, and the hitherto found
transuranic elements have the atomic numbers 94±97, instead of 93±96.

2. The 3.5 h [half-life] substance has the atomic number 94, and the previous trans-
uranic elements have [atomic numbers] 93, 95±97.

3. The 3.5 h [half-life] substance is isomeric to one of the know transuranic elements,
but possesses a di¨erent arrangement of electrons; hence in spite of identical
atomic number with a normal transuranic [element], elements of the properties of
rare-earth show up. (Hahn and Straûmann, 1938. p. 755)

Hahn and Straûmann refuted all of these three hypotheses and, after repeating the

procedures of Curie and Savitch, also obtained a `3.5 h [half-life] substance,' which

they studied carefully with the following remarkable result:

When irradiating uranium with neutrons, probably three isomeric radium isotopes
result, which therefore must have originated via two successive a-transmutations via
thorium. . . . Their half-lives are about 25 min, 100 min, and several days. . . . As far as
the 3.5 h [half-life] substance is concerned, we believe that it represents a mixture
of substances which we have found in detail (einzeln nachgewiesen). The properties
assigned by the authors to their 3.5 h [half-life] substance are quite consistent with
the properties of such a mixture. Furthermore, the authors point out in their last

1101A letter to Naturwissenschaften, dated 12 July 1938, and dealing with a new radioactive sub-
stance having a lifetime of 60 h (which they identi®ed as another transuranic element), was the last joint
publication of Hahn, Meitner, and Straûmann (1938).
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publication [Curie, Savitch, and Marques da Silva, 1938] to the fact that the 3.5 h
[half-life] substance obviously still contains substances having larger lifetimes, of
which neither the lifetime nor the chemical properties were possible to detect. (Hahn
and Straûmann, loc. cit., p. 755)

Hahn and Straûmann concluded: `As a result of the irradiation with neutrons

of the single uranium type 238, therefore, in toto 16 di¨erent arti®cial types of

atoms with atomic numbers 88±90 and 92±96 have been detected. (Hahn and

Straûmann, loc. cit., p. 756)

The chemical analysis at Berlin proceededÐwith considerable exchange between

Hahn and Meitner, including a meeting of both in October in CopenhagenÐuntil

a letter was sent to Stockholm containing the news:

It is now 11 p.m.; at 11:30 Straûmann wants to return, then I can go home ®nally.
There is, however, something with the ``radium isotopes'' which is so strange that, for
the moment, we can only tell it to you. The half-lives of the three isotopes have been
determined rather accurately; they can be separated from all elements except barium;
all reactions are ®ne [speaking in favour of radium]. Just one is notÐif not very
strange accidents occur, the fractionation does not work. Our radium isotopes behave
like barium. . . . We increasingly arrive at the terrible conclusion: our radium isotopes
do not behave like radium, but like barium. As mentioned, other elements, trans-
uranic elements, U, Th, Ac, Pa, Pb, Bi, Po are excluded. . . . Perhaps you can propose
some fantastic explanation. We know ourselves that it [i.e., uranium] ought not break
up (zerspalten). Now we want to test whether the actinium isotopes [obtained] from
[the decaying] ``radium'' may not behave like lanthanum instead of actinium. All
these are very tricky experiments. (Hahn to Meitner, 19 December 1938).

Meitner immediately wrote back: `Your radium results are very astonishing: a

process working with slow neutrons which should lead us to barium,' and sug-

gested some chemical checks, adding: `The assumption of a far-reaching smashing

(Zerplatzen) appears to me, at the moment, rather problematic, but we have ex-

perienced so many surprises in nuclear physics that we cannot say, it is impossi-

ble.' (Meitner to Hahn, 21 December 1938) On the same day, 21 December, Hahn

dispatched the next letter to Meitner, telling her that the `active barium' obtained

previously indeed decayed into lanthanum, and added: `We cannot suppress our

results, even if they are perhaps, from the point of view of physics, absurd.' On 22

December 1938, the Naturwissenschaften indeed received the manuscript (of which

Meitner immediately obtained a copy) `UÈ ber den Nachweis und das Verhalten der

bei der Bestrahlung des Uransmittels Neutronen entstehenden Erdalkalimetalle (On

the Proof and the Behaviour of Alkaline-Earth Metals Emerging from the Irradi-

ation of Uranium by Neutrons).' (Hahn and Straûmann, 1939a) This extended

note discussed the results obtained in December 1938, and closed with the words:

As chemists we really have to rename, on the basis of the experiments described
here brie¯y, the above scheme, instead of Ra, Ac, Th, the symbols Ba, La, Ce. As
``nuclear chemists,'' who, in a way are close to physicists, we cannot yet make up our
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mind to accept this jump which contradicts all the hitherto obtained experimental
results in nuclear physics. A number of strange accidents might still have falsi®ed our
results. (Hahn and Straûmann, loc. cit., p. 15)

Hahn and Straûmann's note appeared in the issue of 6 January 1939. Less than a

month later, on 28 January 1939, they con®rmed the ®ndings of barium isotopes

obtained from uranium in another note entitled `Nachweis der Entstehung aktiver

Bariumisotope aus Uran und Thorium durch Neutronenstrahlung; Nachweis weiterer

aktiver BruchstuÈcke bei der Uranspaltung (Proof of the Formation of Active

Barium Isotopes from Uranium and Thorium by Irradiation with Neutrons; Proof

of Further Active Fragments from Uranium Fission)' (Hahn and Straûmann,

1939b). At the end of their note, they acknowledged: `That the numerous new

transmutation products could be identi®ed in a relatively short time withÐas we

believeÐconsiderable accuracy, was only possible because of the experience which

we have been able to gather in the earlier systematic experiments on transuranic

elements and thorium transformation, carried out with Lise Meitner.' (Hahn and

Straûmann, loc. cit., p. 95)

The discovery of `uranium ®ssion' caught the physicists quite unprepared.

Thus, Lise Meitner, the only person whom Hahn and Straûmann had informed

before the publication of their note in the Naturwissenschaften on 6 January 1939,

wrote to Hahn again on 28 December 1938: `Your Ra-Ba results are exciting. Otto

[Robert Frisch] and I have already racked our brains,' and three days later she

wrote again:

We have studied your paper very thoroughly and thought that perhaps it is energeti-
cally yet possible that such a heavy nucleus breaks up (zerplatzt). However, your
hypothesis about the formation of Ba and Mo87 appears to me impossible because of
diverse reasons. (Meitner to Hahn, 1 January 1939, see Kra¨t, 1981, p. 268)

Again, after three days, Frisch (Meitner's nephew, with whom she had discussed

the matterÐthe Hahn±Straûmann resultsÐduring the Christmas vacation) re-

ported from Copenhagen:

We are very excited by your new results. . . . By the way, we have thought more
closely about the possible (mutmaûlichen) physical features of the nuclear processes,
and we shall perhaps write a short note. (Frisch to Hahn, 4 January 1939, in Kra¨t,
loc. cit., p. 272)

Frisch added that everybody in Copenhagen, especially Niels Bohr (who promised

to keep silent for the moment), would eagerly await further results of Hahn and

Straûmann; only immediately after con®rmation from Berlin would he send o¨ the

announced note.

Independently, Frisch also checked the physical evidence for the `division of

heavy nuclei under neutron bombardment' by physical methods, especially in `a

uranium-lined ionization chamber' (Frisch, 1939). He thus found the ionizing

Chapter IV The Conceptual Completion and the Extensions of Quantum Mechanics1002



particle tracks of the uranium decay-products to be associated with medium

atomic weights, and con®rmed `conclusive physical evidence for the breaking up

of the uranium nuclei into parts of comparable size' (Frisch, loc. cit., p. 276). On

the same day he signed this note as a letter to Nature, on 16 January 1939, he also

sent to Nature a joint letter by Lise Meitner and himself, entitled: `Disintegration

of Uranium by Neutrons: A New Type of Nuclear Reaction' (Meitner and Frisch,

1939). `At ®rst sight this result [of Hahn and Straûmann, 1939a] seems very hard

to grasp,' the authors stated there and explained:

The formation of elements below uranium [from irradiation by neutrons] has been
considered before, but was always rejected for physical reasons, so long as the
chemical evidence was not entirely clear-cut. (Meitner and Frisch, 1939, p. 239)

Then, Meitner and Frisch continued:

On the basis, however, of present ideas about the behaviour of heavy nuclei (Bohr,
1936a), an entirely di¨erent and essentially classical picture of the new disintegration
process suggests itself. On account of their close packing and strong energy exchange,
the particles in a heavy nucleus would be expected to move in a collective way which
has some resemblance to the movement of a liquid drop. If the movement is made
su½ciently violent by adding energy, such a drop may divide itself into two smaller
drops. (Meitner and Frisch, loc. cit.)

Now, Meitner and Frisch had to explain, of course, why Bohr himself in 1936 or

Bohr and Kalckar (1937) had not thought about the possible disintegration of the

liquid-drop nucleus into two smaller drops (of almost equal size). They argued

that at that time the e¨ect of the diminishing of the surface tension due to the

electric charge in heavy nuclei, leading to a `small stability of form,' had not

properly been taken into account. If this were included, two drops of nearly equal

size could indeed be created by the ®ssion of uranium, since the fragments repel

each other and would come out with a kinetic energy of 200 MeVÐavailable

from the di¨erence in the packing fraction between uranium and the elements in

the middle of the periodic system. The ®ssion process might occur as well with

thorium,' they concludedÐknowing ahead of publication the later result of Hahn

and Straûmann (1939b).1102

Niels Bohr, who had failed to foresee the possibility of nuclear ®ssion beforeÐ

certainly, on account of the missing empirical evidence before December 1938Ð

1102 It should be mentioned that Siegfried FluÈgge and Gottfried von Droste, co-workers at Hahn's
institute who learned about the discovery of uranium ®ssion only in January 1939, provided inde-
pendently the same explanation of the phenomenon in a detailed paper, submitted on 22 January 1939,
to Zeitschrift fuÈ r physikalische Chemie, where it appeared in a March issue honouring the 60th birthday
of Otto Hahn (FluÈgge and Droste, 1939). Their theoretical study contained detailed calculations of the
energies of the fragments, as dependent on their constitution, and also emphasized the large neutron
surplus of the resulting nuclei. From this, one may conclude that the physical interpretation of nuclear
®ssion on the basis of the liquid-drop model of Bohr appeared to be rather obvious, once the phenom-
enon had been discovered experimentally.
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also became active immediately: On 20 January 1939, he submitted a letter to

Nature, which added `a few comments on the ®ssion process from the point of

view of ideas, developed in the recent years' (Bohr, 1939b, p. 330); in particular, he

noticed that `in the case of disintegration comparable to the division of such a

drop into two droplets it is evidently necessary that the quasi-thermal distribution

of energy be largely converted into some special mode of vibration of the com-

pound nucleus involving a considerable deformation of the nuclear surface' (Bohr,

loc. cit.).1103 Again, already the classical-mechanical treatment of a charged liquid

drop did provide an understanding of the unusual disintegration of heavy nuclei,

and, further, it explained `the remarkable stability of heavy nuclei in their normal

state or in the states of low excitation' (Bohr, loc. cit.).

Bohr concluded his letter to Nature, which he had sent from Princeton, New

Jersey, by saying: `The continuation of the experiments on the new type of nuclear

disintegrations, and above all the closer examination of the conditions of their

occurrence, should certainly yield most valuable information as regards the

mechanism of nuclear excitation.' (Bohr, loc. cit.) Indeed, on 16 January, he had

arrived with LeÂon Rosenfeld on the MS Drottingholm in New York, where John

A. Wheeler recieved and took him to Princeton. There Rosenfeld (against the

intentions of Bohr) immediately talked about the news from Europe on the

nuclear ®ssion, and his words quickly made the round in the United States. On 26

January 1939 Bohr and Enrico Fermi opened the `Fifth Washington Conference

on Theoretical Physics' with a discussion of the Hahn-Straûmann discovery and

the interpretation by Meitner and Frisch on the basis of the droplet model. `The

whole matter was quite unexpected to all present,' wrote Richard B. Roberts,

R. C. Meyer, and C. R. Hafstad of the Carnegie Institution in a letter to Physical

Review, dated 4 February, and continued:

We immediately undertook to look for these extremely energetic particles, and at the
conclusion of the Conference on January 28 were privileged to demonstrate them
to Professors Bohr and Fermi. It was subsequently learned that the particles had
been observed independently by Fowler and Dodson the same day, by Dunning and
coworkers at Columbia on January 25, and by Frisch in Copenhagen two weeks
earlier. (Roberts, Meyer, and Hafstad, 1939, p. 416)

Indeed, several American physicists from the East and West coasts contributed to

the same 15 February issue of Physical Review, reporting about the con®rmation

of nuclear ®ssion (Fowler and Dodson, 1939; Green and Alvarez, 1939; Abelson,

1939); in the subsequent issues of the journal, the number of notes and letters on

the topic increased steadily, and they were all rather quickly published.1104 At the

1103For lighter nuclei, however, the deformation would not occur; hence, in agreement with the
conclusions of Bohr and Kalckar (1937), only single particles were ejected.

1104The work on nuclear ®ssion in the USA proceeded so fast and hectically that Bohr became
worried and rushed to pressure Frisch in Copenhagen to publish his experimental results, while he tried,
at the same time, to tone down a bit the American enthusiasm. (See Peierls, 1986, pp. 57±64.)
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same time, Bohr further developed his own theoretical description in the case of

thorium ®ssion in a letter to Physical Review dated 7 February (Bohr, 1939c), and

he entered into a collaboration with John Wheeler on working out the details of

a general theory of ®ssion on the basis of his droplet model. In controversial

discussions with Fermi, who thought of a di¨erent approach, he upheld the opin-

ion that the slow neutron e¨ect was due to the rare isotope U235 (see Bohr,

1939c).1105 Bohr and Wheeler presented a report on the `Mechanism of Nuclear

Fission' on 28 April 1939, at the Washington meeting of the American Physical

Society; they emphasized, against an opinion stated earlier by Fermi, especially:

`An estimation of the energy required to separate the nuclei of thorium into two or

more parts of comparable mass and charge shows conclusively that the ®ssion

process cannot be attributed to a quantum-mechanical e¨ect analogous to alpha-

particle emission from the ground state of a heavy nucleus but that we have to do

with an essentially classical e¨ect arising from the possibility of comparatively

large deformations of the excited compound nucleus.' (Bohr and Wheeler, 1939a,

p. 1124) Two months later, the Physical Review received the fully worked out

paper of Bohr and Wheeler, in which they indeed presented a complete theory of

nuclear ®ssion (Bohr and Wheeler, 1939b).1106

The 25 pages of the Bohr±Wheeler paper were organized into six sections. After

an introductory Section I, where the total energy was calculated as released in

nuclear ®ssion on the basis of the standard liquid-drop model, they turned in

Section II to `nuclear stability with respect to deformations,' considering now in

contrast to Bohr and Kalckar (1937) not only the small deformation of the liquid

drop, as described by

dr�y� � anPn�cos y�; �788�

(with r and y the radial and angular variables, and Pn�cos y� the spherical poly-

nomial of n-th order), but also large deformations. In the ®rst case, they redis-

covered `the characteristic oscillations of a ¯uid about the spherical form of stable

equilibrium, even when the ¯uid has a uniform charge.' However, `if the charge

reaches the critical value (10� surface tension � volume)1=2, the spherical form

becomes unstable with respect to even in®nitesimal deformations of the type

n � 2,' Bohr and Wheeler continued and added: `For a slightly smaller charge, a

®nite deformation will be required to lead to a con®guration of unstable equilib-

rium.' (Bohr and Wheeler, 1939b, p. 430) Moreover, they justi®ed in the same

section their classical evaluation of the deformation problem and calculated for

the ground state of the heavy nucleus a lifetime of about 1022 years. In Section III,

1105Thus, George Placzek wrote in a letter to Frisch, dated 2 March 1939: `Bohr insists on 235.'
(See Peierls, 1986, p. 67.)

1106Nearly forty years later, Wheeler described the genesis of his work with Bohr; he outlined the
main ingredients and ideas that entered into the work, such as `®ssion barrier'Ðand the idea arising
from Wheeler's previous studies in variational calculus with Marston MorseÐand the capillary oscil-
lations of a liquid due to Lord RayleighÐas remembered by Bohr (Wheeler, 1979, pp. 274±275).
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Bohr and Wheeler treated the cross sections for ®ssion �sf �, and the emission of

radiation �sr�, obtaining the expressions,

sf � p
l

2p

� �2 2J � 1

�2s� 1��2i � 1�
Gn 0Gf

�E ÿ E0�2 � G

2

� �2
�789a�

and

sr � p
l

2p

� �2 2J � 1

�2s� 1��2i � 1�
Gn 0Gr

�E ÿ E0�2 � G

2

� �2
; �789b�

with the neutron wavelength l, the rotational quantum numbers l and j of the

original and the compound nucleus, respectively, s � 1
2, Gf and Gr the correspond-

ing partial widths, G the total resonance width, and Gn 0 a partial width (i.e., the

one connected with the breakup of the compound nucleus, leaving the residual

nucleus in the ground state and giving the neutrons full energy). These results

described the observations, as shown in Section IV. Finally, Bohr and Wheeler

discussed the phenomenon of delayed neutrons, as observed by R. B. Roberts,

R. C. Meyer, and P. Wang (1939) of the Carnegie Institution in Section V, and in

the last Section VI, they discussed the ®ssion processes initiated by deuterons,

protons, and photons.1107

Though it would be re®ned further, the theory of Bohr and Wheeler was

accepted, and continued to remain ever since, as the standard description of

the mechanism of nuclear ®ssion. The developments of the next two years con-

cerned the experimental exploration of details of the ®ssion process (e.g., of the

delayed neutrons) and of further consequences from the discovery of Hahn and

Straûmann. In what was probably the ®rst review article, `Fission of Heavy

Nuclei: A New Type of Nuclear Disintegration,' published in the Nature issue of

27 May 1939, Norman Feather of the Cavendish Laboratory expressed at the end

the expectations of his colleagues:

The general result appears to be that, for each process of ®ssion with uranium, at
least two neutrons having a mean energy of the order of 106 eV, eventually evaporate
from the residual fragments. Since neutrons of less than this energy are still capable of
producing ®ssion on their own account (probably in 235U . . .), the possibility of a
cumulative process of exothermic disintegration has to be considered. Clearly, if the
probability of removal of neutrons in processes other than those which result in the
®ssion is su½ciently reduced, the latter process must eventually build up in any solid
substance containing uranium. Direct experiments on this aspect of matter have not
been reported in the scienti®c literature, but at this stage it may be pointed out that,

1107For further addenda, see Bohr, Peierls, and Placzek, 1939, and Bohr and Wheeler, 1939c.
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even in pure uranium, it is well known that a non-®ssion process takes place, whilst
the unlimited generation of energy in the solid material would ultimately increase the
energy of the ``thermal'' neutrons until their e½ciency as agents for ®ssion was greatly
reduced. Already several attempts have been made to calculate the course of the
phenomenon using existing data, but the assumptions upon which they have been
based have generally been so severely idealized that no con®dence in numerical values
is at present likely to result. (Feather, 1939, p. 879)

Norman Feather was a former student of the great Lord Rutherford, who had

declared several times before his death in October 1937 that any hope of obtaining

by technical means any nuclear energy supply was simply `moonshine.' However,

now only two years later, the prospects appeared to be quite favourable in this

respect. Especially, the experimentalists in the Paris laboratory of FreÂdeÂric Joliot

concerned themselves with determining the number of neutrons liberated in the

®ssion of uranium; after improving their estimates in several attempts, they pub-

lished in the Nature issue of 22 April the rather de®nite value of 3.5G 0.7 neutrons

per ®ssion process (von Halban, Joliot, and Kowarski, 1939a).

The French experts also discussed in the scienti®c literature such problems as

the `control of the chain reaction involved in the ®ssion of the uranium nucleus'

(Adler and von Halban, 1939, p. 793), or they dealt with the actual energy gained

in the nuclear ®ssion by slow neutrons (von Halban, Joliot, and Kowarski, 1939b).

Enrico Fermi and his colleagues Herbert L. Anderson and Leo Szilard of Colum-

bia University contributed another study proceeding even more in the direction

indicated by Feather, namely, on `Neutron Production and Absorption in Ura-

nium' (Anderson, Fermi, and Szilard, 1939). They concluded that `a chain reac-

tion could be maintained in a system in which neutrons are slowed down without

much absorption until they reach thermal energies and are then mostly absorbed

by uranium rather than by another element,' but also: `Whether this holds for a

system in which hydrogen is used for slowing down the neutrons, remains an open

question.' (Anderson, Fermi, and Szilard, loc. cit., p. 285) Evidently, their pre-

liminary experiment of early summer 1939, using a tank ®lled with 540 litres of 10-

percent MnSO4 solution and 200 kg of uranium oxide in cylinder cansÐ5 cm in

diameter and 60 cm in heightÐhad not decided the question. The choice of the

proper material to slow the neutrons without absorbing them (called a `moderator'

in English or `Bremssubstanz' in German) would attain a crucial importance in

getting the nuclear chain reaction going. In Germany, Siegfried FluÈgge at Hahn's

Kaiser Wilhelm-Institut fuÈr Chemie dealt with the same problem, though only

theoretically, in a general report entitled, `Kann der Energieinhalt der Atomkerne

technisch nutzbar gemacht werden? (Can the Energy Content of Atomic Nuclei be

Used Technically?),' and published in the Naturwissenschaften issue of 9 June

(FluÈgge, 1939a). Based on the experimental and theoretical results that had been

achieved since December 1938, FluÈgge obtained rough estimates for the operation

of what he called an `Uranmaschine (uranium machine),' envisaged to provide `for

the ®rst time the situation, where the technical exploitation of the immense energy

amounts stored in atomic nuclei may come into seizable reach even for technical
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purposes' (FluÈgge, loc. cit., p. 403). FluÈgge sketched perhaps the earliest outline of

the various aspectsÐsuch as the energy of the neutrons from ®ssion, absorption

of neutrons by di¨erent materials, the cross sections for ®ssion and for scattering

of neutrons in uranium and other substances, the di¨usion equation determining

the growth of neutron numberÐwhose interplay should answer the question of

whether nuclear ®ssion could really be used as an energy source on earth, and

concluded:

In sum, we should emphasize again that our present knowledge renders likely the
possibility of a ``uranium machine'' of the sort described above. However, the quanti-
tative material is still connected with the large errors which prevent us from con-
solidating this possibility into a certainty. Be that as it may, it constitutes an important
progress that such possibilities have come into question at all, a progress which, even
if the hope is not realized, seems to justify quite well the detailed discussion of this
essay. (FluÈgge, loc. cit., p. 410)

FluÈgge not only composed this essay for the Naturwissenschaften, but also

wrote a popular article for the Deutsche Allgemeine Zeitung, a widely read Ger-

man newspaper. In the article, entitled `Die Ausnutzung der Atomkernegie (The

Exploitation of Nuclear Energy)' and published on 15 August 1939, he envisioned:

With a single neutron which ``initiates the ®ssion'' a measurable, even arbitrarily
large, amount of uranium will be transformed and thus nuclear energy be liberated.
One can rather say exactly how much energy could be gained in this way. . . . A cubic
meter of this [uranium] oxide weighs 4.2 tons and contains 9000 trillion uranium
atoms. When transformed . . . the total amount of 270,000 trillion metre-kilogram are
liberated, enough to shoot out the water content of the Wannsee into the atmosphere.
(FluÈgge, 1939b, p. 2)

As FluÈgge's report demonstrates, he wanted to draw public attentionÐat home

and abroadÐto the existence of this tremendous source of energy; but, by the

way, he mentioned nothing about the possibility of a military use of this vast

source of energy. Exactly this possibility worried Leo Szilard, a Hungarian-born

emigreÂ scientist, who had left Germany in 1933 andÐafter spending several years

in England (where he had thought about the use of nuclear energy, and even taken

out a patent on a hypothetical device producing a nuclear chain reaction)Ðsettled

in the United States. Already on 2 February 1939, he wrote a letter from New

York to FreÂdeÂric Joliot in Paris, stating:

When [Otto] Hahn's paper reached this country a fortnight ago, a few of us got
interested in the question whether neutrons are liberated in the disintegration of ura-
nium. Obviously, if more than one neutron was liberated, a sort of chain reaction
would be possible. In certain circumstances, this might then lead to the construction
of bombs which would be extremely dangerous in the hands of certain governments.
(Szilard to Joliot, 2 February 1939)
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Clearly, Szilard thought especially of Hitler's Third Reich government, and he

appealed to the discretion of his colleagues in America, England, and France `to

prevent a leakage of these ideas into the newspapers.' Even more, Szilard wanted

to prepare the Western scientists with an appeal not to publish at all any results on

matters related to the acquisition of nuclear energy, for as Fermi recalled many

years later:

So he [Szilard] proceeded to startle physicists by proposing to them that given the
circumstances of the period, . . . given the danger that atomic energy and possibly
atomic weapons could become the chief tool for the Nazis to enslave the world, it was
the duty of the physicists to depart from what had been the tradition of publishing
signi®cant results as soon as the Physical Review, or other scienti®c journals might
turn them out, and that instead one had to go easy, keep back some results until it
was clear whether these results were practically dangerous or potentially helpful to
our side. (Fermi, 1955, p. 14)

Although `Szilard talked to a number of people and convinced them that they had

to join some sort of . . . secret society' and `he sent in this vein a number of cables

to Joliot in France, but he did not get a favorable answer from him' (Fermi,

loc. cit.). In fact, not only French, but also American scientists (including partly

Szilard himself ) continued to publish articles and notes on various aspects of

nuclear ®ssion until, toward the end of the year 1940, the situation really changed,

and many results of the kind envisaged by Szilard in February 1939 ceased to

appear in Physical Review.1108

However, Szilard succeeded in another point of his political programme. He

got George B. Pegram, Chairman of the Physics Department at Columbia Uni-

versity, to inform Admiral S. C. Hooper (the Technical Assistant to the Chief of

Naval Operations in Washington, D.C.) about the progress achieved in nuclear

®ssion and the `possibility that uranium might be used as an explosive that would

1108This change of policy may be traced ®rst in the story of transuranic elements. After the recog-
nition of nuclear ®ssion, Emilio SegreÁ had stated in May 1939: `The necessary conclusion seems to be
that . . . transuranic elements have not yet been observed ' (SegreÁ, 1939, p. 1105). A year later, Edwin
McMillan and Philip Hauge Abelson of the University of California and Carnegie Institution produced
a previously observed 2.3-day (half-life) substance from uranium activated by neutrons in larger
amounts, analyzed it, and put in into a `second ``rare-earth'' group of similar elements starting with
uranium'; that is, they associated it with the transuranic element No. 93 and even looked for the next
element No. 94 (McMillan and Abelson, 1940, especially, p. 1186). However, the note in which the
California team of Glenn T. Seaborg, E. M. McMillan, J. W. Kennedy, and A. C. Wahl established the
existence of the element No. 94 was published only after World War II (1946), the reason being that
this new element (named `plutonium') could serve like the uranium isotope U235 as material for bombs.
Still, this interruption of publication did not impede the members of the German nuclear energy proj-
ect: von WeizsaÈcker in a (secret) report, entitled `Eine MoÈglichkeit der Energiegewinnung aus U238 (A
Possibility of Obtaining Energy from U238)' and dated 17 July 1940, concluded independently from the
Bohr±Wheeler theory of nuclear ®ssion that the element No. 93 or better No. 94 may be ®ssionable
even more easily than U235 and would therefore provide another nuclear explosive. It was also con-
cluded in Germany, just as in the United States, that the new ®ssionable element would be produced
in considerable amounts in a suitably operating `uranium machine' (`reactor' or `pile') and could be
chemically separated from uranium.
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liberate a million times as much energy per pound as any known explosive.'

(Pegram to Hooper, 16 March 1939, quoted in SegreÁ, 1970, p. 111) Two days

later, Fermi gave a lecture on the topic at the Department of the Navy and left

with $1,500 to assist him in his investigations on the use of nuclear ®ssion. Szilard

did not give up political agitation; together with his fellow countrymen Edward

Teller and Eugene Wigner, he persuaded the most famous Germany emigreÂ sci-

entist Albert Einstein (whose acquaintance Szilard had cultivated during his stay

in Berlin), to address a letter to President Franklin Delano Roosevelt on 2 August

1939, explaining the practical consequences from the recent research on nuclear

physics and arrange funding to speed up the experimental programme on the ex-

ploitation of nuclear energy in the United States. The letter from Einstein closed

with the warning:

I understand that Germany has actually stopped the sale of uranium from Czecho-
slovakian mines which she has taken over. That she should have taken such early
action might perhaps be understood on the ground that the son of the German Under
Secretary of State, von WeizsaÈcker is attached to the Kaiser Wilhelm-Institut in Berlin
where some of the American work is now being repeated. (Einstein to Roosevelt,
2 August 1939, in SegreÁ, 1970, p. 114, and also quoted in most post±World War II
biographies of Einstein)

The last statements, of course, were not literally true. First, Carl Friedrich von

WeizsaÈcker was not yet involved in any work on nuclear energy. Second, after the

discovery of nuclear ®ssion at the Kaiser Wilhelm-Institut fuÈr Chemie, Otto Hahn

and his collaborators continued to work on their chemical and physical inves-

tigations on nuclear ®ssion (certainly not repeating the American work, but doing

their own pioneering research work). However, the ®ndings of FreÂdeÂric Joliot

in France, and of others in England (e.g., L. L. Michiels, G. Parry, and George

P. Thomson, 1939), Poland (Joseph Rotblat, 1939), and Germany (Gottfried von

Droste and Hans Reddemann, 1939) on the multiplication of neutrons in the

multiplication of neutrons in the ®ssion process excited many scientists also in

Germany. Thus, Wilhelm Hanle, immediately after seeing the last results of Joliot

and his collaborators, reported in the GoÈttingen colloquium about the prospects of

nuclear energy, upon which Georg Joos, the director of Hanle's institute, wrote a

letter informing the German Ministry of Education on 22 April 1939, about the

matter. The authorities in Berlin reacted unusually quickly by calling in a meeting

of experts on 29 April, inviting besides Hanle and Joos, Peter Debye, Director of

the Kaiser Wilhelm-Institut fuÈr Physik (who did not attend), the experimentalists

Walther Bothe (who probably sent Wolfgang Gentner in his place), Hans Geiger,

and Gerhard Ho¨mann, to discuss `the problem of a self-sustaining nuclear reac-

tion' (Dames to Bothe, 24 April 1939, in the Bothe-Nachlaû). At the meeting in the

building of the Ministry of Education, it was decided that Hanle, Joos, and their

colleague Reinhold Mannkop¨ should prepare suitable experiments in GoÈttingen,

but this ®rst o½cial German `Uranverein (Uranium Club)' was dissolved in August

1939 when all three participants were called for active military training. Mean-
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while, the military authoritiesÐinformed by a letter of 24 April 1939 (written

by the Hamburg physico-chemists Paul Harteck and Wilhelm Groth), about the

possibility of `an explosive, many orders of magnitude more powerful than the

conventional ones'Ðhad taken action (much more slowly than the Civil Min-

istry of Education). Finally, when on 1 September 1939, the European War

started, the Heereswa¨enamt (Army Weapons O½ce) formed its own committee,

and invited Otto Hahn, Paul Harteck, Gerhard Ho¨mann, Walther Bothe, Hans

Geiger, Joseph Mattauch, Siegfried FluÈgge, and Georg Stetter to participate in

the ®st meeting on 16 September; soon, a second meeting was held, which in-

cluded more expertsÐlike the experimentalists Klaus Clusius from Munich and

Robert DoÈpel from Leipzig, and the two theoreticians Werner Heisenberg and

Carl Friedrich von WeizsaÈcker. The programme of this new German `Uran-

verein' was formulated by Dr. Basche, an o½cial of the Army Weapons O½ce,

as follows:

It is the task of the participants to work out all preparatory steps in order to answer
uniquely the question whether nuclear energy can be produced on a technical scale.
Of course, it would be very nice if the answer turned out to be positive and if one
succeeded in achieving a new source of energy. This would very probably also have
military signi®cance. A negative result, however, would be just as important, since
one could then be certain that the enemy had no access to it either. (Bagge, 1985,
pp. 30±31)

Thus began the secret German nuclear energy project of World War II, which

involved a number of physicists and chemists (altogether about 100), working at

several university institutes (primarily in Hamburg, Leipzig, and Munich) and the

institutes of the Kaiser Wilhelm Gesellschaft (e.g., the Institut fuÈr Chemie of Otto

Hahn, and the Institut fuÈr Physik of Peter Debye, both in Berlin, as well as the

Institut fuÈr medizinische Forschung in Heidelberg) and the Institut fuÈr Radium-

forschung in Vienna. Dr. Kurt Diebner of the Army Weapons O½ce installed

himself as the administrative leader at Debye's institute (because Peter Debye, the

director of the Institut fuÈr Physik, having refused to assume German citizenship,

went on leave of absence to the United States). The military authorities aban-

doned the project in early 1942, because the leading scientists agreed that a nuclear

weapon could not be built in the near future.1109

In the Western countries, which were opposed to Germany in the European

War, notably, France and Great Britain, secret programmes to exploit nuclear

energy had also been initiated. With the fall of France in June 1940, some members

of the Paris group (Hans von Halban and Lew Kowarski) crossed the Channel and

went to England, where especially the Jewish refugee scientists from GermanyÐ

like Otto Robert Frisch and Rudolf PeierlsÐconcerned themselves actively with

1109From an account of the German nuclear energy projects, see the books of David Irving (1967)
and Mark Walker (1989)Ðand Walker's Ph.D. thesis (1987)Ðthe chronology of the most important
events and results has been compiled by Rechenberg (1988).
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the problem of the `superbomb.'1110 In the United States, ®rst of all, the problem

of getting a controlled nuclear chain reaction going (in a suitable arrangement of

uranium and the bombarding slow neutrons) stood in the foreground, involving in

particular Enrico Fermi and several physicists at Columbia University, notably,

Herbert L. Anderson, Leo Szilard, and Walter Zinn. Toward the end of the year

1939, they obtained a sum of $6,000 from a Presidential `Advisory Committee on

Uranium' (actually the funds came from the Army and the Navy), to be spent

on experiments with neutrons (slowed to thermal velocities by graphite) and

uranium oxide, later the uranium metal. The `National Defense Committee,'

organized in June 1940, then supported the Columbia atomic `pile' project as

well as those installed at several other universities (e.g., Princeton) and institutions

with much higher budgets.1111 In connection with a further reorganization of the

CommitteeÐafter the United States entered the war in December 1941ÐArthur

H. Compton, now responsible for the programme of producing the nuclear chain

reaction concentrated the work in Chicago, and Fermi's group moved in spring

1942 to the University of Chicago. The o½cial report described the crucial

moment of this project:

In July [1942] enough puri®ed uranium oxide from Mallinckrodt was available
to permit building intermediate pile No. 9. As in previous experiments, a radium-
beryllium neutron source was placed at the bottom of the lattice structure and the
neutron density decreased exponentially with increasing distance from the neutron
source (hence the name often used for experiments of this type, ``exponential pile'')
and that, from such rates of decrease, the multiplication constant k for an in®nitely
large pile of the same lattice properties could be calculated. For the ®rst time the
multiplication constant so calculated from experimental results came out greater than
one. (The actual value was 1.007.) (Smyth, 1948, p. 987)

By looking into the `Excerpts from Report C-207 for the week ending July 25,

1942,' this result of a multiplicative factor larger than one ®rst occurred here (see

Fermi, 1962b, pp. 203±205, especially, p. 204). However, the American break-

through de®nitely occurred after the one achieved in Germany, where Robert

and Klara DoÈpelÐtogether with HeisenbergÐworked with a quite di¨erent

setup, namely, [`Der experimentelle Nachweis der e¨ektiven Neutronenvermehrung

in einem Kugel-Schichtensystem aus D2O und Uranmetall (The Experimental Proof

of the E¨ective Neutron Multiplication in a Spherical Layer System of D2O and

Uranium Metal)']:

1110For speci®c details of the British programme, see R. H. Dalitz and Rudolf Peierls (1997),
especially the `Complete Bibliography' on pp. 790±793. The British atomic bomb project, code-named
`Tube Alloys,' joined the American war e¨ort in this ®eld after 1942.

1111The history of the U. S. nuclear energy project has been told, without going into technical
detailsÐsee the `o½cial' Smyth Report (Smyth, 1948). The initial steps of this project, until about the
beginning of the middle of 1941, greatly resembled the situation in the German `military' project; after
that period, however, the personnel and industrial involvement and the budget quite surpassed the
German e¨orts, and the goal of the Allied e¨ort changed very much in favour of building the nuclear
weapon.
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A spherical layer setup of D2O and U-metal (layer width 17 cm D2O, 4 cm U-
metalÐdensity 10Ð, in between 2 to 5 mm Al as support material) possesses a neg-
ative absorption coe½cient. A simple enlargement of the layer arrangement described
here [and consisting of two layers of heavy water and uranium metal] would therefore
lead to a uranium-burner, from which energy of the order of the nuclear energy can
be taken away. (R. and K. DoÈpel and W. Heisenberg, in Heisenberg, 1989a, pp. 536±
544, especially, p. 537)1112

Like Enrico Fermi, Heisenberg had worked on achieving this goal by ®rst devel-

oping a theory of the nuclear reactorÐhe did so in December 1939Ðand then

collaborating with Robert DoÈpel, his experimental colleague in Leipzig (and the

latter's wife as assistant), in establishing a suitable, simple apparatus to construct a

`uranium machine.' In contrast to Fermi's programme, the selected geometryÐ

spherical shells of `Bremssubstanz' (the moderator) and uranium oxideÐand their

chosen heavy water as the moderator hindered Heisenberg and his collaborators

to enlarge the apparatus quickly. Especially, the lack of enough amounts of D2O

ultimately prevented the German `uranium machine' from becoming critical, i.e.,

it could not achieve the nuclear chain reaction before the end of World War II.

On the other hand, Fermi and his Chicago teamÐduring summer and fall of

1942Ðcontinuously enlarged their pile consisting of an assembly of cubes of

graphite (as `moderator' for neutrons) and uranium oxide (as `fuel'), with some

absorption material (cadmium rods) in between to control the neutron ¯ux. As

Herbert Anderson recalled:

From this plot we could tell that the pile would be critical when the 57th layer was
completed, on the night between December 1st and 2nd, during my shift. That night
the construction proceeded as usual, with all cadmium covered wood in place. When
the 57th layer was completed, I called a halt to the work, in accordance with the
agreement we had reached in the meeting with Fermi that afternoon. All the cad-
mium rods but one were then removed and the neutron count taken following the
standard procedure which had been followed on the previous days. It was clear from
the count that once the only remaining cadmium rod was removed, the pile would go
critical. I resisted great temptation to pull the ®nal cadmium strip and be the ®rst to
make a pile chain react. However, Fermi had foreseen this temptation and extracted
a promise from me to make the measurement, record the result, insert all cadmium
rods, and lock them all in place. The next morning, December 2, I was on hand,
bright and early, to tell Fermi that all was ready. He took charge then.

Fermi had prepared a routine for the approach to criticality. The last cadmium
rod was pulled out step by step. At each step a measurement was made of the increase
in the neutron activity, and Fermi checked the result with his prediction, based on the
previous step. That day his little six-inch pocket slide rule was busy for this purpose.
At each step he was able to improve his prediction for the following. The process
converged rapidly, and he could make predictions with increased con®dence of being
accurate. So it was that when he arrived at the last step, Fermi was quite sure that

1112The report is undated, but the experiment LIV, in which the result was obtained, ended before
an accident on 23 June 1942, destroyed the Leipzig apparatus.
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criticality would be attained then. In fact, once the cadmium rod was pulled out
entirely, the pile went critical and the ®rst self-sustaining chain reaction took place.
(H. L. Anderson, in Fermi, 1962b, p. 269)

Only some 40 persons, mostly scientists who had done the work, witnessed the

emergence of the `age of nuclear energy' on 2 December 1942, among them the

pioneers of nuclear physics like Leo Szilard and Eugene Wigner.1113 This event

was later often described as the triumph of modern atomic theory and sometimes

also as the `fall (SuÈndenfall ) of modern science,' due to the consequences that it

led to.

Certainly, the realization of nuclear energy constituted the result of a long

process of evolution in nuclear physics, extending over more than thirty years, in

which quantum theory played a decisive role. On the other hand, it might be

somewhat exaggerated to call just this eventÐspectacular as it appeared then and

does so especially in retrospectÐas the main outcome of the e¨orts of the quan-

tum physicists, although some of the most prominent representatives of their

community were actually involved in the successful outcome. The possibility of

acquiring nuclear energy was an obvious consequence of the circumstances con-

nected with the ®ssion of heavy nuclei, as discovered (perhaps accidentally) by

chemists. Actually, the whole ®eld of radioactivity, which had initiated the ®nal

push of the physicists into the inner structure of matter, rested largely on chemical

methods. But it was the physicists who had built the structures of quantum and

relativity theories, which made it possible to understand the properties of the basic

constituents of matterÐof electrons, protons, nuclei, and even such new particles

as positrons and cosmic-ray mesotrons. Nuclear ®ssion and its industrial and

military consequences just constituted an example of the many applications that

followed from the combination of the emergence of fundamental physical theories

in the beginning of the 20th century and their reaching at least a preliminary

completion in the 1930s. The pursuit of the understanding of the laws of nature

based on these fundamental theories would, however, continue, and we shall

summarize the main results in the Epilogue.

1113Fermi's atomic pile experiment was set up in a squash court below the Stagg ®eld at the Uni-
versity of Chicago. When the pile became critical, Eugene Wigner produced a bottle of Chianti from a
brown bag, and everyone toasted Fermi's achievement using paper cups. As Wigner remarked, `It re-
quired more foresight to have acquired the bottle of ChiantiÐwhose supply would be stopped or ex-
hausted because of the warÐthan the faith that Fermi would succeed!' (Conversations with Jagdish
Mehra on numerous occasions about Fermi's accomplishment of a successfully operating atomic pile.)
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Epilogue

1942±1999

In an `Historical Overview of the Twentieth Century in Physics,' Philip W. Ander-

son praised the ®rst half of the century as `the triumph of physics' (Anderson, 1995,

p. 2020). Without going into detailÐwe may say that he indeed had essentially

quantum theory and its applications, which we have discussed in these volumes, in

mindÐhe made a note of the popular appreciation of this science which `attracted

increasing support for the research from private philanthropy,' such as the Nobel

or the Rockefeller Foundations, while governmental funding was just starting.1114

1114 It is indeed true that after World War I, the Rockefeller Foundation and the International
Education Board greatly helped in the building of institutions and scienti®c research through generous
grants and fellowships in countries like Great Britain, Germany, Denmark, Sweden, Italy, and others.
Yet in the United Kingdom and Western and Central Europe, a tradition of private philanthropy and
governmental support for scienti®c research already existed. In previous centuries, there were the em-
perors, kings, princes, dukes, and wealthy aristocrats and merchants who directly encouraged the sup-
port of arts, sciences, architecture, and other creative pursuits; however, with the increasing wealth of
governmental treasuries and industrial resources, they became the direct benefactors of such muni-
®cence and generosity. Thus, for instance, Frederick the Great of Prussia and Catherine the Great of
Russia had been the great supporters of intellectual pursuits; later on, the Duke of Brunswick ®nanced
the education of Carl Friedrich Gauss, who had been a child prodigy, and Henry CavendishÐthe elder
son of a duke and inheritor of his title, and himself a noted chemist and physicistÐestablished the
Cavendish Laboratory in Cambridge, England, with James Clerk Maxwell as the ®rst holder of the
Cavendish Professorship of Experimental Physics. Maxwell's successorsÐLord Rayleigh, Joseph John
Thomson, Ernest Rutherford, and William Lawrence BraggÐadded great lustre to the achievements of
the sciences in Great Britain, from which other universities and research institutions bene®ted. Later,
the British government instituted the University Grants Commission and the Department of Scienti®c
and Industrial Research (D.S.I.R., now called the Science Research Council); under the umbrella of
the latter, vast national laboratories sprang up in all ®elds of science and engineering, which also re-
ceived great support from scienti®c industry (like the Imperial Chemical Industries). In Germany, the
support to science, especially to physics and chemistry in the beginning, came from the Kaiser Wilhelm-
Gesellschaft, ®rst ®nanced by private sponsors, and later by a mixture of private and governmental
support, with Emil Fischer as the ®rst director of its institute of chemistry and Albert Einstein as the
®rst director of its physics institute; very soon after World War II, the Kaiser Wilhelm-Gesellschaft was
reconstituted as the Max Planck-Gesellschaft (with Otto Hahn as President) and established also a large
number of new research institutes (the Max Planck-Institutes) in various ®elds in due course, spread
out in places throughout Germany. Furthermore, we should mention the Physikalisch-Technische
Reichsanstalt, the ®rst institution of metrology, which carried out since 1887 their vast enterprize
with ®nancial support jointly from government and industry, after World War II being replaced by
Physikalish-Technische Bundesanstalt. Similar umbrella organizations, with large numbers of research
institutions (such as the C.N.R.S. in France), were established in other European countries as well, in-
cluding the many distinguished research institutes of the U.S.S.R. Academy of Sciences widely spread
over the entire Soviet Union. However, during and after World War II, the United States of America
led the world in the organization of huge and enormously successful research and development labo-
ratories and other institutions which received their funding from government agencies, private industry,
foundations, and corporations.



The events of World War II, especially the developments of radar, missile tech-

nology, jet aircrafts, electronic calculators, computers, and nuclear technology,

caused a general change of attitude, that is:

Governments emerged from World War II convinced that investments in scienti®c
research were vital for their military strength and were economically valuable, and
the major participants on both sides [the West and the U.S.S.R. and its satellites]
developed, as they recovered economically, systems of national laboratories as well as
schemes for supporting science in research universities. . . . Physics was a major ben-
e®ciary of all this activity. (Anderson, 1995, p. 2022)

Thus began the age of `Big Science,' a name coined by Alvin Weinberg, who had

participated in the American±British Manhattan Project (which despite certain

predecessors, has often been considered to be the originator of all big-science

projects). Weinberg compared the large scienti®c-technological enterprizes, created

in the postwar periodÐemploying hundreds of collaborators and a huge machinery

of instrumentsÐto similar large human undertakings of the past historical epochs,

notably, the building of the Egyptian pyramids or the great European cathedrals

(A. M. Weinberg, 1961).

Nuclear and elementary-particle physics would, in particular, bene®t from the

establishment of large national or international laboratories, such as the Brook-

haven National Laboratory near New York, the Fermilab in Batavia near Chicago,

the Stanford Linear Accelerator Center in Stanford, CERN (the European Centre

for Nuclear Research) near Geneva, or the (likewise international) Soviet Institute

for Nuclear Research at Dubna. Other ®elds of quantum physics, for example,

solid-state and semiconductor physics, would ¯ourish on a smaller scale, especially

in industrial laboratoriesÐe.g., the Bell Labs in the United States or the research

laboratory of Siemens-Schuckert-Werke in GermanyÐas well as in research uni-

versities; these were also very often supported by government agencies. In the

second half of the twentieth century, many research students and active contrib-

utors to scienti®c research were thus trained in all areas of theoretical and experi-

mental physics, and they would createÐtogether with their teachers and advi-

sorsÐthe so-called `Atomic Age,' one of the greatest periods in the history of

physics. In fact, most of the physical topics treated during this period were closely

connected with the fruits of the earlier revolutionary quantum-theoretical devel-

opments.1115 The leading physical journals became dominated by a vast number

of papers submitted on atomic, nuclear, elementary-particle, molecular, and solid-

state physics, and the new scienti®c journalsÐlike Nuclear Physics and Physica

Status SolidiÐor the subseries of renowned ones (especially the Physical Review)

became devoted entirely to the speci®c sub®elds of quantum physics. Similarly, the

1115 See, for example, the ®elds treated in Twentieth Century Physics, Volumes II and III (Brown,
Pais, and Pippard, 1995); out of 19 chapters, only about three refer to the development of concepts
contained already in the classical theories.
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journals devoted to chemistry and physical chemistry published an increasing

fraction of articles containing results based on the applications of quantum theory;

in fact, quantum chemistry advanced to the status of a respected sub®eld of

chemistry itself, especially after electronic computers started to assist scientists in

their complex calculations of molecular properties. Only the high expectations

raised in the 1930's by Niels Bohr and othersÐwhen they hoped to explain the

fundamental biological phenomena on the basis of a generalized complementarity

conceptÐdid not materialize.1116 The present understanding of how living matter

functions is rather determined by studying thermodynamical and statistical pro-

cesses that occur far from equilibrium. Whether these processes demand the invo-

cation of new physical principles (whether quantum or classical) has remained an

open question.

Therefore, the development of quantum biology will not be treated in the fol-

lowing, in which we shall summarize certain important results derived from the

enormous progress of quantum theory following World War II in three sections.

Section 1, the comparatively most detailed one, will be devoted to questions of the

innermost structure of matter, the nature and properties of subnuclear particles,

and their fundamental interactions. In this case, the existing quantum-theoretical

schemes had to be extended considerably, and many new physical concepts and

mathematical methods were needed in order to achieve a successful description

of the observed phenomena. However, during the same period, several already

known concepts of the nonrelativistic quantum theory could be substantiated in

technologically important applications, such as Albert Einstein's stimulated emis-

sion of radiation of 1916/1917 (through the invention of masers and lasers) and his

concept of the degeneracy of an ideal quantum gas (Bose±Einstein condensation)

or the theory of semiconductors (which led to the transistor e¨ect and the subse-

quent technological revolution caused by microelectronics). On the other hand, a

host of new e¨ects, connected with the names of Rudolf MoÈssbauer, Yakir Ahar-

1116 In an address delivered in August 1932 at the `International Congress on Light Therapy' in
Copenhagen, Bohr had considered `life in biology as an elementary fact' and said: `The asserted im-
possibility of a physical and chemical explanation of the function peculiar to life would in this sense be
analogous to the insu½ciency of the mechanical analysis for the understanding of the stability of
atoms.' (Bohr, 1933, p. 458). Pascual Jordan, in an essay on `Die Quantentheorie und die Grundprobleme
der Biologie und Phychologie (Quantum Theory and the Fundamental Problems of Biology and Psy-
chology)' picked up Bohr's theme and sought to sharpen the latter's idea of a complementarity between
the structure of living systems and their biological functions characterizing life (Jordan, 1932b); later
on, Max DelbruÈck advocated similar views, although the pioneering paper which he wrote together
with the biologist Nicolaj V. TimofeÂe¨-Ressovsky and the radiologist K. G. Zimmer on the nature of
gene mutation and gene structure (TimofeÂe¨-Ressovsky, Zimmer, and DelbruÈck, 1935) did not estab-
lish any particularly new such complementary aspect. Finally, Erwin SchroÈdinger, in his Dublin lectures
of 1943 on `What is Life?' also spoke about `other laws of physics' that might play a role in biology
(SchroÈdinger, 1945, especially, p. 68). The further development of biology, especially the discovery of
the double-helix structure of the material building genes (by James Watson and Francis Crick, 1953)
and the recognition of the mechanism of the replication of genes revealed, however: `In order to solve
the riddle of life, no retreat to deep-lying concepts (like complementarity) seemed to be necessary, at
least not in genetics.' (Fischer, 1987, p. 19)
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anov, David Bohm, Brian Josephson, Klaus von Klitzing, and others, were dis-

covered which found their explanation in the quantum-mechanical formalism.

Moreover, the old riddle to understand superconductivity could be solved con-

sistently in the context of quantum mechanics, although the theoretical under-

standing of the relatively recently discovered phenomenon of high-temperature

superconductivity still remained unresolved. We shall discuss these developments,

which occurred mainly in the quantum theory of condensed-matter systems, in

Section 2, together with the advances achieved in the quantum-theoretical de-

scription of astrophysical phenomena and the evolution of stars and the processes

which seem to have occurred in the early universe. Finally, since the early 1950s, a

renewed examination has been undertaken of the physical interpretation of quan-

tum mechanics and the philosophical consequences derived from it concerning the

understanding of the microscopic world. In particular, several schemes alternative

to the standard Copenhagen interpretation of quantum mechanics (which has been

explained in Chapters II and IV) were proposed. Moreover, recent highly re®ned

and ingenious experiments have made it possible to check the consequences of

both the Copenhagen and the deviating interpretations. In Section 3, we shall de-

lineate some of these philosophically quite captivating suggestions as well as the

conclusions derived from the latest experiments, which certainly serve to clarify

the peculiar nature of the quantum phenomena and their theoretical description.

1 The Elementary Constitution of Matter:

Subnuclear Particles and Fundamental Interactions

The 20th-century physics began, even before the existence of atoms had been

®rmly established, with the dissolution of the concept of atoms as indivisible

entitiesÐwhich had been so regarded since times immemorial and were now

found to possess a structure. After the discoveries of radioactivity and the elec-

trons shortly before 1900, especially the spectroscopic analysis of the chemical

atoms and molecules on the basis of quantum theory, led toward the end of the

1920s to a satisfactory theoretical description of the observed facts: The conclu-

sion was that the molecules consisted of atoms bound by ionic or covalent forces,

and the atoms were composed of atomic nuclei and electrons held together by

electromagnetic forces. Then, in the 1930s, the fact that the atomic nuclei them-

selves possessed a constitution (which had been suspected already earlier) was

proved: It was established that the nuclei are composed of protons and neutrons

(together called the nucleons), which are closely held together by nuclear forces

created by the exchange of Yukawa's mesons (or, perhaps, of electron±neutrino

pairs).1117 Two types of nuclear forces, di¨erent in strength, seemed to exist:

1117 We have reportedÐin Chapter IV, Sections 3 and 5Ðthe heated debates about the nature of
nuclear forces.
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the strong forces which ensure the binding of nucleons in nuclei, and the weak

forces which cause at least the bG-decays. Two questions remained open: First, it

could not be decided whether the weak nuclear forces were also connected with the

meson theory or whether Enrico Fermi's 1933 theory of b-decay rather introduced

a force of an entirely di¨erent nature; second, the new `mesotron' discovered in

1937 in the cosmic radiation exhibited puzzling features if identi®ed (as seemed

to be evident) with the `heavy quantum' (meson) of Yukawa's theory of nuclear

forcesÐfor instance, the decay time of the mesotron came out to be too small by

two orders of magnitude (see Section IV.5)Ðand the strong and electromagnetic

coupling of this particle led one to assume rather complex properties (such as spin

and coupling constants) of the mesotron. In the early 1940s, when World War II

had already engulfed Europe, the second question was studied notably by several

theoreticians in Japan and the United States.1118 At that time, the European

physicists mainly studied the problem of strong nuclear forces: Thus, Christian

Mùller and LeÂon Rosenfeld in Copenhagen proposed a mixture of scalar and

vector mesons to account for the properties (binding energies and quandrupole

moment) of the lightest nuclei (1939), and Gregor Wentzel in Zurich developed

a strong-coupling approach characterized by a perturbation theory (for scalar

mesons coupling with nucleons) in falling rather than rising powers of the coupling

constant (Wentzel, 1940, 1941).1119 Sin-itiro Tomonaga (in Tokyo) extended and

generalized Wentzel's method; Wolfgang Pauli and his collaborators in Princeton

examined both the strong-coupling approach and the Mùller-Rosenfeld `patent

mixture' of two mesons without arriving at a satisfactory picture of the observed

nuclear properties.1120

In 1942, the Japanese theoreticians Shoichi Sakata and Takesi Inoue considered

a two-meson theory for another purpose, namely, to solve the di¨erent behaviour

of the observed cosmic-ray `mesotron' and Yukawa's `heavy quantum' of (strong)

nuclear forces: In particular, they associated the cosmic-ray object with a Fermi

particle having spin-1
2 and the object of Yukawa's theory with a Bose particle

having spin-0 or spin-1.1121 When this proposal came to the attention of Western

physicists four years later (Sakata and Inoue, 1946), several new experiments were

ready to con®rm it. Already in 1943, members of Enrico Fermi's former group at

the University of Rome started (partly in collaboration with Gilberto Bernardini

at the University of Bologna) performed a series of experiments which led ®nally

to quite unexpected conclusions (Conversi, Pancini, and Piccioni, 1947).1122 Bruno

1118 For details, see Brown and Rechenberg, 1996, Sections 10.6, 11.2, and 11.3.

1119 Actually, the meson coupling constantÐif properly expressed by a dimensionless parameterÐ
turned out to be larger than unity; hence, the conventional perturbation theory would not apply.

1120 For details of the e¨orts made by Wentzel, Tomonaga, and Pauli, we refer to Brown and
Rechenberg, 1996, Section 11.4.

1121 The facts of the Japanese two-meson theory have been described by Kawabe, 1991c.

1122 The history of the Rome experiment has been summarized in Brown and Rechenberg, 1996,
Section 13.3. See there for references to the accounts of the participants.
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Pontecorvo (another Italian member of the old Fermi team in Rome, who had

emigrated to Canada) expressed the main result as follows:

An immediate consequence of the experiments of the Rome group is that the usual
interpretation of the b-process as a ``two-step'' process (``probable'' production of a
virtual [Yukawa] meson and subsequent b-decay of the meson) completely loses its
validity, since it would predict too long b-lifetimes; the meson is no longer the particle
responsible for nuclear b-processes, which are to be described according to the origi-
nal Fermi picture (without the mesons). (Pontecorvo, 1947, p. 246)

The Rome experiment indeed implied that the cosmic-ray mesotron could not be

identi®ed with the strongly interacting meson of Yukawa's theory of nuclear

forces. Shortly afterward, Cecil Frank Powell and his collaborators discovered

a new particle in cosmic radiation which replaced the previous mesotron as the

Yukawa particle (Lattes, Occhialini, and Powell, 1947a, b).

Besides these fundamental problems of nuclear forces and the meson theoryÐ

the solution of which in the late 1940s we have indicatedÐanother problem of

nuclear theory survived the prewar e¨orts but was also attacked successfully before

1950: The question, in particular, was whether a shell structure of the nucleons in

nuclei existed similar to the shell structure of the electrons in atoms? Already in the

1930s, Walter Elsasser, then in Paris, had o¨ered theoretical arguments for the

preference of certain numbersÐnamely, 8, 20, 50, and 82Ðfor the existence of

stable assemblies of protons and neutrons in nuclei (Elsasser, 1933; 1934a, b), but

the authoritative review of nuclear states by Hans A. Bethe and Robert F. Bacher

had not found much empirical evidence for the speci®c numbers given, except

perhaps for 8 or 20: `Therefore it seems that the naive theory of neutron and pro-

ton shells fails for higher atomic numbers.' (Bethe and Bacher, 1936, p. 177)

However, after World War II, Hans Suess from HamburgÐwhile discussing the

cosmic abundance of isotopes of the semiheavy to heavy elementsÐnoticed the

frequent occurrence of the numbers 20, 50, and 82 for nucleons (Suess, 1947a, b);

and the same conclusion was reached by Maria Goeppert Mayer of Chicago from

the observations of particularly stable isotopes detected in nuclear ®ssion products;

she also pointed to 126 as the next preferred number (Goeppert Mayer, 1948). In a

letter to Naturwissenschaften, received on 6 January 1949, Erich Bagge proposed a

special numerical model to explain the nuclear shell structure by using two quan-

tum numbers n and m (Bagge, 1949). On the following page of the same Natur-

wissenschaften issue, dated April 1949, there appeared another letter entitled `Zur

Interpretation der ausgezeichneten Nucleonenzahlen in Bau der Atomkerne (On the

Interpretation of the Excellent Numbers of Nucleons in the Constitution of Atomic

Nuclei),' and received on 12 February, which provided a more physical interpreta-

tion. The authors of this letterÐOtto Haxel (of the Max Planck-Institut fuÈr Physik

in GoÈttingen), J. Hans D. Jensen (of the University of Heidelberg), and again

Hans E. Suess (of the University of Hamburg)Ðespecially organized the states of

the nuclei, due to `the strong spin-orbit coupling of the single nucleons' (Haxel
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et al., 1949a, p. 376). That is, it was not the Russell±Saunders (L, S) coupling, but

the spin-orbit coupling of individual nucleons (l, s) which seemed to be preferred

physically, and thus explained the preferred numbers for nucleons in stable

states.1123 On the other hand, Maria Goeppert Mayer sent a letter dated 4

February 1949, to Physical Review, in which she arrived at the same conclusions

as her colleagues in Germany (Goeppert Mayer, 1949). `Thanks are due to Enrico

Fermi for the remark, ``Is there any indication of spin-orbit coupling?'', which

was the origin of the paper,' she wrote (Goeppert Mayer, loc. cit., p. 1970) and

concluded her presentation by stating:

If strong spin-orbit coupling, increasing with angular momentum, is assumed, a level
assignment . . . is obtained. This assignment encounters a very few contradictions with
experimental facts and requires no major crossing of the levels from those of a square
well potential. The magic numbers 50, 82, and 126 occur at the places of the spin-
orbit splitting of levels of higher angular momentum. (Goeppert Mayer, loc. cit.,
p. 1969)

Thus arose the shell model of nuclear structure which became perhaps the

dominant description of the energy states of atomic nuclei.1124 Further important

aspects of nuclear structure were derived from the spheroidal nuclear model of

James Rainwater and the quasi-molecular model of Aage Bohr and Ben Mottel-

son, which were developed in 1950 and clari®ed the role of rotational motions

within the nuclei.1125 Although considerable e¨orts have been devoted in the

post±World War II decades to elucidate successfully the properties of nuclear

structure and reactions, we shall not enlarge further on this topic; we will rather

focus in the following section on the deeper structure of matter as presented by

the elementary particles and their behaviour under the in¯uence of fundamental

interactions. Finally, it will turn out that some of the elementary particles, recog-

nized as such at ®rst, especially the protons and neutrons, were perhaps not so

elementaryÐas revealed, e.g., by their elastic collisions with high-energy electrons

(Hofstadter, 1956, 1989). According to the so-called Standard Model, the sub-

nuclear quarks, together with the leptons, represent the smallest constituents of

matter. The present section will deal with the main historical steps leading to

today's standard concepts and theories of these elementary structures and their

fundamental interactions. Thus, we shall arrive at an enormous extension of the

domain of relativistic quantum mechanics, although the end of these endeavours

1123 See also the following letters to Naturwissenschaften: Suess, Haxel, and Jensen, 1949; Jensen,
Suess, and Haxel, 1949; and the letter of Haxel, Jensen, and Suess to Physical Review, dated 18 April
1949 (Haxel et al., 1949b).

1124 For a discussion of the scienti®c literature on the shell model, see MladjenowicÂ, 1998, Chapter
15. In 1963, Maria Goeppert Mayer and Hans Jensen would share the Nobel Prize in Physics with
Eugene Wigner.

1125 For a historical summary of these developments, we refer to MladjenowicÂ, 1998, Chapter 16.
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has not yet been achieved, as all the problems involved in this enterprize have by

no means been solved.

1.1 Some Progress in Relativistic Quantum Field Theory and

the Formulation of the Alternative S-Matrix Theory (1941±1947)

(a) E. C. G. Stueckelberg: `New Mechanics' (1941)

In the beginning of the 1940s, relativistic quantum ®eld theory was still plagued by

the in®nities that had been discovered a decade earlier. Three theoretical

physicistsÐseparated from each other by vast distances, with no mutual personal

acquaintance or awareness of each other's existenceÐsought to improve upon

this situation by examining more carefully the relativistic structure of quantum

mechanics: These physicists were Ernst C. G. Stueckelberg in Geneva, Switzer-

land; Richard Phillips Feynman in Princeton, New Jersey, and Sin-itiro Tomo-

naga in Tokyo, Japan. First of all, Stueckelberg presentedÐat the Basle meeting

of the Swiss Physical Society in September 1941Ða paper on `La signi®cation

du temps propre en meÂcanique ondulatoire (The Signi®cance of Proper Time in

Wave Mechanics),' in which he discussed the description of charged particles in

four-dimensional space and time (Stueckelberg, 1941a). If the reaction of those

particles on the electromagnetic ®eld were considered, the latter would exhibit

discontinuities in the hyperplane x4 � t � 0; in the case of an accelerated particle,

Stueckelberg thus found, besides an e¨ect of refraction, also re¯ection `which

corresponds to the worldline of a particle having the same mass but opposite

charge' (Stueckelberg, loc. cit., p. 322). He published some details of his new

approach in two papers submitted to Helvetica Physica Acta during the following

month (Stueckelberg, 1941b, 1942). In particular, he considered there the process

of electron±positron pair creation and annihilation which could be visualized in a

space-time diagram: The positron appeared like an electron running backward in

time (Stueckelberg, 1941b, pp. 590, 592, Figs. 1 and 2). By a slight formal modi-

®cation of Einstein's mechanicsÐavoiding the root in the relativistic extremum

condition
�

m ds � � m
�������������ÿ _qm _qm

p
dl by rather choosing 1

2

�
_qm _qm dl, which did not

alter any conclusion in the classical theoryÐStueckelberg arrived at what he

called `la meÂcanique nouvelle (the new mechanics),' i.e., a relativistic quantum ®eld

theory of charged particles having a normalizable invariant four-dimensional

density jcj2(Stueckelberg, 1942).

(b) The Principle of Least Action in Quantum Mechanics

(Feynman and Tomonaga, 1942±1943)

At about the same time, the American graduate student Richard Feynman

worked on his Ph.D. thesis, entitled `The Principle of Least Action in Quantum
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Mechanics,' with John Archibald Wheeler at Princeton University; he received

his doctoral degree during the University's commencement celebration in June

1942.1126 During his graduate studies at Princeton, Feynman had explored with

his advisor John Wheeler the possibility of formulating an action-at-a-distance

electrodynamics in order to eliminate divergence problems, especially the self-

energy of charged particles and the zero-point energy of the electromagnetic ®eld.

Wheeler had made great plans to publish a series of ®ve papers to deal with and

solve all the outstanding problems of electrodynamics, including its quantum-

theoretical version, but Feynman just had no faith in this programme. The clas-

sical part of the theory, written entirely by Wheeler (and published later on as

Wheeler and Feynman, 1945, 1949), resisted all e¨orts at quantization.1127 Hence,

Feynman pursued the work on his thesis along a di¨erent path; he had been

searching vigorously for a Lagrangian formulation of quantum mechanics until he

ran into Herbert Jehle, who had recently arrived from Europe, at a beer party

at the Nassau Tavern at Princeton, and Feynman learned from him that Paul

Dirac had indeed proposed just such a scheme nearly ten years earlier. In his

paper on the Lagrangian formulation of quantum mechanics, Dirac had pleaded

for replacing the usual Hamiltonian formulation of quantum ®eld theory by a

Lagrangian one, and had argued:

In the ®rst place the Langrangian method allows one to collect together all equations
of motion and express them as the stationary property of a certain action function. . . .
Secondly, the Lagrangian method can easily be expressed relativistically, on account
of the action function being a relativistic invariant. (Dirac, 1933, p. 64)

In working out this proposal, Dirac had considered in particular the quantity

which carried the wave function c�x1� of a particle at time t1 to the wave function

c�x2� at time t2, and assumed it to be `analogous' to exp[(i=q�S], with S denoting

the classical action function (which depended only on the initial and ®nal space-

time points of the particle). Feynman now thought at ®rst that the `analogous' in

Dirac's words essentially meant `equal,' but he soon realized that it meant `pro-

portional.' In a simple, nonrelativistic example, he proved that this assumption led

to the following evolution equation for the wave function,

c�X ; t� e� �
�

exp
i

h
eL�X ; t� e; x; t�

� �
c�x; t� dx

A
; �790�

1126 For complete details of Richard Feynman's educational background at Far Rockaway High
School, at MIT, and Princeton, as well as the scienti®c problems which preoccupied himÐincluding the
work for his doctoral thesis problemÐsee Mehra, 1994, Chapters 2 to 6.

1127 For details of the Wheeler±Feynman action-at-a-distance theory of electrodynamics, see
Mehra, 1994, Chapter 5. But, in any case, by 1949Ðwhen the second Wheeler±Feynman paper was
publishedÐalso the renormalized quantum electrodynamical theories of Feynman, Schwinger, and
Tomonaga had been published.
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with L the Lagrangian and t2 � t� e �e small), whose solutions could be iden-

ti®ed with those of the SchroÈdinger equation. Upon using Eq. (790) N times (N

being large), Feynman obtained the general expression for the evolution integral�
. . .

�
exp

i

q

XNÿ1

i�1

L��xi�1 ÿ xi�=�ti�1 ÿ t1�; xi�1��ti�1 ÿ ti�
( )

dxN

AN
. . .

dx1

A1
; �791�

where t � 0; t1; t2; . . . ; tN � T are certain instants of time, which divide the time

interval from the initial instant to the ®nal instant T into a large number of small

intervals from t1 to ti�1 of duration e �i � 1; 2; . . . ;N�, such that ti � t� e, and

A1 � A2 � . . . AN � �2piqe=m�1=2. Then, in the limit when e goes to zero, we reach

the exact quantum function. In this limit, the expression in the exponent in

Eq. (791) resembles Riemann's integral for the classical action functional with L

denoting the Lagrangian function):

A � lim
e!0

XNÿ1

t�0

L��xi�1 ÿ xi�=�ti�1 ÿ ti�; xi�1��ti�1 ÿ ti�
 !

: �792�

Feynman's conclusion was that Eq. (790) `is equivalent to SchroÈdinger's di¨eren-

tial equation for the wave function c. Thus, given a classical system described by a

Lagrangian, which is a function of velocities and coordinates only, a quantum-

mechanical description of an analogous system may be written down directly,

without working out a Hamiltonian.' (Feynman, 1942, p. 34) This approach thus

promised to solve the main problem, which Feynman was trying to attack in his

thesis: that is, the quantization of a classical system without knowing its Hamil-

tonian. In addition, it turned out that he obtained a new general procedure of

quantization for classical systems. The physical meaning of expression (791) and

the meaning of the underlying limiting procedure was treated by Feynman only six

years later in his paper on the `Space-Time Approach to Nonrelativistic Quantum

Mechanics.' (Feynman, 1948a)

In this later paper, Feynman presented in detail his new approach to quantum

mechanics. This third way of formulating quantum mechanics was based on the

new physical interpretation of the mathematical method which he had developed

in his thesis. The important step was to arrive at the correct physical interpretation

of Eq. (791), which gives the amplitude K for a ®nite time as the limit of the inte-

gration performed multiple times on the coordinates. What could this procedure

mean physically? After some general considerations of the relation between prob-

abilities and quantum magnitudes, Feynman arrived at an extremely nice and

simple answer to this principal question. To explain how this might be done, he as-

sumed that he had a particle moving in one dimension, which could take up various

values of a coordinate x. Then, he wrote the formula (791) in the form

K � lim
e!0

�
R

exp
i

q

X
i

S�xi�1; xi� . . .

 !
dxi�1

A

dxi

A
. . . ; �793�
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where A is a normalization factor (see above). Now, the coordinates x1; x2; x3. . . ;

which lie in some region R, could be considered as coordinates of the particle at

corresponding times t1; t2; t3. . . : `From the classical point of view, the successive

values x1; x2; x3 . . . of the coordinates practically de®ne the path x(t). Eventually,

we expect to go to the limit e! 0.' (Feynman, 1948a, p. 370) By varying the

values of coordinate xi, we would have various paths in the range R.

The quantity S�xi�1; xi� in Eq. (793) is simply the classical action on the corre-

sponding path from point xi�1 to point xi. Hence, the sum in the exponent in

Eq. (793) in the limit e! 0 goes to the classical action on the path x�t� : S �
lime!0 SlS�xi�1; x1�. Finally, the many-time integration in Eq. (793) evidently

means a summation over all possible paths in the range R, since by varying the

path of the integration we will have all possible paths in this range. But this means

just the interference of terms exp�iS=q), which corresponds to every possible path

in R. Hence, Feynman's postulate was: `The paths contribute equally in magnitude,

but the phase of their contribution is the classical action (in units of q), i.e., the time

integral of the Lagrangian taken along the path.' (Feynman, loc. cit., p. 371)

Later on, Feynman explained this postulate as follows:

The total amplitude can be written as the sum of amplitudes of each pathÐfor each
way of arrival. For every x(t) that we could haveÐfor every possible imaginary tra-
jectoryÐwe have to calculate an amplitude. Then we add them all together. What do
we take for the amplitude for each path? Our action integral tells us what the ampli-
tude for a single path ought to be. The amplitude is proportional to some constant
times exp�iS=q�, where S is the action for the path. That is, if we represent the phase
of the amplitude by a complex number, Planck's constant q has the same dimensions.
It is the constant q that determines what quantum mechanics is important. (Feynman
and Hibbs, 1965, p. 19)

Thus, Feynman's postulate ultimately yielded the principle of least action,

dA � 0, where dA is the variation of the action functional A � � mv ds in the

problem of the motion of a mechanical particle between two ®xed centres in the

plane in a gravitational ®eld, gives us the right explanation as to where this prin-

ciple is coming from. As far as the principle of least action, the most fundamental

principle of classical physics, is concerned, one implies the classical dynamical

equations in all the fundamental classical theories, and one can truly say that it

was Feynman who discovered the deepest import of this principle.1128

1128 A derivation of the principle of least action from quantum-mechanical reasoning was ®rst given
by Paul Dirac (Dirac, 1933). This served as the point of departure for Feynman's investigations on the
path-integral method. Considering Eq. (793) as an approximation to the exact quantum transition
function from the initial to the ®nal instants of time, Dirac discovered that the quantum analogue of
Hamilton's action principle, dA � 0, is absorbed in the composition law (793), and the classical re-
quirement that all values of the intermediate coordinates shall make the action stationary corresponds
to the condition in quantum mechanics that all values of the intermediate coordinates shall make the
action stationary. Then, Dirac considered the limiting case when p is small. Thus, the multiple integral
(793):
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When he published the contents of his thesis in his paper on `Space-Time

Approach to Non-Relativistic Quantum Mechanics' (Feynman, 1948a), Feynman

developed the new formalism of quantum mechanics and proved its equivalence to

the older formulations of Heisenberg and SchroÈdinger. He would show then how

one can introduce the wave function in his path-integral approach, and derive the

SchroÈdinger equation for this wave function. There, he also employed his new

notion of the `transition amplitude,' which can now be found in textbooks on

quantum mechanics. Given two quantum states with wave functions c�x; t� and

w�x; t�, Feynman called the expression
�

w��x; t�c�x; t� dx the `transition ampli-

tude.' Here, w��x; t� is the function conjugate to w�x; t� at the instant of time t 00,
and c�x; t� is taken at another instant of time t 0. Thus, the transition amplitude

give us the quantum amplitude for the transition from the state c at the time t 0

to the quantum state w at the time t 00. Feynman showed that in his path-integral

method, the average of the transition amplitude may be regarded as unity; that is

hwt 00 j1jct 0i � lim
e!0

�
. . .

�
w��x 00; t 00� � exp�iS=q�c�x 0; t 0� dx0

A
. . .

dxjÿ1

A
dxj: �794�

In the language of ordinary quantum mechanics, if the quantum Hamiltonian

operator H does not depend on time, this transition amplitude is the matrix ele-

ment of the quantum evolution operator exp�ÿi�t 00 ÿ t 0�H=q�c�x; t 0�. As a gener-

alization of formula (794), Feynman wrote the formula for the averages of any

functional F of the coordinates xi for t 0 < ti < t 00. He de®ned the transition ele-

ment' of the functional F between the states c at t 0 and w 00 at t 00 for the action S as

hwt 00 jF jct 0i � lim
e!0

�
. . .

�
w�c�x 00; t 00�F�x0; x1; . . . xj�

� exp
i

q

X
S�xi�1; xi� � c�x 0; t 0�

� �
dx0

A
. . .

dxjÿ1

A
dxj: �795�

Then, he used these basic formulas to obtain several fundamental results from his

new formulation of quantum mechanics, includingÐ®rst of allÐthe new formu-

contains the quantum analogue of the action principle, as far as the importance of our con-
sidering any set of values for the intermediate [coordinates] is determined by the importance of
this set of values in the integration. If we now make p tend to zero, this statement goes over into
the classical statement that . . . the importance of our considering any set of values for interme-
diate [coordinates] is zero unless these values make action stationary. This statement is one way
of formulating the classical action principle. (Dirac, 1933, p. 70)

From the above remarks, it is clear that Dirac was very close to the interpretation of Eq. (793) as a
summation over all virtual paths, and he had found the formulation as an extremely nice and important
way to explain the principle of least action as a result of quantum laws. However, Dirac was not able to
complete this line of his investigation on quantum mechanics because his point of view was that the
exponent of the classical addition in the form of Hamilton's principal function is only an approximate
semiclassical relation. Dirac was interested only in a general question: What is the quantum analogue of
the classical principle of least action?
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lation of the so-called perturbation theory in quantum mechanics and the for-

mulation of a completely new derivation of Newton's equations and the com-

mutation relations. Now, Eq. (795) already appeared in his doctoral dissertation

of 1942, where he presented an outline of the generalization of the path-integral

method with applications to solve certain problems. The background of his doc-

toral dissertation at Princeton, and his later formulation in 1948, of the space-time

approach to nonrelativistic quantum mechanics would play a decisive role in his

systematic approach to developing the space-time approach to relativistic quan-

tum mechanics within a short time. (For more details, see Mehra, 1994, Chapter

10.)

When Feynman received his Ph.D. from Princeton University in June 1942, the

senior physicist Sin-itiro Tomonaga contemplated about the same problem in far

away Tokyo. In his Nobel lecture,1129 Tomonaga recalled:

Around 1942, [Hideki] Yukawa wrote a paper [in Japanese, Kogaku 12, 249 (1943)]
emphasizing the unsatisfactory aspect of the quantum ®eld theory. He thought it
necessary to use the idea of the g.t.f. (generalized transformation function) proposed
by Dirac [Dirac, 1933] to correct this defect of the theory. . . . Yukawa's idea was to
introduce as the basis of a new theory a concept which generalized the conventional
conception of the probability amplitude. However, as pointed out also by Yukawa,
we encounter the di½culty that, in doing this, cause and e¨ect cannot be clearly sep-
arated from each other. According to Yukawa, the inseparability of cause and e¨ect
would be an essential feature of quantum ®eld theory, and without abandoning the
causal way of thinking which strictly separates cause and e¨ect, it would not be pos-
sible to solve various di½culties appearing in quantum ®eld theory . . . I thought,
however, that it might be possible (without introducing such a drastic change as
Yukawa and Dirac tried to do) to remedy the unsatisfactory, unpleasant aspect of the
Heisenberg-Pauli theory of having a common time at di¨erent space points. In other
words, it should be possible, I thought to de®ne a relativistically meaningful proba-
bility amplitude which would be manifestly relativistically covariant, without being
forced to give up the causal way of thinking. In having this expectation I was recall-
ing Dirac's many-time theory which had enchanted me 10 years before.

When there are N particles in Dirac's many-time theory, we assign a time t1 to the
®rst particle, t2 to the second, and so on, thus introducing N di¨erent times,
t1; t2; :::; tN , instead of the common time t. Similarly, I tried in quantum ®eld theory
to see whether it was possible to assign di¨erent times, instead of one common time,
to each space point. And in fact I was able to show that this was possible [See
Tomonaga, 1946; Koba, Tati, and Tomonaga, 1947; Kanazawa and S. Tomonaga,
1948a, b]. (Tomonaga, 1966, pp. 26±27)

Tomonaga published the result in a Japanese paper in 1943, an English translation

of which would appear under the title `On a Relativistically Invariant Formulation

1129 Sin-itiro Tomonaga shared the Nobel Prize for Physics in 1965 with Richard Feynman and
Julian Schwinger; however, he was unable to attend the Nobel ceremonies in Stockholm in December
because he had su¨ered an accident during the celebration following the announcement of the news of
the Nobel Award earlier in October 1965.
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of the Quantum Theory of Wave Fields' three years later in Progress of Theoreti-

cal Physics (Tomonaga, 1943/1946). Similar to Feynman, Tomonaga arrived at

an extension of the SchroÈdinger equation involving a generalized probability

amplitude C[C ], with C a space-like surface in the four-dimensional world, and

the transformation operator [corresponding to the Dirac±Feynman quantity Eq.

(791)] assuming the form

T �C2;C1� �
Yc2

c1

1ÿ 1

q
H12 do

� �
; �796�

with H12 denoting the interaction energy density and do denoting a `world ele-

ment' surrounded by two space-like surfaces. `We have thus shown that the

quantum theory of wave ®elds can be really brought into a form which reveals

directly the invariance of the theory against Lorentz transformations,' Tomonaga

concluded, and explained:

In our formalism the theory consists of two sections, one of which gives the laws of
the behaviour of the ®elds when they are left alone, and the other of which gives the
laws determining the deviation from this behaviour due to interactions. This way of
separating the theory can be carried out relativistically.

Although in this way the theory can be brought into a more satisfactory form, no
new contents are added thereby. So the well known divergence di½culties of the
theory are inherited also by our theory. . . . Thus a more profound modi®cation of the
theory is required in order to remove this fundamental di½culty. (Tomonaga, loc.

cit., English translation, pp. 41±42)

We shall deal with the details of Tomonaga's paper and the continuation of the

work in Tokyo immediately after the war, which was to a large extent independent

of the work in America but arrived at essentially similar resultsÐsee below.

(c) Heisenberg's S-Matrix (1942±1947)

While all of the above-mentioned attempts were directed toward improving the

relativistic quantum ®eld-theoretical description, Werner Heisenberg, whoÐ

together with Wolfgang PauliÐhad not only pioneered the development of the

theory but also becomeÐtoward the end of 1930sÐone of the most severe critics

of its limitations, contemplated about more radical means to remove the known

divergence di½culties. In Chapter IV, Section 7, we have already mentioned two

ideas by means of which he proposed to change the existing formalism, especially

the introduction of a small `universal length' and the use of nonlinearity in the

equations. In a series of three papers, submitted between September 1942 and May

1944 to Zeitschrift fuÈ r Physik (Heisenberg, 1943b, c; 1944), Heisenberg pursued a

di¨erent goal, as he stated in the summary of his ®rst paper on the subject: `In

view of the later alteration (AbaÈnderung) of the theory, the present investigation
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attempts to isolate from the conceptual scheme of the quantum theory of wave

®elds those concepts which probably will not be a¨ected by the future changes [in

the theory of elementary particles] and which may therefore represent an integral

part (Bestandteil ) also of the future theory.' (Heisenberg, 1943b, p. 513)1130 As

such concepts, Heisenberg selected `the ``observable quantities'' of the present

theory,' because `the future theory should, in the ®rst place, also contain relations

between ``observable quantities'' 'Ðthough he admitted that `only the ®nal theory

will decide which quantities are ``really observable'' ' (Heisenberg, loc. cit., p. 514).

In any case, the following two quantities should always be considered as observ-

able: the discrete energy values of the stationary states of closed systems and the

asymptotic behaviour of wave functions in scattering, emission, and absorption

processes. Moreover, Heisenberg noticed that these two basic observable proper-

ties could be related to each other, since the phase di¨erence between the incoming

and outgoing wave functions should yield the discrete energy states as well, pro-

vided the scattering system was enclosed in a sphere of large radius around the

scatterer. To obtain the desired relations, Heisenberg introduced his unitary

`characteristic' S-matrix, which he expressed as

S � exp�ih� �797�

in terms of a relativistically invariant Hermitean matrix h that contained all of the

observable variables of the theory. In his second paper on the subject, received by

the journal in October 1942, Heisenberg discussed two examples which could not

be adequately treated in the existing quantum ®eld theory: (i) a distance-dependent

interaction resulting in ®nite cross sections for the scattering of particles with

arbitrarily high energies; and (ii) an interaction leading to the creation of many

new particles (Heisenberg, 1943c).

Despite the unfortunate conditions during World War II, which hindered the

propagation of Heisenberg's S-matrix theory considerably, his publications and

talksÐpresented in Switzerland (1942 and 1944), The Netherlands (1943), and

Denmark (1944)Ðattracted several physicists, who started to work immediately

on the new theory, notably, Ernst C. G. Stueckelberg in Geneva (Stueckelberg,

1944a, 1945, 1946), Hendrik Kramers in Leyden (Kramers, 1944), and Christian

Mùller in Copenhagen (Mùller, 1945, 1946). Even in far away Cambridge, Mas-

sachusetts, the news about Heisenberg's S-matrix was brought by Wolfang Pauli

(who spent the war years at the Institute for Advanced Study in Princeton, New

Jersey, and who visited MIT in the fall of 1944 to lecture at the Radiation Labo-

ratory on the latest developments in meson physics). He was then in the process of

1130 In the summer of 1937, John Archibald Wheeler had been the ®rst to propose how to derive the
properties of light nuclei, such as energy levels and transition probabilities; with the help of a unitary
matrix, they were connected with the transition from incoming to outgoing groups, consisting of a few
protons and neutrons within the nuclei in question (Wheeler, 1937b, c)Ðsee Section IV.5. A detailed
account of the origin and development of Heisenberg's new theory, later called the S-matrix theory, has
been given by Rechenberg, 1989.
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writing a book on Meson Theory of Nuclear Forces which appeared shortly after

the war (Pauli, 1946). In his lectures, all of which Julian Schwinger (who spent

the war years at the MIT Radiation Laboratory) attended, Pauli gave a detailed

account of Heisenberg's work on the S-matrix. Pauli's lectures came at a very

opportune time. The method of the scattering matrix could be easily generalized to

describe the scattering of any kinds of waves, not only the SchroÈdinger waves of

quantum physics. Schwinger found the analogy strikingly handy and used the

concept of the scattering matrix for isolating those characteristics of microwave

propagation through waveguides that are essentially independent of the detailed

nature of discontinuities in the waveguides. As Schwinger recalled:

Here you are trying to describe what is going on in a certain junction with various
inputs from di¨erent waveguides. You send something in, something comes out. And
there is the same question of how far you can go without knowing in detail what's
inside. It was not the S-matrix theory as Heisenberg had developed, which would be
to separate the S-matrix from everything else, but it was a computational tool. That
was, of course the amusing thing, because physicists naturally will talk about not so
much the S-matrix but re¯ection and transmission amplitudes. The engineers will talk
about impedances than something else. . . . This is the period in which I developed for
practical purposes the variational method that I transferred to scattering theory.
(Julian Schwinger to Jagdish Mehra, mid-March 1988; quoted in Mehra and Milton,
2000, Chapter 4)

Hendrik Kramers greatly liked the entire formalism and discussed aspects of it

in an exchange of correspondence with Heisenberg, especially the question on

whether the S-matrix of a given system would describeÐbesides all the scattering

of cross sectionsÐalso the position of bound states. In his third paper, Heisenberg

declared that `This gap, which existed in the present considerations, has been

closed by a remark of Kramers, according to which one can treat the matrix

(k 0i jSjk 00i ) as an analytic function of the state variables ([i.e., the four-momenta] k 0i
and k 00i ) and derive the stationary states from its behaviour in the complex plane,'

(Heisenberg, 1944, p. 94), and added:

The zeros of the matrix S for imaginary k 0i determine the position of the stationary
states. For the eigenvalues of h this result signi®es that the poles on the imaginary k-
axis determine the position of the stationary states. (Heisenberg, loc. cit., p. 95)

On the other hand, Christian Mùller from Copenhagen wrote a long letter to

Heisenberg on 28 December 1943, concerning the details of the S-matrix theory,

and he took advantage of the opportunity to discuss matters orally with Heisen-

berg during the latter's visit to the Danish capital in April 1944. He accepted the

analyticity property of the characteristic matrix and published two long papers on

the theory, in which he worked out the formalism accurately in full mathematical

detail (Mùller, 1945, 1946); moreover, he served as a spokesman on behalf of

Heisenberg's theory immediately after the war (when his German colleague could

no longer travel freely), by delivering a series of lectures at the University of Bris-
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tol in spring 1946 and at several conferences. In particular, at the ®rst interna-

tional conference of that period on `Fundamental Particles and Low Temperature

Physics' in Cambridge, England, the S-matrix theory received quite some atten-

tion, and besides Mùller, Pauli, Heitler, and Stueckelberg focused on it. As against

Mùller and Stueckelberg who spoke very favourably about the possibilities of

Heisenberg's approach, Pauli expressed considerable criticism, and in particular,

he said:

Heisenberg did not give any law or rule to determine mathematically the S-matrix in
the region where the usual theory fails because of the well-known divergences. Hence
his proposal is at present still an empty scheme. (Pauli, 1947, p. 6)

Pauli also felt that the concept of analytic continuation was `a bit alien to physics

and you never know whether it works or not,' and ®nally complained that `the

rather complicated formalism does not contain classical mechanics as a limiting

case' (Pauli to Mùller, 24 September 1945 and 18 August 1946; see Pauli, 1993,

p. 313, and Werner-Heisenberg-Archiv, Munich).

Actually, Pauli showed little sympathy with the alternative to quantum ®eld

theory. He would claim, for instance, that his collaborators Shih-Tsun Ma (1946)

and Res Jost (1947) had found `wrong zeros,' which could not be associated with

physical particles.1131 In spite of the disagreement concerning details, Heisenberg

Ðafter World War IIÐdid share Pauli's skeptical judgment, namely, `that the S-

matrix is not a concept of which we may expect that it would occur in a future

theory as a primary fundamental concept' and that `it might hardly be suitable to

lead us beyond the present wave mechanics' (Heisenberg to Pauli, 9 September

1946, in Pauli, 1993, pp. 382±383). Indeed, he would soon turn again to the dis-

cussion of quantum ®eld theories. Still, he was glad to assist Richard Eden, a stu-

dent of Paul Dirac's, in working out a thesis on the S-matrix formalism (Eden,

1949a, b). After 1948, the general interest in the alternative theory of elemen-

tary particles declined. The triumph of quantum ®eld theory in quantum electro-

dynamics left to the S-matrix only the role of a sometimes useful mathematical

tool.

1.2 The Renormalized Quantum Electrodynamics (1946±1950)

(a) The Shelter Island Conference (1947)

In the preface to his `Selected Papers on Quantum Electrodynamics,' Julian

Schwinger ®rst described the prewar status of the theory and then went on:

1131 Many years later, Reinhard Oehme wrote: `Today we know that the ``false'' singularities . . . are
just remnants of what appears as crossed-channel singularities in amplitudes obtained from relativistic
®eld theories.' (Oehme, 1989, especially, p. 607)
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Further progress came only with the spur of experimental discovery. Exploiting the
wartime development of electronic and microwave techniques, delicate measurements
disclosed that the electron possessed an intrinsic magnetic moment slightly greater
than that predicted by the relativistic quantum theory of a single particle [Foley and
Kusch (1948)], while another prediction of the latter concerning the degeneracy of
states in the excited levels of hydrogen was contradicted by observing a separation of
the states [Lamb and Retherford (1947)]. (Historically, the experimental stimulus
came entirely from the latter measurement; the evidence on magnetic anomalies re-
ceived its proper interpretation only in consequence of an additional spin magnetic
moment.) If these new electron properties were to be understood as electrodynamic
e¨ects, the theory had to be recast in a usable form. The parameters of mass and
charge associated with the electron in the formalism of electrodynamics are not the
quantities measured under ordinary conditions. A free electron is accompanied by
an electromagnetic ®eld which e¨ectively alters the inertia of the system, and an
electromagnetic ®eld is accompanied by a current of electron-positron pairs which
e¨ectively alters the strength of the ®eld and of all charges. Hence a process of re-
normalization must be carried out, in which the initial parameters are eliminated in
favor of those with immediate physical signi®cance. (Schwinger, ed., 1958, pp. x±xi)

The decisive experimental and theoretical progress occurred largelyÐthough not

entirelyÐin the USA, and it gave the relativistic quantum ®eld theory of electro-

magnetic interaction quite a new shape, despite the fact that most of the concepts

that entered into the new theory had already been advanced in the 1930s. How-

ever, the new systematic renormalization procedure did provide a mathematical

recipe for reliably computing from clear prescriptions the results of the re®ned

postwar experiments in the USA. Remarkably enough, the three decisive experi-

ments were performed during the same year at the same place, namely, at Isidor I.

Rabi's laboratory (the Pupin Laboratory) at Columbia University; besides the

two experiments already mentioned above by Schwinger, also John F. Nafe, E. B.

Nelson, and I. I. Rabi (1947), carried out a third one preparing the ground for the

result of Foley and Kusch. The determination of the ®ne structure energy di¨er-

ence between 22S1=2 and 22P1=2 states of hydrogen by Lamb and Retherford made

use of the radiofrequency resonance method pioneered by Rabi before the war,

while in the case of the Nafe±Nelson±Rabi experiment, some old prewar appara-

tus was employed.1132

The earlier prewar involvement of Willis E. Lamb, Jr., in the question on

whether the observed hydrogen spectrum satis®ed the Dirac equation and the then

standard quantum electrodynamics has been reported in Section IV.7.1133 During

1132 For a detailed account of the experimental and theoretical contributions, especially by Ameri-
can physicists to quantum electrodynamics, we refer to the books of Mehra (1994), Schweber (1994),
and Mehra and Milton (2000).

1133 Willis E. Lamb, Jr., born on 12 July 1913, in Los Angeles, California, ®rst studied chemistry (in
which he majored) at the University of California in Berkeley, but at the same time he took many
courses in physics and mathematics. In the fall of 1934, Lamb became a graduate student in physics at
Berkeley, where he took J. Robert Oppenheimer's course in quantum mechanics; by the end of his
second semester as a graduate student, he had been exposed to Dirac's equation and had received an
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World War II, Willis Lamb worked on various problems in nuclear and molecular

beam physics, and in 1943, he joined the secret radar project at the Columbia

Radiation Laboratory. When, in 1946, Robert Retherford (who, before the war,

had begun research work under Jerome Kellogg) returned to Columbia University

as a graduate student, he became an ideal collaborator for Lamb, for he knew

a lot about vacuum and other techniques necessary for the task of investigating

the spectrum of hydrogen. For that purpose, Willis Lamb designed an absorp-

tion experiment, since he was familiar with building continuous-wave magnetrons

operating in the centimetre range. As Lamb recalled later: `The experiment ®rst

succeeded on Saturday, 26 April 1947, and turned out very much as expected, ex-

cept for the location of the resonances' (Lamb, 1983).1133a Lamb and Retherford

reported at the time:

introduction to quantum electrodynamics. Soon he became a member of Oppenheimer's research group
in theoretical physics, and beginning in 1935, he began to join in the annual migrations of Oppenheimer
and his group between Berkeley and Caltech. During the summer of 1932, Lamb attended the Michigan
Summer Symposium at Ann Arbor, where he listened to the lectures by Enrico Fermi, Felix Bloch,
George Uhlenbeck, and Samuel Goudsmit among others. The research students in Oppenheimer's
group worked on problems in nuclear physics, quantum electrodynamics, and, soon after the publica-
tion of Yukawa's proposal of the meson, on meson theoryÐall of them being topics at the very fron-
tiers of modern physics. Weekly seminars alternated between Berkeley and Stanford (where Felix Bloch
was), and Lamb became very close to Bloch for the rest of his life. Inspired by a talk given by Arnold
Siegert on exchange currents that contribute to radiative interactions, Lamb eventually worked on this
problem for his thesis, taking his doctorate at Berkeley in 1938. The relations between Oppenheimer
and Lamb had always been rather rocky; Oppenheimer did not seem to care much for the kind of
problems in which Lamb was interested, `nor did he su¨er fools gladly; I occasionally annoyed him by
my ignorance and obtuseness.' (Willis Lamb in conversations with Jagdish Mehra) Willis Lamb met I.
I. Rabi for the ®rst time during the latter's visit to Stanford in the summer of 1938; Rabi encouraged
him to apply for a position at Columbia University, which Lamb did and was o¨ered an instructorship
there. Several decades later, Rabi wrote to Lamb:

I ¯atter myself as the ®rst man to recognize your genius in the most practical way of giving you a
job. It is one of my deeds for which I have no regrets. Your coming to Columbia turned out to
be one of the great events in the history of physics. The Lamb shift and its theory were the great
events that were decisive for the development of QED. You also established yourself as one of
the small group of physicists who could do both experiments and mathematical theory in the
spirit of Enrico Fermi. (Rabi, in ter Haar and Scully, 1978, p. XLII)

1133a In his talk at the Fermilab symposium on `The Birth of Particle Physics' in May 1980, Willis
Lamb gave an account of the steps that led him to his famous experiment on the ®ne structure of
hydrogen (Lamb, 1983, pp. 321±322). Willis Lamb reconstructed the successful moment in an interview
with Mehra, in which he said:

The experiment ®rst succeeded on Saturday, 26 April 1947. Retherford worked with me on that
Saturday morning, then we stopped at noon and he [Retherford] went back to New Jersey,
where he lived. I went home and then later in the evening, on Saturday evening, the temptation
to see if the experiment still worked grew large. Let me say a little more about how the experi-
ment worked. . . . When the apparatus was su½ciently evacuated, we could turn on the micro-
waves and we would get everything turned on. There were many switches to throw and we
would vary the magnetic ®eld from some low value, perhaps a few hundred gauss to some high
value, perhaps a few thousand gauss, and if we did that we would see that as the magnetic ®eld
changed the spotlight would move. Of course there had to be all sorts of tests to make sure that
this motion was not coming from some spurious e¨ect that we were not interested in. We were
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The results indicate clearly that, contrary to the theory but in essential agreement
with Pasternack's hypothesis (1938), the 22S1=2 state is higher than the 22P1=2 by
about 1000 Mc/sec. (0.033 cmÿ1) or about 9 percent of the spin-relativity doublet
separation. (Lamb and Retherford, 1947, p. 242)

Even before the results of the Lamb±Retherford investigation were submitted for

publication, Rabi and his collaborators reported about a new measurement of the

hyper®ne structure of hydrogen and deuterium (Nafe, Nelson, and Rabi, 1947).

The interaction of the electron's magnetic dipole moment with the nuclear mag-

netic ®eld caused a splitting of the 22S1=2 ground state into two components. If the

experimentally observed splitting (1421.3/mc) was compared to that calculated

with the gyromagnetic factor gS � 2 of the electron (1416.9G 0.54/mc), a discre-

pancy showed up which was `®ve times greater than the claimed probable error in

the natural constants' (Nafe et al., loc. cit., p. 915). Hence, Rabi's team sought

further checks, which were undertaken by Foley and Kusch; they investigated the

cases of the hyper®ne structures of gallium and sodium and obtained the values

gS � 2:00229G 0:00008 and 2:00244G 0:00006; �798�

respectively (Kusch and Foley, 1947; Foley and Kusch, 1948).

concerned with transitions between 2S and 2P states and in fact at the time we were using a
clystron with a frequency in the 3-centimeter region and so we were seeing transitions between
2S1=2 and 2P3=2. As I explained, the frequencies depended on the magnetic ®eld and the fre-
quencies of the atomic transitions were brought into resonance with the frequency of the
clystron. We weren't able to tune the clystron very much. We could tune it a little bit but it was a
very tedious operation and hardly worth the trouble. But it was easy to change the magnetic
®eld. The resonant transitions are not in®nitely sharp; they are quite broad. They are broadened
because of what is called radiation damping. The fact that you are dealing with a 2P state with a
®nite lifetime, like 1:6� 10ÿ9 sec., means that the width of the resonance curves that one gets
would be about 100 megacycles and that translates into something like 100 gauss depending on
the transition. As we varied the magnetic ®eld from a low value to high value there would be a
range of magnetic ®elds perhaps 100 gauss wide at some ®nite magnetic ®eld where the spot of
light would be changing and as we increased the ®eld, the light would come back again. The spot
of light would move along the scale as we went through the resonance and come back again.

So that evening, Saturday evening, I wanted to go over and see if the experiment was still
working because we had to break it o¨ a little early. It clearly had worked, but there would
always be the possibility that what we had seen was only a spurious e¨ect, something of no
interest. In order to run the apparatus myself I didn't quite have enough hands because when
you do this you want to take some data or you want to turn some knobs to change the magnetic
®eld or do a number of things. So it seemed desirable to have some more hands. So Ursula, my
wife, came along, and we walked from where we lived on 122nd Street over to where one could
get into Columbia University through the nearest gate or gates, which would have been on 119th
Street and Broadway or 120th Street, halfway between Amsterdam Avenue and Broadway, but
you had to go up and get a special key from the University o½ce in the Low Library, where the
key that they gave you would be connected to a large brass disc which had teeth cut into it. . . .

I turned on the apparatus. It was being pumped all the time so there wasn't much to do, but
the magnetic ®eld and the clystron had to be turned on. I went through the procedure that we
had done earlier that day [with Retherford] and the e¨ect was still there. I imagine that on that
weekend Rabi had been in Washington, but by Sunday I had called him on the phone and told
him about it. I think there was a party at his house that night, rather incidental, having nothing
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The investigations at Columbia University went on during a conference spon-

sored by the National Academy of Sciences (NAS) that was held from 2 to 4

June 1947, at Ram's Head Inn on Shelter Island at the tip of Long Island.1133b

According to the organizers, the Shelter Island Conference on `Fundamental

Problems of Quantum Mechanics' should bring together especially young and

promising American scientists with some well-established (though not all Ameri-

to do with hydrogen ®ne structure, but just some people who had been to the Washington
meeting [of the American Physical Society] were in New York and Rabi gave them a party. Rabi
had gone to attend it, but I had not, because I was quite interested in what was going on in the
Lab. At that time I didn't show anybody the experiment, but I told them what had happened. I
think Rabi was very pleased. There were a number of people at the party; I remember that
George Uhlenbeck was there and he was, I think very pleased to hear about it. [Ursula Lamb
recalled that Uhlenbeck grabbed Willis by the arm and congratulated him.] After all, he had
something to do with it through the invention of the electron spin magnetic moment. Well, that
was in April. We were doing a number of things. We set about making a better apparatus to
make measurements more precisely. We also wrote a letter to the Physical Review. . . .

As we expressed it at the time, of course, we identi®ed the magnetic ®eld, it went through a
displacement like that you had to identify peak and we had various ways of trying to do that and
we located that peak ®eld and then we translated that into frequencies, into Zeeman e¨ect.

From the magnetic ®eld of the peak we could make a calculation and it would tell us what
the frequency separation between 2S1=2 and 2P3=2 was, and if the 2S-level was where it was
supposed to be according to the Dirac theory, then of course the 2S1=2 level would be coincident
with the 2P1=2 level and there were good reasons for thinking that we know the space in between
2P1=2 and 2P3=2 so that therefore measuring it the transition between 2S1=2 and 2P3=2 would give
us an idea of whether the 2S1=2 was at the right position. And it seemed to be o¨ by what we
described as 1,000 megacycles. That can be expressed either as wavelength or a frequency can be
given in megacycles or in wave numbers. In wave numbers it was about .03. So it was completely
clear that the 2S state was not where it should have been. Now, as I said, we were using clystrons
that were intended for use around 3 centimeters. They were appropriate for the transition 2S1=2

to 2P3=2, but very quickly we got hold of much longer wavelength oscillators which worked in
the region of maybe 30 or 100 megacycles and then we would look at the transitions between
2S1=2 and 2P1=2, and those frequencies were in complete accord with the ones we had obtained in
the early work. (Willis Lamb, Interview wtih Jagdish Mehra, 26 March 1988)

1133b As Willis Lamb recalled later:

Then there was the Shelter Island Conference to which I was invited early in June [1947]. And
from that very quickly came the theoretical explanation that Bethe gave; our paper was pub-
lished in the August 1, and Bethe arranged that his paper should be published in the August 15
issue. Our paper was received on June 18.

On Sunday morning [27 April 1947] I realized that this experiment was of the Nobel quality.
In my book, doing an experiment of Nobel quality is more important than getting the prize. . . . I
just knew that the energy levels of hydrogen were not quite what they were predicted by Dirac to
be. In fact, there really is not a new law of nature. It was all in the theory to begin with but
nobody worked it out. It's a consequence of the quantum theory of radiation and the inverse
square law and the quantum mechanics of electrons and protons. (Willis Lamb to Jagdish
Mehra, 26 March 1988, in Tucson, Arizona)

Ivar Waller made the presentation speech when Willis Lamb was awarded the Nobel Prize on 10
December 1955. He remarked that `it does not often happen that experimental discoveries exert an
in¯uence on physics as strong and invigorating as did your work. Your work led to the reevaluation
and a reshaping of the theory of the interaction of electrons and electromagnetic radiation, thus ini-
tiating a development of utmost importance to many of the basic concepts of physics, a development
the end of which is not yet in sight.' (Nobel Foundation, ed., 1964, p. 285)
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can) theoretical physicists.1134 Finally, twenty-®ve participants met at the Shelter

Island Conference, all except Hendrik Kramers coming from the United States.

Victor Weisskopf, J. Robert Oppenheimer and Hendrik Kramers had prepared a

list of topics to be discussed at the Conference, which they selected from the ®elds

of quantum electrodynamics, the theory of nuclear forces and elementary particle

theory, but also from recent experiments. In fact, on the ®rst day, the Conference

opened with a presentation of experimental results: A talk given by Willis Lamb

was followed by one of Rabi's in the morning, and in the afternoon, Bruno Rossi

spoke about some recent cosmic-ray experiments. On 3 June, theoretical talks

were given by Hendrik Kramers (on the classical electron theory), by Victor

Weisskopf (on quantum electrodynamics), and by Hans Bethe and John von

Neumann (on aspects of quantum ®eld theory). In the discussion session on the

last day, the problems of meson theory were treated, and as a mark of special

interest, Richard Feynman was invited to present his space-time approach to

quantum mechanics.

(b) Hans Bethe and the Initial Calculation of the Lamb Shift (1947)

The Shelter Island Conference had an immediate impact on Hans Bethe, who

recalled more than twenty years later:

Freeman Dyson wrote to congratulate Willis Lamb on the occasion of his 65th birthday as follows:

Your work on the hydrogen ®ne structure led directly to the wave of progress in quantum elec-
trodynamics on which I took a ride to fame and fortune. You did the hard, tedious, exploratory
work. Once you had started the wave rolling, the ride for us theorists was easy. And after we had
zoomed ashore with our ®ne, fancy formalisms, you still stayed with your stubborn experiment.
For many years thereafter you were at work, carefully coaxing the hydrogen atom to give us the
accurate numbers which provided the solid foundations for all our speculations.

Those years, when the Lamb shift was the central theme of physics, were golden years for all
the physicists of my generation. You were the ®rst to see that this tiny shift, so elusive and hard
to measure, would clarify in a fundamental way our thinking about particles and ®elds. (Dyson,
in ter Haar and Franken, 1978, p. xxxvi)

Willis Lamb has always belonged in the highest rank as both a theoretical and an experimental
physicist in the style of Rabi, Fermi, and Bloch. After many years spent at Columbia University, Lamb
was appointed Wykeham Professor of Physics at Oxford University, from where he returned to join
Stanford University and then as Willard J. Gibbs Professor of Physics at Yale University, then he
moved to the University of Arizona, Tucson, where he continued to devote himself to research on a
variety of problems; he has especially enjoyed his investigations on the interpretation of quantum
mechanics over the years. On the evening of 21 September 1999, Willis Lamb called J.M. and declared:
`I have just completed a paper on the interpretation of quantum mechanics! My work in this domain
has given me greater pleasure than even the investigations on the ®ne structure of hydrogen [the Lamb
shift, for which he was awarded the Nobel Prize for Physics in 1955]; I am sending you a copy of my
latest paper.'

1134 The genesis and the course of development of the NAS conferences on the fundamental ques-
tions of physics, held at Shelter Island in 1947, at Pocono Manor in 1948, and at Oldstone-on-Hudson
in 1949 has been described in detail in Mehra, 1994, Chapters 11, 12, and 13, and in Schweber, 1994,
Chapter 4.
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In 1947, Lamb and Retherford had discovered the shift of the 2S-state of hydrogen
upward in energy. We had a very beautiful conference on Shelter Island in which
these and other experimental results were discussed, together with the state of theo-
retical physics which was plagued by the in®nities of self-energy. Of course, people
had struggled with self-energy in®nities for a long time. . . . Kramers suggested that
what one really ought to do was to renormalize the mass of the electron, taking into
account its interaction with its own electromagnetic ®eld. Then only those parts of the
self-energy which are not contained in the mass of the particle would be observable
and amenable to experimentation.

I found this suggestion very interesting, and thought that it ought to be possible to
get Lamb's result by applying the idea of Kramers. So on the train from Shelter
Island [actually New York City] to the General Electric Company in Schenectady
[where Bethe was going to do some consulting work]. . . . I wrote down some ele-
mentary equations of radiation interaction and found out that the e¨ect on the 2S-
state or any state of hydrogen would involve the logarithm of the energy. Inside the
logarithm, the numerator was some energy which I did not know, while in the de-
nominator there was something like the binding energy of the electron in hydrogen.
So without doing anything about it, this expression would depend only logarithmi-
cally on the upper limit of the energy of the interacting quantum. This sounded very
hopeful: I had used entirely nonrelativistic theory, and we know that, for instance,
the electromagnetic mass diverges linearly if one takes the nonrelativistic theory,
but diverges only logarithmically if one takes [the] relativistic theory. (Bethe, 1968b,
pp. 14±15)

Hence, Bethe realized that `it was reasonable to conclude that relativistic theory

would gain us one power, which meant that the logarithmic divergence would be

replaced by convergence.' By means of certain bold manipulations, which turned

out to be justi®ed on closer inspection, he `got a result of about a thousand

megacycles, which was about the right answer' (Bethe, loc. cit., p. 15).

Bethe completed his paper, entitled `The Electromagnetic Shift of Energy

Levels' soon afterward and sent copies of it to selected participants of the Shelter

Island Conference; it was received on 27 June by Physical Review and published in

August (Bethe, 1947). The main idea in Bethe's calculation was to use Kramers's

renormalization procedure (although in a quantum, rather than a classical con-

text) for the self-energy of the electron in a nonrelativistic consideration of this

problem. (For details, see Mehra, 1994, Chapter 12.) Bethe recalled: `I also heard

of Kramers's renormalization procedure for the ®rst time at that time, namely, the

idea that self-energy that you get for a bound electron. So, after Shelter Island I

took that famous train ride to Schenectady and tried to write down what this dif-

ference of self-energies might be, and it turned out that you could fairly easily

subtract one from the other.' (Bethe, 1985; Interview with Jagdish Mehra, 23

February 1988)

For the self-energy W of the bound electron in a quantum state m in the hy-

drogen atom, Bethe used the standard formula of the ordinary radiation theory:

W � ÿ 2e2
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where k � qo is the energy of the light-quanta of the radiation ®eld, and vmn are

the matrix elements of the velocity of the electron (in the nonrelativistic theory,

v � p/m � `). The sum of Eq. (798) goes over all atomic states n, which have

energies En, and the integral is over all photon energies from zero up to some

maximum value k, which has to be chosen later. In case of the free electron, this

self-energy is given by the formula

W0 � ÿ 2e2

3pqc3

�K

0

k dk
X

n

jvmnj2=k: �799�

After integration over k and making some manipulations, and using the proper-

ties of the hydrogen wave functions, which he knew by heart, Bethe obtained the

di¨erence

W 0
ns �

8

3p

e2

qc

� �3

Ry
Z4

n3
ln

K

�En ÿ Em�an

; �800�

where Ry stands for the Rydberg constant, which is the ionization energy of the

ground state of hydrogen, 13.6 eV, Ze is the charge of the nucleus, and the average

excitation energy �En ÿ Em�an was calculated numerically.

Now, the nonrelativistic result in Eq. (800) was still divergent, but it diverged

only logarithmically (instead of linearly), when K goes to in®nity, because as a

result of the subtraction procedure, what Bethe computed was W ÿW0, in which

the linearly divergent terms in the self-energy of the bound electron and of the free

electron cancel each other. Bethe suggested that in the relativistic theory, where

the self-energy of the electron is itself only logarithmically divergent, the di¨erence

W 0
ns, which ought to give the Lamb shift, should be ®nite: `Since we expect that

relativity theory will provide a natural cuto¨ for the frequency K, we shall assume

that in [(800)]

K � mc2: ��801��

. . . This would set an e¨ective upper limit of the order of mc2 to the frequencies k

of light which e¨ectively contribute to the shift of the level of a bound electron.'

(Bethe, 1947, p. 340) Using this value for K, he obtained for the Lamb shift

W 0
ns � 1040 megacycles `in excellent agreement with the observed value of 1000

megacycles. [Thus, Bethe had shown that:] (1) the level shift due to interaction

with radiation is a real e¨ect and is of ®nite magnitude; (2) the e¨ect of the in®nite

electromagnetic mass of a point electron can be eliminated by proper identi®cation

in terms in the Dirac radiation theory; (3) an accurate experimental and theoreti-

cal investigation of the level shift may establish relativistic e¨ects (e.g., Dirac hole

theory). These e¨ects will be of the order of unity in comparison with the [large]

logarithm in equation [(800)].' (Bethe, loc. cit., p. 341)
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Bethe completed his calculation of the Lamb shift by 9 June 1947, and sent a

preliminary draft of a short paper to those participants at the Shelter Island Con-

ference who were directly interested in the problem of the theoretical calculation

of the Lamb shift. In the accompanying cover letter to Oppenheimer, Bethe wrote

that the calculation `does work out,' and further: `Also, the second term already

gives a ®nite result and is not zero as we thought during the conference. In fact, its

logarithmic divergence makes the order of magnitude correct. It also seems that

Vicki [Weisskopf ] and Schwinger are correct that the hole theory is probably im-

portant in order to obtain convergence. Finally, I think it shows that Kramers

cannot get the right result by his method.' (Bethe to Oppenheimer, 9 June 1947;

Oppenheimer Collection, Library of Congress, Washington, D.C.)

Bethe's objection concerned Kramers's method of modifying the conventional

Hamiltonian at the classical level in terms of the experimental mass of the elec-

tron. Only then, in Kramers's approach, can one use the perturbation theory

without any subtraction procedure. In 1948, Kramers ®nally arrived at the com-

plete ful®llment of his nonrelativistic program, in which one has no di½culties

with the self-energy of the electron, but his numerical results turned out to be quite

unsatisfactory because his method did not take into account the relativistic e¨ects

and the recoil e¨ects in the interaction of the electron with radiation. Nevertheless,

Kramers did not much appreciate Bethe's calculation. His comment was that `It is

di½cult to make (Bethe's) argument quite rigorous, but it has certain physical

plausibility.' (Kramers, 1956, p. 867) He did not believe that relativity would

provide a natural cuto¨ at mc2, as in Eq. (801), for the upper limit K of the inte-

gral in Eq. (799), and he considered Bethe's treatment as highly arbitrary. How-

ever, Bethe's achievement in calculating the Lamb shift was highly appreciated by

Weisskopf. He wrote to Bethe that he was:

quite enthusiastic about the result. It is a very nice way to estimate the e¨ect and it
is most encouraging that it comes out just right. I am very pleased to see that
Schwinger's and my approach seems to be right after all. Your way of calculating is
just an unrelativistic estimate of our e¨ect, as far as I can see.

I am all the more pleased about the result since I tried myself unsuccessfully to
estimate the order of magnitude of our expression. I was unable to do this, but I got
more and more convinced that the method was sound.

That the 22S1=2 ÿ 22P1=2 split has something to do with radiation theory and hole
theory was proposed by Schwinger and myself for quite some time. We did not do
too much about it until shortly before the conference. We then proposed to split an
in®nite mass term from other terms and get a ®nite term shift, just as I demonstrated
at the conference. Isn't it exactly what you are doing? Your great and everlasting
deed is your bright idea to treat this at ®rst unrelativistically. (Weisskopf to Bethe, 17
June 1947; Bethe Papers, Cornell University Archives, Ithaca, New York)

However, years later, Weisskopf also expressed some unhappy feelings con-

cerning Bethe's nonrelativistic calculation of the Lamb shift:
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When he [Hans Bethe] sent me this note [Bethe's draft of his calculation], I was
actually really unhappy. First of all, he could have told me [that he was going to do
this calculation]. I was interested in the Lamb shift problem even before the war;
at that time it was called the Pasternack e¨ect. At the Ann Arbor [University of
Michigan] Summer School in 1940 I had a lot of conversations with Kramers, with
whom I was very close since the old Copenhagen days. He believed, as did I, that the
Pasternack e¨ect was real and he asked me to calculate it. He ®rst brought to me the
idea that true enough the self-energy is in®nite, but maybe the self-energy di¨erence
between a bound and a free electron can be calculated and will be ®nite, and that
[later on, in 1947] should be the Lamb shift. From then on I was sort of living with
this problem. During the war I became occupied with other problems [at the Man-
hattan Project], and the Pasternack problem was put on the back burner. But, after
the war, I again wanted to take it up and I de®nitely knew about the problem when I
came to MIT [from Los Alamos after the war]. Then came the Lamb shift, Lamb's
observation that Pasternack was right and one even had quantitative results.

Schwinger and I went together on the train to New York [to attend the Shelter
Island Conference], and we discussed this problem; we arrived at the conclusion that
the nonrelativistic part could be calculated with matrix elements. Then I talked a lot
with Hans [Bethe] about where the di½culty lies and that the nonrelativistic part is
not so di½cult; the di½culty lies in the relativistic region, but I did not know how to
do that.

So when he sent me that note [Bethe's preliminary calculation], [I was unhappy]
because ®rst of all he could have told me about it, and in some ways my name should
have been on that paper. Personally I think that he should have asked me to publish
this note together with him.

I could actually have made the calculation myself of what then was the Pasternack
e¨ect, already in the early forties. And when Lamb measured the shift accurately, I
should have won the Nobel Prize.' (Weisskopf, Interview with Jagdish Mehra, 7 May
1988. See also Weisskopf, 1990, pp. 168±169.)

It was essentially Bethe's nonrelativistic calculation of the Lamb shift that got

Richard Feynman started on his relativistic formulation of quantum electro-

dynamics. Bethe's work also stimulated Bruce French and Victor Weisskopf at

MIT and Norman F. Kroll at Columbia.

Victor Weisskopf, with his graduate student Bruce French, sought to turn

Bethe's procedure into a fully relativistic scheme. More than a year later, Norman

Kroll and Willis Lamb joined forces and `calculated the electromagnetic shift

of the bound electron on the basis of the usual formalism of relativistic quan-

tum electrodynamics and positron theory'; however, they employed noncovariant

procedures for calculation, which had been described in Heitler's book on the

quantum theory of radiation (Heitler, second edition, 1944); at that time, the rel-

ativistically invariant approach to calculate the quantum electrodynamic e¨ects

was hardly used, and they obtained `a ®nite result of 1051 megacycles per second

for the shift 22S1=2 ÿ 22P1=2 in hydrogen in close agreement with the non-

relativistic calculation of Bethe' (Kroll and Lamb, 1949, p. 388). French and

Weisskopf, on the other hand, were rather unlucky; they had made a correct rel-

ativistic electrodynamical calculation, but their result did not agree with those of
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Feynman and Schwinger, who had made identical mistakes in their respective

calculations. When Feynman pointed this out to them, they published their paper

which appeared after the one of Kroll and Lamb (French and Weisskopf, 1949).

Meanwhile, two other participants of the Shelter Island ConferenceÐRichard

Feynman and Julian SchwingerÐworked on a new, fully covariant approach to

renormalized quantum electrodynamics to replace the `usual formalism,' as did

Sin-itiro Tomonaga far away in Tokyo, Japan.

At the end of the Shelter Island Conference, Oppenheimer and Schwinger took

a seaplane from Port Je¨erson to Bridgeport, Connecticut, where a connection to

modern transportation could again be found, and Schwinger took a plane all the

way to Boston to save time because of his approaching wedding. He felt very

unwell, and the return from the Shelter Island Conference marked a major change

in Schwinger's habits:

I had been a heavy smoker up to that time, probably due to the baleful in¯uence of
Oppenheimer, who set the model for everybody. I reproached myself for following
that particular habit. At the Shelter Island Conference I had a severe stomach upset
just before leaving, and had wondered whether the wedding ceremony would have to
be postponed. Actually I thought that sickness was a secret I kept to myself, but of
course I told Clarice [soon to be his wife] later. (Schwinger, Interviews and Con-
versations with Jagdish Mehra, March 1988)

Julian recovered quickly and the wedding took place as planned on 8 June 1947. A

few days after their wedding, Julian and Clarice Schwinger left for a two-month-

long honeymoon, visiting all the places where Julian had lived: ®rst Chicago,

where they met Robert Sachs; then Madison, Wisconsin, and from there to

Yellowstone and California; in California, they made two long stops, ®rst at

Berkeley and then at Los Angeles, everywhere meeting Julian's old friends and

acquaintances. At Berkeley, they of course visited the Oppenheimers at their

beautiful house called `Eagle's Nest.' They had a very pleasant visit in Berkeley,

where they also saw Robert and Charlotte Serber, then the next stop was Los

Angeles, from where they continued toward Los Alamos. At the Los Alamos

National Laboratory, Schwinger was invited to give a talk at eight in the morning!

From there, the Schwingers took the southern route home.

(c) The Anomalous Magnetic Moment of the Electron (1947)

Upon his return to Harvard, Norman Ramsey, who had just joined the Harvard

faculty, reassured Schwinger that perhaps the electron had an intrinsic magnetic

moment that was di¨erent from the value predicted by the Dirac equation. As

he remarked later: `Julian really cross-examined me as to whether the hyper®ne

anomaly was true. He thought he knew how to explain the anomaly in the hyper-

®ne interaction. [Gregory] Breit (1947a, b) had previously pointed out that you

could explain the anomaly in the hyper®ne interaction by assuming an anomalous

magnetic moment of the electron.' Breit had made two mistakes in the ®rst draft of
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his paper, one of which, that the magnetic moment of the proton was unchanged,

was corrected by Ramsey before publication. The other error consisted in e¨ect of

treating the anomalous magnetic moment not as that due to a circulating current,

but as separated north and south poles. (Norman Ramsey, Interview with K. A.

Milton, in Mehra and Milton, 2000, Chapter 7.)

In a note `On Quantum Electrodynamics and the Magnetic Moment of the

Electron,' dated 30 December 1947, Julian Schwinger wrote:

Attempts to evaluate radiative corrections to electron phenomena have heretofore
been beset by divergence di½culties attributable to self-energy and vacuum polari-
zation e¨ects. Electrodynamics unquestionably requires revision at ultra-relativistic
energies, but is presumably accurate at moderate relativistic energies. It would be
desirable, therefore, to isolate those aspects of the current theory that essentially in-
volve only moderate energies and are thus relatively trustworthy. This goal has been
achieved by transforming the Hamiltonian of the current hole theory electrodynamics
to exhibit explicitly the logarithmically divergent self-energy of a free electron, which
arises from the absorption and emission of light-quanta [which] can be ascribed to the
electromagnetic mass, which must be added to the mechanical mass. Indeed the only
meaningful statements of the theory involve the combination of masses, which is the
experimental mass of a free electron. (Schwinger, 1948a, p. 416)

In a footnote (*), Schwinger referred to Hendrik Kramers's remarks about mass

renormalization at the Shelter Island Conference and continued:

It is important to note that the inclusion of the electromagnetic mass with the
mechanical mass does not avoid all divergences; the polarization of the vacuum pro-
duces a logarithmically divergent term proportional to the interaction energy of the
electron in an external ®eld. However, it has long been recognized that such a term is
equivalent to altering the value of the electron charge by a constant factor, only the
®nal value being properly identi®ed with the experimental charge. Thus the interac-
tion between matter and radiation produces a renormalization of the electron charge
and mass, all divergences being contained in the renormalization factors. (Schwinger,
loc. cit.)

A preliminary account of this work was presented by Schwinger at the Tenth

Washington Conference on Theoretical Physics (13±15 November 1947),1135

which was also attended by Richard Feynman, and attracted not only his interest

but that of J. Robert Oppenheimer's as well. As Feynman recorded at the time:

`[Schwinger's] talk was [indeed] interesting because it got Oppy [Oppenheimer] so

excited but I did not have time to understand exactly what Schwinger had done. It

1135 At that meeting, which was organized by Edward Teller and George Gamow and devoted to
`Gravitation and Electromagnetism' and which was held at George Washington University, Schwinger
recalled doing clandestine calculations, in lieu of note-taking, using hydrogenic wave functions to
understand the large value of the Bethe logarithm in the Lamb shift, obtaining an estimate within about
10% of the exact value (Schwinger, 1983a, p. 334). Schwinger further recalled that `I was astonished
that Bethe didn't actually do the numbers, because he was perfectly capable of doing it.' (Schwinger,
Interviews and Conversations with Jagdish Mehra, March 1988)
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had to do with the electromagnetic self-energy problems. One thing he did point

out that was very interesting though, was that the discrepancy in the hyper®ne

structure of hydrogen noted by Rabi [the anomalous magnetic moment of the

electron], can be explained on the same basis as that of electromagnetic self-

energy, as can the line shift of Lamb. The rest of the meeting was concerned with

gravitation and the curvature of the universe and other problems for which there

are very powerful mathematical equationsÐlots of speculation but very little

evidence. . . .' (Feynman to Herbert and Mulaika Corben, 19 November 1947)

As we have reported above, Julian Schwinger sent his ®rst report on renor-

malized quantum electrodynamics to the Physical Review on 30 December 1947.

He evaluated, by employing the renormalization of charge and mass, energy of

an electron in an external magnetic ®eld, which yielded the predicted additional

magnetic moment of magnitude
a

2p
m (where m � e=2mc is the Bohr magneton and

a � e2=qc is the ®ne structure constant); that is,

dm

m
� 1

2
p

� �
e2=qc � 0:001162; �802�

which agreed perfectly with the earlier estimates of Nafe, Nelson, and Rabi (1947).

Schwinger also pointed out that not only are the hyper®ne discrepancies accounted

for, but also the more accurate recently available atomic-moment measurements

in states of sodium and gallium. Schwinger believed correctly that the simplest

example of a radiative correction was that for the energy of an electron in an ex-

ternal magnetic ®eld. The detailed application of the theory showed that the radi-

ative correction to the magnetic interaction energy corresponded to an additional

magnetic moment associated with the electron spin, as expressed in Eq. (802). New

experimental data con®rmed this prediction, as Schwinger wrote:

Measurements on the hyper®ne splitting of the ground states of atomic hydrogen
[Nafe, Nelson, and Rabi, 1947; Nagle, Julian, and Zacharias, 1947] have yielded
values that are de®nitely larger than those expected from the directly measured nu-
clear moments and an electron moment of one Bohr magneton. These discrepancies
can be accounted for by a small additional electron spin magnetic moment. [G. Breit
(1947a, b)] Recalling that the nuclear moments have been calibrated in terms of the
electron moment, we ®nd the additional moment necessary to account for the mea-
sured hydrogen and deuterium hyper®ne structures to be dm=m � 0:00126G 0:00019
and dm=m � 0:00131G 0:00025, respectively. These values are not in disagreement
with the theoretical prediction. More precise con®rmation is provided by measure-
ments of the g values for 2S1=2;

2P1=2 and 2P3=2 states of sodium and gallium. [See
Kusch and Foley, 1947, and Foley and Kusch, 1948.] To account for these results, it
is necessary to ascribe the following additional magnetic moment to the electron,
dm=m � 0:00118G 0:00003.

The radiative correction to the energy of an electron in a Coulomb ®eld will pro-
duce a shift in the energy levels of hydrogen-like atoms, and modify the scattering of
electrons in a Coulomb ®eld. Such energy-level displacements have recently been
observed in the ®ne structures of hydrogen [Lamb and Retherford, 1947], deuterium

1.2 The Renormalized Quantum Electrodynamics (1946±1950) 1045



and ionized helium [Mack and Austern, 1947]. The values yielded by our theory di¨er
only slightly from those conjectured by Bethe [1947] on the basis of a nonrelativistic
calculation, and are, thus, in good accord with experiment. Finally the ®nite rela-
tivistic correction to the elastic scattering of electrons by a Coulomb ®eld provides a
satisfactory termination as a subject that has been beset with much confusion.
(Schwinger, 1948a, p. 416)

(For full details of the story of the anomalous magnetic moment of the electron,

see Mehra and Milton, 2000, Chapter 7.)

Schwinger stated ®nally that the ®ne structure shift of the hydrogen lines, as

measured by Lamb and Retherford (1947), also followed from the proposed re-

normalized scheme and announced `a [forthcoming] paper dealing with the details

of this theory' (Schwinger, 1948a, p. 416).1136 At the Washington meeting men-

tioned above, Richard Feynman independently calculated the radiative correction

to the gyromagnetic ratio for the electron (which in Dirac's theory is given by

gS � 2, but the experimental value obtained by Foley and Kusch, as reported

above, was gS � 2:000244G 0:00006). Feynman considered the radiationless

scattering of the electron in the external magnetic ®eld and calculated the transi-

tion amplitude to the ®rst order of perturbation in the radiative corrections.

As mentioned earlier (in Section IV.5), this problem had been treated already

by Sidney Danco¨ within the noncovariant perturbation theory of the day.

Danco¨ 's mistake was ®rst established by Koba and Tomonaga (1948) and re-

discovered by H. W. Lewis, who found that after mass renormalization the am-

plitude for radiationless scattering did not contain any ultraviolet divergences,

although it was infrared divergent (Lewis, 1948). By using his relativistic cuto¨

procedure, Feynman calculated the amplitude of the radiationless scattering and

obtained the result that the radiative correction to the scattering in any potential is

equivalent to the ®rst-order correction in e2=qc to the potential itself. In terms of

the Dirac Hamiltonian, the ®nite radiative corrections to the radiationless scat-

tering were found by Feynman to be

DHDirac � e2

2pqc
ÿ qe

2mc
�Bs � Bÿ iba � E�

� �
; �803�

1136 Schwinger was slightly upset by Bethe's publication, as was Victor Weisskopf, who was
annoyed with Bethe for single-handedly taking credit for this result (see Mehra, 1994, Chapter 12,
p. 226):

It struck me roughly the same way, but not quite as forcibly as it struck Weisskopf, who I think
has been quoted as being rather angry at Bethe's so rapidly stealing the thunder. Because the
essence of it was what Weisskopf and I talked about and I think we had a somewhat di¨erent
version of it, that if one calculated the two energy levels, the S and P levels, and looked at their
di¨erence, all the ultraviolet divergences would cancel and one would end up with a ®nite result.
I was not personally upset about it, because to me the challenge was the relativistic calculation,
which Bethe did not touch. Clearly a large part of the Lamb shift was nonrelativistic, so my in-
terest shifted to what was clearly a totally relativistic e¨ect, the magnetic moment [of the elec-
tron]. (Schwinger, Interviews and Conversations with Jagdish Mehra, March 1988)
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where E is the electric ®eld, B is the magnetic ®eld, a and b are the Dirac 4� 4

matrices, and s is the Pauli matrix. Equation (803) showed that the interaction of

the electron with radiation changes its magnetic moment by a fraction
a

2p
� e2

2pqc
,

which was ®rst discovered, as mentioned above, by Schwinger in a di¨erent way

(here, a denotes, as usual, the dimensionless electromagnetic coupling constant, or

the ®ne structure constant). (Schwinger, 1948a; see Mehra and Milton, 2000,

Chapter 7)

On his way back to Boston after the Washington conference, Julian Schwinger

gave a talk on his calculation of the magnetic moment of the electron at Columbia

University. Rabi was overjoyed by Schwinger's visit, but he found it `very regret-

ful and melancholy' that Julian should spend his days `in self-imposed exile, in

a barren land where ®sh is consumed as brain food, in large quantities, with re-

sults that fall short of highest expectations.' (I. I. Rabi to Julian Schwinger, 12

December 1947, quoted in Mehra and Milton, 2000, p. 225) Rabi also wrote to

Hans Bethe: `It certainly seems very likely that the g-value of the electron is

greater than 2 by slightly over 1/10 of 1% and that the Schwinger theory of our

hyper®ne structure anomaly is as correct as your theory of the Lamb-Retherford

e¨ectÐGod is great.' (I. I. Rabi to H. A. Bethe, 2 December 1947; quoted in

Mehra and Milton, loc. cit.) Bethe immediately replied to Rabi: `I have heard

about Schwinger's theory and ®nd it very wonderful. Nobody, so far, has been

able to give me a complete account of his theory of the hyper®ne structure or of

the g-factor. But I am sure it is alright. It is certainly wonderful how these experi-

ments of yours have given a completely new slant to a theory and how the theory

has blossomed out in a relatively short time. It is as exciting as in the early days of

quantum mechanics.' (H. A. Bethe to I. I. Rabi, 4 December 1947; quoted in

Mehra and Milton, loc. cit.)

Schwinger later rhetorically asked: `After reporting that ®nite radiative correc-

tions were attained in both bound-state and scattering calculations, why was I not

speci®c about their precise values?' (Schwinger, 1983a, p. 335) Soon, however,

Schwinger himself would give a complete answer publicly. The 1948 New York

meeting of the American Physical Society was held from 29 to 31 January 1948, at

Columbia University, and Julian Schwinger was invited to give a paper on the

recent developments in quantum electrodynamics. Schwinger gave his talk on 31

January, and by popular acclaim, it had to be repeated two more times on the

same day, in ever larger lecture halls. He reported his initial results on the Lamb

shift and the calculation of the anomalous magnetic moment of the electron; he

mentioned some discrepancy between his calculations of the anomalous magnetic

moment in the Coulomb ®eld in the atom and the magnetic moment of the free

electron, which he had worked out to be a=2p � e2=2pqc. Feynman, who attended

Schwinger's lecture at the APS meeting, mentioned after the lecture that he had

computed the same things as Schwinger had done. He con®rmed Schwinger's re-

sults about the Lamb shift and the magnetic moment of the free electron, but he

stressed the point that he had obtained the same result for the magnetic moment of
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the electron in the atom as for that of the free electron, contrary to Schwinger's

result. The reason for this discrepancy [which was, in e¨ect with the second term in

Eq. (803)] was that Schwinger's calculation was not relativistically invariant.

When the calculation procedure is relativistically invariant, there is no problem in

showing that Feynman was right, and the magnetic moment of the electron in the

atom also equals a=2p � e2=2pqc. Thus, the complete covariant result for the

magnetic moment is as given by Feynman in Eq. (803).

Many years later, Richard Feynman recalled Schwinger's talk at the APS

Meeting and what he had done:

So I got up after Schwinger's talk and said, ``I have computed the same thing, and I
agree with Professor Schwinger in all of his results, but that the magnetic moment of
the electron is the same in the atom and out of the atom.''

I was not showing o¨, I was just trying to say that there's no problem, for I
had done the same thing that he had done, and it had all come out all right. Now,
Schwinger was already well known, and many people had not heard of me.
Schwinger had done many things, great things, before the war, in the theory of deu-
teron, scattering of neutrons by helium to polarize neutrons, and other things. People
knew Schwinger, but most of them did not know me. I heard later from several peo-
ple who were at the APS Meeting that I sounded funny to them. ``The great Julian
Schwinger was talking when this little squirt got up and said, `I have already done
this. Daddy, you're in no trouble at all! Everything will be OK!' '' Actually, I was
quite surprised when he reported that he got another value for the electron's magnetic
moment in the atom. I was trying to tell him that there's no di½culty at all! I had
caught up with him, and I knew that everything was ®ne! (Feynman, Interviews and
Conversations with Jagdish Mehra, April 1970 and January 1988)

At the APS Meeting, Schwinger mentioned that there was the covariant

method of calculation, but he had not applied it yet, and `no doubt that these

problems in covariance would be resolved with the new formulation,' and he

continued: `That explained why [J. Robert] Oppenheimer then said that ``you

know, [Sin-itiro] Tomonaga has done this.'' I said, no, I didn't know that Tomo-

naga had come up with the same formulation.' (Schwinger in Interviews and

Conversations with Jagdish Mehra, March 1988) We shall discuss Tomonaga's

work, and Schwinger's reaction to it, later on. As Schwinger recalled further:

Until the APS Meeting in New York in early 1948, I had not heard the name of
Tomonaga as a physicist. Of course, I knew about [Hideki] Yukawa, because since
1935 the idea of mesonsÐwhich Yukawa had put forthÐhad been around. Anyway,
Oppenheimer said that this covariant formulation I had written down had already
been put forward by Tomonaga [1943/1946]. I said, ``That's interesting; I'll have to
read the paper.'' I think Rabi was aware of it, and I have a feeling that Rabi had sent
me a copy of Tomonaga's paper; in any event, my attention was directed to it. I did
ask Tomonaga [when I ®rst met him] as to whom he had sent his papers, and he told
me that he had sent them to Oppenheimer. [Actually, Rabi had been in Japan in
1946, where he met the important physicists and brought back papers of what they
were working on.] That 1943 paper of Tomonaga's would have been one of the
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many; everybody then was worrying about corrections to scattering, and I am sure
theyÐthe JapaneseÐwere doing scattering. Tomonaga didn't solve the problem by
renormalization. He was doing what everybody else was doing: compensating ®elds,
something else that provided a minus sign, what [Abraham] Pais did, for example
(Pais, 1946). [Schwinger's] line of development was di¨erent. (Schwinger, loc. cit.)

Schwinger's paper containing the detailed relativistic theory and the applica-

tions (promised in Schwinger, 1948a) had to wait. By the time of the Pocono

Conference four months laterÐthis being the second conference on the funda-

mental problems of physics, which following the Shelter Island Conference in

1947ÐSchwinger had already constructed a covariant formulation, making the

technique underlying this ®rst paper obsolete. As we know, all was not so well,

because: `Finally, the ®nite radiative correction to the elastic scattering of elec-

trons by the Coulomb ®eld provides a satisfactory termination to a subject

that has been beset with much confusion.' This is how Schwinger later referred

to Danco¨ 's incorrect calculation (Danco¨, 1939), to which we have already

alluded:

In 1939 or 1940 Oppenheimer, I presume, suggested to Danco¨ that he do a relativ-
istic calculation of the electrodynamic corrections to scattering of an electron by a
nucleus. He did that calculation and made a mistake, as a result of which it was not
immediately obvious that all the electrodynamic corrections could be explained by
uniting an electromagnetic mass with a mechanical mass. History might have been
very di¨erent if that mistake had not been made. I think the Lamb shift could have
been predicted. (Schwinger, Interviews with Jagdish Mehra, March 1988)

It is important to recognize that, of course, Schwinger was well aware of the

problems of electrodynamics from his earliest student days.1137 Moreover, he

wrote a paper when he was 16, which he never submitted to a journal, entitled

`On the Interaction of Several Electrons' (Schwinger, 1934, unpublished), which

discussed the Mùller interaction (Mùller, 1931, 1932), based on the Dirac±Fock±

Podolsky electrodynamics (1932); Schwinger's ®rst e¨ort was noteworthy for the

introduction of the interaction representation (see Schwinger, 1983a, pp. 329±

331). Later, when he went to Berkeley, he discovered that Oppenheimer was ob-

sessed with the subject. Indeed, Oppenheimer and Schwinger wrote a joint paper

on `Pair Emission in the Proton Bombardment of Fluorine' (1939), where the ex-

planation of the observed e¨ect turned out to be the existence of vacuum polar-

ization, the virtual creation, for short periods of time, of electron±positron pairs

(although, to Schwinger's annoyance, Oppenheimer insisted on inserting remarks

about a possibleÐnonexistentÐnonelectromagnetic coupling between electrons

and nuclear particles). Thus, Schwinger began with an advantage over Feynman,

1137 Schwinger's student notebooks at City College already contained detailed notes of major
papers on ®eld theory by Dirac, Heisenberg, Pauli, and Weisskopf from the 1920s and 1930s. (See the
Julian Schwinger PapersÐCollection 371ÐDepartment of Special Collections, University Research
Library, University of California, Los Angeles.)
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who failed to recognize the reality of vacuum polarization for the ®rst few years of

the development of quantum electrodynamics.

Crucial for Schwinger's stunning progress in quantum electrodynamics after the

war was his development of electromagnetic theory at the MIT Radiation Labo-

ratory and, in particular, his perfection of the theory of synchrotron radiation,

immediately after the end of the war. As he recalled in 1980:

What was signi®cant was the radiation emitted by relativistic electrons moving in
circular paths under magnetic ®eld guidance. It is an old problem, but the quanti-
tative implication of relativistic energies had not been appreciated. In attacking
this classical relativistic situation, I used the invariant proper-time formulation of
a charge. That self-action contained a resistive part and a reactive part, to use the
engineering language I had learned. The reactive part was the electromagnetic mass
e¨ect, here automatically providing an invariant supplement to the mechanical action
and thereby introducing the physical mass of the charge. Incidentally, in the paper on
synchrotron radiation that was published several years later, a more elementary ex-
pression is used, and the reactive e¨ect is dismissed as ``an inertial e¨ect with which
we are not concerned'' [Schwinger, 1949]. But here was my reminder that electro-
magnetic self-action, physically necessary in one context, was not to be, and need not
be, omitted in another context. And in arriving at a relativistically invariant result, in
a subject where relativistic invariance was notoriously di½cult to maintain, I had
learned a simple but useful lesson: to emerge with relativistically invariant physical
conclusions, use a covariantly formulated theory, and maintain covariance through-
out the calculation. (Schwinger, Interviews with Jagdish Mehra, March 1988)

Hendrik Kramers is usually mentioned as the father of the concept of renorm-

alization. Yet his approach was classical. In a book review, Schwinger summar-

ized his position on Kramers: `It is a common mistake to think that Kramers had

anticipated post-war mass renormalization. His idea was to begin with the clas-

sical nonrelativistic Hamiltonian expansion in terms of the physical mass, and

quantize it. But the relativistic e¨ects change the nature of this self-mass.' (Julian

Schwinger Papers, University of California, Los Angeles)1138

1138 Schwinger commented later:

`Kramers wrote a book on quantum mechanics [Kramers, 1938a] in which he goes through some
pedestrian development and, I believe, points out the in®nite self-energy and then says that
clearly we have quantized the wrong classical theory. The correct classical theory should already
have removed from it this de®ciency of classical electromagnetism, namely the in®nite mass of a
point charge. And when you corrected the classical theory, then that is the proper thing to
quantize.' But this approach to mass renormalization does not work, `Because you cannot ®nd a
classical theory on which you can superimpose phenomena like pair creation and other things
which are necessary and part of the relativistic quantum electrodynamics. It is a dead end.
Nevertheless, it looks super®cially as though Kramers invented mass renormalization.'
(Schwinger, Interviews and Conversations with Jagdish Mehra, March 1988)

What Schwinger meant was his renormalization scheme of relativistic quantum electrodynamics did
not work in the case of relativistic classical electrodynamics (with linear divergences, etc.)
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(d) The Pocono Conference (1948)

From 30 March to 2 April 1948, the second conference on the problems of fun-

damental physics was held at the Pocono Manor Inn, located approximately

midway between Scranton, Pennsylvania, and the Delaware Water Gap. Pocono

Manor o¨ered the same kind of undisturbed setting as had Ram's Head Inn on

Shelter Island. Twenty-eight physicists participated. Kramers, MacInnes, Nord-

sieck, Pauling, and Van Vleck, who had attended the Shelter Island Conference,

were absent. The new participants were Niels and Aage Bohr, Eugene Wigner,

Gregor Wentzel, Paul Dirac, and Walter Heitler.

The Pocono Conference was Julian Schwinger's ®rst opportunity to learn what

Richard Feynman was doing with quantum electrodynamics; earlier he had only

seen his work with John A. Wheeler on classical electrodynamics, and the idea of

abolishing the electromagnetic ®eld, in a fundamental sense, did not appeal to

Schwinger at all (Wheeler and Feynman, 1945). But by the time of the Pocono

Conference, Feynman had reworked almost all of quantum electrodynamics by his

new technique of space-time diagrams. He had reached the most important part of

his new results: namely, the relativistic formulation of quantum electrodynamics

and, especially, of perturbation theory, the relativistic cuto¨ and the renormaliza-

tion of mass, closed expressions for the transition of amplitude and causal propa-

gators, a new operator calculus, rules for the calculation of the contribution to the

transition amplitude in each order of perturbation theory, and the idea of corre-

sponding visualization of these rules by diagrams. He had calculated the Lamb

shift and the anomalous magnetic moment of the electron, and cross sections for

di¨erent processes. However, before the Pocono Conference, Feynman had not

published anything on quantum electrodynamics and he did not have the mathe-

matical proofs of all of his results. We shall discuss Feynman's work on various

aspects of his space-time approach to quantum electrodynamics and its mathe-

matical formulation a little later. These were the investigations which he had com-

pleted during the period between the Shelter Island and Pocono Conferences, but

published only during the years between the Pocono and the Oldstone Conferences.

At the Pocono Conference, Julian Schwinger gave a marathon lecture on his

version of quantum electrodynamics; his scheme was rooted in the earlier work of

Dirac, Fock, and Podolsky (1932), and Schwinger proceeded to present a system-

atic approach based on a series of canonical transformations. This covariant

approach was published as the series `Quantum Electrodynamics' (Schwinger

1948c; 1949a, c). He gave an exact calculation of the Lamb shift and the anoma-

lous magnetic moment of the electron on the basis of his methods, which he de-

scribed in detail. As Feynman recalled at Schwinger's sixtieth birthday celebration

in 1978:

Each of us had worked out quantum electrodynamics and we were going to describe
it to the tigers. He [Schwinger] described his in the morning, ®rst, and then gave one
of those lectures which are intimidating. They are so perfect that you don't want to
ask any questions because it might interrupt the train of thought. But the people in
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the audience like Bohr, and Dirac, Teller, and so forth, were not to be intimidated, so
after a bit there were some questions. A slight disorganization, a mumbling, confu-
sion. It was di½cult. We didn't understand everything, you know. But after a while
. . . he would say, ``perhaps it will become clearer if I proceed,'' so he continued this,
continued it. . . . (Feynman, 1989, pp. 91±93; Schwinger's lecture lasted well into the
afternoon.)

Notes based on Schwinger's lectures, as well as those of the other speakers at

the Pocono Conference, were widely circulated, and are still prized possessions of

many physicists (see the copy of the Pocono lectures on deposit at the AIP Niels

Bohr Library). The notes taken of Schwinger's presentation by John Wheeler,

consisting of some 37 pages, have been recounted in some detail in Schweber's

book (1994), and so we will concentrate on the high points. Schwinger's idea was

that to identify the in®nite terms one had to have a treatment which was both

gauge and relativistically invariant. He began by introducing propagation func-

tions de®ned in terms of commutators, both for the photon ®eld Am and the matter

®eld c. In terms of the latter, Schwinger wrote the SchroÈdinger equation including

the interaction; in general, with free Hamiltonians H1 and H2 and the interaction

Hamiltonian H12, that equation is

iq
q

qt
C�t� � �H1 �H2 �H12�C�t�; �804�

where the operators are time-independent. But now, `following Dirac and Tomo-

naga, we make a contact transformation,'

CNew � e�i=q��H1�H2�tCOld; �805�

which gives rise to the (later, so-called interaction representation) in which both

the operators and the wave function are time-dependent

iq
q

qt
CNew�t� � H12�t�CNew�t�; �806�

where

H12�t� � e�i=q�H0tH12e�ÿi=q�H0t; with H0 � H1 �H2: �806a�

This, of course, was not a completely covariant formulation. The `interaction pic-

ture' (in the) SchroÈdinger equation may be `regarded as the result of setting times

equal in an in®nite set of equations of the many-time formalism.' Thus, Schwinger

generalized by introducing a time for each point of a space-like hypersurface, s�x�,
the generalization process indicated by

C�t�Dirac ! C�t1; t2 . . .�DiracaTomonaga ! C�t�x�: �807�
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Now, he introduced a Hamiltonian density H, and obtained the Tomonaga±

Schwinger functional equation

iqc
dC�s�
ds�x� �H�x�C�s�: �808�

For the case of electrodynamics, the Hamiltonian density is H � ÿ 1

c
jmAm. A

supplementary condition had to be satis®ed as well,

WC�s� � 0; �809�

where

W � qAm

qxm
�x� � 1

ic

�
s

D�xÿ x 0� jm�x 0� dsm; �809a�

and D is de®ned by the commutator,

�Am�x�;An�x 0�� � qc

i
dmnD�xÿ x 0�: �809b�

Schwinger showed that this condition was consistent, in that it held at all points,

d

ds�x� �WC�s�� � 0: �810�

The person who took notes of Schwinger's lectures then stated that `these

equations contain nothing more than the Heisenberg-Pauli formalism and would

not be required if one knew how to carry out H-P calculations consistently. One

can get back to the Dirac many-time formalism by putting a suitable number of

delta functions in the current.' Schwinger concluded this part of his lecture by

showing that the theory is gauge invariant.

Schwinger went on to treat perturbation theory up to order e2. He did this by

making another contact transformation,

C! exp�ÿiS�s�C�s��; �811�

where

S�s� � 1

qc

� s

Gy
H�x 0� do 0: �812�

[The volume element is denoted by do 0.] To this order, then, the equation of

motion reduced to

qc
dC

ds
A

1

2
�S�s�;H�x��C; �813�
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and the supplementary condition to

q

qxm
AmC � 0: �814�

By writing Eq. (813), that was to be solved, as

iqc
dC

dc
�H 0C; �815�

with

H 0 � i

2
�S;H� � i

2qc3

� s

Gy
� jm�x 0�Am�x 0�; jm�x�An�x��do 0; �816�

Schwinger then broke this interaction into two parts, one of which described the

Mùller interaction (when two particles are present) and the self-energy (if only one

particle is present), while the second `accounts for virtual pair production, self-

energy of the photon, and real interactions between light-quanta and electrons.' At

this point, Schwinger remarked that this treatment could be extended to processes

involving arbitrarily many electrons, but Niels Bohr objected that `one may not be

able to treat all physical problems without a fundamentally new idea.'

He then treated the photon self-energy, and showed that it could be rendered

®nite and, therefore, necessarily zero. The electron self-energy is logarithmically

divergent, but independent of the state of motion of the electron. Schwinger ob-

tained the same result as Weisskopf had earlier, apart from some numerical errors

in the paper:

dmc2 � 3

2p
amc2 ln

2

mc
��
e
p ÿ 1

2
gÿ 1

6

� �
; �817�

where e! 0 is the lower limit of integration, and g � 0:577 . . . is Euler's constant.

Finally, he turned to electrons moving in given external ®elds. Again, using a

method of canonical transformation, he arrived at the following relativistic for-

mula for the Lamb shift, that is the 2S1=2 ÿ2 P1=2 splitting in hydrogen:

DE z ln
mc2

DW
ÿW ÿ ln 2� 3

8
� 1

8

� �
8a

9p
; �818�

where the logarithmic term is that obtained by Bethe (1947, p. 341), with Ry the

ionization energy of the ground state of hydrogen K Amc2,

W 0
ns �

8

3p

e2

qc

� �3

Ry
Z4

n3
ln

K

hEn ÿ EmiAv

: �819�
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(The 1/8 in Eq. (818) was probably a transcription error by the notetaker; it should

be 1/2 coming from the anomalous magnetic moment coupling. Apparently the

vacuum polarization contribution, which gives a term of ÿ1/5, is not included

here.)

The impact of Schwinger's lecture at Pocono spread far and wide. Chen Ning

Yang recalled:

I did not make it to the meeting. I was just a graduate student. From Chicago, Fermi,
Teller, and Wentzel went. Fermi usually did not takes when he went to a conference.
But this time, he took voluminous notes because he was aware that it was a historical
event to listen to what Schwinger had to say. After they came back to Chicago, there
was the question of how to digest these notes. Fermi gathered Teller and Wentzel and
four graduate students, viz., Geo¨rey Chew, Murph Goldberger, Marshall Rosen-
bluth, and myself, into his o½ce, and we spent weeks trying to digest what Fermi had
written down as what Schwinger had said. This lasted from April to May, 1948.
Murph [Goldberger] kept notes. I still have a copy of these; it totals 49 pages. After
about six weeks of meeting several times a week in Fermi's o½ce for something like
two hours each session we were all very tired, and none of us felt that we had under-
stood what Schwinger had done. We only knew that Schwinger had done something
brilliant, namely he had produced this (a=2p) and he was already into the calculations
of the Lamb shift.

At the end of our six weeks of work, somebody asked, ``Wasn't it true that Feyn-
man also talked?'' All three said, ``Yes, yes, Feynman did talk.'' ``What did he say?''
None of them could say. All they remembered was Feynman's strange notation:
p with a slash through it. (Yang, 1996, p. 176)

All those present at the Pocono ConferenceÐincluding the new participantsÐ

were deeply impressed by Schwinger's ideas and talk. Afterward, Feynman gave

his lecture, entitled `Alternative Formulation of Quantum Mechanics.' Later on,

he recalled his procedure and the response of the participants in greater detail:

This meeting at Pocono was very exciting, because Schwinger was going to tell how
he did things and I was to explain mine. I was very nervous there and didn't sleep at
all, I don't know why. But the meeting was very exciting. Schwinger and I would talk
to each other, and we would compare notes as to our respective results. He would tell
me where his terms came from, and I would tell him my result for the same; we did
not know how each of us had done it, but we agreed on the answer. We would talk
about the physical ideas, and see what the result of our respective calculations was.
We could talk back and forth, without going into details, but nobody there under-
stood either of us. But Schwinger and I could talk back and forth with each other.
When he tried to explain his theory, he encountered great di½culty. Now and then he
would remark: ``Well, let's look at it physically.'' As soon as he would try to explain
the ideas physically, the wolves would descend on him, he had great di½culty. Also,
people were getting more and more tired.

Taking a cue from the response that Schwinger got, Bethe said to me: ``You
should better explain things mathematically and not physically, because every time
Schwinger tries to talk physically he gets into trouble.'' Now the problem for me was
that all my thinking was physical. I did things by cut and try methods, which I had
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myself invented. I didn't have a mathematical scheme to talk about. Actually I had
discovered one mathematical expression, from which all my diagrams, rules and for-
mulas would come out. The only way I knew that one of my formulas worked was
when I got the right result from it. So, in a sense, I did have a mathematical scheme,
but it was not organized in a way that I could explain it in terms that would be
familiar to other people; it could not be put into any familiar mathematical language.
My way of looking at things was completely new, and I could not deduce it from
other known mathematical schemes, but I knew what I had done was right.

So, following Bethe's advice, I said in my talk: ``This is my mathematical formula,
and I'll show you that it produces all the results of quantum electrodynamics.'' Im-
mediately I was asked: ``Where does the formula come from?'' I said, ``It doesn't
matter where it comes from; it works, it's the right formula!'' ``How do you know it's
the right formula?'' ``Because it works, it gives the right results!'' ``How do you know
it gives the right answers?'' ``It will become evident from what I do with it. I'll show
you how the formula works and I'll do one problem after another with its help.'' So I
tried to explain the meaning of the symbols I had employed, and I applied it to solve
the problem of the self-energy of the electron. They got bored when I tried to go into
the details. Then Bethe tried to help me by asking: ``Don't worry about the details,
explain to us how the formula works,'' and so on. Question: ``What made you think
that the formula was right in the ®rst place?'' Then I tried to go into the physical
ideas. I got deeper and deeper into di½culties, everything became chaotic. I tried to
explain the tricks I had employed. For instance, take the exclusion principle, which
says that you can't have two electrons in the same state; it turns out that you don't
have to pay much attention to that in the intermediate states in perturbation theory. I
had discovered from empirical rules that if you don't pay attention to it, you get the
right answers anyway, and if you do pay attention to it then you have to worry about
this and that.

Then they asked: ``But what about the exclusion principle?'' ``It doesn't make any
di¨erence in the intermediate states!'' Then Teller asked: ``How do you know?'' ``I
know because I have worked it out!'' Then Teller said: ``How could that be? It
is fundamentally wrong that you don't have to take the exclusion principle into
account.'' I replied: ``We'll see that later.''

Already in the beginning I had said that I'll deal with single electrons, and I was
going to describe this idea about a positron being an electron going backward in time,
and Dirac asked, ``Is it unitary?'' I said, ``Let me try to explain how it works, and you
can tell me whether it is unitary or not!'' I didn't even know then what ``unitary''
meant. So I proceeded further a bit, and Dirac repeated his question: ``Is it unitary?''
So I ®nally said: ``Is what unitary?'' Dirac said: ``The matrix which carries you from
the present to the future position.'' I said, ``I haven't got any matrix which carries me
from the present to the future position. I go forwards and backwards in time, so I
don't know what the answer to your question is.''

Every one of these people had something in mind, and they acted as if I should
know what they thought. Dirac had proved somewhere that in quantum mechanics,
since you progress only forwards in time, you have to have a unitary operator. But
there is no unitary way of dealing with a single electron. Dirac could not think of
going forwards and backwards, and he wanted to know whether the theorem con-
cerning unitarity applied to it. Each one of them, for di¨erent reasons, thought that
there were too many gimmicks in what I was doing, and it proved to be impossible to
tell them that you could actually go ahead with what I was doing.
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[Niels] Bohr was also at the meeting. After I had tried many times to explain what
I was doing and didn't succeed, I talked about trajectories, then I would swing
backÐI was being forced back all the time. I said that in quantum mechanics one
could describe the amplitude of each particle in such and such a way. Bohr got up
and said: ``Already in 1925, 1926, we knew that the classical idea of a trajectory or a
path is not legitimate in quantum mechanics; one could not talk about the trajectory
of an electron in the atom, because it was something not observable.'' In other words
he was telling me about the uncertainty principle. It became clear to me that there
was no communication between what I was trying to say and what they were think-
ing. Bohr thought that I didn't know the uncertainty principle, and was actually not
doing quantum mechanics right either. He didn't understand at all what I was saying.
I got a terrible feeling of resignation. I said to myself, I'll just have to write it all down
and publish it, so that they can read it and study it, because I know it's right! That's
all there is to it.

Of course, there was not personal criticism in all this, no personal antagonism.
Dirac was mumbling, ``Is it unitary?'' Teller was excited about the exclusion principle
and the proper use of quantum mechanicsÐwell, it didn't make me angry, it just
made me realize that he [Bohr] didn't know what I was talking about, and it was
hopeless to try to explain it further. I gave up, I simply gave up, and decided to
publish my work because I knew it was all right.

Obviously, I had started backwards and I hadn't explained my ideas rightly in the
®rst place; everything was tumbled around, and all the places were out of joint. I was
trying to explain the pieces of the puzzle rather than explaining the pattern. However,
with regard to Schwinger things were di¨erent. In the lunch periods, and at other
times outside the meeting and discussions, he and I would compare notes on formulas
for special problems, and see that both of us had the same results. We knew where
everything came from and we both knew that each of us was right, that we were both
respectable. I could trust him, and he could trust me. We came at things entirely dif-
ferently, but we came to the same end. So there was no problem with my believing
that I was right and everything was OK. That I did not explain things properly is
correct, but the rumors that I was depressed were not quite true; I just felt that there
had been no communication. (Feynman, Interviews and Conversations with Jagdish
Mehra, April 1970, January 1988)

(e) Vacuum Polarization (1948)

For Feynman, vacuum polarization remained the main unresolved problem of

quantum electrodynamics in the spring of 1948. Feynman recalled the situation at

the time of the Pocono Conference at the end of March 1948 as follows: `When it

was my turn to talk, I began by saying, ``I can do everything but I can't do closed

loops, the self-energy of the photon.'' Schwinger immediately got up and said, ``I

can do everything including vacuum polarization.'' And he worked something out;

he got a term which looked something like vacuum polarization, and was able to

treat it. . . . Actually, I had everything, too, only it took me just a little longer to

realize that I had it.' (Feynman, Interviews and Conversations with Jagdish

Mehra, January 1988) Schwinger, on the other hand, maintained that:
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as for vacuum polarization, he [Feynman] did not have it. He simply did not have it
and [there is] nothing to be said about it. Obviously, I had it. If one could discover the
[actual] notes of my lecture at Pocono, one would see that when I talk about the
Lamb shift I give speci®c contributions to the various pieces and there is a ÿ 1

5 that's
vacuum polarization.1139 Remember my 1939 work [with Oppenheimer] in which an
excited ¯uorine atom emits an electron and a positron, that's vacuum polarization
too [Oppenheimer and Schwinger, 1939]. And so I was not likely to leave it out. It
was very important psychologically, because I had known it for many years. Now
Feynman often said that in contrast with other people who write down equations and
solve them, I write down solutions, this is what puts people o¨. How do you know
the solutions? Of course, if you write down the solutions, then you're doing it piece by
piece, you have no general theory to refer to, and you realize that vacuum polariza-
tion has di½culties; therefore you leave it out. This was the problem, and it went back
to his [Feynman's] attitude. He thought that he rendered his theory ®nite by putting
in a form factor between the coupling of the charges and the electromagnetic ®eld,
and if you do that then you would get a ®nite electron mass and so forth. So he didn't
know what to do with vacuum polarization and said, well, maybe it isn't there.

He argued further:

Vacuum polarization [originally was] a phenomenon [in which] out of the decaying
nucleus there comes an electron-positron pair. Vacuum polarization is just a handy
word for meaning that there are phenomena in which electron-positron pairs are
created; it is a catchword to indicate that class of phenomena and you can't get rid of
it. It does not mean more than the fact that an electron-positron combination is
coupled to the electromagnetic ®eld and may show itself really or virtually. . . . . I put
the vacuum polarization in because it was there; Feynman found di½culty with it in
his formulation and therefore speculated that it was not to be included. When the
experiments had advanced to a greater level of accuracy, such as the Lamb shift, then
there was no doubt that vacuum polarization was there, that it was a real phenome-
non, and it had to be included. (Schwinger, Interviews and Conversations with
Jagdish Mehra, March 1988.)

Finally, he emphasized that:

the subject of vacuum polarization is a point on which, throughout [the] 1948 period
and beyond, Feynman and I disagreed, a point not of individual mathematical style
but of fundamental physics. [As} Bethe said, ``the polarization of the vacuum is
consciously omitted in Feynman's theory.'' [Bethe, unpublished report to the eighth
Solvay Conference, 1948, quoted in Oppenheimer, 1950, p. 281] The reasoning went
this way: A modi®cation of the electromagnetic interaction made the electromag-
netic mass [of the electron] ®nite but did nothing for the apparently more severely
divergentÐhere it is againÐphoton mass. Therefore, things would be simpler if
all such e¨ects (as closed loops, in Feynman's graphical, acausal language) were
omitted. But I knew that the virtual photon emitted by the excited oxygen [or

1139 In fact, that particular problem did not appear explicitly in the rather sketchy extant notes from
Pocono, although vacuum polarization is treated di¨erently. (See the copy of the Pocono lectures on
deposit in the AIP Niels Bohr Library.)
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¯uorine] nucleus created an electron-positron pair; the vacuum is polarizable. In a
later paper [Schwinger 1951b] I would use this very example to illustrate a manifestly
gauge-invariant treatment of the problem. (Schwinger, loc. cit.)

In contrast to Schwinger's opinion, Feynman recalled that he and Schwinger

got together in the hallway and although we'd come from the ends of the earth with
di¨erent ideas, we had climbed the same mountain from di¨erent sides and we could
check each other's equations. . . . Our methods were entirely di¨erent. I didn't under-
stand about those creation and annihilation operators. I didn't know how these
operators that he [Schwinger] was using worked, and I had some magic from his
point of view. We compared our results because we worked out problems and we
looked at the answers and kind of half described how the terms came. He would
say, ``Well, I got a creation and then annihilation of the same photon and then the
potential goes. . . .'' ``Oh, I think that might be that,'' and I'd draw a picture. He
didn't understand my pictures and I didn't understand his operators, but the terms
corresponded and by looking at the equations we could tell, and so I knew, in spite of
being refused admission by the rest, by conversation with Schwinger, that we both
had come to the same mountain and that it was a real thing and everything was all
right. (Feynman, 1989, pp. 91±93)

The discussion between Feynman and Schwinger continued after the Pocono

Conference. In fact, several weeks after the conference, they discussed these prob-

lems during Feynman's visit to MIT (Feynman, Interviews and Conversations

with Jagdish Mehra, April 1970). In particular, Feynman recalled after decades:

We discussed matters at Pocono and later also over the telephone and compared re-
sults. We did not understand each other's method but trusted each other to make
senseÐeven when others did not trust us. We could compare ®nal quantities and
vaguely see in our own way where the other fellow's terms or error came from. We
helped each other in several ways. For example, he showed me a trick for integrals
that led to my parameter trick, and I suggested to him that only one complex
propagator function ever appeared rather than his two separate real functions. Many
people joked we were competitorsÐbut I don't remember feeling that way. (Feyn-
man, Interview with S. S. Schweber, quoted in Schweber, 1994, p. 444)

(f) The Michigan Summer School: Freeman Dyson at Julian Schwinger's

Lectures (1948)

At the Summer Symposium at the University of Michigan (in Ann Arbor) in July,

Schwinger presented lectures, whose content was largely that given in the `Quan-

tum Electrodynamics' papers which we shall describe later on: The covariant

formulation of quantum electrodynamics, described by Schwinger already in the

Pocono lectures, ended like those lectures by computing the Lamb shift:

DE z lnÿ ln 2� 3

8
ÿ 1

5
� 1

2
; �820�
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where ln stands for the Bethe logarithmic term, ÿ 1
5 for the vacuum polarization,

and 1
2 for the magnetic moment e¨ect, which is not correctly incorporated. As we

know, the correct French±Weisskopf calculation would replace the 3/8 by 5/6;

and a few months later, Schwinger would discover his error.

His lectures were attended by a newcomer from England, who soon became

deeply involved in the theory of quantum electrodynamics. Freeman J. Dyson, as

a young, brilliant, 24-year old Winchester- and Cambridge-trained mathemati-

cian, had come to study theoretical physics under Hans A. Bethe at Cornell Uni-

versity, Ithaca, New York (with the advice of the Cambridge hydrodynamicist

Sir Geo¨rey Ingram Taylor and the support of a Commonwealth Fund Fellow-

ship grant), whereÐwith Geo¨rey Taylor's recommendation addressed directly to

Bethe (see Schweber, 1994, pp. 490±493)Ðhe was immediately accepted as his

regular graduate student and a doctoral committee consisting of Bethe (chairman)

and Robert R. Wilson was assigned to monitor his progress. Dyson enrolled in

Bethe's course on `Advanced Quantum Mechanics' and attended Wilson's lectures

on `Experimental Nuclear Physics,' as well as a course on the theory of solids,

which was taught by an instructor named Smith. He was aware of Bethe's calcu-

lation of the level shift in hydrogen in a simpli®ed model, in which relativity and

the spin of the electron had been ignored; Bethe had turned the resulting in®nite

answer into a plausible ®nite one which agreed with experiment, and he handed

over the problem of the exact calculation to Richard Scalettar, one of his graduate

students, just a couple of days before Dyson arrived at Cornell. Hence, Bethe

assigned him an interim problem to work out the calculation of the Lamb shift

for a spin zero electron by using the correct relativistic wave equations; all Dyson

had to do was to take Bethe's nonrelativistic calculation and repeat it by using

relativistic electrodynamics and doing the mass renormalization a little bit more

carefully. It was Dyson's ®rst research problem in physics; of course, there was no

experiment to compare it with since there were no spin-zero electrons (however,

the spin corrections are small): His paper on `The Electromagnetic Shift of Energy

Levels' containing the results appeared in the 15 March 1948, issue of the Physical

Review (Dyson, 1948); there, he made full use of his knowledge of the quantum

theory of ®elds that he had gained from Wentzel's book on the quantum theory of

wave ®elds (Wentzel, 1943), which he had studied earlier with Nicholas Kemmer

in Cambridge. A few weeks earlier, at the January 1948 APS Meeting in New

York, Freeman Dyson also reported on his work on the electromagnetic shift to

the spinless electron, and Schwinger recalled that he `turned to whoever was sitting

next to me, saying why on earth would anybody spend time doing that, since there

was no real application. So I had seen Dyson, but my initial impression was a little

strange.' (Schwinger, Interviews and Conversations with Jagdish Mehra, March

1988)

After the Shelter Island Conference, Richard Feynman began to perfect his

space-time approach to quantum electrodynamics, in which the path-integral for-

mulation of nonrelativistic quantum mechanics (Feynman, 1948a) played a fun-

damental role. During the academic year 1947±1948, Feynman often discussed his
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methods with anyone who would listen. One attentive listener was Freeman

Dyson, who interacted with Feynman, as he recalled:

mostly by listening. At that time [Feynman] was working extremely hard to develop
his version of quantum electrodynamics; it was still not ®nished. He had the relativ-
istic cuto¨ and he knew how to deal with positrons, pair creation and closed loops by
means of diagrams. But he hadn't yet got it all together into a workable scheme. It
was still something that only he knew about how to do, and he had problems com-
municating with other people. He had these ideas that were so di¨erent from the
conventional ones. I listened a great deal to him and I was convinced that he had
something valuable, but that it needed to be understood. That was one of the things I
set out to do. During that year I spent a fair amount of time just listening to Feyn-
man talk about all kinds of things. I was in Cornell just nine months, from September
to June; during that time I picked up everything from Feynman. (Dyson, Interviews
and Conversations with Jagdish Mehra, 4 November 1971, and 25 February 1987)

But Dyson did not complete his Ph.D., and later on life, he turned completely

against the American Ph.D.-granting system! It was in the early summer of 1948

that Richard Feynman travelled by car to Albuquerque, New Mexico. On a

completely unplanned trip, Freeman Dyson drove with him from Cleveland to

Albuquerque for three or four days, `and that was the time when I really got to

talk to FeynmanÐtwenty-four hours at a stretch. We talked about everything: his

theory and his whole approach to life and physics.' (Dyson, loc. cit.) Dyson had

been aware of Feynman's approach to quantum electrodynamics since September

1947, when he arrived at Cornell from Cambridge, England, to work with Hans

Bethe as a graduate student.

After Feynman and Dyson's joint automobile trip West from Cleveland to

Albuquerque, Dyson returned to Ann Arbor, Michigan, and from 19 July to 7

August 1948, he spent a period of three weeks at the University of Michigan

Summer School, where Julian Schwinger gave `his very polished lectures describ-

ing his way of doing the Lamb shift and his version of recent developments in

quantum electrodynamics.' (Dyson, loc. cit.) As Schwinger reported later:

It seems that I supplied the notes for the ®rst part of the course, which must have
been the manuscript for the paper received by the Physical Review on July 29
[Schwinger, 1948c]. The notes for the second part were taken by David Park. I have
read . . . words to the e¨ect that what I presented there was like a cut and polished
diamond, with all the rough edges removed, brilliant and dazzling. Or, if you don't
care for that simile, you can have ``a marvel of polished elegance, like a violin sonata
played by a virtuosoÐmore technique than music.'' I gather I stand accused of pre-
senting a ®nished elaborate formalism from which had been excised all the physical
insights that provide signposts to its construction. . . . The paper to which I have re-
ferred [1948c] has a long historical and physical introduction that motivates the de-
velopment and sets out the goals of relativistic renormalization theory. Beyond that,
the lectures presented the explicit working out of the interaction of a nonrelativistic
electron with the radiation ®eld, in the dipole approximation. The canonical trans-
formation that isolates the electromagnetic mass is an elementary one, and the further
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details leading to the solution of the bound state and scattering problems were pro-
vided. This was the simple model on which the relativistic theory was erected. It was
good enough for the immediate purposes but . . . still quite primitive. I needed no one
to tell me that it was but a ®rst step to an aesthetically satisfactory and e¨ective
relativistic theory of coupled ®elds. (Schwinger, 1983a, p. 341)

And Dyson recalled that Schwinger's lectures were in the mornings, and:

I sat in the afternoons working through them, calculating myself and reproducing
what he had done, and at Ann Arbor I had very close contact with Schwinger. So I
understood it, so to say, from the inside. The methods of Schwinger and Feynman led
to the same results, but it was not at all clear why, because they looked so di¨erent.
Also Tomonaga was doing essentially the same thing that Schwinger was doing, only
Tomonaga explained things in a much less elaborate fashion so that it was easier
to understand, but he did not go so much into detail. But Tomonaga's way and
Schwinger's way were essentially the same, but Feynman's was totally di¨erent. He
didn't even write down a Hamiltonian or anything; he just wrote down the answer,
just gave you a set of rules for writing down the answer. (Dyson, Interviews and
Conversations with Jagdish Mehra, 4 November 1971, and 25 February 1987)

(g) The Immediate Impact of Schwinger's Lectures (1948)

Freeman Dyson never forgot his ®rst experience with Julian Schwinger in Ann

Arbor. He ®rst met Schwinger at `the summer school in Michigan in the summer

of 1948':

We were both there for ®ve to six weeks, I guess. This was sort of the main event of
the summer. He lectured three times a week, or something of that kind, and it was a
leisurely a¨air. People stayed for several weeks, only two or three lectures a day,
maybe fewer, so we had lots of time. Uhlenbeck and, I think, Chandrasekhar also
lectured.

Schwinger's lectures were incomprehensible. I always like the quote of [J.] Robert
OppenheimerÐSchwinger was after all his proteÂgeÂÐthat ``other people give talks to
tell you how to do it, but Julian gives talks to tell you how only he can do it.'' He
gave this extraordinarily elaborate formalism and never really explained very much
why he did it that way. It was a rather bewildering morass. But when I got him
quietly alone, then it was very di¨erent. . . . Then afterwards I would go and talk to
him and he was very friendly and then he talked in a totally di¨erent way, telling me
what it was all about, why he did it that way. So it was strange that his public per-
sona was so di¨erent from his private one. When I had him to myself it was actually
delightful. Of course, he also talked a lot about other things, such as what he had
been doing in classical electromagnetism, and so on. I don't remember any details but
I have a feeling he had just done [classical] synchrotron radiation calculation at that
time. I found that very interesting.

We were there for ®ve weeks. At the end of that time, I felt I understood what
Schwinger had done (that had not yet been published). I was very lucky to have that
completely explained, clear and understandable, more or less in detail, so I could go
on and do my own work.
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That was the good luck. I'd been with Feynman all through the winter and had
gone with Feynman to Alburquerque just before Michigan. I spent the rest of the
summer in Berkeley, and I think it was September that things sort of came together.
(Dyson, Interviews and Conversations with Jagdish Mehra, loc. cit., and K. A.
Milton, 12 March 1999)

Upon the completion of Julian Schwinger's lectures at Ann Arbor, Freeman

Dyson went to Berkeley, California, on a vacation, as part of sightseeing required

by the terms of his Commonwealth Fund Fellowship which had taken him to

Cornell. He later recalled that on the bus ride back from Berkeley to Chicago,

where he was going to stay with friends for a week:

it became clear to me in my head what Feynman's theory really was. Since I was
more in contact with Feynman than anybody else, I realized quite soon that it was a
very great opportunity to translate Feynman into the language that other people
could use. That was essentially my job. . . . Then in Chicago I really worked out the
essential outline of the paper which I put together [Dyson, 1949a, b]. (Dyson, Inter-
views and Conversations with Jagdish Mehra, loc. cit.)

Dyson was more concerned with Schwinger being o¨ended by his prior publica-

tion than Feynman, because:

I remember I wrote some sort of polite apology to Julian for stealing his thunder,
because I was publishing his stu¨ before he had got around to publishing it. He was
very friendly. He never took any umbrage. . . . I remember saying I was going to re-
verse the tactics of Marc Antony, saying ``I come to praise Schwinger not to bury
him.'' That was when I was giving a talk at the New York meeting of the [American]
Physical Society in January 1949. I think I was having a conversation with Oppen-
heimer at that point. I was careful to be extremely polite and as admiring as I could.
(Dyson, loc. cit.)

Let us complement Dyson's impressions with those of Robert Finkelstein (who

attended the Michigan Summer School that year, and later became Schwinger's

friend and colleague at UCLA). He would summarize Schwinger's achievement as

follows:

It was in the 1948 Michigan lectures that Julian ®rst described his breakthrough in
quantum electrodynamics to a wider audience. Among the young people present were
Dyson, Kroll, Lee and Yang. (Yang told me that he had never heard anyone speak
English so rapidly.) One may give a feeling for the impact of these lectures by quoting
Dyson who wrote home that ``in a few months we shall have forgotten what pre-
Schwinger physics was like.'' The work Julian was then describing grew out of the
experimental discoveries of Lamb, Rabi, and Kusch, and led to the mid-century rev-
olution in theoretical physics. Bethe at that time described this period as the most
exciting in physics since the great days of 1925±30 when quantum mechanics was
being discovered.

Although very many others, and of course particularly Tomonaga and Feynman,

1.2 The Renormalized Quantum Electrodynamics (1946±1950) 1063



contributed to this development, it was Julian [Schwinger] who made the major
breakthrough by ®rst understanding the full consequence of the new experiments, by
constructing the ®rst manifestly covariant theory, and by ®rst calculating in lowest
order all the previously inaccessible consequences of QED. Other simpler formal-
isms soon followed: Feynman's Michigan lectures came the following summer, and
Dyson's lectures came the third year, but a special place in our Pantheon belongs to
Julian [Schwinger] who ®rst climbed the mountain and dominated the earliest devel-
opments. To show that this mountain could be climbed at all was a very great
achievement because up to that time quantum electrodynamics appeared to be fatally
¯owed. (Finkelstein, 1996, p. 106)

(h) Schwinger's Covariant Approach (1948±1949)

The covariant approach to quantum electrodynamics, which Schwinger presented

in `Quantum Electrodynamics. I' (Schwinger, 1948c), `II' (Schwinger, 1949a), and

`III' (Schwinger, 1949c), was essentially identical to that ®rst outlined at the

Washington Meeting of the American Physical Society (Schwinger, 1948b), held in

late April 1948, and then given in detail at the Michigan Summer School that year.

These papers were also the basis for his successful application for the Charles L.

Mayer Nature of Light Award in October 1949. The ®rst of these papers was

submitted just three months after his announcement of the solution of the problem

of quantum electrodynamics (Schwinger, 1948a), in July 1948, with the second

and third reaching the hands of the editors of Physical Review in November and

the following May, respectively (Schwinger, 1949a, c).

Why was it necessary for Schwinger to abandon the noncovariant approach

which so successfully yielded the a=2p correction to the magnetic moment of

the electron (1948a)? It was the di½culty of correctly carrying out a relativistic

calculation of the Lamb shift, that is, the electrodynamic displacement of hydro-

gen energy levels from the values predicted by the Dirac equation. Although

Schwinger advertized in his note (1948a) also success on this front, it was not sat-

isfactory. Let us quote Schwinger himself, from his introductory remarks in his

collection of the most important papers in the ®eld, entitled Quantum Electro-

dynamics: After recounting the progress since Kramers (1938a), which had been

spurred by experiment, he ®rst mentioned Bethe's work (1947), and continued:

While this is a possible nonrelativistic procedure, it is not a satisfactory basis for
relativistic calculations where the di¨erence of two individually divergent terms is
generally ambiguous. It was necessary to subject the conventional Hamiltonian elec-
trodynamics to a transformation designed to introduce the proper description of sin-
gle electron and proton states, so that the interaction among these particles would be
characterized from the beginning by experimental parameters. As a result of this
calculation [Schwinger, 1948a], performed to the ®rst signi®cant order of approxi-
mation in the electromagnetic coupling, the electron acquired new electrodynamic
properties, which were completely ®nite. These included an energy displacement in an
external magnetic ®eld corresponding to an additional spin magnetic moment, and a
displacement of energy levels in a Coulomb ®eld. Both predictions were in good
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accord with experiment, and later re®nements in experiment and theory have only
emphasized that agreement. However, the Coulomb calculation disclosed a serious
¯aw; the additional spin interaction that appeared in an electrostatic ®eld was not
that expected from the relativistic transformation properties of the supplementary
spin magnetic moment, and had to be arti®cially corrected [Schwinger, 1949a; see
also Oppenheimer, 1950, footnote 5, p. 269]. Thus a complete revision in the com-
putational techniques of the relativistic theory could not be avoided. The electro-
dynamic formalism is invariant under Lorentz transformations and gauge transfor-
mations, and the concept of renormalization is in accord with these requirements.
Yet, in virtue of the divergences inherent in the theory, the use of a particular co-
ordinate system or gauge in the course of computation could result in a loss of
covariance. A version of the theory was needed that manifested covariance at every
stage of the calculation. The basis of such a formulation was found in the distinction
between the elementary properties of the individual uncoupled ®elds and the e¨ects
produced by the interaction between them [Tomonaga, 1946; Schwinger, 1948c]. The
application of these methods to the problems of vacuum polarization, electron mass,
and the electromagnetic properties of single electrons now gave ®nite, covariant re-
sults which justi®ed and extended the earlier calculations [Schwinger, 1949c]. Thus to
the ®rst approximation at least, the use of a covariant renormalization technique had
produced a theory that was devoid of divergences and in agreement with experience,
all high energy di½culties being isolated in the renormalization constants. Yet, in one
aspect of these calculations, the preservation of gauge invariance, the utmost caution
was required [Tomonaga, 1948], and the need was felt for less delicate methods
of evaluation. Extreme care would not be necessary if, by some device, the various
divergent integrals could be rendered convergent while maintaining their general co-
variant features. This can be accomplished by substituting, for the mass of the parti-
cle, a suitably weighted spectrum of masses, where all auxiliary masses eventually
tend to in®nity [W. Pauli and F. Villars, 1949]. Such a procedure has no meaning
in terms of physically realizable particles. It is best understood, and replaced, by a de-
scription of the electron with the aid of an invariant proper-time parameter. Diver-
gences appear only when one integrates over this parameter, and gauge-invariant,
Lorentz-invariant results are automatically guaranteed merely by reserving this inte-
gration to the end of the calculation [Schwinger, 1951a].

Throughout these developments the basic view of electromagnetism was that
originated by Maxwell and LorentzÐthe interaction between charges is propagated
through the ®eld by local action. In its quantum-mechanical transcription it leads to
formalisms in which charged particles and ®eld appear on the same footing dynami-
cally. But another approach is also familiar classically; the ®eld produced by arbi-
trarily moving charges can be evaluated, and the dynamical problem reformulated as
the purely mechanical one of particles interacting with each other, and themselves,
through a propagated action at a distance. The transference of this line of thought
into quantum language [Feynman, 1949a, b and 1950] was accomplished by another
shift in emphasis relative to the previously described work. In the latter, the e¨ect on
the particles of the coupling with the electromagnetic ®eld was expressed by addi-
tional energy terms which could then be used to evaluate energy displacements in
bound states, or to compute corrections to scattering cross sections. Now the fun-
damental viewpoint was that of scattering, and in its approximate versions led to
a detailed space-time description of the various interaction mechanisms. The two
approaches are equivalent; the formal integration of the di¨erential equations of one
method supplying the starting point of the other [Dyson, 1949a]. But if one excludes
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the consideration of bound states, it is possible to expand the elements of scattering
matrix in powers of the coupling constant, and examine the e¨ect of charge and mass
renormalization, term by term, to inde®nitely high powers. It appeared that, for any
process, the coe½cient of each power in the renormalized coupling constant was
completely ®nite [Dyson, 1949b]. This highly satisfactory result did not mean, how-
ever, that the act of renormalization had, in itself, produced a more correct theory.
The convergence of the power series is not established, and the series doubtless has
the signi®cance of an asymptotic expansion. Yet, for practical purposes, in which the
smallness of the coupling parameter is relevant, this analysis gave assurance that
calculations of arbitrary precision could be performed.

The evolutionary process by which relativistic ®eld theory was escaping from the
con®nes of its nonrelativistic heritage culminated in a complete reconstruction of the
foundations of quantum dynamics. The quantum mechanics of particles had been
expressed as a set of operator prescriptions superimposed upon the structure of clas-
sical mechanics in Hamiltonian form. When extended to relativistic ®elds, this
approach had the disadvantage of producing an unnecessarily great asymmetry be-
tween time and space, and of placing the existence of Fermi-Dirac ®elds on a purely
empirical basis. But the Hamiltonian form is not the natural starting point of classical
dynamics. Rather, this is supplied by Hamilton's action principle, and action is a
relativistic invariant. Could quantum dynamics be developed independently from an
action principle, which being freed from the limitations of the correspondence prin-
ciple, might automatically produce two distinct types of dynamical variables? The
correspondence relation between classical action, and the quantum-mechanical de-
scription of time development by a transformation function, had long been known
[Dirac, 1933]. It had also been observed that, for in®nitesimal time intervals and
su½ciently simple systems, this asymptotic connection becomes sharpened into an
identity of the phase of the transformation function with the classically evaluated
action [Feynman, 1948a]. The general quantum-dynamical principle was found in a
di¨erential characterization of transformation functions, involving the variation of an
action operator [Schwinger, 1951b]. When the action operator is chosen to produce
®rst-order di¨erential equations of motion, or ®eld equations, it indeed predicts the
existence of two types of dynamical variables with operator properties described by
commutators and anti-commutators, respectively [Schwinger, 1953]. Furthermore,
the connection between statistics and the spin of the particles is inferred from in-
variance requirements, which strengthens the previous arguments based upon prop-
erties of non-interacting particles [Pauli, 1940]. The practical utility of this quantum-
dynamical principle stems from its very nature; it supplies di¨erential equations for
the construction of the transformation functions that contain all the dynamical
properties of the system. It leads in particular to a concise expression of quantum
electrodynamics in the form of coupled di¨erential equations for electron and photon
propagation functions [Schwinger, 1951c]. Such functions enjoy the advantages of
space-time pictorializability, combined with general applicability to bound systems
on scattering situations. Among these applications has been a treatment of that most
electrodynamic of systemsÐpositronium, the metastable atom formed by a positron
and an electron. The agreement between theory and experiment on the ®ner details of
this system is another quantitative triumph of quantum electrodynamics [Karplus
and Klein, 1952].

The post-war developments of quantum electrodynamics have been largely domi-
nated by questions of formalism and technique, and do not contain any fundamental
improvement in the physical foundations of the theory. Such a situation is not new in
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the history of physics; it took the labors of more than a century to develop the
methods that express fully the mechanical principles laid down by Newton. But, we
may ask, is there a fatal fault in the structure of [quantum] ®eld theory? Could it
not be that the divergencesÐapparent symptoms of malignancyÐare only spurious
byproducts of an invalid expansion in powers of the coupling constant and that
renormalization, which can change no physical implication of the theory, simply
recti®es this mathematical error? This hope disappears on recognizing that the ob-
servational basis of quantum electrodynamics is self-contradictory. The fundamental
dynamical variables of the electron-positron ®eld, for example, have meaning only as
symbols of the localized creation and annihilation of charged particles, to which are
ascribed a de®nite mass without reference to the electromagnetic ®eld. Accordingly it
should be possible, in principle, to con®rm these properties by measurements, which,
if they are to be unin¯uenced by the coupling of the particles to the electromagnetic
®eld, must be performed instantaneously. But there appears to be nothing in the for-
malism to set a standard for arbitrarily short times and, indeed, the assumption that
over su½ciently small intervals the two ®elds behave as though free from interaction
is contradicted by evaluating the supposedly small e¨ect of the coupling. Thus,
although the starting point of the theory is the independent assignment of properties
to the two ®elds, they can never be disengaged to give those properties immediate
observational signi®cance. It seems that we have reached the limits of the quantum
theory of measurement, which asserts the possibility of instantaneous observations,
without reference to speci®c agencies. The localization of charge with inde®nite pre-
cision requires for its realization a coupling with the electromagnetic ®eld that can
attain arbitrarily large magnitudes. The resulting appearance of divergences, and
contradictions, serves to deny the basic measurement hypothesis. We conclude that a
covergent theory cannot be formulated consistently within the framework of present
space-time concepts. To limit the magnitude of interactions while retaining the cus-
tomary coordinate description is contradictory, since no mechanism is provided for
precisely localized measurements. (Schwinger, 1958, pp. xi±xvi)

An indication of the impact of Schwinger's breakthroughs, as seen by his peers

at the time, was given by J. Robert Oppenheimer's remarks at the 1948 Solvay

Conference in Brussels, to which Schwinger was invited, but did not attend, due to

some mixup in the invitation. After reviewing the failures of the old quantum ®eld

theory, Oppenheimer stated:

Such a procedure would no doubt be satisfactory, if cumbersome, were all quantities
involved ®nite and unambiguous. In fact, since mass and charge corrections are in
general represented by logarithmically divergent integrals, the . . . procedure serves
to obtain ®nite, but not necessarily unique or correct, reactive corrections for the
behaviour of an electron in an external ®eld; and a special tact is necessary, such as
that implicit in Luttinger's derivation [Luttinger, 1948] of the electron's anomalous
gyromagnetic ratio, if results are to be, not merely plausible, but unambiguous and
sound. Since, in more complex problems, and in calculations carried to higher orders
in e, this straightforward procedure becomes more and more ambiguous, and the re-
sults are more dependent on the choice of Lorentz frame and of gauge, more power-
ful methods are required. Their development has occurred in two steps, the ®rst
largely the second wholly, due to Schwinger. (Oppenheimer, 1950, p. 172)
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Let us now summarize the contents of Schwinger's main contributions of 1948

and 1949. (Schwinger, 1948c) We start with `Quantum Electrodynamics. I. A Co-

variant Formulation' received by Physical Review on 29 July 1948, which is a

comprehensive development of the theory ®rst presented in an all-day talk at

the Pocono meeting on March 31 of that year, and which, with the ®rst draft

of `Quantum Electrodynamics II,' was used as the basis for his lectures at the

Michigan Summer School during the period 19 July through 7 August 1948. The

paper began with an extended abstract that summarized the matter brilliantly:

Attempts to avoid the divergence di½culties of quantum electrodynamics by multi-
lation of the theory have been uniformly unsuccessful. The lack of convergence does
indicate that a revision of electrodynamic concepts at ultrarelativistic energies is
indeed necessary, but no appreciable alteration of the theory for moderate relativistic
energies can be tolerated. The elementary phenomena in which divergences occur, in
consequence of virtual transitions involving particles with unlimited energy, are the
polarization of the vacuum and the self-energy of the electron, e¨ects which essen-
tially express the interaction of the electromagnetic and matter ®elds with their own
vacuum ¯uctuations. The basic result of these ¯uctuation interactions is to alter the
constants characterizing the properties of the individual ®elds, and their mutual
coupling, albeit by in®nite factors. The question is naturally posed whether all
divergences can be isolated in such unobservable renormalization factors; more spe-
ci®cally, we inquire whether quantum electrodynamics can account unambiguously
for the recently observed deviations from the Dirac electron theory, without the
introduction of fundamentally new concepts. This paper, the ®rst in a series devoted
to the above question, is occupied with the formulation of a completely covariant
electrodynamics. Manifest covariance with respect to Lorentz and gauge trans-
formations is essential in a divergent theory since the use of a particular reference
system or gauge in the course of calculation can result in a loss of covariance in view
of the ambiguities that may be the concomitant of in®nities. It is remarked, in the ®rst
section, that the customary canonical commutation relations, which fail to exhibit the
desired covariance since they refer to ®eld variables at equal times and di¨erent
points of space, can be put in covariant form by replacing the four-dimensional sur-
face t � const. by a space-like surface. The latter is such that light signals cannot be
propagated between any two points on the surface. In this manner, a formulation of
quantum electrodynamics is constructed in the Heisenberg representation, which is
obviously covariant in all its aspects. It is not entirely suitable, however, as a practical
means of treating electrodynamic questions, since commutators of ®eld quantities at
points separated by a time-like interval can be constructed only by solving the equa-
tions of motion. This situation is to be contrasted with that of the SchroÈdinger rep-
resentation, in which all operators refer to the same time, thus providing a distinct
separation between kinematical and dynamical aspects. A formulation that retains the
evident covariance of the Heisenberg representation, and yet o¨ers something akin to
the advantage of the SchroÈdinger representation, can be based on the distinction be-
tween the properties of non-interacting ®elds, and the e¨ects of coupling between
®elds. In the second section, we construct a canonical transformation that changes the
®eld equations in the Heisenberg representation into those of non-interacting ®elds,
and therefore describes the coupling between ®elds in terms of a varying state vector.
It is then a simple matter to evaluate commutators of ®eld quantities at arbitrary
space-time points. One thus obtains an obviously covariant and practical form of
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quantum electrodynamics, expressed in a mixed Heisenberg-SchroÈdinger representa-
tion, which is called the interaction representation. The third section is devoted to a
discussion of the covariant elimination of the longitudinal ®eld, in which the cus-
tomary distinction between longitudinal and transverse ®elds is replaced by a suitable
covariant de®nition. The fourth section is concerned with the description of collision
processes in terms of an invariant collision operator, which is the unitary operator
that determines the over-all change in state of a system as a result of interaction. It is
shown that the collision operator is simply related to the Hermitian reaction opera-
tor, for which a variational principle is constructed. (Schwinger, 1948c, p. 1439)

The interaction representation indeed seems to have been Schwinger's inven-

tion, although he noted in a footnote that `The interaction representation can be

regarded as a ®eld generalization of the many-time formalism, from which point

of view it has already been considered by S. Tomonaga (1946)' (Schwinger, loc.

cit., p. 1448, footnote 14) In that representation, the evolution of state vector C on

a particular spacelike surface s is given by a covariant Schwinger equation [or

Tomonaga equation, as Oppenheimer would call itÐsee Eq. (806) and below],

iqc
dC�s�
ds�x� �H�x�C�s�; �821�

where H is the interaction Hamiltonian,

H�x� � ÿ 1

c
jm�x�Am�x�; �822�

jm being the electric current density of the electrons, and Am being the electro-

magnetic vector potential. (In this paper, and implicitly in all his early papers,

Schwinger used an imaginary fourth-component of the four-vector position:

xm � �r; ict�.)
Schwinger's ®rst paper is largely devoted to setting up the machinery. Most in-

teresting, perhaps, is the ®nal section, which begins with the words: `While the in-

teractions between ®elds and their vacuum ¯uctuations are conveniently regarded

as modifying the properties of the non-interacting ®elds, other types of interactions

are often best viewed as producing transitions among the states of the individual

®elds. We shall conclude this paper with a brief discussion of a covariant manner

of describing such transitions.' (Schwinger, 1948c, p. 1459) Thus, the state vector

on an arbitrary spacelike surface s is related to that on an initial surface s1 by a

unitary operator:

C�s� � U �s; s1�C�s1�; �823�

where U satis®es the equation of motion,

iqc
d

ds�x� U �s; s1� �H�x�U �s; s1�; �824�
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subject to the initial condition

U �s1; s1� � 1: �825�

The di¨erential equation (824) is equivalent to a functional integral equation,

U �s; s1� � 1ÿ i

qc

� s

s1

H�x 0�U �s 0; s1� do 0; �826�

where the last term is a space-time integral over the volume between the two sur-

faces s1 and s. If we let those surfaces recede to ÿ�y, respectively, we obtain the

collision operator S, which determines the overall change in state of the system as

the result of interaction,

S � U �y;ÿy�: �827�

This unitary operator may be written in terms of a Hermitian reaction operator K,

S � 1ÿ iK

1� ik
: �828�

Schwinger concluded this paper by showing that K satis®es a variational principle.

The second paper, `Quantum Electrodynamics. II. Vacuum Polarization and

Self-Energy' reached the editors of Physical Review on 1 November 1948, and was

published the following February (Schwinger, 1949a). Now, Schwinger got down

to work: `The covariant formulation of quantum electrodynamics, developed in a

previous paper, is here applied to two elementary problemsÐthe polarization of

the vacuum and the self-energies of the electron and photon.' (Schwinger, loc. cit.,

p. 651) He ®rst de®ned `the vacuum of the isolated electromagnetic ®eld to be that

state for which the eigenvalue of the energy, or better, an arbitrary time-like

component of the energy-momentum four-vector, is an absolute minimum.' In that

state, the energy-momentum tensor has vanishing expectation value, `the only result

compatible with the requirement that the properties of the vacuum be independent

of the coordinate system,' (Schwinger, loc. cit.) because the energy-momentum ten-

sor of the electromagnetic ®eld is traceless. As for the matterÐthat is, the electronÐ

®elds, the vacuum must be such that the vacuum expectation value of the electron

energy-momentum tensor is not necessarily zero, but can be so rede®ned.

Armed with these properties, Schwinger went on to compute the polarization of

the vacuum. That is, as a consequence of ¯uctuations in the electron±positron

®elds, the vacuum expectation value of the electromagnetic current h jm�x�i is no

longer zero in the presence of an external current Jm. The result is particularly

simple if the latter is time independent, and then has the form

h jm�x�i � ÿ
a

6p2

�
K�rÿ r 0�` 02Jm�r 0� dt 0; �829�
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where dt 0 is an element of volume, and (unlike Schwinger, we set q � c � 1)

K�r� � 3

2

1

jrj
�1

0

1ÿ 1
3 v2

1ÿ v2
eÿ2mijrj�1ÿv2�ÿ1=2

v2 dv: �830�

Note that Schwinger in 1948 was using what would later universally be referred to

as a Feynman parameter v, which Feynman would introduce only in 1949 to

combine his propagators in momentum space. This result can be expressed as a

correction to the Coulomb potential, for short distances, having the form

D�r� � 1

jrj 1� 2a

3p
log

1

mjrj ÿ gÿ 5

6

� �� �
; 2mjrjf 1: �831�

(Here, we have not followed Schwinger's original notation, but have used the

usual notation that g � 0:57721 . . . is Euler's constant.) This result had ®rst been

found by Uehling (1935).

Schwinger next went on to calculate the self-energy of the electron. The out-

come was a logarithmically divergent result for the electromagnetic mass of the

electron or positron. Either by using the lower limit of a parameter integral,

w0 ! 0, or a large momentum scale, K !y, to de®ne the divergent integral, he

found for the ratio of the electromagnetic mass dm to the bare mass m0 (loc. cit.,

p. 675)

dm

m0
� 3a

4p
log

K 2

m2
0

� constant

� �
; �832�

where the constants are di¨erent with the two di¨erent `cuto¨s.' He then showed

that m � m0 � dm may be consistently used as the actual electron mass. [As we

will see, this result, which was ®rst derived in the hole theory by Weisskopf with

Furry's help, was actually given by a covariant derivation nearly six months

before Schwinger by Feynman (1948c)!]

The old guard in Europe was not altogether satis®ed with Schwinger's break-

throughs. Gregor Wentzel objected to Schwinger's claim at the Pocono Confer-

ence that the photon self-energy vanished; in the meantime, Schwinger had devel-

oped an improved treatment of this question, which he had presented at the

Michigan Summer School, and which appears in QED.II, but Wentzel still had

mathematical objections (Wentzel, 1948). Not surprisingly, even more confronta-

tional was the reaction of Wolfgang Pauli. Schwinger sent a copy of QED.II to

him, and Pauli wrote back a detailed letter in January 1949. Pauli also objected

to certain details of the vacuum polarization calculation, and strongly advocated

his own regularization technique which, as we have seen, Schwinger loathed. An

extract of this letter appears in Schweber's book (1994, pp. 348±350). Schwinger

did not reply, but rather passed the letter on to his student Bryce DeWitt, who

responded without consulting Schwinger further. It was a reasonable argument
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involving the requirement of gauge invariance. Pauli then wrote a caustic letter to

Oppenheimer:

My discussion with Schwinger, in which he never participated himself, makes me
think on ``His Majesty's'' psychology. (An evening seminar on this subjectÐladies
admittedÐwould be very funny. I can also tell experimental material from earlier
times.) His Majesty permitted one of his pupils (B. Seligmann) [B. DeWitt] to break
the ``blockade'' of the ETH/Zurich by Harvard and write to me a letter, but he re-
fused to read the letter himself! [In fact, DeWitt never showed Schwinger the letter.]
The content of this diplomatic note (it was a very long one) is only this, that His

Majesty had a kind of revelation on some Mt. Sinai, to put always
qD�1�

qxv
� 0 for

x � 0 (in contrast to
qd�x�
qxv

which has same symmetry properties) wherever it occurs.

We are calling here this equation ``the revelation'' but it did not help our under-
standing. The B. Seligmann and also a Mr. Glauber want to come here next spring,
but both are unable to obtain a scienti®c recommendation from His Majesty who
prefers to ``sacri®ce'' both of them rather than write to me. I am enjoying this sit-
uation very much. (Pauli to Oppenheimer, February/May, 1949, in Pauli, 1993,
pp. 626±627)

In fact, Schwinger did write strong letters of recommendation for both DeWitt

and Glauber, and the following summer, Schwinger visited Pauli in Zurich in an

attempt to smooth ru¿ed feathers.

`Quantum Electrodynamics. III. The Electromagnetic Properties of the Electron

ÐRadiative Corrections to Scattering' (Schwinger, 1949c) was submitted six

months after writing `QED.II,' as the third communication of this series. It is im-

portant to recognize that Schwinger was also involved in several other completely

independent projects at the same time. Thus, he submitted a paper on di¨raction

with Harold Levine in January 1949 and another paper on `Classical Radiation of

Accelerated Electrons' to Physical Review in March as well. But clearly QED was

now the focus. It may be helpful to quote the opening paragraphs of `QED.III':

A covariant form of quantum electrodynamics has been developed, and applied to
two elementary vacuum ¯uctuation phenomena in the previous article of this series.
These applications were the polarization of the vacuum, expressing the modi®cations
in the properties of the electromagnetic ®eld arising from its interaction with the
matter ®eld vacuum ¯uctuations, and the electromagnetic mass of the electron, em-
bodying the corrections to the mechanical properties of the matter ®eld, in its single
particle aspect, that are produced by the vacuum ¯uctuation of the electromagnetic
®eld. In these problems, the divergences that mar the theory are found to be con-
cealed in unobservable charge and mass renormalization factors.

The previous discussion of the polarization of the vacuum was concerned with a
given current distribution, one that is not a¨ected by the dynamical reactions of the
electron-positron matter ®eld. We shall now consider the more complicated situation
in which the original current is that ascribed to an electron or positronÐa dynamical
system, and an entity indistinguishable from the particles associated with the matter
®eld vacuum ¯uctuations. The changed electromagnetic properties of the particle will
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be exhibited in an external ®eld, and may be compared with the experimental indi-
cations of deviations from the Dirac theory that were brie¯y discussed in [QED] I
[Schwinger, 1948c]. To avoid a work of excessive length, this discussion will be given
in two papers. In this paper we shall construct the current operator as modi®ed, to the
second order, by the coupling with the vacuum electromagnetic ®eld. This will be
applied to compute the radiative correction to the scattering of an electron by a
Coulomb ®eld (Schwinger, 1949b). The second paper will deal with the e¨ects of
radiative corrections on energy levels. (Schwinger, loc. cit., p. 790)

However, that second paper was never written, largely because soon Schwinger

would begin work on a third reformulation of quantum electrodynamics. Let us

concentrate on the results given in this monumental paper.1139a After removing a

spurious infrared divergence, Schwinger obtained ®rst the additional spin mag-

netic moment he had ®rst given a year and one-half earlier [Schwinger, loc. cit.,

p. 802, Eq. (1.121)],

dm � a

2p
m0: �833�

Then, he turned to radiative corrections to electron scattering. He obtained a re-

sult for the di¨erential scattering cross section by an electron scattered by a ®xed

charge Ze (a nucleus) through an angle

ds�y;DE�
dW

� Za

2jpjb cosec2 y

2

� �2

1ÿ b2 sin2 y

2

� �
�1ÿ d�y;DE��; �834�

where p is the electron momentum, bc is its speed, and the energy loss does not

exceed DE. A general expression for the radiative correction d was given; for a

slowly moving particle, it takes on the simple form

d�y;DE�A 8a

3p
b2 sin2 y

2
log

mc2

2DE
� 19

30

� �
; b f 1; DE fE ÿmc2; �835�

where E is the electron energy. Schwinger concluded that these radiative correc-

tions could amount to several percent at the energies then available.

The above result (835) had, in fact, been derived nearly six months earlier. In

January 1949, Schwinger had written a Letter to the Physical Review in which

he discussed `Radiative Corrections to Electron Scattering' (Schwinger, 1949b).

There, he also discussed the Lamb shift, mentioned his earlier error due to the

improper magnetic moment contribution, and stated that the result, equal to 1051

1139a The actual calculations in Schwinger's quantum electrodynamics turned out to be quite
lengthy. For example, he wrote over 100 equations before the second-order correction to the current
operator could be written (see Eq. 1.124) of Schwinger (1949c), and even after evaluating further 100
formulae, Eq. (834) would follow.
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MHz for the splitting of the 22S1=2 and 22P1=2 levels of hydrogen, was now in

agreement with the calculations of French and Weisskopf (1949) and of Kroll and

Lamb (1949). As we remarked above, when Schwinger ®rst did the covariant cal-

culation, he made an additional error in matching the high- and low-energy con-

tributions. Feynman made the same mistake, resulting in a signi®cant delay in

publication of the French and Weisskopf paper.1139b

(i) Gauge Invariance and Vacuum Polarization (1950)

The paper `On Gauge Invariance and Vacuum Polarization,' submitted by

Schwinger to the Physical Review near the end of 1950 (Schwinger, 1951a), is

almost universally acclaimed as his greatest publication. It is most remarkable

because it stands in splendid isolation. It was written over a year after the last of

his series of papers on his second, covariant formulation of quantum electro-

dynamics was completed. And barely two months later, in March 1951, Schwinger

would submit the ®rst of the series on his third reformulation of quantum ®eld

theory, that was based on the quantum action principle, namely, `The Theory of

Quantized Fields I' (Schwinger, 1951b). But `Gauge Invariance and Vacuum

Polarization' stands on its own, and has endued the rapid changes in tastes and

developments in quantum ®eld theory, while the papers in the other series are

mostly of historical interest now. As Lowell Brown has pointed out, this paper still

has over one hundred citations per year, and is far and away Schwinger's most

cited paper (L. S. Brown, 1996, p. 131).

Yet even such a masterpiece was not without its critics. Abraham Klein, who

was ®nishing his doctoral thesis under Schwinger's direction, and would go on

to become one of Schwinger's second set of `assistants' (with Robert Karplus)

as, ®rst, an instructor, and then a Junior Fellow, recalled that Schwinger (and,

independently, he and Karplus) ran afoul of a temporary editor at the Physical

Review. That editor thought that Schwinger's original paper repeated too many

complicated expressions and that symbols should be introduced to represent ex-

pressions that appeared more than once. Schwinger complied, but had his assis-

tants do the dirty work. Harold Levine, who was still sharing Schwinger's o½ce

(and whom Schwinger had brought with him as his assistant from the MIT Radi-

ation Laboratory), working on the book on waveguides, typed the revised manu-

script, while Klein wrote in many equations. Klein recalled that he took much

more care in writing those equations than he did in his own papers. (Abraham

Klein, interview by K. A. Milton, 14 December 1998). Schwinger recalled later

that he viewed this paper, in part, as a reaction to the:

1139b Schweber criticized Schwinger for being less than forthright in acknowledging his error, unlike
Feynman; but in Schwinger's defense, it should be noted that he never published his wrong result,
giving the incorrect formula only at the Michigan Summer School (Schwinger Archive at UCLA).
Schwinger gave a detailed account of his and Feynman's `goof ' in his historical talk `Renormalization
Theory of Quantum Electrodynamics: An Individual View,' in which he concluded, `And so, although
Weisskopf was not the ®rst to ®nd the correct result, he was the ®rst to insist on its correctness.'
(Schwinger, 1983a, p. 341)
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invariant regularization of Pauli and Villars. (Pauli and Villars, 1949, p. 434) It was
this paper, with its mathematical manipulation, without physical insight particularly
about such questions as photon mass and so forth, which was the direct inspiration
for ``Gauge Invariance and Vacuum Polarization.'' The whole point is that if you
have a propagation function, it has a certain singularity when the two points coin-
cide. Suppose you pretend that there are several particles of the same type with dif-
ferent masses and with coupling constants which can suddenly become negative
instead of positive. Then, of course, you can cancel them. It's cancellation again,
subtraction physics, done in a more sophisticated way, but still, things must be made
to add up to zero. Who needs it? (Schwinger, Interviews and Conversations with
Jagdish Mehra, March 1988)

An extended synopsis of this work, of course, cannot do justice to its beauty,

elegance, and power. The title of this paper is apt, as the ®rst two sentences of the

abstract indicate: `This paper is based on the elementary remark that the extrac-

tion of gauge invariant results from a formally gauge invariant theory is ensured if

one employs methods of solution that involved only gauge-covariant quantities.

We illustrate this statement in connection with the problem of vacuum polariza-

tion by a prescribed electromagnetic ®eld.' (Schwinger, 1951a, p. 664) The primary

methodology is the use of a proper-time formalism, which is nothing other than

the exploitation of the Euler representation of the gamma function, but which

allows one to commute dynamical variables by solving proper-time equations of

motion, and remains one of the most powerful techniques in quantum ®eld theory.

After adopting the gauge-invariant philosophy, Schwinger regarded `the rest as

just technique: I go through the solution of certain problems, some of which

turned out to be of some importance in later developments. It is a tour de force,

let's face it, because it is not easy to ®nd a technique to deal with the electromag-

netic ®eld in which the vector potential never enters. The vector potential never

appears, there's no gauge ambiguity. I got a great deal of fun out of this.'

(Schwinger, Interviews and Conversations with Jagdish Mehra, March 1988)

Schwinger started by describing the motion of an electron, of charge e and mass

m, in a prescribed electromagnetic ®eld, Am, which motion, of course, is given by

the `second-quantized' Dirac equation,

gm�ÿiqm ÿ eAm�x�c�x� �mc�x� � 0; �836�

where the electron ®eld c and its adjoint satisfy the equal-time anticommutation

relation

fc�x; x0�;c�x 0; x0�g � g0d�xÿ x 0�; �837�

and gm are the Dirac matrices such that

fgm; gng � ÿ2gmn �838�
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in terms of the metric tensor gmn, whose nonzero, diagonal matrix elements are

(ÿ1; 1; 1; 1). The electron's Green's function is de®ned in terms of the vacuum ex-

pectation value of the time-ordered product of Dirac ®elds,

G�x; x 0� � ih�c�x�c�x 0���ie�xÿ x 0�; �839�

where for arbitrary ®eld the time-ordering was given by

�A�x0�B�x 00��� �
A�x0�B�x 00� for x0 > x 00;
B�x 00�A�x0� for x0 < x 00;

�
�840�

and the symbol e changed the sign depending upon the ordering,

e�xÿ x 0� � 1 for x0 > x 00;
ÿ1 for x0 < x 00:

�
�841�

Now, Schwinger wrote:

It is useful to regard G�x; x 0� as a matrix element of an operator G, in which states are
labeled by space-time coordinates as well as by the suppressed spinor indices:

G�x; x 0� � �xjGjx 0�: ��842��

The de®ning di¨erential equation for the Green's function is then considered to be a
matrix element of the operator equation

�gP�m�G � 1; ��843��

where [the gauge-covariant momentum operator]

Pm � pm ÿ eAm ��844��

is then characterized by the operator properties

�xm;Pn� � idmn; �Pm;Pn� � ieFmn; ��845��

and

Fmn � qmAn ÿ qnAm ��846��

is the antisymmetrical ®eld strength tensor.' (Schwinger, 1951a, p. 665)

The proper-time integral appeared on the third page (p. 666), when Schwinger

wrote the Green's operator as

G � 1

gP�m
� i

�y
0

ds expfÿi�gP�m�sg: �847�
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The vacuum expectation value of the current vector, which he expressed in terms

of the Dirac matrix trace of the diagonal elements of the Green's function,

h jm�x�i � ie tr gm�xjGjx�; �848�

could then be obtained by variation of a certain action integral with respect to Am.

That action corresponded to the Lagrangian function

L�1��x� � i

�0

y

ds

s
eims tr�xjexpfÿigPsgjx�; �849�

and the e¨ective Lagrangian function L�1� reduced to the evaluation of the matrix

element of a proper-time evolution operator,

�x 0jU�s�jx 00� � �x�s�0jx�0�00�; �850�
where

U�s� � exp�ÿiHs�; with H � ÿ�gP�2 � P2 ÿ 1

2
esmnFmn; �851�

and smn � �i=2��gm; gn� denoted the generalization of the Pauli spin matrices. The

interpretation of H was that it is a `Hamiltonian' that evolves the system in proper-

time, so that the matrix element of U�s� is the transformation function from a state

in which xm�s � 0� has the value x 00m to a state in which xm�s� has the value x 0m. This

yielded an immediate particle interpretation, involving the equations of motion

dxm

ds
� ÿi�xm;H� � 2Pm; �852�

dPm

ds
� ÿi�Pm;H� � e�FmnPm �PnFmn� � 1

2
esl

qFln

qxm
: �853�

Schwinger then proceeded to solve these equations in three cases. First, he

considered the elementary case in which Fmn � 0. Of course, this did not mean that

the vector potential Am vanished, but only that it be a pure gauge. In that case, he

found, for example, the following representation for the Green's function,

G�x 0; x 00� � F�x 0; x 00�
4p2

�y
0

ds sÿ2eÿim2s ÿg
�x 0 ÿ x 00�2

2s
�m

 !
ei�x 0ÿx 00�2=4s: �854�

Here, F involved a line integral of the vector potential, namely,

F�x 0; x 00� � exp�ie
� x 0

x 00
dxmAm�x��: �855�

This was independent of the path, because the potential possessed zero curl.
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The third section of the paper contained the central message. There, Schwinger

considered the case of constant ®eld strengths. This was an exactly solvable prob-

lem because it is equivalent to a harmonic oscillator system. The equations of

motion, in matrix form, simply

dx

ds
� 2P;

dP

ds
� 2eFP; �856�

so, since F was constant, they could be immediately integrated to yield the results

P�s� � e2eFsP�0�; �857�

x�s� ÿ x�0� � e2eFs ÿ 1

eF

� �
P�0�: �858�

Schwinger now proceeded inexorably and, after a page and a half of calculation,

obtained a proper-time representation for the Lagrange function L�1�:

L�1� � ÿ 1

8P2

�y
0

ds sÿ3eÿm2s �es�2G Re cosh esX

Im cosh esX
ÿ 1

� �
; �859�

where the quantity G denoted

G �
X

mn

1

4
FmnF

�
mn � E �H; �860�

with F � representing the dual ®eld strength, or

F � � 1

2

X
l;k

emnlkFlk: �861�

(A duality transformation interchanges electric and magnetic quantities: F ! F �,
or E! B, B! ÿE.) Similarly, a quantity F had been introduced, which was

de®ned as

F � 1

4

X
mn

F 2
mn �

1

2
�H2 ÿ E2�; �862�

and then X became

X �
����������������������
2�F� iG�

p
: �863�
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Equation (859) turned out to be ultraviolet divergent, because the integrand is

singular at s � 0; hence, it required renormalization. When expanded in powers of

the ®eld strength, the ®rst (logarithmically) divergent term was proportional

to F 2 and, thus, amounted to a rescaling of the ®elds, that is, a corresponding

renormalizing of the charge. Therefore, that term should be simply omitted, and

Schwinger was left with a ®nite, gauge-invariant Lagrangian function, exact in the

®eld strength, and of second order in the ®ne structure constant:

L � ÿFÿ 1

ip2

�y
0

ds sÿ3eÿm2s �es�2GRe cosh esX

Im cosh esX
ÿ 1

2

3
�es�2F

� �
�864�

� 1

2
�E2 ÿH2� � 2a2

45

�q=mc�2
mc2

��E2 ÿH2�2 � 7�E �H�2� �O�F 6�: �865�

Here, the coupling was written in terms of the ®ne structure constant, a2 � e2=4p,

and Eq. (865) corresponded to the old Euler±Heisenberg Lagrangian (Heisenberg

and Euler, 1936; Weisskopf, 1936, especially Eq. (2) on p. 7). It described, for

example, the scattering of light by light, which has never been observed directly

(although experiments involving intense laser beams have been proposed), but

indirectly it has been seen through its contribution to the anomalous magnetic

moment of the electron (S. Laporta and R. Remiddi, 1991; 1993).1139c Schwinger

concluded this section of his paper with a derivation of the e¨ective Lagrangian

for a spin-0 charged particle, which di¨ers from the expansion given above in

Eq. (865) by di¨erent numerical coe½cients in front of the two Lorentz-invariant

structures, F2 and G2.

In the fourth section of the paper, Schwinger repeated the calculation of a third

exactly solvable situation, that of a plane electromagnetic wave. However, in that

case, the invariants vanish,

F � G � 0; �866�

hence, Schwinger concluded that `there are no nonlinear vacuum phenomena for

a single plane wave, of arbitrary strength and spectral decomposition.' (Schwinger,

1951a, p. 672)

1139c The Euler±Heisenberg Lagrangian represents the interaction of an arbitrary number of pho-
tons for the process gg! gg; the total cross section for that process if (e.g., see Lifshitz and Pitayevski,
1974, p. 489)

s � 973

10125p
a4 o6

m6
;

where o is the photon frequency in the centre-of-mass frame, which, since it was derived under the
assumption that the ®elds are constant, is valid only for ofm. But, in addition, it describes processes
such as gg! 4g, as well as processes such as photon scattering in the presence of Coulomb ®elds, and
the astrophysically important process of photon splitting in strong magnetic ®elds.
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The ®fth section is quite remarkable, as Schwinger considered here the decay of

scalar and pseudoscalar mesons into photons, a subject which had yielded some

di½culty (Steinberger, 1949). The problem was that the coupling of the pseudo-

scalar fermionic current could be either through a pseudoscalar interaction,

gf�x� 1
2
�c�x�; g5c�x��; �867�

or through an axial±vector interaction,

g

2M
qmf�x� 1

2i
�c�x�; g5gmc�x��; �868�

where M denoted the mass of the fermion and g denoted the strength of the cou-

pling. Formally, by use of the Dirac equation, these two interactions might be

shown to be equivalent. But discrepancies occurred when it was attempted to

compute the two-photon decay of the pion (here, we call the pseudoscalar by its

modern name),

p! gg; �869�

where the two photons come from coupling to the fermionic vacuum expectation

value or loop. In fact, however, Schwinger showed that if proper care was taken,

the axial±vector interaction gave a result that agreed with the pseudoscalar inter-

action, given by the e¨ective Lagrange function

L 0 � a

p

g

M
fE �H: �870�

This was an extremely important result, though unappreciated at the time. It was

independently rediscovered, and dubbed the axial±vector anomaly, twenty years

later (Bell and Jackiw, 1969; Adler, 1969; Jackiw and Johnson, 1969).1140 Not

1140 A brief history of this topic was given by K. A. Milton in a letter to Physics Today 50, June
1997, p. 114. A portion of that letter reads:

[Schwinger was] the true discoverer of the axial-vector anomaly in its original context, the decay
of the neutral pion into two photons. Julian Schwinger very explicitly in his classic paper ``On
Gauge Invariance and Vacuum Polarization'' derived the anomaly by showing that pseudosca-
lar and pseudovector couplings are equivalent. Of course, the language was somewhat di¨erent
in those days. This result had been apparently completely forgotten by the time of the work of
Adler [1969] and Bell and Jackiw [1969], but very shortly thereafter Jackiw and Johnson [1969]
recognized that ``the ®rst derivation of [the anomaly equation] for external electromagnetic ®elds
was given by Schwinger.'' (Indeed, Adler in a Note Added in Proof to his paper, (Adler, 1969)
acknowledged Jackiw and Johnson's rediscovery of Schwinger' work.) These remarks are not at
all meant to disparage in any way the signi®cant contributions made by many people in 1968
and subsequently, but merely to remind us all in physics what a great debt we owe to Julian
Schwinger. (Milton, 1997, p. 64)
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only is it important for fundamental physical processes such as pion decay, but

similar processes occur in gauge theories, where, if they are not suitably cancelled,

they will destroy the renormalizability, and hence the consistency of those theories.

The ®nal section of the paper contained another remarkable discovery, namely,

that a constant electric ®eld can produce electron±positron pairs; hence, for ex-

ample, the Coulomb ®eld is unstable. This has an insigni®cant probability of oc-

curring unless the electric ®elds are very strong, but such ®elds might exist in very

heavy transuranic elements, and will be sought in heavy-ion accelerators. The

probability, per unit time and unit volume, that a pair be created by a constant

electric ®eld E should be approximately given by the quantity

a2

p2

Xy
n�1

nÿ2 exp
ÿnpm

ejEj
� �

: �871�

One last tour de force concluded the paper. In a one-page Appendix, using these

proper-time methods, Schwinger provided what for the time was the shortest

known derivation of the anomalous magnetic moment of the electron, obtaining in

the second order

m 0 � a

2p

eq
2mc

; �872�

which agreed with the known result, Eq. (799). As Schwinger later remarked, `this

is a very important paper, not for what it discusses, but for what it alludes

to.' (Schwinger, Interviews and Conversations with Jagdish Mehra, March 1988)

Indeed, it continues even today to be the source of much new research, ranging

from applications in astrophysics to searches for magnetic monopoles.1141

(j) The Quantum Action Principle (1951)

Schwinger's wartime work on microwave radiation was largely based on the de-

velopment of variational methods for computing the modes of microwave cavities

and transmission lines. After the war, he immediately applied such techniques

to nuclear physics (Schwinger, 1950; Schwinger and Lippmann, 1950); although

these papers are dated 1950, they grew out of lectures given by Schwinger at

Harvard in 1947. It took somewhat longer for variational methods to take centre

stage in his work on quantum electrodynamics.

We recall that by 1950 Julian Schwinger had successfully scaled the peak of

quantum electrodynamics (Richard Feynman, on the other hand, had but one

ascent). The ®rst approach, which was largely unpublished, led to his ®rst cal-

culation of the electron's magnetic moment, Eq. (802), in 1947 (reported in

1141 This subsection and the following one are largely based on Mehra and Milton, 2000, Chapters
8 and 9.
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Schwinger, 1948a). Schwinger abandoned this approach quickly, because it was

not covariant and, therefore, susceptible to serious errors. At the Washington

American Physical Society meeting in April 1948, he announced the covariant

approach (Schwinger, 1948b), which was ¯eshed out in Quantum Electrodynamics

I, II, and III (Schwinger, 1948c; 1949a, c), submitted between the end of July 1948

and May 1949. It was these papers that sealed Schwinger's fame, and largely

concluded Schweber's account of Schwinger's work (Schweber, 1994). But the best

was yet to come. The monumental `Gauge Invariance and Vacuum Polarization'

(Schwinger, 1951a), described in the preceding subsection, was to be completed a

year and a half later. At about the same time Schwinger saw how to obtain a

`Quantum Action Principle,' extending the stationary principles of Lagrange and

Hamilton, to the quantum domain. In this, as with Feynman, his point of depar-

ture was the famous paper of Dirac's, `On the Lagrangian in Quantum Mechanics'

(Dirac, 1933), but the response was completely di¨erent: Feynman was to give a

global `solution' to the problem of determining the transformation function, the

probability amplitude connecting the state of the system at one time to that of the

system at a later time, in terms of a sum over classical trajectories, the famous path

integral. Schwinger, instead, derived (initially postulated) a di¨erential equation

for that transformation function in terms of a quantum action functional. This

di¨erential equation possessed Feynman's path integral as a formal solution,

which remained poorly de®ned, but Schwinger believed throughout his life that his

approach was `more general, more elegant, more useful, and more tied to the his-

torical line of development as the quantum transcription of Hamilton's action

principle.' (Schwinger, 1973, p. 421)

As Schwinger stated later:

The idea from the beginning was not, as Feynman would do, to write down the
answer, but to continue in the grand tradition of classical mechanics, but only as a
historical model, to ®nd a di¨erential, an action principle formulation. What is
Hamilton's principle or its generalization in quantum physics? If you want the time
transformation function , do not ask what it is but how it in®nitesimally changes. The
distinction [with the path integral approach] comes [because] this deals with all kinds
of quantum variables, on exactly the same footing which means from a ®eld point
of view not only do Bose-Einstein ®elds appear naturally but Fermi-Dirac ®elds.
Whereas with the path-integral approach with its clear connection to the correspon-
dence principle, the anticommuting Fermi system appears out of nowhere, there is no
logical reason to have it except that one knows one has to. It does not appear as a
logical possibility as it does with the di¨erential. (Schwinger, Interviews and Con-
versations with Jagdish Mehra, March 1988)

At a symposium on the history of particle physics held at Fermilab in May

1980, Schwinger elaborated on this point:

This development must have begun in late 1949 or early 1950, to judge by a set of
notes entitled ``Quantum Theory of Fields, A New Formulation.'' The notes were
taken by the now President of the California Institute of Technology, then known as
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Marvin Goldberger [long retired from that position since then]. Dated July, 1950,
they refer to a ®eld theory course that was given in the semester between January and
June. First for particles, and then for ®elds, the notes trace how the single quantum
action principle leads to operator commutation relations, equations of motion, or
®eld equations, and conservation laws. In the relativistic ®eld context, the postulate of
invariance under time re¯ection (remember, this is 1950) leads to two kinds of ®elds
(two statistics) as a consequence of the more elementary analysis into two kinds of
spin, integral and half-integral. This occurs because time re¯ection is not a canonical,
a unitary, transformation, but also requires an inversion in the order of all products.
That discloses the fundamental operator nature of the ®eld, distinguishing essential
commutativity from essential anticommutativity, as demanded by the spin character
of the ®eld. In the subsequent version the existence of two kinds of ®elds with their
characteristic operator properties is recognized at an earlier stage [Schwinger, 1953].
Here also the non-Hermitean ®elds of charged particles are replaced by Hermitean
®elds of several components, facilitating the description of the internal degrees of
freedom that could proliferate. In this version, time re¯ection implies a transforma-
tion to the complex conjugate algebra, and the postulate of invariance predicts the
type of spin to be associated with each statistic. An inspection of the proof shows that
what is really used is the hypothesis of invariance under time and space re¯ection.
That invariance and the spin-statistics connection are equivalent. But, with the later
discovery of parity non-conservation, the common emphasis as embodied in the so-
called TCP (or is it PTC?) theorem, is to regard the spin-statistics relation as primary
and the invariance under space-time re¯ection as a consequence. (Schwinger, 1983a,
pp. 345±346)

In order to put these developments in context, we might refer to Schwinger's

extended preface to his collection of the most fundamental papers on Quantum

Electrodynamics (reported on p. 1298 ¨ ). It is revealing of Schwinger's view of the

development of the subject that in his collection (Schwinger, ed., 1958) he indeed

puts these three papers in the indicated order: Dirac (1933), Feynman (1948a), and

Schwinger (1951b). Actually, as Schwinger noted at the beginning of the latter

paper, his programme was initiated in Summer 1949 at Brookhaven National

Laboratory, and the paper was largely written there the following summer. Again,

to quote from the May 1980 Fermilab lecture:

My retreat began at Brookhaven National Laboratory in the Summer of 1949. It is
only human that my ®rst action was a reaction. Like the silicon chip of more recent
years, the Feynman diagram was bringing computation to the masses. Yes, one can
analyze experience into individual pieces of topology. But eventually one has to put it
all together again. And then the piecemeal approach loses some of its attraction.
Speaking technically, the summation of some in®nite set of diagrams is better and
more generally accomplished by solving an integral equation, and those integral
equations usually have their origin in a di¨erential equation. And so, the copious
notes and scratches labelled ``New Opus,'' that survive from the summer of 1949, are
concerned with the compact, operator expression of classes of processes. And slowly,
in these pages, the integral equations and the di¨erential equations emerge. There is
another collection of scraps that at sometime in the past I put in the folder labelled
``New TheoryÐOld Version (1949±1950),'' although I now believe that the reference
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to 1950 is erroneousÐby then the New Theory in its later manifestation had arrived.
There is a way to tell the di¨erence. With the emphasis on the operator ®eld de-
scription of realistic, interacting systems, the interaction representation had begun to
lose its utility, and ®elds incorporating the full e¨ects of interaction enter. The un-
published essay of the National Academy of Sciences competition had already taken
a step in that direction. If ®elds of both types, with and without reference to interac-
tion, appear in an equation, the historical period is that of the Old Version. The later
version has no sign at all of the interaction representation. On one of these pages
there is an Old Version, 1949, equation giving the ®rst steps toward the relativistic
equation for two interacting particles now known as the Bethe-Salpeter equation
[Salpeter and Bethe, 1951]. Accordingly, it is not surprising to read in a footnote of a
1951 paper, presenting an operator derivation of the two-particle equation, that I had
already discussed in my Harvard lectures [Gell-Mann and Low, 1951] (Schwinger,
1983a, p. 343).1142

Let us brie¯y sketch a description of the paper envisaged which Schwinger

entitled, `The Theory of Quantized Fields' and submitted in March 1951 to Phys-

ical Review (Schwinger, 1951b). As noted, the essential idea was to break away

from correspondence-principle arguments and `develop a self-contained quantum-

dynamical principle from which the equations of motion and the commutation

relations could be deduced.' The introduction includes the words:

Quantitative success has been achieved thus far only in the restricted domain
of quantum electrodynamics. Furthermore, the existence of divergences, whether
cancelled or explicit, serves to emphasize that the present quantum theory of ®elds
must in some respects be incomplete. It is not our purpose to propose a solution of
this basic problem, but rather to present a general theory of quantum ®eld dynamics
which uni®es several independently developed procedures and which may provide a
framework capable of admitting fundamentally new physical ideas. (Schwinger, loc.

cit, p. 914)

As he would remark later:

I was simply saying this was a synthesis of me, Feynman, Dyson, and so forth. It was
going to be a uni®cation in one systematic, self-contained framework, freed from the
correspondence principle. (Schwinger, Interviews and Conversations with Jagdish
Mehra, March 1988)

Schwinger went on to complete his series of articles on `The Theory of Quantized

Fields' later on, by two relatively brief, but extremely important papers to the

National Academy, `On the Green's Functions of Quantized Fields. I' and `II'

(Schwinger, 1951c). After treating this development of Schwinger's scheme, we

1142 The ®les entitled `New Opus 1949' and `New TheoryÐOld Version (1949±1950),' as well as
`Quantum Theory of Fields, A New Formulation,' class lecture notes transcribed by Marvin L. Gold-
berger, MIT, 1950, containing very recent, unpublished work, may be found in the Schwinger
ArchiveÐJulian Schwinger papers (Collection 371), Department of Special Collections, University
Research LibraryÐat the University of California, Los Angeles.
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return to the other main contributors to quantum electrodynamics: Tomonaga,

Feynman, and Dyson.

(k) Tomonaga Writes to Oppenheimer (April 1948)

Amid the devastation of the last years of the war in Japan, and in the immediate

postwar period, a hard-working group of theoreticians around Sin-itiro Tomonaga

in Tokyo made enormous progress in formulating a consistent, Lorentz-invariant

quantum electrodynamics, although the participants were completely cut o¨ from

developments in America. This approach turned out to be remarkably similar to

the covariant approach of Schwinger, although in large measure due to their iso-

lation, they were not able to carry the programme fully through to a theory

capable of producing ®nal calculations comparable to the experimental data. The

West learned of this work through Tomonaga's communication to Oppenheimer;

upon his return from the Pocono Conference in April 1948, J. Robert Oppen-

heimer found a letter from Sin-itiro Tomonaga, who wrote:

I have taken the liberty of sending you copies of several papers and notes concerning
the reaction of radiation ®eld in scattering processes and related problems, which my
collaborators and I have been investigating the last six months. . . .

During the wartimes . . . Dr. S. Sakata . . . . made an attempt to overcome the
divergence di½culty of the self-energy of the electron by introducing a neutral scalar
®eld (the so-called C-meson ®eld) which interacts with electrons. . . . In view of
its promising feature my collaborators and I have applied this theory to the prob-
lem of elastic scattering of an electron. . . . We have thus carried out a perturba-
tion calculation following Dr. S. M. Danco¨ [1939] and . . . ®nally arrived at the
conclusion that the new ®eld is also capable of eliminating the divergence in the
scattering cross section in e2-approximation (the second note of Ito, Koba, and
Tomonaga [1947] and the two papers of the same authors [1948a, b]).

Shortly before we ®nished this work we received the striking report about the ex-
perimental evidence of the level shift of hydrogen atoms [Lamb and Retherford,
1947] and its theoretical explanation by Dr. H. A. Bethe [1947] in terms of radiation
interaction. Thereupon I proposed a formalism to express Dr. Bethe's fundamental
assumption in a more closed and plausibleÐas I believeÐform, in which the sepa-
ration of terms to be subtracted is made by a canonical transformation (the note of
Tati and Tomonaga [1948]). This formalism which we called ``self-consistent sub-
traction method,'' was then applied to the scattering problem mentioned above and
it was con®rmed that the non-diagonal part of the mass correction just cancels the
in®nity that appeared in the usual formalism (the note of Koba and Tomonaga [1947]
and the paper of the same authors [1948]). (Tomonaga to Oppenheimer, 2 April 1948,
quoted in Schweber, 1994, pp. 200±201)1143

1143 Tomonaga's communication to Oppenheimer was delivered by hand by the ®rst Japanese stu-
dents to visit the United States after the war, particularly, Katsumi Tanaka. Tanaka, who later became
a professor at The Ohio State University, recalled that he was one of the ®rst group of Japanese stu-
dents sent to the USA after the war, and served as courier from Tomonaga to Oppenheimer (K. Ta-
naka, Conversation with K. A. Milton, 28 July 1998). Marshak (October 1987, VPI-HEP-87/7, UR-
1041) recalled that Tanaka delivered the Sakata-Inoue paper (1946), which suggested the existence of
two mesons, to Oppenheimer in November 1947, and presumably the QED papers as well.
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Moreover, Tomonaga referred to the fact that the Japanese `subtraction method'

might be brought into `a relativistically more elegant form according to the for-

malism' which he had proposed several years previously (Tomonaga, 1943/1946).

Oppenheimer immediately cabled back to Tomonaga urging him to summarize

the results he had intimated for publication in Physical Review. Tomonaga com-

plied, and with the assistance of the American military agencies, his manuscript

was quickly brought to the United States, where it appeared in the Physical Re-

view, the issue of 15 July 1948 (Tomonaga, 1948).

In this note entitled `On In®nite Field Reactions in Quantum Field Theory,'

Tomonaga began by referring to the American papers of Bethe (1947), Schwinger

(1948a), and others on the radiation problem, and then he emphasized the fact

that `almost the same line of attack was taken independently of these American

authors also by the Tokyo group' (Tomonaga, 1948, p. 224). He explicitly men-

tioned the paper of Shoichi Sakata and Osamu Hara on the so-called C-meson

(1947), and the subsequent work of the Tokyo group (Ito, Koba, and Tomonaga,

1947; 1948a, b; Tati and Tomonaga, 1948). Although Oppenheimer added a crit-

ical remark to Tomonaga's report Ð`insu½ciently cautious treatment, and there-

fore inadequate identi®cation of light-quantum self-energies' (in Tomonaga, 1948,

p. 225), Freeman Dyson, then a British graduate student at Cornell University,

was `enormously pleased' with the Japanese competition in quantum electro-

dynamics, as he wrote to his parents:

Long-sighted scientists are worried by the growing danger of nationalism in Ameri-
can science, and even more in the minds of politicians and industrialists who ®nance
science. In the public mind, experimental science at least is a thing only Americans
know how to do, and the fact that some theorists have to be imported from Europe is
rather grudgingly admitted. In this atmosphere the new Schwinger theory tended to
be acclaimed as a demonstration that now even in theoretical physics America had
nothing to learn [and] now for the ®rst time has produced her own Einstein. (Dyson
to his family, 11 April 1948).1144

Dyson felt, however, `that even in this chosen ®eld of physics America was

anticipated and indeed by the much despised race of Japanese' and claimed that

`this will be a strong card to play against national politics' (Dyson, loc. cit.).

(l) Tomonaga's Papers (1946±1948)

Sin-itiro Tomonaga's 1946 paper in Progress of Theoretical Physics (Tomonaga,

1946) was entitled `On a Relativistically Invariant Formulation of the Quantum

Theory of Wave Fields,' and was noted as having ®rst been published in Japanese

in 1943 (Tomonaga, 1943). It generalized the SchroÈdinger equation by proceeding

from the many-time formulation of Dirac (1932). That is, there were as many time

1144 J.M. is grateful to Freeman Dyson for making copies of his letters to his family in England as
well as of his scienti®c correspondence available to him.
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variables as there were particle coordinates in the state vector. This suggested the

introduction of in®nitely many variables, one for each point, txyz, a local time, an

idea which had also been introduced by Stueckelberg (1938). From this perspec-

tive, Tomonaga was able to de®ne the state vector as a functional of the space-like

surface C, i.e., C�C�, which satis®ed the functional SchroÈdinger equation

H12�P� � p
i

d

dCP

� �
C�C� � 0: �873�

Here, H12 is the interaction Hamiltonian between the two ®elds that Tomonaga

was considering and CP is a surface passing through the point P. Indeed, this is the

same equation that Schwinger would obtain ®ve years later, in 1948, in his

`Quantum Electrodynamics I' (Schwinger, 1948c). A form equivalent to the inte-

gral equation (826) was also given by Tomonaga in this paper, with nearly the

same notation. He rounded out the paper by giving generalized probability am-

plitudes and transformations functions.

To assess this work in context, it may be useful to quote the `Concluding Re-

marks' in full:

We have thus shown that the quantum theory of wave ®elds can be really brought
into a form which reveals directly the invariance of the theory against Lorentz
transformations. The reason why the ordinary formalism of the quantum ®eld theory
is so unsatisfactory lies in the fact that it has been built up in a way much too anal-
ogous to the ordinary non-relativistic mechanics. In this ordinary formalism of the
quantum theory of ®elds the theory is divided into two distinct sections: the section
giving the kinematical relations between various quantities at the same instant of
time, and the section determining the causal relations between quantities at di¨erent
instants of time. Thus the commutation relations belong to the ®rst section and the
SchroÈdinger equation to the second.

As stated before, this way of separating the theory into two sections is very
unrelativistic, since here the concept ``same instant of time'' plays a distinct role.

Also in our formalism the theory is divided into two sections. But now the sepa-
ration is introduced in another place. In our formalism the theory consists of two
sections, one of which gives the laws of behaviour of the ®elds when they are left
alone, and the other of which gives the laws determining the deviation from this
behaviour due to interactions. This way of separating the theory can be carried out
relativistically.

Although in this way the theory can be brought into more satisfactory form,
no new contents are added thereby. So, the well-known divergence di½culties are
inherited also by our theory. Indeed, our fundamental equations [(873)] admit only
catastrophal solutions, as can be seen directly in the fact that the unavoidable in®nity
due to non-vanishing zero-point amplitudes of the ®elds inheres in the operator
H12�P�. Thus, a more profound modi®cation of the theory is required in order to re-
move this fundamental di½culty.

It is expected that such a modi®cation of the theory would possibly be introduced
by some revision of the concept of interaction, because we meet no such di½culty
when we deal with the non-interacting ®elds. This revision would then have the result
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that in the separability of the theory into two sections, one for free ®elds and one for
interactions, some uncertainty would be introduced. This seems to be implied by the
very fact that, when we formulate the quantum ®eld theory in a relativistically satis-
factory manner, this way of separation has revealed itself as a fundamental element
of the theory. (Tomonaga, 1946, p. 41±42)

So, although Tomonaga indeed discovered the Tomonaga±Schwinger equation

®rst, he was still in 1943 far from seeing how to resolve the fundamental problems

of the theory. In contrast to Tomonaga's previous call for a `more profound

modi®caiton' of quantum ®eld theory, in the special case of quantum electro-

dynamics Schwinger's conservative bent ®ve years later led to the insistence on

retaining the known electromagnetic interaction, with the divergences absorbed by

the process of renormalization, and that expressed the new spirit of quantum

electrodynamics.

As we have mentioned, in 1948, Oppenheimer arranged to have a brief note

published in the Physical Review, summarizing the progress in quantum electro-

dynamics which had occurred in Japan since the end of the war (Tomonaga,

1948). This note expressed the reaction to the news of the experimental discovery

of the Lamb shift (Lamb and Retherford, 1947), and Bethe's (1947) and

Schwinger's (1948a) theoretical contributions. Tomonaga ®rst reported on his

group's unsuccessful attempt (Ito, Koba, and Tomonaga, 1947; 1948) to use the

method of compensation (Pais, 1947; Sakata, 1947). Then, after seeing the work of

Bethe (1947), the Japanese theoreticians were able to absorb in®nities into a rein-

terpretation of the mass and charge of the electron, i.e., renormalization of these

physical quantities. However, they made an error, and found additional diver-

gences in the e2-correction to the Klein±Nishina formula for Compton scattering.

As Oppenheimer remarked in an attached comment, `From manuscripts kindly

sent by Tomonaga, I would conclude that the di½culties referred to in this note

result from an insu½ciently cautious treatment, and therefore inadequate identi®-

cation, of light-quantum self-energies.' Tomonaga's letter concluded with a state-

ment that a calculation of the Lamb shift was in progress (by Yoichiro Nambu),

which included the anomalous magnetic moment e¨ect found by Schwinger

(1948a). By September 1948, Tomonaga's group had reproduced the correct rela-

tivistic Lamb shift calculation of French and Weisskopf (1949), albeit using non-

relativistic approximation (Fukuda, Miyamoto, and Tomonaga, 1949); their paper

appeared in 1949, as did Schwinger's (1949b) and Feynman's (1949b) papers on the

Lamb shift, in which a relativistic treatment was attempted (see above).

(m) Feynman's Preparation up to 1947

Much has been written about Feynman's accomplishments, both at the popular

level (Gleick, 1992) and from the scholarly point of view. For the latter, we refer

the reader to Mehra's biography (1994) and to Schweber's book (1994). As we will
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see, Feynman's approach to quantum electrodynamics seemed to be totally dif-

ferent from that of Schwinger or Tomonaga, or indeed from that of any of the

®eld theorists of the 1930s and 1940s. His approach was far more intuitive (to him

at least), less mathematical (on the surface anyway), and apparently revolutionary

(as opposed to Schwinger's conservative road); yet, remarkably, as both Feynman

and Schwinger came to realize in 1948, the two procedures were equivalent;

Freeman Dyson proved that in 1949.

Richard Feynman started on his unorthodox path at Princeton, while working

on his Ph.D. with John Archibald Wheeler. Already while he was an undergrad-

uate at MIT, he was concerned with the in®nities of electrodynamics, in particular,

the in®nite self-action of the electron on itself. Perhaps, he thought, one could just

impose a rule that a given electron does not interact with itself. But that would

not be correct, because radiation reaction, which must be present to preserve the

energy balance between the electron and the electromagnetic ®eld, would then not

occur either. Feynman and Wheeler got the idea that the self-action could be

eliminated by making what seemed like an outrageous change in the boundary

conditions of ordinary classical electrodynamics. Instead of having only retarded

waves, in which the waves reach the observer from the past, they proposed having

a classical electrodynamics in which one had half-retarded and half-advanced

waves, waves which come from the future. This had the theoretical advantage of

being time-symmetric, that is, invariant under the change of the sense of the ¯ow

of time, from past to future, to future to past, so that the boundary conditions in

time mirror the symmetry to Maxwell's equations. It was not quite so simple as

that, in that perfectly absorbing boundaries had to be assumed as well. But then

radiation reaction could be accounted for, as Feynman noted later: `It became

clear that there was the possibility that if we assume all actions are via half-

advanced and half-retarded solutions of Maxwell's equations and assume that the

sources are surrounded by material absorbing all the light which is emitted, then

we could account for radiation resistance as direct action of the absorber acting

back by advanced waves on the source.' (Feynman, 1966, p. 33)

Early in the collaboration between Wheeler and Feynman, an idea occurred to

Wheeler that would be very important for Feynman's later thinking about quantum

electrodynamics. The question was why do all electrons possess the same mass and

charge? `Because,' said Wheeler in 1940, `they are all one and the same electron.'

(Feynman Interviews and Conversations with Jagdish Mehra, January 1988) By

this, Wheeler meant that there was only one worldline of an electron, which zig-

zagged, sometimes going forward in time, in which case it was an electron, and

sometimes going backwards in time, in which case, it was a positron, with the

same mass as the electron but with opposite charge. Feynman doubted there

was but one such electron in the world (if so, the number of electrons and posi-

trons would seem to have to be the same, manifestly in contradiction to experi-

ence), but he very much liked the idea that a positron was merely an electron

going backward in time. It seemed to be a much more attractive idea than
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Dirac's holes in a ®lled electron sea. This notion would play a special role in

Feynman's diagrammatic interpretation of quantum electrodynamics at the end of

the decade. (See Fig. 1 below.)

The next step in Feynman's journey was the principle of least action. The

action, for a single particle with coordinate q�t�, is given by the integral

S�q�t�� �
� t2

t1

L� _q; q; t� dt; �874�

where t1 and t2 are the initial and ®nal times and L is the Lagrangian of the sys-

tem. The classical stationary action principle states that the trajectory of the par-

ticle is such that the action S is an extremum, which yields the Lagrange equation,

qL

qq
ÿ d

dt

qL

q _q
� 0: �875�

These equations could be immediately extended to a system described by an arbi-

trary number of generalized coordinates, qa.

Feynman's inspiration for the quantum theory, as had Schwinger's, came from

Dirac. In this case, it was his paper `The Lagrangian in Quantum Mechanics' (Dirac,

1933), a paper (which we have repeatedly mentioned) which would be the spring-

board for Schwinger's later action-principle based ®eld theory.1145 In that paper,

Dirac stated that the transformation function in the coordinate representation be-

tween two di¨erent times, �xt2
jxt1
�, `is analogous to' exp��i=p�S�x2; t2; x1; t1��, the

exponential factor being the action carrying a particle from an initial position x1

at time t1 to a ®nal position x2 at time t2. No one, including Dirac, seemed to

know what `analogous to' meant in this case. Perhaps, Feynman thought in 1941,

that it meant `equal or [rather] proportional to.' Thus was born Feynman's famous

path integral.

In fact the transformation function and eiS=p were proportional, if the time

interval were short, t2 ÿ t1 f t1. To calculate the transformation function

1145 Schwinger would later remark:

Dirac was central to this in the connection between quantum mechanics and classical mechanics,
shall we say. Action in general. There are two di¨erent ways of looking at it. Feynman picked
up the integral part of it in which you combine little steps in time into an integral formulation. I
picked up another remark in that very same paper, namely the di¨erential aspect, the quantum
aspects and analogies with Hamilton-Jacobi and so forth. So ultimately to the extent that we
®nally diverged with attitudes about reformulations of quantum mechanicsÐwhich is what I
think this is all really aboutÐwe were both inspired by Dirac, but took two di¨erent avenues,
which are equivalent in limited contexts. I like to think that the di¨erential aspect is more fun-
damental, because it is not based on mimicking of a classical situation. If everything is classical,
then what do you do about non-classical degrees of freedom, like Fermi-Dirac ®elds and spins
and such things. Whereas the di¨erential aspect allows both possibilities, it is not so con®ning in
the nature of the system to which it refers. (Schwinger, Interviews and Conversations with
Jagdish Mehra, March 1988)
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K�X ;T ; x; t� that carries one from a wavefunction c�x; t� to a wavefunction

c�X ;T� required breaking up the interval into a great many steps, say, N, and

integrating over each intermediate position (see Eq. (793)):

K�X ;T ; x; t� �
�

exp
i

p

XNÿ1

i�0

L
xi�1 ÿ xi

ti�1 ÿ ti
; xi�1

� �
�ti�1 ÿ ti�

" #
dxN

AN
. . .

dxi

Ai
; �876�

where A's are some constants, which can be easily worked out in simple cases, but

which are usually irrelevant. One is supposed to take the limit as the number of

intervals N goes to in®nity, at the same time as the size of all time intervals goes to

zero; in that sense, it resembles the de®nition of a Riemann integral.

In 1942, Feynman wrote his Ph.D. thesis which consisted of the work on the

new approach to quantum mechanics and the action-at-a-distance electro-

dynamics; these were only fully described after the war, the ®rst in the joint paper

with Wheeler (Wheeler and Feynman, 1945), and the second in an article by

himself, entitled `Space-Time Approach to Nonrelativistic Quantum Mechanics'

(Feynman, 1948a)Ðthe contents of which we have outlined earlier in Subsection

I.1(b). He then spent full time on war work, and soon, after his marriage to Arline

Greenbaum, departed for Los Alamos where he became in charge of the Theo-

retical Computation Group under Hans Bethe. It would not be until he was well

settled as a professor at Cornell, in 1946, that he would again resume fundamental

research. But his debt to his thesis advisor, John Wheeler, with his tremendous

geometrical way of thinking, was incalculable, for it would lead to Feynman's

space-time view of quantum electrodynamics.

(n) Richard Feynman after the Shelter Island Conference (1947±1950)

Like Schwinger, Feynman was excited by the experimental results announced at

the Shelter Island Conference in June 1947. He set to work, and by the time of the

Pocono Conference the following March, he, like Schwinger, had a relativistically

invariant computational scheme. We have already described Feynman's presenta-

tion at the Pocono Conference. But that conference belonged to Schwinger, and

Feynman's unconventional approach was not received with much favour. He

realized that only through the publication of his work could he hope to convince

the community that he was on the right track.

As we have mentioned, at the January 1948 American Physical Society meeting

in New York, after Schwinger's famous repeated lecture on the anomalous mag-

netic moment and the preliminary unsatisfactory situation with the relativistic

Lamb shift calculation, Feynman got up and stated that he agreed with Schwinger's

results, but he, unlike Schwinger, had the correct value of the anomalous magnetic

moment for an electron in the atom. (Actually, the discrepancy was with the cor-

responding electrical coupling obtained from the magnetic one by a relativistic

transformation.) He was at that time feeling a tremendous sense of competition
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with Schwinger, who had got a head start on him, but now Feynman felt, prob-

ably overcon®dently, that he had caught up (Mehra, 1994, Chapter 12; Schweber,

1994, Chapter 8).

Feynman published two relatively short papers bearing on this subject in the

summer of 1948. The ®rst was entitled `A Relativistic Cut-O¨ for Classical Elec-

trodynamics' (Feynman, 1948b), which was an extended version of a manuscript

he had written in 1941 (see Mehra, 1994, Chapter 13; Schweber, 1994, Chapter 8).

This paper dealt largely with the action-at-a-distance formulation he had worked

on before getting involved in the war e¨ort, but now with a density of ®eld quanta

playing the role of a regulator, so that the energy of a particle was made ®nite. A

similar idea was present in the second paper, `Relativistic Cut-O¨ for Quantum

Electrodynamics' (Feynman, 1948c). He used this to calculate the self-energy of

the electron,

dm � m
e2

p

3

2
ln

l0

m
� 3

8

� �
; �877�

where m is the electron mass and l0 is a cuto¨, which, in conventional electro-

dynamics, would tend to in®nity. This result had ®rst been obtained by Weisskopf

(1939), with Furry's help in the hole theory; it was actually given a covariant

derivation by Feynman, as given above in Eq. (877), and was published ®ve

months later by Schwinger (1949a). In fact, Feynman's paper directly preceded

Schwinger's `Quantum Electrodynamics I' in the Physical Review (Schwinger,

1948c), which was received by the journal just about two weeks after it. Since

Feynman used old-fashioned methods, which he employed in part to make it ac-

ceptable to other physicists, this paper is mainly remembered for its incorrect dis-

cussion of the relativistic Lamb shift.

The moment when Feynman achieved con®dence in the power of his methods

came at the January 1949 American Physical Society meeting in New York. This

is the famous story of Murray Slotnick, who had spent six months in calculating a

certain interaction between electrons and neutrons using either a pseudoscalar or a

pseudovector interaction. The ®rst form gave a ®nite result, while the second was

divergent. After his talk, Oppenheimer challenged Slotnick: `What about Case's

theorem?' Ken Case, a former student of Schwinger's, who was then a postdoc at

the Institute for Advanced Study, had a proof that the pseudovector and pseudo-

scalar theories were equivalent. Feynman was intrigued, so he talked to Slotnick,

and that very evening he worked out the general result for an arbitrary momentum

transfer. When he talked to Slotnick the next day, Feynman found that Slotnick

only had the result for zero momentum transfer. But in that limit they agreed.

Feynman was ecstatic: `That was the moment when I got my Nobel Prize, when

Slotnick told me he had been working [on the problem] for two years. When I got

the real prize, it was really nothing, because I already knew I was a success.' (See

Mehra, 1994, pp. 268±269; Schweber, 1994, pp. 454±456) Later, after he learned
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the meaning of creation and annihilation operators, Feynman found the error in

Case's theorem (Case, 1949a, b).

Feynman's substantial papers on quantum electrodynamics appeared in 1949.

These were `The Theory of Positrons' (Feynman, 1949a), received by Physical Re-

view on 8 April 1949, and `Space-Time Approach to Quantum Electrodynamics'

(Feynman, 1949b), received a month later. The validity of the rules given in these

two papers was demonstrated in a third paper, `Mathematical Formulation of

the Quantum Theory of Electromagnetic Interactions' (Feynman, 1950), which

arrived at Physical Review over a year later, on 8 June 1950. (All three of these

papers are reprinted in Schwinger's collection (Schwinger, 1958).)

`The Theory of Positrons' is summarized in the abstract:

The problem of the behavior of positrons and electrons in given external potentials,
neglecting their mutual interaction, is analyzed by replacing the theory of holes by a
reinterpretation of the solution of the Dirac equation. It is possible to write down a
complete solution of the problem in terms of boundary conditions on the wave func-
tion, and this solution contains automatically all the possibilities of virtual (and real)
pair formation and annihilation together with the ordinary scattering processes, in-
cluding the correct relative signs of the various terms.

In this solution, the ``negative energy states'' appear in a form which may be
pictured (as by Stueckelberg [1942]) in space-time as waves traveling away from the
external potential backwards in time. Experimentally, such a wave corresponds to a
positron approaching the potential and annihilating the electron. A particle moving
forward in time (electron) in a potential may be scattered forward in time (ordinary
scattering) or backward (pair annihilation). When moving backward (positron) it
may be scattered backward in time (positron scattering) or forward (pair production).
For such a particle the amplitude for transition from an initial to a ®nal state is
analyzed to any order in the potential by considering it to undergo a sequence of such
scatterings.

The amplitude for a process involving many such particles is the product of tran-
sition amplitudes for each particle. The exclusion principle requires that antisymme-
tric combinations of amplitudes be chosen for those complete processes which di¨er
only by exchange of particles. It seems that a consistent interpretation is only possible
if the exclusion principle is adopted. The exclusion principle need not be taken into
account in intermediate states. Vacuum problems do not arise for charges which do
not interact with one another, but these are analyzed nevertheless in anticipation of
application to quantum electrodynamics.

The results are also expressed in momentum-energy variables. Equivalence to the
second quantization theory of holes is proved in an appendix. (Feynman, 1949a, p. 749)

Feynman began by considering a classical picture of pair production at time t1,

followed by positron annihilation. An electron±positron pair is produced at time

t1, after which two world lines, corresponding to the electron and positron,

advanced forward in time. At some later time t2, the positron is annihilated by

another electron. The picture might be as sketched in Fig. 1. As he says, `Follow-

ing the charge rather than the particles corresponds to considering this continuous
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world line as a whole rather than breaking it up into pieces. It is as though a

bombardier ¯ying low over a road suddenly sees three roads and it is only when

the two of them come together and disappear that he realizes that he has simply

passed over a long switchback in a single road.' (Feynman, loc. cit.)1146

Feynman went on to consider the Green's function for SchroÈdinger's equation,

which he de®ned as relating the wave function at two di¨erent space-time points:

c�x2; t2� �
�

K�x2; t2; x1; t1�c�x1; t1� d 3x1: �878�

He proceeded to solve the Dirac equation for a particle of mass m in an external

potential Am (here, he used the notation A � gmAm, ` � gmqm)

�i`ÿm�c � Ac �879�

in terms of the Green's function, which satis®es

�i`2 ÿ A�2� ÿm�K �A�� �2; 1� � id�2; 1�: �880�

Here, Feynman had adopted a compressed notation, in which the numbers 2 and 1

stand for the space-time coordinates with the respective index. It is clear that this

di¨erential equation is equivalent to the integral equation,

K A
� �2; 1� � K��2; 1� ÿ i

�
K��2; 3�A�3�K �A�� �3; 1� dt3; �881�

Figure 1: Space-time diagram of electron-positron pair production, followed by annihila-
tion of the positron by another electron. The arrows pointing in an upward sense denote
electrons moving forward in time, while arrows pointing in a downward sense denote elec-
trons moving backward in time, or positrons moving forward in time.

1146 In an interview with Schweber, Feynman stated that this metaphor `was suggested to me by
some student at Cornell (who had actually been a bombardier during the war) when I was writing up
the paper and was asking for opinions of how to explain it and only had poor or awkward metaphors.'
Feynman, in Schweber, 1994, p. 656)
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where the Green's function without the superscript is a solution to Eq. (880) with

A � 0. The subscript here refers to the appropriate boundary conditions in time.

In order that Feynman's theory be equivalent to the hole theory, he had to choose

the free Green's function so that it involved a sum over positive energy states for

positive time di¨erences, and a sum over negative energy states for negative time

di¨erences:

K��2; 1� �
X

pos En

fn�2�fn�1� exp�ÿiEn�t2 ÿ t1��; t2 > t1;

� ÿ
X

neg En

fn�2�fn�1� exp�ÿiEn�t2 ÿ t1��; t2 < t1: �882�

Here, fn is an eigenfunction of the free Dirac Hamiltonian, with energy En, and

fn � f�n b is the Dirac conjugate.

Quantum electrodynamics proper was the subject of the second paper, `Space-

Time Approach to Quantum Electrodynamics' (Feynman, 1949b).1147 The ®rst

paragraph of the abstract gives a good summary:

In this paper two things are done. (1) It is shown that a considerable simpli®cation
can be attained by writing down matrix elements for complex processes in electro-
dynamics. Further a physical point of view is available which permits them to be
written down for any speci®c problem. Being simply a restatement of conventional
electrodynamics, however, the matrix elements diverge for complex processes. (2)
Electrodynamics is modi®ed by altering the interaction of electrons at short distances.
All matrix elements are now ®nite, with the exception of those relating to problems of
vacuum polarization. The latter are evaluated in a manner suggested by Pauli and
Bethe, which gives ®nite results for these matrices also. The only e¨ects sensitive to
the modi®cation are changes in mass and charge of the electrons. Such changes could
not be directly observed. Phenomena directly observable, are insensitive to the details
of the modi®cation used (except at extreme energies). For such phenomena, a limit
can be taken as the range of the modi®cation goes to zero. The results then agree with
those of Schwinger. A complete, unambiguous, and presumably consistent, method is
therefore available for the calculation of all processes involving electrons and pho-
tons. (Feynman, loc. cit., p. 769)

In this paper, Feynman then gave the famous Feynman rules and Feynman

diagrams. These may well be illustrated in the momentum-space diagram, repre-

senting the `interaction of an electron with itself,' shown in Fig. 2. This diagram

has a precise mathematical correspondence with a quantum-mechanical amplitude,

1147 In a remarkable demonstration of how close the competition was between Feynman and
Schwinger, this paper appeared in the Physical Review directly before Schwinger's `QED. III,' which
was received 17 days later, on 26 May 1949. We recall that Feynman's `Relativistic Cut-O¨ in Quan-
tum Electrodynamics' had also appeared directly before Schwinger's `QED. I,' which again was re-
ceived by the journal exactly 17 days after Feynman's paper, on 29 July 1948.
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in this case, the divergent integral,

e2

pi

�
gm�pÿ kÿm�ÿ1gmkÿ2 d 4k: �883�

Indicated in the ®gure are the various factors that are assembled in order to con-

struct the amplitude (883). As he stated, Feynman's second step was a modi®ca-

tion of electrodynamics so that these integrals would be rendered convergent. He

did this, in e¨ect, by modifying the photon propagator 1=k2 by multiplying it with

a convergence factor C�k2� which falls o¨ at least as fast as 1=k2, so now integrals

such as (883) converge. For instance, we could take C�k2� � l2=�l2 ÿ k2�, which

tends to unity as l!y. (Actually, Feynman proposed averaging over a weight

function G�l�, with the property over a weight
�y

0 l2G�l� dl � 0.) Doing so for

the case of the process here, given by Eq. (883), gave a result for the electron mass

shift exactly of the form (877) as given ®rst by Feynman and then by Schwinger

the year before.

Feynman next considered radiative corrections to scattering, in particular, the

Lamb shift. There, he admitted the error he had previously published in the `Rel-

ativistic Cut-O¨ for Quantum Electrodynamics' (Feynman, 1948c). He recounted

the story in the famous footnote 13:

That the result given in B [Feynman, 1948c, Eq. (19)] was in error was repeatedly
point out to the author, in private communication, by V. F. Weisskopf and J. B.
French, as their calculation, completed simultaneously with the author's in 1948,
gave a di¨erent result. French has ®nally shown that although the expression for the
radiationless scattering . . . is correct, it is incorrectly joined onto Bethe's non-
relativistic result. He shows that the relation ln 2kmax ÿ 1 � ln lmin used by the

Figure 2: Feynman diagram representing the electron self-energy, in momentum space.
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author should have been ln 2kmax ÿ 5=6 � lmin. This results in adding a ÿ1=6 to the
logarithm B, (Eq. (19), so that the result now agrees with that of J. B. French and
V. F. Weisskopf (1949) and N. M. Kroll and W. E. Lamb (1949). The author feels
unhappily responsible for the very considerable delay in the publication of French's
result occasioned by this error. This footnote is appropriately numbered. (Feynman,
1949a, pp. 777±778)1148

However, Feynman also faced a real di½culty with vacuum polarization. His

`regularization' scheme did nothing to remove the divergence associated with a

closed electron loop, as given by the amplitude

Jmn � ÿ e2

pi

�
Sp��p� qÿm�ÿ1

gn�pÿm�ÿ1
gm� d 4p; �884�

where Sp � Spur is the old notation for trace. He continued to suggest that

perhaps such closed loops did not exist, harking back to his collaboration

with Wheeler, and the suggestion that there be but one electron in the universe.

That view made the idea of closed loops `unnatural.' Of course, Schwinger knew

better,1149 as did Feynman. He realized that in the hole theory they were neces-

sary for probability conservation. He suggested that the Lamb shift measurement

be su½ciently improved so that the vacuum polarization contribution, which

amounted to ÿ27 MHz compared to a total splitting of 1050 MHz, could be ex-

perimentally con®rmed. Finally, he did discuss a method of regularizing vacuum

polarization which he attributed (without reference) to Bethe and Pauli. This evi-

dently was the Pauli±Villars technique (1949), which Feynman called `the super-

position of the e¨ects of quanta of various masses (some contributing negatively)'

(Feynman, loc. cit., p. 780). This gives rise to a renormalization of the charge,

again depending logarithmically on a cuto¨ l,

De2

e2
� ÿ 2e2

3p
ln

l

m
: �885�

Feynman closed the paper by discussing spin-0 particles and meson theory in

this language. This was a payo¨ from the Slotnick episode. He was able to repro-

1148 According to footnote 8 in an earlier published paper of Dyson (1949b, p. 1744), it was
Schwinger who detected the incorrect use of the insertion of a `photon mass' to match the high-energy
with the low-energy contributions to the Lamb shift.

1149 Schwinger remarked:

Vacuum polarization means no more than that an electron-positron combination is coupled to
the electromagnetic ®eld and it may show itself really or virtually as you like. Schwinger knew
that vacuum polarization was real from his work with Oppenheimer at Berkeley (1939). And his
work on classical electrodynamics was invaluable: As with the resistive and reactive parts in
synchrotron radiation, ``the overtly physical and the implicitly physical parts are all connected
together, you don't keep one and throw the other away. In other words, I had lots of prepara-
tion in other areas of physics, I'm not sure Feynman did. He was too abstract.'' (Schwinger,
Interviews and Conversations with Jagdish Mehra, March 1988)
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duce all sorts of meson-theoretic calculations using his rules to order g2 very

easily, much to his delight. But comparison with experiment was not very fruitful,

because of the largeness of the coupling.

The next paper on the `Mathematical Formulation of Quantum Theory of

Electromagnetic Interaction' (Feynman, 1950) was designed to justify the space-

time procedure given in the previous papers, and supply the `proof of the equi-

valence of these rules to the conventional electrodynamics.' (Feynman, loc. cit.,

p. 440) In fact, the ®rst four sections of this paper were written in 1947, much of

which duplicated the work of Feynman's thesis, Chapter 8. It was followed a year

later by `An Operator Calculus Having Applications in Quantum Electro-

dynamics' (1951), which was completed while Feynman was on leave of absence in

Brazil, before taking up his new appointment as a Professor of Theoretical Physics

at Caltech. As Feynman said:

Dates don't mean anything. It was published in 1951, but it had all been invented by
1948. (Feynman, Interviews and Conversations with Jagdish Mehra, January 1988)

This last paper remains of some interest.1150 Feynman began by discussing the

ordering of operators, in particular, the meaning of eA�B when A and B are non-

commuting. The question is, how is this `disentangled' into its dependence on the

individual operators, for only if A and B commute is it equal to eAeB. This is a

subject for which the work of Schwinger is justly famous.1151 Feynman went on to

apply his calculus to quantum mechanics, in particular, to a system coupled to a

harmonic oscillator, and to ®eld theory, quantum electrodynamics in particular.

He supplied his own derivation of the Tomonaga±Schwinger equation (821). He

used his procedure to supply `an independent deduction of all the main formal

results in quantum electrodynamics, by use of the operator notation.' (Feynman,

1951, p. 119) He then rederived the quantum-mechanical amplitudes for processes

he had computed by his intuitive technique (Feynman, 1949b). As he remarked

later: `With this paper I had completed the project on quantum electrodynamics. I

didn't have anything remaining that required publishing. In these two papers

(Feynman, 1950; 1951), I put everything I had done and thought should be pub-

lished on the subject. And that was the end of my published work in the ®eld.'

(Feynman, Interviews and Conversations with Jagdish Mehra, January 1988)

Feynman left the ®eld of quantum electrodynamics in triumph, but personally

he was dissatis®ed. He thought that he would solve the problem of the divergences

in the theory, that he would `®x' the problem, but he didn't. `I invented a better

way to ®gure, but I hadn't ®xed what I wanted to ®x. I had kept the relativistic

invariance under control and everything was nice . . . but I hadn't ®xed any-

1150 According to the Science Citation Index 1997 (ISI, Philadelphia, 1998), this paper still had a
very respectable 19 citations in 1997 alone.

1151 The general problem was discussed in an appendix to a paper Schwinger wrote with Robert
Karplus (1948), with the unlikely title of `A Note on Saturation in Microwave Spectroscopy,' received
by Physical Review on 9 January 1948 (Karplus and Schwinger, 1948).
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thing. . . . I wasn't satis®ed at all' (Feynman, in Schweber, 1994, p. 457) In fact, in

`Space-Time Approach to Quantum Electrodynamics,' Feynman apologized for

not having solved the problem: `The desire to make the methods of simplifying the

calculation of quantum electrodynamic processes more widely available has

prompted this publication before an analysis of the correct form for the [cuto¨

function] f� is complete.' (Feynman, 1949b, p. 778) He was also disappointed that

his space-time picture of electrodynamics was not really new, that it was, in fact,

equivalent to the conventional ®eld theory of Schwinger and Tomonaga. He had

hoped to eliminate ®elds entirely as fundamental entities in favour of particles, but

®eld theory had triumphed in the end.

(o) Freeman Dyson and the Equivalence of the Radiation Theories of

Schwinger, Tomonaga, and Feynman (1949±1952)

As we have mentioned, already in 1948Ðalthough the proof was only published

in 1950 (Feynman, 1950)ÐFeynman had shown, to his own satisfaction, the

equivalence of his space-time approach to quantum electrodynamics, and the

more conventional, yet equally brilliant, canonical approach of Schwinger. But

Feynman never received the credit for this demonstration, largely because of his

slow publication schedule. In fact, it is invariably Freeman Dyson who is credited

with proving the equivalence of the two, seemingly very di¨erent, approaches to

quantum ®eld theory.

We have earlier recounted Dyson's interactions with Schwinger and Feynman.

When Bethe showed Dyson the letter Tomonaga had written to Oppenheimer,

Dyson was delighted, for he found Tomonaga's exposition transparent, whereas

the notes from Schwinger's lectures at Pocono seemed complicated, and penetra-

ble only by the master himself (Schweber, 1994, pp. 501±502). Dyson attended

Schwinger's lectures at the Michigan Summer School in 1948, and found them

`unbelievably complicated.' Dyson felt that Schwinger' approach `couldn't be the

way to do it,' for it was `something that needed such skills that nobody besides

Schwinger could do it. If you listened to the lectures you couldn't see the motiva-

tion; it was all hidden in this wonderful apparatus.' (Dyson, quoted in Schweber,

1994, p. 504) In contrast, by this time, he was already on very friendly terms with

Feynman, with whom he had driven across the country. So before he took up his

new residence at the Institute for Advanced Study in Princeton, he had already

established his allegiance.

Dyson saw early on, perhaps more explicitly than did either Feynman or

Schwinger, the connection between the two methodologies. What is remarkable is

that he published his paper, `The Radiation Theories of Tomonaga, Schwinger,

and Feynman' (Dyson, 1949a) and `The S Matrix in Quantum Electrodynamics'

(Dyson, 1949b), received by Physical Review on 6 October 1948, and 14 February

1949, respectively, well before Feynman's central paper, `The Theory of Positrons'

(Feynman, 1949a), was received on 8 April 1949. Moreover, the ®rst appeared

before Schwinger's `QED.II' (1949a), which established the divergence structure
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of the theory, and both before `QED.III,' (1949c), Schwinger's de®nitive paper in

the triad. It could be argued that Dyson's alacrity in publication ensured his place

in history, whereas had he published after the principals had completed their ex-

positions, his contributions would have appeared relatively minor.

In his ®rst paper, Dyson started from the Tomonaga±Schwinger equation

(821), which makes reference to the interaction representation. He then gave a

perturbative solution to that equation for the time-evolution operator in powers of

the interaction Hamiltonian.1152 This expansion is, in general, only possible for

that part of the interaction referring to the coupling of matter to the radiation

®eld, given by Eq. (822). He then went on to contrast, and relate, the approaches

of Schwinger and Feynman. The former is characterized by an operator which

`represents the interaction of a physical particle with an external ®eld, including

radiative corrections' (Dyson, 1949a, p. 489), which may be expressed in terms of

`characteristic' repeated commutators:

HT�x0� �
Xy
n�0

i

pc

� �n� s�x0�

ÿy
dx1

� s�x1�

ÿy
dx2 . . .

� s�xnÿ1�

ÿy
dxn � �H I �xn�; �. . . ; ��H I �x2�; �H I �x1;H

e�x0�� . . .��: �886�

Here, H I denoted the interaction Hamiltonian (822) with a mass-shift term

removed,

H I �x� � ÿ 1

c
jm�x�Am�x� ÿ dmc2c�x�c�x�; �887�

and H e constituted the remaining part of the interaction Hamiltonian, for exam-

ple, the interaction to the Coulomb ®eld of the nucleus. In Dyson's perhaps critical

words, `The repeated commutators in this formula are characteristic of the

Schwinger theory, and their evaluation gives rise to long and rather di½cult anal-

ysis.' (Dyson, loc. cit., p. 491)1153 (In a note `To Section V' added in proof, Dyson

noted on p. 502 that he had given an incorrect interpretation of Schwinger's

formulation, and in fact Schwinger's approach, like Feynman's, is symmetric be-

1152 For the details of Dyson's elaboration of the theories of Feynman, Schwinger, and Tomonaga,
see Mehra (1994, Chapter 15, Section 15.5, pp. 314±318).

1153 To which Schwinger responded:

Well, it wasn't so long and it wasn't so di½cult, but nevertheless it was not the most economical
way of going on to higher-order e¨ects. That I not only grant, but I insist on. . . . Dyson did
recognize that, as I think Feynman probably didn't, that the Feynman theory does operate with
a statement about initial and ®nal states, which is a concentration on the overall evolution of the
system. And that was a useful thing. No question about it. And as soon as I understood that, I
immediately incorporated it into my own next version as well. (Schwinger, Interviews and
Conversations with Jagdish Mehra, March 1988)
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tween past and future.) But Dyson's main point in his investigations was not an

explication of Schwinger's methods, but of Feynman's.

As a key innovation, he introduced a time-ordering operator P: `If

F�x1�; . . . ;Fn�xn� ��888��

are any operators de®ned, respectively, at the points �x1�; . . . ; �xn� of space-time,

then

P�F1�x1�; . . . ;Fn�xn�� ��889��

will denote the product of these operators, taken in the order, reading from right

to left, in which the surfaces s�x1�; . . . ; s�xn� occur in time.' (Dyson, loc. cit.,

p. 492) The Feynman theory was then given in terms of a time-ordered product of

interaction operators:

HF �x� �
Xy
n�0

ÿi

pc

� �n 1

n!

�y
ÿy

dx1 . . .

�y
ÿy

dxnP�H e�x0�;H I �x1�; . . . H I �xn��: �890�

Dyson went on to calculate matrix elements. In so doing, he used his time-

ordering notation to de®ne the `Feynman' propagators for the photon [he called

DF `the type of D function introduced by Feynman' (Dyson, loc. cit., p. 494)], and

similarly SF for the electron, i.e.,

hP�Am�x�;An�y��i0 �
1

2
pcdmnDF �xÿ y�;

hP�ca�x�;cb�y��i0 �
1

2
h�x; y�SFab�xÿ y�; �891�

where h�x; y� is G1 depending on whether s�x� is later than or earlier than s�y�,
and the subscripts on fermion ®elds are Dirac indices. In terms of these, Dyson

was able to derive Feynman's diagrammatic rules.

Note that in fact Dyson had made a major break with Feynman, who insisted

on the particle nature of electrons, while Dyson, like Schwinger and Tomonaga,

saw everything as ®elds. However: `Nobody at Cornell understood that the elec-

tron ®eld was a ®eld like the Maxwell ®eld. That was something in Wentzel (1943/

1949) but was nowhere else. That was what was lacking in the old-fashioned way

of calculating. The electron was a particle, the photon was a ®eld, and the two

were just totally di¨erent. This notion of just two interacting ®elds with the simple

interaction term cgmAmc was essentially what I brought to Cornell with me from

England out of Wentzel's book.' (Dyson, in Schweber, 1994, p. 508)

This paper appeared shortly after Dyson assumed his visiting fellowship at the

Institute for Advanced Study, whose director was J. Robert Oppenheimer. Dyson
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was invited to present several seminars on his work. Oppenheimer, although

initially expressing interest, was very hostile until Hans Bethe intervened; then

Oppenheimer capitulated and became a believer. But Dyson was not happy with

him: `Oppenheimer was a great disappointment. He hadn't time for details. As

compared to Hans Bethe, Oppenheimer was completely super®cial. To talk to

Oppenheimer was interesting. It was like meeting some very famous person who

had interesting things to say but I just never got anything that you could call

guidance. I wasn't needing much guidance. . . . He had a bad e¨ect on other people

who needed guidance more than I did.' (Dyson, loc. cit., p. 526) These remarks are

not dissimilar to those of Schwinger concerning his interactions with Oppenheimer

in Berkeley a decade earlier.

It was Dyson's second paper, `The S Matrix in Quantum Electrodynamics'

(Dyson, 1949b) that assured his fame. In this paper, he recast Schwinger's and

Feynman's electrodynamics into what has become the standard form. As Dyson

stated in the introduction:

The present paper deals with the relation between the Schwinger and Feynman
theories when the restriction to one-electron problems is removed. In these more
general circumstances, the two theories appear as complementary rather than identi-
cal. The Feynman method is essentially a set of rules for the calculation of elements
of the Heisenberg S matrix corresponding to any physical process, and can be applied
with directness to all kinds of scattering problems. The Schwinger method evaluates
radiative corrections by exhibiting them as extra terms appearing in the SchroÈdinger
equation of a system of particles and is suited especially to bound-state problems. In
spite of the di¨erence of principle, the two methods in practice involve the calculation
of closely related expressions; moreover, the theory underlying them is in all cases the
same. The systematic technique of Feynman, the exposition of which occupied the
second half of I [Dyson, 1949a] and occupies the major part of the present paper, is
therefore now available for the evaluation not only of the S-matrix, but also of most
of the operators occurring in the Schwinger theory. (Dyson, 1949b, p. 1736)

Dyson gave a systematic exposition of the perturbation theory of quantum

electrodynamics. He did so by giving the so-called Schwinger±Dyson equations.

These consisted of an in®nite set of coupled integral equations for the Green's

functions of the theory. For example, the full electron and photon propagators,

satis®ed

S 0F �p� � SF �p� � SF � p�S��p�S 0F �p�; �892�

D 0F �p� � DF �p� �DF � p�P��p�D 0F �p�; �893�

where S� and P� denoted `proper electron (photon) self-energy parts,' respec-

tively. Although these equations are algebraic in momentum space, the self-energy

parts are given by integral equations (which were not stated explicitly in Dyson's

paper, though they were given by a graphical description). For example, vacuum
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polarization is in general given by1154

Pmn�q� � ie2

�
d 4k

�2p�4 Tr gmS 0F Gn�k; k � q�S 0F �k � q�; �894�

where Gn�k; k � q� is a vertex amplitude coupling a vacuum polarization An�q�,
corresponding to a photon with momentum q to incoming and outgoing electrons

with momenta k and k � q, respectively, which in turn is determined by still fur-

ther integral equations. The perturbative solution to this system of equations,

where in the lowest order Gn � gn, leads to Feynman's rules for the construction

of all quantum-mechanical amplitudes for computing scattering processes in

QED.1155

Dyson concluded his paper by discussing renormalization. He showed that the

`true' vertex Gm and the `true' propagators S 0F and D 0F were of the form

Gm � Zÿ1
1 Gm1

�e1�;

S 0F � Z2S 0F1
�e1� and D 0F � Z3D 0F1

�e1�; �895�

where Gm1
�e1�S 0F1

�e1� and D 0F �e2� denoted `the operators obtained by the process of

substitution dropping divergent terms,' and the (in®nite) constants Z1;Z2;Z3 were

thus determined so as to give the true electronic charge e1 � Zÿ1
1 Z2Z

1=2
3 e in terms

of the original (bare) electronic charge e (Dyson, 1949b, p. 1750). The resulting

Green's function of the theory then became entirely ®nite. Later, John Ward

proved Dyson's conjecture (Dyson, loc. cit., p. 1753) that two renormalization

constants, Z1 and Z3, su½ced by demonstrating the `Ward identity' Z1 � Z2,

suggested by Dyon (loc. cit.) (Ward, 1950).

Dyson continued his contributions to ®eld theory with a series of major papers

published in 1951, dealing with what he called `Heisenberg operators.' This was

somewhat in the spirit of Schwinger's canonical transformation designed to isolate

the renormalization e¨ects, but unlike Schwinger, Dyson did not use the adiabatic

(slowly varying) approximation. He gave an exposition of this programme at the

Michigan Summer School in 1950. When the papers were published the following

1154 This equation appeared explicitly in Schwinger's paper, `On the Green's Function of Quantized
Fields' (Schwinger, 1951c).

1155 Roy Glauber recounted an embarrassing error that Schwinger made in this connection. In fall
1949, Schwinger gave a long sequence of lectures at the joint theoretical seminar hosted by Harvard and
MIT on the Green's functions of quantum electrodynamics; in e¨ect, he claimed to have found a closed
integral expression for the vertex function Gm. John Blatt took notes of these seminars, and they reached
Normal Kroll at Columbia, who discovered a crucial error, the scattering of light by light had been
inadvertently omitted. Shortly thereafter, Pauli visited Harvard from the Institute for Advanced Study,
having heard of this error from Kroll, and visited Schwinger in his o½ce. Sometime later, Schwinger
emerged, `badly shaken: Pauli was delighted to be the bearer of bad news.' Of course, in those early
days, the structure of ®eld theory was poorly glimpsed, so it is understandable that such an error could
escape even the master. (Glauber, Interview with K. A. Milton, 8 June 1999)
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year (Dyson, 1951a, b, c, d), Dyson felt that he had made a major contribution

that would `get radiation theory moving forward again' and would allow the ap-

plication of ®eld-theory methods to meson problems also. Unfortunately for

Dyson, more e¨ective methods rapidly became available, including Schwinger's

Green's function techniques (Schwinger, 1951c), so these papers had negligible

impact at the time (Schweber, 1994, p. 563).1156

A concluding paper published by Dyson in 1952 had signi®cant repercussions

on the view of the meaning of perturbation theory in quantum ®eld theory. This

was `Divergence of Perturbation Theory in Quantum Electrodynamics' (Dyson,

1952). There, he gave a simple argument that perturbation theory could not result

in a convergent series. The argument went as follows: Suppose one computed a

Green's function as a series in powers of e2. (Apart from an overall factor, any

Green's function has an expansion in powers of e2 or a.) If the series were con-

vergent for su½ciently small values of e2, it would have to converge even if e2 were

small but negative. But this cannot be, for if e2 were negative, like charges would

attract, and the vacuum would be unstable to decay into an arbitrarily large

number of electron±positron pairs. At best, then, perturbation theory must result

in an asymptotic series, which nowhere converges, but for which a ®nite number of

terms gives an optimal approximation to the true Green's function. This is not an

obstacle in practice for quantum electrodynamics, since the coupling constant,

a � 1=137, is so small. But the proof was damaging to Dyson: `That was, of

course, a terrible blow to all my hopes. It really meant that this whole programme

[of perturbative quantum ®eld theory] made no sense.' (Dyson, in Schweber, 1994,

p. 565) Nowadays, no one is seriously disturbed about the asymptotic nature of

perturbation theory, although it does raise the unresolved issue of the importance

of nonperturbative e¨ects in ®eld theories, be they quantum electrodynamics or

quantum chromodynamics, the theory of strong interactions. There is also the

beginning of a recognition that Dyson's argument may be wrong, because it fails

to take into account boundary conditions (Schwinger, 1951c).

(p) The Impact of Dyson's Work

The predominant view of the impact of Dyson's work was beautifully stated by

C. N. Yang:

The papers of Tomonaga, Schwinger and Feynman, did not complete the renormal-
ization program. Since they con®ned themselves to low-order calculations. It was
Dyson who dared to face the problem of high orders and brought the program to
completion. In two magni®cently penetrating papers, he pointed out and resolved the
main problems of this very di½cult analysis. Renormalization is a program that
converts additive subtractions into multiplicative renormalization. That it works
required a highly nontrivial proof. That proof Dyson supplied. He de®ned the con-

1156 These four papers of Dyson's had no citations in 1997 according to the Science Citation Index
1997 (ISI, Philadelphia, 1998).
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cepts of primitive divergences, skeleton graphs, and overlapping divergences. Using
these concepts, he pushed through an incisive analysis and completed the proof
of renormalizability of quantum electrodynamics. His perception and power were
dazzling. (Yang, 1983, p. 65; quoted in Schweber, 1994, p. 529)

But the inventors of renormalized quantum electrodynamics were less than im-

pressed. In a later interview, Schwinger expressed his view of Dyson's con-

tributions to quantum electrodynamics. He began by referring to Feynman:

``Of course, neither you nor I needed to be told that our theories were equivalent and
we didn't need Dyson,'' [Schwinger paraphrased Feynman]. And, of course, that was
true. Dyson was writing not for us, but for the rest of the world. What Dyson con-
tributed was . . . the utility of a formal construction of that unitary operator in terms
of time-ordering. There is the point that Dyson recognized that Feynman throughout
was always dealing with scattering problems, that his theory in principle was in-
capable of dealing with bound states. Dyson recognized that I had a more complete
theory. It was a Hamiltonian theory; you could deal with energy eigenvalues and so
forth. Dyson did contribute something in his recognition of the importance of the
time-ordering formulation. And that is what underlay the particular propagation
function that Feynman and, as we know, StuÈckelberg before him, had introduced.
From a practical point of view, I think he was simply translating his understanding of
what Feynman was trying to doÐand it is not clear that Feynman would necessarily
have agreed with thatÐinto the ordinary language of operators and so forth. And
pointing out that the di¨erent handling of the operators would produce the Feynman
results. Valuable. Not world-shaking, but valuable. (Schwinger, Interviews and Con-
versations with Jagdish Mehra, March 1988)

In fact, as we have noted, Schwinger reacted positively to Dyson's introduction

of time-ordering, recognizing its superiority. `If you look at my own work you will

see not time-ordering, but a concern with symmetrical and antisymmetrical prod-

ucts. Therefore, two functions. Whereas the complex time-ordered [propagation]

function ultimately turns out to be the more convenient thing.' (Schwinger, loc.

cit.) In Schwinger's view, it was fortunate that Dyson's paper (1949a) was pub-

lished before Feynman's (1949a):

Feynman's paper published by itself would probably never have communicated very
well. Dyson recognized what quantum-mechanical formulation Feynman was im-
plicitly using, which was very valuable because nobody else could possibly have
understood it without that recognition. Dyson's papers were useful as one of the
gospels, the interpretation of the mystical words to the masses. (Schwinger, loc. cit.)

But Schwinger was unhappy at the success of the Feynman±Dyson approach: `I

confess it utterly astonished me that his method became so popular. That, of

course, was not Feynman's doing but Dyson's. Without Dyson using my lan-

guage to translate Feynman it never would have been understood.' (Schwinger,

loc. cit.)

Feynman, perhaps, had more cause for unhappiness, because Dyson's papers
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appeared before his own. For a while, people talked about `Dyson graphs.' Yet

Feynman was not too concerned. In later remarks, he rather commented:

He [Dyson] wasn't trying to steal anything from me; he hadn't claimed that they were
his. All he was trying to do was tell everyone that there was something good in my
theory, that he had discovered the connection with the work of Tomonaga and
Schwinger, and that all these di¨erent approaches were equivalent. This greatly
helped people to understand the di¨erent theories. His paper had some crazy lan-
guage which I couldn't understand, but others could understand it. It was like a
translation of my theory, my language for other people; of course, it's a mistake to
translate something for the author. I was bothered only slightly, and I would be more
concerned today if they were still called ``Dyson graphs.'' That would not make me
miserable, but I would complain a little bit about it.

A little later, the diagrams came to be called ``Dyson-Feynman graphs,'' with
some others calling them the ``Feynman graphs'' through a number of people who
knew about their origins a little better. Now, of course, it is as it should be. ``We write
down the diagram for this or that process.'' And that's the best, because it's anony-
mous, it's the diagram. It makes me feel better than the ``Feynman diagram,'' because
it is the rule for something, and that's just ®ne. (Feynman, Interviews and Con-
versations with Jagdish Mehra, April 1970, and January 1988)

(q) Feynman and Schwinger: Cross Fertilization

Although Schwinger and Feynman never collaborated, and talked together only

rarely, it is clear that there was a certain synergism between these two innovators

who nearly simultaneously scaled the peak of electrodynamics.

They had of course rather di¨erent goals: Schwinger was interested in under-

standing the experimental situation, namely:

I was concentrating on understanding these electromagnetic phenomena. I developed
a formalism adequate enough to account for it, period. Feynman had something
more grandiose in mind from the beginning, a reconstruction of quantum mechanics
using more intuitive ideas, and these same electromagnetic problems were for him
simply a way of understanding what he was trying to do. These particular problems
were not the center of his interest as they were for me. They were just another bit of
experimental data in order to evolve his ideas. So Feynman was aiming at a more
general method to begin with, but he could not have gotten there without the con-
crete answers, shall I say, that I provided and which he could then adapt and on the
basis of which put forward his more general method. I don't know quite how to say it
except that his aim was ultimately more far-reaching, but he neededÐwe were com-
plementing each other. We were not in competition. Our ambitions were di¨erent. I
got to these answers very quickly, which rather contradicts the general opinion that I
need very complicated incomprehensible methods. They went fast and I don't ascribe
it to any particular talents that I have. The machinery was perfectly okay for the
purpose that it was being invented for. Whereas Feynman was looking for something
more general. (Schwinger, Interviews and Conversations with Jagdish Mehra, March
1988)
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Feynman indeed in¯uenced Schwinger to ®nd a better method to work out higher

order e¨ects:

Let's face it, the method that I had got clumsier and clumsier. Any method does at
higher order. Perhaps a little more rapidly, which is why, when I ®nally realized what
Feynman was trying to do, I took a look at it and went back and found a more
general method myself. Which is perfectly reasonable. I'm emphasizing the point that
what I did was more than adequate for the limited questions being asked, it explained
the Lamb shift and the magnetic moment to the accuracy at which they were mea-
sured. When the accuracy increased, the theory had to go to higher orders. Then
came the question of which way of formulating it was more e½cient and something
along Feynman's line was no question [more e½cient] and I adapted myself to it
[albeit with a di¨erential rather than integral attitude]. [In the year 1948±1949] I was
certainly deeply involved in trying to look for more general formulations and seeing
what there was in the Feynman-Dyson things that I should adopt, to ®nd a synthesis.
These were clearly not so di¨erent paths, but variations on each other. [The question
was] what ultimately was the best version. I spent a lot of time on that. Particularly
looking at all kinds of higher-order e¨ects, for example, the two-particle di¨erential
equation, which became known as the Bethe-Salpeter equation, which I was talking
about a year earlier and describing in lectures at Harvard. That was certainly the
future not the past. (Schwinger, loc. cit.)

But Schwinger also expressed regret that his interactions with Feynman had not

been stronger:

We were kind of moving in similar directions. It's too bad we couldn't have inter-
acted earlier. We could have saved the world a lot of time. If he had gone to Co-
lumbia, we would have worked together at a much earlier stage. The reformulation of
quantum mechanics might have occurred earlier and then that would have vastly
simpli®ed the application to electrodynamics. (Schwinger, loc. cit.)

1.3 New Elementary Particles and Their Interactions

(1947±1964)

With quantum electrodynamics (QED), one ®nally had available the ®rst relativ-

istic quantum ®eld theory, which allowed one to calculate in detail with arbitrary

accuracy the various radiative processes and, in particular, accounted for the re-

®ned experimental results obtained in that ®eld after World War II. Elated with

this breakthroughÐand in spite of the unusual and disturbing feature that the

theory involved obviously in®nite renormalization constantsÐthe physicists im-

mediately checked whether QED might also serve as a model for the theoretical

description of other elementary particles, especially the nonelectromagnetic pro-

cesses in which they were involved. Thus, Paul T. Matthews and Abdus Salam

in England investigated the renormalizability of meson±nuclear interactions

(Matthews, 1949; Salam, 1951a, b; Matthews and Salam, 1951). The Nagoya
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(Japan) theoreticians around Shoichi Sakata regarded renormalization theory `as

an abstract formalism behind which the concrete structure of elementary particles

lies hidden' (Sakata, Umezawa, and Kamefuchi, 1951, p. 154). They suggested a

`formal' classi®cation of the known interactions into two groups: `(a) those inter-

actions which can be renormalized by assuming the coexistence of a ®nite number

of interactions of the same group and (b) those interactions which require the

further introduction of in®nitely many interaction terms having successively higher

derivatives of the ®eld quantities' (Sakata et al., loc. cit.). In the ®rst cases, such as

QED, the renormalization procedure would give a consistent closed theory (in

1936, Heisenberg described this as `an interaction of the ®rst kind'); in the other

cases (which Heisenberg had called `interactions of the second kind'), the re-

normalization procedure actually failed. The renormalizable theories possessed

dimensionless coupling parameters, and the non-renormalizable ones those having

the dimension (length)h with h > 0 (Sakata et al., 1952). Now, in the case of scalar

and pseudoscalar mesons interacting with nucleons, Salam had demonstrated their

renormalizability; however, this did not su½ce to establish in these cases a con-

sistent theory similar to QED, as Robert E. Marshak pointed out in the preface of

his book on Meson Physics:

The theoretical situation in meson physics is . . . less encouraging for book writing:
no genuine meson theory exists but only plausible conjectures which occasionally
illuminate the complexities of the experimental material. Despite these formidable
obstacles, the task has been undertaken for two reasons. First, many indisputable
facts concerning p- and m-mesons have been established and these seem worth re-
cording. . . . Secondly, by restricting ourselves to real meson processes and omitting
considerations of all nuclear phenomena which involve mesons only as virtual tran-
sitions (e.g., nuclear force), we have eliminated the most speculative and least satis-
factory predictions of meson theory. (Marshak, 1952, p. V)

Even this cautious approach was criticized in another book on Mesons and Fields

by Hans Bethe and Frederic De Ho¨mann, because Marshak had made use of the

so-called `weak-coupling theory,' but:

Since we know the coupling constant g2 to be of the order of magnitude ten, it is
clear that an expansion in powers of g is not warranted. Hence the calculations on p-
mesons reported in Marshak's book should be used only to give qualitative ideas on
the orders of magnitude to be expected; even in this respect caution is indicated.
(Bethe and De Ho¨mann, 1955, p. xii)

Now, between 1947 and 1962, the number of elementary particles increased

from four to more than one hundred and even exploded further afterward. The

®rst of these objects was announced in two notes submitted to Nature, dated 4

October and 20 December 1947, respectively, the so-called `p-mesons' and the `V-

particles.' While the latter were observed with P. M. S. Blackett's cloud chamber

(plus a magnetic ®eld) in Manchester, and exhibited a mass of about 850±970 me
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(Rochester and Butler, 1947), the former were detected with the help of the

newly developed, highly sensitive, photographic emulsions and possessed a mass

of about 300 me; the p-meson also evidently decayed into another particle of mass

about 200 me. `We assume that the p-mesons are, respectively, positively and

negatively charged particles of the same type, which are produced in processes

associated with explosive disintegration of nuclei,' as Cecil F. Powell and his col-

laborators in Bristol explained, and added:

The positive p-mesons su¨er m-decay and give rise to m-mesons. . . . On the other
hand, the negative p-mesons . . . are captured by nuclei to produce disintegrations
with the emission of heavy particles. (Lattes, Occhialini, and Powell, 1947b, p. 490)

With these observations, deciphered from photographic emulsions when exposed

at 5500-m height in Bolivia, the Bristol group solved two outstanding riddles of

the past: They established the existence of two types of mesons, of which the

heavier p's had to be associated with Yukawa's mesons that mediated the nuclear

force; the lighter ones, emerging from the p-decay and thus observed essentially at

lower altitudes (as the `mesotrons' of Anderson and Neddermeyer), were found to

exhibit no strong interactions with nuclei (in agreement with the experiment of

Conversi et al., 1947, in Rome, mentioned earlier).1157 While the two mesons and

the V-particles occurred in the `natural' laboratory of cosmic rays, in 1950, Jack

Steinberger, Wolfgang K. H. Panofsky, and J. Stellar produced, beside the already

known charged ones, also neutral pions by using the electron±synchrotron at

Berkeley; in particular, they observed two photons among the decay products of

p0, and concluded:

Since spin- 1
2 and spin-1 mesons are forbidden to decay in two mesons, the spin [of p0]

must be zero, excluding the possibility of very high intrinsic angular momenta. It
seems reasonable, and is in very good agreement with all observations, to assume that
both charged and neutral mesons are of the same [spin] type. It then follows from the
angular distribution of the X-ray produced p�-mesons, and the high cross sections for
making neutral mesons by X-rays [from the Berkeley cyclotron] that the p-meson is a
pseudoscalar. (Steinberger et al., 1950, p. 805)

These initial discoveries, made until spring 1950, opened the new era of ele-

mentary particles in physics: In 1951, cloud-chamber observations yielded a new

neutral lambda �L�-particle, which decayed weakly into a proton and a negative

p-meson; between 1952 and 1953, the discovery of the negatively charged X-

particle and the charged S-particles followed, all heavier than the nucleons and

detected in cosmic radiation at high altitudes. These objects (called hyperons) ap-

peared, like the V-particles of Rochester and Butler, not only unexpectedly, but

1157 Evidently, the existence of the two di¨erent mesons also solved the problem of the lifetime
noticed in the late 1930s; the p-meson indeed decayed much faster than did the m-meson.
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they also exhibited an unusual feature: They were produced relatively copiously in

nuclear collisions, on the one hand, and decayed with relatively long mean life-

times of 10ÿ10 to 10ÿ8 s (leaving observable tracks in emulsions and cloud cham-

bers), on the other. Hence, these so-called `strange particles' were producedÐin

fact, always in pairs (`associated production')Ðby strong nuclear forces but de-

cayed by weak nuclear forces (Pais, 1952). In 1953, a theoretical reason would be

proposed to explain the above-mentioned behaviour of strange particles, in-

dependently by Tadao Nakano and Kazuhiko Nishijima in Japan and by Murray

Gell-Mann in the United States: They introduced a quantum number S which was

conserved in the associated, strong production processes and violated in the weak

decays of single strange particles (Gell-Mann, 1953; Nakano and Nishijima,

1953). The quantum number S followed from a generalization of the known rela-

tion for the electric charge Q (in units of the unit charge e) of a particle, having I3

as the third isospin component, and B as the baryon number (which was �1 for

nucleons and hyperons and ÿ1 for the corresponding antiparticles, and 0 for p-

mesons and the V-particles), via the equation

Q � I3 � 1

2
B� 1

2
S: �896�

This additive quantum number, called `strangeness,' assumed the valuesG1, 0, as

well as other integral values; besides the strong interactions, S remained unaltered

also in electromagnetic processes, whereas it was violated in weak interactions,

especially in the spontaneous decay of strange particles.

By the end of the year 1953, nearly allÐespecially the heavierÐnew particles

had been detected in the cosmic radiation, in general with the help of photo-

graphic-emulsion equipment (and less frequently with cloud chambers), trans-

ported into high-altitude mountains (e.g., the Pic-du-Midi in Southern France) or

taken up into the atmosphere by balloons; the physicists, in their laboratories, then

measured under the microscope the registered tracks created by charged particles.

However, after that period devoted to cosmic-ray investigations, the particle

accelerators took over.1158 The Chicago cyclotron, built by a group of Enrico

Fermi's collaborators, reached proton energies up to 450 MeV in 1951, the intense

beams having a well-de®ned energy; hence, the investigation of production cross

sections of charged and neutral p-mesons became possible, as well as the obser-

vation of the scattering of charged p-mesons by nuclear targets. Now, the theo-

retical predictions of Walter Heitler (1946), who had concluded the existence of a

compound system of a meson (with isospin I � 1) and a nucleon (with I � 1
2)Ð

having a total isospin of either 3
2 or 1

2Ðand calculated the relationships between the

1158 Earlier, we mentioned the Berkeley synchrotron used by Steinberger et al. to produce the neu-
tral p-meson; even before that, Eugene Gardner and Cesar Lattes (1948) had obtained charged p�-
mesons with the 184-in cyclotron at Berkeley.
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isotopic amplitudes, were tested by the Chicago group during the course of ana-

lyzing their p-meson±nucleon states.1159 Indeed, they found such a resonance, a

state having spin-3
2 and isospin-3

2, the so-called (3±3) nucleon isobar (Anderson,

Fermi, Martin, and Nagle, 1953). Later on, further nucleon resonances, e.g., those

with spin-5
2 (and larger) and isospin-1

2, were obtained with various accelera-

tors. Since the completion of the Brookhaven `Cosmotron' (in 1952), and the

Berkeley `Bevatron' (in 1954), a new generation of high-energy machines all over

the worldÐe.g., the Dubna (since 1957), the CERN (since 1959) and the Brook-

haven (since 1960) proton synchrotronsÐnot only copiously produced associated

strange particles and the anti-proton (i.e., anti-particle to the proton, in Dirac's

sense) but soon revealed an almost explosively increasing number of further

strong-interaction resonances under easily reproducible conditions. The labora-

tories housing these large accelerators therefore assumed a privileged, dominant

status in elementary-particle research, attracting numerous visiting experimental

groups.1160

In organizing and describing the properties of ever-increasing numbers of ele-

mentary particles and their interactions, symmetry principles began to play a vital

role. For instance, in the discussion of the results of the Chicago p-meson±nucleon

scattering experiments, the isospin invariance of nuclear forces, discovered already

in the 1930s, entered crucially. Another symmetry operationÐstill recognized be-

fore the warÐthe charge-conjugation C, would be discussed in a more general

context and lead toward the mid-1950s to an important theorem that helped to

characterize the fundamental forces between elementary particles. It began with

Julian Schwinger's paper, `The Theory of Quantized Fields. I,' received by the

Physical Review on 2 March 1951, in which Schwinger proposed a general rela-

tivistic theory of localizable ®elds and demonstrated that `the requirement of

invariance under time re¯ection imposes a restriction upon the operator properties

of the ®elds, which is simply the connection between the spin and statistics of

particles' (Schwinger, 1951b, p. 914). Wolfgang Pauli, for decades the expert in the

correlation of spin and statistics, knew that all his previous e¨orts had been re-

stricted essentially to the case of free particles (see Pauli, 1941). He now carefully

followed the further work on this problem and summarized the situation in

a critical review article written for Niels Bohr's seventieth-birthday Festschrift,

which he edited (Pauli, 1955). At many places, Pauli referred to an article by a

young GoÈttingen theoretical physicist, Gerhart LuÈders, who had analyzed sys-

tematically the concepts of time reversal (T ), parity (P), and charge conjuga-

tion (C ) and formulated what was later called the `TCP-theorem' (LuÈders,

1159 It should be pointed out that Gregor Wentzel, on the basis of his strong-coupling theory (1941),
had claimed the existence of excited nucleons even earlier than Heitler.

1160 For the establishment of new accelerator centres in the 1950s, we refer to the articles of Ernest
D. Courant, Donald W. Kerst, Gerson Goldhaber, Edoardo Amaldi, and Armin Hermann, in Brown,
Dresden, and Hoddeson, 1989; a report on the foundation of the Institute of Nuclear Research in
Dubna has been given by Birjukow et al., 1960.
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1954).1161 LuÈders provided a detailed proof of this theorem, stating `that a wide

class of quantized ®eld theories which are invariant under the proper Lorentz

group is also invariant with respect to the product of time reversal (T ), charge

conjugation (C ) and parity (P)' three years later (LuÈders, 1957, p. 1). This theorem

not only established the spin-statistics relations for Bose and Fermi ®elds and their

local interactions, but also served to restrict the possible forms for the interaction

terms, notably, in the case of weak interactions.1162

In the summer of 1955, it was in particular the so-called `yÿ t puzzle' that

bothered the particle physicists; it was the existence of two heavy K-mesons (as

one called the V-particles of Rochester and Butler at this time)Ðone, the y, de-

caying into two p-mesons, the other, t, into three p-mesonsÐwhich possessed the

same mass and lifetime (Lee and Orear, 1955). Tsung Dao Lee and Chen Ning

Yang then assumed that `y and t have the same spin but opposite parity,' and

introduced a `parity conjugation' symmetry leading to further such parity doublets

among the strange particles (Lee and Yang, 1956a). However, half a year later,

Lee and Yang proposed a way out of the puzzle by claiming: `Parity is not con-

served, so that y� and t� are two di¨erent decay modes of the same particle,

which necessarily has a single mass value and a single lifetime' (Lee and Yang,

1956b, p. 254).1163 They therefore suggested possible tests of parity conservation

1161 The concept of time-reversal symmetry in quantum mechanics had been formulated and ®rst
used by Eugene Wigner in atomic physics (Wigner, 1932).

Weyl's and Wigner's work immediately after the birth of quantum mechanics began the application
of group theory to atomic spectroscopy. Within a year or two, Wigner had explicitly given the con-
struction of Wigner coe½cients, what we now usually call 3j symbols, in terms of the reduction of the
product of representations D� j� �D� j 0� into irreducible representations. The 3j symbol is actually
merely a symmetric way of writing the usual Clebsch±Gordan coe½cient. This was all explained very
transparently in his book published in 1931. The Wigner coe½cients thus allow one to couple two an-
gular momenta to form a third. However, although this is su½cient in principle, it becomes impractical
in complex spectra.

It was in fact Giulio Racah's work that made the theory of complex spectra amenable to analysis. In
a series of four papers he wrote in Jerusalem from 1942 to 1949, he showed how to construct matrix
elements of scalar products of tensor operators in terms of new coe½cients, the Racah coe½cients,
W� j1; j2; j3; J; J12; J13�. The Racah coe½cients are thus essential for the application of the Wigner±
Eckart theorem. As the notation suggests, it is also the transformation function of two di¨erent ways of
coupling three angular momenta, j1; j2; j3. Here, j1 � j2 � J12, j1 � J13, and J12 � j3 � j2 � J13 � J.
Thus, this is a 6j symbol. Modern theoretical nuclear and atomic physics is inconceivable without its
introduction. Although these papers dealt exhaustively with the theory and application of these co-
e½cients, they did not close the subject, for Regge [1958] nearly a decade later observed that the sym-
metry of the Wigner coe½cients was much larger than expected, being that of the 9j symbol, which
described the coupling of four angular momenta. It is also interesting to note that the work on Casimir
operators of Lie groups was brought to a conclusion by Racah.

We close this brief summary by noting that Schwinger in his 1952 report on angular momentum
provided a compact, physical derivation of all of the theory, including the Wigner and Racah co-
e½cients.

1162 For the early attempts made in this direction, see Biedenharn and Rose (1951) and Tolhoek and
de Groot (1951).

1163 In the following investigation with Reinhard Oehme (who was familiar with the details of the
former work of LuÈders and others on the interrelation between T, C, and P, and corrected certain
misconceptions of Lee and Yang), they clari®ed the situation with the help of the TCP-theorem (Lee,
Oehme, and Yang, 1957).
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in nuclear g-decays and meson- and hyperon-decays. Already on 15 January

1957Ði.e., two-and-a-half months after the publication of the suggestion of Lee

and YangÐthe Physical Review received a report by Chien-Shiung Wu and her

collaborators, namely:

In b-decay, one could measure the angular distribution of the electrons coming from
b-decays of polarized nuclei. If an asymmetry in the distribution between y and
180� ÿ y (where y is the angle between the orientation of the parent nuclei and the
momentum of the electrons) is observed, it provides unequivocal proof that parity is
not observed in b-decay. (Wu, et al., 1957, p. 1413)

By observing the decay of the Co60-nuclei, and upon establishing their polariza-

tion via a subtle method available at the National Bureau of Standards (where

Madame Wu's collaborators came from), they found `a large asymmetry [which]

does not change sign with the reversal of the direction of the demagnetization

®eld, indicating that it is not caused by remnant magnetization in the sample

[containing Co60-nuclei embedded in paramagnetic cerium-magnesium nitrate]'

(Wu, et al., loc. cit., p. 1414). At the same time, Jerome I. Friedman and Valentine

L. Telegdi of the University of Chicago tested parity in the weak-decay chain

p� ! m� ! e�, also obtaining an asymmetry and thus proving parity violation

(Friedman and Telegdi, 1957). Already on 10 December 1957, the theoreticians

Lee and Yang received the Nobel Prize in Physics for the important prediction of

the breakdown of parity in weak interactions.

In their 1957 Nobel lectures, Lee and Yang mentioned the fact that the parity-

violation result implied the breakdown of another symmetry connected with

the charge conjugation C (due to the TCP-theorem and assumed T-invariance, as

shown in their joint paper with Oehme cited above), and that the neutrino should

be described by the two-component wave equation of Hermann Weyl (1929b).

This implied that `the mass of the neutrino and the antineutrino must be zero'

(Lee, 1964, p. 416). Moreover, `it is best if we assume the existence of a conserva-

tion law for leptons,' and: `We assign to each lepton a leptonic number L equal to

�1 or ÿ1 and to any other particle the leptonic number zero.' (Lee, loc. cit.,

p. 415) Like the baryonic number B, the leptonic number L had to remain ®xed

in all elementary-particle processes. With these assignments, the observed weak

decays could be satisfactorily described, e.g.,

neutron decay: n! p� eÿ � n; �897�

p-meson decay: p� ! m� � n; �898a�

m-meson decay: m� ! e� � n� n: �898b�

And they accounted also for the reaction �n� p! e� � n�, by means of which

Frederick Reines and Clyde L. Cowan and collaborators ®nally established the
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existence of the neutrino (Cowan et al., 1956). However, the story of the neutrino

went on: Several years later, a team around Leon Lederman, Melvin Schwartz,

and Jack Steinberger observed two kinds of neutrinos at the Brookhaven proton

accelerator (AGS) (Danby et al., 1962); hence, one had to accept the existence of

two families of leptons, eG and mG, each associated with its own neutrino ne and

nm. Therefore, Eqs. (897±898a, b) had to be rewritten as

n! p� eÿ � ne; �899�

p� ! m� � nm; �899a�

m� ! e� � ne � nm: �899b�

(Here, the lepton numbers Le�eÿ� � L�ne� � �1, Lm�mÿ� � Lm�nm� � 1 were

assigned.)

In the physics of weak interactions, still another surprise awaited the physicists

in 1964, when a Princeton team (also working at the Brookhaven AGS) observed

`Evidence for the 2p-Decay of the K 0
2 Meson' (Christenson et al., 1964). Accord-

ing to the then standard theory, the neutral K-meson formed two mixed (CP)-

eigenstates, K 0
1 and K 0

2 , with

K 0
2 �

1���
2
p �K 0 � K 0� and K2 � 1���

2
p �K 0 ÿ K 0�; �900�

such that K 0
1 would decay into two p's and K 0

2 into three p's. The discovery of the

2p-decay of the K 0
2 therefore had to be interpreted, as Lincoln Wolfenstein pointed

out immediately, as `evidence that the weak interactions are not invariant with

respect to the operation CP,' and he proposed a model of `superweak interactions

which described the observed ratiosÐof the order of 10ÿ3 for the CP-violating to

the CP-conserving decays of K 0
2 ' (Wolfenstein, 1964, p. 562).1164

Apart from these re®nements, which the knowledge of weak interactions faced

in the ®rst half of the 1960's, the parity revolution of 1956/1957 paved the way for

a more general description of all weak interactions. `The near equality of the

e¨ective coupling constants in the processes of beta decay, muon decay and muon

capture has led to the postulation of a Universal Fermi Interaction,' E. C G.

Sudarshan and Robert E. Marshak of the University of Rochester stated in the

abstract of a report prepared for the `International Conference on Mesons and

Recently Discovered Particles,' held at Padua and Venice from 22 to 28 September

1957 (Sudarshan and Marshak, 1958a, p. V-14). For his Ph.D. thesis, Sudarshan

had analyzed the available empirical data (including the p-, K-, and hyperon-

decays), taking into account the C- and P- violations, and used the two-component

1164 The development from the discovery of the K 0
L to CP-violation has been sketched in Cahn and

Goldhaber, 1989, Chapter 7.
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neutrino ®eld to conclude `that the only possible universal four-fermion interac-

tion is an equal admixture of vector plus axial vector interaction' (Sudarshan and

Marshak, loc. cit.). After some of the previous discrepancies with experiments had

been removed, Sudarshan and Marshak submitted a paper on `Chirality Invari-

ance and the Universal Fermi Interaction' (1958b) to Physical Review in January

1958. Nearly four months earlier, the same journal had also received a paper by

Richard P. Feynman and Murray Gell-Mann on the `Theory of the Fermi Inter-

action' (1958); they arrived at an interaction Hamiltonian that was completely

identical to the one of Sudarshan and Marshak's, i.e.,

H � Gf�Agm�1� g5�B���Cgm�1� g5�D� �Hermitean conjugateg; �901�

with A, B, C, and D (and the corresponding conjugate expressions) representing

the four Dirac particles involved (e.g., n, p, eÿ, and n in the neutron decay) and G

representing a universal coupling constant (see Sudarshan and Marshak, 1958b,

p. 1860, Eq. I). Feynman and Gell-Mann provided a quite di¨erent derivation of

what later came to be called the `V±A theory,' which they based on a consider-

ation of weak currents. However, it is also true that Gell-Mann learned from

Marshak and Sudarshan about the results of their analysis in July 1957.1165

Feynman and Gell-Mann went beyond Eq. (901) by investigating the possibility

that the coupling constant for the axial-vector current, in contrast to the vector

current, might have to be renormalized due to the spreading-out of the meson ®eld

(suggesting a multiplication factor of
�������
1:3
p

; see Feynman and Gell-Mann, 1958,

p. 197). With this slight generalization, the universal (V±A)-theory of the weak

interaction becameÐin the following yearsÐan extremely successful description

of the data; it even gave rise to a new theoretical approach in particle physics, the

`current algebras,' which were especially advocated by Gell-Mann.

Besides helping to establish an e½cient theory of weak interactions, the discus-

sion of the violation of the discrete symmetries P and C clari®edÐtoward the end

of 1950sÐthe general classi®cation of elementary-particle interactions. Apart

from gravitation (which was neglected at that time), essentially three di¨erent

classes of interactions existed, these being:

1. Strong Interactions. This group is responsible for the production and scattering of
nucleons, pions [i.e., p-mesons], hyperons [i.e., L0;Sÿ, etc.] and K-mesons [all of
these particles were called ``hadrons'']. It is characterized by a coupling constant
f 2=pcG 1.

2. Electromagnetic Interactions. The electromagnetic coupling constant [for all single-
charged particles] is e2=pc � �1=137�.

3. Weak Interactions. This group includes all known non-electromagnetic decay
interactions of those elementary particles and the recently discovered absorption

1165 See the acknowledgement of Feynman and Gell-Mann (1958, p. 198) and the historical account
of Sudarshan (1989, especially, p. 488). For a full historical account of the V±A theory of weak inter-
actions, see Mehra, 1994, Chapter 21.
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process of neutrinos by nucleons (Cowan, et al., 1956). These interactions are
characterized by coupling constants g2=pcA10ÿ14.
The law of conservation of parity is valid for both strong and electromagnetic
interactions but is not valid for the weak interactions. (Lee, 1964, pp. 407±408)

Actually, even more was known about the symmetry properties distinguishing the

various classes of interactions. Thus, full isospin symmetry held sway in strong-

interaction processes, while the electromagnetic ones only conserved the third

component I3, and in weak interactions, even I3 could be changed. Similarly,

strong and electromagnetic interactions would keep the strangeness quantum

number S constant, but in general, not the weak ones. Finally, the three charge-

like quantum numbers existed, the (electric) Q, the (baryonic) B, and the (leptonic)

L (which, in 1962, was split into Le and Lm, as mentioned earlier), which always

seemed to be conserved in nature. Symmetry considerations therefore advanced to

a principal tool for determining the structure of the fundamental interactions be-

tween elementary particles, and toward the end of the 1950s, they were increas-

ingly applied to detect the still unknown laws governing the strong interactions.

In a report on `Simple Groups and Strong Interaction Symmetries' in the Re-

views of Modern Physics, the authors analyzed the consequences which could be

derived from several symmetry groups, especially SU3, C2, B2, and G2 (so-to-say,

the next higherÐ`second rank'Ðsymmetry groups after the isospin group) for the

particle spectrum of the hadrons (Berends et al., 1962). These symmetries shared,

as the main ingredient from physics, the property of having as a characteristic

representation an octet of baryons, n, p, L, Sÿ, S0, S�, Xÿ, and X0. Meanwhile, an

Israeli research student of Abdus Salam's at the Imperial College in London and

Murray Gell-Mann had gone further: Guided by Jun Sakurai's thorough study on

the `Theory of Strong Interactions' (1960)Ðwho insisted `that, instead of postu-

lating arti®cial ``higher'' symmetries which must be broken anyway within the

realm of strong interactions, we take the existing exact symmetries of strong

interactions more seriously than before and exploit them to the utmost limit'

(Sakurai, loc. cit., p. 1)Ðthey proposed what Gell-Mann called the `Eightfold

Way' (Ne'eman, 1961; Gell-Mann, 1962).1166 They used the SU�3� symmetryÐa

generalization of the isospin group SU�2�, with a rank-two algebraÐso that the

only additive quantum numbers for hadron states were I3 and Y, as had actually

been observed. `It also picked out the eight-dimensional adjoint representationÐ

not only for the vector particles and currents, but also for baryons and pseudo-

scalar mesons as well,' as Ne'eman described their scheme (in Gell-Mann and

Ne'eman, 1964, p. 5), and Gell-Mann summarized the essential features as:

1166 This was the title of a preprint by Murray Gell-Mann, dated 15 March 1961. Independently,
Yuval Ne'eman discussed the same symmetry-approach in his paper on the `Derivation of Strong
Interactions From a Gauge Invariance'Ðby the way, Sakurai, in his programmatic study, mentioned
the use of gauge invariance as a guide also to investigate strong interactions. His paper was received on
13 February 1961, by the European journal Nuclear Physics.
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1. It is suggested that the strong interactions, besides conserving the three compo-
nents of isotopic spin �I1; I2; I3� [which he renamed F1 � I1, F2 � I2 and F3 � I3]

and the hypercharge Y �� 2���
3
p F8� also appropriately conserve four more

operations F4;F5;F6;F7. . . . [Thus] we have an algebra of eight operators
F1; . . . F8, and it is proposed that these have the right commutation rules to form
the eight generators of the algebra of SU�3�. . . .

2. All known strongly interacting particles are to be assigned to ``tensor representa-
tions'' [i.e., to direct products of the fundamental three-dimensional representation
of SU�3�!], the smallest of which are: (a) the trivial one-dimensional representa-
tion, denoted by 1 and consisting of a neutral singlet with I � 0, Y � 0, and with
I � 1

2, Y � 1, a doublet, with I � 1
2, Y � ÿ1, a singlet; (b) the `adjoint' eight

dimensional representation, denoted by 8 consisting of a doublet with I � 0,
Y � 0, and a triplet with I � 1, Y � 0 [this gave rise to the famous hexagonal
®gure with a double core in the I3 ÿ Y plane]. . . .

3. It is proposed that the part of strong interactions that violates the higher symmetry
transforms like . . . the eighth component of an octet, in order that the isospin and
strangeness may be conserved. . . . For an octet, we obtain a sum rule for the
masses of the four multiplets involved.

(Gell-Mann, in Gell-Mann and Ne'eman, 1964, pp. 8±9)

From the assumptions of the Eightfold Way, Susumo Okubo derived a general

mass-formula,

m � a� bY � c
1

4
Y 2 ÿ I�I � 1�

� �
; �902�

for any S�U�3 multiplet, with a, b, and c denoting the characteristic parameters

for a given supermultiplet (Okubo, 1962, p. 959, Eq. (27)). For the baryon-octet,

he obtained the relation

1

2
�m�n� �m�X�� � 3

4
m�L� � 1

2
m�S� �903�

(Okubo, loc. cit., p. 960, Eq. (30)), which had also been given by Gell-Mann (1962,

p. 1080, Eq. (8.1)), and which ®tted the data to within a few MeV. Further quanti-

tative consequences, e.g., for the b-decay of octet members (Cabibbo, 1963), would

also be derived in good agreement with experiment. Evidently, the Gell-Mann±

Ne'eman scheme represented the essential features of hadrons and their behaviour.

As a particular triumph, there appeared the observation of a hyperon with

strangeness Y � ÿ3, the Wÿ, which followed as the last missing member of the

SU�3�-decuplet of baryon resonances, consisting of the �3; 3�-nucleon isobar N �3=2

and the known hyperon resonances Y �1 and X�1=2; in particular, it had the right

mass, m � �1680G 12�MeV/c2, as compared to the predicted value 1680 MeV/c2

from the SU�3�-mass formula (Barnes et al., 1964).
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1.4 The Problems of Strong-Interaction Theory: Fields, S-Matrix,

Currents, and the Quark Model (1952±1969)

In 1949, when the problems of quantum electrodynamics had been overcome by

the renormalized QED of Feynman, Schwinger, and Tomonaga, Hideki Yukawa

claimed that the description of strong interactions required the use of nonlocal

®elds (in contrast to QED), which would also take into account the ®nite size of

the particles (i.e., the hadrons) involved (Yukawa, 1950a, b). During the following

years, quite a few theoreticiansÐincluding Werner Heisenberg, Walter Heitler,

Christian Mùller, and Rudolf PeierlsÐdevoted considerable interest and e¨ort to

nonlocal ®eld theories. On the other hand, the advocates of maintaining quantum

®eld theories strictly local did not give up so easily, especially since the proposed

nonlocal descriptions exhibited obvious di½culties. Based on the Hamiltonian

formulation and standard quantization (i.e., the canonical commutation relations

for Bose and Fermi ®elds), the mathematical theory of distributionsÐformulated

by Laurent Schwartz (1950) and othersÐand ®nally the renormalization concept

(so successful in QED), they worked on the so-called `axiomatic quantum ®eld

theory.'1167 One of the papers that founded this approach was contributed by

Ernst C. G. Stueckelberg and his student A. Petermann, who put the renormali-

zation procedure on a systematic basis by developing a `renormalization group'

(Stueckelberg and Petermann, 1953). In GoÈttingen, Harry Lehmann (1954) clas-

si®ed the singularities of the propagator in local quantum ®eld theories and pro-

ceeded, together with Kurt Symanzik and Wolfhart Zimmermann, to write the

conditions for strictly local theories describing elementary particles. They derived

three important results: ®rst, the asymptotic condition to express the asymptotic

`out' and `in' operators directly in terms of ®elds; secondly, the reduction formula

for S-matrix elements in terms of Green's functions; thirdly, systems of nonlinear

equations for the Green's functions, which could be solved in formal power series

involving a coupling parameter but not implying any of the ambiguities and in-

®nities of the previous quantum ®eld theories (Lehmann, Symanzik, and Zimmer-

mann, 1955, 1957).1168

The programme of local quantum ®eld theory was promoted in the following

decade by the work of Arthur Wightman in the United States, Hans Borchers,

Rudolf Haag, Daniel Kastler, and David Ruelle in Europe, and Huzihiko

Araki in Japan. In particular, it helped to prove rigorously the so-called dis-

persion relations, derived for the scattering amplitudes of pions and nucleons

by Geo¨rey Chew, Murray Gell-Mann, Marvin Goldberger, Francis Low, and

Yoichiro Nambu, from 1953 onward.1169 A typical dispersion relation read, for

1167 For a condensed history of this approach, see Wightman, 1989.

1168 The investigations of LuÈders (1954) on the TCP-theorem, mentioned in the previous subsection,
might also be counted in the context of general, strictly local quantum ®eld theories.

1169 For a historical overview of the dispersion-relation approach to strong interactions, see
Pickering, 1989.
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where D� and Dÿ denoted the two independent amplitudes, o denoted the energy

of the incident pion (with k its momentum; hence, k2 � o2 ÿ m2), and m and M

denoted the pion and nucleon masses (see Goldberger, Miyazawa, and Oehme,

1955, p. 987).1170 The ®rst term on the right-hand side of Eq. (904) then repre-

sented the contribution of the single-nucleon pole; it contained, in particular,

the (pseudovector) pion±nucleon coupling constant f, which could then be deter-

mined from the scattering data and assumed the value 0.08Ðthe corresponding

pseudoscalar pion±nucleon coupling constant (which enters into the principal

renormalizable interaction) would be g � 2M

m

� �
f , hence, become of the order of

10. Since the validity of the dispersion relations followed from the causal behav-

iour of the scattering amplitudes, the adherents of the strictly local quantum ®eld

theoriesÐin which also local causality ruledÐsucceeded in deriving relations like

Eq. (904) directly from their schemes (see, e.g., Symanzik, 1957; Bogoliubov,

Medvedev, and Polivanov, 1958; Bremermann, Oehme, and Taylor, 1958; Leh-

mann, 1958).

In contrast to the above-mentioned younger members of the Theory Division at

the Max Planck-Institut fuÈr Physik in GoÈttingen, Werner Heisenberg felt that they

had restricted the mathematical scheme of their local quantum ®eld theory too

much; hence, it would not allow one to describe the observed elementary particles

and their interactions. After 1951, he preferred to investigate a di¨erent kind of

quantum ®eld theory by pursuing a much more ambitious goal, namely, to de-

scribe all elementary particles and their reactions with the help of a single non-

linear equation involving a single spinor ®eld cÐthe real elementary particles

then had to be composed of suitable products of c (though they were not com-

posites of only a few c's).1171 In particular, Heisenberg renounced two require-

ments of the axiomatic local quantum ®eld theory: ®rst, that the Hilbert space can

be spanned already by asymptotic operators; and secondly, that it possesses a

positive metric; instead, he made use of Paul Dirac's negative-norm states (1942),

1170 The dispersion relations of the type of Eq. (904) reminded one, of course, of the Kramers±
Kronig dispersion relations derived in the mid-1920s for the scattering of X-rays by atoms (Kramers,
1927; Kronig, 1926c). Indeed, it had been Kronig who submitted the ®rst dispersion relation for the
scattering amplitudes of elementary particles in Heisenberg's S-matrix scheme (Kronig, 1946) and thus
pioneered the new approach.

1171 Heisenberg's collaborator since 1958, Hans-Peter DuÈrr, has outlined the motivations and steps
leading to the `nonlinear spinor theory' in an annotation to Heisenberg's Collected Works (DuÈrr, 1993).
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which now helped to improve the short-distance behaviour of the propagator

function of the fundamental c (Heisenberg, 1957, pp. 272±273). The universal

nonlinear spinor-®eld equation of Werner Heisenberg and Wolfgang PauliÐthe

latter had eagerly participated in this enterprize from 1957 to January 1958Ð

seemed to ful®ll their dream of the 1930s, namely, to describe all the elementary

particles and to determine their properties and behaviour (including, in particular,

the calculation of the numerical values of the coupling constants involved) from

one general theory, or ®eld equation, without running into any problem with the

in®nities. However, the unresolved di½culties soon destroyed Pauli's initially great

optimism, and he severely criticized both the mathematical and computational

methods (e.g., the use of the inde®nite metric and the peculiar `Tamm±Danco¨'

approximation employed in the calculation).1172 Later on, the physical evidence

also contradicted certain predictions of the theory, such as the coupling constant

of the h-meson. Still, however, several features of the attempt have remained

fruitful in the further development of elementary-particle theory, such as having

more regular ®eld operators (than those occurring in the canonical free-®eld

theories), or the idea of a degenerate vacuum state connected with a spontaneous

breakdown of certain original symmetries.

According to Heisenberg, the theories of elementary particles might be estab-

lished in three di¨erent ways: ®rst, as a pure S-matrix scheme, in which a unitary

characteristic matrix satisfying the condition of causality (because of its analytic

structure) accounts for all existing elementary particles and their interactions;

secondly, as a quantum ®eld theory of the type considered by Heisenberg himself

in the late 1950s; and thirdly, as the strictly local quantum ®eld theory of the

axiomatic type. Although the S-matrix theory of the 1940s should, at least in

principle, allow one to describe the behaviour of all strongly interacting elemen-

tary particles, the physicistsÐin the 1950sÐexploited only the relation between

causality and analyticity of the S-matrix (via the dispersion relations). `How could

the S-matrix, which deals with the asymptotic states, where particles are outside

the region of interaction, incorporate the equivalent of a Yukawa force?' then

asked Geo¨rey F. ChewÐpreviously himself a participant in a collaboration on

the dispersion approach to meson-nucleon scatteringÐand answered:

That 1956 collaboration by Chew, Goldberger, Low and Nambu (CGLN), which led
to two papers, in my recollection yielded the ®rst clear statement that forceÐin the
sense of YukawaÐresides in the singularities of an analytic S-matrix (Chew et al.,
1957a, b). From that point on I never believed that the description of interhadronic
forces demanded a Lagrangian. Stanley Mandelstam's paper of 1958 gave powerful
reinforcement of this belief (Mandelstam, 1958). Although I failed to recognize until

1172 Although Pauli drafted the ®rst preprint, entitled `On the Isospin Group in the Theory of the
Elementary Particles,' he withdrew from further collaboration in January 1958, after he encountered
severe criticism and opposition to the theory from the U.S. physicists at the American Physical Society
meeting in New York; thus, Heisenberg was left to work out the details of the theory with younger
collaborators (DuÈrr et al., 1959).
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1960 that the CGLN papers and that of Mandelstam were dealing with the concept
identi®ed by Heisenberg in the early [1940s], my thinking for two decades, starting in
1956, was based on the analytic S matrix. (Chew, 1989, p. 604)

The observation that in the process p� p! N �N (with N denoting the nu-

cleon), which is related to the pion±nucleon scatteringÐit actually corresponds to

the crossed reaction channel in which the variables s (energy squared) and t (mo-

mentum transfer squared) are interchangedÐsuggested indeed that for a scatter-

ing amplitude dispersion relations can be written both in the s- and t-variables, i.e.,

as the so-called `double-dispersion relations' (Mandelstam, 1958). Based on Man-

delstam's programmeÐLev Landau in Moscow investigated a similar approach

(1959)ÐChew expanded on a `Uni®ed Dynamical Approach to High- and Low-

Energy Strong Interactions' at the Berkeley Conference of December 1960. `Steve

Frautschi and I got started in this direction because of frustration with attempts to

use the Mandelstam representation [involved in the double-dispersion relations

(1958)] to make a self-consistent low-energy dynamical theory that includes P

resonances [of the pp-system],' Chew told about the ®rst step and continued:

Frautschi and I are proposing [in 1960] the simplest extension of the original Man-
delstam program that we feel can conceivably accommodate low-energy P reso-
nances. We have arrived at a set of equations that may or may not be self-consistent
and complete. (Chew, 1961, p. 467)

In carrying out their ambitious programme, namely, to obtain self-consistent

solutions of the strong-interaction problems, which would allow one to determine

both the forces between the hadrons and their masses, spin, and other properties,

Chew and his collaborators in Berkeley received support from a di¨erent source.

In Munich, the Italian visitor Tullio Regge investigated the asymptotic behaviour

of (nonrelativistic) potential scattering; he found that for large invariant momen-

tum transfer t, the scattering amplitude behaves like

scattering amplitude@ sa�t�; �905�

with Re a being positive for an attractive potential and increasing when the

strength of the potential increases (Regge, 1959). He further showed that potential

waves for angular momentum l W �Re a�max may have bound states or resonances,

while those for l > �Re a�max necessarily have small phase shifts (Regge, 1960).

Chew believed `Regge's arguments to be of general validity' (Chew, 1961, p. 469),

and stated, in a discussion at the 1961 (twelfth) Solvay Conference in Brussels, the

following conclusions:

Regge has shown for elastic scattering and Froissart [1961b] for any amplitude sat-
isfying the Mandelstam representation [1958] that the S-matrix can be simultaneously
continued into the complex energy (E ) and angular momentum [J ] planes; for scat-
tering by a superposition of Yukawa potentials, all poles are associated with bound
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states and resonances and may be viewed either in the E-plane for ®xed J or in the J-
plane for ®xed E. A corollary to the latter viewpoint is that the position, ai, of a
particular pole in the J-plane is an analytic function of E, and ai�E� � constant turns
out not to be allowed. If at the same energy the value Re ai�E� passes through a
positive integer or zero (with d Re ai=dE > 0) one has here a physical resonance or
bound state for J equal to this interger, so in general the trajectory of a single pole in
the J-plane as E changes corresponds to a family of ``particles''Ðsome stable and
some unstableÐof di¨erent J and di¨erent mass. . . . We may satisfy Feynman's
principle [i.e., the correct theory should not allow a decision as to which particles are
elementary or not] by postulating that all poles of the S-matrix are of this type ([i.e.]
Regge poles). (Chew, in Mandelstam, 1962, p. 230)

With the above-mentioned set of ideas, the so-called `Regge theory' of strong

interaction was launched, which dominated the description of hadronic collision

dataÐthe main result from the then-possible high-energy experiments, at least

with proton acceleratorsÐthrough the 1960's. The partial wave amplitudes ob-

served appeared to be determined especially by the `Regge trajectories' a�t�Ðwith

the hadrons lying on linear trajectories in the �Re aÿ t�-plane, and all members of

each hadron family occupying as `Regge poles' the position at integral values of

Re a � J, with a spacing DJ � 2. Thus, the strong forces found their proper place

in the S-matrix formalism as being created by the poles in the crossed t-channel,

while in the production and annihilation processes the poles (i.e., hadrons) appear

in the s-channel. The unitarity condition for the S-matrix added a bound, the

`Froissart bound,' to the position of the Regge trajectories (Froissart, 1961b). Still,

the role of other discontinuities that could occur in the complex J-plane, such as

`Regge cuts,' had to be debated, and in the late 1960's, the Regge theory reached a

state of very high technical and conceptual sophistication: In addition to the Re-

gge trajectories, `daughter' and `parent' trajectories and a `conspiracy' of trajecto-

ries were taken into account (besides, of course, the cuts).1173 On the other hand,

`duality considerations' somewhat simpli®ed the situation.1174

Although the S-matrix theory provided the majority of publications dealing with

hadrons and strong interactions in the 1960's, it did not exhaust the literature in the

®eld. The enormous amount of data produced by numerous particle-accelerator

laboratories stimulated the theorists to apply a variety of other approaches as well.

For example, `current algebras' which Gell-Mann (1962) introduced as a dynam-

ical basis for the SU�3�-symmetryÐhe quite distrusted the quantum ®eld theory

at that timeÐconnected with the hypothesis of the partially conserved axial cur-

rent (Gell-Mann and LeÂvy, 1960), resulted in remarkable conclusions such as the

Adler±Weisberger relation. The latter expressed GA, the renormalization factor of

the weak axial current entering Eq. (901) and stemming from strong interaction, in

1173 For a review, see Collins and Squires, 1967.

1174 In particular, it was found that the Regge (in the t-channel) and the resonance (in the s-channel)
descriptions of pion±nucleon amplitudes did not have to be added, since one is basically complemen-
tary to the other; i.e., the Regge amplitude provided an average description of the resonances in the
observed amplitudes (Dolen, Horn, and Schmid, 1967).

Epilogue1122



terms of the pion-decay constant fp and strong-interaction quantities such as

G 2
A � 1ÿ 2

f 2
p

p

�y
0

dn

n
�spÿp�n� ÿ sp�p�n�� �906�

(Adler, 1965; Weisberger, 1965). The abnormally small mass of the lightest hadron

p (or pion) suggested the almost perfect validity of `chiral symmetry' in strong

interactions, from which several consequences, notably, the relations between the

production amplitudes of pions in hadronic collisions (soft-pion approach), were

derived in good agreement with the observations. In connection with chiral sym-

metries and the partially conserved axial current, e¨ective Lagrangians were

introduced (see the review by Stephen Gasiorowicz and D. A. Ge¨en, 1969). The

e¨ective Lagrangians in general turned out to be non-renormalizable; they often

exhibited a non-polynomial structure, for which re®ned mathematical rules (like

Borel sums) had to be used (e.g., Salam, 1970).

Before the mid-1960s, a model in the literature appeared, which, despite its

modest entrance, increasingly caught the attention of the particle physics commu-

nity; thus, Peter Freund, at the Boulder Conference on High Energy Physics in

August 1969, stated:

The quark model has been a major source of meaning for numerous questions that
have been raised in hadron physics over the last ®ve years. Satisfactory answers to old
questions are also provided by the quark model. This is really quite remarkable, as we
know very little about the quarks themselves. (Freund, 1970, p. 565)

Indeed, in January 1964, Murray Gell-Mann introduced new objects into par-

ticle physics and baptized them `quarks': They arose as the fundamental three-

dimensional representation of the SU�3� group to which, in contrast to 1962,

Gell-Mann now assigned some signi®cance for building up the known hadrons:

For example, the baryons would consist of three such quarks, each having the

spin-1
2, while the mesons would be made of quark±antiquark pairs (Gell-Mann,

1964).1175 A particular and unusual feature characterized these quarks: The three

fundamental objects, distinguished as u (`up'), d (`down'), and s (`strange') quarks,

had to possess fractional charges, namely,

Q�u� � 2

3
; Q�d� � Q�s� � ÿ 1

3
: �907�

Incidentally, Gell-Mann's idea was duplicated (evidently independently) by the

former Feynman graduate student at Caltech and later a visitor to CERN, George

1175 Actually, the idea of composing hadrons from a set of fundamental entities had been discussed
by Shoichi Sakata since the 1940s; in 1956, he proposed that proton, neutron, and L represented a
fundamental triplet, from which all other baryons could be constructed, while the mesons consisted of a
particle-antiparticle pair (Sakata, 1956).
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Zweig, in an unpublished preprint; he called his fractionally charged fundamental

objects `aces' (1964).1176 The quark (or ace) picture now immediately explained

the existence of the observed SU�3�-hadron multiplets; for example, from a quark-

triplet only singlets, octets, and decuplets would emerge for the baryons, and from

a quark±antiquark pair only, singlets and octets for mesons.

The quark model, because of its simplicity, soon attracted the interest of both

theoretical and experimental physicists. `A great variety of observations concern-

ing strong, electromagnetic and weak interactions, can be understood if we sup-

pose that quarks are the basic constituents of hadronic matter,' wrote Kokkedee,

the author of the book The Quark Model, in 1969, and he also stated perhaps the

decisive reason for this success:

Moreover, the simplest dynamical assumption one can make, namely, that of addi-

tivity, in which some hadronic property is described as the sum of the corresponding
quark properties, has been amazingly successful in providing simple relations be-
tween di¨erent facts. In this way the model not only reproduces the results of SU�3�
and SU�6� symmetry, but leads to many experimentally correct predictions that do
not follow directly from either symmetry. This fact is most strikingly demonstrated
by its application to high-energy scattering. (Kokkedee, 1969, p. ix)

Indeed, toward the end of the 1960s, the quark model not only served to describe

`low-energy properties' of elementary particlesÐe.g., masses magnetic moments,

and decay processesÐbut, in addition, the high-energy elastic and inelastic hadron±

hadron processes, including annihilation and multiparticle production. If one as-

sumed the quarks to be heavy objects, they would move practically always with

nonrelativistic velocities, and the assumption of additivity might be justi®ed.

However, as Freund remarked at the Boulder Conference referred to above, `we

know very little about quarks,' and especially:

We don't know whether there should be three or nine quarks, whether the electrical
charge should be integral or fractional, whether they carry magnetic charge, whether
they are fermions or parafermions, whether they are light or heavy, and ultimately
whether quarks exist. (Freund, 1970, p. 565)

Here, Peter Freund addressed some of the most serious problems of the `naive

quark model' (as one would call it later). The problem of quark statistics arose

from an analysis of Fermi's �3; 3� nuclear resonance, which seemed to be an S-

wave state of three quarks and should be symmetric in spin and isospin, but

then the constituent quarks would not obey the Fermi statistics. Hence, O. W.

Greenberg (1964) argued that quarks might follow a generalization of the usual

statistics, the parastatistics introduced by Herbert S. Green (1953) earlier; indeed,

1176 Zweig (who did not share Gell-Mann's knowledge of literatureÐ``quarks'' came from James
Joyce's Finnegan's Wake)Ðinvented his `aces' in order to understand the reason why certain strong
decays seem to be forbidden, especially the decay of the f-meson (having spin 1) into rp. With the help
of the `ace'-composition, he could then formulate the `Zweig rule' for such suppressed decays.
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they had to behave like parafermions of order 3 in Green's language. A year later,

M. Y. Han and Yoichiro Nambu (1965) o¨ered a di¨erent proposal to solve both

problems of fractional charge and statistics: They assumed that each quark ex-

isted, however, in three di¨erent species having integral charges.1177 The question

of the real quark mass depended theoretically on the unknown quark dynamics,

and especially on the discovery of free quarks. Already Gell-Mann had com-

mented about this point in his pioneering paper, when he wrote:

It would be fun to speculate about the way quarks would behave if they were physical
particles of ®nite mass (instead of purely mathematical entities as they would be in
the limit of in®nite mass). Since charge and baryon number are exactly conserved,
one of the quarks (u2=3 or dÿ1=3) would be absolutely stable. . . . Ordinary matter near
each other's surface would be contaminated by stable quarks as a result of high-
energy cosmic-ray events throughout the earth's history, but the contamination is
estimated to be small. A search for stable quarks ÿ1=3 or �2=3 and/or stable di-
quarks of charge ÿ2=3 or �1=3 or �4=3 at the highest energy accelerators would help
to reassure us of the non-existence of real quarks. (Gell-Mann, 1964, p. 215)

Gell-Mann's negative expectation was indeed substantiated by the experiments

until 1969Ða positive claim in that year and a later one in 1977 would not survive

experimental checks. Hence, Freund's conclusion, `It may well happen that quarks

are but a useful technical device to treat hadrons' (Freund, 1970, p. 565)Ðin

agreement with Gell-Mann's opinionÐremained the last word at the end of the

1960s. However, the question of the quark's existence and the other ideas men-

tioned in this connection would soon be answered in a di¨erent sense by the new

`Standard Model' of elementary particles.

1.5 The `Standard Model' and Beyond (1964±1999)

In the introductory essay to the proceedings of the `Third International Sympo-

sium on the History of Particle Physics,' which was devoted to particle physics in

the 1960s and 1970s, especially to `The Rise of the Standard Model,' the editors

concluded:

To characterize the 1964±1979 period as a ``scienti®c revolution,'' however, strikes us
as inexact and misleading. It was indeed a time of real upheaval in particle physics,
but the ®eld lacked a crucial ingredient at the outset of this periodÐa single domi-
nant theory of the subatomic world agreed upon by the entire community of practi-
tioners. Rather particle physics in the early 1960s could be broken into a number of
®efdoms, none of which could claim the unswerving allegiance of every single knight.
There was a surfeit of nobles ready and eager to ®ght amongst themselves, but no
powerful king to overthrow.

1177 The fractional charges of Gell-Mann and Zweig's constituents then arose from the averaging
of the three species: e.g., if two u-quarks had charge 1 and one charge 0, the new averaging yielded
Q � 2

3, etc.
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The rise of the Standard Model changed this chaotic situation dramatically. A
cacophony of competing ideas was replaced by a single theory upon which essentially
all practicing physicists agreeÐa single reference point against which all work is now
compared. In a telling phrase, . . . particle physicists sometimes refer to this period not
as a revolution but as a ``phase change.'' (Hoddeson et al., 1997, p. 30)

This phase change or phase transition came about not via the input of completely

new ideas but rested rather on assembling and developing further already known

theoretical conceptsÐsuch as renormalized quantum ®eld theory, especially in the

gauge formulation, the quark model, and spontaneous symmetry-breakingÐin the

light of new experimental discoveriesÐe.g., the narrow resonances, the t- or �,

particles, or even the quarks in the deep-inelastic scattering. We shall attempt to

list below in some systematic way the main theoretical or empirical ingredients of

the Standard Model. Since the latter actually consists of two well-separated mod-

els, the so-called `electroweak theory,' on the one hand, and the `quantum chro-

modynamics (QCD),' on the other, the following section will be split into these

two domains covering: (a) the uni®ed electromagnetic and weak interactions and

(b) strong interactions. Of course, links also showed up between these two

domains; indeed, the main features of both theories, like the gauge structure and

renormalizability as well as the number of fundamental families of constituentsÐ

there being three lepton families corresponding to three quark familiesÐdocument

a nearly complete harmony. Hence, one would like to suspect that in the ®nal

e¨ort both parts may be joined into one uniform scheme or theory. However,

nature has so often presented surprises, and one should not expect to arrive at a

smooth uni®cation of parts (a) and (b), not to think about the possible incor-

poration of the still missing fundamental interaction of gravitation into the uni®ed

scheme. The new ideas so far expressed go beyond the standard model, some of

which are touched upon at the end of this subsection, and are conceptually and

methodically quite diverse, often incomplete and mostly speculative, and some-

times they open entirely new territories [see the last Subsection (c)].

(a) The `Electroweak Theory' (1964±1983)

The so-called electroweak theory contains as the crucial input a new particle and a

special symmetry-breaking mechanism; it was formulated ®nally as a particular

model of a renormalizable gauge ®eld theory.

(a1) The `Intermediate Weak Boson': `One of the recurrent dreams in elemen-

tary particle physics is that of a possible fundamental synthesis between electro-

magnetism and weak interaction,' wrote Abdus Salam and John C. Ward in a

letter, received on 24 September 1964 by Physics Letters (Salam and Ward, 1964).

They argued that both forces equally a¨ect all forms of matter, share the character

of vector form and possess universal strengths (Salam and Ward, loc. cit., p. 168).

Still, profound di¨erences in strength, space-time behaviour, and the DS- and DI -

behaviour existed. However, Salam and Ward showed how to remove the di¨er-
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ence by assuming a particular Lagrangian involving three new particles, the posi-

tively and negatively charged and the neutral `intermediate (weak) boson,' which

should have masses of about 137 mp, in order that the new dimensionless weak

coupling constant g2
W=4p equals e2=4p, the ®ne structure constant. A similar

theory, though not in explicit detail, had been proposed by Sheldon Lee Glashow

(1960) earlier; both publications referred to earlier made attempts in this direction.

(a2) Spontaneous Symmetry-Breaking and the Higgs Mechanism: The idea of

spontaneous symmetry-breaking went back to the 19th-century ideas on ferromag-

netism (Pierre Curie) and was ®rst adapted by Heisenberg and Pauli to elementary

particle physics for explaining certain features of the weak and electromagnetic

forces in the nonlinear spinor theory: `When it appears impossible to construct a

fully symmetric state called ``vacuum,'' it must be interpreted visually only in the

way that the unsymmetric ground state does not really represent the vacuum but

rather the state ``world,'' forming the substrate for the existence of elementary

particles,' argued Heisenberg (DuÈrr et al., 1959, p. 446), and derived several con-

sequences from the degenerate `world' state like the occasional breakdown of

isospin symmetry. Yoichiro Nambu and Giovanni Jona-Lasinio (1961) then con-

sidered a simple dynamical model for the nucleon±meson interaction (in analogy

to the situation in superconductivity) which also exhibited some vacuum degener-

acy, and ®nally, Je¨rey Goldstone treated a renormalizable theory with a quartic

self-interaction exhibiting degenerate vacuum states connected with a broken

continuous symmetry; he found the solutions not only to exhibit a lower symmetry

than the Lagrangian, but also to `contain mass zero bosons' (Goldstone, 1961,

p. 154). Together with Abdus Salam and Steven Weinberg, Goldstone provided

`some proof of Goldstone's conjecture [afterwards called ``Goldstone's theorem''],

that if there is continuous symmetry transformation under which the Lagrangian

is invariant, then either the vacuum state is also invariant under the transfor-

mation, or there must exist spinless particles of zero mass' (Goldstone et al., 1962,

p. 965). Two years later, Peter Higgs of Edinburgh demonstrated that `the theorem

fails if and only if the conserved currents associated with the internal group are

coupled to gauge ®elds,' and:

As a consequence of this coupling, the spin-one quanta of some of the gauge ®elds
acquires mass; the longitudinal degrees of freedom of these particles (which would be
absent if their mass were zero) go over into the Goldstone bosons when the coupling
tends to zero. (Higgs, 1964b, p. 508)1178

(a3) The Weinberg±Salam Model and Its Renormalization: The possibility of

escaping from the zero-mass particles, arising due to the Goldstone theorem, en-

couraged Weinberg to unite the electromagnetic and weak interactions in `a

model, in which the symmetry between the electromagnetic and weak interactions

is spontaneously broken, but in which the Goldstone bosons are avoided by intro-

1178 For more details, see also Higgs, 1964a, 1966.
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ducing the photon and the intermediate boson ®elds as gauge ®elds' (Weinberg,

1967, p. 1264). The ®elds of the originally renormalizable Lagrangian of Salam

and Weinberg could indeed be rearranged into a charged pair of massive spin-1

®elds WG
m , a neutral massive spin-1 ®eld Zm, and the massless photon ®eld Am; but

the question whether the rearranged ®eld theory (i.e., rearranged by the `Gold-

stone mechanism') was renormalizable remained open. Half a year later, Salam

attacked this question in his talk at the Nobel Symposium in Sweden (1968). He

also started from the Higgs mechanism, particularly from the fact that the sym-

metry-breaking term hr0i occurring in the gauge transformation of the term

�qm ÿ ieAm�f� � �qm � ieAm�f in the Lagrangian gave rise to a term e2hr0i
2A2

m, i.e.,

a massive vector boson, and wrote the new Lagrangian for the weak interaction as

(with the su½xes L and R for left- and right-handed)

Lweak � ��eÿn�L � �nm��R�Wÿ �Hermitean conjugate; �908�

where the eÿ, etc., denoted the corresponding ®elds. The Lagrangian of the neutral

boson ®eld W 0
m (or Zm of Weinberg) had to be added to the expression (908).

Again, three years later, in two papers on the `Renormalization of Massless Yang-

Mills Fields' and `Renormalizable Lagrangians for Massive Yang-Mills Fields,'

Gerard 't Hooft of UtrechtÐbased on preliminary work by his thesis supervisor

Martinus Veltman (1968, 1970)Ðcompleted the electroweak theory ('t Hooft,

1971a, b).1179 While Benjamin W. Lee removed certain spurious singularities ap-

pearing in the proof of renormalizability (Lee, 1972), Weinberg formulated the

Feynman rules in the new theory and began to calculate the physical processes

explicitly, especially the expressions for the production amplitudes of the weak

bosons WG and Z0 (Weinberg, 1971).

(a4) Neutral Currents and the Discovery of the Weak Bosons: In an investiga-

tion on the `E¨ects of a Neutral Intermediate Boson in Semileptonic Processes,'

Weinberg developed the description of these processes in the electroweak theory

and calculated for the ratio of the cross sections of neutral-current processes in-

volving leptons over the cross sections of the charge-exchange processes (Wein-

berg, 1972). For not too large momentum transfers, he obtained the result

0:15U
s�n 0 � p! n 0 � p�
s�n 0 � p! mÿ � p� U 0:25 �909�

as compared to the experimental upper limit 0:12G 0:06 [see Weinberg, loc. cit.,

p. 1412, Eq. (1.1)].1180 However, the `Observation of Neutrino-Like Interaction

1179 Just as we write these lines, the award of the Nobel Prize for Physics for 1999 went to Gerard
't Hooft and his teacher, Martinus Veltman, for their pioneering work. The pioneering papers of
't Hooft and Veltman are included in G. 't Hooft's Under the Spell of the Gauge Principle (Singapore:
World Scienti®c, 1994).

1180 The absence of strangeness-changing weak currents of the neutral type could be explained by a
suggestion of Glashow and collaborators (1970) proposing the existence of a fourth quark; see below.

Epilogue1128



Without Muon or Electron in the Gargamelle Neutrino Experiment' at CERN

provided `events induced by neutral particles and producing hadrons, but no

muon or electron' which `behave as expected if they arise from neutral current-

induced processes' (Hasert et al., 1973, p. 138). Although the result was at ®rst

doubted, especially by the experimental particle physicists in the United States,

who saw no such events, it was eventually con®rmed, and in 1979, both Salam and

WeinbergÐtogether with Sheldon GlashowÐreceived the Nobel Prize in Physics.

Still, the greatest triumph of the electroweak theory had to wait for another

three years, until the UA1-Collaboration at CERN announced events `which have

the signature of a two-body decay of a particle of mass@80 GeV/c2,' and:

The topology as well as the number of events ®ts well with the hypothesis that they
are produced by the p� p!WG � X , with WG ! eG � n, where WG is the Inter-
mediate Boson postulated by the uni®ed theory of weak and electromagnetic inter-
actions. (Arnison et al., 1983, p. 103)

Actually, the experimentalists at CERN knew pretty well, in which energy region

of their colliding proton±antiproton beams they had to search, at least if the

minimal electroweak coupling of the Standard Model was to be realized. Indeed,

two coupling constants g and g 0 existed (to the WG and the Z0, respectively),

whose ratio was given by the `Weinberg angle' yW as

tan yW � g 0=g: �910�

Then, the charged weak currents would couple to the electromagnetic ®eld with

the coupling constant e � g sin yW � g 0 cos yW , while the weak neutral current

coupled to Z0 with the strength g=cos yW . Finally, the Higgs mechanism pro-

vided the vector mesons (with unequal) masses mW � mZ cos yW , and in tree-

approximation, the relation (with GF denoting the Fermi constant),

mW sin yW � mZ sin yW cos yW � e

Z
�
���
2
p

GF �ÿ1=2 � 37:3 GeV=c2; �911�

determined the individual masses of the WG- and Z0-bosons, provided the Wein-

berg angle y was given. Now, the neutral current data ®xed the angle as

sin2 yW � 0:230G 0:09; �912�

hence,

mW A77a84 GeV=c2; �913a�

mZ A89a95 GeV=c2; �913b�
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(See Salam's Nobel lecture, 1992, p. 524). Consequently, the results of UA1 and

UA2 at CERN for the W-mass,

mW � �81�5
ÿ5� GeV=c2 and �80�10

ÿ6 � GeV=c2: �913 0�

were indeed `in excellent agreement' with the electroweak theory of Salam and

Weinberg (Arnison et al., 1983, p. 115, and Banner et al., 1983, p. 485).1181 The

observation of Z0 and the experimental determination of mass and width would

have to wait for several years until the Stanford Linear Collider and the CERN

Large Electron±Positron Collider were completed, and again the result would

agree with the prediction of Eq. (913b).

(b) Quantum Chromodynamics (QCD) (1965±1995)

The renormalizable gauge theory of strong interactions, which represents the other

domain of the Standard Model, also received an initial, crucial experimental veri-

®cation, notably the demonstration of the peculiar existence of quarks, which, in

turn, gave rise to the mathematical requirement of `asymptotic freedom.'

(b1) The Discovery of Physical Quarks: Although Gell-Mann had not con-

sidered quarks to be real physical objectsÐthough Zweig thought di¨erentlyÐthe

physicists continued to look for them or, in any case, at the most elementary

constituents of hadrons. In his Varenna lectures of 1967, James D. Bjorken con-

ceived a new possibility for an experimental search; he analyzed deep-inelastic

electron scattering with the help of the predictions of the sum-rule (derived from

current algebra) and noticed: `We ®nd these relations so perspicuous that, by an

appeal to history, an interpretation in terms of elementary constituents is sug-

gested.' (Bjorken, 1968, p. 56) Especially, a sum-rule given by Stephen Adler led to

the following inequality for the inelastic electron-nucleon scattering,�y
q2=2M

dn�W p
2 �n; q2� �W n

2 �n; q��V
1

2
; �914�

with W
p

2 and W n
2 the proton and neutron structure functions and q2 the momen-

tum-transfer squared. In the limit of very high energy, the inequality (914) could

be written as (with the ®ne structure constant a)

dsep

dq2
� dsen

dq2
V

2pa2

q2
: �914 0�

1181 Already in the following year, 1984, Carlo Rubbia, the leader of the UA1 collaboration, re-
ceived the Nobel Prize in Physics, together with Simon Van der Meer, the construction design engineer
of the proton±antiproton collider `for their decisive contribution to the large project, which led to the
discovery of the ®eld particles W and Z communicators of weak interaction.' (Citation, in Nobel
Foundation, ed., 1993, p. 231)
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In other words, the sum of (elastic and inelastic) plus electron-neutron total cross

sections at ®xed q2 came out to be greater than half the cross section of elastic

scattering of electrons from a point-like particle. A couple of years later, Richard

Feynman (1969) analyzed the data from the recent deep-inelastic scattering at the

Stanford Linear Accelerator Center (SLAC). `Theoretical interest at SLAC in the

implications of the inelastic scattering increased substantially after an August visit

by R. P. Feynman,' recalled Henry W. Kendall, one of the experimentalists in-

volved, and further:

He had been trying to understand hadron-hadron interactions at high energy assuming
constituents he referred to as partons. On becoming aware of the inelastic scattering
data, he immediately saw in partons an explanation both of scaling and the weak
q2 dependence. In his initial formulation (Feynman, 1969) . . . he assumed the pro-
ton was composed of point-like partons, from which the electrons scattered in-
coherently. . . . The partons were assumed not to interact with one another while the
virtual photon was exchanged. . . . Thus, in this theory, electrons scattered from con-
stituents that were ``free''. . . . Feynman came to Stanford again, in October 1968, and
gave the ®rst public talk on his parton model stimulating much of the theoretical
work that ultimately led to the identi®cation of his partons with quarks. (Kendall,
1991, pp. 611±612)1181a

The evaluation of the SLAC data extended over years, and the interpretation of the

form factor rules ®nally approached the prediction of the quark model (Friedman

and Kendall, 1972). Almost simultaneously, Donald H. Perkins of Oxford reported

about measurements with the large heavy-liquid bubble chamber `Gargamelle,' and

stated that `the preliminary data on the cross sections provide an astonishing veri-

®cation of Gell-Mann-Zweig quark model of hadrons' (Perkins, 1972, p. 189).1182

(b2) Asymptotic Freedom of Strong Interaction Forces: In contrast to the `low-

energy' experimentsÐwhich did not reveal any free quarks but showed them to be

strongly-bound as triplets �q q q� in baryons and as pairs �q q� in mesonsÐthe

very-high energy experiments on deep-inelastic electron scattering or neutrino and

anti-neutrino scattering on hadrons demonstrated that quarks became free objects

at high energies and indeed exhibited their fractional charges. Theoretically, this

fact followed from an investigation of David J. Gross and Frank Wilczek of

Princeton, who summarized their note on `Ultraviolet Behavior of Non-Abelian

Gauge Theories' to Physical Review Letters (received on 27 April 1973) by stating:

It is shown that a wide class of non-Abelian gauge theories have, up to calculable
logarithmic corrections, free-®eld-theory asymptotic behavior. It is suggested that
Bjorken scaling may be obtained by strong-interaction dynamics based on non-
Abelian gauge symmetry. (Gross and Wilczek, 1973, p. 1343)

1181a For the details of Feynman's visits to SLAC and his work on partons, see Mehra, 1994,
Chapter 23, especially, pp. 507±515.

1182 The experimentalists at the Stanford-MIT collaborationÐRichard Taylor, Henry W. Kendall,
and Jerome I. FriedmanÐreceived the 1990 Nobel Prize in Physics for their fundamental investigations.

1.5 The `Standard Model' and Beyond (1964±1999) 1131



`Asymptotic freedom,' i.e., the diminishing of strong interaction to zero inter-

action at the highest energies, was independently proved by David Politzer of

Harvard University: `The renormalization group technique shows [that] in a

Yang-Mills theory . . . the e¨ective coupling goes to zero for large momenta'

(Politzer, 1973, p. 1346). However, the result depended, as both groups showed,

on the number of fermions, i.e., quarks which contribute to the gluon self-energy:

`For example, in the case of SU�3� . . . one could accommodate as much as

16 triplets.' (Gross and Wilczek, 1973, p. 1344) On the other hand, for small

momenta or large distances between the quarks, higher-order corrections play a

role, and semi-empirical models for observed bound quark-antiquark states ex-

hibit linearly increasing forces (see below).

(b3) Quantum Chromodynamics: In a review on `Current Algebra: Quarks and

What Else?' presented at the large Chicago±Batavia High-Energy Physics Con-

ference in September 1972, Harald Fritzsch and Murray Gell-Mann discussed the

`®ctitious quarks and ``gluons'' and their statistics' (Fritzsch and Gell-Mann, 1972,

especially, pp. 138±141). `We assume here that quarks do not have real counter-

parts, that are detectable in isolation in the laboratoryÐthey are supposed to be

permanently bound inside the mesons and baryons,' they argued, and added:

In particular, we assume that they obey the special quark statistics, equivalent to
``para-Fermi statistics of rank three''. . . . The simplest description of quark statistics
involves starting with three triplets of quarks, called red [R], white [W] and blue [B],
distinguished only by the parameters referred to as color. These nine mathematical
entities all obey Fermi-Dirac statistics, but real particles are required to be singlets
with respect to the SU�3� of color, that is to say combinations acting like qRqR�
qBqB � qW qW or qRqBqW ÿ qBqRqW ÿ qRqW qB ÿ qW qBqR � qW qRqB � qBqW qR.
(Fritzsch and Gell-Mann, loc. cit., p. 138)

Fritzsch and Gell-Mann claimed that this peculiar way of describing quarks

was not common, forgetting about the proposal of Nambu made seven years

earlier.1183 In the fall of 1973, Fritzsch, Gell-Mann, and Heinrich Leutwyler went

on to collect the essential ingredients of a non-Abelian gauge-®eld theory of strong

interaction that had meanwhile been assembled in a note on the `Advantages of

the Color Octet Gluon Picture' (Fritzsch et al., 1973). They now sketched the

particular Lagrangian

L � ÿq�ga�qa ÿ iBAawA� �M�q�LB �YangaMills�; �915�

with BAa denoting a neutral vector ®eld represented by a colour-octet �A � 1; . . . ; 8�
Ðit describes the `gluon'-®eld establishing the strong force between quarksÐwa

denoting a parameter of the colour SU�3� group, and M denoting the quark-mass

matrix. Fritzsch et al. showed that this Ansatz solved all problems that had arisen

in the quark model since 1964. The main task, namely, the renormalization of the

1183 See the investigations of Nambu (1966) and Han and Nambu (1965).
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theory had essentially just been accomplished by Gross, Wilczek, and Politzer,

based on the renormalization-group techniques pioneered by Ernst C. G. Stuec-

kelberg and A. Petermann, Nikolai Bogoliubov and Dimitri V. Shirkov, and Kurt

Symanzik and Kenneth G. Wilson. As a consequence, the coupling constant at the

quark-gluon vertex (appearing, say, in the e�±eÿ pair annihilation) would depend

on the momentum transfer t as

as�t� � 4p

11ÿ 2

3
Nf �m2�

� �
log

t

L

� � ; �916�

with Nf being the number of quarks having a mass below L; that is, as�t� repre-

sented a `running coupling constant.'1184 It remained to Gell-Mann to baptize the

theory properly as `quantum chromodynamics (QCD).'

(b4) The Completion of QCD: The original quark model of 1964 contained

three fundamental objects, u-, d-, and s-quarks (each of which now appeared in

three colours). Actually, already in the same year a fourth quark had been pre-

dicted by James D. Bjorken and Sheldon L. Glashow on the basis of SU�3�-
symmetry and the `fundamental similarity between the weak and electromagnetic

interactions of the leptons and the [quark ®elds] ci' (Bjorken and Glashow, 1964,

p. 256). Several years later, Glashow returned to this idea with his collaborators

John Illiapoulos and L. Maiani when they proposed `a model of weak interactions

in which the currents are constructed of four basic quark ®elds and interact with a

charged massive vector boson' (Glashow et al., 1970, p. 1285). The model with the

c-quark (Bjorken and Glashow, 1964, p. 255, had introduced the extra property

`charm'!) allowed, as desired, to suppress the strangeness-changing neutral current

e¨ects; since it had not yet been detected directly, Glashow and Bjorken specu-

lated that it may have a mass as high as 2 GeV/c2. While investigating the mass of

di-lepton events obtained from protons (at the Brookhaven AGS) scattered by a

beryllium target with a high-resolution two-arm spectrometer (borrowed from

DESY ), Samuel Ting and collaborators discovered an unexpectedly narrow reso-

nance of about 3100-MeV energy, which they called `J ' (Aubert et al., 1974). `The

most striking feature of J is the possibility that it might be one of the theoretically-

suggested charmed particles (see Glashow, private communication)' or another

predicted object, they concluded (Aubert et al., loc. cit., p. 1406). The same reso-

nance was also nearly simultaneously obtained with the SLAC electron±positron

storage ring SPEAR by Burton Richter and his collaborators (Augustin et al.,

1974). The identi®cation with a charmed particle became substantiated; as the

narrow resonance (called c by the experimentalists in Stanford) represented an

electrodynamically decaying object consisting of a charm-quark and a charm-

antiquark. Soon an entire family of higher charmed mesons (consisting of a

1184 From the e�±eÿ pair annihilation, it followed that as�ÿ100 GeV2�A0:2 and L � 112 MeV
(with Nf � 6).
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pair of c- and u-, d- or s-antiquarks) was found, as well as baryons (containing

a c- or a �c-quark). Moreover, the investigation of higher-mass resonance states

c 0 and c 00 allowed one to derive information about the quark±antiquark potential

(`charmonium spectroscopy'), con®rming the increase of the QCD-forces at larger

distances.

Even with Glashow's charmed objects having been discovered, the family of

quarks had not been completed. In early summer 1977, a study of di-muon states

obtained in the 400-GeV proton-nucleus collisions at the Fermilab accelerator in

Batavia yielded `a strong enhancement observed at 9.5 GeV [/c2] mass' (Herb et

al., 1977, p. 252). The enhancement, subsequently baptized `Upsilon ���,' re-

sembled in certain aspects the charmonium and could be interpreted as a `beauty

meson' consisting of a new type of quark, the b-quark (with b denoting `beauty' or

`bottom') and the b-quark (with proper binding forces also giving rise to the ex-

cited states � 0;� 00, etc., and the corresponding spectroscopy). The discovery of the

®fth quark may have been expected if one believed in a general lepton±hadron

symmetry stating that for each lepton family, a hadron family, i.e., a quark family,

also had to exist, i.e., a quark family. Now, in summer 1975, a third type of lep-

ton, the `t-lepton' had been announced, having a mass of 1.8 GeV/c2 and forming

with its neutrino nt a third lepton family (Perl et al., 1975). Evidently, to keep up

with the third quark family, the b-quark had to be completed by `t-' or `top-quark'

to another, fourth quark family.' The eager search for the suspected heaviest

quark at the largest available accelerators went on for 18 years; then, the Tevatron

at Fermilab had the highest collision energies available to produce the tt-pair, and

the detailed, complicated analysis con®rmed the existence of the missing top

quark, whose mass was given as 199�19
ÿ21 (statistical error) G22 (systematic error)

GeV/c2 (Abachi et al., 1995, especially, p. 2636).

(c) Beyond the Standard Model (1970±1999)

After three decades, the Standard Model had ®nally been establishedÐeven in-

cluding the direct proof of the intermediate boson of strong interactions, the

gluon, in high-energy processes.1185 To turn the satisfactory picture into a perfect

model, only the detection of the Higgs particle in the electroweak theory is miss-

ing, which one hopes to achieve very soonÐperhaps one has already obtained

indications of the missing particle at CERN. The standard model indeed accounts

for most of the phenomena exhibited by the innermost structure of matter, and has

thus far been checked by hundreds of critical tests during the past 25 years. It rests

on the basic theoretical principles known and substantiated since the 1930s,

quantum mechanics, special relativity, and locality, and on old and more recently

discovered symmetries. Both schemes of electroweak theory and QCD share re-

1185 For instance, at the PETRA ring at DESY, one isolated several planar three-jet events, in-
cluding a noncolinear gluon fragmenting into hadrons (Brandelik et al., 1979); for a study of quark jets,
see Mehra, 1994, Chapter 23, pp. 514±519.
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normalizability and have minimal couplings. Their predictions turned out to be

precise and leave no room for substantial deviations. The special feature of QCD,

namely, asymptotic freedom, indicatesÐif one thinks of further uni®cation of the

two schemesÐthat the theory might become simpler for larger energy and shorter

distances, with all of the fundamental interactions becoming weak.

Nevertheless the Standard Model also exhibits several defects: Besides involv-

ing possibly small violations of parity and time-inversion in strong interactions, it

especially does not answer the question of why there are three families in each

sector and not more or lessÐthis fact has (so far) been just imposed by observa-

tion (or perhaps by the requirement of renormalizability?). In addition, it does not

explain the masses of the elementary constituents or explain the other parameters

that enter into the theory. Finally, while evidence accumulates for a nonzero mass

of the neutrino, the Standard Model leaves no room for it. On the purely theoret-

ical side, although much progress has been achieved in improving the solidity of

the mathematical formulation, no strict proof has thus far been given for the

problem of quark con®nement; there are some indications derived from lattice-

group calculations, but the situation still remains controversial. Finally, the theory

cannot include the gravitational interaction.

Various attempts have been proposed in the past decades to obtain progress in

the questions mentioned above, and a considerable number of mathematical and

conceptually intriguing ideas have been suggested. In contrast to the theories

which we have sketched in the foregoing, e¨orts to go beyond the Standard Model

have not yet resulted in predictions that make contact with observations; hence,

their discussion appears to be a task for prophets rather than for historians. Still,

we must be prepared, of course, that even the best and perfectly safe theoretical

description of physical phenomena today will not stand the test of future dis-

coveries. To indicate possible trends, let us therefore refer to two opinions ex-

pressed recently by two eminent members of the community of quantum theorists

at a symposium on the `Critical Problems in Physics,' held to celebrate the 250th

anniversary of the founding of Princeton University, whichÐsince the 1930sÐhas

been one of the leading centres of research in quantum theory.

Edward Witten especially drew attention to the vistas opened by the concepts

of `string theory,' which had emerged from a dual resonance model of the late

1960s. Gabriele Veneziano had then found a remarkable formula satisfying the

strong-interaction duality for the scattering amplitude with both poles and Regge

behaviour (1968). Attempts to construct a theory from which the Veneziano for-

mula could be derived led to the idea of string theory (see, e.g., Susskind, 1969),

which was investigated by a growing number of theorists since the early 1970s.

If strings or vibrating membranes acting in many-dimensional spaces (up to 26

dimensions; some of them related to the usual space-time dimensions, and the

others perhaps con®ned or `compacti®ed,' by quantum conditions to smallest

dimensions: cf., the old idea on the ®fth dimension of Oskar Klein in 1926) re-

placed the current concepts of particles and ®elds; their behaviour might explain

not only the known, partly ad hoc (because of the empirical evidence) introduced
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features of the Standard Model, but also even establish a more general descrip-

tion of the innermost constitution of matter (e.g., by bringing in a larger `super-

symmetry') and, thus, allow the incorporation of the gravitational interactionÐso

Witten argued, and concluded:

In string theory, we have peeled layers o¨ the onion for 28 years now, and it is still
hard to guess how many more layers and surprises there are. In past years, when
asked how long the process would take, that has always been my answer. It may still
be the correct answer.

However, I have mentioned the black hole state counting problem not merely for
its intrinsic beauty and fame. The fact that earlier we could not count the quantum
statesÐor elementary componentsÐof a black hole, and now we can, may be a hint
that we are close to closure, that we are now at least close to knowing the basic
ingredients in which the theory should be described.

If so, the noncommutative ``position'' matrices of the D-brane may be a good clue
about the answer to the ``big'' questions. A proposal in that direction has been made
(by Banks, Fischler, Shenker and Susskind). If their proposal, or something like it,
is right, we will probably be doing a completely new kind of physics, with non-
commutativity built in at a much more fundamental level, long before the 300th
anniversary of Princeton University. (Witten, 1997, p. 278)

These few lines may su½ce to give a taste of the direction taken by the thoughts of

the `string' theorists.1186

Probably, the advanced proposals of the other Princeton representative of ele-

mentary particle theory will sound a bit more familiar. Frank Wilczek, in partic-

ular, advocated a uni®cation of all fundamental forces in nature along the path of

Howard Georgi and Sheldon Glashow, who had conjectured `strong, electromag-

1186 For more details, see, e.g., a new two-volume monograph of Joseph Polchinsky (1998). In the
®rst chapter (of Volume 1), Polchinsky pointed out the advantages of the string approach:

1. Gravity. Every consistent string theory must contain a massless spin-2 state, whose inter-
actions reduce at low energy to general relativity.

2. A consistency theory of quantum gravity, at least in perturbation theory. As we have noted, this
is in contrast to all known quantum ®eld theories of gravity.

3. Grand uni®cation. String theories lead to gauge groups large enough to include the Standard
Model. Some of the simplest string theories lead to the same gauge groups and fermion rep-
resentations that arise in the uni®cation of the Standard Model.

4. Extra time dimensions. String theory requires a de®nite number of space dimensions, ten. The
®eld equations have solutions with four large ¯at and six small curves dimensions, with four-
dimensional physics that resembles the Standard Model.

5. Supersymmetry. Consistent string theories require spacetime supersymmetry, as either a
manifest or a spontaneously broken symmetry.

6. Chiral gauge couplings. The gauge interactions in nature are parity-asymmetric (chiral). This
has been a stumbling block for a number of previous unifying ideas: they required parity-
symmetric gauge couplings. String theory allow chiral group couplings.

7. No free parameters. String theory has no adjustable constants.
8. Uniqueness. Not only are there no continuous parameters, but there is no discrete freedom

analogous to the choice of gauge group and representations in ®eld theory: there is a unique
string theory. (Polchinsky, 1998, pp. 5±6)
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netic, and weak forces to arise from a single fundamental interaction based on the

group SU�5�' (Georgi and Glashow, 1974, p. 438). Now, both elementary con-

stituents of matter, the quarks and the leptons, appeared to be organized in mul-

tiplets; hence, two questions arose: ®rst, how to unify the di¨erent couplings in

nature; second, transitions between quarks and leptons would occur, in contrast to

observations. The ®rst question might be answered with the help of `running'

coupling constants (as in QCD). With respect to the second problem, Wilczek

pointed to `a theoretical idea which is attractive in many other ways and seems to

point a way out of this impasse,' namely:

That is the idea of supersymmetry. Supersymmetry is a symmetry that extends the
PoincareÂ symmetry of special relativity (there is also a general relativistic version). In
a supersymmetric theory one has not only transformations among particle states with
di¨erent energy momentum but also between particles of di¨erent spin. Thus spin-0
particles can be put into multiplets together with spin-1

2 particles, or spin-1
2 particles

with spin-1, and so forth.
Supersymmetry is certainly not a symmetry in nature: for example, there is cer-

tainly no bosonic particle with the mass and charge of the electron. . . . Nevertheless
there are many reasons to be interested in supersymmetry, and especially in the hy-
pothesis that supersymmetry is e¨ectively broken at a relatively low sale, sayA1
TeV. (Wilczek, 1997, pp. 294±295)

Wilczek then discussed the e¨ect of supersymmetryÐwhich had been in-

troduced in the beginning of the 1970s (especially, by Julius Wess and Bruno

Zumino, 1974a, b)Ðon the running coupling constant, ®nding that it did not

change the conclusions obtained, say, in the Standard Model. He argued further

that the `supersymmetric particles . . . cannot be much heavier than the SU�2��
U�1� electroweak breaking scale, i.e., they should not be beyond the expected

reach of [the new CERN machine] LHC' (Wilczek, loc. cit., 297). This prospect, at

least, connected the speculations with the possibility of an experimental check in

the near future.

Altogether, Wilczek advocated supersymmetry as a `good thing,' because: (i) it

united the gauge bosons with the various quarks and leptons; (ii) it served as

a basis of future consistent string theories; (iii) it helped to understand the vast

disparity between weak and uni®ed breaking scales. He forgot to mention that

motivation which had guided the pioneers, namely: `This symmetry between bosons

and fermions gives rise to special (sometimes called miraculous) ultraviolet be-

havior of the supersymmetric ®eld theories. The simplest theory, N � 1 super-

symmetry (where N counts the number of supersymmetry generators) is essentially

free of quadratic divergences. Theories of higher N, for example N � 4, are known

to be ®nite.' (Nilles, 1984, p. 3) There were indeed many reasons which made the

study of supersymmetric theories a promising task for the future. However, we

repeat our above statement: We are not prophets but historians; hence, we have to

bring to a close here the exciting story of the development that elementary particle

theory has taken in the most recent times.
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2 Quantum E¨ects in the Physical Laboratory and in the Universe

In a talk on `High Energy Physics and Big Science,' given in March 1971 at the

UniversitaÈtswoche fuÈ r Kernphysik in Schladming, Walter Thirring described the

value of elementary particle physics and its relation to other branches of science.

In particular, he emphasized the advantage of using large equipment to solve

certain physical problems, which, although being `a costly enterprize, it is rela-

tively cheaper than Small Science' (Thirring, 1971, p. 14). Concerning funding,

ThirringÐboth a representative of CERN and a Professor of Physics at the Uni-

versity of ViennaÐreported that the industrialized countries, like Austria, spent

about 2 to 3 per mille of the governmental budget on pure research, of which high

energy physics got a little more than 10%Ðhalf of which was allotted to large

laboratories and the other half to universities. In comparison with that, certain

large industrial companiesÐlike Philips in The NetherlandsÐinvested of the

order of 1% of its turnover into pure research, expecting of course bene®ts from

it for the development of their products. Thirring's account in the middle of the

period considered here characterized the situation of the ®nancial support of re-

search during the previous 50 years as well. Big Science existed, especially in con-

nection with elementary particle physics or plasma physics, from which the uni-

versities pro®ted to a large extent, and besides Small Science, mainly carried out at

universities on many problems of physics. The research in industrial laboratories

might be characterized as standing halfway between the two extremes. Thirring

did not mention at all another important branch of physical researchÐthe mili-

tary one. It was often carried out as Big Science, devoted to achieving certain

military objectives, like missile technology, but the same rockets and satellites,

developed and constructed to obtain military superiority over the adversaries, also

could be perfectly used for solving astrophysical problems. The appropriate

American and European Big Science institutions, the NASA and the ESA, have

sent numerous observational instruments beyond the perturbing terrestrial atmo-

sphere, providing the astronomers and physicists profoundly rich data on old and

new celestial phenomena.

Certainly, the progress in quantum theory and its applications owed a great

deal to the research in industrial laboratories and the observation of the sky, the

beginnings can be traced to the late 1940s and the 1950s (Subsection 2.1). Certain

quantum concepts from the ®rst quarter of the 20th century were revived and be-

came particularly fruitful in theoretical, experimental, and technical applications:

Planck's `zero-point energy' via the Casimir e¨ect, Einstein's `stimulated emission'

of radiation via masers and lasers, and Einstein's `condensation of ideal (Bose)

gases' (Subsection 2.2). The solution of the most important problems left over in

nonrelativistic quantum mechanics, those of superconductivity and, to a far lesser

extent, super¯uidity, highlighted the essential progress in low-temperature physics

(Subsection 2.3), while a series of new, essentially unexpected e¨ects, from the

MoÈssbauer e¨ect to the fractional quantum Hall e¨ect (discovered by Klaus von

Klitzing), revealed and illustrated speci®c consequences from quantum theory
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(Subsection 2.4). Finally, we return to the physics of the universe, where new

phenomena like pulsars and especially the 3K blackbody background radiation

established relativistic quantum mechanics as providing the deepest insights into

the fundamental questions of the origin of the universe and its evolution (Sub-

section 2.5).

In selecting the above topics, we apologize for not describing in detail the re-

sults achieved in such large ®elds of quantum physics, as listed for instance in the

latest 1997 edition of the McGraw-Hill Encyclopedia of Science and Technology:

Quantum Acoustics (dealing with the behaviour of quantized waves or photons);

Quantum Chemistry (whose practical e¨ectivity has been immensely increased since

1960 by the use of computers); Quantum Electronics (including nonlinear optics

and working with masers and lasers); Quantum Gravitation; Quantum Mineralogy;

and Quantum Solids. With every item on this list, a large community of research

workers can be connected, who present their results regularly in topical confer-

ences. However, the few special examples assembled below may su½ce to illustrate

the power of quantum theory as the dominant scheme of 20th-century physics.

2.1 The Industrial and Celestial Laboratories (1947±1957)

(a) The Transistor in the Industrial Laboratory (1947±1952)

For the progress of electronics after World War II, the invention of the transistor

in 1947 by John Bardeen, Walter H. Brattain, and William B. Shockley of the Bell

Telephone Research Laboratories (Bell Labs) designated the point of departure

which started a veritable `solid state revolution.'1187 This discovery had certainly

been prepared by the quantum-mechanical theory of metal electrons, developed

in the late 1920s by Felix Bloch, Alan H. Wilson, and others, on the one hand, and

some pioneering work by Walter Schottky in the 1930s on the recti®cation of

electric currents by semiconducting devices (such as copper-cuprous oxide system,

selenium), carried out at the Berlin Siemens & Halske Laboratories, on the other

hand. Further steps on the path to the transistor provided the development of

microwave technology (radar) during World War II, notably, in Great Britain and

the United States (where at MIT, the Radiation Laboratory was set up in Cam-

bridge, Massachusetts).1188 The detailed investigation of the properties of silicon

and especially germanium, carried out by an associated research group at Purdue

University, led to the following results:

1187 See the article on `Electronics' in the recent (15th) edition of Encyclopeadia Britannica, Vol. 18
(1977), especially, pp. 212±213.

1188 For further details on the radar research and the prehistory of the transistor, see Hoddeson et
al., 1992, Chapter 7. For the work done at the MIT Radiation Laboratory during World War II, see,
e.g., Mehra and Milton, 2000, Chapter 4.

2.1 The Industrial and Celestial Laboratories (1947±1957) 1139



1. Germanium of high purity has been prepared by reduction from pure oxide. By
using various impurities in a varying range of concentration (0.001 to 17%), it has
been shown that both N-type (excess conductor) and P-type (defect conductor)
semiconductors can be produced. B, Al, Ga, In, all produce P-type germanium
semiconductors. N, P, As, Sb, Bi, and Sn and other elements produce N-type
semiconductors.
. . .

7. Germanium semiconductors using P or Sb can be used in microwave mixer crys-
tals comparing well in performance to silicon crystals. (Lark-Horowitz, 1946,
quoted in Hoddeson et al., 1992, pp. 459±460)

The Purdue results interested people at Bell Labs (also a contributor to the MIT

radar project), where, e.g., Walter Brattain as early as 1933/1934 had worked on

copper oxide recti®ers. After the war, the scienti®c administration at Bell Labs

decided to get into research on semiconducting materials and their possible appli-

cations, with William ShockleyÐco-head of the Solid State DivisionÐdirecting

a group involving Bardeen as theoretical and Brattain as technical experts. Bar-

deen's theoretical paper on `Surface States and Recti®cation at a Metal Semi-

Conductor Contact,' which was received in February 1947 by Physical Review,

altered the emphasis of their investigations to the consideration of processes oc-

curring on the surfaces. In particular, Bardeen concluded:

If the density of surface levels with energies in the ``forbidden'' band is su½ciently
high (>@1012/cm2), there will be a double layer at the free surface of a semiconduc-
tor formed from a surface state charge and a space charge of opposite sign. The space
charge region is similar to that which exists at a rectifying contact. This double layer
tends to make the work function independent of the height of the Fermi level in the
interior, and so independent of the impurity content (Bardeen, 1947, p. 725).

After some experimentation on the basis of this idea, Brattain and Bardeen pre-

pared a germanium surface by anodizing it and evaporating gold spots. On 15

December 1947, `it was found that the current ¯owing in the forward direction

from one contact in¯uenced the current ¯owing in the reverse direction in a

neighboring contact in such a way as to produce voltage ampli®cation' (Report

of W. S. Gordon on `Genesis of the Transistor,' quoted in Hoddeson et al., 1992,

p. 469). On the same day, Brattain wrote in his notebook how he looked at a gold

spot, cut into three sections, using the area A of the spot as the plate and area B as

the grid (in complete analogy to the electron tube notation), and noticed that when

the points were `very close together' he `got voltage ampli®cation about [a factor

of ] 2 but not power ampli®cation . . . independent of frequency [from] 10 to 10,000

cycles' (quoted in Hoddeson et al., loc. cit., p. 470). By further experimentsÐthe

gold spots were replaced by other metal pointsÐespecially putting the electrodes

closely together, Brattain demonstrated on 23 December 1947, at the Bell Labs,

also a power ampli®cation of a factor of 18. The name `transistor' was given to the

Epilogue1140



new device.1189 In his monograph, entitled Electrons and Holes in Semiconductors,

Shockley explained the functioning of an `idealized transistor structure, using two

p±n junctions, which separated the p-type regions Pe and Pc from the n-type

region Nb' (Shockley, 1950, p. 92), as follows:

In the transistor structure the application of the voltage between emitter and base has
an e¨ect similar to the application of voltage between grid and cathode in the vacuum
tube. The transition region corresponds to the grid cathode spacing and has a capaci-
tance analogous to the grid cathode capacitance. For example, if a negative potential
is applied to Nb, the ¯ow of electrons will change this capacitance (and the collector
junction capacitance as well) and will reduce the height of the potential hill over
which the holes must drift to reach the collector junction. Thus for the transistor there
is a region in which electron ¯ow by one means, that is, excess electrons, controls ¯ow
by another means, that is, holes. However, in this case there will always be some re-
combination, and separation of the current to the same degree as in a vacuum tube
will be di½cult to achieve. (Shockley, loc. cit., pp. 94±95)

Still, by certain modi®cations, the p±n±p structure could be made to operate

e¨ectively.

The management of the Bell Labs soon became convinced that the transistor

represented a major breakthrough in solid-state electronics that o¨ered great

technological potential; they invested a great amount of activity in improving the

materials (e.g., getting germanium of high purity) and the possibilities of its ap-

plication. Thus, Ralph Brown, the Director of Research at the Bell Labs, and

immediate superior of William Shockley, summarized in a foreword to the latter's

book the advantages of the transistor as compared to the vacuum tube:

Solid state electronics, or transistor electronics, as Dr. Shockley calls it, preceded and
in one aspect has always excelled vacuum electronics. This is true in communication
engineering at least, for the crystal wireless detector preceded the audion and is still
the best detector when going gets tough, as in microwaves. Nevertheless in the past
forty years the vacuum tube is the tool which has shaped the whole electrical trans-
mission art. It is an art traditionally based upon highly stable ampli®ers in which
distortion is precisely tailored to a useful purpose. Evidence is already strong that the
transistor devices will be developed having characteristics suitable for such exacting
uses.

The newer method of transmission by quantizing and time splitting, together with
related ®elds such as electric computing, requires a large number of power ampli®ers
and gating and ¯ip-¯op circuits to handle pulses and stepwise current changes. Tran-
sistor devices are being found to have unique advantages in this type of circuitry.
They are tiny, fast and e½cient. Here the science of electronics which Dr. Shockley
and his colleagues have so e½ciently launched promises to lead into new areas of
technology. (Brown, in Shockley, loc. cit., pp. vii±viii)

1189 For details of the dramatic events leading to the discovery of transistor e¨ect, see Bardeen's
Nobel lecture (Bardeen, 1964, pp. 333±337).
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However, yearsÐin which the Bell Labs got considerable military funding (be-

tween 1949 and 1958 about $8.5 million, representing 25% of the total expendi-

tures on device and material development)Ðwould have to pass before Brown's

prophesy became actually true. Even before this, the transistor era in technology

began, and on 10 December 1956, Bardeen, Brattain, and Shockley received the

Nobel Prize in Physics for `their investigations on semiconductors and the dis-

covery of the transistor e¨ect.' The report on this event in Physics Today still

stated cautiously: `The experimental importance of early transistor research in

terms of clarifying the physical picture of electronic conduction considerably out-

weighed the immediate practical gains from even so sensational a discovery as a

miniature electronic device that might be used as an ampli®er or to satisfy many of

the other functions usually associated with the conventional and far more bulky

vacuum tube.' (Physics Today, January 1957, p. 16)

In the research on semiconducting materials during the 1950s, the Ger-

man Siemens Company also participated eagerly. When in 1951 a laboratory at

the Erlangen branch (Siemens±Schuckert) was founded, Dr. Heinrich WelkerÐ

a former student of Arnold Sommerfeld's and contributor to the theory of

superconductivityÐjoined with a patent containing the idea of the so-called `III-V

compounds.'1190 As he summarized his idea in the later publication `UÈ ber neue

halbleitende Verbindungen (On New Semiconducting Compounds)':

The imitation of the semiconducting [chemical] elements of the fourth main sequence
of the periodic system (diamond, Si, Ge, grey Sn) by compounds of elements of the
third sequence (Al, Ga, Sb) with elements of the ®fth sequence (P, Ga, Sb), so far not
known to be semiconductors, will be discussed. Because of the quantum-mechanical
resonance between homopolar and heteropolar parts of the binding, predictions can
be made about the semiconductor properties of these compounds which agree well
with experiment. Thus it will be demonstrated that these compounds in certain prop-
erties surpass by far those of the elements of the fourth sequence. For example, in InSb
electron mobilities up to 25,000 cm2/Volt sec are obtained. (Welker, 1952, p. 744)

In spite of such advantages, Welker's imitation of the semiconducting elements of

the fourth groupÐlater, one also investigated the II±VI compounds for semicon-

ductor propertiesÐdid not revolutionize the transistor technology. Silicon became

the preferred raw material, which, compared to germanium and Welker's com-

pounds, retains semiconductivity at higher temperaturesÐthus, it can be applied

up to 200 �C. Ultimately, the silicon transistor replaced the vacuum tubes in big

computers but also in the handy electrical tools in common households (e.g.,

in radio sets). The invention of integrated circuits (in 1958) allowed their use in

compact, lightweight electronic missile-guidance systems; in 1971, a further step in

microwave technology followed, when the microprocessor (a memory integrated

circuit) became available.

1190 A historical account of the invention of the III±V compounds and their use has been given by
Ottfried Madelung (1983).
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(b) The Celestial Laboratory (1946±1957)

The industrial laboratories, which made use of the previous results from the

quantum mechanics of solids for creating new products of the age of micro-

electronics, clearly possessed a decisive advantage over the laboratories at uni-

versities and other research institutions immediately after World War II, as they

received ®nancial support not only from their parent companies, but also often

from military and governmental sources; during the period of the `Cold War,'

these funds poured in more abundantly than nowadays. For the researchers at

universities, however, another `cheaper' laboratory remained (because the obser-

vational tools were supplied by the astronomers) to check old and new con-

sequences from the quantum theory: The stars and other celestial objects o¨ered

indeed extra information about nuclear and elementary particle theories. As early

as September 1946, George Gamow of George Washington University (Washing-

ton, D.C.) submitted a letter to Physical Review, dealing with the `Expanding

Universe and the Origin of Elements' (Gamow, 1946). Gamow attributed the ob-

served abundanceÐespecially of heavier nucleiÐto `some kind of unequilibrium

process taking place during a limited interval of time' (Gamow, loc. cit., p. 572)

and occurring during a period of much faster expansion of the universe `when

the mean density was of the order of 106 g/cm3,' (Gamow, loc. cit., p. 573). In a

further note on the topic, written with Ralph Alpher, GamowÐin a stroke of

humour, he added the name of Hans Bethe, to complete the sequence `a; b; g'Ð

drew detailed consequences from what he imagined to be the situation concerning

the state of matter in the early stage of the expanding universe:

We must imagine the early stage of matter as a highly compressed neutron gas
(overheated neutral nuclear ¯uid) which started decaying into protons and electrons
when the gas pressure fell down as the result of universal expansion. The radioactive
capture of the still remaining neutrons by the newly formed protons must have led to
the formation of deuterium nuclei, and the subsequent neutron captures resulted in
the building-up of heavier and heavier nuclei. It must be remembered that, due to the
comparatively short time allowed for this process [i.e., about 1 second: see Gamow,
1946, p. 573], the building-up of heavier nuclei must have proceeded just above the
upper fringe of the stable elements (short-lived Fermi elements), and the present
frequency distribution of various atomic species was attained only somewhat later as
the result of adjustment of their electric charges by b-decay. (Alpher, Bethe, and
Gamow, 1948, p. 803)

Consequently, Alpher, Bethe, and Gamow attributed the observed abundances

`not to the temperature of the original neutron gas [as was done previously in the

equilibrium calculations], but rather to the time period permitted by the expansion

process.' They thus derived theoretically a curve for the relative abundance of

elements in dependence of their atomic weights by integrating the set of equations,

dni

dt
�� f �t��siÿ1niÿ1 ÿ sini�; i � 1; 2; . . . ; 238; �917�
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where ni and si denoted the relative numbers and capture cross sections for nuclei

of atomic weight i, and f �t� a factor characterizing the decrease of density with

time t. This curve, which showed `that the relative abundances of various nuclear

species decrease rapidly for lighter elements and remain approximately constant

for the elements heavier than silver' (Alpher et al., loc. cit., p. 803), ®tted the ob-

served data on the average quite well.

While Gamow (1948) and his associates Alpher and Robert Herman (1948,

1949) studied the problem of the behaviour of matter (distribution and total den-

sity) in the general relativistic evolution model of the Universe furtherÐit implied,

e.g., a unique relationship between the temperature T and time tÐthe Japanese

physicist Chushiro Hayashi pointed out a conceptual defect: If initially only neu-

trons and photons were present, electron±positron pairs would be created due to

the action of the electromagnetic ®eld at the highest temperature, and the posi-

trons would help create protons (via the process n� e� ! p� n); thus, there had

to exist rather an equilibrium of all these particles (Hayashi, 1950). Several years

later, he removed another, even more serious, di½culty of the `abg'-theory,

namely, the fact that it failed to produce the observed amounts of carbon and

oxygen (due to the absence of stable nuclei of mass numbers 5 to 8), by consider-

ing the a-capture processes of 3He4 ! C12 (Hayashi and Nishida, 1956).

Still, Gamow's view of an evolution of the Universe from a hot condensed

phase, the so-called `Big-Bang' theory (for details, see Alpher and Herman, 1950,

1953) immediately received strong competition. Referring to the then-observed

speed of the Universe's expansion, which yielded an expansion time of roughly

2� 109 years and contradicted the age of the oldest rocks on the Earth, Fred

Hoyle (1948) spoke rather in favour of a steady creation of matter, while Hermann

Bondi and Thomas Gold expounded the `perfect cosmological principle,' stating

that the universe presents the same large-scale picture at all times to all observers

(1948). Very much motivated by this `Steady-State' theoryÐalthough its basis,

the high value of the Hubble velocity, had meanwhile been weakened by new

astronomical observations (from 500 to 180 km/s), resulting in a much larger

possible age of a Big Bang Universe)ÐE. Margaret Burbidge, Geo¨rey R. Bur-

bidge, William A. Fowler, and Fred Hoyle composed their exhaustive report on

the `Synthesis of the Elements in Stars' for Review of Modern Physics (1957). They

admitted that none of the so-far three proposed theories `succeeds in meeting all of

these requirements' and: `It is our view that these are mainly satis®ed by the fourth

theory in which it is proposed that stars are the seat of the origin of elements.'

(Burbidge et al., loc. cit., p. 550) The new theory just involved the known `nuclear

transformations currently taking place inside stars' (Burbidge et al., loc. cit.). To

support their opinion, Burbidge et al. took eight types of nuclear processes

involved in the synthesis of elements: (i) hydrogen burning (which includes the

proton±proton chain of Edwin E. Salpeter, 1952), (ii) helium burning, (iii) a pro-

cesses (in which a-particles are successively added to synthesize new elements, such

as Mg24, Si28, C40, etc.), (iv) e process (i.e., the equilibrium process to build the

iron peak in the abundance curve), (v) s process (a long-time scale(n, g) process),
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(vi) r process (or short-time sale (n, g) process), (vii) p process (either a ( p, g)

process or a process involving a neutron with g-absorption), and (viii) x process

(responsible for the synthesis of deuterium, lithium, beryllium, and boron). Evi-

dently, the basic empirical data to check the theoretical calculations of Burbidge

et al. came from geological studies of the earth's surface (and a little below) and

the observation of the visible spectra of stars and other celestial objects.

Up to the early 1950s, optical astronomy provided the only tool to obtain

physical information about celestial phenomena, with the 200-in Mt. Palomar

telescope, which had been completed in 1949, being the largest instrument. How-

ever, the development of radar completed during World War II favoured the

emergence of a new important branch of astronomy, radio astronomy (which

originated from the discovery of radio emission from the galaxy by Karl Jansky,

an engineer at the Bell Labs in 1931). Especially, the discovery of the 21-cm line

of molecular hydrogen (predicted in 1945 and detected experimentally in 1951)

allowed one to observe previously invisible cold gas clouds in the galaxy and

beyond; later followed the discovery of new galaxies (radiogalaxies) and ®nally

that of the surprising quasi-stellar objects (quasars) (spatially relatively concen-

trated objects of high radio-emission brightness). Both the optical and radio

astronomy depend on the possibility of electromagnetic radiation to penetrate

through the terrestrial atmosphereÐthe latter possesses `windows' for the optical

wavelengths, a certain part of the long-wavelength spectrum (only a small window

around the 21-cm wave!) but absorbs especially ultraviolet and X-rays. However,

since the late 1950s, rockets became available (developed essentially for military

purposes), which were sent high up into space and launched satellites; they carried

instruments which allowed one to investigate other parts of the spectrum for as-

trophysical observations, i.e., to establish X-ray and ultraviolet astronomy.1191 On

the other hand, high-energy g-rays and neutrinos again penetrate through the at-

mosphere and can also be observed on the Earth. Thus, the Universe has turned into

a resourceful labotatory for the human researcher, who makes use of a wide variety

of methods known from optics, radio technology, and X-rays to high-energy

particle physics. Certain results from these new astrophysical methods, which are

especially connected with quantum theory will be recalled later (Subsection 2.5).

2.2 The Application of Known Quantum E¨ects (1947±1995)

(a) The Casimir E¨ect and Its Applications (1947±1978)

In a talk presented at the 1998 Workshop on `The Casimir E¨ect Fifty Years

Later,' Hendrik B. G. Casimir recalled about its origin: `In 1946, there appeared

1191 Actually, the ®rst successful study of the ultraviolet radiation from the Sun was made in 1946 by
an American Navy Group (which used the further-developed German V-2 rockets). For a condensed
historical review of X-ray astronomy and other new astrophysical observation methods, see the article by
Michael S. Longair, 1995, especially, Part 3, entitled `The Opening UP of the Electromagnetic Spectrum.'
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a monograph by Verwey and Overbeek, Theory of the Stability of Lyophobic

Colloids, describing work mainly done in the years 1940 to 1945.' (Casimir, 1999,

p. 3). Especially, `certain suspensions of rather coarse particles were more stable

than they ought to be according to theory'; i.e., `The van der Waals interactions at

long distances appear to decrease more rapidly than Rÿ6.' (Casimir, loc. cit., p. 4)

He continued:

It was then that I became interested and felt that I should try to solve the problem. . . .
My young collaborator D. Polder joined me in the e¨ort and played an im-
portant part. . . . At ®rst we were a bit overwhelmed. QED in its modern formÐ
renormalization, etc.,Ðwas not yet there, or at least we did not know it. So we
had to use makeshift procedures to get rid of in®nities. . . . In the limit of very long
distances the interaction [between two neutral atoms] is given by a very simple
formula,

�dE � �U � ÿ 23pc

4pR7
a1a2: ��918��

[In Eq. (918), a1 and a2 denoted the polarizability of the two atoms and R the dis-
tance between the two atoms.] (Casimir, loc. cit., p. 5)

On 16 May 1947, the Physical Review received the communication of Casimir and

Polder, entitled `The In¯uence of the Retardation on the London-Van der Waals

Forces,' and published it 10 months later (1948). Before working on the interac-

tion between two neutral atoms, Casimir and Polder investigated the simpler

problem of the interaction between a neutral atom of polarizability a and a per-

fectly conducting plane at distance R, and obtained the expression

dE � ÿ 3pc

8p

a

R4
: �919�

During a visit to Copenhagen, Casimir explained the problem and its solution

to Niels Bohr, who thought it over, then mumbled something like `[It] must have

something to do with zero-point energy' (Casimir, loc. cit., p. 6). This remark

indeed provided a simple method to obtain Eq. (919), as Casimir showed in

the following publication `On the Attraction between Two Perfectly Conducting

Plates,' submitted in May 1948 to the Amsterdam Academy (Casimir, 1948).1192

Casimir considered a cavity enclosed by (electrically) perfectly conducting walls

and placed in it an atom at distance R from one of the walls. Then, the wave

modes o of the electromagnetic radiation contained in the cavity would be dis-

placed; hence, the zero point energy of this radiation W0�� 1
2 po� would be

1192 We have treated the relation between the Casimir±Polder retardation e¨ect and the zero-point
energy in detail in a recently published paper (Mehra and Rechenberg, 1999; see also Rechenberg,
1999).
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shifted. It turned out that the calculated quantity dRW0 was in®nite, but Casimir

obtained a ®nite energy displacement by subtracting the quantity dyW0Ði.e., the

energy shift of the atom was placed very far away from the conducting wallÐand

thus con®rmed the result, Eq. (919). He proceeded to evaluate the zero-point

energy shift for two conducting plates separated by a distance a and derived from

it the existence of `an attractive force, . . . which is independent of the material of

plates' (Casimir, loc. cit., p. 795), namely,

F � pcp2

240

1

a4
� 0:013

1

a4
dyn=cm2; �920�

if a was measured in microns. `This force may be interpreted as a zero-point pres-

sure of electromagnetic waves,' Casimir stressed and added: `Although the e¨ect

is small, an experimental con®rmation seems not to be unfeasible and might be of

some interest.' (Casimir, loc. cit.) While some theoretical work on the `Casimir

e¨ect' went on in The NetherlandsÐat Philip's Laboratory in Eindhoven, of

which Casimir was directorÐand in the U.S.S.R.Ðwhere Evgeny Lifshitz (1956)

and collaborators especially explored the long-range molecular forces and their

temperature dependenceÐit took ten years until M. J. Spaarnay succeeded in

substantiating Eq. (920) for distances a � 0:5 to 2� 10ÿ4 cm (Spaarnay, 1958).1193

However, after 1960, the zero-point energy e¨ects in cavities became a topic of

very intense theoretical and experimental interest. On the one hand, the detailed

study of molecular forces and their long-distance behaviour served to describe the

properties of re®ned media, like thin ®lms on the surface of a solid; on the other

hand, the Casimir e¨ect was invoked in the theory of elementary particles for ex-

plaining quark con®nement in the so-called `bag model.' Even some ingenious

speculations about a quantum-theoretical non-Euclidean cosmology made use of

the idea of zero-point oscillations. A more recent report on the Casimir e¨ect lists

applications in four sections:

[1.] The Casimir e¨ect for various ®elds and spatial regions.
[2.] Incorporating the real properties of the medium bounding the quantization

volume.
[3.] Non-trivial topology of space-time and cosmological applications.
[4.] The Casimir e¨ect in elementary particle physics.

(Mostepanenko and Trunov, 1988, p. 965)

1193 In summer 1958, in Berkeley, California, Jagdish Mehra told Wolfgang Pauli about his plan to
write his doctoral thesis by developing the general theory of London±van der Waals forces on the basis
of the covariant quantum electrodynamical methods of Feynman and Schwinger. Pauli immediately
approved of the idea and said that he would accept it as his thesis. In December 1958, Pauli died of
pancreatic cancer, and Mehra with the help of the award of a handsome fellowship completed his D.Sc.
in Switzerland with Charles P. Enz (Pauli's last assistant) and Markus Fierz (Pauli's successor in the
theoretical chair at the ETH ). Mehra developed the quantum electrodynamics of London±van der
Waals forces and calculated their temperature dependence results which have been amply veri®ed.
Mehra also applied his methods to the theory of imperfect gases in statistical mechanics. (See Mehra,
1963; 1967).
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During the past ten years, the interest in the topic has not decreased at all, and the

Casimir e¨ect has remained a source of many inspired experimental and theoreti-

cal contributions.1194

For the last, we have reserved the treatment of Julian Schwinger's interest in the

Casimir e¨ect, which was aroused through conversations with Seth Putterman at

UCLA,1195 and perhaps also his conversations with Walter Dittrich may have

played a role.1196 In 1975, Schwinger wanted to explain the e¨ect in the language

of his source theory, `which makes no reference to quantum oscillators and their

associated zero-point energy.'1197 As usual, his presentation was ®rst to his class

on ®eld theory, and only then did he write a short paper for publication. Antici-

pating that the e¨ect of the two polarizations of electromagnetism was merely a

doubling of that for a single, massless, scalar mode, his derivation began by ob-

taining the general expression for the in®nitesimal change in the action for a scalar

particle under an in®nitesimal change in the physical parameters,

dW � 1

2
i

�
�dx��dx 0�D�x; x 0�dDÿ1�x 0; x�; �921�

where D is the massless propagation function of Green's function, or the equiva-

lent change in the energy

de � ÿ i

2

�
�dr��dr 0�dtD�r; r 0; t�dDÿ1�r; r;ÿt�; �922�

which ignores transient e¨ects. Then, by inserting an appropriate Green's function

that satis®es the Dirichlet boundary conditions at z � 0; a, written in terms of the

longitudinal eigenfunctions,
��������
2=a

p
sin�npz=a�, he obtained the following formula

for the change in the energy per unit area if the separation is changed by an

amount da, due to the Green's functions in the region 0 < z < a:

dea

A
� 1

4p

da

a

1

it

d 2

dt2

1

1ÿ eÿ�p=a�t2 ; �923�

where the limit t! 0 is understood. This result is divergent in that limit. But

Schwinger then subtracted o¨ the contribution from the region on the other side of

the plate, a < z < L (an additional conducting plate is placed at z � Lg a), which

may immediately be inferred from Eq. (923) to be

deLÿa

A
� ÿ 1

4p
da

1

it

d 2

dt2

1

4pit
: �924�

1194 See the proceedings of the Leipzig workshop on `Quantum Field Theory Under the In¯uence of
External Conditions,' held 14±18 September 1998 (Bordag, 1999).

1195 See Seth Putterman, Conversation with K. A. Milton, in Los Angeles, California, 28 July 1997.

1196 See Walter Dittrich, to K. A. Milton, September 1998.

1197 Julian Schwinger, 1975, p. 43.
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The force per unit area is then immediately found from the sum of Eq. (923) and

Eq. (924) to be

F � ÿ 1

A

qe

qa
� ÿ p2

480

1

a4
; �925�

indeed, exactly one-half of Casimir's result (920).

Schwinger concluded this note by rederiving the e¨ect of ®nite temperature, in

particular, the high-temperature limit,

kTg
p

a
: FT � ÿ z�3�

8p

kT

a3
; �925a�

which had ®rst been published by Mehra (1967). Schwinger justi®ed this publica-

tion, apart from it giving the Casimir e¨ect a source theory context free from an

operator substructure, by quoting from C. R. Hargreaves, who stated that `it may

yet be desirable that the whole general theory be reexamined and perhaps set up

anew.'1198 The context of the latter remark was a discrepancy between the tem-

perature dependence found between conducting plates, and that found by the

temperature-dependent Lifshitz formula1199 when the dielectric constant in the

region outside 0 < z < a is set equal to in®nity, a process which should correspond

to a perfect conductor. Unbeknownst to Schwinger, this error had been corrected

subsequently.1200 (Hargreaves had corrected another error in Lifshitz' paper

having to do with the e¨ect of perfect conductors.)

It was partly this (nonexistent) discrepancy, but primarily the challenge to

understanding the phenomenon in his own language, that led Schwinger, and his

postdocs Milton and DeRaad, to write `Casimir E¨ect in Dielectrics,' in which the

Lifshitz formula for the Casimir force between parallel dielectrics was rederived in

an elegant, action-principle±based, Green's function technique.1201 The key point

here was that the e¨ective product of electric ®elds could be represented in terms

of the classical electromagnetic Green's dyadic,

E�r�E�r 0�jeff �
p
i
G�r; r 0;o�; �926�

where, from Maxwell's equations, the Green's dyadic satis®es

ÿ`� �`� G� � o2eG � ÿo21d�rÿ r 0�: �927�

1198 See C. R. Hargreaves, 1965, p. 236.

1199 E. M. Lifshitz, (1956); I. D. Dzyaloshinskii, E. M. Lifshitz, and L. P. Pitaevskii, (1961); L. D.
Landau and E. M. Lifshitz, (1960), pp. 368±376.

1200 E. M. Lifshitz, Letter to J. Schwinger, 27 April 1978.

1201 J. Schwinger, DeRaad, and Milton, 1978a.
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From G, Schwinger, Milton, and DeRaad calculated the changes in the energy,

using a method similar to that sketched above, or equivalently, the force directly

from the electromagnetic stress tensor,

TZZ � 1

2
�H 2

1 ÿH 2
2 � e�E2

? ÿ E2
Z��; �928�

where H is calculated from E (and, hence, G) using Maxwell's equations. Remov-

ing constant divergent terms from the result, the so-called volume stress, which

would be present if a given dielectric extended over all space, they succeeded in

rederiving the Lifshitz formula. As a special case, they took the perfect conductor

limit noted above (e!y) in the external region and obtained the Casimir result,

as well as the high and low temperature limits found by Mehra (1967). They also

showed how, in the case of tenuous dielectrics, i.e., in the case when eÿ 1f 1, the

Casimir force could be thought of as the superposition of the van der Waals

attraction between individual molecules (separated by a distance r) that made up

the media,

large separations: V � ÿ 23

4p

a1a2

r7
; �929�

small separations: V � ÿ 3

pr6

�y
0

dz a1�z�a1�z�; �930�

where a � �eÿ 1�=4pN is the electric polarizability of the molecules, with number

density N. These are the van der Waals potentials originally derived by Casimir

and Polder1202 and Fritz London,1203 respectively.

These results were all explicitly contained in the much earlier papers by Lifshitz

and collaborators (see footnote 1199), to whom due acknowledgement was made.

Nevertheless, Lifshitz was somewhat o¨ended by this paper, and he wrote

Schwinger a letter:

Thank you for the preprint of your . . . paper . . . It was gratifying to know of your
interest in my earlier work.

Of course, the method adopted in this paper is far superior than [sic] the method
which was used in my ®rst paper of 1954. But it seems to me that it is almost identical
with the method developed later by I. Dzyaloshinskii, L. P. Pitaevskii, and myself.
The derivation of my results by this method was published in our joint paper in
Advances of Physics, 1961 (identical with the paper in Soviet Physics Uspechi, referred
to in your preprint); it was also reproduced in the book by Abrikosov, Gorkov,
Dzyaloshinskii on the Field Theoretical Methods in Statistical Physics (English
translation, Prentice Hall, 1963).

1202 H. B. G. Casimir and D. Polder, 1948, p. 372, Eq. (56).

1203 See F. London (1930a) for his ®rst tratment of the problem.
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As to the formula for the low temperature limit of the force between the two per-
fect metallic surfaces (formula 3.17 of your paper), the error in sign in my paper was
the result of merely an unfortunate slip in rewriting the Euler summation formula,
and not of a deeper origin. This error has since [been] noticed by di¨erent authors in
our country and elsewhere. (E. M. Lifshitz to J. Schwinger, 27 April 1978)

The only really new result in this paper was an attempt to derive the surface

tension for an ideal liquid (liquid helium) from such considerations, by examining

the e¨ect of a change of shape of the surface on the energy. `The second-order

change of energy . . . is directly related to the surface tension.' (Schwinger et al.,

1978a, p. 17) Unfortunately, a quadratically divergent result was obtained. How-

ever, with reasonable numbers inserted to provide a physical cuto¨ to the diver-

gence, a value for the surface tension, and for the latent heat, could be obtained

crudely in agreement with the observed values to within a factor of two or three.

The idea remains provocative yet unresolved.

A few months later, the same three authors wrote a second paper on Casimir

phenomena, entitled `Casimir Self-Stress on a Perfectly Conducting Spherical

Shell' (Schwinger et al., 1978b). The impetus for this work went back to another

paper of Casimir, in which he suggested that the attractive Casimir force could

balance the Coulomb repulsion of a semiclassical model of an electron (Casimir,

1953). More precisely, it had long been known that a purely electromagnetic

classical model of an electron was impossible, that one had to add the so-called

PoincareÂ stresses to stabilize the particle. Casimir had then suggested that those

stresses could arise from quantum mechanics. Indeed, if a reasonable guess ex-

trapolated from the parallel plate calculation was used, one could calculate a value

for the charge on the electron, or better, the ®ne structure constant, a � e2=pc,

consistent, perhaps, with the experimental value, a � �137:036 . . .�ÿ1.

It remained for Timothy Boyer, a student of Sheldon Glashow's at Harvard, to

take up the challenge of a real calculation for the spherical geometry in 1965. He

calculated the change in the zero-point energy due to the presence of a perfectly

conducting spherical shell of radius a. Both modes interior to and exterior to the

shell had to be included in order to get a ®nal ®nite result. This impressive calcu-

lation was di½cult and subtle, and involved extensive numerical calculation. His

result, obtained after three years of work, was accurate to only one signi®cant

®gure, but it was of opposite sign compared to the one found by Casimir in the

parallel geometry (Boyer, 1968):

EB � � 0:9

2a
: �931�

His expression was subsequently evaluated more accurately, to three signi®cant

®gures by B. Davies (1972).

Because this result was so surprising, and devastating to Casimir's electron

model, it was an obvious target for a recalculation by Schwinger and his postdocs,

now that their improved Green's function machinery had been honed. By the end
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of 1977, they had derived a compact formula for the Casimir energy of a con-

ducting shell, much simpler than that of Boyer,

E � ÿ 1

2pa

Xy
i�1

�2l � 1� 1
2

�y
ÿy

dy eieyx
d

dx
log�1ÿ l2

l �; �932�

where the sum is taken over the di¨erent angular momentum modes, the integral

over (imaginary) frequencies, y � 1
2 oa, the quantity x � jyj, and the logarithm

depends on

ll�x� � �slel�0�x� �933�

(where the prime denotes di¨erentiation). The functions el and sl are given in

terms of modi®ed Bessel functions,

sl�x� �
������
px

2

r
Il�1=2�x�; �934�

el�x� �
������
2x

p

r
Kl�1=2�x�: �935�

The expression (932), which is formally divergent, has been regulated by evaluat-

ing the underlying Green's function at unequal times, t � t 0 � t, i.e., by `time-

splitting.' At the end of the calculation, one is to take the limit e � t=a! 0.

Unfortunately, at this point, Milton and DeRaad had a bit of di½culty in seeing

how to extract a number from this formula, so a few months passed. (Schwinger

had contented himself with deriving the formula.) Unfortunately, because just at

that point a paper by Balian and Duplantier appeared, who obtained a di¨erent

formula, based on a multiple scattering formalism, and obtained a result, consis-

tent with Boyer's number, but now accurate to three signi®cant ®gures (Balian and

Duplantier, 1978). So the postdocs worked hard, discovered how to extract a reli-

able answer based on the sue of uniform asymptotic approximations (the ®rst term

of which was accurate to 2%, while Balian and Duplantier's ®rst approximation

was only accurate to 8%), and obtained the result accurate to ®ve signi®cant

®gures,

E � 0:923531

2a
: �936�

The reaction from Boyer and Balian was rather unexpected. In a letter to Lester

DeRaad (DeRaad and Boyer, of course, had been fellow graduate students at

Harvard), Timothy Boyer wrote: `The calculations presented seem sophisticated,

and presumably are carefully done. However, the comments on my work in the

text of the Casimir paper are hardly generous; my colleagues would charac-
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terize them di¨erently.' (Boyer to DeRaad, 12 May 1978) He went on to apprise

DeRaad of the Davies calculation, and to give further experimental references,

which were incorporated into the published papers. In addition, an appreciative

comment about Boyer's work was inserted (Schwinger et al., 1978b, p. 388).

Roger Balian wrote Schwinger to say:

I guess it would be interesting to compare our respective approaches, which have the
common feature of being based on the elimination of ®elds and consideration of
sources. Our formalism was mainly intended to deal with arbitrary geometries; it is
based on an expansion which converges rapidly in cases of interest (slightly deformed
conducting sheet, spherical shell, etc. . . .). However, we construct the electric Green's
function in terms of ®ctitious monopole currents, and restrict to conductors. Your
approach has the advantage of allowing the treatment of dielectrics; I do not see,
however, how to use it for arbitrary geometries; on the other hand, would you obtain
instabilities of the surface of a dielectric at T 0 0, thus generalizing the e¨ect which
we pointed out for the conducting foil?' (Balian to Schwinger, 28 December 1977)

Since this letter was dated 28 December 1977, more than ®ve months before

Schwinger's paper on the Casimir e¨ect for a sphere was submitted (Schwinger et

al., 1978b), it seems likely that at that point Balian had only seen the dielectric

paper (Schwinger et al., 1978a), hence, the remark about geometries.

Schwinger's ®rst papers on the Casimir e¨ect were in¯uential, not for their ex-

plicit results, which were mostly well known, but for the development of powerful

techniques for attacking such problems, which continue to be exploited. (A recent

example is the study of the dimensional dependence of the Casimir e¨ect in hyper-

spheres by Bender and Milton (1994) and Milton (1997)). However, Schwinger

continued his involvement with the Casimir e¨ect for the rest of his life. In the

1980s, he explored, but did not publish, the related connection between accele-

ration and thermal radiation; and in the last few years of his life, he suggested

that the remarkable phenomenon of sonoluminescence was due to the dynamical

Casimir e¨ect. (For details, see Mehra and Milton, 2000, Chapter 15, Section 5.)

(b) The Maser and the Laser (1955±1961)

`A new type of device is described below [which] can be used as a microwave

spectrometer, a microwave ampli®er or as an oscillator,' J. P. Gordon, H. J.

Zeiger, and Charles H. Townes thus introduced a paper that was received on 4

May 1955, by Physical Review, and explained further:

The device utilizes a molecular beam in which molecules in the excited state of a
microwave transition are selected. Interaction between these extended molecules and
a microwave ®eld produces additional radiation and hence ampli®cation by stimu-
lated emission. We call an apparatus utilizing this technique a ``maser,'' which is an
acronym for ``microwave ampli®cation by stimulated emission of radiation. (Gordon,
Zeiger, and Townes, 1955, p. 1264; our italics)
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The concept of `stimulated emission' suggested by Albert Einstein to derive

Planck's radiation law from statistical considerations (Einstein, 1916d) had not

aroused the experimentalists for more than three decades to search for a direct

veri®cation. However, the situation changed in the beginning of the 1950s, espe-

cially when it was demonstrated that an inversion of the population of quantum

statesÐi.e., the arti®cial increase of the population of the higher states as com-

pared to thermal equilibriumÐmight be actually produced practically (e.g., Pur-

cell and Pound, 1951). Charles H. Townes of Columbia University then became

interested in this possibility, when he realized that `probably only through the use

of molecular or atomic beams could coherent oscillators for very short waves be

made' (Townes, 1965, p. 832). The design of the ®rst apparatus to accomplish this

task, was described by the same authors a year earlier in a letter to Physical Re-

view, entitled `Molecular Microwave Oscillator and New Hyper®ne Structure in

the Microwave Spectrum of NH3,' as follows:

A beam of ammonia molecules emerges from the source and enters a system of
focusing electrodes. These electrodes establish a quadrupolar cylindrical electrostatic
®eld whose axis is in the direction of the beam. Of the inversion levels, the upper
states experience a radial inward (focusing) force, while the lower states see a radial
outward (focusing) force. The molecules arriving at the cavity are then virtually all in
the upper states. Transitions are induced in the cavity, resulting in a change in the
cavity power level when the beam of the molecules is present. Power of varying
frequency is transmitted through the cavity, and an emission line is seen when the
klystron frequency goes through the molecular transition frequency. (Gordon, Zeiger,
and Townes, 1954, pp. 282±283)

Gordon et al. achieved their goal of obtaining the self-sustained oscillations and

thus the ampli®cation of the microwaves. Independently, and at about the same

time, Nikolai G. Basov and Alexander M. Prokhorov (1955) of the Lebedev In-

stitute in Leningrad suggested a similar idea for the `laser' (i.e., `Light Ampli®ca-

tion by the Stimulated Emission of Radiation').

A couple of years later, a Dutch associate of the Cruft Laboratory at Harvard

University thought of the next step forward in the technology of the stimulated

emission of radiation: Nicolaas Bloembergen, in his `Proposal for a New Type of

Solid State Maser,' called `attention to the usefulness of power saturation of one

transition in a multiple energy level system to obtain a change of the sign of

the population di¨erence between another pair of levels,' referring to an earlier

consideration of Albert W. Overhauser (Bloembergen, 1956, p. 324).1204 Bloem-

bergen discussed theoretically the case of three unequally spaced energy levels,

1204 Overhauser had proposed to produce polarized nuclei via resonance absorption of microwaves
by atomic nuclei of a metallic solid, due to the existence of electronic spin resonance from electrons in
the conduction band, and found: `The metal is then in a nonequilibrium condition, and we shall show
that the dynamic processes which tend to restore the system to its equilibrium state induce nuclear
transitions in predominantly one direction, with a resulting steady state nuclear polarization.' (Over-
hauser, 1953, p. 411) This result has been called the `Overhauser e¨ect.'
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E3 > E2 > E1, and derived a positive or negative population di¨erence,

n1 ÿ n2 � n3 ÿ n2; �937�

depending on whether

w21n21 > w32n32 or w21n21 < w32n32; �938�

where w21 and w32 denote the transition probabilities connected with the fre-

quencies n21 and n32. He believed that the situation of such overpopulated states

(either n3 or n2) was realized in the cases of certain nickel and gadolinium salts. As

Charles Townes recalled in his Nobel lecture (he shared the 1964 Nobel Prize in

Physics with the Russian maser±laser pioneers Nikolai Basov and Alexander

Prokhorov): `Until about 1957, the coherent generation of frequencies higher

than those which could be obtained from electronic oscillators still had not been

directly attacked, although several schemes using molecular-beam masers for the

far-infrared were examined from time to time,' and continued:

But joint work with A. L. Schawlow, beginning at about this time helped open the
way for fairly rapid and interesting development of the maser oscillators in the far-
infrared, optical, and ultraviolet regionsÐas much as 1,000 times higher in frequency
than any coherent sources of radiation previously available. It is masers in these re-
gions of the spectrum, frequently called lasers (light ampli®cation by stimulated
emission of radiation), which have perhaps provided the most striking new scienti®c
tools and results. (Townes, 1965, p. 835)

After 1957, Arthur Schawlow of Bell Labs and Charles Townes indeed pointed

out how to extend the maser techniques to the shorter-wavelength regions `by

using a resonant cavity of centimeter dimensions, having many resonant modes . . .

by pumping with reasonable amounts of incoherent light' (Schawlow and Townes,

1958, p. 1940), that is, by making use of Bloembergen's method of `optical

pumping.' They further claimed that `a good many crystals, notably rare earth

salts' may be available to achieve the desired goal, although there still remained

the practical problem of populating the upper states. Schawlow and Townes con-

cluded: `For reasonably favorable maser design in the short wavelength regions,

highly re¯ecting surfaces and means of e½cient focusing of radiation must be

used.' (Schawlow and Townes, loc. cit., pp. 1948±1949)

It took two further years before Theodore H. Maiman of the Hughes Research

Laboratory in Malibu, California, could report a breakthrough in the laser prob-

lem. In his note on `Optical and Microwave-Optical Experiments in Ruby,' sub-

mitted to Physical Review Letters in April 1960, he announced `the ®rst observa-

tion of ground state changes in ruby due to optical absorption between two excited

states in this crystal' (Maiman, 1960a, p. 564). About a couple of months later, he

con®rmed (in a letter published in the August issue of Nature) `Stimulated Optical

Radiation in Ruby,' obtained by applying the pumping method (of Bloembergen),
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advocated by Schawlow and Townes, to his crystal (Maiman, 1960b). The latter

contained, in particular, triply-ionized chromium, and Maiman stated:

When this material is irradiated with energy at a wavelength of about 5500 AÊ , chro-
mium ions are excited to the 4F2 state and then quickly lose some of their excitation
energy through non-radiative transition to the E2 state. This state then slowly decays
by spontaneously emitting a sharp doublet, the components of which at 300K are
at 6943 AÊ and 6929 AÊ . Under very intense excitation the population of this metast-
able state (2E) can become greater than that of the ground state; this is the condition
for negative temperatures and consequently ampli®cation via stimulated emission.
(Maiman, 1960b, p. 493)

In order to demonstrate this e¨ect, Maiman used a ruby crystal of 1-cm dimension

coated on two parallel faces with silver and irradiated it by a high-power Xenon

¯ash lamp emitting 5500 AÊ radiation that caused absorption into the lower band

and thus transition from the 4A2 state to the 2F2; he then obtained an enormously

bright line at 6943 AÊ and noticed: `These results can be explained on the basis that

negative temperatures were produced and regenerative ampli®cation ensued.'

(Maiman, 1960b, p. 494)

In the two detailed papers on `Stimulated Optical Emission in Fluorescent

Solids,' Maiman described in detail the functioning of the laser both theoretically

(Maiman, 1961) and experimentally (Maiman et al., 1961). Still, in December

1960, a collaboration at Bell Labs demonstrated `Population Inversion and Con-

tinuous Optical Maser [i.e., Laser] Oscillation in a Gas Discharge Containing a

He-Ne Mixture'; that is, the ®rst gaseous laser was realized (Javan, Bennett, and

Herriott, 1961). The invention of the laser revolutionized optics and assisted as

a tool in many other disciplines beside physics; especially, numerous applica-

tions could be found in optoelectronics, a ®eld, where laser technology and the

ideas of nonlinear optics combined e¨ectively. Nicolaas Bloembergen and Arthur

Schawlow would share the 1981 Nobel Prize in Physics for their contributions to

nonlinear optics and the use of the lasers.1205

(c) Bose±Einstein Condensation (1980±1995)

On 10 July 1924Ðjust a week after he had submitted his German translation of

Satyendra Nath Bose's derivation of Planck's radiation law to Zeitschrift fuÈ r

Physik (Bose, 1924a)ÐAlbert Einstein presented a communication to the Prussian

Academy dealing with the `Quantentheorie des einatomigen idealen Gases (Quan-

tum Theory of the Monatomic Ideal Gas),' thereby transferring Bose's new

quantum-statistical method of light-quanta to the atoms of noble gases (Einstein,

1924c).1206 Einstein then discovered a peculiar behaviour of the ideal gas, which

1205 For a history of optoelectronic physics, we refer to Brown and Pike, 1995, especially, pp. 1417±
1432.

1206 A detailed discussion of Einstein's paper has been given in Volume 1, Part 2, Section V.3.
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he called `degeneracy,' a consequence thatÐin spite of the otherwise full accep-

tance of the Bose±Einstein statistics as suchÐwas doubted by many quantum

physicists. More than half a century later, three experimentalists from Paris re-

minded the community again of Einstein's conclusion, summarizing it in the

introduction of their note, entitled `Evidence for Bose-Einstein Statistics in an

Exciton Gas':

It is well known that in an ideal Bose gas the energy distribution of the particles obeys
the relation

N�E� � r�E� f �E�; ��939��

where r�E� � AE 1=2 is the density of states, f �E� � fexp��E ÿ m�=kT � ÿ 1gÿ1 is the
occupation number of levels of energy E, measured from the lowest level E � 0, and
m is the chemical potential of the gas, determined by the condition that

P
E

N�E� � Nt,

the total number of particles. In usual relations, the ratio ÿm=kT g 1, and the rela-
tion [(939)] is well approximated by Maxwell-Boltzmann distribution. If ÿm=kT < 2,
di¨erences from classical statistics occur with a tendency for particles to accumulate
in the states of lowest energy. This quantum e¨ect becomes precipitous if Nt > Nc �
6:2� 1015 g�m=m0�3=2T 3=2 (m0, free electron mass; m, a particle mass; g, degeneracy
factor), for which m � 0, giving rise to a phase transition with a macroscopic occu-
pation of a single quantum state E � 0 (Bose-Einstein condensation BEC ). (Hulin,
Mysyrowicz, and BenoõÃt aÁ la Guillaume, 1980, p. 1970)

The authors continued: `It is generally admitted that BEC is the physical origin of

the spectacular properties of 4He below the l-point [i.e., super¯uid helium]

although an interpretation using the ideal Bose gas as a starting point raises seri-

ous questions, because of the strong interactions between atoms in liquid helium.

It is therefore important to search for new, more dilute Bose systems, in which

purely statistical e¨ects are predominant, and where the interparticle actions may

be treated as a small perturbation.' (Hulin et al., loc. cit., pp. 1970±1971) They

then presented evidence that a gas of free excitons in Cu2O `indeed may manifest

the quantum-statistical behavior of a dilute Bose gas,' because especially the den-

sity of the orthoexcitons as a function of the e¨ective particle temperature reached

the critical density for BEC, as predicted by an ideal Bose-gas model (Hulin et al.,

loc. cit., p. 1971, and p. 1972, Fig. 3).

In the following years, several groups studied the exciton situation in the Cu2O-

system more carefully. Thus, Jia-Ling Lin and J. P. Wolfe reduced the multiplicity

of the orthoexciton ground state by greatly applying uniaxial stress and found:

`The paraexciton luminescence spectrum develops an extra component at low

energy which is interpreted as a Bose-Einstein condensate.' (Lin and Wolfe, 1993,

p. 1222) Still, two years later, a group at the National Institute of Standards and

Technology and the University of Colorado at Boulder criticized the Cu2O results,

because `the interactions in these systems are weak but poorly understood, and it

is di½cult to extract information about the excitons from the experimental data'
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(M. H. Anderson et al., 1995, p. 198); on the other hand, they simultaneously re-

ported `evidence of BEC in a dilute, and hence weakly interacting, atomic vapor.'

They summarized their procedure and results as follows:

A Bose-Einstein condensate was produced in a vapor of rubidium-87 atoms that was
con®rmed by magnetic ®elds and evaporatively cooled. The condensate fraction ®rst
appeared near a temperature of 170 nanokelvin and a number density of 2:5� 1012

per cubic centimeter could be preserved for more than 15 seconds. (M. H. Anderson
et al., loc. cit., p. 198)

M. H. Anderson, J. R. Enscher, M. R. Matthews, C. E. Wieman, and E. A. Cor-

nell cited three primary signatures of BEC in their (above-mentioned) paper: First,

a narrow peak in the thermal velocity distribution appeared at zero velocity; sec-

ond, the fraction of atoms in this low-velocity peak increased abruptly as the

sample temperature was lowered; and third, the peak exhibited a nonthermal,

anisotropic velocity distribution as expected for the quantum state of minimum

energy (and opposed to the isotropic, thermal velocity distribution observed in the

broad uncondensed fraction).

The year 1995 actually brought more con®rmation for the condensation e¨ect

in Bose gases. After the article of Anderson et al. had appeared in the Science issue

of 14 July 1995, two further collaborations reported the e¨ect with other alkali

atoms: one group at Rice University in Houston, Texas, used spin-polarized Li-

atoms con®ned in a permanent magnetic trap and cooled to 100 to 400 nanokelvin

(Bradley et al., 1995), and the other at MIT worked with a gas of sodium atoms

(K. B. Davis et al., 1995). The latter group wrote: `Our results are distinguished by

a production rate of Bose condensated atoms which is 3 orders of magnitude

larger than in the previous experiments.' The authors `trapped the atoms in a

novel trap that employed both magnetic and optical forces,' and used evaporative

cooling to increase `the phase-space density by 6 orders of magnitude within seven

seconds'; thus, they obtained condensates containing up to 5� 105 atoms at den-

sities exceeding 1014 cmÿ3, and found:

The striking signature of Bose condensation was the sudden appearance of a bimodal
velocity distribution below the critical temperature of @2 mK. The distribution con-
sisted of an isotropic thermal distribution and an elliptical core attributed to the ex-
pansion of a dense condensate. (Davis et al., loc. cit., p. 3969)

Thus, an advanced technique of trapping atoms (by magnetic ®elds and laser

beams) and of cooling them down to nanokelvin degrees ultimately led to a direct

experimental proof of a prediction made 70 years earlier. Although the Bose±

Einstein condensates appear under quite exotic physical circumstances (whose

practical applications might be limited), their veri®cation endows this essential

consequence from quantum-mechanical statistics with a physical reality.
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2.3 Super¯uidity, Superconductivity, and Further Progress in

Condensed Matter Physics (1947±1974)

The quantum-mechanical theory of condensed matter, after an initial break-

through in the 1920s (notably, on the electron theory of metals) had been worked

out to a large extent in the 1930s (see, especially, Section IV.4). Besides the de-

scription of metals and insulators and the treatment of dense matter, the phe-

nomena of super¯uidity had begun to be attacked successfully (in particular, by

the approaches of Fritz London, Laszlo Tisza, and Lev Landau). The onset of

World War II interrupted almost all of these activities, but after the end of the

war, they were resumed with great energy, and a new, younger generation of

quantum theorists joined the e¨orts of established theoreticians, like Nevill Mott

in England, John Slater and J. H. Van Vleck in the United States, and Lev Landau

in the Soviet Union. Apart from semiconductor physics, great advances were soon

made in many topics of condensed matter physics, as, for instance, in understanding

metals and alloys, magnetic and ceramic materials, in which the quantum-theoreti-

cal concepts entered crucially.1207 In the following subsection, we shall focus on

several items from the theory of condensed matter at low temperatures and that of

the modern theory of phase transitions.1208

(a) Rotons and Other Quasi-Particles (1947±1957)

In 1947, Lev Landau published an improved version of his earlier theory of

super¯uidity (1941a, b), because recent experiments on the velocity of the `second

sound' had revealed certain discrepancies. He now replaced the original Ansatz for

e, the energy of the roton, as a function of its momentum,

e � D� p2=2m �940�

(with m the roton mass and D its minimum energy), by a generalized one,

e � D� �pÿ p0�2
2m

: �940 0�

This Ansatz now described the real situation well, but removed the strict quali-

tative di¨erence between the phonon and roton excitations (Landau, 1947). Of

course, Landau's theory also lacked the atomistic foundation, which Nikolai

Bogoliubov of Moscow State University sought to supply. He considered a sys-

1207 For historical reviews, we may refer to the articles of Stevens (1995), Pippard (1995), and Cahn
(1995), as well as to Hoddeson et al. (1992), Chapters 6 and 7.

1208 For details of the historical development of items discussed here, see Hoddeson et al., 1992,
Chapter 8, and Mehra, 1994, Chapter 17, for some particular aspects.

2.3 Super¯uidity, Superconductivity, and Further Progress in Condensed Matter Physics 1159



tem of N bosons con®ned in a volume V and interacting through a hard-sphere

potential of extension a (Bogoliubov, 1947). However, in spite of the clear results

obtained, the condition assumed (i.e., Na3V g 1 failed to be satis®ed in the case of

liquid helium II (where Na3V F 0:2). Still, Bogoliubov's method of introducing

`quasi-particles' both to describe Landau's phonons and rotons became standard

in the future theory of collective phenomena.

It was at this stage, when in spring 1953, that Richard Feynman entered the

scene. He set himself the task of providing a theoretical understanding of the

problem of liquid helium on an atomic basis, which could only be done if one

approached the problem from ®rst principles. While he greatly admired Landau's

contributions to and successes in the ®eld, Feynman pointed out several weak-

nesses in Landau's theory. Notably, Landau's quantum hydrodynamical approach

treated Helium II as a continuous medium which right from the beginning sacri-

®ced the atomic structure of the liquid and thus forestalled the possibility of cal-

culating the various characteristics of the system, such as the various parameters,

on an atomic basis. In his ®rst paper on the `Atomic Theory of the l Transition in

Helium' (Feynman, 1953a), he showed `from ®rst principles that, in spite of the

large interatomic forces, liquid He4 should exhibit a transition analogous to the

transition in an ideal gas' (Feynman, loc. cit., p. 1291). By writing `the exact par-

tition function as an integral over trajectories, using the space-time approach to

quantum mechanics,' Feynman could indeed derive a Landau-type energy spec-

trum (Feynman, 1953b) and further demonstrate how phonon-like excitations

evolved into roton-like ones at large momenta (Feynman, 1954).1209 Feynman

also reconsidered the theory of helium II `super¯ow' (®rst treated by Landau,

1941b) from his point of viewÐthe viscosity h for T > Tl remains zero for

velocities smaller than a critical one but rises sharply beyond (Feynman, 1955).

For that purpose, he introduced the concept of `vortices' into the quantum-

mechanical treatment as follows: He noticed that the wave function of the ¯uid

system in the lowest state (laminar ¯ow) should contain a phase

cflow � exp i
X

s�Ri�
� �h i

F; �941�

with s�R� being given by

s�R� � pÿ1 mv�R� � R �941a�

and v representing the phase velocity; i.e.,

v � pmÿ1`s �941b�

1209 Two years later, Feynman and his graduate student Michael Cohen published an improved
evaluation of the energy spectrum (based on the results of Cohen's Ph.D. thesis); e.g., they obtained the
minimum roton energy D to be about 11.5 times Boltzmann's constant, in good agreement with obser-
vation (Feynman and Cohen, 1956, especially, p. 1189).
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(where m denoted the mass of the particles and R denoted the space point). In this

case, the quantum condition,

m

�
vs ds � 2pnp � 2pn1:5� 10ÿ4 cm2=sec; �n � 0; 1; 2; . . .�; �942�

had to be satis®ed for the super¯uid velocity vS [Feynman, 1955, p. 35, Eq. (18)].

Now, in the excited states, vortex lines would arise in the ¯uid, whose properties

Feynman evaluated. In particular, he found a critical velocity v0 for a helium ¯ow

when passing through a slit of width d, above which resistance occurred, i.e., vor-

tex lines would be created, following from the equation

v0d � pmÿ1 log�d=a�; �943�

with a assuming the order of the atomic distance (Feynman, 1955, p. 46). The

value derived from Eq. (943) turned out to be only slightly higher than the ob-

served one.

In September 1956, Feynman presented the above results in a talk on `Super-

¯uidity and Superconductivity,' at the International Congress on Theoretical

Physics, held in Seattle, Washington.1210 After discussing the super¯uidity of He4,

he added a few remarks on `another liquid of great interest,' namely, He3, stating

in particular:

I do not believe that He3 is a super¯uid. I think there are an enormous number of
states reaching [down] to absolute zero. . . . If there is a high density of states then He3

will not be a super¯uid in the sense of He4. . . .
Another interesting problem is the following example from He3. The particles

interact with strong forces in a Fermi system. The problem is to determine the
temperature-dependence of the viscosity as T goes to zero. There are a large number
of similar problems in He3, and it would be fun to do them before the experiments,
for the ®rst time. I don't think that anybody has ever computed anything in solid
state physics before the experimental result was out, so we have consistently predicted
only what we have observed. (Feynman, 1957, p. 208)

Now, before Feynman even delivered the above talk, the Soviet journal JETP re-

ceived Landau's investigation on `The Theory of a Fermi Liquid' (1957). In it,

Landau considered a Fermi gas at temperatures much below the degeneracy tem-

perature, and then introduced a weak interaction which he turned on gradually,

such that the gas would only slowly transform into a liquid with the atoms turning

into elementary excitations or quasi-particles which still obey Fermi statistics.

Finally, for his Fermi liquid, Landau derived a series of general propertiesÐsuch as

the e¨ective mass of excitation, the compressibility, and the magnetic susceptibility

Ðbut he still did not address the He3 problem.

1210 Feynman had hoped to be able to discuss his ideas with Lev Landau, who was, however, un-
able to attend. (See Feynman, 1957, p. 205)
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A year later, V. P. Silin extended Landau's new theory to describe the behav-

iour of electrons in metals (1958). In his publication, he referred to the earlier work

on a slightly di¨erent, `collective approach' pursued jointly by David Bohm and

David Pines of Princeton University, in a series of papers submitted since late 1950

to Physical Review (e.g., Bohm and Pines, 1951). The latter had started from the

classical plasma oscillations (resembling sound waves) of Lewi Tonks and Irving

Langmuir (1929) which took into account in a natural way the long-range corre-

lations in a metal and translated them into quantum theory. As Pines summarized

in a review article:

The valence electrons in a solid, as a result of Coulomb interactions, are capable of
carrying out collective oscillations at high frequency which di¨er substantially from
the majority of the on0 [i.e., the electronic transition frequencies of the individual-
particle picture] and depend, approximately, only on electron charge, mass and den-
sity of the solid. (Pines, 1956, p. 185)

The quantum of the plasma oscillations was called `plasmon' and possessed the

energy,

pop � p
4pne2

m

� �1=2

; �944�

with n denoting the density of the valence electrons, and e and m denoting the

charge and the mass electron.

The quasi-particles (phonon, roton, and plasmon, i.e., the quantum-theoretical

objects derived in general in the quantum-®eld theoretical formalism) served well

to describe a variety of phenomena in condensed matter physics; however, they

did not su½ce to solve the old riddle of solid state physics: superconductivity. In

the second half of his talk at the Seattle Conference in fall 1956, Feynman also

pondered about it, but apart from qualitative remarks on the nature of the ground

state, he could just o¨er vague expectations, such as: `When we do ®nally under-

stand this gap, we will understand how the energies will vary with the angular

momentum of the states that are created.' (Feynman, 1957, p. 211) He ended his

talk with the statement: `The only reason that we cannot do this problem of

superconductivity is that we haven't got enough imagination.' (Feynman, loc. cit.,

p. 212) At about the same time, there appeared Volume XV of the Springer

Handbuch der Physik, carrying an extended article on superconductivity by John

Bardeen whoÐfor many yearsÐhad been an expert on this subject. He admitted

that `in spite of the large amount of experimental and theoretical work devoted to

the problem, there remain major unsettled problems,' but he ended on a more

optimistic note:

There are strong indications, if not quite a proof that superconductivity is essentially
an extreme case of diamagnetism rather than a limit of in®nite conductivity. The
isotope e¨ect indicates that the superconductivity phase arises from interactions be-
tween electrons and lattice vibrations. (Bardeen, 1956, p. 274)
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The breakthrough was indeed lurking around the corner; it would involve a new

type of quasi-particle, the `Cooper-pair,' and the solution of the problem by

Bardeen, in cooperation with Leon N. Cooper and John Robert Schrie¨er, would

open a new era in the theory of low-temperature phenomena, as we will discuss in

the following subsection.

(b) The Solution of the Riddle of Superconductivity (1950±1959)

In a review article on `Recent Developments in Superconductivity,' John Bardeen

and John Robert Schrie¨er listed `the most important milestones on the way to

our understanding of superconductivity' after World War II, namely:

[1] The phenomenological extension of the Landau theory by Ginzburg and Landau
(1950) for application to the calculation of boundary energies between normal
and superconducting phases and other problems.

[2] The isotope e¨ect, Tc zMÿ1=2, discovered independently by Maxwell (1950) and
Reynolds et al. (1950), which strongly indicates that superconductivity arises from
interactions between electrons and lattice vibrations, or phonons.

[3] FroÈhlich's independent development (1950a, b) of a theory based on electron-
phonon interaction, which yielded the isotope e¨ect, but failed to predict other
superconductivity properties. A somewhat similar approach of one of the authors
(Bardeen, 1950) also ran into di½culties.

[4] Pippard's introduction (1953) of a coherence distance and a nonlocal modi®cation
of the London equations to account for several experiments on penetration phe-
nomena. One of the authors (Bardeen, 1955) showed that the Pippard nonlocal
relation would most likely follow from an energy gap model.

[5] Experimental evidence from several sources (1953-present) of an energy gap for
excitations of electrons from the superconducting ground state. . . .

[6] Investigations by Matthias (1957) of the occurrence of superconductivity in a
large number of alloys, compounds and solid solutions, and the development of
empirical rules for the occurrence of superconductivity based on such factors as
atomic volume, mass and valence number of electrons per atom.

[7] Cooper's proof (1956) that a Fermi sea with net attractive interactions between
the particles is unstable against the formation of bound pairs, no matter how
weak the interaction.
(Bardeen and Schrie¨er, 1961, p. 176)

While the theory of Lev Landau and Vitaly Ginzburg (1950) marked a certain

endpoint of the development of the semi-empirical or phenomenological theory of

the London type (see our discussion in Section IV.4), the discovery of the isotope

e¨ect opened the door to an atomistic treatment (Maxwell, 1950; Reynolds et al.,

1950). Actually, the e¨ect could also be derived from Herbert FroÈhlich's recent

`Theory of the Conducting State' (1950a), as the author from Liverpool would

point out quickly; in particular, he derived the relation

kTc @
1������
M
p ; �945�
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with M the mass of the isotope in question, in perfect agreement with the experi-

mental data (FroÈhlich, 1950b, p. 778).

FroÈhlich, who spent the spring semester of 1950 at Purdue University, drew

attention to the scattering of electrons with lattice vibrations. He opened his ®rst

paper by saying that `Anyone who is familiar with modern ®eld theories will con-

clude at once that an electron will have self-energy in this vibrational ®eld,' and

reminded one of the situation in polar lattices, where the self-energy `arises from

the interaction of the electron with the lattice polarization produced by the elec-

tron itself.' He continued:

In metals it will be necessary to consider all of the electrons together. It will be shown
presently that through the in¯uence of the Pauli principle the interaction between the
electrons and the vibrational ®eld depends on their distribution in momentum space,
and if the interaction is strong enough it will be seen to lead to a new distribution
whichÐsubject to later con®rmationÐwill be identi®ed with the superconductivity
state. (FroÈhlich, 1950a, p. 846)

FroÈhlich claimed that from this point of view, it should be considered `not acci-

dental that the energy of an electron moving with the velocity of sound is of a

similar order as the energy per electron involved in the transition between the

normal and the superconducting state . . . [and] that very good conductors do not

become superconductors, for the required relatively strong interaction between

electrons and lattice vibrations gives rise to a large normal resistivity' (FroÈhlich,

loc. cit.). Now, the condition of having su½ciently strong interactions led to a re-

lation between the number of free electrons n per atom and other properties; as a

consequence, for small n without reducing the other parameters, a material could

become superconducting. This situation suggested that certain alloys of a mono-

valent and a transition metal (in which the electron of the former ®lls the incom-

plete shell of the latter) should become superconducting. Bob T. Matthias of Bell

Labs, who initially investigated the Au±Pd system (recommended by FroÈhlich,

1950a, p. 855), found no superconductivity above 1K; however, when studying

alloys of the binary cobalt-silicon system (Matthias, 1952), or of the ternary (Co,

Rh)Si2 and Nb(C, N) systems, superconductivity showed up indeed (Matthias,

1953).

While FroÈhlich went on to translate his theory of electron±phonon interaction

into the language of modern quantum ®eld theory including renormalization

(FroÈhlich, 1952), Max Robert Schafroth at Pauli's Institute in Zurich showed that

it revealed a serious defect: Especially, it would not yield the Meissner e¨ect

(Schafroth, 1951). On the other hand, Brian Pippard, at the Mond Laboratory

in Cambridge, introducedÐbased on his own measurements carried out since

1947Ða new, important concept into the description of superconducting sub-

stances, the `coherence length' x (about 10ÿ4 cm) associated with the super-

conducting state (Pippard, 1953). He demonstrated that x followed from a gener-

alized phenomenological theory of the London type (see Section IV.4) when a

Epilogue1164



nonlocal term was used in the de®nition of the superconducting current. John

Bardeen indicated subsequently that Pippard's nonlocality might be connected

with an energy gap between the ground state and the excited states (Bardeen,

1955).1211 He had been stimulated to resume earlier prewar considerations on

superconductivity by the discovery of the isotope e¨ect and also examined the

electron±phonon interactions (Bardeen, 1950). In 1955, he extendedÐtogether

with David PinesÐthe Bohm±Pines collective description of metal electrons

(mentioned above) to take into account also the Coulomb interactions between the

electrons, and they showed that in this way an attractive potential could be derived

(as was necessary for superconductivity), provided the energy exchanged between

two electrons near the Fermi surface was not too large (Bardeen and Pines, 1955).

These results prepared the next steps for the ®nal solution.

As J. Robert Schrie¨er reported later (in his Nobel lecture), `In 1955, stimu-

lated by writing a review article on the status of the theory of superconductivity,

John Bardeen decided to renew the attack on the problem,' and he continued:

He invited Leon Cooper . . . to join in the e¨orts starting in fall 1955. I had the good
fortune to be a graduate student of Bardeen at that time, and . . . was delighted to
accept the invitation to join them.

We focused on trying to understand how to construct a ground state C0 formed as
a coherent superposition of normal state con®gurations Fn,

Cn �
X

n

anFn; ��946��

such that the energy would be as low as possible. Since the energy is given in terms of
the Hamiltonian H by

E0 � �C0;HC0� �
X
n; n 0

a�n 0an�Fn 0 ;HFn�; ��947��

we attempted to make E0 minimum by restricting the coe½cients an so that only
states with negative o¨-diagonal matrix elements would enter [and] add in phase and
E0 would be low.

By studying the eigenvalues of a class of matrices with o¨-diagonal elements all
of one sign (negative), Cooper discovered that frequently a single eigenvalue split of
from the bottom of the spectrum. He worked out the problem of two electrons
interacting via an attractive potential V above a quiescent Fermi sea, i.e., the elec-
trons in the sea were not in¯uenced by V and the extra pair was restricted to states
with an energy poD, above the Fermi surface. As a consequence of the non-zero
density of quasi-particle states N�0� at the Fermi surface, he found the energy

1211 Pippard's x was indeed related to the energy gap between the superconducting and the normal

state as
pF

m

p
x
FDkTC , with pF the Fermi momentum (see Schrie¨er, 1992, p. 100).
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eigenvalue spectrum for two electrons having zero momentum had a bound state split
o¨ from the continuum of scattering states, the binding energy being

EB FpoD exp ÿ 2

N�0�V
� �

��948��

if the matrix elements of the potential are constant, equal to V in the region of
interaction. (Schrie¨er, 1992, pp. 100±101)

The team, consisting of John Bardeen, Leon N. Cooper, and John Robert

Schrie¨er at the University of Illinois at Urbana, proceeded more or less according

to the plan devised by Bardeen, with Cooper studying the Bohm±Pines interaction

and arriving ®rst (in September 1956) at a de®nite result, namely: the existence of

bound-electron pairs, or `Cooper pairs,' having energies [(948)] below the con-

tinuum (Cooper, 1956). The next important progress was made by Schrie¨er, who

wrote the many-body wave function after simplifying the Hamiltonian to a term

denoting the unperturbed energy of the quasi-particle pairs plus a scattering term

of the pairÐfrom the momentum combination (k;ÿk) to (k 0;ÿk 0)Ðvia the poten-

tial (acting on the creation and annihilation operators obeying Fermi statistics).

He started from the Ansatz for the ground state C0,

C0 �
Y

k

�uk � vkbk�j0 >; �949�

with the trial function vk (and uk �
�������������
1ÿ v2

k

q
), and found by varying vk in the

weak-coupling limit the minimum condensation energy of absolute zero of tem-

perature to assume the value,

W � ÿ 1

2
N�0�D2; with D � 2poD exp ÿ 1

N�0�V
� �

: �950�

In Eq. (950), N�0� denoted the density of states at the Fermi surface.1212 `The

idea occurred to me at the end of January 1957, and I returned to Urbana a few

days later where Bardeen quickly recognized what he ®nally believed to be the

essential validity of the scheme much to my pleasure and amazement,' Schrie¨er

recalled (Schrie¨er, 1992, p. 104).

Already on 18 February 1957, the Physical Review registered the reception of

a letter signed by Bardeen, Cooper, and Schrie¨er, containing the essence of a

`Microscopic Theory of Superconductivity' (1957a).1213 `The present theory is

1212 We have corrected certain misprints in Schrie¨er, 1992, p. 103.

1213 As Bardeen wrote to Samuel Goudsmit, then the Editor of the Physical Review, on 15
February: `We feel that this work represents a major breakthrough in the theory of superconductivity.'
(Bardeen, in Hoddeson et al., 1992, p. 556)
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based on the fact that the phonon interaction is negative for Ek ÿ Ek 0 < po [with

Ek ÿ Ek 0 the initial and ®nal energies of the electrons and po the average energy

of the photon],' the authors argued, adding: `We believe that the criterion for

superconductivity is essentially that this negative interaction dominate over the

(positive) matrix element of the Coulomb interaction.' (Bardeen, Cooper, and

Schrie¨er, loc. cit., p. 162). They then sketched the construction of their Hamil-

tonian and the calculation (in the weak-coupling limit) of the energy gap of a

superconductor. In the case of tin, they obtained

EG � 4po exp ÿ 1

N�0�V
� �

� k � 13:8 K; �951�

by using an estimate for N�0� from the electronic speci®c heat data. `This is to be

compared with the experimental value of k � 11:2 K,' they ®nally concluded,

praising the advantages of their new theory, especially its simplicity `to make cal-

culations of thermal, transport and electromagnetic properties of the supercon-

ducting state' (Bardeen et al., loc. cit., p. 164). What they promised in their Feb-

ruary note, the three authors ful®lled in a detailed paper submitted in July 1957

(and covering 30 pages of Physical Review), entitled simply `Theory of Super-

conductivity' (Bardeen, Cooper, and Schrie¨er, 1957b).

Bardeen et al. opened their paper by noting: `The main facts which a theory of

superconductivity must explain are (1) the second-order phase transition at the

critical temperature, Tc, (2) an electronic speci®c heat varying as exp�ÿTc=T�
near T � 0 K and other evidence for an energy gap for individual particle-like

excitations, (3) the Meiûner-Ochsenfeld e¨ect ([magnetic ®eld] B � 0), (4) e¨ects

associated with in®nite conductivity ([electric ®eld)] E � 0), and (5) the depen-

dence of Tc on isotopic mass, Tc

������
M
p � const.' They continued proudly: `We

present here a theory which accounts for all these, and in addition gives quantita-

tive agreement for speci®c heats and penetration depths and their variation with

temperature when evaluated from experimentally determined parameters of the

theory.' (Bardeen et al., loc. cit., p. 1175) Thus, they reproduced (apart from slight

corrections in numerical factors) the results of their previous letter (Bardeen et al.,

1957a) and derived further results, e.g., for the transition temperature [Bardeen et

al., loc. cit., p. 1186, Eq. (3.29)],

kTC � 1:14po exp ÿ 1

N�0�V
� �

; �952�

or for the critical magnetic ®eld at T � 0 (Bardeen et al., loc. cit., p. 1187, Eq.

(3.39)),

H0 � 1:75�4pN�0��1=2k � Tc; �953�
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which also showed the correct temperature dependence (Bardeen et al., loc. cit.,

Eq. (3.44)), i.e., for T=TC f 1,

HC GH0�1ÿ 1:07 �T=TC�2�: �954�

Moreover, Bardeen, Cooper, and Schrie¨er con®rmed the electromagnetic prop-

erties of superconductors that behave in their theory as in the successful phenom-

enological descriptions and computed Pippard's coherence length x in fair agree-

ment with the data (see Bardeen et al., loc. cit. p. 1196, Eq. (5.50)). Bardeen and

Schrie¨er, in an early review of the situation, wrote: `At the time the original

theory was worked out, Hebel and Slichter made [the] ®rst measurements of

nuclear spin relaxation times in superconducting aluminum,' and noted:

They found, surprisingly, that as the temperature drops below Tc the relaxation rate
increases to values more than double that of the normal state, indicating a larger
interaction between electrons and nuclear spins in the superconducting state than in
the normal state. (Bardeen and Schrie¨er, 1961, p. 174)

The result (Hebel and Slichter, 1957, 1959) greatly supported the fundamental

basis of the `BCS theory.'1214

In spite of several controversies carried out between 1958 and 1960Ðin which

Max Schafroth, Gregor Wentzel, Yoichiro Nambu, Philip W. Anderson, and

others participatedÐthe BCS theory became generally accepted as the solution of

the problem of superconductivity.1215 Thus, Bardeen and Schrie¨er summarized:

An intensive study of the mathematical structure of the theory has been carried out
by a number of authors. [Nikolai] Bogoliubov and [J. G.] Valatin have advanced
alternative formulations which are often more convenient for calculation purposes
and lead to results which in general are in agreement with the original treatment.
Largely through the work of Anderson, Bogoliubov and coworkers, Nambu, [G.]
Rickayzen, and Pines and Schrie¨er, the role of collective excitations of the electrons
has been clari®ed and questions regarding the gauge invariance of the calculation of
the Meissner e¨ect based on the original form of the theory have been resolved.
(Bardeen and Schrie¨er, 1961, p. 171)

In fact, Anderson and Nambu ®rst belonged among the severe critics of the BCS

theory, while Bogoliubov and collaborators worked out their own scheme, as soon

as the ®rst note of Bardeen, Cooper, and Schrie¨er (1957a) had arrived in the

Soviet Union (Bogoliubov, 1958; Bogoliubov, Tolmachov, and Shirkov, 1958).

The basic ideas of the 1957 BCS revolution remained untouched by all of these

1214 See the reference to `discussions with C. P. Slichter and L. C. Hebel' (Bardeen, Cooper, and
Schrie¨er, 1957b, p. 1198). The BCS theory predicted the nuclear spin relaxation to rise just above Tc,
before falling at lower temperatures.

1215 For the response of the scienti®c community to the BCS theory, we refer to Hoddeson et al.,
1992, especially, pp. 558±564.

Epilogue1168



and further developments, and on 10 December 1972, the inventors of the theory

of superconductivity were awarded the Nobel Prize for Physics.

Still, the original BCS theory described only one part of the existing super-

conductivity phenomena. Several years before, the Russian experimentalist N. V.

Zavaritskii had investigated the superconducting properties of thallium on the

basis of the Ginzburg±Landau phenomenological theory; when altering the tech-

nique of preparing samples, such that amorphous structures resulted, he dis-

covered a relationship between the critical magnetic ®eld and the thickness of the

probes which di¨ered from the theoretical predictions (Zavaritskii, 1952). Alexei

Abrikosov, a young theoretician associated with Lev Landau, had then proposed

to introduce a new class, i.e., `superconductors of the second group'Ðcalled `Type

II Superconductors,' characterizedÐin contrast to the usual, or `Type I Super-

conductors'Ðby a negative surface energy and a di¨erent behaviour in magnetic

®elds (Abrikosov, 1952). During the following years, Abrikosov (often criticized

by Landau and his colleagues) worked on establishing a description of the new

class of superconductors, in which Landau's equations were not strictly valid. In

November 1956, he ®nally submitted a detailed paper containing a generalized

revision of the phenomenological theory that accounted in particular for `the

magnetic properties of bulk superconductors for which the parameter k of the

Ginzburg-Landau theory is greater than 1=
���
2
p

.' (Abrikosov, 1957, p. 1174) This

dimensionless factor k had appeared in equations such as

ÿcurl curl A � jCj2A� i

2k
C�`CÿC`C�� �; �955�

and assumed for pure metals values of about 10ÿ1 (Landau and Ginzburg, 1950,

p. 553 of the English reprint). However, for the Zavaritskii probes, k greater than

1=
���
2
p

had to be introduced into the Ginzburg±Landau equations, which led to the

following consequences:

[i] The superconductivity is maintained at ®elds greater than Hcm
at which equilib-

rium could exist between the normal and superconducting states.
[ii] At ®elds higher than Hcm

, a state with C � 0 is unstable and superconducting
sections with C0 0 may arise.

[iii] This instability continues to some value Hc, which for a bulk superconductor is
k
���
2
p

Hcm
. At this value of the ®eld the superconductor undergoes a transition to

the normal state by means of a second-order phase transition. (Abrikosov, 1957
p. 1175)

From his detailed study, Abrikosov derived, in particular, the fact that the mag-

netic ®eld would penetrate in the `mixed state'Ði.e., the state of the Type II

Superconductor existing around Hc2
Ðin the form of magnetic vortices, analogous

to the hydrodynamic vortices which Feynman had assumed to exist in the case of

helium II at temperatures a little above the l-point. Thus, regions would occur

with a coreÐcorresponding to a region of normal conductivityÐaround which

2.3 Super¯uidity, Superconductivity, and Further Progress in Condensed Matter Physics 1169



currents can ¯ow that screen out the magnetic ®eld from the rest of the metal

(constituting the still superconducting regions).

The Zavaritskii-Abrikosov theory of the second group of superconductorsÐ

whose properties were, apparently, independently veri®ed by B. B. Goodman in

Grenoble (1961; see also, 1964)Ðlater developed in two directions. On the one

hand, Lev Gorkov of Landau's institute extended the BCS scheme to obtain a

microscopic derivation of the Ginzburg-Landau equations, hence formulated a

microscopic theory also of Type II superconductors (Gorkov, 1959).1216 On the

other hand, the vortex picture of Abrikosov was reinterpreted in terms of magnetic

¯ux quanta (see also Subsection 2.4 below),

F0 � hc=2e � 2:07� 10ÿ7 gauss� cm2; �956�

having a typical diameter of 10ÿ5 cm.1217 As the applied magnetic ®eld strength

increases from Hc1
to Hc2

, the number of vortices grows linearly until at Hc2
the

volume is completely ®lled with vortices and the probe becomes normal conduct-

ing; just in small surface regions, superconductivity may continue up to a ®eld

strength of Hc3
A1:5Hc2

. While Type I superconductors retain their property only

up to magnetic ®elds of the order of 0.1 tesla (or 10,000 gauss), the ®eld strengths

Hc2
for Type II may reach of the order of 10 tesla of even higher. Hence these

superconductors have become of considerable practical use in the creation of large

magnetic ®elds (Bean and Schmitt, 1963).

(c) Critical Phenomena and the Renormalization Group (1966±1974)

An extensive review of `Static Phenomena Near Critical Points,' published in April

1967, started with the following statements:

In recent years considerable attention has been drawn to the phenomena which may
occur near critical points. Several recent conferences have presented a wealth of new
experimental data and theoretical ideas in this area. These conferences have broad-
cast the fact that there are quite marked similarities between apparently very di¨erent
phase transitions. An antiferromagnetic near its NeÂel point behaves quite similarly to
a liquid near its critical point. The superconducting transition is not very di¨erent
from several ferroelectric transitions. In all cases, there is an apparently rather simple
behavior in the region right around the critical point. (Kadano¨ et al., 1967, p. 395)

In greater detail, the behaviour of condensed matter in the vicinity of the transition

points could be expressed in terms of `order parameters'Ðe.g., in case of liquid±

1216 Especially, Gorkov derived detailed expressions for the characteristic ®elds of these super-
conductors as well as a microscopic expression for the dimensionless parameter k (see Gorkov, 1959,
p. 1366, Eq. (20)).

1217 Such a reinterpretation of Abrikosov's vortex lines was discussed, e.g., by J. Friedel, P. G. De
Gennes, and J. Matricon (1963). See also Onsager (1961).
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gas transition, the energy di¨erence (rÿ rC); in case of the ferromagnetism, the

magnetization M; and in case of superconductors, the energy-gap parameter DÐ

and critical exponents a, a 0, b, etc., occurring in the expressions for the for the

order parameter h pi as a function of temperature, say,

h pi@G��T ÿ Tc�=Tc�b; �957�

with Tc giving the critical temperature. The value of the critical exponent de-

pended on the theory chosen; e.g., b � 1
2 for the Landau theory of ferromagnetism,

and 1
8 and 0.313 for the two- and three-dimensional Ising model of the same phe-

nomenon. These descriptions of natural transition properties must possess a com-

mon reason, as Kadano¨ and his collaborators pointed out: `The basic theoretical

ideas are introduced via the molecular ®eld approach, which . . . suggests that there

are close relations among the di¨erent phase transition problems.' (Kadano¨ et

al., loc. cit.) However, they immediately continued:

Although this theory [i.e., the molecular ®eld theory] is qualitatively correct it is
quantitatively wrong, [since] it predicts the wrong values for the critical indices.
Another theoretical approach, the ``scaling law'' concept [of Kadano¨, 1966] which
predicts relations among these indices . . . provides a promising approach to under-
standing phenomena near the critical point. (Kadano¨ et al., loc. cit.)

In the paper by Kadano¨ referred to in the foregoing, he had considered an Ising

model which he divided `into cells which are microscopically large but much

smaller than the coherence length' and then used `the magnetization within each

cell as a collective variable,' with the intention of analyzing the model `in a man-

ner which is designed to throw light upon the correlations between the order

parameter in di¨erent regions of the lattice scale when the parameters describing

the magnetization from the critical pointÐin this case T ÿ Tc and the applied

magnetic ®eldÐare changed' (Kadano¨, 1966, p. 263). He had succeeded in this

way to establish relations between di¨erent critical exponents for di¨erent order

parameters.

Kadano¨ et al, the authors of the review article, admitted that experiments had

not yet con®rmed the relations obtained from the `scaling approach.' Therefore, a

number of investigations of various explicit cases were undertaken in the following

years, on the one hand, while on the other, numerous new relations were suggested

on the basis of slightly di¨erent approaches. Finally, Kenneth G. Wilson of Cor-

nell University produced, in the spring of 1971, a more general concept which he

summarized as follows:

The Kadano¨ theory of scaling near the critical point for an Ising model is cast in a
di¨erent form. The resulting di¨erential equations are an example of the di¨erential
equations of the renormalization group. It is shown that the Widom-Kadano¨ scaling
laws arise naturally from these di¨erent equations if the coe½cients in the equations
are analytic. (Wilson, 1971, p. 3174)
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Without going into details, we shall sketch in the following certain features of

Wilson's approach, which makes use of the renormalization technique developed in

quantum electrodynamics to derive consequences both in classical and quantum-

theoretical atomistic theories of matter transitions.

In all problems of phase transitions, very many molecules are always involved.

Now, for instance, in a normal ¯uid, far from the transition point to the gaseous

state, ¯uctuations occur on the atomic scale. When the value of the external pa-

rameter, temperature, is increased toward the boiling point, the ¯uctuations grow

to a scale of 103 to 104 AÊ , causing critical opalescence, and very close to the critical

point, the correlation length x becomes in®nitely large. By applying the renormali-

zation-group technique, Kenneth Wilson managed to reduce the number of degrees

of the system. In particular, he used a transformation t of the original Hamiltonian

H0, which preserved the dimensionality and symmetry of the system described but

changed x to z=b with b > 1 and the number of degrees of freedom N to N=bd

(with d as the dimension of the system) such that the quantum-mechanical parti-

tion function remained unaltered. By iterating the transformation t, i.e.,

t�H0� � H1; t�H1� � H2; . . . ; �958�

a `®xed point' H � may ®nally be reached such that

t�H �� � H �; �959�

with a large class of Hamiltonians H converging to the same H �.1218 The critical

behaviour of H would then be determined by the behaviour of characteristic

quantities near the ®xed point H �, and if the ®rst term of an expansion was written

for a function f describing a property of the system, a linear operator emerged,

whose eigenvalues were related to the critical exponents. The renormalization-

group procedure also satis®ed the scaling equations assumed by Kadano¨.

As a special trick to evaluate the critical exponents in four-dimensional systems,

Wilson considered the systems rather with the broken dimension 3.99; by using

expansions in powers of e (with d � 4ÿ e), he simpli®ed the analysis of the ¯uc-

tuations (Wilson and Fisher, 1972) and obtained a number of results for ferro-

magnetic systems in agreement with data (Wilson, 1974). The evident success of

Wilson's methods in the di½cult problem of describing phase transitions earned

him the 1982 Nobel Prize in Physics, which was justi®ed as follows in the citation:

You are the ®rst theoretical physicist to develop a general and tractable method,
where widely di¨erent scales of length appear simultaneously. Your theory has given
a complete solution of the classical problem of critical phenomena at phase tran-

1218 For details, see Wilson and Kogut, 1974. The transformation t had been used in the
renormalization-group approach of Stueckelberg and Petermann to quantum electrodynamics (1953);
the idea of the `®xed point' had occurred in a paper of Murray Gell-MannÐwho had been Kenneth
Wilson's thesis supervisorÐand Francis Low (1954).
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sitions. Your new ideas and methods seem also to have a great potential to attack
other important and up to now unsolved problems in physics. (Stig Lundquist, in
Nobel Lectures: Physics 1982±1990, Nobel Foundation, ed., 1993, p. 96)

2.4 New Quantum E¨ects in Condensed Matter Physics

(1958±1986)

After the solution of the problem of superconductivity had been attained, a series

of new quantum e¨ects turned up in condensed matter physics, most of them in

the low-temperature region; although the existence of some of them had been

predicted theoretically, others challenged the imagination of experts for decades.

One such predicted e¨ect, that of Yakir Aharanov and David Bohm, will be

postponed to the next section, as it was quite connected with the problem of the

interpretation of quantum mechanics.

(a) The MoÈssbauer E¨ect (1958)

In 1955, Rudolf MoÈssbauer, a graduate student of Hans Maier-Leibnitz at the

Technische Hochschule of Munich (under whom he took his Diplom in 1955), went

on as a research assistant at the Physics Institute of the Max Planck-Institut fuÈr

medizinische Forschung in Heidelberg. MoÈssbauer's doctoral studies, although

principally carried out in Heidelberg, were still guided by Maier-Leibnitz. His

investigations concerned the emission and absorption of g-rays by atomic nuclei.

He worked on the problem of resonance ¯uorescence in nuclei, i.e., the excitation

of a nuclear level by incident g-rays of the same nucleus. Normally, the shift of the

g-lines due to recoil should be large in comparison with the optical analogue, and

the resonance condition must be violated unless the thermal motion restored it;

therefore, one expected toÐand also didÐobserve increased nuclear resonance

e¨ects at higher temperatures. When he investigated the absorption of the 129-keV

radiation of Ir191 (obtained from the decaying Os191) as a function of tempera-

ture in the region from 90 to 370K, however, MoÈssbauer noticed a strong increase

of the cross section, contrary to expectation (MoÈssbauer, 1958a). He obtained

his doctorate in 1958, and explained the results in the publication of his doctoral

thesis as indicating a considerable in¯uence of chemical binding on the nuclei,

namely:

A free nucleus of mass m takes over, when emitting an energy quantum E0, a recoil
energy R given by

R � E 2
0

2mc2
: ��960��

In the case of chemical binding of the nucleus in a crystal, the crystal has to take over
the recoil energy as an internal energy. Because of the quantization of the internal
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energy, however, only discrete energies can be taken over, and the recoil energy de-
pends on the probability for exciting the lattice vibrations of the crystal. For tem-
peratures that are large in comparison with the Debye temperature y of the crystal,
the statistical velocity distribution will be independent of the binding, and an unim-
peded transmission of the full recoil energy, due to Eq. [(960)], follows. With the de-
creasing temperature, especially an increasing number of the high-frequency oscil-
lators of the crystals assume their ground state. These oscillators then cannot transfer
anymore energy, hence the line-shape would become asymmetric if the recoil energy
is not large compared to the upper limiting energy pog of the vibrational spectrum of
the crystal. (MoÈssbauer, 1958a, pp. 126±127)

By extending a theory, developed earlier by Willis E. Lamb, Jr., with respect to the

resonance absorption of slow neutrons in crystals (Lamb, 1939), to his nuclear g-

resonance absorption, MoÈssbauer indeed succeeded in explaining the observed

data. In accordance with this theory, he concluded that `for emission and absorp-

tion spectra extraordinarily strong lines having the [extremely small] natural line-

width will show up in the background of a broad distribution due to the thermal

motions of the atoms in the crystal,' and he con®rmed this by detecting the

unshifted 129-keV resonance line of Ir191 by a `centrifuge method' (MoÈssbauer,

1958b).

At ®rst, MoÈssbauer's results, published in 1958Ðas reported aboveÐwere

ignored, and then doubted. Within a year, however, recognizing the potential im-

portance of the MoÈssbauer e¨ect, other physicists repeated his experiments and

con®rmed the result. The fact that recoil-less nuclear absorption makes it possible

to measure extraordinarily small energy di¨erences between two systems ( just

large enough to hinder resonance ¯uorescence) provided the method for a broad

range of important applications. With their remarkably constant wavelengths and

frequencies, ¯uorescence g-rays are used as extremely precise measuring tools for

gauging the e¨ect of such natural forces as gravity, electricity, and magnetism on

in®nitesimal particles.

One of the ®rst spectacular applications of the MoÈssbauer e¨ect took place

in 1959, when R. V. Pound and G. A. Rebka, Jr., at Harvard used it to con®rm

Albert Einstein's prediction that a gravitational ®eld would change the frequency

of electromagnetic radiation (Pound and Rebka, 1960). This support for Einstein's

general theory of relativity took the form of a measurable change in the frequency

of g-ray photons produced by the di¨erence in gravity between the top and the

bottom of a 70-ft tower. Use of the MoÈssbauer e¨ect also provided information

about the magnetic and electrical properties of nuclei and about the electrons

that surround them (nuclear Zeeman e¨ect). Applications of the MoÈssbauer e¨ect

were soon made in ®elds as diverse as archaeology, chemical catalysis, molecular

structure, valency, solid-state and atomic physics, and biological polymers (see,

e.g., Boyle and Hall, 1962, pp. 521±522).

Rudolf MoÈssbauer was to have been appointed a full professor at the Munich

Technical University, but frustrated by what he regarded as the bureaucratic and

authoritarian organization of German universities, he refused the promotion and
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took a leave of absence from Heidelberg in 1960 to become a research fellow at the

California Institute of Technology, where he was appointed a professor the fol-

lowing year. Also, in 1961, MoÈssbauer shared the Nobel Prize in Physics (with

Robert Hofstadter of Stanford University); he was awarded the prize `for his re-

searches concerning the resonance absorption of gamma radiation and his dis-

covery in this connection of the e¨ect which bears his name.' By MoÈssbauer's

discovery, said Ivan Waller of the Royal Swedish Academy of Sciences in his

presentation speech, `it has become possible to examine precisely numerous im-

portant phenomena formerly beyond or at the limit of attainable accuracy of

measurement.' (Waller, in his presentation speech in Stockholm, on 10 December

1961, in Nobel Foundation, ed., 1964, p. 559)

In 1964, however, MoÈssbauer returned to Germany as professor of physics at

the Munich Technical University in a department modelled on those found in

American universities. Some scientists facetiously referred to this change in Ger-

man academic organization as `the second MoÈssbauer e¨ect.' From 1972 to 1977,

MoÈssbauer directed the Laue±Langevin Institute in Grenoble, France, and then

returned to his professorship at Munich.

(b) Experimental Proof of Magnetic Flux Quantization (1961)

Following from the equations of the phenomenological theory of superconductiv-

ity (F. and H. London, 1935; see Section IV.4), the magnetic ¯ux in hollow cylin-

ders of superconducting material must be constant if the thickness of the walls is

large compared to the penetration depth of the magnetic ®eldÐand not too high

external magnetic ®eld strengths are applied. In his book on Super¯uids, Fritz

London derived from wave-mechanical considerations that the magnetic ¯ux

`frozen' in a tubeÐit could also be a ring of superconducting materialÐshould be

quantized according to the equation,

F0 � hc

e
� 4:12� 10ÿ7 gauss � cm2: �961�

(See London, 1950, p. 152.) More than a decade later, two teamsÐBascom

S. Deaver, Jr., and William M. Fairbank at Stanford University and R. Doll and

M. NaÈbauer of the Bavarian Academy Laboratory in Hersching near MunichÐ

independently came out with an experimental proof of Eq. (961), which they

published simultaneously in the same 15 July 1961, issue of Physical Review Letters.

While Deaver and Fairbank (1961) used two hollow tin cylinders, one of 0.8 cm

length and 2:33� 10ÿ3-cm outside and 1:33� 10ÿ3-cm inside diameter and the

other of 0.9 cm length and having 1:64� 10ÿ3-cm and 1:35� 10ÿ3-cm outside and

inside diameters, respectively, fabricated by electroplating tin on a copper wire,

their German counterparts evacuated lead on a quartz ®bre of 10-mm diameter

(Doll and NaÈbauer, 1961) to obtain their small-sized test cylinders of super-

conducting materials. Both teams then found a discrete value for the observed
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¯uxÐhowever, by a factor of 2 smaller than the one predicted by London, or

F0 � hc

2e
G 20% �Deaver and Fairbank�; �962a�

F0 � 0:4
hc

e
�Doll and N�abauer�: �962b�

Moreover, in both experiments, the dataÐshowing the magnetic ¯ux versus the

magnetic ®eld strength in the direction of the cylinder's axisÐindicated additional

steps in the ¯ux values at certain higher ®eld strengths; thus, Deaver and Fairbank

noted: `The ratio of the ®elds at which the steps occur, are approximately 1, 3, 5

and 7' (Deaver and Fairbank, 1961, p. 45), and similarly Doll and NaÈbauer dis-

played a second step also at a ®eld strength three times that of the ®rst step (Doll

and NaÈbauer, 1961, p. 51).

In the lively discussion following the publication of the above-mentioned ex-

perimentalists, the theoreticians Nina Byers and Chen Ning Yang (1961), Lars

Onsager (1961), John Bardeen (1961), and J. B. Keller and Bruno Zumino (1961)

participated. The ®rst group argued that London's derivation of Eq. (961) was

not valid, because the Meissner e¨ect rendered this solution unstable; rather, the

Cooper-pair correlation in superconductivity spoke in favour of Eqs. (962). Also,

Onsager, Bardeen, Keller, and Zumino derived the same value for the ¯ux quanta,

again motivated by the electron-pair e¨ect; in particular, they drew attention to

the fact that Lev Gorkov's microscopic reformulation of the Ginzburg±London

theory of superconductivity demanded the use of a charge e� � 2e in the super-

current (see Gorkov, 1959, p. 1366, Eq. (16)).

(c) The Josephson E¨ect (1962)

Brian Josephson, a young graduate student at the Cavendish Laboratory in

Cambridge, England, submitted in early June 1962 a note to Physics Letters, the

contents of which he characterized as follows: `We here present an approach to the

calculation of tunnelling currents between two metals that is su½ciently general to

deal with the case when both metals are superconducting. In that case new e¨ects

are predicted, due to the possibility that electron pairs may tunnel through the

barriers leaving the quasi-particle distribution unchanged.' (Josephson, 1962,

p. 251) The crucial property of the wave function describing superconducting

electron pairs, which in¯uenced the predicted tunnelling current, Josephson rec-

ognized to be the phase. By applying the proper ®eld-theoretical formalism (due to

Bogoliubov), he obtained an equation for the current operator describing the

transfer of electron-pairs across the barrier; this equation involvedÐbesides the

constant term (J0) two terms (J1 and J �2 ) oscillating with the frequency n � 2eV=h

(with V the applied voltage). Hence, the equation predicted, in particular:
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(i) At ®nite voltage the usual DC current occurs but there is also an AC supercurrent
of amplitude j j1j and frequency 2eV=h (1 mV corresponding to 483.6 Mc/s).

(ii) At zero voltages, j0 is zero but a DC supercurrent up to a maximum of j j1j can
occur. (Josephson, loc. cit., p. 252)

Moreover, Josephson noticed that the case of an applied radio-frequency cur-

rent might be treated as wellÐthen the oscillations of V just would modulate

the supercurrentÐand the quantum-mechanical interpretation of the above-

mentioned processes was as follows. Item (i) corresponded to the transfer of

electron-pairs across the barrier associated with photon emission, and item (ii)

corresponded to the same transfer, but without photon emission. Further, the

e¨ects must be largest at low temperatures, when all contributions were in phase;

hence, j j1j would become `equal to the current ¯owing in the normal state at an

applied voltage equal to 2p times the energy gap, assumed to be the same on both

sides' (Josephson, loc. cit.). Higher temperatures, however, would reduce the e¨ects

derived. Finally, Josephson argued that magnetic ®elds destroyed the phase and

thus decreased the value of j j1j, which might be recognized from the equation for

the tunnelling-current density; i.e.,

j � j0 �
1

2
j1c�l cr � j �1 c�r cl ; �963�

where cl and cr denoted the e¨ective superconducting wave functions in the ®lm

on both sides of the barrier. Indeed, Eq. (963) predicted that:

In very weak ®elds diamagnetic currents will screen the ®eld from the space between
the ®lms, but with a large penetration depth owing to the smallness of j1. In larger
®elds, owing to the existence of a critical current density, screening will not occur; the
phases of the supercurrents will vary rapidly over the barrier, causing the maximum
total supercurrent to drop o¨ rapidly with increasing ®eld. (Josephson, loc. cit.,
p. 262)

Josephson concluded that e¨ects similar to those mentioned already should occur

when two superconducting regions are separated by a normal-conducting region.

Although he did not succeed in verifying the predicted e¨ects himself experimen-

tally, they would soon be detected by other people at other places (Anderson and

Rowell, 1963; Shapiro, 1963). For his discovery of the tunnelling e¨ect in super-

conductors, Josephson was awarded the Nobel Prize in Physics in 1973.

(d) Super¯uid Helium III: Prediction and Veri®cation (1961±1972)

The lightest noble gas, helium, exists in nature in two stable isotopes: He4 and

He3; the latter was detected only in 1939, since it occurs suppressed by a factor of

10ÿ6 as compared to the abundant He4-isotope (hence, it is obtained usually from
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arti®cial nuclear transformations). Because of the low masses (two protons and

two neutrons, and two protons and one neutron, respectively) and the weak forces

acting between the atoms, helium under normal pressure remains a ¯uid down to

the lowest temperatures: 3.2 K for He3 and 4.2 K for He4. Now, He4 was found to

be a super¯uid (see Section IV.4), which could be explained theoretically as being

due to Bose±Einstein condensation; but He3 as a microscopic particle would obey

Fermi statistics and should not therefore exhibit this property. Lev Landau's

theory of Fermi liquids (1957) did not change this outlook, as the liquid behaved

according to it much like a free gas; except that the phenomenon of `zero sound'Ð

a peculiar collective excitation occurring in the strongly degenerate region of

lowest temperaturesÐhad to be considered. The atoms of liquid helium, there-

fore, should behave like electrons in a metal; but the latter could create a super-

conducting state by formingÐaccording to the BCS theoryÐ`Cooper pairs';

hence, the theoreticians speculated since the early 1960s whether a similar behav-

iour might be found in He3. In a paper, entitled `Generalized Bardeen-Cooper-

Schrie¨er States and the Proposed Low Temperature Phase of Liquid He3' and

submitted in May 1961, Philip W. Anderson and P. Morel investigated this pos-

sibility ®rst; they summarized the results as:

Particle interaction in a Fermi gas may be such as to attract pairs near the Fermi
surface more strongly in l � 1; 2; 3 or higher states than in the simple spherically
symmetrical state [as in Cooper-pairs]. In that case the Bardeen-Cooper-Schrie¨er
condensed state must be generalized, and the resulting state is an anisotropic super-
¯uid. We have studied the properties of this type of state in considerable detail,
especially for l � 1 and 2. . . . The ground state for l � 2 is di¨erent from those pre-
viously considered, and has cubic symmetry and no net angular momentum. . . . We
apply our results to liquid He3; after correction for scattering . . . it is found that the
predicted transition should take place below 0.02 K. (Anderson and Morel, 1961,
p. 1911)

That is, while Anderson and Morel realized that the strong repulsion between the

`hard cores' of the helium atoms (obeying the Pauli principle) made the formation

of a `superconducting pairing' of particles in an s-wave, spin-singlet state impos-

sible, there might still arise for non-zero orbital angular momentum l (which

would reduce the e¨ect of the core-repulsion) a stable groundstate at very low

temperatures, de®nitely below the continuum He3±He3 states.1219

Thus, a general BCS theory, admitting di¨erent types of particle-pairs, ap-

peared to describe a condensation phenomenon also in systems of neutral He3-

atoms, which cannot exhibit superconductivity but should rather become a super-

¯uid; just the onset of the phenomenon was uncertain. Ten years after the ®rst

theoretical prediction, in fall 1971, Douglas D. Oshero¨Ða graduate student

1219 A similar result was obtained by R. Balian and N. R. Wertheimer (1963), who studied in par-
ticular the case of a relative p-wave; they further concluded a sharp diminution of the critical temper-
ature if impurities were present.
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at Cornell UniversityÐwhen measuring pressure changes during the cooling of

liquid to solid helium, observed anomalies between 3 and 1.5 mK. On 10 February

1972, Physical Review Letters received a paper, written by Oshero¨ and his Ph.D.

thesis supervisors David M. Lee and Robert C. Richardson, reporting `Evidence

for a New Phase of Solid He3'; in particular, they claimed the existence of such

a phase in solid He3 `below 2.7 mK of a fundamentally di¨erent nature than

the anticipated antiferromagnetically ordered state,' and, `at lower temperatures,

evidence of possibly a further transition' (Oshero¨, Richardson, and Lee, 1972,

p. 885). The following experimental study of the new magnetic phenomena of

He3 below 3 mK (by nuclear magnetic resonance observation) revealed, how-

ever, that the anomalous behaviour had to be associated rather with the ¯uid

state of He3, which exhibited three new phases called A, B, and B 0 (or later A1):

The liquid susceptibility dropped to about half its Fermi-degenerate value at B

and returned to the original value at B 0 (Oshero¨, Gully, Richardson, and Lee,

1972).

The real experimental situation turned out to be a rather complex one. The

theoretical explanations include, besides the previously discussed mechanisms, a

new spin-¯uctuation e¨ect: The attraction which binds the pairs of He3 would not

arise, as in the case of BCS superconductors, but rather from the polarization of

the spins of the background He3-liquid (Anderson and Brinkman, 1973). In any

case, the later e¨orts ®nally succeeded in disentangling and clarifying all low-

temperature phenomena of the He3-system.1220

(e) The Quantum Hall E¨ect and Lower-Dimensional Quantization

(1980)

On 4 February 1980, Klaus von Klitzing at the Grenoble high-magnetic ®eld lab-

oratory of the Stuttgart Max Planck-Institut fuÈr FestkoÈrperforschung noted in his

scienti®c diary the design of an apparatus plus a set of formulae leading to a de®-

nite resistance value of 25812 W. Less than three months later, he submitted the

results in a three-man note, entitled `New Methods of High-Accuracy Determi-

nation of the Fine-Structure Constant Based on Quantized Hall Resistance,' to

Physical Review Letters (Klitzing, Dorda, and Pepper, 1980). `The Discovery of

the Quantized Hall E¨ect (QHE ) was the result of systematic measurements on

silicon ®eld transistors,' he said later (von Klitzing, 1998, p. 316), referring to the

earlier pioneering work of A. B. Fowler and collaborators at the IBM Watson

Research Laboratory in Yorktown Heights, New York, who had used these de-

vices to observe new quantum phenomena in two-dimensional electron systems

(Fowler, Fang, Howard, and Stiles, 1966). Exactly, `a two-dimensional gas is ab-

solutely necessary for the observation of the QHE,' von Klitzing now emphasized

(von Klitzing, 1998, p. 316).

As had been known for over a century, the Hall e¨ect consisted in creating an

1220 For a fairly nontechnical review, see Vollhardt, 1983.
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electric voltage UH perpendicular to the current, characterized in classical electron

theory by the Hall resistance RH,

RH � 1

ne
B; �964�

with n denoting the electron density in the two-dimensional electron gas. By

studying the Hall voltage UH of a silicon metal-oxide semiconductor ®eld e¨ect

transistor (MOSFET) at the low temperature of 1.5 K in the high magnetic ®eld

(18 tesla) of a Bitter coil as a function of the gate voltage VG, von Klitzing regis-

tered steps in the UH-function occurring always at the same values of VG; further,

the voltage drop between the potential probes (being proportional to the resistivity

in the longitudinal x-direction) showed zeros at the plateaus. The steps in the Hall

resistance could now be identi®ed with the quantized values,

RH � h

e2

1

i
; i � 1; 2; . . . ; �965�

which von Klitzing et al. explained as being due to the quantization of the elec-

trons in the two-dimensional electron gas of the MOSFET. That is, in a strong

magnetic ®eld, the electrons do have restricted orbits whose energies are given by

the so-called Landau levels,

EN � N � 1

2

� �
po; N � 1; 2; . . . ; �966�

where o � eB=m� (and m� indicates the e¨ective mass). If i is such that Landau

levels are completely occupied, the electron density becomes

ni � ieB=h; �967�

which, together with Eq. (964), yields the experimentally discovered relation (965).

For i � 1, the value RH became de®ned in fall 1988 as the international reference

standard of electrical resistance and named, in honour of its discoverer, the Klitz-

ing constant,

RK � 25812:807 W: �968�

The later investigations of the quantum Hall e¨ect, especially in heterostruc-

tures, such as GaAs, in which the gallium was replaced by other atoms, served to

improve the precision of the determination of the quantum Hall resistance values

due to Eq. (965). In 1982, a group at Bell Labs detected the `anomalous' quantum

Hall e¨ect; i.e., they discovered fractional values of i in Eq. (965), e.g., 1
3,

2
3,

2
5, etc.

(Tsui, StoÈrmer, and Gossard, 1982). The present theoretical understanding favours

the explanation of the fractional quantum Hall e¨ect by a novel type of conden-

sation phenomena created by the many-electron interaction.
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(f ) High-Temperature Superconductors (1986)

The phenomenon of superconductivity remained restricted for seven decades to

the domain of low temperatures. Thus, the search for higher transition points had

stopped at Tc � 23:3 K for the Nb3Ge alloy, and the route to higher temperatures

appeared to be quite blocked, even after the quantum-theoretical understanding

had been reached by the BCS theory. In fall 1983, K. Alex MuÈller, then heading

an IBM Fellows group at RuÈschlikon, Switzerland, approached his former doc-

toral student J. Georg Bednorz and invited him to assist in investigating super-

conductivity in oxides of the perovskite type, which were candidates for compar-

atively high transition temperatures, since, for example, BaPb1ÿx BixO3 possessed

Tc � 13 K.1221 Bednorz and MuÈller combined speculations from the BCS theory

with consequences from the Jahn±Teller e¨ect to support their endeavours. `It was

in late 1985 that the turning point was reached,' recalled Bednorz several years

later, especially:

I became aware of an article by the French scientists C. Michel, L. Er-Rakho and B.
Raveau, who had investigated a Ba-La-Cu oxide with perovskite structure exhibiting
conductivity in the temperature range between 300 and ±100 �C. . . . In the Ba-La-Cu
oxide with a perovskite structure containing Cu in two di¨erent valencies all our
concept requirements [for a search for of high-TC superconductivity] seemed to be
ful®lled. . . .

In mid-January 1986 . . . I decided to restart my activities in measuring the new
compound. When performing the four-point resistivity measurement [with the Ba-La-
Cu oxide probes] the temperature dependence did not seem to be something special.
During cooling, however, a metallic-like decrease was ®rst observed, followed by an
increase at low temperatures, indicating a transition to localization. My tension,
always increasing as the temperature approached the 30 K range, started to be re-
leased when a sudden resistivity drop occurred at 11 K. Was this the ®rst indication
of superconductivity?

Alex [MuÈller] and I were really excited, as repeated experiments showed perfect
reproducibility and an error could be excluded. Compositions as well as the thermal
treatment were varied and within two weeks we were able to shift the onset of re-
sistivity drop to 35 K. This was an incredibly high value compared to highest TC in
the Nb3Ge superconductor. (Bednorz and MuÈller, 1993, pp. 429±433)

Since Bednorz and MuÈller were not able to demonstrate the presence of the

Meissner±Ochsenfeld e¨ect, the infallible proof of superconductivity, they sub-

mitted their paper to Zeitschrift fuÈ r Physik in April 1986 with the cautious title

`Possible High Tc Superconductivity in the Ba-La-Cu-O System' (Bednorz and

MuÈller, 1986). However, together with their Japanese guest-collaborator Masaaki

Takashige (who joined the IBM Laboratory in February 1986), Bednorz and

MuÈller provided the necessary demonstration of the Meissner±Ochsenfeld e¨ect

later in 1986 (Bednorz, Takashige, and MuÈller, 1987).

1221 For details of the story of the discovery of high-temperature superconductivity, see Bednorz
and MuÈller, 1993, especially, pp. 424±433.
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The results from Switzerland greatly excited the low-temperature community,

and soon various groups, especially in the United States and Japan, joined in the

chase for higher transition temperatures. [Paul] C. W. Chu and others from the

University of Houston, in Houston, Texas, together with colleagues from Ala-

bama, already reached in February 1987 in a mixed phase Y-Ba-Cu-O compound

system, Tc � 93 K (M. K. Wu et al., 1987); i.e., they pushed into the technically

easily obtainable region of liquid nitrogen. The high-temperature superconductors

shared a number of properties: In general, they exhibited chemically complicated

structures, and in particular, they contained copper oxide in well-separated planes;

hence, they were also called `cuprates' or `copper-oxide superconductors.' A. J.

Leggett, an expert in the ®eld, stated: `It seems overwhelmingly probable that the

mechanism of superconductivity is to be sought in these CuO2 planes, and that the

role of o¨-plane atoms is mainly to act as donors of electrons (or, more usually, of

holes) to the planes and as spacers between them.' (Leggett, 1995, p. 959) He then

pointed to the fact that superconductivity occurred in the substances mentioned

just in a region of the phase close to an antiferromagnetic phase, and emphasized

the highly anomalous properties of the substances in the normal-conducting state.

Moreover, the cuprates turned out to be Type II superconductors, having a very

large Hc2
, and their transition to the superconducting state appeared as less sharp

than for conventional superconductors (and dependent on the direction in the

crystal). On the other hand, Leggett noticed that `nearly every feature of the BCS

model shows up at least qualitatively, for example both the spin susceptibility and

the electronic speci®c heat drop o¨ sharply below Tc and there appears to be a

relatively well-de®ned energy gap' (Leggett, loc. cit., 961). The questions of

whether cooper-oxide superconductors should be described as Fermi liquids, or

how the Cooper-pair mechanism works, or whether dimensionality plays a role in

the theoretical descriptions, have still not been decided.1222

The new discoveries in condensed matter physics, to which we may add that of

an unexpected, remarkably stable cluster of 60 carbon atoms, the soccer-ball-like

`fullerene' molecule, announced in the issue of Nature of 14 November 1985, by

Harold W. Kroto and collaborators at Rice University in Houston (1985)Ð

which, besides having a most interesting chemical structure also exhibited physical

peculiarities, e.g., it might become superconducting when properly doped1223Ð

gave the whole ®eld an enormous push. A large fraction of the Nobel Prizes in

Physics went to the discoverers of the e¨ects discussed above: 1961 to Rudolf

MoÈssbauer, 1973 to Brian Josephson (and to Ivar Giaever and Leo Esaki for de-

tecting tunneling e¨ects in semiconductors and superconductors), 1977 to Philip

Anderson (and Nevill Mott and John H. Van Vleck) for their work in complex

1222 For a fairly recent overview of the facts and their theoretical explanation, see Ramakrishnan,
1997.

1223 In 1996, Robert F. Curl, Harold W. Kroto, and Richard E. Smalley, were awarded the Nobel
Prize in Chemistry for their discovery of the fullerenes. For a review of their superconducting proper-
ties, we refer, e.g., to Fink and Sohmen, 1992.
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solid-state phenomena, 1985 to Klaus von Klitzing, 1987 Georg Bednorz and Alex

MuÈller, 1996 to David Lee, Douglas Oshero¨, and Robert Richardson, and 1998

to Robert Laughlin, Horst L. StoÈrmer, and Daniel TsuiÐthereby increasing the

importance and reputation of the `solid-state physicists' in the entire scienti®c

community. The e¨ects and phenomena in condensed matter physics also stimu-

lated great interest that reached far beyond science and technology.1224 They

demonstrated to the broader public the presence of Planck's constant also in the

macroscopic domain, because h indeed gave rise to directly observable macro-

scopic quantum e¨ects, of which superconductivity represented a principal andÐas

far as the theoretical explanation is concernedÐpioneering example.

2.5 Stellar Evolution, the Neutrino Crisis, and 3 K Radiation

(1957±1999)

The following selected topics from astrophysics demonstrate how this ®eld has

indeed ¯ourished during the past ®fty years as a laboratory to test the conse-

quences from quantum theory; certain results from it even provided new stimulus

for extending the existing standard schemes. As we have already mentioned (in

Subsection 2.1), in our universe, the quantum and relativistic phenomena form a

close symbiosis. Notably, considerations from general relativity theory, which thus

far entered only in the discussion of the universe on a large scale, began to deter-

mine processes in the domain of nuclear physics. This trend would intensify in the

topics to be dealt with below.

Half of the 1978 Nobel Prize in Physics went to Arno E. Penzias and Robert W.

Wilson for their discovery of cosmic background radiation (the other half to Peter

Kapitza `for his discoveries in low-temperature physics'). Penzias used his Nobel

lecture to talk `On the Origin of Elements,' and reviewed ®rst how the early ideas

of the relativists in the 1920s, such as Alexander Friedmann and AbbeÂ Georges

LemaõÃtre, sneaked into the discussions of the astrophysicists. In particular, he said:

Not widely popular among respectable scientists of the time, this idea of the ex-
panding universe was taken up in the 1940s in part because the theories of the stellar
origin of elements had failed in the 1930s. . . . The title of Chandrasekhar and Hen-
rich's paper ``An Attempt to Interpret the Relative Abundances of the Elements and
Their Isotopes'' re¯ects the tentative and unsatisfactory nature of the state of under-
standing at that time. The paper begins, ``It is now generally agreed that the chemical
elements cannot be synthesized under conditions now believed [emphasis added] to
exist in stellar interiors.'' [(Chandrasekhar and Henrich, 1942, p. 288)] As an alter-
native, the authors suggested that the expansion and cooling of the early universe

1224 For instance, the Josephson e¨ect served metrology to introduce an absolute quantum-
theoretical measure for the electric voltage (i.e., it allowed one to reduce the voltage standard to atomic
constants), and the quantum Hall e¨ect, via the Klitzing constant, Eq. (968), provided the de®nition of
the electrical resistance on the same basis (see, e.g., Kose and Melchert, 1991).
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might be a possible site for the processes. In this view, each of the elements had
its abundance ``frozen out'' at an appropriate stage of the expansion of the hot
(V109 K), dense (V106 gr/cm3) universe. (Penzias, 1992, p. 449)

We have sketched above (in Subsection 2.1) how George Gamow and his collab-

orators continued to investigate the origin of chemical elements by assuming their

production in the early history of the universe under nonequilibrium conditions,

and how Fred Hoyle and associates opposed the `Big Bang' theory by a `Steady-

State' theory, which claimed that the elements could well have been created at any

time in stars under suitable conditions.

The creation of new elements should occur in the interior of any standard star

in the course of its history: Such a star is assumed to come into existence by the

contraction of a certain gaseous mass consisting essentially of hydrogen; the stellar

mass thus heats up to a temperature igniting nuclear reactions, ®rst yielding

helium. In the 1950s and early 1960s, the astrophysicists succeeded in actually de-

riving a generally consistent picture of the stellar evolution and the production of

elements in known stars. Later on, also the physics of newly discovered stellar

objects like the `pulsars,' which are rapidly pulsating radio sources, was clari®ed:

They could be explained as rotating neutron stars which had been predicted in the

late 1930s (see Section IV.4).

After outlining certain important items concerning stellar structure and evolu-

tion, we shall turn to an observed defect of the standard solar model: the fact that

the sun emits too few neutrinos, in order to account for the nuclear processes in its

interior, which seems to imply certain properties of these particles that deviate

from the usual concepts, notably, a ®nite mass which follows from the Standard

Model. On the other hand, a number of di¨erent astronomical observations sup-

port the existence of large amounts of `dark matter'Ðor so far unobserved massÐ

in the universe that might be due to neutrinos with a mass or some other yet

unknown massive objects.

The standard picture of stellar evolution and nuclear processes in stars also

su¨ers from another di½culty. Let us again quote Penzias, who addressed it in his

Nobel lecture:

Ironically it was Fred Hoyle himself who found the gap that could not be ®lled in the
stellar picture, a gap in the best understood process of them all, the formation of
helium from hydrogen. Although the burning of hydrogen into helium provides the
sun and other stars with their energy and with building blocks for the formation of
heavier elements, Hoyle concluded that about ninety percent of the helium found in
stars must have been made before the birth of the galaxy. The basis of this conclusion
was an energy argument: the total amount of energy released before formation of all
the observed helium is some ten times greater than the energy radiated by the galaxies
since their formation. Thus, ``it is di½cult to suppose that all the helium has been
produced in ordinary stars'' (Hoyle and Tayler, 1964, p. 1108). Instead attention was
turned to helium creation in early stages of an expanding universe, reviving work
begun by Gamow some sixteen years earlier. (Penzias, 1992, p. 452)
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This revival also led to a reconsideration of a consequence of the expanding-

universe model of Gamow et al., namely, the prediction of a basically homoge-

neous background radiation; this was actually discovered immediately in 1965 as

the blackbody radiation at 3 degrees Kelvin or `3 K radiation,' ®tting perfectly

into the presently accepted `standard model of hot big bang cosmology,' in which

the ideas of the Big Bang model have been merged with ideas of the Standard

Model of elementary particles (which we discussed in Subsection 1.5)

(a) Stellar Evolution and New Types of Stars (1957±1971)

Martin Schwarzschild, the son of the Berlin astrophysicist Karl Schwarzschild

(who had discovered the `black hole' solution of Einstein's gravitational theory

and contributed to quantum theory before his early death in 1916), signed the

preface to a book on Structure and Evolution of Stars in November 1957.

Schwarzschild, who was a Professor of Astronomy at Princeton University, wrote

especially in the introductory notes about the recent development and present state

of the ®eld:

A little more than a decade ago research on the stellar interior underwent a profound
change. The central cause of this change was the introduction of nuclear physics into
astronomy. Nuclear physics has provided the theory of the stellar interior with the
lastÐbut not the leastÐof the fundamental physical processes which determine stel-
lar structure and evolution. Thus a new and far-reaching development in this ®eld of
research became available.

Simultaneously with this new theoretical development occurred an equally far-
reaching upsurge in the relevant ®elds of observational astronomy, an upsurge largely
due to the introduction of new spectrographic and photoelectric techniques. The
combination of these developments suddenly opened up an unprecedentedly wide
front of contact between observation and theory in the research ®eld of stellar inte-
rior, in striking contrast with the situation twenty-two years ago, where there was
only one major point of contact, the mass-luminosity relation. (Schwarzschild, 1958,
p. xv)

We have referred to the ®rst application of nuclear theory to astrophysics

(in Subsection 2.1 and earlier), in connection with describing the abundance of

elements. For dealing with the internal structure and evolution of the stars,

Schwarzschild was less concerned about how the distribution of chemical elements

observed in stars and the universe came about, but rather about how did the

known stars get their energy when evolving during their lifetime. He therefore

combined the physical treatments of the processes already contained in the pub-

lications of Arthur S. Eddington and others (in the 1920s and 1930s)Ðradiative

and convective energy transport in the interior of the stars, opacity considerations,

etc.Ðand included a discussion of the nuclear energy production along the lines of

Burbidge et al. (1957) to arrive at an overall satisfactory description of the phe-

nomena in main-sequence stars and white dwarfs. Five years later, Chushiro

2.5 Stellar Evolution, the Neutrino Crisis, and 3 K Radiation (1957±1999) 1185



Hayashi, ReÅun HoÅshi, and Daiichiro Sugimoto presented a kind of ®nal report on

the `Evolution of the Stars,' 183 pages long in Progress of Theoretical Physics,

covering more or less the complete calculation of the life-story of stars (Hayashi,

HoÅshi, and Sugimoto, 1962). In particular, the authors made use of Hayashi's

discovery: Because of convection (in addition to radiation as considered before),

the gravitational contraction of the stars would occur in a much shorter time

period (104 to 109 years) than the age of the universe. The type of the star de-

pended essentially on its initial mass and its chemical composition; e.g., if the star

possessed below 0.08 solar mass, it could never heat up to burn hydrogen but

would cool o¨ toward an invisible black dwarf lying o¨ the main sequence in the

Hertzsprung±Russell diagram (see Hayashi and Nakano, 1963). The larger the

initial mass, the faster would the evolution proceed from lower luminosity toward

the main-sequence region. After spending some time (essentially the longest period

in its life) on the main sequence, the star would leave it (especially when the hy-

drogen core was burnt out); the temperature would rise then, until the burning of

helium sets in, and (after the helium was also exhausted) at still higher tem-

peratures, the burning of carbon, etc., would take over. Thus, nuclear theory,

together with relativistic, thermodynamical, and gas-dynamical considerations, led

to a complete understanding of the formation, the structure, and the evolution of

stars, in full agreement with the observations.1225

In their 1962 paper, Hayashi and collaborators covered the general theory of

stellar evolution, illustrated with several completely evaluated `life-stories' of stars

with speci®c mass values. Thus, in Chapter 9, they discussed the situation of a

`Final Phase toward White Dwarfs,' which they summarized as:

Complete exhaustion of nuclear fuels in the central core of massive stars as stated in
the preceding chapter will eventually lead to a collapse of the core since its mass
exceeds the Chandrasekhar limit for completely degenerate con®gurations. In the
explosion of the stellar envelopes as corresponding to a type II supernova, a consid-
erable fraction of the mass will be ejected into the interstellar space. The remnant
of this supernova will contract and cool o¨ releasing its thermal and gravitational
energy. Centrifugal force in its outer region will become greater and greater with the
contraction as compared with gravitational force, and then the stellar mass will be
reduced below the Chandrasekhar limit through continuous ejection of mass and
angular momentum. Finally the star will cool down to a white dwarf and then to a
black dwarf. (Hayashi, HoÅshi, and Sugimoto, 1962, p. 157)

Black dwarfs could not be seen, but another star-like object, predicted by relativ-

istic quantum and nuclear theory, was discovered in the late 1960s.

In the fall 1967, Jocelyn Bell, working as a research student at the Mullard

Radio Astronomy Observatory of the Cavendish Laboratory at Cambridge, found

with the help of the large 81.5-MHz array of radio telescopes of her thesis advisor

1225 Detailed calculations of di¨erent star types were made in particular by Rudolph Kippenhahn
and his collaborators at the Max Planck-Institut fuÈr Physik and Astrophysik in Munich; for a recent
presentation of the results, see Kippenhahn and Weigert, 1990.

Epilogue1186



Anthony Hewish a strange source, consisting entirely of scintillating radio signals.

In November of that year, Hewish, Bell, and collaborators, analyzed this source

with a high-speed recorder showing `that the signals, when present, consisted of a

series of pulses, each lasting@0.3 s and with a repetition period of about 1.337 s

which was soon found to be maintained with extreme accuracy' (Hewish et al.,

1968, p. 709). During the following months, they detected three other similar

sources, having periods between 0.25 and 3 s; hence, the authors suggested that the

pulses might be emitted either by neutron stars or white dwarfs (Hewish et al., loc.

cit., p. 712). Soon after this ®rst report appeared (in Nature, issue of 24 February

1968), Thomas Gold of Cornell University expounded: `The case that neutron

stars are responsible for the recently discovered radio sources appears to be a

strong one,' because: `No other theoretically known astronomical object would

possess such short and accurate periodicities as those observed, ranging from 1.33

to 0.25 s.' (Gold, 1968, p. 731) He argued, in particular, that it must be rotating

neutron stars, since only those objects provided a possibility to explain the phe-

nomenon, namely: `Because of the strong magnetic ®elds and high rotation speeds,

relativistic velocities will be set up in any plasma in the surrounding magneto-

sphere, leading to radiation in the pattern of a rotating beacon.' (Gold, loc. cit.)

The `pulsating radio sources' or `pulsars' would indeed soon be shown to be

connected with the remnants of supernovae explosions.1226 Later, pulsar theories

connected the emission mechanism with a continuous creation of electron±positron

pairs, which would not operate when the period exceeds an upper limit (determined

by the theory of neutron star matter). However, M. D. Young et al. also found a

period of 8.51s, exceeding this limit; hence, they concluded that `either the model

assumptions are wrong, or current theories of radio emission must be revised'

(Young, Manchester, and Johnston, 1999, p. 848). Like many other problems of

astrophysics, that of pulsars leaves some questions to be answered; nevertheless,

one expects that the basic explanation of pulsating radio signals as being created

by rapidly rotating neutron stars remains correct.

(b) The Solar Neutrino Problem and the Neutrino Mass (1964±1999)

As early as 1946 and 1949, Bruno Pontecorvo and Luis Alvarez pointed out that

there existed a `most promising method for detecting solar neutrinos,' namely, the

endothermic reaction

Cl37 � nsolar ! Al37 � eÿ; �969�

having a threshold energy of 0.81 MeV and giving rise to radioactive argon that

should be easily observed (see Bahcall, 1964, p. 300). Still, this suggestion would

not be followed, and it took until the mid-1960s when the measurement was

1226 It should be mentioned here that a theory of ``Neutron Star Matter'' was worked out by
Gordon Baym, Hans Bethe and Christopher J. Pethick (1971).
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actually started.1227 In 1964, the theoretician John N. Bahcall from Caltech, re-

marked on the origin and importance of solar neutrinos:

The principal energy source for main-sequence stars like the sun is believed to be
fusion, in the deep interior of the star, of four protons to form an alpha particle. The
fusion reactions are thought to be initiated by the sequence 1H� pe�n� 2H� p; g� 3He,
and terminated by the following sequences: (i) 3He �3He; 2p� 4He; (ii) 3He �a; g�
7Be�eÿ; n� 7Li� p; a� 4He. No direct evidence for the existence of nuclear reactions in
the interiors of stars has yet been obtained because the mean free path of photons
emitted in the center of a star is typically less than 10ÿ10 of the radius of the star.
Only neutrinos, with their extremely small interaction cross sections, can enable us to
see into the interior of a star and thus verify directly the hypothesis of nuclear energy
generation in stars. (Bahcall, 1964, p. 300)

On taking the reaction, Eq. (969), he estimated `the total predicted number of ab-

sorptions per terrestrial 37Cl atom per second . . . to be

Sfn�solar�sabs � �4G 2� � 10ÿ35 secÿ1; ' ��970��

(Bahcall, loc. cit., p. 301).

Raymond Davis of the Brookhaven National Laboratory now put up an ap-

paratus consisting `of two 500-gallon tanks of perchlorethylene, C2Cl4, equipped

with agitators and an auxiliary system for purging with helium . . . located in a

limestone mine 2,300 feet below the surface (1800 meters of water-equivalent

shielding)' (Davis, 1964, p. 303). He estimated, however, that in order to measure

the solar neutrino ¯ux about 100,000 gallons of C2Cl4 would have to be used in a

mine 4,500 feet deep (Davis, loc. cit., p. 304). Thus, he moved from the ®rst site at

Baberton, Ohio (i.e., the limestone mine of the Pittsburgh Plate Glass Company)

to the bottom of the Homestake Goldmine in South Dakota; and after running the

experiment for twenty years (with ®rst results being reported in 1968), he and his

collaborators ®nally arrived in 1992 at the result (as summarized in a later report):

The long-term averaged solar neutrino production rate measured with the radio-
chemical Homestake Chlorine Detector is:

2:23G 0:22 SNU: ��971��
(1 SNU � 1 neutrino reaction per second in 1036 target atoms). There is a persistent
discrepancy, called the ``solar neutrino problem'' between the result of the prediction
from the standard solar model, 8.0 SNU (Bahcall and Pinsonneault, 1992), which is
usually attributed to a de®ciency of solar 8B neutrinos �En < 15 MeV). This conclu-
sion has been con®rmed by the Kamiokande-II water CÏ erenkov detector which ob-
serves only (48G 8)% of the 8B neutrino ¯ux expected from the Standard Solar
Model (Nakamura, 1993). (Hampel, 1994, p. 3)

1227 Raymond Davis, though he suggested the observation already in 1957, did attack the question
seriously only seven years later, cooperating with J. N. Bahcall (see below).
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Like the later onesÐi.e., the GALLEX experiment using 30.3-t gallium (in the

form of 110-t GaCl3±HCl solution) in the Italian Gran Sasso Underground Lab-

oratory (reported in Hampel, 1994) and the Kamiokande-II experiment in Japan

(Nakamura, 1993)Ðthe pioneering Homestake experiment of Davis yielded a

de®nite de®cit of solar neutrinos which had to be explained.

Hans Bethe addressed the now popular solution in a note, `Possible Explana-

tion of the Solar Neutrino Puzzle,' published in March 1986 in Physical Review

Letters, which he introduced by drawing attention to `a very important paper' of

S. P. Mikheyev and A. Yu Smirnov (1986) that `discussed a mechanism by which a

large fraction of the neutrinos ne emitted by the sun may be converted into nm when

traversing the sun, and thereby be reduced unobservable' (Bethe, 1986, p. 1305).

The Russian theorists had, at a previous meeting in Finland, indeed suggested a

mechanism for how to mix electron and muon neutrinos, whose eigenstates have

to be described (with y the mixing angle) by

jnei � jn1i cos y� jn2i sin y;

jnmi � ÿjn1i sin y� jn2i cos y;
�972�

in terms of fundamental states (analogous to the neutral kaon states) jn1i and jn2i
having masses m1 and m2, respectively. Consequently, if one followed a ne-beam

of energy E emerging from a source (reactor or sun) over a distance L, neutrino

oscillations would be observed yielding a survival probability

P�ne ! ne� � 1ÿ sin2�2y� sin2 1:27Dm2L

E

� �
; �973�

with Dm2 � m2
2 ÿm2

1 , and L measured in metres and E in MeV. Now, the mixing

mechanism of Mikheyev and Smirnov arose from the coupling of ne and nm to the

charged weak boson WG: While neutral weak currents act equally on ne and nm,

the charged ones will exchange ne with the electrons in matter (but not the nm) and

produce an extra term in the neutrino Hamiltonian, creating a mass di¨erence

Dm2 � 2
���
2
p

GNeEn; �974�

when ne of energy En traversed matter having the electron density Ne. From the

preliminary data then available from the Davis experiment (Bahcall et al., 1985),

and taking reasonable values for the solar mass (and electron) density, Bethe de-

rived for Dm2 a value of the order of 10ÿ6 (eV)2; that is, a di¨erence of about 1

meV/c2 between the masses of electron and muon neutrinos would su½ce to re-

move the solar neutrino de®cit.

In the past fourteen years, the empirical situation has not changed essentially:

The latest data from the presently available experiments (from Homestake and
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GALLEX to Super Kamiokande) con®rm the neutrino de®cit ®rst noticed by

Bahcall and Davis on the basis of zero-mass electron neutrinos, as demanded by

the Standard Model.1228 A nonzero neutrino mass and the existence of neutrino

oscillations would indeed account for a number of observed e¨ects, especially

the neutrino ¯ux ratio nm=ne as dependent on the zenith angle (where a de®cit of

upgoing muons has been detected: Fukuda et al., 1998). And it might help to

soften, though not remove, the presently existing `dark matter problem' in the

universe.1229

(c) 3 K Radiation and the Early Universe (1965±1990)

In his article in Nature on `The Evolution of the Universe,' George Gamow pre-

sented, almost ®fty years ago, a visionary picture of the early stages of the Uni-

verse, developed from the observational fact of the redshift in the spectra of dis-

tant galaxies, on the one hand, and the idea that the relative abundances of

various atomic species constitute `the most ancient archaeological document per-

taining to the history of the universe' (Gamow, 1948, p. 680). From more detailed

calculations of his student Ralph Alpher, Gamow drew some sharp consequences,

such as: The building-up processes of the chemical elements must have occurred in

the ®rst thirty minutes where the temperature of the hot initial state had dropped

to about 109 K and `the expansion of the universe was governed entirely by radi-

ation and not yet matter' (Gamow, loc. cit., p. 681). By evaluating further the

time-dependence of the radiation density and the matter density, respectively, he

argued that the formation of galaxies began once the densities had become equal.

Alpher and Robert Herman then improved upon some of the sloppy errors in

Gamow's theory and obtained an age of 107 years for the Universe at that

moment; i.e., `the temperature of the gas at the time of the condensation was

600 K, and the temperature in the universe at the present time is found to be about

5 K' (Alpher and Herman, 1948, p. 775).1230

In summer 1964, when Hoyle and Tayler reported di½culties of the steady-state

model to reproduce the observed helium abundance, the English translation of a

short article by A. G. Doroshkevich and I. D. Novikov appeared in the journal

Soviet Physics-Doklady, entitled `Mean Density of Radiation in the Metagalaxy

and Certain Problems in Relativistic Cosmology,' in which they tried to compute

the spectral composition of the distribution of electromagnetic radiation in the

1228 For a recent review, see Konijn, 1999.

1229 The latest Super Kamiokande data, reported at the 1999 International Neutrino Physics and
Astrophysics Conference, con®rm that the neutrino masses obtained would not contribute much to the
solution of the `dark matter problem,' which claims a large mass de®cit o the expanding universe (see,
e.g., Steinhardt, 1997).

1230 In a letter, written by Gamow to Alpher, he said at that time: `The space temperature of about
5 K is explained by the present radiation of stars (C-cycles). The only thing we can tell is that the re-
sidual temperature from the original heat of the universe is not higher than 5 K.' (Gamow to Alpher,
1948, quoted in Penzias, 1992, p. 454)
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Universe. Referring to Gamow's earlier prediction of a residual radiation temper-

ature, they noticed essential agreement between the theoretical estimate and pre-

liminary measurements at Bell Labs, adding: `Additional measurements in this

region (preferably on a satellite) will assist in the ®nal solution of the problem of

the correctness of the Gamow theory.' (Doroshkevich and Novikov, 1964, p. 113).

Apparently, independently of the Russian astrophysicists, a Princeton group of

theoreticians and experimentalists, led by Robert Dicke, became involved in an

investigation of `Cosmic Black-Body Radiation'Ðas they entitled their publica-

tion in the July 1965 issue of the Astrophysical Journal (Dicke, Peebles, Roll, and

Wilkinson, 1965). In particular, they asked the question: `Could the universe have

been ®lled with blackbody radiation from [a] possible high temperature state?' and

answered:

If so, it is important to notice that as the universe expands the cosmological redshift
would serve to adiabatically cool the radiation, while preserving the thermal char-
acter. The radiation temperature would vary inversely as the expansion parameter
(radius) of the universe. (Dicke et al., loc. cit., p. 415)

Dicke et al. then considered accordingly the situation in the expanding uni-

verse, both at very high temperatures T > 1010 K (where the large thermal elec-

tron and photon density also establishes a thermal equilibrium abundance of

electron-type neutrinos) and at temperatures below 1010 K. At about 1010 K

(where the temperature, rather kT, corresponds to mec2), the development toward

the present state of the universe would begin, with the successive formations of

protons, chemical elements, etc. Dicke et al. estimated in their scenario an upper

limit for the temperature determining the blackbody radiation remaining from the

primordial ®reball, namely, 40 K, because this value `provides an energy density of

2� 10ÿ29 gm cm3, very roughly the maximum total energy density compatible

with the observed Hubble constant and acceleration parameter'; they concluded:

`Evidently it would be of considerable interest to attempt to detect this primeval

thermal radiation directly.' (Dicke et al., loc. cit., p. 415) While the experimental

setup of P. G. Roll and David T. Wilkinson of the Princeton groupÐ`a radiome-

ter and receiving horn capable of an absolute measure of thermal radiation at a

wavelength of 3 cm'Ðdid not yield any results up to May 1965, when the paper

was submitted, the Princeton authors wrote: `We recently learned that Penzias and

Wilson at the Bell Telephone Laboratories have observed background radiation at

7.3-cm wavelength,' and reported further:

In attempting to eliminate (or account for) every contribution to the noise seen at the
output of their receiver, they ended with a residual radiation of 3:5G 1 K. Appar-
ently this could be only due to radiation of unknown origin entering the antenna.
(Dicke et al., loc. cit., p. 416)

As Robert W. Wilson recalled in his Nobel lecture, the 20-ft horn re¯ector (re-

ferred to by Doroshkevich and Novikov above) was `built in 1960 to be used with an
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ultralow-noise communication receiver for signals bounced from the Echo satellite'

(R. W. Wilson, 1992, p. 463). After describing the experiment, he went on to say:

In 1963, when the 20-foot horn-re¯ector was no longer needed for satellite work,
Arno Penzias and I started preparing it for the use of radio astronomy. . . . Its sensi-
tivity, or collecting area, could be accurately calculated and in addition could be
measured using a transmitter located less than 1 km away. With this data it could be
used with a calibrated radiometer to make primary measurements of intensities of
several extraterrestrial radio sources. . . . In addition, we would be able to understand
all sources of antenna noise. . . , so that the background regions could be measured
absolutely. Traveling-wave maser ampli®ers were available for use with the 20-foot
horn-re¯ector, which meant that for large diameter sources (those subtending angles
larger than the antenna beam width) this would be the world's most sensitive radio
telescope. (R. W. Wilson, loc. cit., p. 466)

Especially, the instrument appeared to be ideal for determining the weak halo

radiation at shorter wavelengths, and Penzias and Wilson began with a pro-

gramme of measurements at 7 cm (after which they planned to build a similar

radiometer at 21 cm).1231

Before proceeding with the programme at all, Penzias and Wilson carried out

an absolute ¯ux determination and arrived at both a disturbing and exciting result,

which they found worthwhile to announce in a note, entitled `A Measurement of

Excess Antenna Temperature at 4,080 Mc/s,' submitted on 13 May 1965, to the

Astrophysical Journal, namely:

Measurements of the e¨ective zenith noise temperature of the 20-foot horn-re¯ector
antenna at the Crawford Hill Laboratory, Holmdel, New Jersey, at 4,080 Mc/s have
yielded a value about 3.5 K higher than expected. This excess temperature is, within
the limits of our observations, isotropic, unpolarized, and free from seasonal varia-
tions (July 1964±April 1965). A possible explanation for the observed excessive noise
temperature is the one given by Dicke, Peebles, Roll and Wilkinson (1965) in a
companion letter in this issue. (Penzias and Wilson, 1965, pp. 419±420)

That is, of the total antenna temperature of 6.7 K measured at the zenith, Penzias

and Wilson ascribed 2.3 K to atmospheric absorption and 0.9 K to ohmic losses in

the antenna and backlobe response; hence, the remaining 3:5G 1:0 K had to be

supplied by a di¨erent e¨ect, most probably by the remnant Big Bang blackbody

radiation. P. G. Roll and David T. Wilkinson of the Princeton team soon, i.e.,

toward the end of January 1966, sent a note to Physical Review Letters, con®rm-

ing the conclusion: with their Dicke-type radiometer operating at 3.2 cm wave-

length, they measured a background temperature,

TBG � 3:0G 0:5 K �975�

1231 The experimental preparations included, e.g., the construction of reference noise sources
operating at helium temperatures, ampli®ers, etc. (For further details, see R. W. Wilson, loc. cit.,
pp. 467±471.)
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(Roll and Wilkinson, 1966, p. 406). Their observed monochromatic brightness and

the Penzias±Wilson value at 7 cm ®tted nicely into a Planck curve with a cosmic

background radiation temperature of 3 K (see Roll and Wilkinson, loc. cit., Fig. 2,

p. 407); further, Roll and Wilkinson found that the `TBG measured with the an-

tenna pointing in various directions was isotropic . . . to within G10%' (Roll and

Wilkinson, loc. cit.). A dozen years later, the 3 K blackbody law had been sub-

stantiated in the wavelength range between 100 and 0.1 cm (see Fig. 12 in R. W.

Wilson, 1992, p. 481); at that time, in December 1978, Penzias and Wilson shared

the Nobel Prize in Physics with Peter Kapitza. After a dozen more years, the re-

sults of the COBE (Cosmic Background Explorer) satellite, launched in November

1989, became available; they ®xed the cosmic background temperature at

2:725G 0:01 K (Mather et al., 1990, p. L39).

The discovery of the essentially isotropic 3 K blackbody radiation of the Uni-

verse established the Big Bang hypothesis practically as a fact. Even its old oppo-

nent Fred Hoyle contributed to the proof by showing that a background radiation

of 2.7 K did explain the helium abundance (about 25%) as due to the primordial

nucleosynthesis (Wagoner, Fowler, and Hoyle, 1967). In his exciting, popular

book The First Three Minutes, Steven Weinberg narrated in detail the history of

the early universe in ®ve scenes, from the ®rst hundredth second up to three

minutes, during which the composition of the universe changed from a primordial

soup to the era of nucleosynthesis (Weinberg, 1977, Chapter 5). This fascinating

scenario has been extended further, back to earlier and forward to much later

moments, but it still stimulates the scienti®c and literary imagination of astro-

physicists and particle physicists alike (see, e.g., the books of Joseph Silk, 1980,

and Harald Fritzch, 1983). While many of these presentations, similar to the

purely scienti®c investigations of the topics, rest on the Standard Model of ele-

mentary particle physics (described earlier in Section I.5) and the standard model

of the hot Big Bang Cosmology (described above in this section), Alan H. Guth of

Stanford suggested a few extensions in his paper, `In¯ationary Universe: A Possi-

ble Solution of the Horizon and Flatness Problems,' which he claimed to be

`completely natural in the context of grand uni®ed models of elementary particles'

(Guth, 1981, p. 347). Although it may be too early for the historian to embark upon

such speculative theories, one may conclude that the recent developments provide a

wonderful demonstration of the power of quantum theory, here even the funda-

mental law of Max Planck's which started this entire development, in throwing light

on perhaps the deepest problem of physical science: the origin of the Universe.

3 New Aspects of the Interpretation of Quantum Mechanics

Bryce S. DeWitt and R. Neill Graham introduced their `Resource Letter on the

Interpretation of Quantum Mechanics,' published in the July 1971 issue of the

American Journal of Physics by stating:
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No development of modern science has had a more profound impact on human
thinking than the advent of quantum theory and the discovery of the laws of quan-
tum mechanics. Wrenched out of centuries-old patterns, physicists of a generation
ago found themselves compelled to embrace a new metaphysics. The distress which
this reorientation caused continues to the present day. Basically, physicists have suf-
fered a severe loss: their hold on reality.

Philosophers have been quick to step in with assurances that the problem is only
in the mind, and that if physicists would just adopt the right epistemological stance,
all di½culties would disappear. But physicists are, at bottom, a naive breed, forever
trying to come to terms with the ``world out there'' by methods which, however
imaginative and re®ned, involved in essence the same element of direct contact as a
well-placed kick. The reality of direct contact imparts a view of nature which no
metaphysical arguments, however ingenious, can erase. Time after time the old mal-
aise over quantum mechanics returns. Many a grand old man of physics (and many
another not so grand) has had his try of solving the metaphysical problem. But the
same issues keep coming back again and again, and half forgotten ``solutions'' are
refurbished and served up as new by successive generations. (DeWitt and Graham,
1971, p. 724)

In spite of the `naive' epistemological view of the physicists about the `world out

there,' the treatises on quantum mechanics until the 1950s did not re¯ect much

concern at all about the interpretation of the theory. As in P. A. M. Dirac's The

Principles of Quantum Mechanics (1930d), the question is not addressed in Jakov

Frenkel's Wave Mechanics (1934), Linus Pauling and E. Bright Wilson's Intro-

duction to Quantum Mechanics (1935), etc., up to Leonard I. Schi¨ 's standard

postwar textbook Quantum Mechanics (1949).1232

The situation began to change with the new book on Quantum Theory, written

by David Bohm, a young associate professor at Princeton University, who de-

clared right away in the preface: `It is not generally realized that the quantum

theory represents a radical change, not only of the content of scienti®c knowledge,

but also of the fundamental conceptual framework in terms of which such

knowledge can be expressed.' (Bohm, 1951, p. iii) Indeed, Bohm devoted full

chapters to the `fundamental conceptual framework,' especially Chapter 8 to `An

Attempt to Build a Physical Picture of the Quantum Nature of Matter' and

Chapter 22 to the `Quantum Theory of the Measurement'; the latter included,

besides a detailed presentation of the standard views of Bohr and Heisenberg, also

a discussion of the ideas of Einstein, Rosen, and Podolsky. And he (Bohm) would

1232 Edwin C. Kemble, in the prewar standard American treatise Fundamental Principles of Quan-
tum Mechanics, dealt in Section 14 with the `Statistical Interpretation of the Wave Theory of Matter'
and just emphasized `the necessity of introducing Gibbsian assemblages [in order to] interpret the re-
sults from the mathematical machinery of quantum mechanics,' and noted that: `In calling attention to
the parallelism between quantum mechanics and classical statistical mechanics we must emphasize that
the quantum-mechanical study of the behavior of assemblages whose statistical behavior can be de-
scribed by a single wave function is not the quantum-mechanical way of treating assemblages of the
older form of statistical mechanics, [because] the quantum-mechanical generalization of classical sta-
tistical mechanics . . . has to do with assemblages of systems including many quantum-mechanical states
and thus involving many independent wave functions.' (Kemble, 1937, p. 55, footnote)
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soon move on to a severe criticism of the orthodox `Copenhagen interpretation' of

quantum mechanics. The old pioneers of the `Copenhagen spirit' replied to Bohm

rather harshly; however, Louis de Broglie and several younger physicists reacted

more positively. Thus, Bohm initiated a new debate on the old arguments that had

been formulated in the late 1920s and early 1930s; in particular, he discussed the

concepts of indeterminism, complementarity, and the reduction of wave packets,

and especially the idea of `hidden variables.'

The renewed debate on the foundation of quantum mechanics focused on

several aspects. One of these concerned the analysis of the existing quantum-

mechanical scheme and the endeavour to cast it into a more rigorous, modernized

mathematical language. As an example, we may refer to the re¯ective book of

GuÈnther Ludwig on `Grundlagen der Quantenmechanik' (1954). Ludwig, who had

obtained his doctorate in 1943, wished `to cast the essential (eigentliche) quantum

mechanicsÐi.e., without [quantum] ®eld theoryÐin a way that one recognizes

it as a mathematically well-founded, closed system like that of classical point

mechanics' and at the same time also bring to light `the inner harmony existing

between the mathematical and physical structure' (Ludwig, 1954, p. vii). Ludwig's

book evidently continued the German tradition established by Hermann Weyl

and John von Neumann in prewar times; and it stimulated, at least in Western

Europe, a trend in theoretical research which developed, e.g., the use of `rigged

Hilbert space' and `C*-algebras' in quantum mechanics. In the United States, on

the other hand, Eugene Wigner's investigations led to a new tradition of a stricter

mathematical analysis of the quantum-mechanical theory, which resulted in such

treatises as The Mathematical Foundations of Quantum Mechanics written by the

Harvard mathematician George Whitelaw Mackey (1963).

In connection with the new mathematical foundation of quantum mechanics,

the question of an alternative form of logical structure, deviating from the clas-

sical Aristotelian two-valued logic, arose, especially after Hans Reichenbach had

claimed that one should axiomatize the theory on the basis of a `three-valued'

logic (Reichenbach, 1944). As a result of extensive investigations, Peter Mittel-

staedt arrived at a somewhat modi®ed conclusion: The classical logic remains

valid also in modern atomic theory, as long as only simultaneously measurable

quantities are considered; however, in order to deal with arbitrary, especially

noncommuting quantities, two possibilities have to be considered:

Either one uses, when applying the [conventional] logic, [in addition] the knowledge
of quantum theory; then some laws of [this] logic cannot be applied, although they
remained valid further. . . . Or one does not use the knowledge of quantum theory
when applying the laws of logic. . . . Then some laws of [the conventional two-valued
logic] turn out to be wrong. The reason is that the quantum-mechanical statements,
because of the particular physical conditions, for which alone they can be proven,
cannot be applied in an unlimited way, but must be restricted. Consequently, essen-
tial restrictions become evident in the e¨ective logic. Then, especially, the theorem
A! (B! A) [! means ``implies''] turns out to be invalid [in the e¨ective quantum
logic]. Because of the explicit form of the statements used, i.e., due to the possibility
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to represent statements [considering] subspaces of the Hilbert space, also here further
theorems can be proven. Thus, in particular, the tertium non datur remains valid also
in the complete quantum logic. (Mittelstaedt, 1963, p. 146)

Other than logical investigations, carried out by mathematicians and physicists

(see, e.g., von WeizsaÈcker, 1955), relatively few analyses of quantum mechanics

existed by the professional philosophers; most of the relevant investigations on this

subject were carried out by the physicists themselvesÐsee, e.g., the book Con-

ception de la Physique Contemporaine by Bernard d'Espagnat (1965), in which he

reviewed the existing interpretations of quantum mechanics in the light of the

standard philosophical views of realism, positivism, and idealism.1233

In spite of the perhaps disappointing lack of deeper response from the profes-

sional philosophers to the challenges raised by the new world view provided in the

atomic theory in the twentieth century, the literature of the past ®fty years on the

interpretation of quantum mechanics appears to be quite abundant and deals with

many of its aspects very exhaustively; hence, we shall restrict ourselves to sketch

only three characteristic developments.1234 The ®rst development summarizes the

last responses of the old pioneers to the renewed questions on the meaning and

signi®cance of their theories; in particular, they clari®ed or made ®rm their previ-

ous standpoints on the problem of the interpretation of quantum mechanics,

which did not always re¯ect the orthodox Copenhagen point of view (Subsection

3.1). From 1952 onward, several physicists attempted to create a di¨erent inter-

pretation of microscopic phenomena; occasionally, these attempts even involved

alterations of the existing quantum-mechanical theory, and considerable debates

followed regarding the consistency of the various proposals (Subsection 3.2). In

the course of these discussions, the physicists conceived a series of crucial experi-

mental tests which should allow one to decide between the diverging interpre-

tations or even theories. The actual performance of these experiments since the

early 1970s then con®rmed rather brilliantly the standard quantum mechanics

and, at the same time, emphasized the characteristic features of this theory, espe-

cially the fundamental `nonlocal structure' of the interaction between atomic par-

ticles (Subsection 3.3). Important results from these e¨orts seem to have been

incorporated recently as standard knowledge in the textbooks. Thus, Leslie E.

Ballentine wrote in the preface of the new edition of his book on Quantum Me-

chanics. A Modern Development:

Although there are many textbooks that deal with the formal apparatus of quantum
mechanics and its applications to standard problems, before the ®rst edition of this
book (1990) none took into account the development in the foundations of the sub-

1233 The list given in B. S. DeWitt and N. Graham (1971, Section IV) contains mainly the books
and reports on the various interpretations of quantum mechanics by the principal pioneers themselves
(such as Bohr, de Broglie, Heisenberg, and SchroÈdinger) or by other physicists.

1234 A rather comprehensive history of The Philosophy of Quantum Mechanics has been given
by Max Jammer (1974), and a more condensed, selective report on the more recent developments by
Abner Shimony (1989).
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ject which have taken place in the last few decades. There are specialized treatises on
various aspects of the foundations of quantum mechanics, but they do not integrate
those topics into the standard pedagogical material. I hope to remove that unfor-
tunate dichotomy, which has divorced the practical aspects of the subject from the
interpretation and broader implications of the theory. (Ballentine, 1998, p. xi)

The new aspects developed in the interpretation of quantum mechanics during

the latter half of the twentieth century thus complete this Epilogue of The Histor-

ical Development of Quantum Theory. Although not all questions have been

answered, this development exhibits the vitality of the great theory which Max

Planck introduced exactly one hundred years ago, and which has demonstrated its

power so brilliantly during the course of the twentieth century.

3.1 The Copenhagen Interpretation Revisited and Extended

(1948±1966)

`It is a curious historical fact that modern quantum mechanics began with two quite

di¨erent mathematical formulations: the di¨erential equation of SchroÈdinger, and

the matrix algebra of Heisenberg,' thus Richard P. Feynman introduced his essay

on `Space-Time Approach to Non-Relativistic Quantum Mechanics,' in which

he published the most important parts of his 1942 Ph.D. thesis at Princeton. He

continued:

The two, apparently dissimilar approaches, were proved to be mathematically
equivalent. These two points of view were destined to complement one another and
to be ultimately synthesized in Dirac's transformation theory.

This paper will describe what is essentially a third formulation of nonrelativistic
quantum theory . . . suggested by some of Dirac's remarks (Dirac, 1933, 1945) con-
cerning the relation of classical action to quantum mechanics. A probability ampli-
tude is associated with an entire motion of the particle as a function of time, rather
than simply with a position of the particle at a particular time. (Feynman, 1948a,
p. 367)

Feynman then described (as we have mentioned earlier in Section 1.1(b)) the

probability an atomic particle, travelling between two space points, as a sum of

contributions emerging from each possible path, and claimed that `the formulation

is mathematically equivalent to the more usual formulations' (Feynman, loc. cit.).

At that time, it did appear to be completely consistent with the standard inter-

pretations of quantum mechanics, althoughÐas we shall discuss in Section 3.2Ðit

could also be later associated with a di¨erent interpretation, the so-called `many-

world interpretation' of quantum mechanics.

Before Feynman sat down to compose the above-mentioned paper, Wolfgang

PauliÐmeanwhile back in Zurich (after spending the war years in Princeton)Ð

reported to Niels Bohr in Copenhagen that he had been asked `to organize a spe-
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cial issue of [the new philosophical periodical journal] Dialectica on complemen-

tarity and the foundations of quantum mechanics' and wrote: `My answer to the

editor will very much depend on your reaction to this suggestion.' (Pauli to Bohr,

5 May 1947, in Pauli, 1993, p. 438) Bohr agreed with the project and also to

write a paper, and Pauli sent out invitations for further contributions to Louis de

Broglie, Jean-Louis Destouches, Paulette Destouches-Fevrier, Albert Einstein,

and Werner Heisenberg. The issue number 3/4 of Dialectica, which appeared in

fall 1948, indeed contained essays by these and other authors, including one by

Ferdinand Gonseth, coeditor of the journal, and the editorial by Wolfgang Pauli

himself. All of the articles, except one, more or less supported the concept of

complementarityÐof which Bohr provided a lucid presentation: it involved a

detailed de®nition of a physical state in atomic physics, especially listing the ex-

perimental conditions to observe it and describing the apparatus in the `common

language supplemented with the terminology of classical physics' (Bohr, 1948,

p. 313). Einstein, on the other hand, used the opportunity to repeat again his ob-

jections that had been familiar since the Einstein±Podolsky±Rosen paper (1935),

recalling that `if in quantum mechanics we consider the c-function as (in principle)

a complete description of a real physical situation we thereby imply the hypothesis

of action-at-a-distance, a hypothesis which is actually hardly acceptable,' and `if,

on the other hand, we consider the c-function as an incomplete description of a

real situation, then it is hard to believe that, for this incomplete description, strict

laws of temporal dependence hold' (Einstein, 1948, p. 323). Pauli commented on

this in his editorial remarks as follows:

According to my opinion, one cannot draw from the particular cases of correlated
systems [as considered in the Einstein±Podolsky±Rosen paradox] any new conclu-
sions which are not already contained in the previously mentioned requirement in
quantum mechanics of giving up the general predictability of the results of individual
observations on a single atomic system in a given state. In view of both the empirical
facts and the existence of logically consistent quantum-mechanical formalism it seems
to me that only this renouncement enables us still to use in physics the concept [of a]
``closed system'' and the usual perception of space and time, which are too closely
connected with each other. It is in this sense that I consider the quantum-mechanical
description to be complete. (Pauli, 1948, p. 309)

A more explicit description of `closed systems' was provided by Heisenberg (1948)

in the same issue of the Dialectica.

Bohr and Einstein continued to exchange their divergent views concerning

the description of phenomena in atomic physics and the meaning of reality in

physics in Einstein's seventieth-birthday volume, Albert Einstein: Philosopher-

Scientist, edited by Paul Arthur Schilpp (1949). There, Bohr published his his-

toric reminiscences of `Discussions with Einstein on Epistemological Problems

in Atomic Physics' (Bohr, 1949)Ðwhich we have dealt with in Chapter IIÐand

Einstein replied, still unmoved after twenty years of their discussions at the ®fth

and sixth Solvay Conferences in Brussels:
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What does not satisfy me in that theory [of quantum mechanics], from the standpoint
of principle, is the attitude towards that which appears to me to be the programmatic
aim of all physics: the complete description of any (individual) real situation (as it
supposedly exists irrespective of any act of observation or substantiation). (Einstein,
1949, p. 667)

In particular, if a quantum theoretician assumed the description of a radioactively

decaying atom by the c-function as complete, he must reject also the postulation

of a speci®c decay time and would run into the `cat paradox' described by Erwin

SchroÈdinger (1935a). Then, he would have to accept the interpretationÐEinstein

continuedÐthat the macroscopic registration of a decay event `is essentially de-

pendent upon the carrying out of the observation made in a registration-strip.'

And he commented further:

Such an interpretation is certainly by no means absurd from a purely logical stand-
point; yet there is hardly likely to be anyone who would be inclined to consider it
seriously. For, in the macroscopic sphere it simply is considered certain that one must
adhere to the program of relativistic description of space and time. (Einstein, 1949,
p. 671)

Einstein concluded: `Within the framework of statistical quantum theory there is

no such thing as a complete description of an individual system,' or: `The attempt

to conceive the quantum-theoretical description as the complete description of the

individual systems leads to unnatural theoretical interpretations, which becomes

immediately unnecessary if one accepts the interpretation that the description

refers to ensembles of systems and not to individual systems.' (Einstein, loc. cit.,

pp. 671±672) With this position, Einstein approached the understanding of some

physicists, especially in the Soviet Union; they attackedÐon the basis of Lenin's

dialectical materialismÐBohr's views on complementarity as being `subjective,'

even as `idealistic and agnostic speculations,' and insisted that `quantum mechan-

ics in reality investigates the objective nature of the quantum-mechanical assembly

(Gesamtheit) existing independently of the observer.' (Blochinzev, 1957, p. 500)1235

Einstein continued to advertize his views in the Scienti®c Papers Presented to

Max BornÐactually, the Festschrift of contributions assembled for his friend on

the occasion of his retirement in 1953 from the Tait Chair of Natural Philosophy

at the University of EdinburghÐunder the title `Elementare UÈ berlegungen zur

Interpretation der Grundlagen der Quantenmechanik (Elementary Considerations

on the Interpretation of Quantum Mechanics)' (Einstein, 1954). Einstein illus-

trated in this article his doubts about the description of the `real state' of an indi-

vidual atomic system by the wave function with the help of a speci®c example:

a ball about 1 mm in diameter oscillates between two parallel wells having 1 m

distance between them (Einstein, loc. cit., p. 35¨.). After writing the quantum-

mechanical formulae and obtaining the result in terms of Born's probability

1235 Also see Heisenberg's analysis (1955, p. 21) of Blochinzev's views.
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approach, he again arrived at the conclusion that the standard formalism could

not describe the individual systems; hence, it failed to account for what he con-

sidered to be the `real state' (Einstein, loc. cit., p. 38).

Born and Einstein had, since 1947, exchanged letters dealing with their diverg-

ing views about the questions of the interpretation of quantum mechanics (see the

original German edition of Einstein, H. and Max Born, 1969, especially, pp. 214±

249, English translation, 1971, pp. 157±225), and Born had contributed an article

on `Einstein's Statistical Theories' to the Schilpp volume, in which he stressed

Einstein's pioneering role on the path to his (Born's) statistical interpretation of

the quantum-mechanical wave function (Born, 1949). Now, after receiving in fall

1953, Einstein's o½cial reply to this article (Einstein, 1954), Born reconsidered the

problem of interpretation and himself examined the details of Einstein's exam-

ple.1236 Wolfgang Pauli, who spent several weeks in Princeton in spring 1954, got

involved in the exchange between the views of the two opponents (Einstein and

Born), and helped to clarify their respective standpoints by talking to Einstein and

writing to Born, althoughÐin principleÐhe shared Born's viewpoint.1237 Thus,

he commented to Born on one of Einstein's crucial assumptions about the `objec-

tive description of reality' as follows:

That a macroscopic body should always have a quasi-sharply-de®ned position, I don't
believe to be true, for I cannot see any di¨erence in principle between a microscopic
and a macroscopic body. Hence a largely indeterminate position must always be as-
sumed where the wave-aspect of the physical object under investigation manifests
itself. (Pauli to Born, 31 March 1954, in Einstein et al., 1969, p. 295; 1971, p. 223)

This exchange of correspondence with Pauli assisted Born in formulating a de-

tailed answer to Einstein in a manuscript, entitled `Continuity, Determinism and

Reality' and submitted for publication (in a Danish Festschrift dedicated to Niels

Bohr on his seventieth birthday) just a few days before Einstein's death on 18

April 1955 (Born, 1955). In this investigation, Born treated Einstein's example in

one dimension; i.e., he computed the case of a one-dimensional gas both in clas-

sical mechanics and quantum mechanics, and arrived at a conclusion quite di¨er-

ent from Einstein's, namely:

It is misleading to compare quantum mechanics with the deterministically formulated
classical mechanics; instead, one should ®rst reformulate the classical theory, even for
a single particle, in an indeterministic, statistical manner. After that some of the dis-
tinctions between the two theories disappear, [while] others emerge with great clarity.
Amongst the ®rst is the feature of quantum mechanics, that each measurement in-
terrupts the automatic ¯ow of events and introdues new intitial conditions (so called

1236 See the letters exchanged between 26 November 1953 and fall 1954, in Einstein and H. and
M. Born, 1969, pp. 275±303.

1237 See Pauli to Born, 3 and 24 March 1954, and 15 April 1954, in Einstein, H. and M. Born, 1969,
pp. 293±299.
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``reduction of probability''); this is true just as well for a statistically formulated
classical theory. (Born, loc. cit., pp. 25±26)

Furthermore, the speci®c quantum e¨ects, as expressed in the uncertainty rela-

tions, `for macroscopic bodies can be made small in the beginning and then remain

small for a long time . . . but there is always a critical moment tc, where this ceases

to be true and the quasi-individual is transforming itself into a genuine statistical

ensemble' (Born, loc. cit., p. 26). Pauli congratulated Born by saying: `Your paper

in the Danish Bohr-Festschrift now is very pleasant to read. The epistemological

(erkenntnistheoretische) content has now become very clear, and I agree with

everything.' (Pauli to Born, 11 December 1955, in Einstein et al., 1969, p. 301)

Max Born had carried out the considerations by examining the behaviour of

particles in the classical and quantum theories, respectively. Certain physicists

found the use of the particle picture particularly adequate also in quantum me-

chanics, in order to arrive at the realistic picture of microscopic objects. For ex-

ample, Fritz Bopp, Arnold Sommerfeld's successor at the University of Munich,

investigated in a series of papers the statistics of quantum-mechanical many-body

systems (1952) and applied the results to the creation and annihilation processes of

particles in space and time (Bopp, 1953). As Heisenberg noted, `he [Bopp] inter-

prets the laws of quantum mechanics as a special case of correlation statistics of

such events, [hence] the symmetry between corpuscle and wave . . . could only be

assumed if the corresponding correlation statistics were developed for three-

dimensional waves as well' (Heisenberg, 1955, p. 20).1238 Even more, Lajos

Janossy in Budapest and Alfred LandeÂ in Columbus, Ohio, attempted to restore

the particle picture and thereby the `unity' of quantum mechanics. Thus, Janossy

(1953) constructed a (classical) model of a photon, which could be absorbed and

emitted as a pointlike object, in order to remove what he called the `idealistic and

positivistic' concepts of quantum mechanics (like complementarity, in¯uence of

the observer on the object) and to replace them by those which followed more the

`materialistic' ones (acceptable to the Communist doctrines). LandeÂ, on the other

hand, published in 1955 his new book on the Foundations of Quantum Mechanics,

in which he based the theory on `a general postulate of continuity for cause-e¨ect

relations' and symmetry, such that `one can avoid the idea that the basic aim of

nature is that of presenting us with an enigmatic duality between wave and particle

traits of matter' (LandeÂ, 1955, p. v). Starting from a discussion of the di¨raction of

light in crystals, he arrived at the result:

The idea that the principal plan of nature is to conceal forever, through a principle of
duality, whether matter consists of waves or particles is a rather limited point of view.
Wave-particle duality is not a fundamental principle but rather a consequence (a) of

1238 Also see the later article of Bopp, `Statistische Mechanik bei StoÈrung des Zustandes eines phys-
ikalischen Systems durch die Beobachtung (Statistical Mechanics in Case of the Perturbation of the
States of a Physical System by Observation),' in which the author developed `a new access to quantum
mechanics' based on treating physical systems as consisting of particles (Bopp, 1961).
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the general superposition of probability amplitudes which follows from the postulate
of entropy continuity and from the supposed existence of a general q-relation; (b)
of the postulate that certain observables, q and p, are in such a relation that the q-
reaction determines the p-reaction uniquely; and (c) the application of these postu-
lates to the most elementary variables, i.e., those of location in space-time, as con-
jugate to the most fundamental conservative quantities, momentum and energy,
which together form a four-vector (p;E=ic) conjugate to the four-vector (r; ict).
(LandeÂ, loc. cit., p. 76)

LandeÂ followed, in his new foundation of quantum mechanics an old pre-

quantum-mechanical treatment of William Duane of the scattering of light by a

crystal (1923), which he transferrfed to the case of electrons; thus, a `corpuscular-

mechanical interpretation of matter scattering' was obtained `without thinking of

the dualistic nature of electrons.' In this spirit, he claimed:

Duane's theory is a precursor and essential constituent of the uni®ed quantum me-
chanics of particles and particle-systems. One does not need the shaky picture that
matter (and also radiation) sometimes manifests itself as a corpuscle and sometimes as
a wave. (LandeÂ, 1961, p. 121)

When he enlarged upon these ideas of a nondualistic quantum theory in another,

later book (entitled New Foundations of Quantum Mechanics: LandeÂ, 1965), he

received critical comments from two sides. On the one hand, Abner Shimony, in a

review of the book, attacked the basic assumptions of LandeÂÐthe `doctrine of

absolute chance,' the `principle of cause-e¨ect continuity,' and the `law of inter-

dependence for transition probabilities'Ðon physical, logical and mathematical

grounds (Shimony, 1966). Max Born and Walter Biem, on the other hand, ob-

jected because `LandeÂ has not realized the historical origin of the dualistic inter-

pretation and does not correctly describe its physical meaning'; hence, `his ®ght

against ``dualism'' in modern quantum theory seems to be a tilt against windmills'

(Born and Biem, 1968, p. 51). Upon recalling the origin of the dualistic picture of

radiation, as introduced by Einstein (1909a) when considering the energy ¯uctua-

tion DE2 of the blackbody radiation in a cavity of volume V,

DE2 � r2V � hnrV �976�

(with n the frequency and r the density) and the application of this picture to

`explain' Bose statistics (Einstein, 1925a), Born and Biem remarked that LandeÂ

had to assumeÐin order to transfer Duane's treatment of X-ray scattering of

material particlesÐLouis de Broglie's correspondence of particles and waves,

that is, exactly the dualistic picture which he wanted to abolish. They further

corrected several of LandeÂ's misunderstandings of Einstein's position in the in-

terpretation problemÐEinstein believed in a nonlinear ®eld theory of matter as
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well as of SchroÈdinger's positionÐthe latter thought of a (unitary) wave theory of

matter1239Ðand ®nally concluded:

The discussion (of the question) of dualism or nondualism appears to be super¯uous.
Since Einstein's discovery of the ¯uctuation equation [(976)] it has become more and
more obvious that nature can be described not by particles or waves alone, but by a
more sophisticated mathematical theory. This is the quantum theory which super-
sedes both models and only in certain limits represents one or the other. Quantum
theory has become known to us as a complete whole since the end of the 1920s. We
need not turn from a particle picture to a wave picture arbitrarily, and we need not be
without real comprehension when using it. It is, on the contrary, possible to represent
the states of a system in di¨erent ways, and the representations are connected by
unique transformations. (Born and Biem, 1968, pp. 64±65)

The pioneers of the standard interpretation of quantum mechanics did not

indeed see any reason to abandon the main concepts introduced between 1926 and

1927. Thus, Heisenberg concluded his critical review of 1955:

The criticism of the Copenhagen interpretation rests quite generally on the anxiety
that, with this interpretation, the concept of ``objective reality,'' which forms the basis
of classical physics, might be driven out of physics. As we have here exhaustively
shown, this anxiety is groundless, since the ``actual'' plays the same decisive part
in quantum theory as it does in classical physics. The Copenhagen interpretation is
indeed based on the existence of processes which can be simply described in terms
of space and time, i.e., in terms of classical concepts, and which thus compose our
``reality'' in the proper sense. If we attempt to penetrate behind this reality into the
details of atomic events, the contours of this ``objectively real'' would dissolveÐnot
in the mist of a new and yet unclear idea of reality, but in the transparent clarity of a
mathematics whose laws govern the possible and not the actual. It is of course not by
chance that the ``objective reality'' is limited to the realm of what Man can describe
simply in terms of space and time. At this point we realize the simple fact that natural
science is not Nature itself but a part of the relation between Man and Nature, and
therefore is dependent on Man. The idealistic argument that certain ideas are a priori

ideas, i.e., in particular come before all natural science, is here correct. The ontology
of materialism rests upon the illusion that the kind of existence, the direct ``actuality''
of the world around us, can be extrapolated into the atomic range. This extrapola-
tion, however, is impossible. (Heisenberg, 1955, p. 28)

Still, within the framework of the standard interpretation, certain amendments

and clari®cations appeared possible or even necessary in the perhaps central part

of that interpretationÐthe quantum-mechanical theory of measurementÐand

some were indeed proposed.

1239 For SchroÈdinger's ®nal stand concerning the question of interpretation, see his posthumously
published notes on that topic in the Dublin seminars (1945±1955) and other later essays published
posthumously (SchroÈdinger, 1995).
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The standard theory of measurement had been formulated mathematically in

detail by John von Neumann in his book Mathematische Grundlagen der Quanten-

mechanik (1932a) and presented in a less-technical formulation by Fritz London

and Edmond Bauer several years later (1939). After World War II (and, especially,

after the death of John von Neumann, whom he had assisted in writing his canoni-

cal text of 1932), Eugene Wigner began to take great interest in the measurement

problem, both in the nonrelativistic as well as the relativistic theories.1240 Thus,

for example, he worked out with T. D. Newton the concept of the position oper-

ator in a relativistic elementary particle system (Newton and Wigner, 1949), and

in another paper on `Die Messung quantenmechanischer Operatoren (The Mea-

surement of Quantum-Mechanical Operators,' he emphasized that `the usual as-

sumption of the statistical interpretation of quantum mechanics, i.e., all Hermi-

tean operators represent measurable quantities, will in general be recognized as a

comfortable mathematical idealization, not as expression of a fact' (Wigner, 1952,

p. 101). In particular, he discovered that `already the validity of conservation laws

for quantized variables (like angular momentum and electric charge), governing

the interaction between the observed object and the measuring apparatus, permits

one to measure most operators only in an idealized limit [i.e., approximately]'

(Wigner, loc. cit.). Besides investigating tricky details, such as the di½culties

brought into the measurement problem by the existence of states connected by the

so-called `superselection rules'Ðthese separate subspaces in the Hilbert space de-

scribing, say, n-particle states having a de®nite electric charge (Wick, Wightman,

and Wigner, 1952)ÐWigner also turned to the fundamental conceptual point in

von Neumann's quantum-mechanical measurement theory, the position of the

`von Neumann Schnitt (cut),' i.e., where the reduction of the quantum-mechanical

wave packet actually occurred. In a contribution, `Remarks on the Mind-Body

Question,' to a book The Scientist Speculates, Wigner addressed that point, which

inevitably involves an interaction between the object and the measuring apparatus

and the observer, respectively:

In general, there are many types of interactions into which one can enter with the
system [to be observed], leading to di¨erent types of observations or measurements.
Also the probabilities of the various possible impressions gained at the next interac-
tion may depend not only on the last, but on the results of many prior observations.
The important point is that the impression which one gains at an interaction may,
and in general does, modify the probabilities with which one gains the various possi-
ble impressions at later interactions. In other words, the impression which one gains
at an interaction, called also the result of an interaction, modi®es the wave function
of the system. The modi®ed wave function is, furthermore, in general unpredictable
before the impressions gained at the interaction has entered our consciousness: it is
the entering of an impression into our consciousness which alters the wave function
because it modi®es our appraisal at the probabilities for di¨erent impressions which

1240 For a review of Wigner's concern with this topic, we refer to Abner Shimony's annotation of
Wigner's relevant papers (Shimony, 1997).
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we expect to receive in future. It is at this point that the consciousness enters the
theory unavoidably and unalterably. If one speaks in terms of the wave function, its
changes are coupled with the entering of impressions into our consciousness. If one
formulates the laws of quantum mechanics in terms of probabilities of impressions,
there are ipso facto the primary concepts with which one deals. (Wigner, 1961,
pp. 175±176 of 1967 reprint)

This reference to consciousnessÐsometimes referred to as `Wigner's friend'Ð

transposed von Neumann's `Schnitt (cut)' from the physical systems into the ob-

server himself. In the following years, Wigner remained a careful observer of the

developments in the quantum-mechanical measurement problem and would con-

tribute several critical analyses on the proposed solutions (which we shall describe

in Subsection 3.2).

GuÈnther Ludwig attempted, at about the same time as Eugene Wigner, a quite

di¨erent treatment of the measurement problem. In a paper on `Der Meûprozeû

(The Process of Measurement),' he argued that `the decisive point of any mea-

surement with microscopic objects is contained in the fact that, as a ®nal result, a

thermodynamically irreversible process has happened in the macroscopic region,

independently of any further action of the observer' (Ludwig, 1953, p. 483). He

studied over several years the concept of `macroscopic variables' in particular (see

Ludwig, 1958a, b), because:

The measurements of microscopic systems like atoms or electrons require an appa-
ratus which is large compared with the object. Apart from restrictions caused by
superselection rules all subspaces of the Hilbert space of a microscopic object cor-
respond to possible physical observations, the so-called yes-no observations. No ob-
servable here is distinguished from another. If we go over the macroscopic systems,
which contain a very large number of particles, the situation is quite di¨erent. The
Hilbert space is then the product of all particles. From quantum theory only, no
subspace, i.e., no observable, is distinguished from another. The situation is the fol-
lowing one. Some properties of macroscopic objects are measurable with the help of
apparatus, which are not large but even small compared with the object. On the other
hand, surely one needs apparatus (measuring some other observables) which are large
compared with microscopic objects. . . . I think it is possible that some observables
admissible by quantum mechanics are really unmeasurable, since the construction of
such measuring devices is impossible because of their enormous size. (Ludwig, 1961a,
p. 59)

Hence, the main problem of measurement consisted, according to Ludwig, in

determining the macroscopic variables. At the end of his detailed presentation, he

concluded:

It seems to me to fail if one hopes that all questions and problems concerning the
behaviour of macroscopical systems can be solved ``in principle'' only with the help of
quantum mechanics. For this purpose one needs further physical axioms, e.g., such as
the choice of macropscopic observables. . . . New restrictive principles must be added
to quantum theory. By these quantum theory is not repealed but restricted so that
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from quantum theory one gets now the real behaviour of large systems as limiting

case under additional conditions. Since we have to ®nd new additional principles
we have a principal problem and not a problem of the application of well-known
theories. (Ludwig, loc. cit., p. 113)

Ludwig called the new theory thus obtained `macrodynamics.' It lay outside the

range of quantum mechanics and could, under special conditions, either lead to

equilibrium thermodynamics or to nonequilibrium thermodynamics (which would

describe both living and dead systems). As Ludwig stated in another article:

`Quantum theory and classical theory are parts of a more general, although not

yet developed theory, in which both parts (quantum physics and classical physics)

appear as limiting cases.' (Ludwig, 1961b, p. 156) Hence, there followed in par-

ticular: the quantum theory alone does describe only the microscopic systems; the

irreversible processes generating the reduction of the wave packet in the measure-

ment process, on the other hand, require additional laws outside the quantum-

mechanical formalism.

In the following year, an Italian group of quantum theoreticians from Milan

and Messina, consisting of A. Danieri, Angelo Loinger, and G. M. Prosperi, de-

clared Ludwig's proposal as `the most complete and satisfactory from a physical

point of view' and expanded it mathematically in an investigation entitled,

`Quantum Theory of Measurement and Ergodicity Conditions' (1962). Danieri

et al. considered von Neumann's reduction of the wave packet as a `radically

subjectivistic (solipsistic)' assumption which had still to be proven by a proper

quantum-mechanical procedure establishing the relation between the microscopic

observed system and the macroscopic, large body represented by the measuring

apparatus. `In particular, it must be allowed to truncate von Neumann's chain

[consisting of the observed system I and the following systems II, III, etc., of

increasing size until the measuring apparatus is reached] immediately after the

®rst macroscopic system S �i�,' they demanded, and added: `The interference terms

[between the di¨erent quantum states involved] must disappear owing to the

nature of macroscopic observations and to the properties of the Hamiltonian sys-

tem S �1� � S �2� � � � �S �i�.' (Danieri et al., 1962, p. 305) Practically, they described

the transition from the microscopic system S �1� to the macroscopic system S �i� by

constructing a particular interaction Hamiltonian, HintÐcoupling S �1� and S �i�Ð
which had to ful®ll a speci®c ergodicity condition. In the simplest case of a one-

step von Neumann procedure, implying only the object system I and the measur-

ing system II, they obtained the result:

Initial state of the system I� II:

ScrfrF0; �977a�
State at the end of the interaction:

exp ÿ i

q
Hintt

� �X
r

crfrF0 �
X

r

crfrFr; �977b�
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with the macrostate of the ergodic system starting from F0 and approaching the

equilibrium state Fr in the thermodynamical sense. Simultaneously, the statistical

operator before the measurement, i.e.,

W0 � P I

ÿ
�P

r

crfr

�P II
�F0�; �978�

was transformed at the end of the interaction into

W 0 � P�P
r

crfrFr

� �978a�

and:

The time-evolved of this operator after a large time t can be identi®ed, as far as the
macroscopic quantities II are concerned, with

~Wt �
X

r

jc2
r jP I
�expfÿi=hHinttg �

1

srer

P II
Crer
: ��978b��

(Danieri et al., loc. cit., p. 313)

In Eqs. (978),
P

r

crfr denoted the initial wave packet of the microsystem, Crer
was

a possible state of the macroscopic system in equilibrium (associated with the state

fr of the microsystem), and srer
was a weight factor. Danieri et al. found further

that the probability for all macroscopic states except one turned out to be negli-

gible; hence, the desired reduction of the wave packet was achieved even under

very weak ergodicity conditions.1241

LeÂon Rosenfeld, who carefully watched over the `pure' Copenhagen interpre-

tation after the death of Niels Bohr, praised the approach of the Italian physicists

as being `in complete harmony with Bohr's idea' and formulated their result

almost verbatim in an essay on `The Measuring Process in Quantum Mechanics,'

submitted to the `Commemorative Issue for the 30th Anniversary of the Meson

Theory by Dr. H. Yukawa,' as:

We have to visualize the measurement as an interaction between the observed atomic
system and a registering device, ultimately leading to the formation to some perma-
nent record, uniquely related to a de®nite quantity characterizing the state of the
atomic system. How does such a permanent mark come about? Since it is of macro-
scopic character, it cannot be a direct result of the initial atomic interaction; the latter

1241 The measuring apparatus was thus de®ned as `a macrosystem in a thermodynamically meta-
stable state, such that a very small perturbation makes it evolve towards a thermodynamically stable
state, dependent on the state of the micro-object' (Danieri et al., 1962, p. 298). In a later note, Danieri,
Loinger, and Prosperi generalized this de®nition of the measuring apparatus applied to all detection
methods in elementary particle physics (Danieri et al., 1966, especially, p. 121).
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is rather of the nature of a triggering e¨ect. It starts o¨ within the measuring appa-
ratus a macroscopic reaction, terminating when a state of stable equilibrium is
reached, in which the characteristic mark has appeared. The triggering process only
lasts for a time interval of the order of magnitude typical for individual atomic
reactions; the ensuing macroscopic process necessitates a ``relaxation time'' which,
although it may be very short on the macroscopic scale, will in any case involve a
large number of atomic reactions. This is the decisive point: the formation of the
permanent mark is a process of ergodic character, entailing the wiping out of all
structural details of the initial state of the total system, known as the ``reduction'' of
this state. (Rosenfeld, 1965, p. 225)

Rosenfeld went on to stress a particular point arising in this treatment of the

quantum-mechanical measurement process, namely that `the reduction of the ini-

tial state of the atomic system has nothing to do with the interaction between the

system and the measuring apparatus,' since it was rather `related to a process

taking place in the latter apparatus after all interaction with the atomic system has

ceased' (Rosenfeld, loc. cit., p. 230). Finally, he mentioned how the situation de-

scribed by Einstein, Podolsky, and Rosen might be described in the formalism of

Danieri, Loinger, and Prosperi without revealing any paradoxical situation but

rather a normal situation in atomic physics. He concluded:

The kind of measurement we decide to make irrevocably prescribes for all time the
nature of the description we can give of the system. Since, however, we are not lim-
ited in the scope of measurements we may choose to perform on many such atomic
systems, we are able to explore all aspects of the behaviour of matter on the atomic
scale. (Rosenfeld, loc. cit., pp. 230±231)

3.2 Causality, Hidden Variables, and Locality (1952±1967)

On 10 December 1954, Max Born received the Nobel Prize for Physics `for his

fundamental research in quantum mechanics, especially for his statistical interpre-

tation of the wave function.' In his presentation speech, Ivar Waller, Chairman of

the Nobel Committee for Physics, said: `In contradiction to the deterministic pre-

dictions of the older mechanics, quantum mechanics accordingly poses laws which

are of a statistical character, and as regards single phenomena will only determine

the probabilities that one or another of various possibilities will occur,' and added:

For material bodies of ordinary dimensions the uncertainty of the predictions of
quantum mechanics is practically of no signi®cance. But in atomic phenomena, on
the other hand, it is fundamental. Such a radical break with older ideas could not of
course prevail without opposition. But Born's conception is now generally accepted
by physicists, with few exceptions. (Waller, in Nobel Foundation, ed., 1964, p. 254)

Actually, by the time Born was ®nally honoured with the Nobel Prize, some

physicists of the younger generation had joined certain senior representatives of
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the physics community in opposing his statistical interpretation. Thus, in the Sci-

enti®c Papers Presented to Max Born, David BohmÐlike Louis de BroglieÐ

raised new doubts (Bohm, 1954; L. de Broglie, 1954). As we have reported in

Chapter II, Section II.6, Louis de Broglie had developed the idea of a `double

solution' of the SchroÈdinger equation (1927d, e). That is, besides the continuous

wave function c, whose absolute square describes the probability of a particle,

there should exist another singular solution u which describes the `real' motion. It

should have the form:

u�x; y; z; t� � f �x; y; z; t�exp
i

q
S�x; y; z; t�

� �
; �979�

where f (like c) satis®ed the equation

U � ÿ q2

2m

r f

f
; �980�

with r � q2

qx2
� q2

qy2
� q2

qz2
ÿ 1

c2

q2

qt2
and U the quantum-mechanical potential

acting on a particle of mass m [see L. de Broglie, 1954, p. 24, Eq. (5)]. Then in the

early 1950s, he and his student Jean-Paul Vigier revived the old ideas of the double

solution (L. de Broglie, 1952a, b, c; 1953; Vigier, 1952). As de Broglie remarked:

`J. P. Vigier has pointed out to me the analogies existing between my consid-

erations of 1927 on the double solution and Einstein's ideas of particles moving

like ®eld singularities in general relativity,' and added:

Mr. Vigier thinks that one could also improve on the theory of the double solution
with the ideas of Einstein, who has always sought to represent particles as singular
regions of the ®eld, perhaps also with the nonlinear electrodynamics of Mr. Born.
Although one cannot yet give a de®nite judgment about the suggestions of Mr. Vigier,
they allow one to grasp at some hope of seeing the theories of general relativity and
quanta meet within the framework of the same representation, where causality will be
reestablished. (L. de Broglie, 1954, p. 25)

In the article for the Born Festschrift, de Broglie also referred to the revival

of his theory of the `pilot wave' by David Bohm, but he thought that it was

`unacceptable in its present form' (L. de Broglie, loc. cit., p. 22). He provided

detailed reasons for this in Chapter 12 of the manuscript of a book, entitled `On

the Probabilistic Interpretation of Wave Mechanics and Various Related Questions,'

written in 1951±1952 and published posthumously:

The theory of Bohm naturally runs into the same objections as mine [in 1927, see the
discussion in our Chapter II.6], and they appear to me always insurmountable. As
Bohm noted, the theory makes sense (in particular where the introduction of the
quantum potential is concerned) only if the wave c is a ``physical reality.'' But this is
exactly what seems to me impossible to admit. First, the wave function c is represented
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by a function that is essentially complex, and, in the general case, it propagates through
a space which is clearly abstract and ®ctitious, the con®guration space. Already this
makes it quite di½cult to view c as a physical reality in the old sense of this phrase in
classical mechanics. Furthermore, every localization experiment abruptly reduces the
extension of the wave c in space and thereby changes its form (reduction of the wave
packet), such that a measurement performed in one region of space will modify entirely
the form of c in other regions remote from the former; and this fact, too, appears to
argue against the characterization of c as a physical reality. (L. de Broglie, 1990,
p. 178)

In contrast to Bohm, de Broglie was not sure that the `pilot wave theory solves the

di½culty pointed out by Einstein, Podolsky, and Rosen . . . because after a colli-

sion the wave c is represented by a series of wave packets separated from one

another in con®guration space, and a localization within any one of these wave

packets will cause the other one to vanish' (L. de Broglie, loc. cit.).

We will not embark upon the details of Bohm's `causal theory' of the c-wave

right here, but shift it slightly to below. We will also not go into de Broglie's

alternative `double solution' approach, whichÐunlike Bohm's theoryÐdid not

lead to an accomplished scheme that would contest the standard probabilistic

quantum mechanics. However, we should add a few remarks about a joint paper of

Bohm and Vigier dealing with a `Model of the Causal Interpretation of Quantum

Theory in Terms of a Fluid with Irregular Fluctuations' (Bohm and Vigier, 1954),

which extended the old hydrodynamical model of Erwin Madelung (1926a, b).

Bohm and Vigier started from `the assumption that an electron is a particle

following a continuous and causally de®ned trajectory with a well-de®ned position

x�t�, accompanied by a scalar ®eld c(x, t)' and added the following `supplemen-

tary assumptions':

1. c(x, t) satis®ed SchroÈdinger's equation.

2.
dx

dt
� `S=m, where c � R exp�iS=q�.

3. The probability distribution in an ensemble of electrons, having the same wave
function, is P � jcj2. (Bohm and Vigier, 1954, p. 208)

After demonstrating the consistency of the above assumptions (and replying to

Wolfgang Pauli's criticism, who claimed that the assumption 3 was not compatible

with a causal theory), they adopted a generalization of Madelung's hydro-

dynamical model. The latter was described by the equations derived earlier by

Bohm (1952a, with ` � grad):

qR2

qt
� div�R2`S=m� � 0 �981a�

and

qS

qt
� �`S�2

2m
� Vqu � Vcl � 0; �981b�
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with Vcl denoting the classical and Vqu the `quantum potential,' namely,

Vqu � ÿ q2

2m

`2R

R
� ÿq

2

4m

`2r

r
ÿ 1

2

`r

r

� �2
" #

: �982�

Since Madelung's model failed to describe the actual location of a particleÐwhich

Bohm considered to be a necessary prerequisite for a causal interpretation of

quantum theoryÐBohm and Vigier completed the model by postulating particles

in the ¯uid which have the form of a highly localized inhomogeneity moving with

the local velocity v�x; t�. Then, by introducing the hypothesis of a very irregular

and e¨ectively random ¯uctuation in the motion of the ¯uid, Bohm and Vigier

were able `to prove that an arbitrary probability density ultimately decays into

jcj2' (Bohm and Vigier, loc. cit., p. 208) and to reject Pauli's criticism concerning

assumption 3. They further succeeded in generalizing the result to spinor particles

obeying the Dirac equation and to many-particle situations.

As we have mentioned earlier, besides the older physicistsÐwho, like Einstein

or de Broglie, either sympathized with or participated in the attempts at a more

causal version of quantum theoryÐa number of younger theoreticians carried the

burden of investigating the anti-probabilistic schemes in atomic theory. Especially

David BohmÐwho was born on 20 December 1917, in Wilkes Barre, Pennsyl-

vania, and had studied physics at Caltech (1939±1941) and Berkeley (1941±1943),

obtaining his Ph.D. with J. Robert Oppenheimer, and had contributed to war-

related work on uranium separationÐcame out with the ®rst andÐas it turned

out, the most discussedÐproposal, `A Suggested Interpretation of the Quantum

Theory in Terms of ``Hidden'' Variables' (Bohm, 1952a, b). Later, because of his

political views, he was not able to continue his scienti®c career in the United States

and went in 1951 to the University of SaÄo Paulo in Brazil, and then in 1955 to

Israel (to teach at the Technion in Haifa); he ®nally obtained positions in Great

Britain.1242 At Haifa, Bohm taught Yakir Aharonov as a graduate student; he

took Aharonov with him to Great Britain, where they entered into a long-term

fruitful collaboration.1243 As the third important theoretician of the younger

generation, John Stewart Bell, born on 28 July 1928 in Belfast, Ireland, must be

1242 David Bohm ®rst obtained a fellowship at the University of Bristol in 1957 and then moved in
1961 to a professorship of theoretical physics at Birkbeck College, London. He died on 27 October
1992, of a sudden heart attack.

1243 Yakir Aharonov was born on 28 August 1932, and was educated at the Technion in Haifa
(B.Sc. in 1956) and Bristol University (Ph.D. in 1960). From England, Aharonov went to the United
States, taking up positions at Brandeis University (Research Associate, 1961±1964), Yeshiva University
(Assistant Professor, 1964±1967; Associate Professor, 1967±1973), Boston University (Visiting Profes-
sor since 1973), and University of California at Berkeley (Miller Professor, 1991±1992). Since 1973,
he occupied joint professorships at Tel Aviv University, Israel, and universities in the United States,
especially the University of South Carolina.
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mentioned.1244 Since 1952, Bell became interested in the problem of the interpre-

tation of quantum mechanics when he discussed with Franz Mandel at Harwell

the work of David Bohm on hidden variables and also the old disproof of these by

John von Neumann (Mandel supplied the knowledge of the German language,

as von Neumann's book did not yet exist in English translation); however, he

published the results of his own investigations on the interpretation of quantum

mechanics only later, beginning in 1964. The work of Bohm, Aharonov, and Bell,

and the variousÐoften criticalÐresponses o¨ered by several theoreticians, largely

determined the history of the interpretation of quantum mechanics since 1952. We

shall now outline the main aspects of these lively debates.

(a) The Hidden Variables and von Neumann's

Mathematical Disproof Revisited (1952±1963)

In 1951, David Bohm published the results of his several lecture courses given at

Princeton University as a new book on Quantum Theory; in it, he attempted to

present the material in the light of the Copenhagen point of view, as far as the

interpretation was concerned, but he also displayed in detail the paradox of Ein-

stein, Podolsky, and Rosen (Bohm, 1951, especially, Section 22.15). After ®nishing

the book, Bohm felt dissatis®ed with the Copenhagen view, and the conversations

which he had with Einstein deepened his doubts in its correctness.1245 In a set of

papers, entitled `A Suggested Interpretation of the Quantum Theory, etc.' (Bohm,

1952a, b), Bohm published what he called `a consistent alternative interpretation,'

whose characteristics he described as:

In contrast to the usual interpretation, this alternative interpretation permits us to
conceive of each individual system as being in a precisely de®nable state, whose
changes with time are determined by de®nite laws, analogous to (but not identical
with) the classical equations of motion. Quantum-mechanical probabilities are re-
garded (like their counterparts in classical statistical mechanics) as only a practical
necessity and not as a manifestation of an inherent lack of complete determination in
the properties of matter at the quantum level. As long as the present general form
SchroÈdinger's equations is retained, the physical results obtained with our suggested
alternative interpretation are precisely the same as those obtained with the usual
interpretation. We shall see, however, that our alternative interpretation permits
modi®cations of the mathematical formulation which could not even be described in
terms of the usual interpretation. (Bohm, 1952a, p. 166)

1244 John Stewart Bell was educated at Queen's University in Belfast (1948±1949) and at the
University of Birmingham, where he obtained his doctorate with a thesis on the CPT-theorem under
Rudolf Peierls. In between, he worked at the Atomic Energy Establishment at Harwell (1949±1960, ®rst
under Klaus Fuchs on reactor physics, and later on reactor design). In 1960, he joined the Theory
Division at CERN, near Geneva. Bell died suddenly on 1 October 1990, at Geneva.

1245 See Bohm's contribution to the Born Festschrift, `A Discussion of Certain Remarks by Einstein
on Born's Probability Interpretation of the c-function' (Bohm, 1954), referred to above.
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That is, from the usual SchroÈdinger equation, Bohm derived exactly Eqs. (981a, b)

containing the `quantum potential,' Eq. (982), in his alternative interpretation. By

modi®cations, he would mean the replacement of the equation of motion for a

particle of mass m,

m
d 2x

dt2
� ÿgradfVcl�x� � Vqug; �983�

say, by the equation

m
d 2x

dt2
� ÿgrad�Vcl � Vqu� � f �pÿ grad S�x��; �9830�

where f �pÿ grad S�x�� vanished for the momentum value p � grad S�x�, such

that f `is large only in processes involving very short distances (where grad S�x�
should be large)' (Bohm, loc. cit., p. 179). `Evidence indicating the need for

adopting our interpretation instead of the usual one could therefore come only

from experiments, such as those involving phenomena associated with distances

of 10ÿ13 cm or less, which are not now adequately understood in terms of the

existing theory,' Bohm concluded Part I of his `Suggested Interpretation' (Bohm,

loc. cit.).1246

In Part II of the investigation on hidden variables, David Bohm worked out the

quantum theory of measurement in the new interpretation, in which `the uncer-

tainty principle is regarded, not as an inherent limitation of the precision with

which we can correctly conceive the simultaneous de®nition of momentum and

position, but rather as a practical limitation on the precision with which the

quantities can be measured, arising from unpredictable and uncontrollable dis-

turbances of the observed system by the measuring apparatus' (Bohm, 1952b,

p. 180). This conclusion followed directly by using the SchroÈdinger equation and

the conventional equation of motion for microscopic objects, such as Eq. (983)

(for a particle of mass m). `Hence, as long as we are restricted to making obser-

vations of this kind, the precise values of the particle position and momentum

must, in general, be regarded as ``hidden,'' since we cannot at present measure

them,' Bohm concluded (Bohm, loc. cit., p. 183). However, he considered the

` ``observables'' of the usual interpretation not as a complete description,' because:

This means that the measurement of an ``observable'' is not really a measurement of
any physical property belonging to the observed system. Instead, the value of an
``observable'' measures only an incompletely predictable and controllable potentiality
belonging just as much to the measuring apparatus as to the observed system itself.
(Bohm, loc. cit.)

1246 For a comparison of the new views of David Bohm with the standard complementarity views of
Niels Bohr, see Cushing (1994b). A very detailed survey of old and new hidden variable theories has
been given by Frederick J. Belinfante (1973).
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Finally, Bohm analyzed von Neumann's famous demonstration `that no single

distribution of hidden parameters could be consistent with the results of quantum

theory.' Bohm found it to be `irrelevant here, since in our interpretation of mea-

surements . . . the distribution of hidden variables varies in accordance with the

di¨erent mutually exclusive experimental arrangements of matter that must be

used in making di¨erent kinds of experiments' (Bohm, loc. cit., pp. 187±188).1247

Bohm's causal interpretation of quantum mechanics received many responses,

both immediate and delayed. Evidently, the authors of the Copenhagen view

raised `fundamentally positivistic' and `purely physical' objections. Heisenberg, in

particular, criticized Bohm's interpretation in his comprehensive review for the

Bohr Festschrift:

This objective ``description'' . . . reveals itself as a kind of ``ideological superstruc-
ture,'' which has little to do with immediate reality; for the ``hidden parameters'' of
Bohm's interpretation are of such a kind that they can never occur in the description
of real processes, if the quantum theory remains unchanged. In order to escape this
di½culty, Bohm in fact expresses the hope that in future experiments (e.g., in the
range beyond 10ÿ13 cm) the hidden parameters may yet play a physical part, and that
the quantum theory may then be proved false. . . . In actual fact, the ful®lment of
Bohm's hope would cut the ground from beneath not only the quantum theory, but
also Bohm's interpretation. (Heisenberg, 1955, p. 18)

For the moment, Heisenberg felt strongly that quantum mechanics would stand

correct; further, he argued that `Bohm's language says nothing about physics that

is di¨erent from what the Copenhagen language says,' hence `there then remains

only the question of the suitability of his language'; indeed, he found it to be

unsuitable because it `destroys the symmetry between p and q which is implicit in

quantum theory' (Heisenberg, loc. cit., p. 19).1248

Heisenberg was not the ®rst of the old guard to criticize Bohm. While Bohm

and Pauli were together at Princeton, and later by an exchange of letters, they

discussed the new theory, which Pauli rejected totally, especially the involvement

of hidden variables, which he considered nonsense.1249 On the other hand, Bohm

was able to satisfy one crucial demand of the standard interpretation of quantum

1247 In case the equation of motion, (983), had to be replaced by the modi®ed Eq. (983 0), `von
Neumann's theorem is likewise irrelevant, this time because we are going beyond the assumption of the
unlimited validity of the present general form of quantum theory, which plays an integral part in his
proof,' Bohm concluded (Bohm, 1952b, p. 188).

1248 Bohm had defended his preference of space-time in his theory, and even claimed: `Common
experience suggests that absolute canonical invariance is most implausible.' (Bohm, 1953c, p. 278)
Earlier, he had also contradicted other causal interpretations that made use of the momentum repre-
sentation (Bohm, 1953a).

1249 Two letters of Bohm to Pauli exist in the published Pauli correspondence (Pauli, 1996, pp. 343±
346); unfortunately, Pauli's letters with his particular objections have been lost. In letters to Markus
Fierz, Pauli moreover accused Bohm of `plagiarizing' Louis de Broglie's idea of pilot waves of 1927
(Pauli to Fierz, 10 January 1952, in Pauli, 1996, p. 505), a point of view shared by de Broglie himself,
who always referred to Bohm with negative comments.
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mechanics: the relation between the probability and the wave function remained

essentially intact also in his approach (Bohm, 1953b). Notably, he found that `as a

result of random collisions, an arbitrary probability density P [in the hidden vari-

able theory] will ultimately decay into one with a density jc�x; t�j2,' although in

the extensions suggested, say, in the domain below 10ÿ13 cm `there would be a

tendency to create discrepancies between P and jcj2, a tendency whose cumulative

e¨ects should be felt even at the atomic level.' He concluded: `However, because

those discrepancies have been shown to die out as a result of collisions, we can

expect that under normal conditions the di¨erence between P and jcj2 would be

negligible.' (Bohm, loc. cit., p. 458) Still, he did not exclude experimental sit-

uations, where the di¨erence might show up. Therefore, Hans Freistadt of Newark

College of Engineering, New Jersey, praised Bohm's causal theory as being `more

¯exible than the usual formulation, with which one may attack problems in which

the usual formulation has failed' (Freistadt, 1957, p. 3), while Vladimir Fock re-

futed it as contradicting the essential peculiarities of quantum phenomena (see,

e.g., Fock, 1958).1250

From the mathematical side, several authors felt stimulated to investigate more

closely von Neumann's disproof of hidden variables of 1932. Gerhard Schulz of

Adlershof, for example, found that von Neumann had restricted himself just to

`experimentally accessible subensembles,' but others existed to be considered as well

(Schultz, 1959). However, several years later, Joseph M. Jauch and Constantin

Piron of Geneva reformulated von Neumann's disproof in the modern logical

language of an `ortho-complemented lattice,' i.e., in the lattice-theoretical lan-

guage of quantum logic (Jauch and Piron, 1963).1251 By applying this sophisti-

cated tool, they arrived at the `reduction of the question concerning the hidden

variables to an empirical one,' since `the lattice operations have a physical inter-

pretation which is accessible to empirical veri®cation'; the new question was,

`whether there exist [logical] propositions which are not compatible' (Jauch and

Piron, loc. cit., p. 836). Jauch and Piron immediately continued to argue as follows:

To rule out hidden variables it su½ces to exhibit two propositions of a physical sys-
tem which are not compatible. It turns out that this is quite easy. In fact, the occur-
rence of incompatible propositions leads to gross macroscopic e¨ects which can easily
be veri®ed. With this result, the possible existence of hidden variables is decided in the
negative. (Jauch and Piron, loc. cit., p. 837)

Actually, they showed that if a propositional lattice contained `dispersion-free

states,' as required by the hidden-variable theory, the system involved incompati-

ble propositions.

1250 For more details of the early debate on Bohm's hidden variable theory, we refer to Jammer,
1974, pp. 289±302.

1251 For a review of Jauch and Piron's demonstration and the fundamental paper of Andrew M.
Gleason of Harvard University, upon which it was based (Gleason, 1957), see Jammer, 1974, pp. 296±
302. A simpli®ed version of the ortho-complemented lattice approach was provided by Piron (1972).
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Still, the situation did not turn out to be that easy. Soon a new major partici-

pant, John Stewart Bell, would come upon the scene and demonstrate, by explicit

construction, that a hidden-variable description free from contradictions might

exist for certain quantum-theoretical situations. The partisans of David Bohm's

theory again became optimistic in expecting a ®nal proof in favour of the causal

interpretation of quantum mechanics.

(b) The EPR Paradox Revisited, Bell's Inequalities,

and Another Return to Hidden Variables (1957±1968)

In Part II, Section 8, of his pioneering investigation on hidden variables, David

Bohm discussed `The Hypothetical Experiment of Einstein, Podolsky and Rosen,'

®rst from the point of view of Niels Bohr (who had declared that the correlation

between the properties of the two particles involved should not be analyzed in a

particle model with local interaction), and then from his own di¨erent point of

view. He arrived at the following conclusion:

In our suggested new interpretation of the quantum theory, however, we can describe
this experiment in terms of a single precisely de®nable model. . . . If we measure the
position of the ®rst particle, we introduce uncontrollable ¯uctuations in the wave
function of the entire system, which, through the ``quantum-mechanical forces'' [Vqu]
bring about corresponding uncontrollable ¯uctuations in the momentum of each
particle. Similarly, if we measure momentum of the ®rst particle, uncontrollable
¯uctuations in the wave function for the system bring about, through the ``quantum-
mechanical forces,'' corresponding uncontrollable changes in the position of each
particle. Thus the ``quantum-mechanical'' forces may be said to transmit uncontrol-
lable disturbances instantaneously from one particle to another through the medium
of the c-®eld. (Bohm, 1952b, p. 186)

Evidently, this answer shared the gross nature of Bohr's view, as it did not state in

detail how the theory had to be applied to the experiment proposed by Einstein et

al. (1935).

However, ®ve years later, Bohm publishedÐtogether with his Israeli student

Yakir AharonovÐa deeper analysis of the EPR-problem. In particular, they

studied a simpli®ed version of the two-body situation; i.e., they considered a mol-

ecule consisting of two atoms, each having spin 1
2 q. The system was then described

by the wave function

c � 1���
2
p �c��1�cÿ�2� ÿ cÿ�1�c��2��; �984�

with c�(1) referring to spin � 1
2 q for particle A, cÿ�2� to spin ÿ1

2 q for particle B,

etc. (Bohm and Aharonov, 1957, p. 1070). After the separation of the atoms

without changing the spin status, a measurement of the spin of A would clearly

determine the spin of B as being opposite. In quantum theory, then, a di½culty
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could arise, since only one component of the spin of each particle should assume a

de®nite value at a given time. But, according to Bohr, `the observing apparatus

plus what is observed form a single indivisible combined system not capable at the

quantum level of being analyzed correctly into separate and distinct parts'; hence,

the EPR paradox disappeared (Bohm and Aharonov, loc. cit., p. 1072). Yet, a

`deeper exploration' existed with the help of the causal hidden-variable theory of

Bohm which claimed as a fact `that this combined system is at least conceptually

analyzable into components which satisfy appropriate laws'Ðalthough Bohm and

Aharonov admitted that the quantum potential Vqu responsible for the causal

model explanation `seems rather arti®cial in form, besides being subject to the

criterion that it implies instantaneous interaction between distant particles, so it

is not consistent with the theory of relativity' (Bohm and Aharonov, loc. cit.).

However, thus far, evidence spoke against the strictly local forces, as they pointed

to already performed experiments, which rather seemed to exhibit the presence of

quite strange kinds of correlation in the properties of distant entities. They referred

here to an investigation with polarized photons, carried out by Chien-Shung Wu

and Irving Shaknov of Columbia University, who had observed in 1949 `The An-

gular Correlation of Scattered Annihilation Radiation' and found an asymmetry

in the ratio

coincidence counting rate ?
coincidence counting rate k � 2:04G 0:08 �985�

(Wu and Shaknov, 1950, p. 136). Bohm and Aharonov now calculated the above

ratio on the basis of two di¨erent hypotheses: ®rst, the usual quantum mechanics

is correct in all cases; second, the usual quantum theory is correct only when the

wave functions of the photons overlap (this would rather be consistent with the

causal theory of Bohm). In the ®rst case, they obtained the value 2.00, while in

the second case (depending on further assumptions), values between 1 and 1.5;

hence, they concluded:

The results . . . show that this experiment is explained adequately by the current
quantum theory which implies distant correlations, of the type leading to the paradox
of ERP [Bohm an Aharonov always cited Rosen before Podolsky!], but not by any
reasonable hypothesis implying a breakdown of the quantum theory that could avoid
the paradox of ERP. (Bohm and Aharonov, 1957, p. 1075)1252

In November 1964, John Bell joined the considerations `On the Einstein

Podolsky Rosen Paradox'. He involved in the description of the situation a

1252 In a further paper, Bohm and Aharonov displayed the evaluation of the Wu±Shaknov expe-
riment in more detail, in order to reply to certain objections that had been raised. Simultaneously,
they demonstrated that the way out of the paradox shown earlier by Wendell Furry (1936a, b)Ð
who had assumed that the many-body SchroÈdinger equation broke down for macroscopic distancesÐ
contradicted the outcome of the Wu±Shaknov experiment (Bohm and Aharonov, 1960, especially,
p. 975).
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parameter l, denoting either `a single variable or a set of variables, or even a set

of functions,' the parameter assuming discrete or continuous values (Bell, 1964,

P. 195). In the particular case of the Bohm±Aharonov example and a continuous

parameter l, he found:

The result A of measuring s1 � a is then determined by a and l, and the result B of
measuring s2 � b in the same instance is determined by b and l, and

A�a; l� �G1;B�b; l� �G1: ��986��

The vital assumption [of causality and locality] is that the result B for particle 2 does
not depend on the setting a of the magnet for particle 1, nor A on b.

If r�l� is the probability distribution of l then the expectation value of the product
of the two components s1 � a and s2 � b is

P�a; b� �
�

dlr�l�A�a; l�B�b; l�: ��987��

This should be equal to the quantum-mechanical expectation value, which for the
singlet state [for the Bohm-Aharonov molecule] is

hs1 � a s2 � bi � ÿa � b: ��988��

But it will be shown that this is not possible. (Bell, loc. cit., pp. 195±196)

Bell proved the last statement by arguing as follows: P(a, b)ÐEq. [(987)]Ðcould

be written as

P�a; b� � ÿ
�

dlr�l�A�a; l�B�b; l�; �987 0�

and if c were another unit vector, the inequality

1� P�b; c�V jP�a; b� ÿ P�a; c�j �989�

might be derived. This evidently meant: Unless P was constant, the right-hand side

for small (bÿ c) would have to be of the order of (bÿ c); hence, Bell arrived at

the result: `P(b; c) cannot be stationary at the minimum value (ÿ1 at b � c) and

cannot equal the quantum-mechanical value [(988)]' (Bell, loc. cit., p. 198).' And

he further demonstrated that the quantum-mechanical correlation, Eq. [(988)],

cannot be approximated arbitrarily closely by the form [(987)]; thus, he ®nally

stated the important general conclusion:

In a theory in which parameters are added to quantum mechanics to determine the
results of individual measurements, without changing the statistical predictions, there
must be a mechanism whereby the setting of one measuring device can in¯uence the
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reading of another instrument, however remote. Moreover, the signal involved must
propagate instantaneously, so that such a theory could not be Lorentz invariant.
(Bell, loc. cit., p. 199)

Bell's inequality (989), or its generalization to various other situations (Bell,

1971)Ðfor example, to the polarization correlation of a pair of optical photons

[see Clauser, Horne, Shimony, and Holt, 1969, p. 881, Eq. 1(a)]Ð

jP�a; b� ÿ P�a; c�jU 2ÿ P�b 0; b� ÿ P�b 0; c�; �990�

where P�a; b� represented a correlation function depending on parameters a and b

of the two apparatuses Ia and Ib through which the ®rst and second particle move,

respectivelyÐwith each apparatus selecting one of the two channels �1 and ÿ1

(i.e., A�a� and B�b� equal G1)Ðwould determine the experimental search for

proving or disproving hidden variables in atomic theory, as we shall report in

Subsection 3.3.

John Bell had thought about the problem of hidden variables and von Neu-

mann's verdict already since his student years. In summer 1964, while (on leave of

absence from CERN) at SLAC in Stanford, he submitted a paper `On the Problem

of Hidden Variables in Quantum Mechanics' to Reviews of Modern Physics, which

(after long editorial delays) would be published only in the July 1966 issue (Bell,

1966), together with two other papers of David Bohm and Je¨rey Bub (1966a, b).

Bell ®rst stated the task to have been accomplished quite clearly, namely:

The question at issue is whether the quantum-mechanical states can be regarded as
ensembles of states further speci®ed by additional variables, such that given values of
these variables together with the state vector determine precisely the results of indi-
vidual measurements. These hypothetical well-de®ned states are said to be ``disper-
sion free.'' (Bell, loc. cit., p. 448)

The answer to the question, how to obtain these dispersion-free statesÐwhich

obviously satis®ed the requirement of having deterministic propertiesÐBell dem-

onstrated in a simpli®ed quantum-mechanical example, a system of (spin-1
2) par-

ticles having no translational motion. The state in such a system would then be

represented by a two-component spinor c, and the observables by the expression

O � a� b � s; �991�

where a denoted a real number multiplied by the (2� 2) unit matrix, b denoted a

real vector, and s denoted the vector composed by the three Pauli spin-matrices.

The measurement of the observable O then yielded one of the eigenvalues aG jbj,
with the relative probability given by the expectation values

ha� b � si �
�

c��a� b � s�c dt � �c; �a� b � s�c�: �992�
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Now, Bell constructed a hidden-variable system by associating with each c a real

parameter l, chosen from the interval [ÿ 1
2 ;� 1

2] such that the measurement of O,

Eq. (991), depended on c and the value of l. He further took the quantum state as

de®ned by a uniform averaging over l in the interval and derived

ha� b � si � a� bz; �993�
i.e., he obtained with certainty a particular expectation value of the system under

investigation. Though John Bell had to admit that he could not attribute any

physical signi®cance to his parameter l, he had shown `that at the level considered

by von Neumann such a reinterpretation is not excluded' (Bell, loc. cit., p. 448).

Hence, he succeeded in escaping from the verdict on hidden variables. His result

would not contradict the conclusions of Jauch and Piron, because the latter had

based their disproof of hidden variables on a mathematical theorem of Gleason

(1957), which applied only to Hilbert spaces having dimensions higher than twoÐ

while the Hilbert space in Bell's special example possessed just two dimensions.

Jauch and Piron's claim also stimulated David Bohm to reconsider the hidden-

variable question. Together with Je¨rey Bub, a graduate student at Birkbeck Col-

lege from South Africa, he reviewed again carefully the principles of quantum me-

chanics and the standard interpretation and argued again that it would be `more

natural' to introduce `new kinds of variables, at present ``hidden'' but in principle

ultimately observable with the aid of suitable methods of observations,' because:

The Copenhagen interpretation of quantum mechanics, in which the collapse of the
wave packet is accepted as a fundamental and irreducible phenomenon. . . , entails the
renunciation of any conception of the order and structure of movement of a micro-
system in favor of a set of rules for the prediction of the results of speci®c experi-
ments. (Bohm and Bub, 1966a, p. 457)

Bohm and Bub rather insisted on the point that `science also aims at an under-

standing of the overall structure and order of movement of matter from the atoms

to the galaxies' (Bohm and Bub, loc. cit.). Indeed, Bohm and his followers desired

more than just predictions from a physical theory; they expected nothing less than

`the whole of the act of understanding, in which one grasps the order, the structure

of a complex process in a uni®ed coherent set of concepts' (Bohm and Bub, loc.

cit.). Thus, Bohm and Bub argued that re®ned analyses of the measurement pro-

cess, as provided, for instance, by GuÈnther Ludwig or Danieri et al. (as discussed

earlier), would not solve the problem since `the order and structure of the process

by which a microsystem such as an electron is measured cannot be conceived

within the formalism of quantum mechanics alone' (Bohm and, Bub, loc. cit.,

pp. 459±460). In a hidden-variable theory, on the other hand, one could easily

escape from von Neumann's conclusions by generalizing the linear relation be-

tween the measured value R of a variable R,

R �
X
m;n

Un;mRmn; �994�
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Ðwith Unm the matrix de®ning the statistics of the quantum-mechanical ensemble

under investigationÐto the nonlinear relation

R 0 �
�

F �c; l;Rmn�r�l� dl; �994 0�

where F represented a nonlinear function of the wave function c, the hidden-

variable parameter l, and the density function r�l� of the hidden variables. As a

consequence of the Ansatz (994 0), the crucial assumption in von Neumann's dis-

proof, namely, the linear equation

�aR� bS � . . .�average � aR� bS � . . . ; �995�

involving variables R, S, . . . and real numbers a, b, . . . , would break down, and

with that the hidden variables were admitted. In their subsequent paper in Reviews

of Modern Physics, Bohm and Bub turned to analyze the new treatment of Jauch

and Piron, who had not used the linear relation (995); still, they discovered also a

loophole in this work, namely:

The conclusions of Jauch and Piron . . . are indeed seen to follow from a false
assumption; i.e., that the impossibility of propositions that describe simultaneously
the results of two noncommuting observables is an ``empirical fact.'' Actually, it is
shown that this assumption follows if and only if one ®rst assumes what the authors
set out to prove; i.e., that the current liguistic structure of quantum mechanics is the
only one that can be used correctly to describe the empirical facts underlying the
theory. (Bohm and Bub, 1966b, p. 470)

Jauch and Piron, in a letter to the editor of the journal, vehemently contra-

dicted that argument which, in their opinion, rested on the misunderstandings of

Bohm and Bub. In addition, they emphasized: `It is contrary to good scienti®c

methodology to modify a generally veri®ed scienti®c theory for the sole purpose of

accommodating hidden variables.' (Jauch and Piron, 1968, p. 229) While two

mathematicians of the University of Wisconsin, Stanley P. Gudder and Jerald H.

Tutsch, took opposite stands on the problem (also in letters to the journal), Bohm

and Bub replied to Jauch and Piron by saying simply:

The basic question at issue here is a point often overlooked: i.e., that the axioms of a
theory stand on a di¨erent level from the experimental facts underlying the theory. It
is therefore wrong to equate any set of axioms whatsoever with facts in the way that
is done by Jauch and Piron (as well as by von Neumann). Rather, axioms are always
assumptions from which one draws inferences about what is factually observable. If
these inferences agree with the facts, the assumed structure of axioms is con®rmed;
and if they disagree, it is refuted. But if the axiomatic structure is con®rmed by the
facts available at a given time, this can never imply that no other axiomatic structure
is possible that could agree with the same set of facts. (Bohm and Bub, 1968, p. 235)
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With all of the mathematical and conceptual argumentations given, each of which

contained some part of the truth, the decision in favour or against hidden variables

was postponed. In fact, neither mathematical nor conceptual tools su½ced, but

new experiments would ®nally settle the case, at least for the moment.

(c) The Aharonov±Bohm E¨ect (1959±1963)

While the experiments of the 1960s did not provide much encouragement to Bohm

and his partisans in substantiating their ideas on hidden variables, they con®rmed

an e¨ect which seemed to point in the direction envisaged. In May 1959, Ahar-

onov and Bohm submitted a paper on the `Signi®cance of Electromagnetic Po-

tentials in the Quantum Theory' to Physical Review, in which they pointed out

that while in classical electrodynamics `the fundamental equations of motion can

always be expressed directly in terms of ®elds [which are derivatives of the elec-

tromagnetic potentials] alone . . . in quantum mechanics, [where] the canonical

formalism is necessary. . . , the potentials cannot be eliminated from the basic

equations' (Aharonov and Bohm, 1959, p. 485). To prove this claim, the authors

considered the case of an electron beam split into two parts, such that each passed

through a long tube on an equivalent path, and the parts were later combined

again. Now, if a vector potential A created by a solenoid placed in the centre of

the two paths (between the two tubes) acted on the electron, an interference e¨ect

would arise due to a phase di¨erence

DS

q
� e

qc
F0; �996�

where

F0 �
�

A � dx �996a�

constituted the total ¯ux (through every circuit containing the origin) outside the

solenoid. Hence, Aharonov and Bohm derived as the `essential result'

that in quantum theory, an electron (for example) can be in¯uenced by the potentials
even if all the ®eld regions are excluded from it. In other words, in a ®eld-free multi-
ply connected region of space, the physical properties of the system still depend on
the potentials. . . . It would therefore seem natural at this point to propose that, in
quantum mechanics, the fundamental entities are the potentials, while the ®elds are
derived from them by di¨erentiations. (Aharonov and Bohm, loc. cit., p. 490)

This particular property emerged from the very structure of the fundamental

equations in quantum mechanics, i.e., the SchroÈdinger equation and the Dirac

equation, in which the potentials entered rather than the ®eldsÐand it dis-

tinguished quantum mechanics from classical dynamics, in which the Lorentz
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force eE� e

v

� �
v�H

h i
, depending only on the electric and magnetic ®elds, E and

H (with v the velocity of the electron) entered. Evidently, this fact revealed, as

Aharonov and Bohm concluded, `an additional richness' and suggested that `some

further development of the theory is needed,' proposing in particular two direc-

tions, namely:

First, we may try to formulate a nonlocal theory in which, for example, the electron
could interact with a ®eld that was a ®nite distance away. Then there would be no
trouble in interpreting these results, but, as is well known, there are several di½culties
in the way of doing this. Secondly, we may retain the present local theory and, in-
stead, we may try to give a further new interpretation to the potential. In other
words, we are led to regard Am�x� as a physical variable. This means that we must be
able to de®ne the physical di¨erence between two quantum states which di¨er only by
a gauge transformation. (Aharonov and Bohm, loc. cit., pp. 490±491)

In a paper submitted after nearly two years, they analyzed the quantum-mechanical

situation further, arriving at the de®nite conclusion:

We see then that whether we treat the potentials as speci®ed functions of space and
time, or as dynamical variables furnishing a link between the sources and the elec-
tron, there is no way in the quantum theory to express the e¨ect of a ¯ux inside the
solenoid on an electron outside in terms of a localized interaction, except with the aid
of potentials. In no case does the theory ever contain any kind of interaction between
the electron an the source, which does not go through the intermediary of potentials
and, as we have seen, ®elds are not, in general, adequate for expressing all aspects of
this intermediary role. (Aharonov and Bohm, 1961, p. 1522)

Meanwhile, several experimental investigations had con®rmed the predicted

dependence of the electron on electromagnetic potentials, the so-called `Aharo-

nov±Bohm e¨ect.'1253 Certain theoreticians discussed the possibility of avoiding

the explicit use of potentials in quantum mechanics. Notably, Bryce DeWitt (1961)

and Frederick Belinfante (1962) argued that the potentials did not belong to the

`observables' or Hermitean operators, whose eigenfunctions form a complete basis

for the wave functions. Concerning this objection, Aharonov and Bohm answered

simply that in quantum mechanics, waves and particles were also `not observable'

though they still made sense (Aharonov and Bohm, 1963, p. 1628). In a detailed

discussion of gauge invariance and localizabilityÐin fact, gauge invariance

seemed to remove the electromagnetic potentials in favour of ®eldsÐthey re-

emphasized their previous conclusion `to regard the potentials as clues to some

new features of space, time and properties of charge'; in particular, they optimis-

1253 Aharonov and Bohm referred in 1961, e.g., to the work of F. G. Werner and D. R. Brill (1960)
and R. G. Chambers (1960). Of the later work, see Al'tschuler, Aronov, and Spivak (1981), who dem-
onstrated an e¨ect in disordered conductors, obtaining half the value of the ordinary Aharonov±Bohm
phase.
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tically hoped to `perhaps obtain insights into the reasons why potentials seem to be

``essential'' for expressing the property of localizability in a simple and natural

way' (Aharonov and Bohm, loc. cit., p. 1632).1254

3.3 Further Interpretations and Experimental Con®rmation

of the Standard Quantum Mechanics (1957±1999)

The Course No. 49 of the `International School of Physics ``Enrico Fermi,'' ' held

in Varenna, Italy, from 29 June to 11 July 1970, was devoted to the topic `Foun-

dations of Quantum Mechanics,' and a number of prominent representatives of

the di¨erent views concerning the interpretation of quantum mechanics par-

ticipated in it. Among these participants were Joseph M. Jauch, GuÈnther Ludwig,

G. M. Prosperi, and Eugene P. Wigner, of one interpretation camp, and Louis

de Broglie, John Bell, and David Bohm, of the other. Bryce DeWitt of the Uni-

versity of North Carolina spoke about still another interpretation, which he called

the `Many-Universes Interpretation of Quantum Mechanics' (1971). In fact, quite

a large number of physicists became active participantsÐduring the last three

decades of the twentieth centuryÐin the ®eld of interpretation of quantum me-

chanics, with perhaps the most important progress being achieved by experimen-

talists, as increasingly re®ned methods became available to follow the behaviour of

individual microscopic particles and to analyze the occurrences in the various

stages of the measurement process.1255 In the following, we shall report about

three aspects: ®rst, the many-universes (worlds) interpretation and others; second,

the experiments to test Bell's inequalities for a number of EPR-like experiments;

and third, the most recent experiments establishing the details of the standard

(orthodox) interpretation of quantum mechanics.

(a) The Many-World Interpretation and Other Proposals (1957±1973)

`The preceding paper puts the principles of quantum mechanics in a new form,'

thus John Archibald Wheeler began a comment on the publication of his student

Hugh Everett in issue No. 3 of Review of Modern Physics, published in July 1957,

and brie¯y explained its contents as follows:

Observations are treated as a special case of normal interactions that occur within the
system, not as a new and di¨erent kind of process that takes place from without. The

1254 In fact, it had been known for some time that quantum electrodynamics could be formulated in
a formally local, covariant manner involving, however, the use of an inde®nite metric in the Hilbert
space (Gupta, 1951). It was the latter condition which did not ®t into the concept of observables ad-
vocated by Belinfante and DeWitt, but Aharonov and Bohm did not bother too much, as the `current
physical and mathematical conceptions of quantum theory' might later have to be extended anyway
(Aharonov and Bohm, 1963, p. 1630).

1255 The `Resource Letter IQM-2 on ``Foundations of Quantum Mechanics since the Bell Inequal-
ities'' ' (Ballentine, 1987) lists 140 items.
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conventional mathematical formulation with its well-known postulates about proba-
bilities of observations is derived as a consequence of the new ``meta'' quantum
mechanics. . . . In a new or ``relative state formalism'' this model associates with an
isolated system a state function that obeys a linear equation. The theory deals with
the totality of all possible ways in which this state function can be decomposed into
the sum of products of state functions for subsystems of the overall systemÐand
nothing more. (Wheeler, 1957, p. 463)

In the introduction of his paper, which he entitled ` ``Relative State'' Formulation

of Quantum Mechanics,' Everett himself characterized the goal and nature of his

approach as follows:

The aim is not to deny or contradict the conventional formulation of quantum theory
. . . but rather to supply a new, more general and complete formulation, from which
the conventional interpretation can be deduced.

The relationship of this new formulation to the older formulation is therefore that
of a metatheory to a theory, that is, it is an underlying theory in which the nature and
consistency, as well as the realm of applicability, of the older theory can be inves-
tigated and clari®ed. (Everett, 1957, p. 454)

This meant, especially, that he took over the standard scheme of quantum me-

chanics, but for the special postulates dealing with the formulation of observations,

because he wanted to avoid the well-known di½culties and partly continuous and

partly discontinuous changes in the theory. In fact, Everett and Wheeler were

interested in an even more ambitious problem, namely, to quantize general rela-

tivity and to develop the corresponding `interpretation of quantum mechanics

when applied to so fundamental a structure as the space-time geometry itself '

(Everett, loc. cit., p. 454). In a closed universe, for example, one could not think

of an outside observer (as in the standard quantum mechanics), since `there is

nothing outside it to produce transitions from one state to the other,' but rather

a `quantum mechanics that is internal to an isolated system' (Everett, loc. cit.,

p. 455).

In order to accomplish this task, Everett took as a ®rst step the wave function

`as the basic entity with no a priori interpretation' and formulated `abstract models

for observers that can be treated within the theory itself as physical systems,' in

order `to consider isolated systems containing such model observers in interaction

with other subsystems, to deduce the chances that occur in an observer as a con-

sequence of the interaction with the surrounding subsystems, and to interpret the

changes in the familiar language of experience' (Everett, loc. cit.). Mathematically,

he introduced the concept of a `relative state'; i.e., he assigned for any choice of a

state xS1 in one subsystem (S1) uniquely a corresponding state c in another system

S2; thus,

c�S2; rel xkS1� � Nk

X
j

akjh
S2
j ; �997�
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with Nk a normalization constant and hS2
j a complete orthogonal set of states in

S2. Consequently, `it is meaningless to ask the absolute state of a subsystemÐone

can only ask the state relative to a given state of the remainder of the subsystem'

(Everett, loc. cit., p. 456), and he concluded in particular about the measuring

process the following:

Von Neumann's example is only a special case of a more general situation. Consider
any measuring apparatus interacting with any object system. As a result of the inter-
action the state of the measuring apparatus is no longer capable of independent de®-
nition. It can be de®ned only relative to a state of the object system. In other words,
there exists only a correlation between the states of the two systems. (Everett, loc. cit.,
p. 457)

A measurement in the new metatheory, therefore, requiredÐas shown by

Everett in a second stepÐthe de®nition of an appropriate observer, e.g., an

`automatically functioning machine, possessing sensory apparatus and coupled to

recording devices capable of registering past sensory data and machine con®g-

urations', thus `its present actions shall be determined not only by its present sen-

sory data, but by the contents of the memory as well' (Everett, loc. cit.). These

observers would then be able, as Everett showed, to perform `good' observations,

in which the eigenstates of the systems remain unaltered, while the state of the

observer changes in dependence on the di¨erent eigenfunctions. Everett derived

two speci®c rules for the transformation of the states of an observed system and

the total system, respectively (Everett, loc. cit., p. 458). He ®nally arrived at the

following picture of the process of measurement:

Throughout all of a sequence of observation processes there is only one physical
system representing the observer, yet there is no single unique state of the observer
(which follows from the representations of interacting systems). Nevertheless there is
a representation in terms of a superposition, each element of which contains a de®nite
observer state and a corresponding system state. Thus with each succeeding obser-
vation (or interaction) the observer state ``branches'' into a number of di¨erent states.
Each branch represents a di¨erent outcome of the measurement and the correspond-

ing eigenstate for the object-system state. All branches exist simultaneously in the
superposition after any given sequence of observations. (Everett, loc. cit., p. 459)

In this manner, a `trajectory' of the memory con®guration of an observer per-

forming a sequence of measurements would arise, corresponding to `a branching

tree, with all possible outcomes existing simultaneously in a ®nal superposition

with various coe½cients in a mathematical model,' and all that remained to do

was to determine the coe½cients, i.e., the weighting of the elements in the ®nal

superposition (Everett, loc. cit., p. 460). Everett calculated those in accordance

with the additivity requirement of the superposition of quantum statesÐwhich

also agreed with the weights given in the standard quantum-mechanical theory of

discontinuous changes. He ®nally arrived at the conclusion that the new theory
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`based on pure wave mechanics is a conceptually simple, causal theory, which

gives predictions in accord with experience,' provides `a framework in which one

can investigate in detail, mathematically, and in a logically consistent manner a

number of sometimes puzzling subjects' (like the measuring process and the EPR

paradox) and `ultimately justi®es the use of the probabilistic interpretation as an

aid to making practical predictions'; that is `it forms a broader frame in which to

understand the consistency of that interpretation . . . a metatheory for the standard

theory.' And ®nally, he argued that `it may prove a fruitful framework for the

quantization of general relativity.' (Everett, loc. cit., p. 462)

In spite of great promises made, as reported above, not much happened with

Everett's `relative state' formulation of quantum mechanics until Bryce DeWitt

picked it up in the 1960s. As he reported in a later essay published in Physics To-

day:

What if we assert that the formalism [of quantum mechanics] is all, that nothing else
is needed [in order to solve the measurement problem]. The answer is we can. The
proof of the assertion was given in 1957 by Hugh Everett with encouragement of
John Wheeler and has been subsequently elaborated by R. Neill Graham [in his
Ph.D. thesis under the supervision of DeWitt]. It constitutes the third way of getting
out of the crisis posed by the catastrophe of the in®nite regression [besides the hidden-
variable theory of David Bohm and von Neumann's collapse of the wave packet].
(DeWitt, 1970, p. 33)

According to DeWitt, `Everett, Wheeler and Graham postulate that the real world

or any isolated part of it one may wish for the moment to regard as the world is

faithfully represented by the following mathematical objects: a vector in Hilbert

space; a set of dynamical equations for a set of operators that act on the Hilbert

space, and a set of commutation relations for the operators'; to these they added a

`postulate of complexity,' namely: `The world must be su½ciently complicated

that it may be decomposable into systems and apparatuses.' Thus, they succeeded

in proving in particular: `The mathematical formalism of the quantum theory is

capable of yielding its own interpretation.' (DeWitt, loc. cit.)

In the interpretation pioneered by Hugh Everett, many universes were intro-

duced, which might appear as a kind of horror vision to the scientist. However,

this splitting of the atomic world into a large number of copies would not have

consequences for the observer, as DeWitt continued in his article:

The state vector at the end of the coupling interval [where the system and apparatus
are treated together] again takes the form of a linear superposition of vectors, each of
which represents the system observable as having assumed one of its possible values.
Although the value varies from one element of the superposition to another, not only
do two apparatuses within a given element observe the value appropriate to the ele-
ment, but also, by straightforward communication, they agree that the results of the
observation are identical. The splitting into branches is thus unobserved. (DeWitt,
loc. cit., p. 33)
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DeWitt therefore advocated the `many world' or `many universes' interpretation in

numerous talks, notably at the Varenna Summer School of 1970, where he de®ned

more closely the meaning of `system' and `apparatus' by presenting detailed ex-

amples (DeWitt, 1971). However, several objections were raised against this

approach in a set of letters, published in the April 1971 issue of Physics Today; for

example, Leslie E. Ballentine pointed out that `DeWitt's claim that the formalism

by itself can generate an interpretation is misleading' because it rests on the

assumption `that the state vector provides a direct picture of the world (a world of

many noninteracting branches), rather than, say, a statistical representation of an

ensemble' (Ballentine, 1971, p. 37), and Joseph Gerver rejected `DeWitt's state-

ment that in a ®nite universe there are only a ®nite number of independent ``real-

ities'' ' (Gerver, 1971, p. 40). In a subsequent, detailed paper, entitled `Can the

Statistical Postulate of Quantum Theory be Derived? A Critique of the Many-

Universes Interpretation' and published in Foundations of Physics, Ballentine

argued in particular that the `branches' of the universe in that interpretation

depended upon the choice of representation and therefore became ambiguous, and

concluded: `Although the notion of a world splitting into many independent copies

of itself seems fantastic, . . . [it] is neither necessary nor su½cient for the derivation

of the statistical postulate of quantum theory.' (Ballentine, 1973, p. 239)1256

As we have mentioned, the number of publications on the problem of the

interpretation of quantum mechanics increased enormously since the late 1960s.

Their contents ranged from discussing more cautiously the preparation of the

initial state of systems in a given experiment (see Lamb, 1969: `An Operational

Interpretation of Nonrelativistic Quantum Mechanics'1257) to a particular two-

vector reformulation of quantum mechanics, in which a violation of Lorentz

1256 Indeed, it appears to be very di½cult to derive the statistical behaviour of a quantum system
without introducing any statistical hypothesis. One might, for example, think of Richard Feynman's
path-integral method, who took all classical paths of a system into consideration; still, the probabilities
for the individual path followed, not from classical dynamical considerations, but from quantum rules.

1257 Since 1969, Willis E. Lamb, Jr., has consistently devoted much e¨ort and many papers to the
various aspects of the interpretation of quantum mechanics. In his latest preprint (22 September 1999),
entitled `Super Classical Quantum Mechanics: The Interpretation of Nonrelativistic Quantum Me-
chanics,' Lamb has pointed out that Newtonian classical mechanics (NCM) su¨ers from several kinds
of chaotic indeterminacy, but `these shortcomings can be repaired in a simple and obvious manner. The
NCM theory is thereby transformed into a new (probabilistic) theory which is fully equivalent to the
Non-Relativistic Quantum Mechanics of Heisenberg, SchroÈdinger, and Dirac with the Max Born
probabilistic interpretation of the state function built in from the start. I call this new theory Super
Classical Quantum Mechanics, (SCQM). With the help of Paul Ehrenfest's 1927 theorem, the classical
limit of the new theory, SCQM, gives exactly the results expected of an improved Newtonian theory of
Classical Mechanics.'

`This approach o¨ers enormous advantages, not only for a physically reasonable interpretation of
Quantum Mechanics, but also for its contribution to the Quantum Theory of Measurement, and for the
avoidance of all the so-called paradoxes of traditional non-relativistic Quantum Mechanics.'

In a telephone conversation on 24 October 1999, Lamb repeated to J.M. that `my work on the
interpretation of quantum mechanics has given me even greater pleasure than the measurement of the
®ne structure of energy levels in hydrogen [in 1947]' (for which he was awarded the Nobel Prize for
Physics in 1955). However, this is not the place to discuss all of Lamb's diverse contributions to the
problems of the interpretation of quantum mechanics.

Epilogue1228



invariance in the in®nitely fast collapse of the wave function (according to the

standard interpretation) would be avoided (Aharonov, 1994). Historical books

(such as Jammer, 1974; Cushing, 1994a) and annotated collections of papers

(Wheeler and Zurek, 1983) have been devoted to the topic, as much as personal

accounts.1258 A considerable number of popular and pedagogical accounts ap-

peared in newspapers and general scienti®c journals, especially in American Journal

of Physics.1259 After many years, even decades of silence, the younger generation

of quantum physicists ®nally rediscovered the old concerns of Albert Einstein (the

EPR paradox) or Erwin SchroÈdinger (the `cat paradox'), and many of them

started to have di½culties with what they thought to be `the Copenhagen inter-

pretation' (often without knowing its detailed contents). On the other hand, the

alternative causal theory of David Bohm and John Bell's inequalities deduced

from it set the most skillful experimentalists into action, and they devised won-

derful tests of the fundamental problems of the interpretation of quantum me-

chanics, which we shall discuss next.

(b) Tests of EPR-Type Gedankenexperiments:

Hidden Variables or Nonlocality (1972±1986)

We mentioned earlier (in Section 3.2) that John F. Clauser and collaborators

proposed in 1969 an experimental test of the generalized Bell inequality, Eq. (990),

for the correlation of a pair of optical photons. Clauser also performed the ®rst

such experiment with Stuart J. Freedman (1972). In particular, they were inter-

ested in `the linear polarization correlation of the photons emitted in an atomic

cascade of calcium,' involving the transitions J � 0! J � 1! J � 0, and used

the following setup and procedure:

The decaying atoms were viewed by two symmetrically placed optical systems, each
consisting of two lenses, a wavelength ®lter, a rotatable and removable polarizer, and
a single-photon detector. The following quantities were measured: R�f�, the coinci-
dence rate for two-photon detection, as a function of the angle f between the planes
of linear polarization de®ned by the orientation of the inserted polarizers; R1 the co-
incidence rate with polarizer 2 removed; R2, the coincidence rate with polarizer 1
removed; R0, the coincidence rate with both polarizers removed. (Freedman and
Clauser, 1972, p. 939)

A comparison of the predictions from the competing theories with the experi-

mental results should decide the problem of interpretation.

1258 A recent book by the elementary particle physicist Roland OmneÁs, in which the author
announced an `essentially fresh approach to the older interpretation we all owe to Bohr, though putting
it on new and ®rmer foundations' (OmneÁs, 1994, p. xi), was criticized by a reviewer as `di¨er[ing] in a
very substantial way from the Measurement Postulate' in the Copenhagen interpretation (Gilmore,
1996, p. 72).

1259 Let us refer, in this context, to the completely nontechnical essay of N. David Mermin,
`Bringing Home the Atomic World: Quantum Mysteries for Anybody' (1981).
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Now, quantum mechanics predicted for the ratios R�f�=R0;R1=R0 and R2=R0

the respective results

R�f�=R0 � 1

4
�e1

M � e1
m��e2

M � e2
m� �

1

4
�e1

M ÿ e1
m��e2

M ÿ e2
m� � F1�y� cos 2f;

R1=R0 � 1

2
�e1

M � e1
m�; and R2=R0 � �e2

M � e2
m�; �998�

with e i
M � e i

m the transmittance of polarizer i for light polarized parallel �i � 1� or

perpendicular �i � 2� to the polarization axis, and F1�y� a function of the half-

angle y subtended by the primary lenses. In the case of a local hidden-variable

theory, Clauser and Freedman derived the inequalities

0VDfVÿ1; �999�
where

Df � 3R�f�
R0

ÿ R�3f�
R0

ÿ R1 � R2

R0
: �999a�

For su½ciently small detector solid angles and highly e½cient polarizers, Eqs.

(999) would not be satis®ed by the prediction of Eq. (997) for a range of values f,

especially not for f � 22:5� (where D�f� > 0) and f � 67:5� (where D�f� < ÿ1).

`We observe no evidence for a deviation from the predictions of quantum me-

chanics,' Friedman and Clauser found; hence, they considered `these results to be

strong evidence against local hidden-variable theories' (Friedman and Clauser,

loc. cit., p. 940). After an experiment of other colleagues (who worked with cas-

cade radiation of atomic mercury) had yielded a result contradicting quantum

mechanics, Clauser also repeated this experiment, but obtained no such deviation

(Clauser, 1976).1260 Two years later, Clauser and Abner ShimonyÐin a review,

entitled `Bell's Theorem: Experimental Tests and Implications'Ðsummarized the

status of the four existing photon-polarization experiments and one experiment on

the spin-correlation of proton pairsÐthe latter also did not contradict quantum

mechanicsÐplus a few other, more indirect experimental tests:

Although further experimental investigations of the family of theories governed by
Bell's theorem are desirable, we are tentatively convinced that no theory of this kind
can correctly describe the physical world. . . . Because of the evidence in favour of
quantum mechanics from the experiments based upon Bell's theorem, we are forced
either to abandon the strong version of EPR's criterion of reality . . . or else to accept
some kind of action-at-a-distance. (Clauser and Shimony, 1978, p. 1921)

1260 A little later, Edward S. Fry and Randall C. Thompson from Texas A. & M. University also
con®rmed Clauser's results (Fry and Randall, 1976).
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In spite of this strong statement by an expert experimentalist, certain loopholes

in his argument still had to be closed. In particular, Clauser had analyzed in a

paper with Michael Horne what they called `objective local theories,' i.e., local

theories of the Bohm type, which they sharpened by adding an extraÐthough

rather weak and obviousÐ`no enhancement assumption' stating that `for every l,

the probability of a counter with a polarizer in place is less than or equal to the

polarizability with the polarizer removed' (Clauser and Horne, 1974, p. 530). If

this additional assumption were not added, they were able to construct a peculiar

local model theory leading to identical results in the polarization experiments as

obtained in quantum mechanics (Clauser and Home, loc. cit., pp. 530±531).1261

Finally, however, three experiments of Alain Aspect and collaborators at the

UniversiteÂ de Paris-Sud in Orsay decided the case, for they removed essentially all

possible supplementary conditions that had so far been assumed in the local

theories of the Bohm±Bell type which had competed with quantum mechanics in

the previous experimental tests.

In a ®rst note, submitted to Physical Review Letters in March 1981, Aspect

(with Philippe Grangier and GeÂrard Roger) reported the results of a measurement

aÁ la Freedman and Clauser on the polarization correlation of visible photons

emitted in a �J � 0� ! �J � 1� ! �J � 0� atomic radiative cascade of calcium;

they obtained an excitation rate more than ten times greater than that of Fry and

Thompson, which allowed them to achieve much higher statistics and also to carry

out a great variety of additional tests and measurements over the entire 360� range

of relative orientation of the polarizersÐthus avoiding the extra assumption of

rotational invariance (Aspect, Grangier, and Roger, 1981). They further stated in

their letter:

The experiment was performed for various distances between the source and the
polarizers. For large separations, our results are able to rule out various hypotheses
according to which a nonfactorizing pure state for two particles (such as a singlet
state) evolves towards a mixture of factorizing states when the two particles separate.
Accordingly, such a localization process then occurs over distances of the order of the
coherence length of the wave packets associated with the emitted photons. (Aspect
et al., loc. cit., p. 460)

Indeed, they arrived at the following result: While the generalized Bell theorem

yielded for a `realistic local theory' the speci®c inequalities

ÿ1US � �R�a; b� ÿ R�a; b 0� � R�a 0; b� � R�a 0; b 0� ÿ R1�a 0� ÿ R2�b��=R0

U 0; �1000�

1261 A few years later, T. K. Lo and Abner Shimony proposed an experiment (1981), in which local
theories not obeying the Clauser±Home no-enhancement assumption might be tested.
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where R�a; b� was the rate of the coincidences with polarizer I in orientation a and

polarizer II in orientation b, R (a, b 0), the corresponding rate for polarizer I in

orientation a and polarizer II in orientation b 0, etc., R1�a 0� and polarizer I in ori-

entation a 0 [and suitably for R2�b�], and R0 was the coincidence rate with the two

polarizers removed, quantum mechanics predicted the result of Eq. (998). Now for

a particular set of orientations, Aspect et al. found experimentally

Sexp � 0:126G 0:014; �1001a�

`violating the inequality [(1000)] by 9 standard deviations and in good agreement

with quantum mechanics (QM) prediction' yielding

SQM � 0:118G 0:005: �1001b�

Hence, they concluded: `Our results, in excellent agreement with quantum me-

chanics predictions, are to a high statistical accuracy a strong evidence against the

whole class of realistic local theories,' and `furthermore, no e¨ect of the distances

between measurements on the correlations was observed.' (Aspect, Grangier and

Roger, 1981, p. 463)

The following letter by Aspect et al. reported on the results of an Einstein±

Podolsky±Rosen Gedankenexperiment in the peculiar version proposed earlier by

David Bohm and Yakir Aharonov (1957)Ðdiscussed aboveÐby saying:

A source emits pairs of spin-1
2 particles [or photons] in a singlet state (or pairs of

photons in a similar nonfactorizing state). After the particles have separated, one
performs correlated experiments of their spin components along arbitrary directions a

and b. Each measurement can yield two results, denoted G1; for photons, a mea-
surement along a yields the result �1 if the polarization is found parallel to a, and ÿ1
if the polarization is found perpendicular. For a singlet state, quantum mechanics
predicts some correlation between such measurements on the two particles. Let us
denote by P���a; b� the probabilities of obtaining the result G1 along a (particle1)
andG1 along b (particle 2). The quantity

E�a; b� � P���a; b� � Pÿÿ�a; b� ÿ P�ÿ�a; b� ÿ Pÿ��a; b� ��1002��

is the correlation coe½cient of the measurements on the two particles. (Aspect,
Grangier and Roger, 1982, p. 91)

The return to the experiment considered by Bohm and Aharonov allowed one, in

comparison with the variations of the EPR experiment explored so far, to avoid

some of the earlier disadvantages, such as the low e½ciency of the detection sys-

tem, no direct measurement of the counting rates, extra measurements, and the

additional `non-enhancement' assumption. In particular, as Aspect et al. empha-

sized, `true dichotomic polarization measurements on visible photons have been

performed by replacing ordinary polarizers by two-channel polarizers, separating
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two orthogonal linear polarizations, followed by two multipliers,' and they de-

scribed the procedure used as follows:

Using a fourfold coincidence method, we measure in a single run the four coincidence
rates RGG�a; b� yielding directly the correlation coe½cient for the measurement along
a and b:

E�a; b� � R���a; b� � Rÿÿ�a; b� ÿ R�ÿ�a; b� ÿ Rÿ��a; b�
R���a; b� � Rÿÿ�a; b� � R�ÿ�a; b� � Rÿ��a; b� : ��1003��

It is then su½cient to repeat the same measurement for three other choices of ori-
entations, and inequalities

2US U 2; ��1004a��

where

S � E�a; b� ÿ E�a; b 0� � E�a 0; b� � E�a 0; b 0� ��1004b��

can directly be used to test the realistic local theories versus quantum theory. (Aspect,
et al., loc. cit., p. 92)

This new experiment certainly satis®ed many requirements, e.g., possible sys-

tematic errors could be largely suppressed and the experimental parameters (e.g.,

the counting rates of the photon-multipliers) were under direct control. By taking

runs at each of the orientations �a; b� � �b; a 0� � �a 0; b 0� � 22:5� and �a; b 0� �
67:5�, where the di¨erences between the quantum-mechanical predictions and the

inequalities [(1004)] were expected to be a maximum, Aspect, Grangier, and Roger

observed

Sexp � 2:697G 0:015; �1005a�

in complete agreement with the calculated quantum-mechanical value

SQM � 2:70G 0:05: �1005b�

The experiment therefore `yields the strongest violation of Bell's inequalities ever

achieved, and excellent agreement with quantum mechanics,' Aspect et al. ex-

pounded, but added more cautiously: `We are thus led to the rejection of realistic

local theories if we accept the assumption that there is no bias in the detected

samples.' (Aspect et al., loc. cit., p. 94) However, they were pretty sure that they

had applied some checks in order to exclude any bias; hence, only two points

had to be investigated further: the role of the (low) e½ciency of the detectors and,

especially, the static character of the EPR experiments performed thus far.

Therefore, Aspect, with Jean Dalibard and GeÂrard Roger, carried out a `timing

experiment' by applying time-varying analyzers switching fast between two ori-
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entations and presented the results in a note to Physical Review Letters, submitted

in September 1982 (Aspect, Dalibard, and Roger, 1982). Again, they arrived at the

de®nite conclusion that the generalized Bell inequality in this case, S U 0, was

strongly violated by the experimental result, Sexp � 0:101G 0:020, which agreed

perfectly with the quantum-mechanical prediction, SQM � 0:112 (Aspect, Dali-

bard, and Roger, loc. cit., p. 1807).

The experiments in the 1970s and early 1980s stimulated lively debates among

the interested theoreticians, who quickly recognized the role of Bell's inequalities

and its consequencesÐ`Bell's theorem'Ðfor the problem of interpretation. Thus,

Henry Stapp of Berkeley debated with Leslie E. Ballentine of British Columbia

about the exact relation between Bell's conclusions and quantum mechanics (see,

e.g., Ballentine, 1974, and Stapp, 1974). Stapp later reformulated `Bell's theorem

as a nonlocality property of quantum theory itself, with no explicit or implicit

reference to determinism or hidden variables' (Stapp, 1982, p. 1470). That is, he

argued that the theorem, `which says that any theory compatible with the statisti-

cal predictions of quantum theory is nonlocal, provided the theory is a determin-

istic hidden variable theory' (Stapp, 1982, p. 1471), can also be generalized to

theories which are neither deterministic nor contain hidden variablesÐeven to

quantum mechanics (either in the Copenhagen version or in the mathemati-

cally sharpened form given to it by von Neumann), or the many-world theory of

Everett et al. (Stapp, loc. cit., p. 1473). Stapp's Berkeley colleague, Philippe H.

Eberhard, supported these points of view: On the one hand, the view that Bell's

inequalities have `to be equivalent with determinism,' on the other, `that locality

rather than determinism is the issue' in the problem of interpretation. In this con-

text, he remarked:

There are deterministic models and nondeterministic ones that violate Bell's inequal-
ities. There are deterministic and nondeterministic ones that do not. These inequal-
ities are not the consequences of determinism but of independence conditions between
measurement results in RA�RB� and apparatus setting RB�RA�. The predictions of
quantum mechanics violate the independent conditions even when RA and RB are
separated in space. Therefore they violate the corresponding de®nitions of locality.
(Eberhard, 1982, pp. 1476±1477)

In a further article, Stapp distinguished between `two di¨erent ideas of locality due

to Einstein,' the ®rst having been used by Einstein in the theory of relativity, and

the second by Einstein, Podolsky, and Rosen in their paradox: `Quantum theory is

compatible with the ®rst but not the second.' (Stapp, 1985, p. 973) Therefore,

he pleaded in favour of abandoning the EPR locality in order to arrive at an

`adequate integral theory of quantum and classical phenomena' (Stapp, loc. cit.,

p. 976). His opponent Ballentine recognized an even deeper gap between Bell's

inequalities and quantum mechanics. Together with Jon P. Jarrett, he demon-

strated `that the locality principle needed for Bell's theorem is stronger than the

simple locality that is needed to satisfy the demands of relativity and that quantum

mechanics satis®es the latter' (Ballentine and Jarrett, 1987, p. 696). In greater de-
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tail, they sought to distinguish between two types of locality, the `simple locality'

and the `strong locality'; and the latter locality, `used to derive Bell's theorem

and its generalization,' was `logically equivalent to the conjunction of the simple

locality and the predictive completeness of the state description.' Consequently,

they ascribed `the violation of Bell-type inequalities by quantum mechanics to the

failure of predictive completeness' of the latter theory (Ballentine and Jarrett, loc.

cit., p. 700). But they went on to state further:

The notion of completeness introduced by Einstein, Podolsky and Rosen is stronger
than predictive completeness and implies it. Thus we have vindicated the EPR con-
clusion that the quantum-mechanical description of reality is not complete, and have
done so independently of the details of their argument. But contrary to the belief of
EPR, it is not merely the quantum-mechanical state description that is ``incomplete''
(in their sense, and in our more general sense). Rather it is the case that any state
description that yields agreement with the statistical predictions of quantum me-
chanics, in particular those that violate Bell's inequalities must be ``incomplete.''
Since the violation of Bell's inequalities has been con®rmed by experiment, this ``in-
completeness'' is, in some sense a property of nature. (Ballentine and Jarrett, loc. cit.,
p. 700)

The whole discussion reported above reminds one of what Bohr said in his re-

sponse to Einstein. `In fact this new feature of natural philosophy [i.e., com-

plementarity] means a radical revision of our attitude as regards physical reality,

which may be paralleled with the fundamental modi®cations of all ideas regarding

the absolute character of physical reality, brought about by the general theory of

relativity.' (Bohr, 1935b, p. 702)

(c) The Process of Disentanglement of States and SchroÈdinger's Cat:

An Experimental Demonstration (1981±1999)

`I have very little understanding of the position of Bohr,' wrote John Bell in an

appendix to a talk entitled `Bertelmann's Socks and the Nature of Reality,' and

added: `Yet most contemporary theorists have the impression that Bohr got the

better of Einstein in the argument [on the EPR paradox] and are under the im-

pression that they themselves share Bohr's views.' (Bell, 1981, p. 60) What Bell

meant in this context was the EPR de®nition of `physical reality,' notably: `If,

without in any way disturbing the system, we can predict with certainty the value

of a physical quantity, then there exists an element of physical reality corre-

sponding to this physical quantity.' (Einstein, Podolsky, and Rosen, 1935, p. 777),

and Bohr's reply to it: `The wording of the above-mentioned criterion . . . contains

an ambiguity as regards the meaning of the expression ``without in any way dis-

turbing the system'' [as] there is in a case like that just considered [i.e., the EPR

problem] no question of a mechanical disturbance of the system under investiga-

tion during the last critical stage of the measuring procedure' (Bohr, 1935b, p. 699),

and also the further statement that `even at this stage there is essentially the ques-
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tion of an in¯uence on the very conditions which de®ne the possible types of pre-

dictions regarding the future behavior of the systems' (Bohr, loc. cit.). Bell was dis-

turbed by this and wrote:

Indeed I have very little idea what this means. I do not understand in what sense the
word ``mechanical'' is used, in characterizing the disturbances which Bohr does not
contemplate, as distinct from those which he does. I do not know what the italicized
passage means. . . . Could it mean just that di¨erent experiments on the ®rst system
give di¨erent kinds of information about the second? But this was just one of the
main points of EPR, who observed that one could learn either the position or the
momentum of the second system. (Bell, 1981, p. 60)

Actually, Bell was not right in assuming that all theoreticians, but a very few

(like Bohm), did not have their problems with Bohr's arguments in replying to

EPR and the whole interpretation problem in quantum mechanics. Thus, for ex-

ample, Rudolf Haag, who spent the year 1953 in Copenhagen, recalled:

Niels Bohr told me: ``I have again received a manuscript from Professor Bopp [i.e.,
probably the one on the `Statistical Investigation of the Fundamental Processes in the
Quantum Theory of Elementary Particles' (Bopp, 1953)]. I do not understand why
one deals still with items which are perfectly clari®ed since decades. There are still so
many [di¨erent] interesting problems to solve.'' My rash (unuÈberlegte) answer, ``Per-
haps things are not that clear,'' stimulated many discussions. I tried to argue that we
do not know the root of the superposition principle and that the analysis of the
mathematical structure may give hints regarding the further development of the
theory. Bohr immediately replied: ``But this is very stupid. There is no inspiration
without reference to experiment.'' (Haag, 1999, p. 2)

During the forty-®ve years that elapsed since this encounter with Bohr, Haag

re¯ected on the `perfectly clari®ed item' and the whole question of the interpreta-

tion of quantum mechanics, both in the nonrelativistic and the relativistic schemes.

A major clue which he derived from the mathematical structure of nonrelativistic

theory consisted in the feature of `entanglement,' which can be easily seen by

looking at the product Hilbert space of two systems,

H �H1 nH2; �1006�

in which the general vector C assumes the form

C � SckaC
�1�
k nC�2�a ; �1007�

where C
�1�
k and C�2�a denote orthogonal basis systems in the Hilbert spaces H1 and

H2. Then, C `cannot be reduced to the form of a simple product [of two vectors,

one in every Hilbert space] . . . [which] exhibits a holistic feature of quantum

theory,' or: `The whole is more than the sum of its parts.' (Haag, loc. cit., p. 7)
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Thus, in the observation of events in the whole system `correlations will occur be-

tween the events in the two partial systems which can be observed in coincidence

measurements carried out in the partial systems,' and: `If these deal with a con-

served quantity of the partial systems (spin orientation, energy, momentum,

charge) then the correlation remains in fact for long periods of time and over long

distances.' (Haag, loc. cit.)

Actually, the situation which Haag sketched in these few lines had been de-

scribed already in much greater, less-technical, detail by Erwin SchroÈdinger in his

article in the Naturwissenschaften on `Die gegenwaÈrtige Situation in der Quanten-

mechanik (The Present Situation in Quantum Mechanics)' arising from the debate

on the EPR paradox (SchroÈdinger, 1935a).1262 In order to illustrate the EPR sit-

uation, he had formulated his famous `cat paradox' (in his Section 5) and then

turned to a detailed discussion of the process of measurement in quantum me-

chanics (Sections 8±14). In dealing with the case of two systems which are brought

into interaction, he spoke about the `entanglement of predictions (VerschraÈnkung

der Voraussagen,' which he explained as follows:

If two separated bodies, each by itself known maximally, enter a situation in which
they in¯uence each other, and separate again, then there occurs regularly that which I
just have called entanglement of our knowledge of the two bodies. The combined ex-
pectation-catalogue consists initially of a logical sum of individual catalogues; during
the process it develops causally in accord with known law (there is no question
whatsoever of measurement here). The knowledge remains maximal, but at its end, if
the bodies have again separated, it is not again split into a logical sum of knowledges
about the individual bodies. What still remains of that may have become less maxi-
mal, even very strongly so. (SchroÈdinger, loc. cit., p. 827; English translation, p. 161)

Exactly this situation now occurred in the quantum-mechanical measurement

process, where the measured object and the measuring instrument represented the

two systems to get entangled and disentangled again.

During the performance of the measurement process, continuous changes

happen to the wave functions of the two systems, which evolve into a combined c-

function of object and apparatus and further (as determined by the partial di¨er-

ential equation of the SchroÈdinger type); only when the measurement has been

completed with the registration of the result, the well-known jump in the wave

function of the object occurs. `But it would not be quite right to say that the c-

function of the object . . . should now change leapwise because of the mental act [of

registration],' SchroÈdinger wrote; he rather claimed that the previous wave func-

tion had disappeared, and:

It is born anew, is reconstructed, as separated out from the entanglement knowledge
that one has, through the act of perception, which as a matter of fact is not a physical

1262 We have reported on this debate in Section IV.2; here, we just focus on the scenarios which
SchroÈdinger developed for the processes of `entanglement' and the `resolution of the entanglement.'
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e¨ect on the measured object. From the form in which the c-function was last
known, to the new in which it reappears, runs no continuous roadÐit ran indeed
through annihilation. (SchroÈdinger, loc. cit., p. 828; English translation, p. 162)

In truth, he continued, the quantum-mechanical interaction with the measuring

device changed the original wave function of the microscopic object drastically, in

that the wave functions of both systems form a space of higher dimensionsÐsee

Eq. (1007)Ðand `as soon as the systems begin to in¯uence each other, the com-

bined function ceases to be a product and moreover does not again divide up, after

they have again become separated into factors that can be assigned individually to

the systems' (SchroÈdinger, loc. cit., pp. 848±849; English translation, p. 167). The

`resolution of the entanglement' would occur only through an actual observation,

which then would lead to von Neumann's reduction of the original wave packet

(of the object), and SchroÈdinger concluded:

This is the reason that knowledge of the individual systems can decline to a scantiest,
even to zero, while that of the combined system remains continually maximal. Best
possible knowledge of a whole does not include best possible knowledge of its partsÐ
and that is what keeps coming back to haunt us. (SchroÈdinger, loc. cit., p. 849;
English translation, p. 167)

While Rudolf Haag did not have di½culties to live with these consequences

from the quantum-mechanical theory, John Bell shared SchroÈdinger's concern to

accept them. In a paper presented at the London symposium to celebrate the

centenary of Erwin SchroÈdinger's birth (held at the Imperial College from 31

March to 3 April 1987), Bell rather advocated a recent proposal of a `Uni®ed

Dynamics for Microscopic and Macroscopic Systems' (Ghirardi, Rimini, and

Weber, 1986), which suggested the modi®cation of the SchroÈdinger equation in

order to avoid quantum jumps (Bell, 1987). In particular, this modi®cation

allowed one to describe the macroscopic objects with the help of wave functions

which occasionally undergo random, spontaneous jumps; these would occur ex-

tremely rarely with a probability per unit time of

P � N

t
; �1008�

where N is the number of arguments r in the wave function c�tpr1; . . . ; rN� of the

object and t is a new constant of nature of the order of magnitude 108 years. `For

myself, I see the G R W model as a very nice illustration of how quantum me-

chanics, to become rational, requires only a change which is very small,' Bell

concluded (1987, p. 49).1263

1263 Bell showed that the jumps assumed by Ghirardi et al. would not lead to the cat paradox, as:
`Quite generally any embarrassing macroscopic ambiguity in the usual theory is only momentary in the
GRW theory. The cat is not both dead and alive for more than a split second.' (Bell, 1987, p. 44)
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As Bohr had reminded Haag in 1953, there is no inspiration for a new theory

without reference to experiment. In this respect, the last decade in particular

has become very instructive. The experimentalists have not only succeeded in

demonstrating the build-up of an interference pattern in a double-slit experiment

with single electrons; notably, a Tokyo group observed, by detecting the ®nal

electrons one by one, how an interference pattern arose as the accumulation of

electrons increased in time (Tonomura et al., 1989, especially, p. 119). Similarly,

experiments with single photons exhibited the quantum-mechanically predicted

particle-wave duality (Grangier, Roger, and Aspect, 1986). Quite generally

speaking, the enormous development during the 1970s and 1980s of the tech-

niques in quantum optics provided the tools for new sensitive tests of Bell's in-

equalities, e.g., the `Bell Inequality for Position and Time,' derived by J. D.

Franson of Johns Hopkins University (1989). Based on Marlan O. Scully and

Kai DruÈhl's concept of the `quantum eraser' (1982)Ða device designed to erase

the path which a photon has taken in a slit experiment (see also Scully, Englert,

and Walther, 1991)ÐPaul G. Kwiat, Aephraim M. Steinberg, and Raymond Y.

Chiao of Berkeley carried out the double-slit experiment proposed by Franson,

according to which `sinusoidal fringes with visibilities greater than 70.7%, such as

predicted by quantum theory, violate a Bell inequality'; they observed a `visibility

of 80:4G 0:6%, implying a violation of the inequality by 16 standard deviations'

(Kwiat, Steinberg, and Chiao, 1993, p. R2472). Kwiat et al. noted further that

`any classical ®eld models describing separate beams in a Franson interferometer

are limited to visibilities less than 50% and hence ruled out as well, without the

need for any supplementary assumptions' (Kwiat et al., loc. cit.). New techniques

devised in the early 1990s involving single particle interference and path informa-

tion opened even more sensitive checks of Bell's theorem. (See Anton Zeilinger's

talk on `Einstein-Podolsky-Rosen Interferometry,' 1996, delivered at the Interna-

tional Nathan Rosen Symposium in Haifa in March 1995.) Especially, they al-

lowed one to study a generalization of Bell's inequalities in three- and four-

particle arrangements, as proposed by Daniel Greenberger, Michael Horne,

Abner Shimony, and Anton Zeilinger in a paper, entitled `Bell's Theorem With-

out Inequalities,' and submitted in June 1990 to American Journal of Physics

(and published in the December issue); the authors demonstrated that in this

case the `incompatibility with quantum mechanics is stronger than the one pre-

viously revealed for two-particle systems by Bell's inequality, where no con-

tradiction arises at the level of perfect correlations' (Greenberger et al., 1990,

p. 1131).

By using the improved interferometric methods, especially a `three-grating

Mach Zehnder atom interferometer,' Michael S. Chapman and collaborators at

MIT performed a scattering experiment with `single photons from interfering

de Broglie waves' and observed `contrast loss and revivals as the separation of

the paths at the point of scattering increased' (Chapman et al., 1995, p. 3783). In

addition, they found that the lost coherence might be recovered again by observ-

ing only atoms that are correlated with photons emitted in a limited angular
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range; hence, they concluded: `The coherence was not truly destroyed, but only

entangled with the ®nal state of the [macroscopic] reservoir.' (Chapman et al., loc.

cit., p. 3786) It was the detailed processes of coherence and decoherence that could

thus be `visualized' in the experiments of the mid-1990s, which ultimately helped

to resolve SchroÈdinger's paradox by removing it from the realm of atomic physics.

In a paper, entitled `Observing the Progressive Decoherence of the ``Meter'' in a

Quantum Measurement,' received in September 1996 by Physical Review Letters

and published in the issue of 9 December, Serge Haroche with a group of his

colleagues at the EÂ cole Normale SupeÂrieure in Paris succeeded in translating

SchroÈdinger's Gedankenexperiment into the latest experimental atomic physics

and to give the ®nal answer (Brune et al., 1996).

Practically, the Paris team of investigators realized a model of SchroÈdinger's cat

consisting of a single atom and an electromagnetic ®eld in a cavity. In particular,

they generated `the mesoscopic state by sending a rubidium atom, prepared in

a superposition of two circular Rydberg states e and g [having high quantum

numbers 51 and 50 and a transition frequency of 51.099 GHz], across a high Q

microwave cavity C storing a small coherent ®eld jai'; and they `measured the

coupling between the atom and the cavity by the ``Rabi frequency'' W' (Brune et

al., loc. cit., pp. 4887±4888). Further, they chose the e! g transition and the

cavity frequency slightly o¨-resonance (detuning d); hence, a coupling atom-®eld

was obtained during the time t which created an `entangled state' jci given by

jci � 1���
2
p �je; a exp�iF�i� jg; a exp�ÿiF�i; �1009�

with jaj � ���
n
p

(where n denoted the mean number of oscillatory quanta) and

F � W2t=d. As the cavity, Brune et al. took a Fabry±PeÂrot resonator with its axis

normal to the atomic trajectory, made of two superconducting niobium mirrors,

having W=2p � 24 kHz and being tunable by adjusting the mirror separation

(d=2p between 70 and 800 kHz; thus, F � 0:69 for d=p � 100 kHz). The experi-

mental setup consisted of a rubidium source (oven O), two diode lasers L1 and L 01
to obtain atoms of a given velocity, and a box B to excite the atoms into the state

e; the superposition of e and g states was achieved by a low-Q cavity R1, and the

atom then passed the cavity C in which a weak coherent ®eld with average photon

number n varying from 1 to 10 was injected, such that it existed only when

crossed by the atom; after leaving C, each atom received a
p

2
pulse in a cavity R2

(made identical with R1), and the atomic states e and g were ®nally counted with

the help of two ®eld-ionization detectors. `With 50,000 events recorded in 10

minutes, the probability P
�1�
g �n� to ®nd an atom as a function of [the cavity fre-

quency] n is reconstructed,' Brune et al. reported (Brune et al., loc. cit., p. 4888)

and analyzed the `Ramsey fringes' of P
�1�
g �n� as dependent on n. The plots with

oscillating curves (fringes) showed marked di¨erences, when the tuning was

altered from d=2p � 712 to 104 kHz in a cavity ®eld given by n � 9:5 and
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jaj � 3:1. In particular, Brune et al. noticed two striking features, namely, `when d

is reduced, the contrast of the fringes decreases and their phase is shifted,' which

they interpreted as clear evidence for `the separation of the ®eld state into two

components' (Brune et al., loc. cit., p. 4889).

The translation of these rather technical results into a more visual language,

understandable to the nonexpert, was given by Serge Haroche in an interview to

Gary Taubes, who then wrote a report on the Paris experiment in the Science issue

of 6 December 1996:

To detect this strange state [i.e., a cat being, according to SchroÈdinger, in a super-
position of two states, alive and dead], says Haroche, you make a small hole in a box
[containing the arrangement of a cat and a radioactive pellet triggering a device to
kill the cat] and send in a mouse. . . . He adds, however, that such an experiment will
never work with such macroscopic systems as cats or mice. An ubiquitous process
known as decoherence will instantly destroy the quantum superposition, making the
cat either dead or alive and washing out the quantum interference between the two
outcomes. (Taubes, 1996, p. 1615)

As Taubes reported further, in the experiment, the cat consisted of a few micro-

wave photons in an indeterminate state, and the mouse of an atom prepared so

that it could react to the dead and alive state of the cat. Actually, both in gen-

erating the cat and the mouse, Haroche et al. used a rubidium atom in the high

Rydberg states; they ®rst created the cat ®eld by one atom (demonstrating the

collapse of the mixed wave functions) and then sent in a second atom to interact

with the state of the cat:

``The ®rst atom prepares this strange state,'' says Haroche, ``and the second atom
goes across the cavity and interacts with this strange state, again by shifting its phase,
and then it goes out and you detect it'' and compare its state with the ®nal state of the
®rst atom. By repeating the experiment many times, the physicist can measure the
probability that the second atom emerges in a state relative to the ®rst atom. This
``conditional probability'' has a measurable quantum interference if the electromag-
netic ®eld is in a quantum superposition when the second atom passes through.
(Taubes, loc. cit.)

The experiment of Haroche et al. in actually realizing SchroÈdinger's Gedanken-

experiment thus consisted of two parts: In Part One, the Paris group determined

the decay time of the ®elds into one state or the other by changing the delay time

between the two rubidium atoms, because the longer this delay time the more the

coherence has decayed and the second atom would not detect its size. In Part Two,

they measured how the lifetime of the cat-®eld superposition changed with its size

by injecting more microwave photons into the cavity or increasing the phase dif-

ference between the two statesÐby both procedures, the cat would become more

macroscopic and the coherence would decrease. That is, the decay of the coherent

state became faster and faster, as the size of the cat grew; hence:
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This size e¨ect may be the explanation for why even SchroÈdinger's mouse would
never be able to detect a full-grown SchroÈdinger's cat. ``If you had a real SchroÈd-
inger's cat in the box,'' says Haroche, ``you would never see the superposition, be-
cause the decoherence time is so short for big systems.'' (Taubes, loc. cit.)

The team of Hagley et al. at the EÂ cole Normale SupeÂrieure in Paris also per-

formed EPR experiments with rubidium atoms entangled in a superposition of

two di¨erent Rydberg states which they separated then by distances of the order of

1 cm (Hagley et al., 1997). A di¨erent experiment of the Paris group concerned

another phenomenon arising in quantum mechanics: In a letter to Nature, pub-

lished in the issue of 17 May 1999, under the title `Seeing a Single Photon Without

Destroying It,' G. Nogue et al. used `atomic interferometry to measure the phase

shift in an atomic wave function, caused by a cycle of photon absorption and

emission,' that is, they veri®ed `a restricted quantum non-demolition measure-

ment' (G. Nogue et al. 1999, p. 239). Such measurements avoided the `back-

action e¨ect' which previously had been explained as being due to the uncertainty

relations. Vladimir Braginskii and Yu I. Vorontsov of Moscow had ®rst suggested

in 1974 the possibility of a nondestructive recording of the n-quantum state in an

article on `Quantum-Mechanical Limitations in Macroscopic Experiments and

Modern Experimental Technique' (Braginskii and Vorontsov, 1975, especially,

pp. 648±649). The main point of the procedure was `to devise measurement

schemes in which the back-action noise is kept entirely within unwanted obser-

vables, without being coupled back to the quantity of interest' and `this quantity

remains uncontaminated by the measurement process, allowing repeated mea-

surements to be performed with arbitrary high accuracy' (Grangier, Levinson, and

Poizat, 1998, p. 537). While these experiments do not violate the uncertainty rela-

tionsÐcontrary to opposite claims in the literatureÐthey may open the way for

applications `such as the noise-free information tapping in optical telecommuni-

cations' (Grangier et al., loc. cit.) or `to quantum logic gates based on cavity

quantum electrodynamics, and multi-atom entanglement.' (G. Nogue et al., 1999,

p. 239)1264

The recent, advanced optical techniques permitted experiments rendering visi-

ble the detailed structure of the processes occurring in atomic physics. The `re-

duction of the wave packet' in the measurement process, whether expressed in the

mathematical language of von Neumann or in the resolution of the cat paradox

of SchroÈdinger, as presented above, may be considered a particularly spectacu-

lar example. Thus far, quantum mechanics (and even its orthodox Copenhagen

interpretation, perhaps with suitable extensions) has withstood all critical tests. All

modi®cations of either the nonrelativistic theory of atoms, molecules, and solids,

or the relativistic theory of elementary particles, have been shown to contradict

some experiments. The fundamental theory, inaugurated by Max Planck at the

1264 Another application of Braginskii's `quantum non-demolition' seemed to be the measurement
of a weak classical force coupled to a quantum-mechanical oscillator, especially gravitational forces
(Caves et al., 1980).
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beginning of the 20th century and brought into its ®nal form nearly seventy-®ve

years ago, has been brilliantly con®rmed by so many experimental and theoretical

investigations, and also by the outcome of the debates on its interpretation.

Shortly before his death, David BohmÐtogether with D. L. SchumacherÐ

wrote an essay `On the Failure of Communication Between Bohr and Einstein'

concerning their di¨erent interpretations of quantum mechanics and relativity

theory. They ®nally concluded:1265

Communications between Einstein and Bohr could have been opened up if each had
become aware of his implicit judgments of relevance, and if both had, thus, gone out
to explore new concepts in which neither relativity nor quantum theory would be
considered to be basically relevant. Such communications would have been creative,
rather than merely a means of conveying each point of view to the other. In such
communications one is not talking ``about'' quantum theory or ``about'' relativity.

At the end of the 20th century, it is di½cult to see clearly as to what Einstein and

Bohr could have talked about more than ®fty years ago, other than the great the-

oretical schemes to which they contributed so much. Although their dates of birth,

1879 and 1885, respectively, were separated only by a few years, Einstein had

made his reputation primarily by completing the classical theories of statistical

mechanics and the electrodynamics of moving bodies without really abandoning

the goals and concepts of classical physics, while Bohr had fully entered into the

challenges provided by the new quantum theory, which (in his opinion, and the

opinion of most other creative quantum physicists) required di¨erent concepts or

a `di¨erent level of the description of reality' (see Heisenberg, 1984b, especially,

pp. 233±236). Bohr's interpretation of the atomic level of reality rested on the two

principles of complementarity and correspondence, of which the latter has often

been underestimated in the debate on the interpretation of quantum mechanics

during the past decades. Whatever might be the interpretation of a future de-

scription of microphysics, a return to the concepts of classical physics, even if they

were generalized, would contradict the spirit of the entire development of 20th-

century physics.

1265 D. Bohm and D. L. Schumacher, unpublished manuscript, Birkbeck College, London, p. 8.
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Conclusion: Four Generations of Quantum Physicists

Looking back now on one hundred years of quantum theory, we recognize that

the foundations were laid essentially by four generations of pioneers. The ®rst one

consists of Max Planck (born 1858), Arnold Sommerfeld (born 1868), and the

younger Albert Einstein (born 1879), whoÐthough deeply rooted in the con-

cepts of the 19th centuryÐaccomplished the transition from the classical to the

quantum-theoretical description of a set of new physical phenomena. The second

generation began with Max Born (born 1882) and included Niels Bohr (born

1885), Erwin SchroÈdinger (born 1887), and ®nally Louis de Broglie (born 1892),

who built on the already existing quantum concepts and applied them to various

®elds of physics, notably, atomic theory. Although not in age, but rather through

his crucial contribution, SchroÈdinger broke into the third generation, younger by

about 15 yearsÐconsisting of Wolfgang Pauli (born 1900), Werner Heisenberg

(born 1901), Paul Dirac (born 1902), Eugene Wigner (born 1902), and John von

Neumann (born 1903)Ðwhich created quantum and wave mechanics. The fourth

generation we have in mind enlarged the use of quantum mechanics and extended

the formalism to treat adequately the new levels of physical phenomena. This

generation also extended the limits beyond the European (especially Central

European) continent to the whole scienti®c world; it included the Japanese Hideki

Yukawa and Sin-itiro Tomonaga (both born in 1907), the Russians Lev Landau

and Nikolai Bogoliubov (both born in 1908), the Indian Subrahmanyan Chan-

drasekhar (born 1910), and ®nally the Americans John Bardeen (born in 1908),

Julian Schwinger, and Richard Feynman (both born in 1918). The lifetimes and

activities of these four generations spanned nearly the entire century of quantum

theory, as can be seen from the many contributions of the above-mentioned pio-

neers, their collaborators and disciples, discussed in Volumes 1±6. It is therefore

®tting to end the last volume of this series by completing the stories of their lives

and activities.

Let us begin with Max Planck, who initiated the whole development in 1900 by

introducing the quantum of action h and thus laid the foundation of an entirely

new description of nature. After retiring in October 1926 from his chair of theo-

retical physics at the University of BerlinÐand leaving it eventually to Erwin

SchroÈdingerÐhe took over in 1930 (besides his position as Permanent Secretary of

the Prussian Academy of Sciences, which he had held since 1912) the Presidency of

the Kaiser Wilhelm-Gesellschaft (KWG), the society established in 1911 to house

the most important German institutes for pure research. Thus, he advanced to

becoming one of the highest representatives of scienti®c culture in Germany; as



such, he had to handleÐwhen in 1933 the dictatorial regime of the Nazis took

over the political power in his country (and created the Third Reich)Ðvery serious,

if not dangerous, problems (see Heilbron, 1986); eventually, he was driven out from

both of his o½ces (1937: the KWG, and 1938: the Prussian Academy). In World

War II, Planck not only lost his home in Berlin (by the air raids of the Allies) but

also his son Erwin (hanged in January 1945 by the Nazis). After the war, he took

refuge in GoÈttingen and helped to reestablish the KWG under the name of Max

Planck-Gesellschaft (MPG). He died on 4 October 1947, in GoÈttingen.

Both of his former colleagues and friends, Arnold Sommerfeld and Albert

Einstein, also ran into great troubles with the Third Reich authorities. Sommerfeld

®rst lost, because of the Nazi racial laws, some of his best students and colla-

borators (e.g., Hans Bethe), and he himself was denounced later on as the main

representative of the ``degenerate,'' ``international,'' and ``non-Aryan'' modern

physics. His famous school of atomic theory in Munich ceased to exist (also be-

cause he was denied from taking on Werner Heisenberg as his successor); this

school could not be reestablished after the war when the old Sommerfeld took up

his chair over again (he died on 26 April 1951, in Munich, after su¨ering from an

automobile accident). Einstein, on the other hand, had not returned in 1933 to

Germany from his visit abroad, but he had already resigned his position in Berlin.

He ®nally settled for the rest of his life in Princeton, New Jersey, to work at the

Institute for Advanced Study, mainly on a generalized ®eld theory of matter,

always battling against the modern version which quantum theory had proclaimed

since 1925. Although he warned in August 1939 U. S. President Roosevelt of the

danger that the German government might succeed in developing an atomic

bomb, he did not participate actively in the Manhattan Project and, after World

War II, again became a paci®st and showed great sympathy for the new Jewish

State of Israel. He died at Princeton on 18 April 1955, nearly ®fty years after he

had expounded the theory of relativity and light-quanta.

In spite of the fact that he was only three years younger than Einstein, Max

Born belonged already to the next generation of quantum physicists who picked

up the fruits of the pioneering work of the ®rst generation of quantum theory.

Also because of the Nazi racial laws, he was driven away in 1933 from his chair in

GoÈttingen. He ®rst went to England (Cambridge), then joined C. V. Raman in

Bangalore, India, for about six months before being appointed in fall 1936 to the

Tait Professorship of Natural Philosophy at the University of Edinburgh (as suc-

cessor to Charles Galton Darwin). There, he assembled again a fair number of

talented collaborators and students (from Klaus Fuchs to Herbert S. Green), in-

vestigating especially the problems of solid-state physics and kinetic theory. After

his retirement at the end of 1953, he returned to Germany and settled with is wife,

Hedwig, at Bad Pyrmont near GoÈttingen. Born then played an in¯uential role as

an elder statesman of atomic physics in postwar Germany and, in particular,

joined the movement against the nuclear arms race (`The GoÈttingen 18,' together

with Otto Hahn, Werner Heisenberg, and others). He died on 5 January 1970, in

GoÈttingen.
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Niels Bohr, who escaped from the German occupied Denmark at the end of

September 1943 via England to the United States, was brought to Los Alamos for

work on the American±British atomic bomb; at the same time, however, he also

pleaded for the international control of the new weapon. After his return home in

August 1945, he continued to investigate quantum-theoretical problems. Besides,

he played a central role in the establishment of the European Centre for Nuclear

Research (CERN ). When the preparatory groups moved from Copenhagen to

Geneva, the ®nal seat of CERN, the Nordic Institute for Theoretical Physics

(NORDITA) assumed its work in his institute at the Blegdamsvej. Bohr travelled

widely and succeeded in reestablishing many prewar scienti®c relations, also with

physicists in the Soviet Union and the Eastern European countries. He died on 18

November 1962 in Copenhagen.

Bohr's ®rst opponent in the question of the interpretation of quantum me-

chanics, Erwin SchroÈdinger, left Berlin in summer 1933 and, after spending three

years in Oxford, accepted a professorship in Graz until being dismissed in spring

1938 (as a consequence of the AnschluûÐannexationÐof Austria into the Third

Reich). Via Rome, Oxford, and Belgium (University of Ghent, from the end of

1938 to September 1939), he arrived in Ireland where Eamon de Valera had in-

stalled him as Director of the School of Theoretical Physics at the Dublin Institute

for Advanced Studies. There, he worked until 1956, mainly on ®eld-theoretical

and relativistic problems. Then, he returned to the free, uni®ed Austria, where

a distinguished professorship had been established for him at the University of

Vienna through the good o½ces of his friend Hans Thirring. Having received

many national and foreign honors, he died on 4 January 1961, in the city of his

birth. The man, on whose idea of matter waves SchroÈdinger had built his wave

mechanics, Louis de Broglie, lived a more quiet life in Paris until his death on 19

March 1987. He taught and worked undisturbed since 1929 at the Institut Henri

PoincareÂ (created with the support of the Rockefeller Foundation); from 1932 to

1962, he also held a chair in theoretical physics at the University of Paris. He

devoted the last decades of his life, as mentioned above in Section 3.2, to the

interpretation of wave mechanics on the basis of his old (1927) idea of the `double

solution.'

While the in¯uence of the second generation of quantum theorists weakened in

the 1950s, the members of the third generation continued to play an active role,

although two of them, John von Neumann and Wolfgang Pauli, died already in

this decade. Pauli stayed in Princeton until summer 1946; then (as an American

citizenÐhe became a Swiss citizen only in May 1949), he returned to his chair at

the ETH in Zurich and tried to build a new school there, supported by a number

of assistants beginning with Res Jost. Many foreign visitors, like Gunnar KaÈlleÂn

from Sweden. Joaquin Luttinger from the United States, Walter Thirring from

Austria, and Jan von Weyssenho¨ from Poland joined him in Zurich, where ®ne

Swiss disciples, such as Felix Villars, Robert Schafroth, Charles Enz, and Armin

Thellung emerged from the Pauli school. He himself participated quite actively in

the discussion of two topics: the new, renormalized quantum electrodynamics and
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the theory of superconductivity. In particular, he contributed to the analysis of

discrete symmetries in elementary particle physics (leading to the TCP-theorem,

the ®nal version of his old spin-statistics theorem). Besides visiting regularly the

Institute for Advanced Study in Princeton (where he was made a member from

1950 to 1955), he often travelled to meet foreign colleagues at institutions in

Europe, America, and India. During the last years of his life, he again collabo-

rated with Heisenberg on their common dream of a uni®ed theory of elementary

particles (`nonlinear spinor theory'); but once they had arrived at a possible

scheme, he soon became dissatis®ed with the solution (while Heisenberg carried on

for years). He died on 15 December 1958, in Zurich in a room bearing the omi-

nous number 137, the ®ne-structure constant introduced by his teacher Arnold

Sommerfeld, which he had wished to derive from a consistent, ®nal theory.

Even more than Pauli, Heisenberg became involved in the postwar reconstruc-

tion of scienti®c work, ®rst in Germany and later on in Western Europe. After

his return in January 1946 from an internment at Farm Hall, near Cambridge,

England, Heisenberg reopened the KWI fuÈr Physik (formerly in Berlin and partly

transferred during the war to Hechingen) in GoÈttingen as the Max Planck-Institut

fuÈr Physik; he directed its working programme toward (mostly) the investigation

of elementary-particle and astrophysical problems, since the access to nuclear

physics and instrumentation was restricted in Germany for the next decade.

Nearly from the very beginning, he eagerly supported and joined the West Euro-

pean activities toward establishing CERN, and he became the chairman of its

Scienti®c Policy Committee. He played a decisive role in West Germany's science

policy (in various capacities, as president of the Deutsche Forschungstrat and other

advisory committees of the government), including the quest for (civilian use of )

nuclear energy, both via ®ssion and controlled fusion; on the other hand, he

remained strictly opposed to nuclear rearmament of Germany. With respect to

scienti®c work, he proposed after 1946 an unsuccessful approach to the problem of

superconductivity, then he extended earlier ideas of multiparticle production; and

®nally he developed (partly in collaboration with Pauli) the uni®ed ®eld theory

of elementary particles, based on symmetry (though not the later-used SU(3)-

symmetry) and pioneering the idea of a degenerate vacuum. When he died on 1

February 1976, in Munich (he had been instrumental in moving his institute to the

Bavarian capital in 1958Ðwhich had been extended to the MPI fuÈr Physik und

Astrophysik, from which soon other Max Planck-Institutes for special physical

®elds, such as plasma physics, would split o¨ )Ðthe nonlinear spinor theory had

not won much approval from the experts. However, the German and European

sciences, in general, owed much to his early e¨orts in closing the gap with the

leading centres of research in modern physics, in the United States and the Soviet

Union.

Paul Dirac did not share the active role of his friends Heisenberg and Pauli on

the stage of science politicsÐhis only involvement in such matters had occurred

already in the 1930s when he negotiated the British (Cavendish Laboratory) deal

with the Soviet authorities for the transfer of Peter Kapitza's low-temperature
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laboratory to, and its installment in, the USSR. However, he remained very active

in pure science and did not become much involved in war work (though he par-

ticipated in some investigations on isotope separation), always retaining his in-

dependence both politically and privately. After the war, he travelled widely, to

Canada, USA, India, and Western and Eastern Europe, to meet many friends

again as well as to discuss his new ideas in quantum and relativity theoriesÐwhich

deviated increasingly from the mainstream of development, especially in particle

physics (like renormalization theory). When in 1967 he retired from the Lucasian

Professorship of Mathematics at Cambridge University (which he had occupied

since l932), Dirac joined the Center for Theoretical Studies at Coral Gables, Mi-

ami, for several months per year; after 1971, he remained for good at the Florida

State University in Tallahassee. He died in Tallahassee on 20 October 1984.

The two Hungarian-born quantum pioneers, on the other hand, quite eagerly

participated in the Manhattan Project in the USA during World War II. Espe-

cially, Eugene Wigner's work on constructing the plutonium reactors at Hanford

contributed vitally to the nuclear-bomb program. After the war, he directed fur-

ther research on nuclear power at the Oak Ridge National Laboratory (1946±

1947), before he got back to pure research in theoretical physics in the chair of

theoretical physics at Princeton University (which he had held since 1938); he now

contributed especially to the group-theoretical treatment of nuclear and elemen-

tary particles problems (for which he shared the 1963 Nobel Prize in Physics),

and he further concerned himself with the interpretation of quantum mechanics.

Politically, Wigner took a strong stand as a stout anti-communist, and he believed

strongly in the deterrent power of nuclear weapons. Still, he lived to see the dis-

solution of the Eastern Block, prior to his death on 1 January 1995, at Princeton.

His friend since youth and colleague in Princeton, John von Neumann, who had

shifted his attention in the 1930s to a variety of mathematical and physical prob-

lems, pioneered after 1945 the planning and construction of electronic compu-

ters and their application. Unfortunately, he died already on 8 February 1957 (in

Washington), before the great age of computers really got started.

Once the ®nal quantum theory governing the domain of atomic, molecular,

and nuclear physics had been established, the new, fourth generation of quantum

pioneers participated e¨ectively and ®nally took over the main task of further

applying and extending quantum mechanics. These were notably two Japanese,

Yukawa and Tomonaga; two Russians, Landau and Bogoliubov; the Indian-born

Chandrasekhar; and three Americans, Bardeen, Schwinger, and Feynman, who

together characterized perfectly the trend of the internationalization of quantum

theory since the 1930s, as described especially in Chapter IV and the Epilogue.

When his meson-theory of nuclear forces (which would win him the 1949 Nobel

Prize in Physics) gained general approval, Hideki Yukawa was appointed to the

chair of theoretical physics at the Kyoto Imperial University. After World War II,

he spent the years 1948 to 1953 in the United States as visiting professor at the

Institute for Advanced Study in Princeton, and as a professor at Columbia Uni-

versity. Then, he was appointed head of the Institute for Fundamental Research
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in Kyoto (until 1977), where he died on 8 September 1981. Just as certain other

senior pioneers of quantum theory (Dirac, Heisenberg, and Pauli, in particular)

who had never accepted the renormalized quantum electrodynamics, regarding it

as a purely calculational device, Yukawa never did accept the renormalized

quantum electrodynamics but preferred a nonlocal quantum-®eld theory of ele-

mentary particles having internal structure. His friend Tomonaga, co-inventor of

the renormalized QED (and co-winner of the 1965 Nobel Prize in Physics), also

spent a year (in 1949±1950) at the Institute for Advanced Study in Princeton.

Upon returning to Japan, he assumed several administrative positions, e.g., in the

Science Council of Japan (succeeding Yoshio Nishina) and as President of Tokyo

University of Education, and he engaged himself in the movement against the de-

velopment of nuclear weapons. Having a weak physical constitution, he passed

away in Tokyo on 8 July 1979.

Yukawa and Tomonaga (like Heisenberg) played a vital role in restructuring

science in their home countries, which had been defeated in and impoverished by

the war. Lev Landau and Nikolai Bogoliubov, on the other hand, became famous

leaders of important schools of quantum theory in the victorious, powerful, and

¯ourishing postwar Soviet Union. We have already related the continuing sick

life, after his 1962 automobile accident, of Landau until his premature death in

1968. His colleague Bogoliubov, who was born on 21 August 1909, at Nishny

Novgorod, Russia, and had joined the seminar of the well-known mathematician

Nikolai M. Krylov (of the Soviet Academy of Sciences) in Kiev already at the age

of 13, and obtained there his doctor's degree in 1930. From 1936 to 1950, he

served as professor at Kiev and Moscow universities. Working ®rst on developing

the new ®eld of nonlinear mechanics, he shifted his attention in the 1940s to the

kinetic theory of ¯uids and the quantum description of super¯uidity. From 1951

onward, he led the laboratory of theoretical physics at the Joint Institute for Nu-

clear Research in Dubna, which he would eventually direct from 1965 to 1989.

During the 1950s, he formulated with his collaborators a successful axiomatic

formulation of quantum ®eld theory. When he died on 13 February 1992, the

great Soviet Union was disintegrating. But both Landau and Bogoliubov had

trained a large number of talented disciples, such as Evgeny Lifshitz and Dmitri

Shirkov, who carried out research at many places in the Soviet Union, as well as in

the new states emerging from and even beyond in the scienti®c world.

In the 1930s, quantum theory won strong support in the United States, partly

supported by the exchange and input from Europe. Thus, well-reputed refugees

enjoyed the freedom o¨ered in the New World and created, together with a

growing number of native-born scholarsÐmany of whom had been trained by

J. Robert Oppenheimer, who administered the Los Alamos Laboratory of the

Manhattan Project during World War II and, after the war, headed the Insitute

for Advanced Study in Princeton until he died on 20 February 1967Ða most

prosperous period for extending the domain of quantum theory. For example,

S. Chandrasekhar, the young Indian-born pioneer of astrophysics, accepted a

position in the astronomy department of the University of Chicago in 1936, where
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he continued to widen his research into further astronomical and physical prob-

lems (such as stellar dynamics, Brownian motion, and magnetohydrodynamic

stability). He also turned into an in¯uential teacher of modern subjects: once he

counted two later Nobel Prize winners among his students, T. D. Lee and C. N.

Yang. From 1952 to 1971, he edited the prestigious Astrophysical Journal, and in

1983, he received the Nobel Prize in Physics `for his theoretical studies of the

physical processes of importance to the structure and evolution of stars.' Until his

death on 21 August 1995, in Chicago, he continued to write books on various

themes (such as Hydrodynamic and Hydromagnetic Stability and The Mathe-

matical Theory of Black Holes), to the latter of which he had turned his devoted

interest.

Similarly productive at an early age as Chandrasekhar were the two, perhaps

the most ingenious, American quantum physicists. Julian Schwinger had excelled

in mathematical brilliance already in his teens and obtained his Ph.D. at the age of

20 from Columbia University. During the war, he contributed quite e¨ectively to

the U.S. radar project at the MIT Radiation Laboratory at Cambridge, Massa-

chusetts, and since 1945, he belonged as professor in the faculty of Harvard Uni-

versity, which he would leave only in 1971 to join the University of California at

Los Angeles (becoming emeritus in 1988). After deepening the pioneering work on

QED in the 1950s, he turned in the 1960s to a new approach in elementary par-

ticles physics, the so-called `Source Theory,' which should provide the problematic

quantum ®eld theory a sound basis. He was a brilliant lecturer and proli®c author,

and he attracted a large number of excellent doctoral students. When he died on

16 July 1994, at Los Angeles, he had survived Richard Feynman, his colleague

and competitor in developing QED (who had passed away on 15 February 1988,

also at Los Angeles) by over six years. The latter had moved already much earlier

(in 1950) to California to accept a professorship at Caltech. In contrast to

Schwinger, after the breakthrough in QED, he had turned to a variety of other

®elds in quantum physics, especially the theory of super¯uidity, the theory of weak

interactions, and other topics of particle theory. As we have seen above, he scored

quite a few successes in these ®elds, notably, the (V-A) theory of weak interactions

(which he modestly considered the only law of physics he had ever discovered) and

the parton-structure of hadrons.

Through his intuitive genius and his pedagogical presentation of di½cult phys-

ical problems (say, in his famous Feynman Lectures or on the Presidential Com-

mission for the Challenger Catastrophe), Feynman became one of the most pub-

licly known representatives of science in the second half of the 20th century. His

fellow countryman John Bardeen, older by ten years, exhibited a less-outgoing,

even shy personality. Still, he was remembered by students and collaborators as a

warm-hearted man and great teacher, and by the world of science as an out-

standing contributor to the quantum theory of solids; the ®rst invention, in which

he became involved, the transistor, did drastically change technology and life on

earth; and the second, the BCS theory of superconductivity, led to a wealth of
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new, fundamental applications in the developing ®eld of (microscopic) many-body

physicsÐthus, the second Nobel Prize for Physics awarded to him was fully justi-

®ed. In contrast to the two younger colleagues, Bardeen did not start out as an

infant-prodigy; he only graduated in 1928, after receiving a sound education at the

University of Wisconsin, Madison, with a B.S. degree in electrical engineering.

Then, during the next three years, he worked at the Gulf Research Laboratories

in Pittsburgh, Pennsylvania, on developing physical methods for prospecting oil.

In 1933, he resumed studies in mathematical physics at Princeton University,

completing (in 1936) a Ph.D. thesis on solid-state theory under Eugene Wigner.

Afterwards, he went as a Junior Fellow to the Society of Fellows at Harvard

University, where he collaborated with John H. Van Vleck and Percy Bridgman,

and ®nally started an academic career at the University of Minnesota, which was

interrupted by military service at the Naval Ordnance Laboratory in Washington,

D.C. In 1946, he decided to take up a well-paid position (because he had to sup-

port a family) in the newly created solid-state research group under William

Shockley at Bell Labs; already, the ®rst project, the use of solid-state ampli®ers,

led to the invention of the transistor. However, in 1951, he went back to university

life, accepting a dual professorship in physics and electrical engineering at the

University of Illinois in Urbana. There, he returned to one of his prewar problems,

the riddle of superconductivity, which he had treated unsuccessfully in the late

1930, but also the second attempt in the early 1950s seemed to lead astray; how-

ever, the third attemptÐafter writing the Handbuch article on the subjectÐwith

Leon N. Cooper and John R. Schrie¨er led to the ®nal breakthrough. He stayed at

Urbana (until he died there on 30 January 1991) and had the pleasure of seeing

much of the further progress stimulated by the BCS theory.

From the generations of quantum physicists, which we have pursued in even a

more rapid sequence after these pioneers, many personalities stick out, and it

becomes more and more di½cult to select the most important ones. Certainly,

in the ®eld of particle physics, which appeared to be the most fundamental one,

physicists like the Americans Murray Gell-Mann (born 1929) and Steven Wein-

berg (born 1933), the Japanese Yoichiro Nambu (born 1924), or the Pakistani

Abdus Salam (1926±1996) exerted a great in¯uence on the development of our

present views, similar to the American Philip W. Anderson (born 1929) in solid-

state theory. Numerous younger researchers have picked up the torch of quantum

theory and carried it further to con®rm it as the outstanding physical scheme of

the 20th century. Does this mean that now, at the end of this glorious period of the

scienti®c enterprize, all the secrets of nature are known? And further, have we

come closer to the dream of some of the greatest natural philosophers of all time,

to achieve a single uni®ed theory of matter? Friedrich Hund, himself one of the

great pioneers of quantum theory and also a most conscientious witness and his-

torian of his times, stated a few years before his death (on 31 March 1997, when he

was more than 101 years old) in GoÈttingen (where he had returned in 1957 as a

later successor to his teacher Born): Nature is `intelligible (begreifbar)' though not

Conclusion 1251



necessarily on a `uni®ed foundation' or theory. Perhaps the whole question for a

`theory of everything,' even if formulated essentially with the help of quantum

theory, will remain an illusion, in spite of all the wonderful achievements of

quantum theory. Whatever the future may bring, quantum theory will certainly

continue to stand out as an intellectual triumph of man to achieve an adequate

description of natural phenomena, which yielded with an unprecedented accuracy

the deepest insights thus far into the structure of matter.

Conclusion: Four Generations of Quantum Physicists1252



References

The Historical Development of Quantum Theory

Volume 6 (1926±1999)



This page intentionally left blank



References

Note: We have used the following abbreviations for journals and periodicals. Journals and
periodicals not mentioned here are cited by their full titles. In the list of references, we have
tried to give, if available, dates of submission or receipt of the papers (letters) and of the
issues in which the papers were publishedÐexcept of the Sitzungsberichte or Comptes

rendus. Of some important papers in other languages, English translations are also given.
Although we did so in the other volumes, here we do not refer to reprints of the papers in
most cases, especially when collected works of the authors have been published (which are
referred to as well).

The references are arranged generally in alphabetical order according to the names of
the authors, and generally in the time-order of the publications by letters added to the
dates; the time-order letters (a, b, c, . . .) refer to all papers of an author cited in Volumes
1 to 6.

American Journal of Chemistry: Am. J. Chem.

American Journal of Physics: Am. J. Phys.

Annalen der Physik, series 2 to 6: Ann. d. Phys. ( )

Annals of Physics (New York): Ann. Phys. (N.Y.)

Astrophysical Journal: Astrophys. J.

Biographical Memoirs of Fellows of the
Royal Society of London:

Biog. Mem. Fellows Roy. Soc. (London)

Comptes rendus hebdomadaires des seÂances
de l'AcadeÂmie des Sciences (Paris):

Comptes rendus (Paris)

EncyklopaÈdie der mathematischen
Wissenschaften unter Einschluû ihrer
Anwendungen:

Encykl. d. math. Wiss.

Ergebnisse der exakten
Naturwissenschaften:

Erg. exakt. Naturwiss.

European Journal of Physics: Eur. J. Phys.

Helvetica Physica Acta: Helv. Phys. Acta

Historical Studies in the Physical Sciences: Hist. Stud. Phys. Sci.

Journal of the American Chemical Society: J. Am. Chem. Soc.

Journal of Chemical Physics: J. Chem. Phys.

Journal of Mathematics and Physics of the
Massachusetts Institute of Technology:

J. Math. & Phys. M.I.T.

Journal fuÈr die reine und angewandte
Mathematik:

J. reine u. angew. Math.

Journal of the Physico-Mathematical
Society of Japan:

J. Phys.-Math. Soc. Japan



Journal of Physics of the USSR: J. Phys. USSR

Journal de physique theÂorique et appliqueÂe
(Paris):

J. phys. (Paris) ( )

Journal de physique et le radium: J. phys. et rad.

Letters, Journal of Experimental and
Theoretical Physics (Soviet PhysicsÐ
JETP):

JETP Letters

Mathematische Zeitschrift: Math. Zs.

Mathematisk±Fysiske Meddelelser, Det
Kgl. Danske Videnskabernes Selskab:

Kgl. Danske Vid. Selsk. Math.±Fys. Medd.

Monthly Notices of the Royal
Astronomical Society of London:

Monthly Notices Roy. Astr. Soc. (London)

Nachrichten von der Gesellschaft der
Wissenschaften zu GoÈttingen:

Nachr. Ges. Wiss. GoÈttingen

Naturwissenschaften: Naturwiss.

Il Nuovo Cimento, series 5 to 10
(also A):

Nuovo Cimento

Philosophical Magazine (The London,
Edinburgh and Dublin Philosophical
Magazine), series 4 to 7:

Phil. Mag. ( )

The Physical Review, series 2 and 3 (A, B,
. . .):

Phys. Rev. ( )

The Physical Review Letters: Phys. Rev. Lett.

Physikalische BlaÈtter: Phys. BlaÈtter

Physikalische Zeitschrift: Phys. Zs.

Physikalische Zeitschrift der Sowjetunion: Phys. Zs. SU

Proceedings of the Cambridge
Philosophical Society:

Proc. Camb. Phil. Soc.

Proceedings, Koninklijke Akademie van
Wetenschappen te Amsterdam:

Proc. Kon. Akad. Wetensch. (Amsterdam)

Proceedings of the National Academy of
Sciences (U.S.A.):

Proc. Nat. Acad. Sci. (USA)

Proceedings of the Physical Society of
London:

Proc. Phys. Soc. (London)

Proceedings of the Royal Society of
London:

Proc. Roy. Soc. (London)

Progress of Theoretical Physics: Prog. Theor. Phys.

Rendiconti del Reale Accademia Lincei: Rend. R. Accad. Lincei

Reviews of Modern Physics: Rev. Mod. Phys.

Sitzungsberichte der Bayerischen Akademie
der Wissenschaften (MuÈnchen),
mathematisch±physikalische Klasse:

Sitz.ber. Bayer. Akad. Wiss. (MuÈnchen)

Sitzungsberichte der Preuûischen Akademie
der Wissenschaften (Berlin):

Sitz.ber. Preuss. Akad. Wiss. (Berlin)

References1256



Sitzungsberichte der SaÈchsischen Akademie
der Wissenschaften, mathematisch±
physikalische Klasse:

Sitz.ber. SaÈchs. Akad. Wiss.

Sitzungsberichte der Akademie der
Wissenschaften (Wien) Series II and IIa:

Sitz.ber. Akad. Wiss. (Wien)

Skrifter, Det Kgl. Danske Videnskabernes
Selskab:

Kgl. Danske Vid. Selsk. Skrifter

Soviet PhysicsÐDoklady: Soviet Phys.ÐDoklady

Soviet PhysicsÐJournal of Experimental
and Theoretical Physics:

Soviet Phys.ÐJETP

Verhandlungen der Deutschen
Physikalischen Gesellschaft, series 2, 3:

Verh. d. Deutsch. Phys. Ges. ( )

Zeitschrift fuÈr Naturforschung, series a: Z. Naturf.

Zeitschrift fuÈr Physik: Z. Phys.

Zeitschrift fuÈr Physik der Sowjetunion: Z. Phys. SU

Zeitschrift fuÈr physikalische Chemie: Z. Phys. Chem.

Abachi, S., et al.

1995 Observation of the top quark, Phys. Rev. Lett. 74, 2632±2637 (received 24 February
1965, published in No. 14 of 2 April 1995).

Abegg, Richard

1904 Die Valenz und das periodische System. Versuch einer Theorie der Molekularver-
bindungen, Z. fuÈr anorganische Chemie 39, 330±380 (received 4 April 1904).

Abelson, Philip H.

1939 Cleavage of the uranium nucleus, Phys. Rev. (2) 55, 418 (letter dated 3 February
1939, published in the issue of 15 February 1939).

Abrikosov, Alexei A.

1952 In¯uence of dimensions on the critical ®eld of superconductors of the second group
(in Russian), Doklady Akademii Nauk SSSR 86, 489±492.

1957 On the magnetic properties of superconductors of the second group, Soviet Phys.Ð

JETP 6, 1174±1182 (submitted 15 November 1956, translation published in issue
No. 6 of 15 December 1957).

Adler, F., and Hans von Halban

1939 Control of the chain reaction involved in the ®ssion of the uranium nucleus, Nature

143, 793 (letter published in the Supplement to the issue of 13 May 1939).

Adler, Stephen L.

1965 Calculation of the axial-vector coupling constant renormalization in b-decay, Phys.

Rev. Lett. 14, 1051±1055 (received 17 May 1965, published in issue No. 25 of
21 June 1965).

1969 Axial-vector vertex in spinor electrodynamics, Phys. Rev. (2) 177, 2426±2438 (re-
ceived 24 September 1968, published in issue No. 3 of 25 January 1969).

References 1257



Aharonov, Yakir

1994 A new formulation of quantum mechanics, in Quantum Coherence and Reality

(International Conference on Fundamental Aspects of Quantum Theory, Colum-
bia, South Carolina, 10±12 December 1992), Singapore, etc.: World Scienti®c,
pp. 341±348.

Aharonov, Yakir, and David Bohm

1959 Signi®cance of electromagnetic potentials in the quantum theory, Phys. Rev. (2)

115, 485±491 (received 28 May 1959, published in issue No. 3 of 1 August 1959).

1961 Further considerations of electromagnetic potentials in the quantum theory, Phys.

Rev. (2) 123, 1511±1524 (received 6 April 1961, published in issue No. 4 of 15
August 1961).

1963 Further discussion of the role of electromagnetic potentials in the quantum theory,
Phys. Rev. (2) 130, 1625±1632 (received 31 October 1962, published in issue No. 4
of 15 May 1963).

AÊ keson, N.

1916 UÈ ber die Geschwindigkeitsverluste bei den langsamen Kathodenstrahlen und uÈber
deren selektive Absorption, Lunds Universitetet Arsskrift 12, No. 11, 1±46.

Allen, John Frank, and Harry Jones

1938 New phenomena connected with the heat ¯ow in helium II, Nature 141, 243±244
(letter published in the issue of 5 February 1938).

Allen, John Frank, and A. D. Misener

1938 Flow of liquid helium II, Nature 141, 75 (letter dated 22 December 1937, published
in the issue of 8 January 1938).

Allen, John Frank, Rudolf Peierls, and M. Zaki Uddim

1937 Heat conduction in liquid helium, Nature 140, 62±63 (letter dated 22 June 1937,
published in the issue of 10 July 1937).

Allis, William P., and Philip M. Morse

1931 Theorie der Streuung langsamer Elektronen in Atomen, Z. Phys. 70, 567±582
(received 20 May 1931, published in issue No. 9/10 of 22 July 1931).

Alpher, Ralph A., Hans Bethe, and George Gamow

1948 The origin of chemical elements, Phys. Rev. (2) 73, 803±804 (received 18 February
1948, published in issue No. 7 of 1 April 1948).

Alpher, Ralph A., and Robert Herman

1948 Evolution of the universe, Nature 162, 744±775 (letter dated 25 October 1948,
published in the issue of 13 November 1948).

1949 Remarks on the evolution of the expanding universe, Phys. Rev. (2) 75, 1089±1095
(received 27 December 1948, published in issue No. 7 of 1 April 1949).

1950 Theory of the origin and the relative abundance distribution of the elements, Rev.

Mod. Phys. 22, 153±212 (published in issue No. 2 of April 1950).

References1258



1953 Physical conditions in the initial stages of the expanding universe, Phys. Rev. (2)

92, 1347±1361 (received 10 September 1953, published in issue No. 6 of 15
December 1953).

Al 'tshuler, B. L., A. G. Aronov, and B. Z. Spivak

1981 The Aharonov±Bohm e¨ect in disordered conductors, JETP Letters 33, 101±103
(submitted 18 November 1980, published in issue No. 2 of 20 January 1981).

Amaldi, Edoardo

1966 Ettore Majorana, man and scientist, in A. Zichichi, ed.: Strange and Weak Inter-

actions. Present Problems (1966 International School of Physics ``Ettore Majarana,''
Erice, 19 June±4 July), New York and London: Academic Press, pp. 10±77.

Amaldi, Edoardo, and Nicola Cabibbo

1972 On the Dirac magnetic poles, in Aspects of Quantum Theory, (A. Salam and E. P.
Wigner, eds., 1972), pp. 183±212.

Ambarzumian, Viktor, and Dimitri Iwanenko

1930 Les eÂlectrons inobservables et les rayons b, Comptes rendus (Paris) 190, 582±584
(presented by M. de Broglie to the meeting of 3 March 1930).

Anderson, Carl D.

1929 Spatial distribution of photoelectrons ejected from a gas by X-rays, Phys. Rev. (2)

34, 547 (abstract of a paper presented at the Berkeley APS meeting on 21±22 June
1929, published in issue No. 3 of 1 August 1929).

1930 Space-distribution of X-ray photoelectrons ejected from the K and L atomic energy
levels, Phys. Rev. (2) 35, 1139±1145 (received 2 April 1930, published in issue No.
10 of 15 May 1930).

1932a Energies of cosmic-ray particles, Phys. Rev. (2) 41, 405±421 (received 28 June
1932, published in issue No. 4 of 15 August 1932).

1932b The apparent existence of easily de¯ectable positives, Science 76, 238±239 (dated 1
September 1932, published in the issue of 9 September 1932).

1933a Energy-loss and scattering of cosmic-ray particles, Phys. Rev. (2) 43, 381 (abstract
of a paper presented at the Atlantic City APS meeting, 28±30 December 1932,
published in issue No. 5 of 1 March 1933).

1933b Cosmic-ray bursts, Phys. Rev. (2) 43, 368±369 (letter dated 16 February 1933,
published in the issue of 1 March 1933).

1933c The positive electron, Phys. Rev. (2) 43, 491±494 (received 28 February 1933,
published in issue No. 6 of 15 March 1933).

1933d The discovery of the free positive electron, Phys. Rev. (2) 43, 1056 (abstract of
a paper presented at the Washington, D. C., APS meeting, 27±29 April 1933,
published in issue No. 12 of 15 June 1933).

1933e Cosmic-ray positive and negative electrons, Phys. Rev. (2) 44, 406±416 (received 19
June 1933, published in issue No. 5 of 1 September 1933).

1934 The positron, Nature 133, 313±316 (presented at the ``Symposium on Nuclear
Physics'' at the Boston APS meeting, 27 December 1933, published in the issue of 3
March 1934).

References 1259



1965 The fundamental properties of positrons (Nobel lecture delivered on 12 December
1936) in Nobel Lectures: Physics 1922±1941 (Nobel Foundation, ed., 1965), pp. 365±
376.

Anderson, Carl D., and Herbert L. Anderson

1983 Unraveling the particle content of cosmic rays, in The Birth of Particle Physics

(L. M. Brown, and L. Hoddeson, eds., 1983), pp. 131±154.

Anderson, Carl D., Robert A. Millikan, Seth Neddermeyer, and William Pickering

1934 A mechanism of cosmic-ray counter action, Phys. Rev. (2) 45, 352±363 (received
26 December 1933, published in issue No. 6 of 15 March 1934).

Anderson, Carl D., and Seth Neddermeyer

1933 Positrons from gamma rays, Phys. Rev. (2) 43, 1034 (letter dated 18 May 1933,
published in issue No. 12 of 15 June 1933).

1935 Fundamental processes in the absorption of cosmic-ray electrons, in International

Conference on Physics, London 1934. Papers and Discussions, Vol. I: Nuclear Phys-

ics, Cambridge: Cambridge University Press, pp. 171±187.

1936 Cloud chamber observations of cosmic rays at 4300 meters elevation and near sea-
level, Phys. Rev. (2) 50, 263±271 (received 9 June 1936, published in issue No. 4 of
15 August 1936).

Anderson, Herbert L., Enrico Fermi, R. Martin, and D. E. Nagle

1953 Angular distribution of pions scattered by hydrogen, Phys. Rev. (2) 91, 155±168
(received 6 March 1953, published in issue No. 1 of 1 July 1953).

Anderson, Herbert L., Enrico Fermi, and Leo Szilard

1939 Neutron production and absorption in uranium, Phys. Rev. (2) 56, 284±286
(received 3 July 1939, published in issue No. 3 of 1 August 1939).

Anderson, M. H., J. R. Ensher, M. R. Matthews, C. E. Wieman, and E. A. Cornell

1995 Observation of Bose±Einstein condensation in a dilute atomic vapor, Science 269,
198±201 (report published in the issue of 14 July 1995).

Anderson, Philip W.

1995 Historical overview of the twentieth century in physics, in Twentieth Century Phys-

ics (L. Brown, A. Pais, and B. Pippard, eds., 1995), Vol. III, pp. 2017±2032.

Anderson, Philip W., and W. F. Brinkman

1973 Anisotropic super¯uidity in 3He: A possible interpretation of its stability as a spin-
¯uctuation e¨ect, Phys. Rev. Lett. 30, 1108±1111 (received 26 January 1973, pub-
lished in issue No. 22 of 28 May 1973).

Anderson, Philip W., and P. Morel

1961 Generalized Bardeen±Cooper±Schrie¨er states and the proposed low temperature
phase of liquid He3, Phys. Rev. (2) 123, 1911±1934 (received 15 May 1961, pub-
lished in issue No. 6 of 15 September 1961).

References1260



Anderson, Philip W., and J. M. Rowell

1963 Probable observation of the Josephson superconducting tunneling e¨ect, Phys. Rev.

Lett. 10, 230±232 (received 11 January 1963, published in issue No. 6 of 15 March
1963).

Arabatzis, Theodore, and Costas Gavroglu

1997 The chemist's electron, Eur. J. Phys. 18, 150±163 (published in issue No. 3 of May
1997).

Arnison, G., et al.

1983 Experimental observation of isolated large transverse energy electrons with asso-
ciated missing energy at

p
s � 540 GeV, Phys. Lett. 122B, 103±116 (received 23

January 1983, published in issue No. 1 of 24 February 1983).

Arvidsson, Gustav

1920 Eine Untersuchung der AmpeÁreschen MolekularstroÈme nach der Methode von A.
Einstein und W. J. de Haas, Phys. Zs. 21, 88±91 (received 22 October 1919, pub-
lished in issue No. 4 of 15 February 1920).

Aspect, Alain, Jean Dalibard, and GeÂrard Roger

1982 Experimental test of Bell's inequalities using time-varying analyses, Phys. Rev.

Lett. 49, 1804±1807 (received 27 September 1982, published in issue No. 25 of
20 December 1982).

Aspect, Alain, Philippe Grangier, and GeÂrard Roger

1981 Experimental tests of realistic local theories via Bell's theorem, Phys. Rev. Lett. 47,
460±463 (received 30 March 1981, published in issue No. 7 of 17 August 1981).

1982 Experimental realization of Einstein±Podolsky±Rosen±Bohm Gedankenexperiment:
A new violation of Bell's inequalities, Phys. Rev. Lett. 49, 91±94 (received 30
December 1981, published in issue No. 2 of 12 July 1982).

Aston, Francis Williams

1924 Mass spectra, Part IV. Accelerated anode rays. Phil. Mag. (6) 47, 385±400 (pub-
lished in issue No. 278 of February 1924).

Atkinson, R. d 'E., and Fritz Houtermans

1929 Zur Frage der AufbaumoÈglichkeit der Elemente in Sternen, Z. Phys. 54, 656±665
(received 19 March 1929, published in issue No. 9/10 of 11 May 1929).

Aubert, J. J., et al.

1974 Experimental observation of a heavy particle J, Phys. Rev. Lett. 33, 1404±1406
(received 12 November 1974, published in issue No. 23 of 2 December 1974).

Auger, Pierre

1925a Sur les rayons secondaire produits dans un gas par les rayons X, Comptes rendus

(Paris) 180, 65±68 (presented at the meeting of 5 January 1925).

1925b Sur l'e¨ect photoeÂlectrique composeÂ, J. Phys. (Paris) 6, 205±208 (received 9 May
1925).

References 1261



1926 Sur le rendement de la ¯uorescence dans la domaine des rayons X, Comptes rendus

(Paris) 182, 773±775 (presented at the meeting of 22 March 1926).

1985 Experimental work on cosmic rays. Proof of the very high energies carried by some
of the primary particles, in Early History of Cosmic Ray Studies (Sekido and Elliot,
eds., 1985), pp. 213±218.

Augustin, J.-E., et al.

1974 Discovery of a narrow resonance at e�eÿ annihilation, Phys. Rev. Lett. 33, 1406±
1408 (received 13 November 1974, published in issue No. 23 of 2 December
1974).

Back, Ernst, and Samuel Goudsmit

1928 Kernmoment und Zeemane¨ekt von Wismut, Z. Phys. 47, 174±183 (received 1
December 1927, published in No. 3/4 of 14 February 1928).

Badash, Lawrence

1985 Kapitza, Rutherford, and the Kremlin, New Haven and London: Yale University
Press.

BaÈdecker, Karl

1911 Die elektrischen Erscheinungen in metallischen Leitern, Braunschweig: Fr. Vieweg &
Sohn.

Baeyer, Otto von, Otto Hahn, and Lise Meitner

1914 Das magnetische Spektrum der b-Strahlen, Phys. Zs. 15, 649±650 (received 27 May
1914, published in issue No. 13 of 1 July 1914).

Bagge, Erich

1938 BeitraÈge zur Theorie der schweren Atomkerne. II. Die Ab¯achung des Gamow-
berges bei einer Anregung der Atomkerne, Ann. d. Phys. (5) 33, 389±403 (Leipzig,
doctoral thesis, part two, received 2 July 1938, published in issue No. 5 of
November 1938).

1949 Der Schalenbau der Atomkerne, Naturwiss. 35, 375 (letter dated 6 January 1949,
published in issue No. 12 dated April 1949).

1985 FuÈnfzig Jahre als Physiker in Deutschland. Ein RuÈckblick, Fusion 6, No. 6, 20±
34.

1989 Cosmic ray phenomena and limitations of quantum ®eld theory (1932±1939). An
annotation, in Werner Heisenberg: Collected Works, Vol. AII (Heisenberg, 1989a),
pp. 241±249.

Bahcall, John N.

1964 Solar neutrinos. I. Theoretical, Phys. Rev. Lett. 12, 300±302 (received 6 January
1964, published in issue No. 11 of 16 March 1964).

Bahcall, John N., B. T. Cleveland, R. Davis, Jr., and J. R. Rowley

1985 Chlorine and gallium solar neutrino experiments, Astrophys. J. 292, L79±L82
(received 3 December 1984, published in the issue of 15 May 1985).

References1262



Bahcall, John N., and M. H. Pinsonneault

1992 Standard solar models, with and without helium di¨usion, and the solar neutrino
problem, Rev. Mod. Phys. 64, 885±926 (published in issue No. 4 of October 1992).

Baker, Henry Frederick

1922 Principles of Geometry. Vol. I: Foundations, Cambridge: Cambridge University Press.

Balian, Roger, and Bertrand Duplantier

1978 Electromagnetic waves near perfect conductors. II. Casimir e¨ect, Ann. Phys.

(N.Y.) 112, 165±208 (received 7 July 1977, published in issue No. 1 of May 1978).

Balian, R., and N. R. Wertheimer

1963 Superconductivity with pairs of relative p wave, Phys. Rev. (2) 131, 1553±1564
(received 6 March 1963, published in issue No. 4 of 15 August 1963).

Ballentine, Leslie E.

1971 The formalism is not the interpretation, Physics Today 24, No. 4, 36±37 (letter
published in the issue of April 1971).

1973 Can the statistical postulate of quantum theory be derived?ÐA critique of the
many-universes interpretation, Foundations of Physics 3, 229±240 (received 7 June
1971, published in issue No. 2 of June 1973).

1974 Comments on Stapp's ``Copenhagen interpretation'' and the signi®cance of Bell's
theorem, Am. J. Phys. 42, 81±83 (received 8 January 1973, revised 6 September
1973, published in issue No. 1 of January 1974).

1987 Resource letter [IQM-2]: Foundations of quantum mechanics since the Bell in-
equalities, Am. J. Phys. 55, 785±791 (published in issue No. 9 of September 1987).

1998 Quantum Mechanics: A Modern Development, Singapore, etc.: World Scienti®c.

Ballentine, Leslie E., and Jon P. Jarrett

1987 Bell's theorem: Does quantum mechanics contradict relativity, Am. J. Phys. 55,
696±701 (received 14 April 1986, published in issue No. 8 of August 1987).

Ballentine, Leslie E., Philip Pearle, Evans Harris Walker, et al.

1971 Quantum-mechanics debate, Physics Today 24, No. 4, 36±44 (published in the issue
of April 1971).

Banderet, Pierre Paul

1946 Zur Theorie singulaÈrer Magnetpole, Helv. Phys. Acta 19, 503±522 (received 20 April
1946, published in issue No. 6/7 of 21 December 1946).

Bang, Jens

1985 Niels Bohrs Gedanken zu philosophischen und allgemeinen Problemen, Phys.

BlaÈtter 41, 314±317 (published in the issue of October 1985).

Banner, M., et al.

1983 Observation of single isolated electrons of high transverse momentum in events with
missing transverse energy at the CERN ppÅ collider, Physics Letters 122B, 476±485
(received 15 February 1983, published in issue No. 5/6 of 17 March 1983).

References 1263



Bardeen, John

1936 Theory of the work function II. The surface double layer, Phys. Rev. (2) 49, 653±
663 (received 3 March 1936, published in issue No. 9 of 1 May 1936).

1947 Surface states and recti®cation at a metal semiconductor contact, Phys. Rev. (2)

71, 717±727 (received 13 February 1947, published in issue No. 10 of 15 May
1947).

1950 Zero-point vibrations and superconductivity. Phys. Rev. (2) 79, 167±168 (letter of
22 May 1950, published in issue No. 1 of 1 July 1950).

1955 Theory of the Meissner e¨ect in superconductors, Phys. Rev. (2) 97, 1724±1725
(letter received 3 January 1955, published in issue No. 6 of 15 March 1955).

1956 Theory of superconductivity, in S. FluÈgge, ed.: Handbuch der Physik / Encyclopedia

of Physics, Vol. XV, Berlin±GoÈttingen±Heidelberg: Springer-Verlag, pp. 274±
369.

1961 Quantization of ¯ux in a superconducting cylinder, Phys. Rev. Lett. 7, 162 (received
31 July 1961, published in issue No. 5 of 1 September 1961).

1964 Semiconductor research leading to point contact transistor (Nobel lecture held on
11 December 1956), in Nobel Lectures: Physics 1942±1962 (Nobel Foundation, ed.,
1964), 318±341.

1992 Electron±plasma interactions and superconductivity. (Nobel lecture held on 11
December 1972), in Nobel Lectures: Physics 1971±1980 (Nobel Foundation, ed.,
1992), pp. 54±69.

Bardeen, John, Leon N. Cooper, and J. Robert Schrieffer

1957a Microscopic theory of superconductivity, Phys. Rev. (2) 106, 162±164 (letter
received 18 February 1957, published in issue No. 5 of 1 December 1957).

1957b Theory of superconductivity, Phys. Rev. (2) 106, 1175±1204 (received 8 July 1957,
published in issue No. 5 of 1 December 1957).

Bardeen, John, and David Pines

1955 Electron±plasma interaction in metals, Phys. Rev. (2) 99, 1140±1150 (received 4
April 1955, published in issue No. 4 of 15 August 1955).

Bardeen, John, and J. Robert Schrieffer

1961 Recent developments in superconductivity, in C. J. Gorter, ed.: Progress of Low

Temperature Physics, Vol. III, Amsterdam: North Holland, pp. 170±287.

Barnes, R., R. Bowling, Robert Brattain, and Frederick Seitz

1935a The infrared absorption spectrum of MgO, Phys. Rev. (2) 47, 793 (abstract of a
paper presented at the Washington, D.C., APS meeting, 25±27 March 1935, pub-
lished in issue No. 10 of 15 May 1935).

1935b On the structure and interpretation of infrared absorption spectra of crystals, Phys.

Rev. (2) 48, 582±602 (received 19 July 1935, published in issue No. 7 of 10 October
1935).

Barnes, V. E., P. L. Connolly, D. J. Crennell, et al.

1964 Observation of a hyperon with strangeness minus three, Phys. Rev. Lett. 12, 204±
206 (received 11 February 1964, published in issue No. 8 of 24 February 1964).

References1264



BarnoÂthy, JenOÈ , and Eva ForroÂ

1937 Messung der Ultrastrahlung in Bergwerken mit Koinzidenzmethoden, Z. Phys. 104,
744±761 (received 21 December 1936, published in issue No. 11/12 of 15 March
1937).

Bartlett, James H.

1932 Structure of atomic nuclei II, Phys. Rev. (2) 42, 145±146 (letter dated 30 August
1932, published in No. 7 of 1 October 1932).

Basov, Nicolai G., and Alexander M. Prokhorov

1955 Possible methods of obtaining active molecules for a molecular oscillator, Soviet

Phys.ÐJETP 1, 184±185 (letter submitted 1 November 1954; English translation
published in issue No. 7 of July 1955).

Baym, Gordon, Hans Bethe, and Christopher J. Pethik

1971 Neutron star matter, Nuclear Physics A175, 225±271 (received 4 May 1971).

Bean, Charles P., and Roland W. Schmitt

1963 The physics of high-®eld superconductors, Science 140, 26±35 (published in the
issue of 5 April 1963).

Beck, Emil

1919a Zum experimentellen Nachweis der AmpeÁreschen MolekularstroÈme, Ann. d. Phys.

(4) 60, 109±148 (received 7 May 1919, published in issue No. 18 of 7 October
1919).

Beck, Guido

1933 Conservation laws and b-emissions, Nature 132, 967 (letter dated 13 November
1933, published in the issue of 23 December 1933).

Beck, Guido, and Kurt Sitte

1933 Zur Theorie des b-Zerfalls, Z. Phys. 86, 105±119 (received 3 August 1933, pub-
lished in issue No. 1/2 of 17 October 1933).

1934 Bemerkung zur Arbeit von E. Fermi: ``Versuch einer Theorie der b-Strahlen I,'' Z.

Phys. 89, 259±260 (received 14 April 1934, published in issue No. 3/4 of 24 May
1934).

1935 Report on theoretical considerations on the radioactive b-decay, in International

Conference on Physics, London 1934. Papers and Discussions, Vol. I: Nuclear Phys-

ics, Cambridge: Cambridge University Press, pp. 31±42.

Becker, Herbert, and Walther Bothe

1931 Aufbau von Atomkernen, Naturwiss. 19, 753 (letter dated 6 August 1931, published
in the issue of 4 September 1931).

1932a Die g-Strahlung von Bor und Beryllium, Naturwiss. 20, 349 (letter dated 15 April
1932, published in the issue of 13 May 1932).

1932b Unterscheidung von Neutronen und g-Strahlen, Naturwiss. 20, 757±758 (letter
dated 3 September 1932, published in the issue of 7 October 1932).

References 1265



Becker, Richard, G. Heller, and Fritz Sauter

1933 UÈ ber die Stromverteilungen in einer supraleitenden Kugel, Z. Phys. 85, 772±787
(received 20 August 1933, published in issue No. 11/12 of 10 October 1933).

Bednorz, J. Georg, and K. Alex MuÈ ller

1986 Possible high Tc superconductivity in the Ba±La±CuO system, Z. Phys. 64B, 189±
193 (received 17 April 1986).

1993 Perovskite-type oxidesÐThe new approach to high Tc superconductivity, in Nobel

Lectures: Physics 1981±1990 (Nobel Foundation, ed., 1993), pp. 424±457.

Bednorz, J. Georg, Masaaki Takashige, and K. Alex MuÈ ller

1987 Susceptibility measurements support high Tc superconductivity in the Ba±La±CuO
system, Europhysics Letters 3, 379±385 (received 22 October 1986; accepted 12
November 1986, published in issue No. 3 of 1 February 1987).

Belinfante, Frederick J.

1939a Undor calculus and the charge-conjugation, Physica 6, 849±869 (received 14 July
1939, published in issue No. 9 of October 1939).

1939b The undor equation of the meson ®eld, Physica, 6, 870±886 (received 15 July 1939,
published in issue No. 9 of October 1939).

1939c On the spin angular momentum of mesons. Physica 6, 887±898 (received 8 July
1939, published in issue No. 9 of October 1939).

1962 Consequences of the postulate of a complete commuting set of observables
in quantum electrodynamics, Phys. Rev. (2) 128, 2832±2837 (received 21 May
1962; revised manuscript received 3 August 1962, published in issue No. 6 of
15 December 1962).

1973 A Survey of Hidden Variable Theories, Oxford, New York, etc.: Pergamon Press.

Bell, John S.

1964 On the Einstein Podolsky Rosen paradox, Physics 1, 195±200 (received 4 Novem-
ber 1964, published in issue No. 3 of November/December 1964).

1966 On the problem of hidden variables in quantum mechanics, Rev. Mod. Phys. 38,
447±452 (published in issue No. 3 of July 1966).

1971 Introduction to the hidden variable question, in B. d'Espagnat, ed.: Foundations of

Quantum Mechanics (Proceedings of the International School of Physics ``Enrico
Fermi,'' Varenna, 25 June±11 July 1970), New York and London: Academic Press,
171±181.

1981 Bertlmann's socks and the nature of reality (talk presented at the Symposium in
Paris), in Journal de physique 42C, Supplement to issue No. 3, pp. 41±61.

1987 Are there quantum jumps?, in E. W. Kilmister, ed.: SchroÈdinger: Centenary of a

Polymath, Cambridge, etc.: Cambridge University Press, pp. 41±52.

Bell, John S., and R. Jackiw

1969 A PCAC puzzle: p0 ! gg in the s-model, Nuovo Cimento 60A, 1459±1469 (received
25 November 1968, published in issue No. 5 of 18 June 1969).

References1266



Beller, Mara

1983 Matrix theory before SchroÈdinger. Philosophy, problem, consequences, ISIS 74,
469±491.

1985 Pascual Jordan's in¯uence on the discovery of Heisenberg's indeterminacy principle,
Archive for the History of Exact Sciences 33, 337±349 (received 19 October 1984).

1992a The birth of Bohr's complementarity. The context and the dialogues, Studies on the

History and Philosophy of Sciences 23, 147±180 (published in issue No. 1).

1992b SchroÈdinger's dialogue with GoÈttingen±Copenhagen physicists on ``quantum jumps''
and realism, in M. Bitbol and O. Darrigol, eds.: Erwin SchroÈdinger: Philosophy and

the Birth of Quantum Mechanics, Gif-sur-Yvette: Editions FrontieÁres, pp. 277±303.

Beller, Mara, and Arthur Fine

1994 Bohr's response on EPR, in J. Faye and H. J. Folse, eds.: Niels Bohr and Con-

temporary Philosophy, Dordrecht: Kluwer Academic Publishers, pp. 1±31.

Bender, Carl M., and Kimball A. Milton

1994 Scalar Casimir e¨ect for a D-dimensional sphere, Phys. Rev. (3) 50D, 6547±6555
(received 8 June 1994, published in issue No. 10 of 15 November 1994).

Berends, R. E., J. Dreitlein, C. Fronsdal, and W. Lee

1962 Simple groups and string interaction symmetries, Rev. Mod. Phys. 34, 1±40 (pub-
lished in issue No. 1 of January 1962).

Bergmann, Hugo

1929 Der Kampf um den Kausalgesetz in der juÈngsten Physik, Braunschweig: Fr. Vieweg.

Bernardini, Gilberto, et al.

1935 Discussion on cosmic radiation, in International Conference on Physics in London

1934, Vol. I. Nuclear Physics (The Physical Society, ed.), Cambridge: The Univer-
sity Press, pp. 247±257.

Bernays, Paul, and Abraham Fraenkel

1958 Axiomatic Set Theory, Amsterdam: North Holland.

Bethe, Hans A.

1927 UÈ ber die Streuung von Elektronen an Krystallen, Naturwiss. 15, 786±788 (letter
dated July 1927, published in the issue of 23 September 1927).

1928a Die Streuung von Elektronen an Kristallen, Naturwiss.16, 333±334 (letter dated
20 March 1928, published in the issue of 11 May 1928).

1928b Theorie der Beugung von Elektronen an Kristallen, Ann. d. Phys. (4) 87, 55±129
(received 9 July 1928, published in issue No. 17 of 5 October 1928).

1929 Termaufspaltung in Kristallen, Ann. d. Phys. (5) 3, 133±208 (received 20 July 1929,
published in No. 2 of 8 October 1929).

1930 Zur Theorie des Durchganges schneller Korpuskularstrahlen durch Materie, Ann. d.

Phys. (5) 5, 325±400 (received 3 April 1930, published in issue No. 3 of 10 June
1930).

References 1267



1931 Zur Theorie der Metalle. I. Eigenwerte und Eigenfunktionen der linearen Atom-
kette, Z. Phys. 71, 205±226 (received 17 June 1931, published in issue No. 3/4 of
15 August 1931).

1932 Bremsformel fuÈr Elektronen relativistischer Geschwindigkeit, Z. Phys. 76, 293±299
(received 4 May 1932, published in No. 5/6 of 7 June 1932).

1935a The capture and scattering of neutrons, Phys. Rev. (2) 47, 640 (abstract of a paper
delivered at the New York APS meeting, 22±23 February 1935, published in issue
No. 4 of 15 April 1935).

1935b Theory of disintegration of nuclei by neutrons, Phys. Rev. (2) 47, 747±759
(received 26 March 1935, published in issue No. 10 of 15 May 1935).

1936 An attempt to calculate the number of energy levels of a heavy nucleus, Phys. Rev.

(2) 50, 332±333 (received 5 June 1936, published in issue No. 4 of 15 August
1936).

1937 Nuclear physics, B. Nuclear dynamics, theoretical, Rev. Mod. Phys. 9, 69±244
(published in issue No. 2 of April 1937).

1939 Energy production in stars, Phys. Rev. (2) 55, 434±456 (received 7 September 1938,
published in issue No. 5 of 1 March 1939).

1947 The electromagnetic shift of energy levels, Phys. Rev. (2) 72, 339±341 (received 27
June 1947, published in issue No. 4 of 15 August 1947).

1968a Energy production in stars, Physics Today 21, No. 9, 36±44 (Nobel lecture delivered
on 11 December 1967, published in the issue of September 1968).

1968b Energy on earth and in the stars, in From a Life of Physics (Evening Lectures at
the International Centre for Theoretical Physics, Trieste, Italy), Vienna: IAEA,
pp. 7±18.

1979 The happy thirties, in Nuclear Physics in Retrospect (R. Stuewer, ed., 1979), pp. 11±
26.

1985 Remarks, in R. Jackiw, S. Weinberg, and S. Witten, eds.: Proceedings of the Shelter

Island Conference on Quantum Field Theory and the Fundamental Problems of

Physics, Cambridge, Mass.: MIT Press, pp. 346±347.

1986 Possible explanation of the solar neutrino puzzle, Phys. Rev. Lett. 56, 1305±1308
(received 27 December 1985; revised manuscript received 27 January 1986, pub-
lished in issue No. 12 of 24 March 1986).

1997 Selected Works of Hans A. Bethe, Singapore, etc.: World Scienti®c.

Bethe, Hans A., et al.

1935 Discussion on natural b-decay, in International Conference on Physics, London

1934. Papers and Discussions. Vol. I: Nuclear Physics, Cambridge: Cambridge
University Press, pp. 66±74.

Bethe, Hans A., and Robert F. Bacher

1936 Nuclear physics. A. Stationary states of nuclei, Rev. Mod. Phys. 8, 81±221 (pub-
lished in issue No. 2 of April 1936).

Bethe, Hans A., and Charles Louis Critchfield

1938 The formation of deuterons by proton combination, Phys. Rev. (2) 54, 248±254
(received 23 June 1938, published in issue No. 4 of 15 August 1938).

References1268



Bethe, Hans A., and Enrico Fermi

1932 UÈ ber die Wechselwirkung von zwei Elektronen, Z. Phys. 77, 296±306 (received
9 June 1932, published in issue No. 5/6 of 2 August 1932).

Bethe, Hans A., and Walter Heitler

1934 On the stopping of fast particles and on the creation of positive electrons, Proc.

Roy. Soc. (London) A146, 83±112 (communicated by P. A. M. Dirac; received
27 February 1934, published in issue No. A856 of 1 August 1934).

Bethe, Hans A., and Frederick De Hoffmann

1955 Mesons and Fields. Vol. II: Mesons, Evanston: Row, Peterson and Company.

Bethe, Hans A., and George Placzek

1937 Resonance e¨ects in nuclear processes, Phys. Rev. (2) 51, 450±484 (received 9
November 1936, published in issue No. 6 of 15 March 1937).

Beyer, Klaus

1996 Leipziger Mathematiker in der SaÈchsischen Akademie der Wissenschaften, in
G. Haase and E. Eichler, eds.: SaÈchsische Akademie der Wissenschaften. Wege und

Fortschritte der Wissenschaft, Berlin: Akademie Verlag, pp. 339±355.

Beyerchen, Alan D.

1977 Scientists under Hitler, New Haven and London: Yale University Press.

Bhabha, Homi Jehangir

1935 The creation of electron pairs by fast charged particles, Proc. Roy. Soc. (London)

A152, 559±586 (communicated by R. Fowler; received 29 April and revised 17 June
1935, published in issue No. A877 of 15 November 1935).

1937 Experimental test of proton±neutron exchange interaction, Nature 139, 1021±1022
(letter published in the issue of 12 June 1937).

1938a Nuclear forces, heavy electrons and the b-decay, Nature 141, 117±118 (letter dated
13 December 1937, published in the issue of 15 January 1938).

1938b On the theory of heavy electrons and nuclear forces, Proc. Roy. Soc. (London)

A166, 501±528 (communicated by R. H. Fowler; received 28 February 1938, pub-
lished in the issue of 16 June 1938).

1939 The fundamental length introduced by the theory of the mesotron (meson), Nature

143, 276±277 (letter dated 17 December 1938, published in the Supplement to the
issue of 18 February 1939).

Bhabha, Homi Jehangir, and Walter Heitler

1936 Passage of fast electrons through matter, Nature 138, 401 (letter dated 29 July 1936,
published in issue of 5 September 1936).

1937 The passage of fast electrons and the theory of cosmic showers, Proc. Roy. Soc.

(London) A159, 432±458 (received 11 December 1936, published in issue No. A897
of 1 April 1937).

References 1269



Bhagavantam, S.

1971 Chandrasekhara Venkata Raman 1888±1970, Biog. Mem. Fellows Roy. Soc.

(London) 17, 565±592.

Bieberbach, Ludwig

1930 UÈ ber den Ein¯uû von Hilberts Pariser Vortrag uÈber ``Mathematische Probleme''
auf die Entwicklung der Mathematik in den letzten dreiûig Jahren, Naturwiss. 18,
1101±1111 (published in the issue of 19 December 1930).

Biedenharn, L. C., and M. E. Rose

1951 The relative phase of the interaction constants for mixed invariants in beta decay,
Phys. Rev. (2) 83, 459 (letter received 14 May 1951, published in issue No. 2 of 15
July 1951).

Biermann, K.-R.

1988 Die Mathematik und ihre Dozenten an der Berliner UniversitaÈt 1810±1933, Berlin:
Akademie Verlag.

Bijl, A., J. de Boer, and A. Michels

1941 Properties of liquid helium II, Physica 8, 654±675 (received 12 May 1941, published
in issue No. 7 of July 1941).

Birge, Raymond T.

1926 The structure of molecules, Nature 117, 300±302 (letter dated 19 December 1925,
published in the issue of 27 February 1926).

Birjukov, W. A., M. L. Lebedenko, and A. M. Ryshow

1960 Das Vereinigte Institut fuÈr Kernforschung in Dubna, Leipzig: VEB Deutscher Verlag
fuÈr die Grundsto½ndustrie.

Birkhoff, George David

1933 Quantum mechanics and asymptotic series, Bulletin of the American Mathematical

Society 39, 681±700.

Bjerge, T., and C. H. Westedt

1934a Radioactivity induced by bombardment with neutrons of di¨erent energies, Nature

134, 177 (letter dated 21 July 1934, published in the issue of 4 August 1934).

1934b Radioactivity induced by neutron bombardment, Nature 134, 286 (letter dated 14
August 1934, published in the issue of 25 August 1934).

Bjorken, James D.

1968 Current algebra at small distances, in J. Steinberger, ed.: Selected Topics in Par-

ticle Physics (Proceedings of the International School of Physics ``Enrico Fermi,''
Varenna, 17±19 July 1967), New York: Academic Press, pp. 55±81.

Bjorken, James D., and Sheldon L. Glashow

1964 Elementary particles and SU(4), Physics Letters 11, 255±257 (received 19 June
1964, published in issue No. 3 of 1 August 1964).

References1270



Blackett, Patrick M. S.

1933 The positive electron, Nature 133, 917±919 (published in the issue of 16 December
1933).

1935 Absorption of cosmic rays, in International Conference on Physics, London 1934.

Papers and Discussions, Cambridge: Cambridge University Press, Vol. I, pp. 199±205.

1937 Cosmic Radiation (Cantor lectures, delivered 18 January, 25 January, and 1 Feb-
ruary 1937), London: The Royal Society of Arts, especially, Lecture III: The
counter-controlled cloud chamber, pp. 27±36.

Blackett, Patrick M. S., and Frank Clive Champion

1931 The scattering of slow alpha particles in helium, Proc. Roy. Soc. (London) A130,
380±388 (communicated by E. Rutherford; received 3 November 1930, published in
issue No. A813 of 1 January 1931).

Blackett, Patrick M. S., and Giuseppe P. S. Occhialini

1932 Photography of penetrating corpuscular radiation, Nature 130, 363 (letter dated 21
August 1932, published in the issue of 3 September 1932).

1933 Some photographs of the tracks of penetrating radiation, Proc. Roy. Soc. (London)

A139, 699±726 (communicated by E. Rutherford; received 7 February 1933, pub-
lished in the issue of 3 March 1933).

Bleeker, C. E.

1928 Das Ramansche PhaÈnomen an Xylol, Z. Phys. 50, 781±786 (received 23 July 1928,
published in issue No. 11/12 of 19 September 1928).

Bloch, Felix

1928a Zur StrahlungsdaÈmpfung in der Quantenmechanik, Phys. Zs. 29, 58±66 (received
22 December 1927, published in issue No. 2 of 15 January 1928).

1928b UÈ ber die Quantenmechanik der Elektronen in Kristallgittern, Z. Phys. 52, 555±600
(doctoral dissertation, dated 25 June 1928; received 10 August 1928, published in
issue No. 7/8 of 17 December 1928).

1929a Zur SuszeptibilitaÈt und WiderstandsaÈnderung der Metalle in Magnetfeld, Z. Phys.

53, 216±227 (received 15 December 1928, published in issue No. 3/4 of 14 February
1929).

1929b Bemerkung zur Elektronentheorie des Ferromagnetismus. Z. Phys. 57, 545±555
(received 21 June 1929, published in issue No. 7/8 of 10 September 1929).

1930a Zum elektrischen Widerstandsgesetz bei tiefen Temperaturen, Z. Phys. 57, 208±214
(received 16 November 1929, published in issue No. 2/3 of 2 January 1930).

1930b Zur Theorie des Ferromagnetismus, Z. Phys. 61, 206±219 (received on 1 February
1930, published in issue No. 3/4 of 29 March 1930).

1930c UÈ ber die Wechselwirkung der Metallelektronen, in P. Debye, ed.: Elektronen-

interferenzen (Leipziger VortraÈge, 1930), Leipzig: S. Hirzel, pp. 67±74.

1932 Zur Theorie des Austauschproblems und der Remanenzerscheinung der Ferro-
magnetika, Z. Phys. 74, 295±335 (received 14 September 1931, published in No. 5/6
of 16 February 1932).

1933a Elektronentheorie der Metalle, in E. Marx, ed.: Handbuch der Radiologie, 2nd edi-
tion, Vol. VI/1, Leipzig: Akademische Verlagsgesellschaft, pp. 226±278.

References 1271



1933b J. v. Neumann. Mathematische Grundlagen der Quantenmechanik, Phys. Zs. 34,
183 (book review, published in issue No. 4 of 15 February 1933).

1934 Die physikalische Bedeutung mehrerer Zeiten in der Quantenelektrodynamik, Phys.

Zs. SU 5, 301±315 (dated 6 August 1933, received 27 August 1933).

1980 Memories of electrons in crystals, Proc. Roy. Soc. (London) A371, 24±27 (talk
presented at the Symposium ``The Beginnings of Solid State Physics'' in London,
30 April±2 May 1979, published in the issue of 10 June 1980).

Bloch, Felix, and G. Gentile

1931 Zur Anisotropie der Magnetisierung ferromagnetischer Einkristalle, Z. Phys. 70,
395±408 (dated February and received 7 May 1931, published in issue No. 516 of
6 Jult 1931).

Bloch, Felix, and Arnold Nordsieck

1937 Note on the radiation ®eld of the electron, Phys. Rev. (2) 52, 54±59 (received 14
May 1937, published in issue No. 2 of 15 July 1937).

Blochinzev, Dmitrii

1957 Grundlagen der Quantenmechanik (translation of the second edition of the Russian
original), Berlin: Deutscher Verlag der Wissenschaften.

Bloembergen, Nicholaas

1956 Proposal for a new type solid state maser, Phys. Rev. (2) 104, 324±327 (received 6
July 1956, published in issue No. 2 of 15 October 1956).

Blumenthal, Otto

1935 Lebensgeschichte, in David Hilbert: Gesammelte Abhandlungen (Hilbert, 1935),
Vol. III, pp. 388±429.

Béggild, Jérgen

1937 On secondary e¨ects of cosmic radiation (in Danish), doctoral thesis, Copenhagen.

Béggild, Jérgen, and A. Karkov

1937 Ho¨mannsche StoÈûe und Strahlenmultiplikation, Naturwiss. 25, 158 (letter dated
28 January 1937, published in the issue of 5 March 1937).

Bogoliubov, Nicolai N.

1947 On the theory of super¯uidity, J. Phys. USSR 11, 23±41.

1958 On a new method in the theory of superconductivity, Nuovo Cimento (10) 7, 794±
805 (received 14 November 1957, published in No. 6 of 16 March 1958).

Bogoliubov, Nicolai N., B. V. Medvedev, and M. K. Polivanov

1958 Probleme der Theorie der Dispersionsrelationen, Fortschritte der Physik 6, 169±245
(published in issue No. 2).

Bogoliubov, Nicolai N., V. V. Tolmachov, and Dimitri V. SÏ irkov

1958 A new method in the theory of superconductivity, Fortschritte der Physik 6, 605±
682 (translation of the Russian manuscript dated January 1958).

References1272



Bohm, David

1951 Quantum Theory, New York: Prentice-Hall.

1952a A suggested interpretation of the quantum theory in terms of hidden variables I.,
Phys. Rev. (2) 85, 166±179 (received 5 July 1951, published in issue No. 2 of
15 January 1952).

1952b A suggested interpretation of the quantum theory in terms of hidden variables II.,
Phys. Rev. (2) 85, 180±193 (received 5 July 1951, published in issue No. 2 of
15 January 1952).

1953a Comments on a letter concerning the causal interpretation of the quantum theory,
Phys. Rev. (2) 89, 319±320 (received 17 November 1952, published in issue No. 1
of 1 January 1953).

1953b Proof that the probability approaches jcj2 in the causal interpretation of the quan-
tum theory, Phys. Rev. (2) 89, 458±466 (received 25 June 1952, published in issue
No. 2 of 15 January 1953).

1953c Comments on an article of Takabayasi concerning the formulation of quantum
mechanics with classical pictures, Prog. Theor. Phys. 9, 273±287 (received 3 Feb-
ruary 1953, published in issue No. 3 of 3 March 1953).

1954 A discussion of certain remarks by Einstein on Born's probability interpretation, in
Scienti®c Papers Presented to Max Born, Edinburgh: Oliver and Boyd, pp. 13±19.

Bohm, David, and Yakir Aharonov

1957 Discussion of experimental proof for the paradox of Einstein, Podolsky and Rosen,
Phys. Rev. (2) 108, 1070±1076 (received 10 May 1957, published in issue No. 4 of
15 November 1957).

1960 Further discussion of possible experimental tests for the paradox of Einstein,
Podolsky and Rosen, Nuovo Cimento (10) 17, 964±976 (received 20 June 1960,
published in issue No. 6 of 16 September 1960).

Bohm, David, and Jeffrey Bub

1966a A proposed solution of the measurement problem in quantum mechanics by a hid-
den variable theory, Rev. Mod. Phys. 38, 453±469 (published in issue No. 3 of July
1966).

1966b A refutation of the proof by Jauch and Piron that hidden variables can be excluded
in quantum mechanics, Rev. Mod. Phys. 38, 470±475 (published in issue No. 3 of
July 1966).

1968 On hidden variablesÐA reply to comments by Jauch and Piron and by Gudder,
Rev. Mod. Phys. 40, 235±236 (published in issue No. 1 of January 1968).

Bohm, David, and David Pines

1951 A collective description of electron interactions. I. Magnetic interactions, Phys. Rev.

(2) 82, 625±634 (received 4 December 1950, published in issue No. 5 of 1 June
1951).

Bohm, David, and Jean-Pierre Vigier

1954 Model of the causal interpretation of quantum theory in terms of a ¯uid with
irregular ¯uctuations, Phys. Rev. (2) 96, 208±216 (received 14 June 1954, published
in issue No. 1 of 1 October 1954).

References 1273



Bohr, Niels

1911 Studier over Metallernes Elektronteori (doctoral dissertation), University of Co-
penhagen.

1913a On the theory of decrease of velocity of moving electri®ed particles on passing
through matter, Phil. Mag. (6) 25, 10±31 (communicated by E. Rutherford; dated
August 1912, published in issue No. 145 of January 1913).

1913b On the constitution of atoms and molecules (Part I), Phil. Mag. (6) 26, 1±25
(communicated by E. Rutherford; dated 5 April 1913, published in issue No. 151 of
July 1913).

1913c On the constitution of atoms and molecules. Part II, Phil. Mag. (6) 26, 476±502
(communicated by E. Rutherford; published in issue No. 153 of September 1913).

1913d On the spectra of helium and hydrogen, Nature 92, 231±232 (letter dated 8 October
1913, published in the issue of 23 October 1913).

1913e On the constitution of atoms and molecules. Part III, Phil. Mag. (6) 26, 857±875
(communicated by E. Rutherford; published in issue No. 155 of November 1913).

1915b On the quantum theory of radiation and the structure of the atom, Phil. Mag. (6)

30, 394±445 (dated August 1915, published in issue No. 177 of September 1915).

1915c On the decrease of velocity of swiftly moving electri®ed particles in passing through
matter, Phil. Mag. (6) 30, 581±612 (dated July 1915, published in issue No. 178 of
October 1915).

1918a On the quantum theory of line spectra. Part I. On the general theory, Kgl. Danske

Vid. Selsk. Skrifter, 8. Raekke IV.1, 1±36 (foreword dated November 1917, pub-
lished in April 1918).

1921a Atomic structure, Nature 107, 104±107 (letter dated 14 February 1921, published in
the issue of 24 March 1921).

1921b Zur Frage der Polarisation der Strahlung in der Quantentheorie, Z. Phys. 6, 1±9
(received 17 June 1921, published in issue No. 1 of 9 August 1921).

1921d Atomic structure, Nature 108, 208±209 (letter dated 16 September 1921, published
in the issue of 13 October 1921).

1923a UÈ ber die Anwendung der Quantentheorie im Atombau. I. Die Grundpostulate der
Quantentheorie, Z. Phys. 13, 117±165 (received 15 November 1922, published in
issue No. 3 of 31 January 1923); English translation (by L. F. Curtiss): On the
application of the quantum theory to atomic structure. Part I. The fundamental
postulates, Proc. Camb. Phil. Soc. Supplement 22, 1±44 (1924).

1923b On Atomernes Bygning (Nobel lecture presented on 11 December 1922), in Les

Prix Nobel en 1921±1922, Stockholm: P. A. Norstedt & Fils; English translation (by
F. C. Hoyt): The structure of the atom, Nature 112, 29±44 (published in the Sup-
plement to the issue of 7 July 1923).

1923c Linienspektren und Atombau, Ann. d. Phys. (4) 71, 228±288 (received 15 March
1923, published in issue No. 9±12 of 23 May 1923).

1923e L'application de la theÂorie des quanta aux probleÁmes atomique, in Atomes et EÂ lec-

trons: Rapports et Discussions du Conseil de Physique tenu aÁ Bruxelles du 1er au 6

Avril 1921 sous les auspices de l'Institut International de Physique Solvay, Paris:
Gauthier±Villars, pp. 228±247.

1925a UÈ ber die Wirkung von Atomen bei StoÈûen, Z. Phys. 34, 142±152 (received 30
March 1925, published with a postscript, added in July 1925, in issue No. 2/3 of
28 September 1925).

References1274



1925b Atomic theory and mechanics, Nature 116, 845±852 (elaborated text of an address
presented on 30 August 1925 at the sixth Scandinavian Mathematical Congress in
Copenhagen, published in Supplement to the issue of 5 December 1925).

1926a Spinning electrons and the structure of spectra, Nature 117, 265 (remark on the
letter of G. E. Uhlenbeck and S. Goudsmit, dated December 1925, published in the
issue of 20 February 1926).

1927b Atomic theory and wave mechanics, Nature 119, 262 (abstract of a paper presented
on 17 December 1926 at the Royal Danish Academy, published in the issue of
12 February 1927).

1928a The quantum postulate and the recent development of atomic theory, in Atti del

Congresso Internazionale dei Fisici 11±20 Settembre 1927, Como±Pavia±Roma,
Bologna: Nicola Zanichelli, Vol. 2, pp. 565±598.

1928b Kvantepostulatet og atomteoriens seneste udvikling (abstract), Overs. Danske

Videnskabernes Selskab Forh. Juni 1927±Maj 1928, p. 27; English translation:
The quantum postulate and the recent development of atomic theory, Nature 121,
78 (abstract of a talk presented on 18 November 1927, published in the issue of
14 January 1928).

1928c Ved Harald Hù¨dings 85 Aars-Dag, Berlinske Tidende, 10 March 1928.

1928d Das Quantenpostulat und die neuere Entwicklung der Atomistik, Naturwiss. 16,
245±257 (published in the issue of 13 April 1928).

1928e The quantum postulate and the recent development of atomic theory, Nature 121,
580±590 (published in Supplement to the issue of 14 April 1928).

1928f Le postulat des quanta et le nouveau deÂveloppement de l'atomistique, in EÂ lectrons

et Photons (Institut International de Physique Solvay, ed., 1928), pp. 215±247.

1928g Sommerfeld und die Atomtheorie, Naturwiss. 16, 1036 (published in the issue of
7 December 1928).

1929a Kvanteteori og relativitet, Overs. Danske Videnskabernes Selskab Forh. Juni 1928±

Maj 1929, p. 24 (abstract of a lecture presented on 19 October 1928 at the Danish
Academy of Sciences); English translation: Quantum theory and relativity, Nature

123, 424 (published in the issue of 16 March 1929).

1929b Wirkungsquantum und Naturbeschreibung, Naturwiss. 17, 483±486 (published in
the issue of 28 June 1929, dedicated to the 50th doctoral anniversary of Max
Planck); English translation: The quantum of action and the description of nature,
in N. Bohr: Atomic Theory and the Description of Nature, Cambridge: Cambridge
University Press, 1934, pp. 91±101.

1929c Atomteorien og grundprincipperne for naturbeskrivelsen (address given on 26
August 1929 at the ``18th Meeting of the Scandinavian Scientists''), in Beretning

an det 18. skandinaviske Naturforskermùde i Kùbenhavn 26.±31. August 1929, Co-
penhagen: Frederiksberg Bogtrykkeri, pp. 71±83; German translation: Die Atom-
theorie und die Prinzipien der Naturbeschreibung, Naturwiss. 18, 73±78 (published in
the issue of 24 January 1930); English translation: The atomic theory and the funda-
mental principles underlying the description of nature, in N. Bohr: Atomic Theory

and the Description of Nature, Cambridge: Cambridge University Press, pp. 102±119.

1929d Atomteori og Naturbeskrivelse. Festkrift udgivet af Kùbenhavns Universitet i Anled-

ning at Universitets Aarsfest 1929, Copenhagen: Bianco Lunos Boktrykkeri.

1932a Chemistry and the quantum theory of atomic constitution, Journal of the Chemical

Society (London) 1932, pp. 349±384 (Faraday lecture delivered before the Fellows
of the Chemical Society at Salters' Hall on 8 May 1930).

References 1275



1932b Atomic stability and conservation laws, in Atti del Convegno di Fisici Nucleare della

Fondazione Alessandro Volta Ottobre 1931ÐIX, Rome: Reale Accademia d'Italia,
pp. 119±130.

1933 Light and life, Nature 131, 421±423, 457±459 (address at the opening meeting of the
International Congress on Light Therapy in Copenhagen, 15 August 1932, pub-
lished in the issues of 24 March and 1 April 1933).

1935a Quantum mechanics and physical reality, Nature 136, 65 (letter dated 29 June 1935,
published in the issue of 13 July 1935).

1935b Can quantum-mechanical description of physical reality be considered complete?,
Phys. Rev. (2) 48, 696±702 (received 13 July 1935, published in issue No. 8 of
15 October 1935).

1936a Neutron capture and nuclear constitution, Nature 137, 344±348 (address delivered
on 27 January 1936 before the Copenhagen Academy of Sciences, published in the
issue of 29 February 1936).

1936b Atomkernenes egenskaber, in Nordiska (19. skandinaviska naturforskarmoÈtet it

Helsingfors den 11±15 augusti 1936), Helsinki±Helsingfors: Finska LittertursaÈll-
skapets Tryckeri, pp. 73±81; English translation: Properties of atomic nuclei, in
Niels Bohr: Collected Works, Vol. 9 (Bohr, 1986), pp. 172±178.

1937a KausalitaÈt und KomplementaritaÈt, in R. Carnap and H. Reichenbach, eds.:
Das Kausalproblem. (II. Internationaler Kongress fuÈr Einheit der Wissenschaft,

Kopenhagen 1936), Leipzig: Felix Meiner, and Copenhagen: Levin & Munksgaard
(Erkenntnis 6), pp. 293±296.

1937b Transmutation of atomic nuclei, Science 86, 161±165 (abstract of lectures given
in spring of 1937 at various universities in the USA, published in the issue of
20 August 1937).

1937c Om spaltning af atomkerner (talk presented on 27 August 1937), in 5. nordiske

Elektronikernm de, Copenhagen: J. H. Schulz, pp. 21±23.

1938 Biology and atomic physics, Nuovo Cimento 15, 429±438 (talk held at ``XXIX Riu-

nione della SocietaÁ di Fisica e del Congresso di Fisica'' in Bologna, 18±21 October
1937, published in issue No. 8 of August 1938).

1939a The causality problem in atomic physics (talk presented at the Warsaw Conference,
30 May±3 June 1938 organized by the Intellectual Union of Physics), in New The-

ories in Physics, Paris: International Institute for Intellectual Co-operation, pp. 10±
30, discussion, pp. 30±45.

1939b Disintegration of heavy nuclei, Nature 143, 330 (letter dated 20 January 1939,
published in the issue of 25 February 1939).

1939c Resonance in uranium and thorium disintegration and the phenomenon of nuclear
®ssion, Phys. Rev. (2) 55, 418±419 (letter dated 7 February 1939, published in the
issue of 15 February 1939).

1948 On the notions of causality and complementarity, Dialectica 2, 312±319 (published
in issue No. 3/4 of 15 August±15 November 1948, entitled ``The Concept of Com-
plementarity'').

1949 Discussion with Einstein on epistemological problems in atomic physics, in P. A.
Schilpp, ed.: Albert Einstein: Philosopher±Scientist, Evanston: The Library of
Living Philosophers, pp. 200±241.

1961 Die Entstehung der Quantenmechanik, in Werner Heisenberg und die Physik unserer

Zeit (F. Bopp, ed., 1961) pp. IX±XII.

References1276



1963 Licht und LebenÐnoch einmal. (Lecture presented in June 1962 at the inaugura-
tion of the Institut fur Genetik at the University of Cologne), Naturwiss. 50, 725±727
(received 9 September 1963, published in the second issue of December 1963).

1972¨. Niels Bohr: Collected Works (L. Rosenfeld, general editor), Amsterdam, New York,
etc.: North Holland.

1972 Volume 1: Early Works (1905±1911) (J. Rud Nielsen, ed.).

1976 Volume 3: The Correspondence Principle (1918±1923) (J. Rud Nielsen, ed.).

1977 Volume 4: The Periodic System (1920±1923) (J. Rud Nielsen, ed.).

1981 Volume 2: Work on Atomic Physics (1912±1917) (U. Hoyer, ed.).

1984 Volume 5: The Emergence of Quantum Mechanics (1924±1926) (K. Stolzenburg,
ed.).

1985 Volume 6: Foundations of Quantum Physics I (1926±1932) (J. Kalckar, ed.).

1986 Volume 9: Nuclear Physics I (1929±1952) (R. Peierls, ed.).

1987 Volume 8: The Penetration of Charged Particles Through Matter (1912±1954)

(J. Thorsen, ed.).

1996 Volume 7: Foundations of Quantum Physics II (1933±1958) (J. Kalckar, ed.).

Bohr, Niels, and Dirk Coster

1923 RoÈntgenspektren und periodisches System der Elemente, Z. Phys. 12, 342±374
(received 2 November 1922, published in issue No. 6 of 9 January 1923).

Bohr, Niels, and Fritz Kalckar

1937 On the transmutation of atomic nuclei by impact of material particles. Kgl. Danske

Vid. Selsk. Math.±Fys. Medd. 14, No. 10 (ready for print on 27 November 1937).

Bohr, Niels, Hendrik Kramers, and John Slater

1924 The quantum theory of radiation, Phil. Mag. (6) 47, 785±822 (dated January 1924,
published in the issue of April 1924).

Bohr, Niels, Rudolf Peierls, and George Placzek

1939 Nuclear reactions in the continuous energy region, Nature 144, 200±201 (letter
received 4 July 1939, published in the issue of 28 July 1939).

Bohr, Niels, and LeÂon Rosenfeld

1933 Zur Frage der Meûbarkeit der elektromagnetischen FeldgroÈûen, Kgl. Danske Vid.

Selsk. Math.±Fys. Medd. 12, No. 8 (signed April 1933, ready for print 19 December
1933).

1950 Field and charge measurements in quantum electrodynamics, Phys. Rev. (2) 78,
794±798 (received 19 October 1949, published in issue No. 6 of 15 June 1950).

Bohr, Niels, and John A. Wheeler

1939a Mechanism of nuclear ®ssion, Phys. Rev. (2) 55, 1124 (abstract of a talk presented
at the Washington APS meeting, 27±29 April 1939, published in issue No. 11 of
1 June 1939).

1939b The mechanism of nuclear ®ssion, Phys. Rev. (2) 56, 426±450 (received 28 June
1939, published in issue No. 5 of 1 September 1939).

References 1277



1939c The ®ssion of protactinium, Nature 144, 1065±1066 (letter dated 20 October 1939,
published in the issue of 15 November 1939).

Boltzmann, Ludwig

1868 Studien uÈber das Gleichgewicht der lebendigen Kraft zwischen bewegten mate-
riellen Punkten, Sitz.ber. Akad. Wiss. (Wien) 58, 517±560 (communicated to the
meeting of 8 October 1868); reprinted in Wissenschaftliche Abhandlungen (Boltz-
mann, 1909), Vol. I, pp. 49±96.

1877b UÈ ber die Beziehungen zwischen dem zweiten Hauptsatze der WaÈrmetheorie und
der Wahrscheinlichkeitsrechnung respektive den SaÈtze uÈber das WaÈrmegleichge-
wicht, Sitz.ber. Akad. Wiss. (Wien) 76, 373±435 (communicated to the meeting of
11 October 1877); reprinted in Wissenschaftliche Abhandlungen (Boltzmann, 1909),
Vol. II, pp. 164±223.

1895b On certain questions of the theory of gases, Nature 51, 413±415 (published in the
issue of February 1895); reprinted in Wissenschaftliche Abhandlungen (Boltzmann,
1909), Vol. III, pp. 535±544.

1897b Zu Herrn Zermelos Abhandlung ``UÈ ber die mechanische ErklaÈrung irreversibler
VorgaÈnge,'' Ann. d. Phys. (3) 60, 392±398 (dated October 1896, published in issue
No. 2 of 10 January 1897).

1909 Wissenschaftliche Abhandlungen (F. HasenoÈhrl, ed.), 3 volumes, Leipzig: J. A.
Barth.

Bondi, Hermann, and Thomas Gold

1948 The steady-state theory of the expanding universe, Monthly Notices Roy. Astr. Soc.

(London) 108, 252±270 (received 14 July 1948, published in issue No. 3).

Bonhoeffer, Karl-Friedrich

1924 Das Verhalten von aktivem Wassersto¨, Z. Phys. Chem. 113, 199±219 (received
12 July 1924).

1925 Chemolumineszenz mit aktivem Wassersto¨, Z. Phys. Chem. 116, 391±401 (re-
ceived 2 May 1925).

Bonhoeffer, Karl-Friedrich, and Paul Harteck

1929 Experimente uÈber Para- und Orthowassersto¨, Naturwiss. 17, 182 (letter dated
24 February 1929, published in the issue of 15 March 1929).

Bopp, Fritz

1952 Ein fuÈr die Quantenmechanik bemerkenswerter Satz der Korrelationsrechnung,
Z. Naturf. 7a, 82±87 (received 4 September 1951, published in issue No. 1 of 1952).

1953 Statistische Untersuchung des Grundprozesses der Quantentheorie der Elemen-
tarteilchen, Z. Naturf. 8a, 6±13 (received 30 September 1952, published in issue
No. 1 of 1953).

1961 Statistische Mechanik bei StoÈrung des Zustandes eines physikalischen Systems
durch die Beobachtung, in Werner Heisenberg und die Physik unserer Zeit (F. Bopp,
ed., 1961), pp. 128±149.

Bopp, Fritz (editor)

1961 Werner Heisenberg und die Physik unserer Zeit, Braunschweig: Fr. Vieweg & Sohn.

References1278



Bordag, Michael

1999 The Casimir E¨ect 50 Years Later, Singapore, etc.: World Scienti®c.

Borel, Armand

1986 Hermann Weyl and the groups, in K. Chandrasekharan, ed.: Hermann Weyl 1885±

1985 (Centenary Lectures delivered by C. N. Yang, R. Penrose, and A. Borel at the
ETH Zurich), Berlin, Heidelberg, etc.: Springer-Verlag, pp. 53±82.

Born, Max

1922 UÈ ber das Modell der Wassersto¨molekel, Naturwiss. 10, 677±678 (letter dated
27 June 1922, published in the issue of 4 August 1922).

1924b UÈ ber Quantenmechanik, Z. Phys. 26, 379±395 (received 13 June 1924, published in
issue No. 6 of 20 August 1924).

1925 Vorlesungen uÈber Atommechanik, Berlin: J. Springer.

1926a Zur Quantenmechanik der StoûvorgaÈnge, Z. Phys. 37, 863±867 (received 25 June
1926, published in issue No. 12 of 10 July 1926).

1926b Quantenmechanik der StoûvorgaÈnge, Z. Phys. 38, 803±827 (received 21 July 1926,
published in issue No. 11/12 of 14 September 1926).

1926c Das Adiabatenprinzip in der Quantenmechanik, Z. Phys. 40, 167±192 (received
16 October 1926, published in issue No. 3/4 of 6 December 1926).

1926d Problems of Atomic Dynamics, Cambridge, Mass.: MIT Press; reprinted 1970.

1926e Zur Wellenmechanik der StoûvorgaÈnge, Nachr. Ges. Wiss. GoÈttingen 1926, 146±160
(presented at the meeting of 14 January 1927).

1927a Physical aspects of quantum mechanics, Nature 119, 354±357 (extension of a paper
read before Section A of the British Association at Oxford on 10 August 1926,
translated by R. Oppenheimer, published in the issue of 5 March 1927).

1928 Zur Theorie des Ramane¨ektes, Naturwiss. 16, 673 (letter dated 2 August 1928,
published in the issue of 24 August 1928).

1929 Zur Theorie des Kernzerfalls, Z. Phys. 58, 306±321 (received 1 August 1929, pub-
lished in issue No. 5/6 of 1 November 1929).

1930 Zur Quantentheorie der chemischen KraÈfte, Z. Phys. 64, 729±740 (received 29 July
1930, published in issue No. 11/12 of 22 September 1930).

1931 Chemische Bindung und Quantenmechanik, Ergeb. exakt. Naturwiss. 10, 387±
444.

1943 Experiment and Theory in Physics (Lecture given on 21 May 1943 at Newcastle-
upon-Tyne), Cambridge: Cambridge University Press.

1949 Einstein's statistical theories, in P. A. Schilpp, ed.: Albert Einstein: Philosopher±

Scientist, New York: Tudor Publishing, pp. 162±177.

1955 Continuity, determinism and reality, Kgl. Danske Vidensk. Selskab, Math.±Fys.

Medd. 30, No. 2 (received 15 April 1955, published in September 1955).

1962 AusgewaÈhlte Abhandlungen, Vols. 1 and 2, GoÈttingen: Vandenhoeck and Rup-
precht.

1964 The statistical interpretation of quantum mechanics (English translation of the
Nobel lecture delivered on 11 December 1954), in Nobel Lectures: Physics 1942±

1961 (Nobel Foundation, ed., 1964), pp. 256±267.

1978 My Life. Recollections of a Nobel Laureate, New York: Charles Scribner's Sons.

References 1279



Born, Max, and Walter Biem

1968 Dualism in quantum theory, Physics Today 21, 51±55 (published in issue No. 8 of
August 1968).

Born, Max, and Maurice Blackman

1933 UÈ ber die Feinstruktur der Reststrahlen, Z. Phys. 82, 551±558 (received 17 February
1933, published in issue No. 9/10 of 23 May 1933).

Born, Max, and Vladimir Fock

1928 Beweis des Adiabatensatzes, Z. Phys. 51, 165±180 (received 1 August 1928, pub-
lished in issue No. 3/4 of 12 October 1928).

Born, Max, and Maria GoÈppert-Mayer

1933 Dynamische Gittertheorie der Kristalle, in H. Geiger and K. Scheel, eds.: Handbuch

der Physik, 2nd edition, Vol. 24/II: Aufbau der zusammenhaÈngenden Materie, Berlin:
J. Springer, pp. 623±794.

Born, Max, and Werner Heisenberg

1923b Die Elektronenbahnen im angeregten Heliumatom, Z. Phys. 16, 229±243 (received
11 May 1923, published in issue No. 4 of July 1923).

1924a Zur Quantentheorie der Molekeln, Ann. d. Physik (4) 74, 1±31 (received 21
December 1923, published in issue No. 9 of April 1924).

1928 La meÂchanique des quanta, in EÂ lectrons et Photons (Institut International de Phy-

sique Solvay, ed. 1928), pp. 143±184.

Born, Max, Werner Heisenberg, and Pascual Jordan

1926 Zur Quantenmechanik II., Z. Phys. 36, 557±615 (received 16 November 1925,
published in issue No. 8/9 of 4 February 1926).

Born, Max, and Leopold Infeld

1934a Foundations of a new ®eld theory, Proc. Roy. Soc. (London) A144, 425±451
(communicated by R. H. Fowler; received 26 January 1934, published in issue
No. 852 of 29 March 1934).

1934b On the quantization of the new ®eld equations, Proc. Roy. Soc. (London) A147,
522±546 (communicated by P. A. M. Dirac; received 19 July 1934, published in
issue No. A862 of 1 December 1934).

1935 On the quantization of the new ®eld theory. II. Proc. Roy. Soc. (London) A150,
141±166 (communicated by R. H. Fowler; received 21 December 1934, published in
issue No. A869 of 1 May 1935).

Born, Max, and Pascual Jordan

1925a Zur Quantentheorie aperiodischer VorgaÈnge, Z. Phys. 33, 479±505 (received 11
June 1925, published in issue No. 7 of 15 August 1925).

1925b Zur Quantenmechanik, Z. Phys. 34, 858±888 (received 27 September 1925, pub-
lished in issue No. 11/12 of 28 November 1925).

1930 Elementare Quantenmechanik, Berlin: J. Springer.

References1280



Born, Max, and Robert Oppenheimer

1927 Zur Quantentheorie der Molekeln, Ann. d. Phys. (4) 84, 457±484 (received 25
August 1927, published in issue No. 20 of 2 November 1927).

Born, Max, and Norbert Wiener

1926a A new formulation of the laws of quantization of periodic and aperiodic phenom-
ena, J. Math. & Phys. M.I.T. 5, 84±98 (received in December 1925).

1926b Eine neue Formulierung der Quantengesetze fuÈr periodische und nichtperiodische
VorgaÈnge, Z. Phys. 36, 174±187 (received 5 January 1926, published in issue No. 3
of 12 March 1926).

Bose, Satyendra Nath

1924a Plancks Gesetz und Lichtquantenhypothese, Z. Phys. 26, 178±181 (received 2 July
1924, published in issue No. 3 of 11 August 1924).

Bothe, Walther

1923c Zur Quantentheorie des normalen Photoe¨ektes, Z. Phys. 17, 137±151 (received
25 June 1923, published in issue No. 2 of 9 August 1923).

1926a UÈ ber die Kopplung zwischen elementaren StrahlungsvorgaÈngen, Z. Phys. 37, 547±
567 (received 9 April 1926, published in issue No. 7/8 of 16 June 1926).

1926b Lichtquanten und Lichtwellen, Naturwiss. 14, 1280±1281 (letter dated 6 November
1926, published in the issue of 24 December 1926).

1927a Lichtquanten und Interferenz, Z. Phys. 41, 332±344 (received 30 December 1926,
published in issue No. 4/5 of 14 February 1927).

1927b Zur Statistik der Hohlraumstrahlung, Z. Phys. 41, 345±351 (received 27 December
1926, published in issue No. 4/5 of 14 February 1927).

1933 Das Neutron und das Positron, Naturwiss. 21, 825±831 (published in the issue of
24 November 1933).

Bothe, Walther, and Herbert Becker

1930 KuÈnstliche Erregungen von Kern g-Strahlen, Z. Phys. 66, 289±306 (received 23
October 1930, published in issue No. 5/6 of 3 December 1930).

Bothe, Walther, and Hans Geiger

1925a Experimentelles zur Theorie von Bohr, Kramers und Slater, Naturwiss. 13, 440±441
(letter dated 18 April 1925, published in the issue of 15 May 1925).

1925b UÈ ber das Wesen des Comptone¨ekts: Ein experimenteller Beitrag zur Theorie der
Strahlung, Z. Phys. 32, 639±663 (received 25 April 1925, published in issue No. 9 of
12 June 1925).

Bothe, Walther, and Werner KolhoÈrster

1929 Das Wesen der HoÈhenstrahlung, Z. Phys. 56, 751±777 (dated May 1929; received
18 June 1929, published in issue No. 11/12 of 16 August 1929).

Boukaert, L. P., Roman Smoluchowski, and Eugene P. Wigner

1936 Theory of the Brillouin zones and symmetry properties of wave functions in crys-
tals, Phys. Rev. (2) 50, 58±67 (received 13 April 1936, published in issue No. 1 of
1 July 1936).

References 1281



Boyer, Timothy H.

1968 Quantum electromagnetic zero-point energy of a conducting spherical shell and
the Casimir model for a charged particle, Phys. Rev. (2) 174, 1764±1776 (received
18 April 1968, published in issue No. 5 of 25 October 1968).

Boyle, A. J. F., and H. E. Hall

1962 The MoÈssbauere¨ekt, in A. C. Strickland, ed.: Reports on Progress in Physics, Vol.

XXV; London: Institute of Physics and Physical Society, pp. 441±524.

Bradley, C. C., C. A. Sackett, J. J. Tollet, and R. G. Hulet

1995 Evidence of Bose±Einstein condensation in an atomic gas with attractive inter-
actions, Phys. Rev. Lett. 75, 1687±1690 (received 25 July 1995, published in issue
No. 9 of 28 August 1995).

Bragg, William Henry

1907 On the properties and nature of various electric radiations, Phil. Mag. (6) 14, 429±
449 (read before the Royal Society of South Australia on 7 May and 4 June 1907,
published in issue No. 82 of October 1907).

Bragg, William Lawrence

1928 L'intensiteÂ de reÂ¯exions des rayons X, in EÂ lectrons et Photons (Institut International

de Physique Solvay, ed., 1928), pp. 1±53.

Braginskii (Braginsky), Vladimir B., and Yu. I. Vorontsov

1975 Quantum mechanical limitations in macroscopic experiments and modern ex-
perimental technique, Soviet Physics±Uspekhi 17, 644±650 (English translation of
the Russian publication of September 1974, published is issue No. 5 of March/April
1975).

Brandelik, R., et al.

1979 Evidence for planar events in e�eÿ annihilation at high energies, Physics Letters

86B, 243±249 (received 29 August 1979, published in issue No. 2 of 24 September
1979).

Breit, Gregory

1927 The length of light quanta, Nature 119, 280±281 (letter published in the issue of
19 February 1927).

1929 The e¨ect of retardation on the interaction of two electrons, Phys. Rev. (2) 34,
553±573 (received 31 May 1929, published in issue No. 4 of 15 August 1929).

1947a The electromagnetic shift of energy levels, Phys. Rev. (2) 71, 400±402 (received 24
December 1946, published in issue No. 7 of 1 April 1947).

1947b Does the electron have an intrinsic magnetic moment?, Phys. Rev. (2) 72, 984
(letter dated 29 September 1947, published in issue No. 10 of 15 November
1947).

Breit, Gregory, Edward U. Condon, and R. D. Present

1936 Theory of scattering of protons by protons, Phys. Rev. (2) 50, 825±845 (received
11 August 1936, published in issue No. 9 of 1 November 1936).

References1282



Breit, Gregory, and Eugene Feenberg

1936 The possibility of the same form of speci®c interaction for all nuclear particles,
Phys. Rev. (2) 50, 850±856 (received 19 August 1936, published in issue No. 9 of
1 November 1936).

Breit, Gregory, and Eugene P. Wigner

1936 Capture of slow neutrons, Phys. Rev. (2) 49, 519±531 (received 15 February 1936,
published in issue No. 7 of 1 April 1936).

Bremmermann, H. J., Reinhard Oehme, and J. G. Taylor

1958 Proof of dispersion relations in quantized ®elds, Phys. Rev. (2) 109, 2178±2190
(received 15 October 1957, published in issue No. 6 of 15 March 1958).

Bretscher, E., and Eugen(e) Guth

1931 Zusammenfassender Bericht uÈber die physikalische Vortragswoche der EidgenoÈssi-
schen Technischen Hochschule ZuÈrich von 20.±24. Mai 1931, Phys. Zs. 32, 649±
674 (published in issue No. 17 of 1 September 1931).

Bridgman, Percy Williams

1935 Theoretically interesting aspects of high pressure phenomena, Rev. Mod. Phys. 7,
1±33 (published in issue No. 1 of January 1935).

1964 General survey of certain results in the ®eld of high-pressure physics (Nobel lecture
held on 11 December 1946, with the presentation speech of A. E. Lindh and a
biography), in Nobel Lectures: Physics 1942±1962 (Nobel Foundation, ed., 1964),
pp. 47±72.

Brillouin, LeÂon

1926a La meÂcanique ondulatoire de SchroÈdinger; une meÂthode geÂneÂrale de reÂsolution
par approximations successives, Comptes rendus (Paris) 183, 24±26 (presented by
M. Brillouin at the meeting of 5 July 1926).

1927 Peut-on deÂcider directement le moment magneÂtique de l'eÂlectron, Comptes rendus

(Paris) 184, 82±84 (presented at the meeting of 10 January 1927).

1930a Les Statistiques Quantiques et leur Application, Paris: Presses Universitaires.

1930b Les eÂlectrons dans les meÂtaux et le roÃ le des conditions de reÂ¯exion seÂlective de Bragg,
Comptes rendus (Paris) 191, 198±200 (presented at the meeting of 28 July 1930).

1930c Les eÂlectrons dans les meÂtaux et le classement des ondes de de Broglie corre-
spondantes, Comptes rendus (Paris) 191, 292±294 (presented at the meeting of
11 August 1930).

1930d Les eÂlectrons dans les meÂtaux et le roÃ le des re¯exions de Bragg, J. Phys. (Paris) 1,
377±400 (received 4 August 1930).

1931 Die Quantenstatistik und ihre Anwendung auf die Elektronentheorie der Metalle,
Berlin: J. Springer.

1932 Les eÂlectrons libres dans un reÂseau cristallin. EÂ quation ondulatoire et proprieÂteÂs
magneÂtiques, J. phys. et rad. (7) 3, 556±581 (received 30 September 1932, published
in issue No. 12 of December 1932.

1934 Le modeÁle d'atome de Fock±Dirac et l'existence des potentiels d'ionisation, J. phys.

et rad. (7) 5, 185±192 (received 21 March 1934, published in issue No. 5 of May
1934).

References 1283



Brockman, C. J.

1924 The theory of co-ordination and the Lewis±Langmuir structure of the atom,
Chemistry and Industry 43, 756±759 (published in the issue of 25 July 1924).

Broglie, Louis de

1923a Ondes et quanta, Comptes rendus (Paris) 177, 507±510 (presented by J. Perrin at
the meeting of 10 September 1923).

1923b Quanta et lumieÁre, di¨raction et interfeÂrences, Comptes rendus (Paris) 177, 548±
550 (presented by J. Perrin at the meeting of 24 September 1923).

1923c Les quanta, la theÂorie cineÂtique de gaz et le principe de Fermat, Comptes rendus

(Paris) 177, 630±632 (presented by H. Deslandres at the meeting of 8 October
1923).

1924b Sur la deÂ®nition geÂneÂrale de la correspondence entre onde et mouvement, Comptes

rendus (Paris) 179, 39±40 (presented by M. de Broglie at the meeting of 7 July
1924).

1924e Recherche sur la theÂorie des quanta (doctoral thesis), Paris: Masson et Cie.

1925 Recherche sur la theÂorie des quanta, Annales de physique (10) 3, 22±138 (published
in issue No. 1 of January/February 1925).

1926a Remarques sur la nouvelle meÂcanique ondulatoire, Comptes rendus (Paris) 183,
272±273 (presented at the meeting of 26 July 1926).

1926b Sur la possibiliteÂ de relier les pheÂnomeÁnes d'interfeÂrence et de di¨raction aÁ la theÂorie
des quanta de lumieÁre, Comptes rendus (Paris) 183, 447±448 (presented at the
meeting of 23 August 1926).

1926c Interference and corpuscular light, Nature 118, 441 (note dated 27 August 1926,
published in the issue of 25 September 1926).

1927a Sur la possibiliteÂ de mettre en accord la theÂorie eÂlectomagnetique avec la nouvelle
meÂcanique ondulatoire, Comptes rendus (Paris) 184, 81±82 (presented at the
meeting of 10 January 1927).

1927b La structure atomique de la matieÁre et rayonnement et la meÂcanique ondulatoire,
Comptes rendus (Paris) 184, 273±274 (presented at the meeting of 31 January
1927).

1927c L'univers a cinq dimensions et la meÂcanique ondulatoire, J. phys. (Paris) (6) 8,
65±73 (received 23 December 1926, published in issue No. 2 of February 1927).

1927d La meÂcanique ondulatoire et la structure atomique de la matieÁre et du rayonne-
ment, J. phys. (Paris) (6) 8, 225±241 (received 1 April 1927, published in issue
No. 5 of May 1927).

1927e Sur la roÃ le des ondes continues c en MeÂcanique ondulatoire, Comptes rendus

(Paris) 185, 380±382 (presented at the meeting of 8 August 1927).

1927f Corpuscules et ondes c, Comptes rendus (Paris) 185, 1118±1119 (presented at the
meeting of 21 November 1927).

1928 La nouvelle dynamique des quanta, in EÂ lectrons et photons (Institut International de

Physique Solvay, ed., 1928), pp. 105±141.

1934a Sur la nature du photon, Comptes rendus (Paris) 198, 135±137 (note presented at
the meeting of 8 January 1934).

1934b Remarque sur la theÂorie de la lumieÁre (MeÂmoir de l'AcadeÂmie Royale des Sciences
de LieÁge, 3e serie, tome XIX), LieÁge: AcadeÂmie Royale des Sciences.

References1284



1934c L'eÂquation d'ondes du photon, Comptes rendus (Paris) 199, 32±34 (presented at the
meeting of 13 August 1934).

1952a Sur l'introduction des ideÂes d'onde pilote et de double solution dans la theÂorie de
l'eÂlectron de Dirac, Comptes rendus (Paris) 235, 557±560 (presented at the meeting
of 15 September 1952).

1952b Sur l'interpretation de la meÂcanique ondulatoire des systeÁmes de corpuscules dans
l'espace de con®guration par la theÂorie de la double solution, Comptes rendus

(Paris) 235, 1345±1349 (presented at the meeting of 1 December 1952).

1952c La meÂcanique ondulatoire de systeÁmes de particules de meÃme nature et la theÂorie de
la double solution, Comptes rendus (Paris) 235, 1453±1455 (presented at the meet-
ing of 10 December 1952).

1953a Vue d'ensemble sur mes travaux scienti®ques. In: Louis de Broglie: Physicien et

Penseur, Paris: Albin Michel, pp. 457±486.

1953b Sur l'interpretation de la meÂcanique ondulatoire aÁ l'aide d'ondes aÁ reÂgion singu-
laire, Comptes rendus (Paris) 236, 1453±1456 (presented at the meeting of 13 April
1953).

1954 L'interpeÂtation de la meÂcanique ondulatoire aÁ l'aide d'ondes aÁ reÂgions singulaires,
in Scienti®c Papers Presented to Max Born, Edinburgh: Oliver and Boyd, pp. 21±
28.

1962 New Perspectives in Physics (translation of Perspectives nouvelles en microphysique,
Paris: Albin Michel, 1953), New York: Basic Books.

1990 Heisenberg's Uncertainties and the Probabilistic Interpretation of Wave Mechanics,
Dordrecht, Boston, and London: Kluwer Academic Publishers.

Broglie, Louis de, and Jacques Winter

1934 Sur la spin du photon, Comptes rendus (Paris) 199, 813±816 (presented at the
meeting of 29 October 1934).

Bromberg, Joan

1971 The impact of the neutron: Bohr and Heisenberg, Hist. Stud. Phys. Sci. 3, 307±341.

1977 Dirac's quantum electrodynamics and the wave±particle equivalence, in C. Weiner,
ed.: History of Twentieth Century Physics (Proceedings of the ``International School
of Physics `Enrico Fermi,' course LVII,'' Varenna, 31 July±12 August 1972), New
York and London, pp. 147±157.

Brown, Laurie M.

1978 The idea of the neutrino, Physics Today 31, No. 9, 23±28 (published in the issue of
September 1978).

1981 Yukawa's prediction of the meson, Centaurus 25, 71±132.

1985 How Yukawa arrived at the meson theory, Prog. Theor. Phys. Supplement No. 85,
13±19 (presented at the Kyoto International Symposium ``The Jubilee of the Meson
Theory,'' Kyoto, August 15±17, 1985.

1986 Hideki Yukawa and the meson theory, Physics Today 39, No. 12, pp. 1±8 (pub-
lished in the issue of December 1986).

1989 Yukawa in the 1930s: A gentle revolutionary, Historia Scientiarium 36, 1±21 (re-
ceived 25 October 1988).

1990 Yukawa, Hideki, in Dictionary of Scienti®c Biography, Suppl. II, pp. 999±1005.

References 1285



Brown, Laurie M., Max Dresden, and Lillian Hoddeson

1989 Pions to Quarks: Physics in the 1950s (based on Fermilab Symposium, held 1±4
May 1985), Cambridge, New York, etc.: Cambridge University Press.

Brown, Laurie M., and Lillian Hoddeson

1982 The birth of particle physics, Physics Today 35, No. 4, 36±43 (published in the issue
of April 1982).

Brown, Laurie M., and Lillian Hoddeson (editors)

1983 The Birth of Particle Physics (Proceedings of the ``International Symposium on the
History of Particle Physics,'' held at Fermilab in May 1980), Cambridge, London,
etc.: Cambridge University Press.

Brown, Laurie M., and Donald F. Moyer

1984 Lady or tiger?ÐThe Meitner±Hupfeld e¨ect and Heisenberg's neutron theory,
Am. J. Phys. 52, 130±136 (received 27 December 1982, published in issue No. 2 of
February 1984).

Brown, Laurie M., Rokuo Kawabe, Michiji Konuma, and Ziro Maki

1991 Elementary Particle Theory in Japan, 1930±1960 (Proceedings of the Japan±USA
Collaborative Workshops, Prog. Theor. Phys. Suppl. No. 105), Kyoto: The Physical
Society of Japan.

Brown, Laurie M., Reinhard Oehme, and Helmut Rechenberg

1995 Subrahmanyan Chandrasekhar zum Gedenken, Phys. BlaÈtter 51, 1193 (published in
the issue of December 1995).

Brown, Laurie M., Abraham Pais, and Brian Pippard (editors)

1995 Twentieth Century Physics, Vol. I±III, Bristol, Philadelphia, and New York: IOP
and AIP Publishing.

Brown, Laurie M., and Helmut Rechenberg

1987 Paul Dirac and Werner HeisenbergÐA partnership in science, in B. N. Kursunoglu
and E. P. Wigner, eds.: Reminiscences about a Great Physicist: Paul Adrien Maurice

Dirac, Cambridge, New York, etc.: Cambridge University Press, pp. 117±162.

1988 Nuclear structure and beta decay (1932±1933), Am. J. Phys. 56, 982±988 (received
22 October 1987, published in the issue of November 1988).

1989 Structure and properties of nuclei (1932±1935). An annotation, in Werner Heisen-

berg: Collected Works, Vol. AIII (Heisenberg, 1989a), pp. 188±196.

1990 Landau's work on quantum ®eld theory and high-energy physics, in E. Gotsman et

al., eds.: Frontiers of Physics, Oxford, New York, etc.: Oxford University Press,
pp. 53±81.

1991a Quantum ®eld theories, nuclear forces and the cosmic rays (1934±1938), Am. J.

Phys. 59, 595±605 (received 23 July 1990, published in issue No. 7 of July 1991).

1991b The development of the vector meson theory in Japan and Britain (1937±1938),
British Journal for the History of Science 24, 405±453.

1994 Field theory of nuclear forces in the 1930s: The Fermi-®eld theory, Hist. Stud. Phys.

Sci. 25, 1±24 (published in issue No. 1).

References1286



1996 The Origin of the Concept of Nuclear Forces, Bristol and Philadelphia, IOP Pub-
lishing.

1999 Nachruf auf Nicholas Kemmer (1911±1998), Phys. BlaÈtter 55, 59 (published in issue
No. 2 of February 1999).

Brown, Lowell S.

1996 An important Schwinger legacy: The critical tools (talk presented at the Schwinger
Memorial Session of the APS and the American Association of Physics Teachers,
April 1995), in Y. J. Ng, ed.: Julian Schwinger: The Physicist, the Teacher, the Man,
Singapore: World Scienti®c.

Brown, Robert G. W., and E. Ray Pike

1995 A history of optical and photoelectronic physics in the twentieth century, in Twen-

tieth Century Physics (L. Brown, A. Pais and B. Prippard, eds., 1995), Vol. III,
pp. 1385±1504.

Brune, Michael, E. Hagley, J. Dreyer, X. MaiÃtre, A. Maali, C. Wunderlich, Jean

Michel Raymond, and Serge Haroche

1996 Observing the progressive decoherence of the ``meter'' in a quantum measurement,
Phys. Rev. Lett. 77, 4887±4890 (received 10 September 1996, published in issue
No. 24 of 9 December 1996).

Brush, Stephen G.

1983 Statistical Physics and the Atomic Theory of Matter. From Boyle and Newton to

Landau and Onsager, Princeton, N.J.: Princeton University Press.

Burbidge, E. Margaret, Geoffrey R. Burbidge, William A. Fowler, and Fred Hoyle

1957 Synthesis of elements in stars, Rev. Mod. Phys. 29, 547±650 (published in issue No. 4
of October 1957).

Burrau, éyvind

1927 Berechnung des Energiewertes des Wassersto¨molekuÈ l-Ions (H2
�) im Normal-

zustand, Kgl. Danske Vid. Selsk. Math.±Fys. Medd. 7, No. 14 (ready for print
19 March 1927).

Byers, Nina, and Chen Ning Yang

1961 Theoretical considerations concerning quantized magnetic ¯ux in superconducting
cylinders, Phys. Rev. Lett. 7, 46±49 (received 16 June 1961, published in issue No. 2
of 15 July 1961).

Cabannes, Jean

1928 DeÂpolarisation des radiations secondaires dans la lumieÁre complexe qui reÂsulte de la
di¨usion moleÂculaire d'une radiation monochromatique, Comptes rendus (Paris)

187, 654±650 (presented at the meeting of 15 October 1928).

Cabannes, Jean, and Pierre Daure

1928 Analyse spectroscopique de la lumieÁre obtenue par di¨usion moleÂculaire d'une
radiation monochromatique au sein d'une ¯uide, Comptes rendus (Paris) 186,
1533±1534 (presented at the meeting of 4 June 1928).

References 1287



Cabibbo, Nicola

1963 Unitary symmetry and leptonic decays, Phys. Rev. Lett. 10, 531±533 (received
20 April 1963, published in issue No. 12 of 15 June 1963).

Cahn, Robert N.

1995 Physics of materials, in Twentieth Century Physics (L. Brown, A. Pais, and B.
Pippard, eds., 1995), Vol. III, pp. 1505±1564.

Cahn, Robert N., and Gerson Goldhaber

1989 The Experimental Foundations of Particle Physics, Cambridge, New York, etc.:
Cambridge University Press.

Campbell, Norman R.

1921 Atomic structure, Nature 107, 170 (letter published in the issue of 7 April
1921).

1926 Time and chance, Phil. Mag. (7) 1, 1106±1117.

1927 Philosophical foundation of quantum theory, Nature 119, 779 (published in the
issue of 28 May 1927).

Carelli, A., Peter Pringsheim, and B. Rosen

1928 UÈ ber den Ramane¨ekt an wassrigen LoÈsungen und uÈber den Polarisationszustand
der Linien des Ramane¨ektes, Z. Phys. 51, 511±519 (received 9 August 1928, pub-
lished in issue No. 7/8 of 27 October 1928).

Carlson, J. Franklin, and J. Robert Oppenheimer

1931 On the range of fast electrons, Phys. Rev. (2) 38, 1787±1788 (letter dated 9 October
1931, published in issue No. 9 of 1 November 1931).

1937 On multiplicative showers, Phys. Rev. (2) 51, 220±231 (received 8 December 1936,
published in issue No. 4 of 15 February 1937).

Carson, Cathryn

1996 The peculiar notion of exchange forces. I: Origin in quantum mechanics, 1926±
1928, Studies in History and Philosophy of Modern Physics 27, 23±45.

Carson, John Renshaw

1925 Electric circuit theory and the operational calculus, Bell System Technical Journal 4,
685±761 (published in issue No. 4 of October 1925).

Carst, Agathe, and rudolf Ladenburg

1928 Untersuchungen uÈber die anomale Dispersion des Wassersto¨s; wahres IntensitaÈts-
verhaÈltnis der Wassersto¿inien Ha und Hb, Z. Phys. 48, 192±204 (received 2 Jan-
uary 1928, published in issue No. 3/4 of 19 April 1928).

Cartan, EÂ lie

1923 Sur une theÂoreÁme fondamental de M. H. Weyl, Journal de matheÂmatiques pures et

appliqueÂes 2, 167±192.

References1288



Cartwright, Nancy

1987a Max Born and the reality of quantum probabilities, in The Probabilistic Revolution

(L. KruÈger et al., eds., 1987), Vol. 2, pp. 409±416.

1987b Philosophical problems of quantum theory, The Probabilistic Revolution (L. KruÈger
et al., eds., 1987), Vol. 2, pp. 417±435.

Case, K. M.

1949a Equivalence theorems for meson±nuclear coupling, Phys. Rev. (2) 75, 1306 (ab-
stract of a talk presented at the New York APS meeting, 26±29 January 1949,
published in issue No. 8 of 15 April 1949).

1949b On the neutron moment and the neutron±electron interaction, Phys. Rev. (2) 76,
1±14 (received 4 March 1949, published in issue No. 1 of 1 July 1949).

Casimir, Hendrik B. G.

1930 Zur quantenmechanischen Behandlung des Kreiselproblems, Z. Phys. 59, 623±634
(received 2 December 1929, published in issue No. 9/10 of 21 January 1930).

1931a Ueber die Konstruktion einer zu den irreduzibelen Darstellungen halbeinfacher
kontinuierlicher Gruppen gehoÈrigen Di¨erentialgleichung, Proc. Kon. Akad.

Wetensch. (Amsterdam) 34, 844±846 (communicated by P. Ehrenfest to the meet-
ing of 27 June 1931).

1931b Rotation of a Rigid Body in Quantum Mechanics (doctoral thesis, University of
Leiden), Groningen±The Hague±Batavia: J. B. Wolters' Uitgevers±Maatschappij.

1932 Bemerkung zur Theorie der StoÈrungen in Hyperfeinstrukturen, Z. Phys. 77, 811±
814 (received 22 July 1932, published in the issue of 3 September 1932).

1933 Zur korrespondenzmaÈûigen Theorie der Linienbreite, Z. Phys. 81, 496±506 (re-
ceived 23 January 1933, published in issue No. 7/8 of 30 March 1933).

1948 On the attraction between two perfectly conducting plates, Proc. Kon. Akad.

Wetensch. (Amsterdam) 51B, 793±796 (communicated to the meeting of 29 May
1948).

1953 Introductory remarks to quantum electrodynamics, Physica 19, 846±849 (presented
at the Lorentz±Kamerlingh Onnes Conference in Leyden, June 1953).

1973 Superconductivity and super¯uidity, The Physicist's Conception of Nature (J.
Mehra, ed., 1973), pp. 480±498.

1982 My life as a physicist, in A. Zichichi, ed.: Pointlike Structures Inside and Outside

Hadrons (Proceedings of the 17th Course of the ``International School of Sub-
nuclear Physics'' 1979), New York and London: Plenum, pp. 697±712.

1983 Haphazard Reality: Half a Century of Science, New York, Cambridge, etc.: Harper
& Row.

1999 Some remarks on the history of the so-called Casimir e¨ect (talk presented at the
Fourth Workshop on ``Quantum Field Theory under the In¯uence of External
Conditions''), in The Casimir E¨ect 50 Years Later (M. Bordag, ed., 1999) pp. 3±9.

Casimir, Hendrik B. G., and D. Polder

1948 The in¯uence of retardation on the London±van der Waals forces, Phys. Rev.

(2) 73, 360±372 (received 16 May 1947, published in issue No. 4 of 15 February
1948).

References 1289



Casimir, Hendrik B. G., and Bartel Leendert van der Waerden

1935 Analytischer Beweis der vollstaÈndigen IrreduzibilitaÈt der Darstellungen halbein-
facher Lie-Gruppen, Mathematische Annalen 111, 1±12.

Cassen, Bernard, and Edward Uhler Condon

1936 On nuclear forces, Phys. Rev. (2) 50, 846±849 (received 10 August 1936, published
in issue No. 9 of 1 November 1936).

Cassidy, David C.

1981 Cosmic ray showers, high energy physics and quantum ®eld theories, Hist. Stud.

Phys. Sci. 12, 1±39 (published in issue No. 1).

1992a Uncertainty: The Life and Science of Werner Heisenberg, New York: W. H.
Freeman.

1992b Heisenberg, uncertainty and the quantum revolution, Scienti®c American 266,
No. 5, 64±70 (published in the issue of May 1992).

Caves, Carlton M., Kip S. Thorne, Ronald W. P. Drever, Vernon D. Sandberg, and

Mark Zimmermann

1980 On the measurement of a weak classical force coupled to a quantum-mechanical
oscillator. I. Issues of principle, Rev. Mod. Phys. 52, 341±392 (published in issue
No. 2 of April 1980).

Chadwick, James

1914 IntensitaÈtsverteilung im magnetischen Spektrum der b-Strahlen von Radium B�C,
Verh. d. Deutsch. Phys. Ges. (2) 16, 383±391 (received 2 April 1914, published in
No. 8 of 30 April 1914).

1932a Possible existence of a neutron, Nature 219, 312 (letter dated 17 February 1932,
published in the issue of 27 February 1932).

1932b The existence of a neutron, Proc. Roy. Soc. (London) A136, 692±708 (received
10 May 1932, published in the issue of 1 June 1932).

1965 The neutron and its properties (Nobel lecture presented on 12 December 1935),
in Nobel Lectures: Physics 1922±1941, (Nobel Foundation, ed., 1965), pp. 339±
348.

Chadwick, James, and E. S. Bieler

1921 The collision of a particles with hydrogen nuclei, Phil. Mag. (6) 42, 923±940
(communicated by E. Rutherford, published in issue No. 252 of December
1921).

Chadwick, James, Patrick M. S. Blackett, and Giuseppe Occhialini

1933 New evidence for the positive electron, Nature 131, 473 (letter dated 23 March
1933, published in the issue of 1 April 1933).

Chadwick, James, and D. E. Lea

1934 An attempt to detect a neutral particle of small mass, Proc. Camb. Phil. Soc. 30,
59±61 (received 20 November 1933, read 11 December 1933, published in issue
No. 1 of 1934).

References1290



Chambers, R. G.

1960 Shift of an electron interference pattern by enclosed magnetic ¯ux, Phys. Rev. Lett.

5, 3±5 (received 27 May 1960, published in issue No. 1 of 1 July 1960).

Champion, Frank Clive

1932 On Some Applications of an Automatic Expansion Chamber to the Investigation of

the Collision of a-Particles with Helium, and of Fast b-Particles with Electrons,
Ph.D. thesis, St. John's College (May 1932).

Chandrasekhar, Subrahmanyan

1929 The Compton scattering and the new statistics, Proc. Roy. Soc. (London) A125,
231±237 (received 20 June 1929, published in issue No. A796 of 1 August
1929).

1931a The maximum mass of ideal white dwarfs, Astrophys. J. 74, 81±82 (dated 12
November 1930, published in the issue of March 1931).

1931b The highly collapsed con®guration of a stellar mass, Monthly Notices Roy. Astr.

Soc. (London) 91, 456±465 (published in issue No. 5 of March 1931).

1932 Some remarks on the state of matter in the interior of stars, Zeitschrift fuÈ r Astro-

physik 5, 321±327 (received 28 September 1932).

1935a The highly collapsed con®gurations of a stellar mass. (Second paper), Monthly

Notices Roy. Astr. Soc. (London) 95, 207±225 (dated 1 January 1935, published in
the issue of January 1935).

1935b Stellar con®gurations with degenerate cores, Monthly Notices Roy. Astr. Soc.

(London) 95, 226±260 (dated 4 January 1935, published in the issue of January
1935).

1935c Stellar con®gurations with degenerate cores. (Second paper), Monthly Notices Roy.

Astr. Soc. (London) 95, 676±693 (dated 7 June 1935, published in the issue of June
1935).

1939 An Introduction to the Study of Stellar Structure, Chicago: University of Chicago
Press.

1943 Stochastic problems in physics and astronomy, Rev. Mod. Phys. 15, 1±89 (pub-
lished in issue No. 1 of January 1943).

Chandrasekhar, Subrahmanyan, and Louis R. Henrich

1942 An attempt to interpret the relative abundances of the elements and their isotopes,
Astrophys. J. 95, 288±298 (dated 19 December 1941).

Chao, Chung-Yao

1930a The absorption coe½cient of hard g-rays, Proc. Nat. Acad. Sci. (USA) 16, 431±433
(communicated on 15 May 1930).

1930b Scattering of hard g-rays, Phys. Rev. (2) 36, 1519±1522 (received 13 October 1930,
published in issue No. 10 of 15 November 1930).

Chapman, Michael S., Troy D. Hammond, Alan Lenef, et al.

1995 Photon scattering from atoms in an atom interferometer: Coherence lost and re-
gained, Phys. Rev. Lett. 75, 3783±3787 (received 8 May 1995, published in issue
No. 21 of 20 November 1995).

References 1291



Chew, Geoffrey F.

1961 A uni®ed dynamical approach to high- and low-energy strong interactions, Rev.

Mod. Phys. 33, 467±470 (talk presented at the Berkeley ``Conference on Strong
Interactions,'' 27±29 December 1960, published in issue No. 3 of July 1961).

1989 Particles as S-matrix poles; hadron democracy, in Pions to Quarks (L. M. Brown,
M. Dresden, and L. Hoddeson, eds., 1989), pp. 600±607.

Chew, Geoffrey F., and Stephen C. Frautschi

1960 Uni®ed approach to high- and low-energy strong interactions on the basis of the
Mandelstam representation, Phys. Rev. Lett. 5, 580±583 (received 28 November
1960, published in issue No. 12 of 15 December 1960).

Chew, Geoffrey F., Marvin L. Goldberger, Francis Low, and Yoichiro Nambu

1957a Application of dispersion relations to low-energy meson nuclear scattering, Phys.

Rev. (2) 106, 1337±1344 (received 21 February 1957, published in issue No. 6 of 15
June 1957).

1957b Relativistic dispersion relation approach to photomeson production, Phys. Rev. (2)

106, 1345±1355 (received 21 February 1957, published in issue No. 6 of 15 June
1957).

Chodorow, M., R. Hofstadter, H. Rorschach, and A. Schawlow

1980 Felix Bloch and Twentieth Century Physics. Dedicated to Felix Bloch's 75th Birthday

(Rice University Studies 60, No. 3) Houston, Texas: Rice University.

Christenson, C. H., J. W. Cronin, Val L. Fitch, and R. Turlay

1964 Evidence for 2p decay of the K2
0 meson, Phys. Rev. Lett. 13, 138±140 (received 10

July 1964, published in issue No. 4 of 27 July 1964).

Clark, Ronald W.

1971 Einstein: The Life and Times, New York: World Publishing.

Clauser, John F.

1976 Experimental investigation of a polarization correlation anomaly, Phys. Rev. Lett.

36, 1223±1226 (received 24 November 1975, published in issue No. 21 of 24 May
1976).

Clauser, John F., and Michael A. Horne

1974 Experimental consequences of objective local theories, Phys. Rev. (3) 10D, 526±
535 (received 10 August 1973, published in issue No. 2 of 15 July 1974).

Clauser, John F., Michael A. Horne, Abner Shimony, and Richard A. Holt

1969 Proposed experiment to test local hidden-variable theory, Phys. Rev. Lett. 23, 880±
884 (received 4 August 1969, published in issue No. 15 of 13 October 1969).

Clauser, John F., and Abner Shimony

1978 Bell's theorem: experimental tests and implications, Reports on Progress in Physics

41, 1881±1927 (received February 1978, published in issue No. 12 of December
1978).

References1292



Clausius, Rudolf

1857 Ueber die Art der Bewegung, welche wir WaÈrme nennen, Ann. d. Phys. (2) 100,
353±380 (dated 5 January 1857, published in issue No. 3 of 13 March 1857);
English translation: The nature of motion which we call heat, Phil. Mag. (4) 14,
108±127 (published in issue No. 91 of August 1857).

Coben, Stanley

1971 The scienti®c establishment and the transmission of quantum mechanics to the
United States, 1919±1932, American Historical Review 76, 442±466 (published in
issue No. 2).

Cockcroft, John D., and Ernest Thomas Sinton Walton

1932a Arti®cial production of fast protons, Nature 129, 242 (letter dated 2 February 1932,
published in the issue of 13 February 1932).

1932b Experiments with high velocity positive ions. (I.)ÐFurther development in the
method of obtaining high velocity positive ions, Proc. Roy. Soc. (London) A136,
619±630 (received 23 February 1932, published in issue No. A830 of 1 June
1932).

1932c Experiments with high velocity positive ions. II.ÐThe disintegration of elements by
high velocity protons, Proc. Roy. Soc. (London) A137, 229±242 (received 15 June
1932, published in issue No. A831 of 1 July 1932).

Collins, P. D., and E. J. Squires

1966 Regge Poles in Particle Physics (Springer Tracts in Modern Physics, Vol. 45),
Berlin±Heidelberg±New York: Springer-Verlag.

Compton, Arthur H.

1923a A quantum theory of the scattering of X-rays by light elements, Phys. Rev. (2) 21,
207 (abstract of a talk presented at the APS Chicago meeting, 1±2 December 1922,
published in issue No. 3 of March 1923).

1923b A quantum theory of the scattering of X-rays by light elements, Phys. Rev. (2) 21,
483±502 (dated 13 December 1922, published in issue No. 5 of May 1923).

1928 TheÂorie eÂlectromagneÂtique du rayonnement, in EÂ lectrons et Photons (Institut Inter-

national de Physique Solvay, ed., 1928), pp. 55±104.

Compton, Arthur H., and Alfred Simon

1925c Directed quanta of scattered X-rays, Phys. Rev. (2) 26, 289±299 (dated 23 June
1925, published in issue No. 3 of September 1925).

Compton, Karl T., and Fred Loomis Mohler

1924 Critical Potentials (Bulletin of the National Research Council 9, Part 1, No. 48),
Washington, D.C.: National Research Council.

Condon, Edward Uhler

1926 A theory of intensity distribution in band spectra, Phys. Rev. (2) 28, 1182±1201
(dated 27 July 1926, with a note added in proof on 8 November 1926, published in
the issue of December 1926).

References 1293



1947 The Franck±Condon principle and related topics, Am. J. Phys. 15, 365±374
(address given on 31 January 1947 at the New York APS meeting, published in
issue No. 5 of October 1947).

Conversi, Marcello, Ettore Pancini, and Oreste Piccioni

1947 On the disintegration of negative mesons, Phys. Rev. (2) 71, 209±210 (letter dated
21 December 1946, published in issue No. 2 of 1 February 1947).

Cooper, Leon N.

1956 Bound electron pairs in a degenerate Fermi gas, Phys. Rev. (2) 104, 1089±1090
(letter received 21 September 1956, published in issue No. 4 of 15 November
1956).

Corben, Herbert Charles

1938 Eddington's fundamental equation, Nature 141, 747 (letter published in the issue of
23 April 1938).

Corry, Leo, JuÈ rgen Renn, and John stachel

1997 Belated decision in the Hilbert±Einstein priority dispute, Science 278, 1270±1273
(published in the issue on 14 November 1997).

Cowan, Clyde L., Frederick Reines, F. B. Harrison, H. Kruse, and A. D. McGuire

1956 Detection of the free neutrino: a con®rmation, Science 124, 103±104 (published in
the issue of 20 July 1956).

Curie, IreÁne

1931 Sur le rayonnement g nucleÂaire exciteÂ dans la glucinium et dans le lithium par les
rayons a du polonium, Comptes rendus (Paris) 193, 1412±1414 (submitted to the
meeting of 21 December 1931, presented by J. Perrin at the meeting of 28 December
1931).

Curie, IreÁne, and FreÂdeÂric Joliot

1932a EÂ mission de protons de grande vitesse par les substances hydrogeÂneÂes sans l'in¯u-
ence de rayons treÁs peÂneÂtrants, Comptes rendus (Paris) 194, 273±275 (submitted to
the meeting of 11 January 1932, presented by J. Perrin at the meeting of 18 January
1932).

1932b Sur la nature du rayonnement peÂneÂtrant exciteÂ dans les noyaux leÂgers par les
particules a, Comptes rendus (Paris) 194, 1229±1232 (presented by J. Perrin at the
meeting of 11 April 1932).

1933a Contribution a l'eÂtude des eÂlectron positifs, Comptes rendus (Paris) 196, 1105±1107
(presented by M. de Broglie at the meeting of 10 April 1933).

1933b Sur l'origine des eÂlectrons positifs, Comptes rendus (Paris) 196, 1581±1583 (pre-
sented by J. Perrin at the meeting of 22 May 1933).

1933c EÂ lectrons positifs de transmutations, Comptes rendus (Paris) 196, 1885±1887 (pre-
sented by J. Perrin at the meeting of 19 June 1933).

1934 Un nouveau type de radioactiviteÂ, Comptes rendus (Paris) 198, 254±256 (presented
by J. Perrin at the meeting of 15 January 1934).

References1294



Curie, IreÁne, and Paul Savitch

1937 Sur les radioeÂleÂments formeÂs dans l'uranium irradieÂ par les neutrons, J. phys. et rad.

8, 385±387 (received 1 August 1937, published in issue No. 10 of October 1937).

1938 Sur les radioeÂleÂments formeÂs dans l'uranium irradieÂ par les neutrons. II., J. phys. et

rad. 9, 355±359 (received 12 July 1938, published in the issue of September 1938).

Curie, IreÁne, Paul Savitch, and Aurelio Marques da Silva

1938 Sur les rayonnement du corps de peÂriode 3.5 heures formeÂs par la irradiation de
l'uranium par les neutrons, J. phys. et rad. 9, 44 (received 20 July 1938, published in
the issue of October 1938).

Cushing, James T.

1994a Quantum Mechanics: Historical Contingency and the Copenhagen Hegemony,
Chicago: University of Chicago Press.

1994b A Bohmian response to Bohr's complementarity, in J. Faye and H. J. Folse, eds.:
Niels Bohr and Contemporary Philosophy, Dordrecht, Boston, and London: Kluwer
Academic Publishers, pp. 57±75.

Dahl, Per Fridtjof

1992 Superconductivity. Its Historical Roots and Development from Mercury to the

Ceramic Oxides, New York: American Institute of Physics (AIP).

Dalitz, Richard H., and Rudolf Peierls

1992 Selected Papers of Sir Rudolf Peierls, Singapore, etc.: World Scienti®c.

Dalton, John

1808 A New System of Chemical Philosophy, London: S. Russell for R. Bickersto¨.

Danby, G., J.-M. Gaillard, K. Goulianos, Leon M. Lederman, N. Mistry, Melvin

Schwartz, and Jack Steinberger

1962 Observation of high-energy neutrino reactions and the existence of two kinds of
neutrinos, Phys. Rev. Lett. 9, 36±44 (received 15 June 1962, published in issue No. 1
of 1 July 1962).

Dancoff, Sidney M.

1939 On radiative corrections for electron scattering, Phys. Rev. (2) 55, 959±963 (re-
ceived 27 March 1939, published in issue No. 10 of 15 May 1939).

Danieri, A., Angelo Loinger, and E. M. Prosperi

1962 Quantum theory of measurement and ergodicity, Nuclear Physics 33, 297±319 (re-
ceived 2 June 1961).

1966 Further remarks on the relations between statistical mechanics and quantum theory
of measurement, Nuovo Cimento 44B, 119±128 (received 9 February 1966, pub-
lished in No. 1 of 11 July 1966).

Darrigol, Olivier

1986 The origin of quantized matter waves, Hist. Stud. Phys. Sci. 16, 197±253.

References 1295



1988 Statistics and combinatorics in early quantum theory, Hist. Stud. Phys. Biol. Sci.

19, 17±80.

Darrow, Karl K.

1949 Twenty-®ve years of American physics, Am. J. Phys. 17, 127±196 (address delivered
on the occasion of the twenty-®fth anniversary of the Physical Society of Pittsburgh,
7 October 1948, published in issue No. 2 of February 1949).

Darwin, Charles Galton

1920 The dynamical motions of charged particles, Phil. Mag. (6) 39, 537±551 (published
in issue No. 233 of May 1920).

1927a The electron as vector wave, Nature 119, 282±284 (published in the issue of 19
February 1927).

1927b The Zeeman e¨ect and spherical harmonics, Proc. Roy. Soc. (London) A115, 1±19
(received 23 March 1927, published in issue No. A770 of 1 June 1927).

1927c The electron as a vector wave, Proc. Roy. Soc. (London) A116, 227±253 (received
30 July 1927, published in issue No. A773 of 1 September 1927).

1927d Free motion in quantum mechanics, Proc. Roy. Soc. (London) A117, 258±293
(received 25 October 1927, published in issue No. A776 of 1 December 1927).

1928 The wave equation of the electron, Proc. Roy. Soc. (London) A118, 654±680
(received 6 March 1928, published in issue No. A780 of 2 April 1928).

1931 The uncertainty principle, Science 73, 653±660 (published in the issue of 19 June
1931).

Daure, Pierre

1928a EÂ tude des radiations secondaires observeÂes dans la di¨usion moleÂculaire de la
lumieÁre par les ¯uides (e¨et Raman), Comptes rendus (Paris) 187, 826±828 (pre-
sented at the meeting of 5 November 1928).

1928b Sur les radiations secondaires observeÂes dans la di¨usion moleÂculaire de la lumieÁre
(e¨et Raman), Comptes rendus (Paris) 187, 940±941 (presented at the meeting of
19 November 1928).

Davies, B.

1972 Quantum electromagnetic zero-point energy of a conducting shell, Journal of

Mathematical Physics 13, 1324±1329 (received 29 March 1971).

Davis, A. C., and Frank Horton

1926 The transmutation of elements, Nature 117, 152 (letter dated 7 January 1926, pub-
lished in the issue of 30 January 1926).

Davis, K. B., M.-O. Mewes, M. R. Andrews, N. J. van Druten, D. S. Durfee, D. M.

Kurn, and W. Ketterle

1995 Bose±Einstein condensation in a gas of sodium atoms, Phys. Rev. Lett. 75, 3969±
3973 (received 17 October 1995, published in the issue of 27 November 1995).

Davis, Jr., Raymond

1964 Solar neutrinos. II. Experimental, Phys. Rev. Lett. 12, 303±305 (received 6 January
1964, published in issue No. 11 of 16 March 1964).

References1296



Davisson, Clinton Joseph

1938 The discovery of electron waves, Bell Systems Technical Journal 17, 475±482
(Nobel lecture delivered on 13 December 1937).

1965 The discovery of electron waves (Nobel lecture delivered on 13 December 1937),
in Nobel Lectures: Physics 1921±1941 (Nobel Foundation, ed., 1965), pp. 387±
391.

Davisson, Clinton Joseph, and Lester Halbert Germer

1922 Thermoionic wave function of tungsten, Phys. Rev. (2) 20, 300±330 (dated 1
February 1922, published in issue No. 4 of September 1922).

1927a Scattering of electrons by a single crystal of nickel, Nature 119, 558±560 (letter
dated 3 March 1927, published in the issue of 16 April 1927).

1927b Di¨raction of electrons by a crystal of nickel, Phys. Rev. (2) 30, 704±740 (dated 27
August 1927, published in issue No. 6 of December 1927).

Davisson, Clinton Joseph, and Charles Henry Kunsman

1921 The scattering of electrons by nickel, Science 54, 522±524 (published in the issue of
25 November 1921).

1922a The scattering of electrons by nickel, Phys. Rev. (2) 19, 253±255 (abstract of a talk
presented at the Chicago APS meeting, 25±26 November 1921, published in issue
No. 3 of March 1922).

1922b The scattering of electrons by aluminum, Phys. Rev. (2) 19, 534±535 (letter dated
30 January 1922, published in issue No. 5 of May 1922).

1923 The scattering of low speed electrons by platinum and magnesium, Phys. Rev.

(2) 22, 242±258 (dated 11 April 1923, published in issue No. 3 of September
1923).

Deaver, Bacon S., and William Fairbank

1961 Experimental evidence of quantized ¯ux in superconducting cylinders, Phys.

Rev. Lett. 7, 43±46 (received 16 June 1961, published in issue No. 2 of 15 July
1961).

Debye, Peter

1909 Das Verhalten von Lichtwellen in der NaÈhe eines Brennpunkts oder einer Brenn-
linie, Ann. d. Phys. (4) 30, 755±776 (received 9 October 1909, published in issue
No. 14 of 30 November 1909).

1923 Zerstreuungen von RoÈntgenstrahlen nach der Quantentheorie, Phys. Zs. 24, 161±
166 (received 14 March 1923, published in issue No. 8 of 15 April 1923).

1926 Einige Bemerkungen zur Magnetisierung bei tiefer Temperatur, Ann. d. Phys. (4)

81, 1154±1160 (received 30 October 1926, published in issue No. 25 of 11 December
1926).

1927 Wellenmechanik und Korrespondenzprinzip, Phys. Zs. 28, 170±174 (received 16
December 1926, published in issue No. 4 of 15 February 1927).

1937 Das Kaiser-Wilhelm-Institut fuÈr Physik, Naturwiss. 25, 257±260 (published in the
issue of 23 April 1937).

1938 AbkuÈhlung durch adiabatische Entmagnetisierung, Ann. d. Phys. (5) 32, 85±101
(received 20 January 1938, published in issue No. 1/2 of 8 April 1938).

References 1297



Dee, P. I.

1932 Attempts to detect the interaction of neutrons and electrons, Proc. Roy. Soc.

(London) A136, 727±737 (communicated by J. Chadwick; received 10 May 1932,
published in issue No. A830 of 1 June 1932).

DelbruÈ ck, Max

1928 ErgaÈnzung zur Gruppentheorie der Terme, Z. Phys. 51, 181±187 (received 6 August
1928, published in issue No. 3/4 of 12 October 1928).

1933 Zusatz bei der Korrektur, Z. Phys. 84, 144 (addendum to the paper of L. Meitner
and H. KoÈsters: ``UÈ ber die Streuung kurzwelliger g-Strahlen,'' published in issue
No. 3/4 of 26 July 1933).

De Maria, Michelangelo, and Arturo Russo

1985 The discovery of the positron, Rivista di storia della scienza 2, 237±286 (published in
issue No. 2 of July 1985).

Dennison, David M.

1925 Molecular structure of methane, Phys. Rev. (2) 25, 108±109 (abstract of a talk
presented at the Ann Arbor APS meeting, 28±29 November 1924, published in issue
No. 1 of January 1925).

1926 The rotation of molecules, Phys. Rev. (2) 28, 318±333 (dated 27 April 1926, pub-
lished in issue No. 2 of August 1926).

1927 A note on the speci®c heat of the hydrogen molecule, Proc. Roy. Soc. (London)

A115, 483±486 (communicated by R. H. Fowler; received 3 June 1927, published in
issue No. A771 of 1 July 1927).

D'Espagnat, Bernard

1965 Conceptions de la Physique Contemporaine. Les InterpreÂtations de la MeÂcanique

Quantique et de la MeÂsure, Paris: Hermann et Cie.

Dewey, Jane M.

1926 Intensities of the Stark e¨ect in helium, Phys. Rev. (2) 28, 1108±1124 (dated 28
August 1926, published in issue No. 6 of December 1927).

De Witt, Bryce S.

1962 Quantum theory without electromagnetic potentials, Phys. Rev. (2) 125, 2189±
2191 (received 28 September 1961, published in issue No. 6 of 15 March 1962).

1970 Quantum mechanics and reality, Physics Today 23, No. 9, 30±35 (published in the
issue of September 1970).

1971 The many-universes interpretation of quantum mechanics, in B. d'Espagnat, ed.:
Foundations of Quantum Mechanics (Proceedings of the International School of
Physics ``Enrico Fermi,'' Varenna, 29 June±11 July 1970), New York and London:
Academic Press, pp. 211±262.

De Witt, Bryce S., and R. Neill Graham

1971 Resource letter I QM-1 on the interpretation of quantum mechanics, Am. J. Phys.

39, 724±738 (published in the issue of July 1971).

References1298



Dicke, Robert H., P. J. E. Peebles, P. G. Roll, and David T. Wilkinson

1965 Cosmic black-body radiation, Astophys. J. 142, 414±419 (submitted 7 May 1965,
published in issue No. 7 of 1 July 1965).

Dieke, G. H.

1924 Bands in the secondary spectrum of hydrogen, Proc. Kon. Akad. Wetensch. (Am-

sterdam) 27, 490±500 (communicated by P. Ehrenfest to the meeting of 31 May
1924).

DieudonneÂ, Jean

1985 Geschichte der Mathematik 1700±1900. Ein Abriû (German translation of AbreÂgeÂ

d'Histoire des MatheÂmatiques, Paris: Hermann, 1978), Braunschweig, Wiesbaden:
Fr. Vieweg & Sohn.

Dirac, Paul Adrien Maurice

1925d The fundamental equations of quantum mechanics, Proc. Roy. Soc. (London)

A109, 642±653 (communicated by R. H. Fowler; received 5 November 1925, pub-
lished in issue No. A752 of 1 December 1925).

1926a Quantum mechanics and a preliminary investigation of the hydrogen atom, Proc.

Roy. Soc. (London) A110, 561±579 (communicated by R. H. Fowler; received 22
January 1926, published in issue No. A755 of 1 March 1926).

1926b The elimination of nodes in quantum mechanics, Proc. Roy. Soc. (London) A111,
281±305 (communicated by R. H. Fowler, received 27 March 1926, published in
issue No. A757 of 1 May 1926).

1926c Relativity quantum mechanics with an application to Compton scattering, Proc.

Roy. Soc. (London) A111, 405±423 (communicated by R. H. Fowler; received 29
April 1926, published in issue No. A758 of 2 June 1926).

1926d Quantum Mechanics, Ph.D. dissertation, Cambridge University.

1926e On quantum algebra, Proc. Camb. Phil. Soc. 23, 412±418 (received 17 July 1926,
read 26 July 1926).

1926f On the theory of quantum mechanics, Proc. Roy. Soc. (London) A112, 661±677
(communicated by R. H. Fowler; received 26 August 1926, published in issue
No. A762 of 1 October 1926).

1926g The Compton e¨ect in wave mechanics, Proc. Camb. Phil. Soc. 23, 500±507 (re-
ceived 8 November 1926, read 22 November 1926).

1927a The physical interpretation of the quantum dynamics, Proc. Roy. Soc. (London)

A113, 621±641 (communicated by R. H. Fowler; received 2 December 1926, pub-
lished in issue No. A765 of 1 January 1927).

1927b The quantum theory of the emission and absorption of radiation, Proc. Roy. Soc.

(London) A114, 243±265 (communicated by N. Bohr; received 2 February 1927,
published in issue No. A767 of 1 March 1927).

1927c The quantum theory of dispersion, Proc. Roy. Soc. (London) A114, 710±728
(received 4 April 1927, published in issue No. A769 of 2 May 1927).

1927d UÈ ber die Quantenmechanik der StoûvorgaÈnge, Z. Phys. 44, 585±595 (received 28
June 1927, published in issue No. 8 of 23 August 1927).

1928a The quantum theory of the electron, Proc. Roy. Soc. (London) A117, 610±624
(received 2 January 1928, published in issue No. A778 of 1 February 1928).

References 1299



1928b The quantum theory of the electron. II, Proc. Roy. Soc. (London) A118, 351±361
(received 2 February 1928, published in issue No. A779 of 1 March 1928).

1928c UÈ ber die Quantentheorie des Elektrons, Phys. Zs. 29, 561±563 (abridged translation
by H. Falkenhagen of a talk presented at the Leipzig UniversitaÈtswoche, 18±23 June
1928, published in issue No. 16 of 15 August 1928).

1928d Zur Quantentheorie des Elektrons, in Leipziger VortraÈge 1928: Quantentheorie und

Chemie (H. Falkenhagen, ed., 1928), pp. 85±94.

1929a The basis of statistical mechanics, Proc. Cam. Phil. Soc. 25, 62±66 (received 17
October and read 29 October 1928, published in Part I of January 1929).

1929b Quantum mechanics of many electron problems, Proc. Roy. Soc. (London) A123,
714±733 (communicated by R. H. Fowler; received 12 March 1929, published in
issue No. A792 of 6 April 1929).

1930a A theory of electrons and protons, Proc. Roy. Soc. (London) A126, 360±375
(communicated by R. H. Fowler; received 6 December 1929, published in issue
No. A801 of 1 January 1930).

1930b On the annihilation of electrons and protons, Proc. Camb. Phil. Soc. 26, 361±375
(received 26 March and read 19 May 1930, published in Part III of June 1930).

1930c Note on the exchange phenomena in the Thomas atom, Proc. Camb. Phil. Soc. 26,
376±385 (received and read 19 May 1930, published in Part III of June 1930).

1930d The Principles of Quantum Mechanics, Oxford: Clarendon Press.

1930e The proton, Nature, 126, 605±606 (based on a paper read before Section A of the
British Association at Bristol, published in the issue of 18 October 1930).

1931a Quelques probleÁmes de meÂcanique quantique, Annales de l'Institut H. PoincareÂ 1,
357±400 (lectures given at the Institut H. PoincareÂ, 13±20 December 1929, pub-
lished in issue No. 4).

1931b Note on the interpretation of the density matrix in the many-electron problem,
Proc. Camb. Phil. Soc. 27, 240±243 (received and read 8 December 1930, published
in Part II of April 1931).

1931c Quantized singularities in the electromagnetic ®eld, Proc. Roy. Soc. (London)

A133, 60±72 (received 29 May 1931, published in issue No. A821 of 1 September
1931).

1932 Relativisitic quantum mechanics, Proc. Roy. Soc. (London) A136, 453±464 (re-
ceived 24 March 1932, published in issue A829 of 2 May 1932).

1933 The Lagrangian in quantum mechanics, Phys. Zs. SU 3, 64±72 (received 9
November 1932, published in issue No. 1).

1934a Teoriya pozitrone (Theory of the positron, in Russian), in M. P. Bronshtein, et al.,
eds.: Problems of Modern Physics, Vol. 24: The Atomic Nucleus, Leningrad and
Moscow: State-Technical-Theoretical Publishing House, pp. 129±143.

1934b TheÂorie du positron, in Structure et ProprieÂteÂs des Noyaux Atomique (Institut

International de Physique Solvay, ed., 1934), pp. 203±212.

1934c Theory of electrons and positrons (Nobel lecture delivered on 12 December 1933),
in Les Prix Nobel en 1933, Stockholm: P. A. Norstedt & SoÈner, part `Les ConfeÂr-
ences Nobel,' Dirac, pp. 1±6.

1934d Discussions of the in®nite distribution of electrons in the theory of the positron,
Proc. Camb. Phil. Soc. 30, 150±163 (received 2 February 1934, read 5 March 1934).

1935 The Principles of Quantum Mechanics, 2nd edition, Oxford: Clarendon Press.

References1300



1936 Relativistic wave equations, Proc. Roy. Soc. (London) A155, 447±459 (received
25 March 1936, published in issue No. A879 of 1 July 1936).

1937a The cosmological constants, Nature 139, 323±324 (letter dated 5 February 1937,
published in the issue of 20 February 1937).

1937b The cosmological constants, Nature 139, 1001±1002 (published in Supplement to
the issue of 12 June 1937).

1938a A new basis for cosmology, Proc. Roy. Soc. (London) A165, 199±208 (received
29 December 1937, published in issue No. A888 of 5 April 1938).

1938b Classical theory of radiating electrons, Proc. Roy. Soc. (London) A167, 148±169
(received 15 March 1938, published in issue No. A892 of 5 August 1938).

1939a La theÂorie de l'eÂlectron et du champ eÂleÂctromagnetique, Annales de l'Institut H.

PoincareÂ 9, No. 2, 13±49 (lectures delivered at Paris in winter 1938/39); English
translation: The theory of the electron and the electromagnetic ®eld, in Collected

Works (Dirac, 1995), pp. 925±997.

1939b A new notation for quantum mechanics, Proc. Camb. Phil. Soc. 35, 416±418 (re-
ceived 25 April 1939, published in Part III of July 1939).

1942 The physical interpretation of quantum mechanics, Proc. Roy. Soc. (London)

A180, 1±40 (Bakerian lecture delivered on 19 June 1941, received 23 September
1941, published in issue No. A980 of 18 March 1942).

1945 On the analogy between classical and quantum mechanics, Rev. Mod. Phys. 17,
195±199 (published in issues Nos. 2 and 3 of April±July 1945).

1948 The theory of magnetic poles, Phys. Rev. (2) 74, 817±830 (received 21 June 1948,
published in issue No. 7 of 1 October 1948).

1971 The Development of Quantum Theory (J. Robert Oppenheimer Memorial Prize
Acceptance Speech), New York: Gordon and Breach.

1977 Recollections of an exciting era, in C. Weiner, ed.: History of Twentieth Century

Physics, New York: Academic Press, pp. 109±146.

1978 The monopole concept, International Journal of Theoretical Physics 17, 235±247
(published in issue No. 4).

1979 The relativistic electron equation, Soviet Physics±Uspekhi 22, 648±653 (published in
August 1979).

1983 The origin of quantum ®eld theory, in The Birth of Particle Physics (L. M. Brown
and L. Hoddeson, eds., 1983), pp. 39±55.

1995 The Collected Works of P. A. M. Dirac 1924±1948 (R. Dalitz, ed.), Cambridge:
Cambridge University Press.

Dirac, Paul, Vladimir A. Fock, and Boris Podolsky

1932 On quantum electrodynamics, Phys. Zs. SU 2, 468±479 (received 25 October 1932,
published in issue No. 6).

Dirac, Paul, Rudolf Peierls, and Maurice H. L. Pryce

1942 On Lorentz invariance in the quantum theory, Proc. Camb. Phil. Soc. 38, 193±200
(received 26 June 1941).

Dolch, Heimo

1936 Zur Theorie der leichten Kerne, Z. Phys. 100, 401±439 (Leipzig doctoral thesis;
received 26 February 1936, published in issue No. 7/8 of 16 May 1936).

References 1301



Dolen, R., D. Horn, and Christoph Schmid

1967 Prediction of Regge parameters of poles from low-energy p N data, Phys. Rev.

Lett. 19, 402±407 (received 23 June 1967, published in issue No. 7 of 14 August
1967).

Doll, R., and M. NaÈbauer

1961 Experimental proof of magnetic ¯ux quantization in a superconducting cylinder,
Phys. Rev. Lett. 7, 51±52 (received 19 June 1961, published in issue No. 2 of 15 July
1961).

Doncel, Manuel

1993 BeitraÈge zur fruÈhen Quantenelektrodynamik, in Werner Heisenberg: Physiker und

Philosoph (B. Geyer, H. Herwig, and H. Rechenberg, eds., 1993), pp. 105±112.

Doncel, Manuel, Armin Hermann, Louis Michel, and Abraham Pais (editoes)

1987 Symmetries in Physics (1600±1980) (1st International Meeting on the History of
Scienti®c Ideas, Sant Feliu de Guixoix, Catalania, Spain, September 20±26, 1983),
Bellaterra (Barcelona): Semmiari d'Historia de los CieÁncies.

Dorgelo, Hendrik Berend

1925a Beschowingen en metingen aangaande de energie-verdeeling over de lijnen der
hoofdserie in een nionzuil, Physica 5, 90±100 (dated 26 February 1925, published in
No. 3 of March 1925).

1925b Die photographische Spektralphotometrie, Phys. Zs., 26, 756±794 (received 25
September 1925, published in issue No. 21 of 1 November 1925).

Doroshkevich, A. E., and I. D. Novikov

1964 Mean density of radiation in the metagalaxy and certain problems in relativistic
cosmology, Soviet Phys.±Doklady 9, 111±113 (presented by Y. B. Zeld'evich on
11 October 1963, submitted 11 October 1964; English translation published in issue
No. 2 of August 1964).

Dresden, Max

1987 H. A. Kramers: Between Tradition and Revolution, New York, Berlin, etc.: Springer-
Verlag.

Droste, Gottfried von

1939 UÈ ber die Energieverteilung der bei der Bestrahlung von Uran mit Neutronen
entstehenden BruchstuÈcke, Naturwiss. 27, 198 (letter dated 17 March 1939, pub-
lished in the issue of 24 March 1939).

Droste, Gottfried von, and Hans Reddemann

1939 UÈ ber die beim Zerspalten des Urankerns auftretenden Neutronen, Naturwiss. 27,
371±372 (dated 7 May 1939, published in the issue of 19 May 1939).

Drude, Paul

1900a Zur Elektronentheorie der Metalle, Ann. d. Phys. (4) 1, 566±613 (received 22
February 1900, published in issue No. 3 of 20 May 1900).

References1302



1900b Zur Elektronentheorie der Metalle. II. Teil, Ann. d. Phys. (4) 3, 369±402 (received
9 September 1900, published in issue No. 11 of 13 November 1900).

Duane, William

1923 The transfer in quanta of radiation momentum to matter, Proc. Nat. Acad. Sci.

(USA) 9, 158±164 (communicated 2 March 1923, published in issue No. 5 of
15 May 1923).

DuÈ rr, Hans-Peter

1993 Uni®ed theory of elementary particles I (1950±1957). An annotation, in Werner

Heisenberg: Collected Works AIII (Heisenberg, 1993), pp. 133±141.

DuÈ rr, Hans Peter, Werner Heisenberg, Heinz Mitter, Siegfried Schlieder, and

Kazuo Yamazaki

1959 Zur Theorie der Elementarteilchen, Z. Naturf. 14a, 441±485 (received 3 March
1959, published in issue No. 5/6).

Duschek, Adalbert

1926 Algebra, in H. Geiger and K. Scheel, eds.: Handbuch der Physik, Vol. 3: Mathe-

matische Hilfsmittel der Physik, Berlin: J. Springer, pp. 55±100.

Dymond, E. G.

1926 Scattering of electrons in helium, Nature, 118, 336±337 (letter dated 18 June 1926,
published in the issue of 4 September 1928).

Dyson, Freeman

1948 The electromagnetic shift of energy levels, Phys. Rev. (2) 73, 617±626 (received
8 December 1947, published in issue No. 6 of 15 March 1948).

1949a The radiation theories of Tomonaga, Schwinger, and Feynman, Phys. Rev. (2) 75,
486±502 (received 6 October 1948, published in issue No. 3 of 1 February 1949).

1949b The S-matrix in quantum electrodynamics, Phys. Rev. (2) 75, 1736±1753 (received
24 February 1949, published in No. 11 of 1 June 1949).

1951a Heisenberg operators in quantum electrodynamics. I, Phys. Rev. (2) 82, 428±439
(received 11 December 1950, published in issue No. 3 of 1 May 1951).

1951b The renormalization method in quantum electrodynamics, Proc. Roy. Soc. (Lon-

don) A207, 395±401 (communicated by R. E. Peierls; received 23 January 1951,
published in issue No. A1090 of 6 July 1951).

1951c Heisenberg operators in quantum electrodynamics. II, Phys. Rev. (2) 83, 608±627
(received 29 March 1951, published in issue No. 3 of 1 August 1951).

1951d The SchroÈdinger equation in quantum electrodynamics, Phys. Rev. (2) 83, 1207±
1216 (received 27 April 1951, published in issue No. 6 of 15 September 1951).

1952 Divergence of perturbation theory in quantum electrodynamics, Phys. Rev. (2)

85, 631±632 (received 5 November 1951, published in issue No. 4 of 15 February
1952).

1978 Congratulatory letter to Willis E. Lamb, Jr., on the occasion of his 65th birthday
(letter dated 2 December 1977), in Willis E. Lamb, a Festschrift (D. ter Haar and
M. O. Scully, eds., 1978), p. xxxvi.

References 1303



Dzyaloshinskii, I. E., E. M. Lifshitz, and L. P. Pitaevskii

1961 General theory of van der Waals forces, Soviet Phys.±Uspekhi 4, 153±176 (trans-
lation of the Russian publication of March 1951, published in the issue of
September±October 1961).

Eberhard, Philippe H.

1982 Constraints of determinism and of Bell's inequalities are not equivalent, Phys. Rev.

Lett. 49, 1474±1477 (received 6 May 1982, published in issue No. 20 of 15
November 1982).

Eckart, Carl

1926a The solution of the problem of the simple oscillator by a combination of the
SchroÈdinger and Lanczos theories, Proc. Nat. Acad. Sci. (USA) 12, 473±476
(communicated 31 May 1926, published in issue No. 7 of July 1926).

1926b Operator calculus and the solution of the equations of quantum dynamics, Phys.

Rev. (2) 28, 711±728 (dated 7 June 1926, with a note added in proof on 2
September 1926, published in issue No. 4 of October 1926).

1928 Die Elektronentheorie der Metalle auf Grund der Fermischen Statistik, insbeson-
dere uÈber den Volta-E¨ekt, Z. Phys. 47, 38±42 (received 31 December 1927, pub-
lished in issue No. 1/2 of 7 February 1928).

1930 The application of the group theory to the quantum dynamics of monatomic sys-
tems, Rev. Mod. Phys. 2, 305±330 (published in No. 3 of July 1930).

Eckert, Michael, Willibald Pricha, Helmut Schubert, and Gisela Torkar

1984 Geheimrat SommerfeldÐTheoretiker Physiker: Eine Dokumentation aus seinem

Nachlaû (Catalogue of an exhibition in the Deutsches Museum, Munich, 6 Decem-
ber 1984±3 February 1958), Munich: Deutsches Museum.

Eddington, Arthur Stanley

1921a A generalization of Weyl's theory of the electromagnetic and gravitational ®elds,
Proc. Roy. Soc. (London) A99, 104±122 (received 19 February 1921, published in
issue No. A697 of 2 May 1921).

1921b Das Strahlungsgleichgewicht der Sterne, Z. Phys. 7, 351±397 (received 20 Sep-
tember 1921, published in issue No. 6 of 30 November 1921).

1923b The Mathematical Theory of Relativity, Cambridge: Cambridge University Press.

1926 The Internal Constitution of the Stars, Cambridge: Cambridge University Press.

1929 The charge of an electron, Proc. Roy. Soc. (London) A122, 358±369 (received
10 December 1928, published in issue A789 of 1 January 1929).

1931 On the mass of the proton, Proc. Roy. Soc. (London) A134, 524±532 (received
3 November 1931, published in issue No. A824 of 12 December 1931).

1935 On ``relativistic degeneracy,'' Monthly Notices Roy. Astr. Soc. (London) 95, 194±
206 (published in the issue of January 1935).

1936 Relativity Theory of Protons and Electrons, Cambridge: Cambridge University
Press.

1939 Lorentz invariance in quantum theory, Proc. Camb. Phil. Soc. 35, 186±194 (re-
ceived 10 December 1938).

References1304



1942 On Lorentz invariance in quantum theory. II, Proc. Camb. Phil. Soc. 38, 201±209
(received 21 August 1941).

Eden, Richard J.

1949a Heisenberg's S-matrix for a system of many particles, Proc. Roy. Soc. (London)

A198, 540±549 (communicated by P. A. M. Dirac; received 12 March 1949, pub-
lished in issue No. A1055 of 7 September 1949).

1949b The analytic behaviour of Heisenberg's S-matrix, Proc. Roy. Soc. (London) A199,
256±271 (received 25 May 1949, published in issue No. A1056 of 25 October 1949).

Eden, Richard J., and John C. Polkinghorne

1972 Dirac in Cambridge, in Aspects of Quantum Theory (A. Salam and E. P. Wigner,
eds., 1972), pp. 1±5.

Ehrenfest, Paul

1906b Zur Planckschen Strahlungstheorie, Phys. Zs. 7, 528±532 (received 2 July 1906,
published in issue No. 15 of 1 August 1906).

1911 Welche ZuÈge der Lichtquantentheorie spielen in der Theorie der WaÈrmestrahlung
eine wesentliche Rolle?, Ann. d. Phys. (4) 36, 91±118 (received 8 July 1911, pub-
lished in issue No. 11 of 30 October 1911).

1927a Besteht ein allgemeiner Zusammenhang zwischen der wechselseitigen Durch-
dringlichkeit materieller Teilchen und dem ``Pauli-Verbot''?, Naturwiss. 15, 161±162
(note dated 9 January 1927, published in the issue of 18 February 1927); English
translation: Relation between the reciprocal impenetrability of matter and Pauli's
exclusion principle, Nature 119 (published in the issue of 5 February 1927).

1927b Relation between the reciprocal impenetrability of matter and Pauli's exclusion
principle: A correction, Nature 119, 602 (published in the issue of 23 April 1927).

1927c Bemerkung uÈber die angenaÈherte GuÈltigkeit der klassischen Mechanik innerhalb
der Quantenmechanik, Z. Phys. 45, 455±457 (received 5 September 1927, published
in issue No. 7/8 of 3 November 1927).

1932 Einige die Quantenmechanik betre¨ende Erkundigungsfragen, Z. Phys. 78, 555±
559 (received 16 August 1932, published in issue No. 7/8 of 12 October 1932).

1933 Phasenumwandlungen in uÈblichen und erweiterten Sinn, classi®ziert nach den
entsprechenden SingularitaÈten des thermodynamischen Potentiales, Proc. Kon.

Akad. Wetensch. (Amsterdam) 36, 153±157 (communicated at the meeting of
25 February 1933).

Ehrenfest, Paul, and Tatyana Ehrenfest

1911 Begri¿iche Grundlagen der statistischen Au¨assung in der Mechanik, Encykl.

d. math. Wiss. IV/2 II, 1±90 (®nished December 1909, with an addendum of
September 1922, published in issue No. 6 of 12 December 1922); English translation
(by M. J. Moravczik): The Conceptual Foundations of the Statistical Approach in

Mechanics, Ithaca, N.Y.: Cornell University Press, 1959.

Ehrenfest, Paul, and J. Robert Oppenheimer

1931 Note on the statistics of nuclei, Phys. Rev. (2) 37, 333±338 (received 23 December
1930, published in issue No. 4 of 15 February 1931).

References 1305



Ehrenfest, Paul, and A. J. Rutgers

1928 Bemerkung zur wellenmechanischen Deutung des limitaÈren Ramsauer-E¨ektes,
Naturwiss. 16, 184 (letter dated 22 February 1928, published in the issue of 16
March 1928).

Ehrenfest, Paul, and Viktor Trkal

1920 Deduction of the dissociation±equilibrium from the theory of quanta and a calcu-
lation of the chemical constant based on this, Proc. Kon. Akad. Wetensch. (Am-

sterdam) 23, 162±183 (communicated at the meeting of 28 February 1920).

Ehrenfest, Paul, and George E. Uhlenbeck

1927a Die wellenmechanische Interpretation der Boltzmannischen Statistik neben den
neueren Statistiken, Z. Phys. 41, 24±26 (received 15 December 1926, published in
issue No. 1 of 26 January 1927).

1927b Zum ``Einsteinischen Mischungsparadoxon,'' Z. Phys. 41, 576±582 (received 25
January 1927, published in issue No. 8/9 of 26 February 1927).

Einstein, Albert

1904 Zur allgemeinen molekularen Theorie der WaÈrme, Ann. d. Phys. (4) 14, 354±362
(received 29 March 1904, published in issue No. 7 of 2 June 1904).

1905b UÈ ber einen die Erzeugung und Verwandlung des Lichtes betre¨enden heuristischen
Gesichtspunkt, Ann. d. Phys. (4) 17, 132±148 (received 18 March 1905, published
in issue No. 6 of 9 June 1905).

1905c UÈ ber die von der molekularkinetischen Theorie der WaÈrme geforderte Bewegung
von in ruhenden FluÈssigkeiten suspendierten Teilchen, Ann. d. Phys. (4) 17, 549±
560 (received 11 May 1905, published in issue No. 8 of 18 July 1905).

1906c Zur Theorie der Lichterzeugung und Lichtabsorption, Ann. d. Phys. (4) 20, 199±
207 (received 13 March 1906, published in issue No. 6 of 11 May 1906).

1906g Die Plancksche Theorie der Strahlung und die spezi®sche WaÈrme, Ann. d. Phys. (4)

22, 180±190 (received 9 November 1906, published in issue No. 1 of 28 December
1906).

1907e UÈ ber die GuÈ ltigkeitsgrenze des Satzes von thermodynamischen Gleichgewicht und
uÈber eine neue Bestimmung der Elementarquanta, Ann. d. Phys. (4) 22, 569±572
(received 12 December 1906, published in issue No. 3 of 5 March 1907).

1909a Zum gegenwaÈrtigen Stand des Strahlungsproblems, Phys. Zs. 10, 185±193 (received
23 January 1909, published in issue No. 6 of 15 March 1909).

1909b UÈ ber die Entwicklung unserer Anschauungen uÈber das Wesen und die Konstitution
der Strahlung, Phys. Zs. 10, 817±826 (presented on 21 September 1909 at the 89th
Naturforscherversammlung in Salzburg, published in issue No. 22 of 10 November
1909).

1910a Theorie der Opaleszenz von homogenen FluÈssigkeiten und FluÈssigkeitsgemischen
in der NaÈhe des kritischen Zustandes, Ann. d. Phys. (4) 33, 1275±1298 (received
8 October 1910, published in issue No. 16 of 20 December 1910).

1914b BeitraÈge zur Quantentheorie, Verh. d. Deutsch. Phys. Ges. (2) 16, 820±828 (pre-
sented at the meeting of 24 July 1914, published in issue No. 16 of 30 August 1914).

1914c Formale Grundlage der allgemeinen RelativitaÈtstheorie, Sitz.ber. Preuss. Akad.

Wiss. (Berlin), pp. 1030±1089 (presented at the meeting of 20 November 1914).

References1306



1915a Experimenteller Nachweis der AmpeÁreschen MolekularstroÈme, Naturwiss. 3, 237±
238 (published in the issue of 7 May 1915).

1915c Antwort auf eine Abhandlung Max von Laues ``Ein Satz der Wahrscheinlich-
keitsrechnung und seine Anwendug auf die Strahlungstheorie,'' Ann. d. Phys. (4)

47, 879±885 (received 24 June 1915, published in issue No. 15 of 3 September
1915).

1915d Zur allgemeinen RelativitaÈtstheorie, Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. 778±
786 (presented at the meeting of 4 November 1915).

1915e Zur allgemeinen RelativitaÈtstheorie (Nachtrag), Sitz.ber. Preuss. Akad. Wiss.

(Berlin), pp. 799±801 (presented at the meeting of 11 November 1915).

1915f ErklaÈrung der Perihelbewegung des Merkur aus der allgemeinen RelativitaÈtstheorie,
Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. 831±839 (presented at the meeting of
18 November 1915).

1915g Die Feldgleichungen der Gravitation, Sitz.ber. Preuss. Akad. Wiss. (Berlin),
pp. 844±847 (presented at the meeting of 25 November 1915).

1916a Ernst Mach, Phys. Zs. 17, 101±104 (received 14 March 1916, published in issue
No. 7 of 1 April 1916).

1916b Einfaches Experiment zum Nachweis der AmpeÁreschen MolekularstroÈme, Verh. d.

Deutsch. Phys. Ges. (2), 18, 173±177 (presented at the meeting of 15 February
1916).

1916c Die Grundlage der allgemeinen RelativitaÈtstheorie, Ann. d. Phys. (4) 49, 769±822
(received 20 March 1916, published in issue No. 7 of 11 May 1916).

1916d Strahlungs-Emission und -Absorption nach der Quantentheorie, Verh. d. Deutsch.

Phys. Ges. (2), 18, 318±323 (received 17 July 1916, presented at the meeting of
21 July 1916).

1917a Zur Quantentheorie der Strahlung, Phys. Zs. 18, 121±128 (received 3 March 1917,
published in issue No. 6 of 15 March 1917).

1919 Spielen Gravitationsfelder im Aufbau der materiellen Elementarteilchen eine
wesentliche Rolle?, Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. 349±356 (presented
at the meeting of 10 April 1919).

1921b UÈ ber ein den Elementarprozeû der Lichtemission betre¨endes Experiment, Sitz.ber.

Preuss. Akad. Wiss. (Berlin), pp. 882±883 (presented at the meeting of 8 December
1921).

1922b Zur Theorie der Licht Fortp¯anzung in dispergierenden Medien, Sitz.ber. Preuss.

Akad. Wiss. (Berlin), pp. 18±22 (presented at the meeting of 2 February 1922).

1923d Bietet die Feldtheorie MoÈglichkeiten zur LoÈsung des Quantenproblems?, Sitz.ber.

Preuss. Akad. Wiss. (Berlin), pp. 359±364 (presented at the meeting of 13 Decem-
ber 1923).

1924a Das Komptonsche Experiment. Ist die Wissenschaft um ihrer selbst willen da?,
Berliner Tageblatt, 20 April 1924, 1. Beiblatt.

1924c Quantentheorie des einatomigen idealen Gases, Sitz.ber. Preuss. Akad. Wiss.

(Berlin), pp. 261±267 (presented at the meeting of 10 July 1924).

1924d Quantentheorie des einatomigen idealen Gases, Sitz.ber. Preuss. Akad. Wiss.

(Berlin), p. 241 (abstract of the paper presented at the meeting of 10 July 1924).

1925a Quantentheorie des einatomigen idealen Gases. 2. Abhandlung, Sitz.ber. Preuss.

Akad. Wiss. (Berlin), pp. 3±14 (presented at the meeting of 8 January 1925).

References 1307



1926a Vorschlag zu einem die Natur des elementaren Strahlungs-Emissionsprozesses
betre¨enden Experiment, Naturwiss. 14, 300±301 (letter dated 16 March 1925,
published in the issue of 2 April 1925).

1926b Interferenzeigenschaften des durch Kanalstrahlen emittierten Lichtes, Sitz.ber.

Preuss. Akad. Wiss. (Berlin), pp. 334±340 (presented at the meeting of 8 July
1926).

1927a Zu Kaluzas Theorie des Zusammenhanges von Gravitation und ElektrizitaÈt,
Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. 23±30 (presented at the meeting of 20
January 1927).

1927b Zu Kaluzas Theorie des Zusammenhanges von Gravitation und ElektrizitaÈt,
Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. 26±30 (presented at the meeting of 17
February 1927).

1927c Theoretisches und Experimentelles zur Frage der Lichtentstehung, Z. fuÈr ange-

wandte Chemie 40, 540 (report of a lecture delivered on 23 February 1927 before the
Mathematisch±physikalische Arbeitsgemeinschaft of the University of Berlin).

1927d Allgemeine RelativitaÈtstheorie und Bewegungsgesetze, Sitz.ber. Preuss. Akad. Wiss.

(Berlin), pp. 235±245 (presented at the meeting of 24 November 1927).

1928 Discussion geÂneÂrale des ideÂes nouvelles eÂmises, in EÂ lectrons et Photons (Institut

International de Physique Solvay, ed., 1928), pp. 253±255.

1932 UÈ ber die Unbestimmtheitsrelation, Angewandte Chemie 45, 23 (abstract of a collo-
quium given at the University of Berlin on 4 November 1931, published in issue
No. 1).

1936 Physik und RealitaÈt, Journal of the Franklin Institute 221, 313±337 (published in
the issue of March 1936); English translation by J. Piccard: Physics and reality,
J. Franklin Inst. 221, 349±382.

1948 Quantenmechanik und Wirklichkeit, Dialectica 2, 320±323 (published in issue
No. 3/4 of 15 August±15 October 1948).

1949 Remarks concerning the essays brought together in this co-operative volume, in
Albert Einstein: Philosopher±Scientist (P. A. Schilpp, ed., 1949), pp. 665±688.

1954 Elementare UÈ berlegungen zur Interpretation der Grundlagen der Quanten-
Mechanik, in Scienti®c Papers Presented to Max Born, Edinburgh: Oliver and
Boyd, pp. 33±40.

Einstein, Albert, Hedwig Born, and Max Born

1969 Briefwechsel 1916±1955, Munich: Nymphenburger Verlagshandlung; English
translation (by I. Born): The Born±Einstein Letters, London and Basingstoke:
Macmillan Press, 1971.

Einstein, Albert, and Jakob Grommer

1927 Allgemeine RelativitaÈtstheorie und Bewegungsgesetze, Sitz.ber. Preuss. Akad. Wiss.

(Berlin), pp. 2±13 (presented at the meeting of 6 January 1927).

Einstein, Albert, and Marcel Grossmann

1913 Entwurf einer verallgemeinerten RelativitaÈtstheorie und eine Theorie der Gravita-
tion. I. Physikalischer Teil von A. Einstein. II. Mathematischer Teil von M.
Grossmann, Zeitschrift fuÈ r Mathematik und Physik 62, 225±261.

References1308



Einstein, Albert, and Wander Johannes de Haas

1915 Experimenteller Nachweis der AmpeÁreschen MolekularstroÈme, Verh. d. Deutsch.

Phys. Ges. (2) 17, 152±170 (presented at the meeting of 19 February 1915).

Einstein, Albert, and Walther Mayer

1931 Einheitliche Theorie von Gravitation und ElektrizitaÈt, Sitz.ber. Preuss. Akad. Wiss.

(Berlin), pp. 541±557 (presented at the meeting of 22 October 1931).

1932a Einheitliche Theorie von Gravitation und ElektrizitaÈt, Sitz.ber. Preuss. Akad. Wiss.

(Berlin), pp. 130±137 (presented at the meeting of 14 April 1932).

1932b Semi-Vektoren und Spinoren, Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. 522±550
(presented at the meeting of 10 November 1932).

Einstein, Albert, Boris Podolsky, and Nathan Rosen

1935 Can quantum-mechanical description of physical reality be considered complete?,
Phys. Rev. (2) 47, pp. 777±780 (received 15 May 1935).

Einstein, Albert, and Arnold Sommerfeld

1968 Briefwechsel. Sechzig Briefe aus dem goldenen Zeitalter der modernen Physik

(A. Hermann, ed.), Basel and Stuttgart: Schwabe & Co.

Einstein, Albert, Richard C. Tolman, and Boris Podolsky

1931 Knowledge of past and future in quantum mechanics, Phys. Rev. (2) 37, 780±781
(letter dated 26 February 1931, published in issue No. 6 of 15 March 1931).

Eisenschitz, H., and Fritz London

1930 UÈ ber das VerhaÈltnis der van der Waalsschen KraÈfte in den homoÈopolaren Bind-
ungskraÈften, Z. Phys. 60, 491±526 (received 10 December 1929, published in issue
No. 7/8 of 26 February 1930).

Ellis, Charles D., and Nevill Mott

1933 Energy relations in the b-ray type of radioactive disintegration, Proc. Roy. Soc.

(London) A141, (received 25 May 1933, published in issue No. A845 of 1 Sep-
tember 1933).

Ellis, Charles D., and W. A. Wooster

1927a The continuous spectrum of b-rays, Nature 119, 563±564 (letter dated 23 March
1927, published in the issue of 16 April 1927).

1927b The average energy of disintegration of radium E, Proc. Roy. Soc. (London) A117,
109±123 (communicated by E. Rutherford; received 3 August 1927, published in
issue A776 of 1 December 1927).

Elsasser, Walter

1925 Bemerkungen zur Quantenmechanik freier Elektronen, Naturwiss. 13, 711 (letter
dated 18 July 1925, published in the issue of 14 August 1925).

1928 Interferenzerscheinungen bei Korpuskularstrahlen, Naturwiss. 16, 720±725 (pub-
lished in the issue of 14 September 1928).

References 1309



1933 Sur le principe de Pauli dans les noyaux I, J. phys. et rad. 4, 549±556 (published in
issue No. 10 of October 1933).

1934a Sur le principe de Pauli dans les noyaux II, J. phys. et rad. 5, 389±397 (received
25 May 1934, published in issue No. 8 of August 1934).

1934b Sur le principe de Pauli dans les noyaux III, J. phys. et rad. 5, 635±639 (received
31 October 1934, published in issue No. 12 of December 1934).

Enz, Charles P.

1981 50 years ago Pauli invented the neutrino, Helv. Phys. Acta 54, 411±418 (received
25 May 1981, published in issue No. 3 of 20 March 1982).

1985 Applications of quantum mechanics (1926±1933). An annotation, in Werner Hei-

senberg: Collected Works AI (Heisenberg, 1985), pp. 507±515.

Epstein, Paul Sophus

1916a Zur Theorie des Starke¨ekts, Phys. Zs. 17, 148±150 (received 29 March 1916,
published in issue No. 8 of 15 April 1916).

1916c Zur Theorie des Starke¨ektes, Ann. d. Phys. (4) 50, 489±521 (received 9 May 1916,
published in issue No. 13 of 25 July 1916).

1916e Zur Quantentheorie, Ann. d. Phys. (4) 51, 168±188 (received 9 August 1916, pub-
lished in issue No. 18 of 10 October 1916).

1916f UÈ ber die spezi®sche WaÈrme des Wassersto¨s, Verh. d. Deutsch. Phys. Ges. (2) 18,
398±413 (received 12 November 1916, published in issue No. 22/23 of 15 December
1916).

Estermann, Immanuel, Robert Frisch, and Otto Stern

1931 Monochromatisierung der de Broglieschen Wellen von Molekularstrahlen, Z. Phys.

73, 348±365 (received 22 September 1931, published in issue No. 5/6 of 10 Decem-
ber 1931).

Estermann, Immanuel, O. C. Simpson, and Otto Stern

1937 The magnetic moment of the proton, Phys. Rev. (2) 51, 1004 (abstract of a talk
presented at the Washington APS meeting, 29 April±1 May 1937, published in issue
No. 11 of 1 June 1937).

Estermann, Immanuel, and Otto Stern

1930 Beugung von Molekularstrahlen, Z. Phys. 65, 95±125 (received 14 December 1929,
published in No. 1/2 of 21 March 1930).

1933 UÈ ber die magnetische Ablenkung von Wassersto¨molekuÈlen und das magnetische
Moment des Protons. II, Z. Phys. 85, 17±24 (received 27 May 1933, published in
issue No. 1/2 of 29 August 1933).

Eucken, Arnold

1912 Die MolekularwaÈrme des Wassersto¨s bei tiefen Temperaturen, Sitz.ber. Preuss.

Akad. Wiss. (Berlin), pp. 141±151 (paper communicated by W. Nernst to the
meeting of 1 February 1912).

1929 Der Nachweis einer Umwandlung der antisymmetrischen Wassersto¨art in die
symmetrische, Naturwiss. 17, 182 (letter dated 5 March 1929, published in the issue
of 15 March 1929).

References1310



Eucken, Arnold (editor)

1914 Die Theorie der Strahlung und der Quanten. Verhandlungen einer von E. Solvay ein-

berufenen Zusammenkunft (30. Oktober bis 3. November 1911). Mit einem Anhange

uÈber die Entwicklung der Quantentheorie von Herbst 1911 bis Sommer 1913. (Re-
ports and discussions at the ®rst Solvay Conference, edited in German with an
appendix), Halle an der Saale: Wilhelm Knapp.

Euler, Hans

1936 UÈ ber die Streuung von Licht an Licht nach der Diracschen Theorie, Ann. d. Phys.

(4) 26, 398±448 (Leipzig Ph.D. thesis dated 21 June 1935; received 28 January
1936, published in issue No. 5 of 18 May 1936).

1938a Zur Diskussion der Ho¨mannschen StoÈûe und der durchdringenden Komponente
in der HoÈhenstrahlung, Naturwiss. 26, 382±383 (letter dated 17 May 1938, pub-
lished in the issue of 10 June 1938).

1938b Die Erzeugung Ho¨mannscher StoÈûe durch Multiplikation, Z. Phys. 110, 450±472
(received 1 July 1938, published in issue No. 7/8 of 20 September 1938).

1938c UÈ ber die durchdringende Komponente der kosmischen Strahlung und die von ihr
erzeugten Ho¨mannschen StoÈûe, Z. Phys. 110, 692±716 (received 1 July 1938,
published in issue No. 11/12 of 13 October 1933).

Euler, Hans, and Werner Heisenberg

1938 Theoretische Gesichtspunkte zur Deutung des kosmischen Strahlung, Erg. exakt,

Naturwiss. 17, 1±69.

Euler, Hans, and Bernhard Kockel

1935 UÈ ber die Streuung von Licht an Licht, Naturwiss. 23, 246±247 (letter dated 11
February 1935, published in the issue of 12 April 1935).

Everett, Hugh

1957 ``Relative state'' formulation of quantum mechanics, Rev. Mod. Phys. 29, 454±465
(published in issue No. 3 of July 1957).

Ewald, Paul P.

1917 Zur BegruÈndung der Kristalloptik. Teil III. Die Kristalloptik der RoÈntgenstrahlen,
Ann. d. Phys. (4) 54, 519±556 (received 29 October 1917, published in issue No. 23
of 9 April 1918).

Ewing, Douglas H., and Frederick Seitz

1936 On the electronic constitution of crystals; Li F and Li H, Phys. Rev. (2) 50, 760±
777 (received 27 July 1936, published in issue No. 8 of 15 October 1936).

Exner, Franz

1919 Vorlesungen uÈber die physikalischen Grundlagen der Naturwissenschaften, 2nd edi-
tion, Wien: F. Deuticke, 1922.

Fajans, Kasimir

1926 UÈ ber die Beziehung zwischen Atomgewicht, Lebensdauer und Umwandlungsart
von Isotopen, Naturwiss. 14, 963±965 (letter dated 21 September 1926, published in
the issue of 22 October 1926).

References 1311



Falkenhagen, Hans (editor)

1928 Quantentheorie und Chemie, Leipzig: S. Hirzel.

Fano, Ugo

1938 L'introduzione di concetti thermodynamici nella ®sica nucleare, Nuovo Cimento (5)

15, 343±364 (dated March 1938, published in issue No. 6 of June 1938).

Favrholdt, David

1978 Niels Bohr and Danish philosophy, Danish Yearbook of Philosophy 13, 206±220.

FaxeÂn, Hilding, and Johan Holtsmark

1927 Beitrag zur Theorie des Durchganges langsamer Elektronen durch Gase, Z. Phys.

45, 307±324 (received 6 August 1927, published in issue No. 5/6 of 18 October
1927).

Feather, Norman

1932 The collision of neutrons with nitrogen nuclei, Proc. Roy. Soc. (London) A136,
709±727 (communicated by J. Chadwick; received 10 May 1932, published in issue
No. A830 of 1 June 1932).

1939 Fission of heavy nuclei: a new type of nuclear disintegration, Nature 143, 877±879
(published in the issue of 27 May 1939).

Feenberg, Eugene

1935 Neutron±proton interaction. Part I. The binding energies of the hydrogen and
helium isotopes, Phys. Rev. (2) 47, 850±859 (received 1 April 1935, published in
issue No. 11 of 1 June 1935).

Feenberg, Eugene, and Eugene P. Wigner

1937 On the structure of the nuclei between helium and oxygen, Phys. Rev. (2) 51, 95±
106 (received 10 October 1936, published in issue No. 2 of 15 January 1937).

Fekete, Michael, and Janos (Johannes, John) von Neumann

1922 UÈ ber die Lage der Nullstellen gewisser Minimalpolynome, Jahresbericht der Deut-

schen Mathematiker-Vereinigung 31, 125±138 (1922).

Fermi, Enrico

1926b Zur Quantelung des idealen einatomigen Gases, Z. Phys. 36, 902±912 (received
24 March 1926, published in issue No. 11/12 of 11 May 1926).

1926c Zur Wellenmechanik des Stoûvorganges, Z. Phys. 40, 399±402 (received 23 October
1926, published in issue No. 5 of 8 December 1926).

1929a Sopra l'elletrodinamica quantistica, Rend. R. Accad. Lincei 5, 881±887 (presented
by O. M. Corbino at the meeting of 5 May 1929).

1929b Sopra l'elletrodinamica quantistica. I. Rend. R. Accad. Lincei 9, 881±887 (presented
by O. M. Corbino at the meeting of 5 May 1929).

1929c Sulla teoria quantistica delle frange di interferenza, Rend. R. Accad. Lincei 10, 72±
77 (presented by O. M. Corbino at the meeting of 1 June 1929).

1930a Magnetic moments of atomic nuclei, Nature 125, 16 (letter dated 4 December 1929,
published in the issue of January 1930).

References1312



1930b UÈ ber die magnetischen Momente der Atomkerne, Z. Phys. 60, 320±323 (received
18 December 1929, published in issue No. 5/6 of 19 February 1930).

1930c Sui momenti magnetici dei nuclei atomici, Memorie de l'Accademia d'Italia (Ser.

Fis.) I, 139±148 (presented on 30 January 1930).

1930d Sopra l'elletrodinamica quantistica. II. Rend. R. Accad. Lincei 12, 431±435 (pre-
sented by O. M. Corbino at the meeting of 29 September 1930).

1931 La masse elettromagnetiche nella elettrodinamica quantistica, Nuovo Cimento (5)

8, 121±132.

1932a Quantum theory of radiation, Rev. Mod. Phys. 4, 87±132 (based on lectures de-
livered in summer 1930 at the University of Michigan, published in issue No. 1 of
January 1932).

1932b Moments magneÂtiques des noyaux (talk presented at the Sixth Solvay Conference,
October 1930), in Le MagneÂtisme (Institut International de Physique Solvay, ed.,
1932), pp. 65±80.

1932c Lo stato attuale della ®sica del nucleo atomico, Ricerca Scienti®ca 3, 101±113 (talk
presented on 7 July 1932 at the ®fth International Conference on Electricity in
Paris).

1933 Tentativo di una teoria dell'emissione dei raggi ``beta,'' Ricerca Scienti®ca 4, 491±
495 (published in the issue of December 1933).

1934a Versuch einer Theorie der b-Strahlen, Z. Phys. 88, 161±171 (received 16 January
1934, published in issue No. 3/4 of 19 March 1934).

1934b Tentativo di una teoria dei raggi b, Nuovo Cimento (5) 11, 1±19 (submitted in
January 1934, published in issue No. 1).

1934c RadioativitaÁ indotta da bombardemento di neutroni, I., Ricerca Scienti®ca 1, 283
(letter submitted on 25 March 1934, published in issue No. 5).

1934d Radioactivity induced by neutron bombardment, Nature, 133, 757 (letter dated
10 April 1934, published in the issue of 1 May 1934).

1934e Possible production of elements of atomic number higher than 92, Nature 133, 898±
899 (published in the issue of 16 June 1934).

1939 Arti®cial radioactivity produced by neutron bombardment (Nobel lecture delivered
on 12 December 1938), in Les Prix Nobel en 1938, Stockholm: Les ConfeÂrences
Nobel, pp. 1±8.

1955 Physics at Columbia University. The genesis of the nuclear energy project (address
before the American Physical Society on 30 January 1954), Physics Today 8, No. 11,
pp. 12±16 (published in the issue of November 1955).

1962a Collected Works (Note e Memorie), Vol. I: Italy 1921±1938, Chicago and
Rome: The University of Chicago Press and Accademia Nazionale dei Lincei
Rome.

1962b Collected Works (Note e Memorie), Vol. II: United States 1939±1954, Chicago and
Rome: The University of Chicago Press and Accademia Nazionale dei Lincei
Rome.

Fermi, Enrico, Edoardo Amaldi, Oscar d 'Agostino, Franco Rasetti, and Emilio

SegreÁ

1934 Arti®cial radioactivity produced by neutron bombardment, Proc. Roy. Soc.

(London) A146, 483±500 (received 25 July 1934, published in issue No. A857 of
1 September 1934).

References 1313



Fermi, Enrico, Eduardo Amaldi, Bruno Pontecorvo, Franco Rasetti, and Emilio

SegreÁ

1934 Azione di sostanze idrogenate sulla radioattivitaÁ provocata de neutroni. I, Ricerca

Scienti®ca 5, 282±283 (dated 7 November 1934).

Fermi, Enrico, and George Uhlenbeck

1933 On the recombination of electrons and positrons, Phys. Rev. (2) 44, 510±511 (letter
dated 18 August 1933, published in issue No. 6 of 15 September 1933).

Feynman, Richard P.

1942 The Principle of Least Action in Quantum Mechanics, Ph.D. dissertation, May 1942,
Princeton University.

1948a Space-time approach to non-relativistic quantum mechanics, Rev. Mod. Phys. 20,
367±387 (published in issue No. 2 of April 1948).

1948b A relativistic cuto¨ for classical electrodynamics, Phys. Rev. (2) 74, 939±946
(received 8 June 1948, published in issue No. 8 of 15 October 1948).

1948c Relativistic cut-o¨ for quantum electrodynamics, Phys. Rev. (2) 74, 1430±1438
(received 12 July 1948, published in issue No. 10 of 15 November 1948).

1949a The theory of positrons, Phys. Rev. (2) 76, 749±759 (received 8 April, published in
issue No. 6 of 15 September 1949).

1949b Space-time approach to quantum electrodynamics, Phys. Rev. (2) 76, 769±789
(received 9 May 1949, published in issue No. 6 of 15 September 1949).

1950 Mathematical formulation of the quantum theory of electromagnetic interaction,
Phys. Rev. (2) 80, 440±457 (received 8 June 1950, published in No. 3 of 1
November 1950).

1951 An operator calculus having application in quantum electrodynamics, Phys. Rev. (2)

84, 108±128 (received 23 May 1951, published in issue No. 1 of 1 October 1951).

1953a Atomic theory of the l-transition in helium, Phys. Rev. (2) 91, 1291±1301 (received
15 May 1953, published in issue No. 6 of 15 September 1953).

1953b Atomic theory of liquid helium near absolute zero, Phys. Rev. (2) 91, 1301±1308
(received 1 June 1953, published in issue No. 6 of 15 September 1953).

1954 Atomic theory of the two ¯uid model of liquid helium, Phys. Rev. (2) 94 262±277
(received 11 January 1954, published in issue No. 2 of 15 April 1954).

1955 Application of quantum mechanics to liquid helium, in Progress in Low Temper-

ature Physics, Vol. I, Amsterdam: North-Holland, pp. 17±53.

1956 Energy spectrum of the excitations in liquid helium, Phys. Rev. (2) 102, 1189±1204
(received 27 February 1956, published in issue No. 5 of 1 June 1956).

1957 Super¯uidity and superconductivity, Rev. Mod. Phys. 29, 205±212 (talk presented
at the ``International Congress on Theoretical Physics'' in Seattle, 17±21 September
1956, published in issue No. 2 of April 1957).

1966 The development of the space-time review of quantum electrodynamics, Physics

Today 19, No. 8, pp. 31±44 (Nobel lecture delivered on 11 December 1965, pub-
lished in the issue of August 1966).

1969 Very high-energy collision of hadrons, Phys. Rev. Lett. 23, 1415±1417 (received 20
October 1969, published in issue No. 24 of 15 December 1969).

References1314



1989 Remarks at the banquet in honor of Julian Schwinger's sixtieth birthday, in S. Deser
and R. J. Finkelstein, eds.: Themes in Contemporary Physics, Singapore: World
Scienti®c, pp. 91±93.

Feynman, Richard P., and Michael Cohen

1956 Energy spectrum of the excitations in liquid helium, Phys. Rev. (2) 102, 1189±1204
(received 27 February 1956, published in issue No. 5 of 1 June 1956).

Feynman, Richard P., and Murray Gell-Mann

1958 Theory of the Fermi interaction, Phys. Rev. (2) 109, 193±198 (received 16 Sep-
tember 1957, published in issue No. 1 of 1 January 1958).

Feynman, Richard P., and R. G. Hibbs

1965 Quantum Mechanics and Path Integrals, New York: McGraw-Hill.

Fierz, Markus

1937 Zur Fermischen Theorie des b-Zerfalls, Z. Phys. 104, 553±565 (received 7, Decem-
ber 1936, published in issue No. 7/8 of 3 March 1937).

1938 UÈ ber die relativistische Theorie fuÈr Teilchen mit ganzzahligem Spin sowie deren
Quantisierung, Helv. Phys. Acta 11, 377±378 (abstract of a talk presented at the
DeÂleÂmont meeting of the Swiss Physical Society on 7 May 1938, published in issue
No. IV of 18 June 1938).

1939 UÈ ber die relativistische Theorie kraÈftefreier Teilchen mit beliebigem Spin, Helv.

Phys. Acta 12, 3±37 (Habilitation thesis; received 3 September 1938, published in
issue No. 1 of 14 January 1939).

1944 Zur Theorie magnetisch geladener Teilchen, Helv. Phys. Acta 17, 27±34 (received
23 December 1943, published in No. 1 of 29 February 1944).

Fierz, Markus, and Wolfgang Pauli

1939 On relativistic wave equations for particles of arbitrary spin, Proc. Roy. Soc.

(London) A173, 211±232 (communicated by P. A. M. Dirac; received 31 May
1939, published in issue No. A953 of 28 November 1939).

Fierz, Markus, and victor f. Weisskopf (editors)

1960 Theoretical Physics in the Twentieth Century. A Memorial Volume to Wolfgang

Pauli, New York±London: Interscience Publishers.

Fine, Arthur

1986 The Shaky Game: Einstein Realism and the Quantum Theory, Chicago and London:
The University of Chicago Press.

1993 Einstein's interpretation of the quantum theory, Science in Context 6, 257±
273.

Fink, JoÈrg, and Erik Sohmen

1992 FestkoÈrper aus C60-MolekuÈ len. Eine neue Klasse von Hochtemperatur-Supraleitern,
Phys. BlaÈtter 48, 11±15 (published in issue No. 1 of January 1992).

References 1315



Finkelstein, Robert

1996 Julian Schwinger: The QED period at Michigan and the source theory at UCLA, in
Y. J. Ng, ed.: Julian Schwinger: The Physicist, the Teacher, and the Man, Singapore:
World Scienti®c, pp. 105±109.

Fischer, Ernst

1907 Sur la convergence en moyenne, Comptes rendus (Paris) 144, 1022±1024 (presented
at the meeting of 29 April 1907).

Fischer, Ernst Peter

1987 `Was ist Leben?'Ðmehr als vierzig Jahre spaÈter (Introduction), in: Erwin SchroÈ-
dinger: Was ist Leben?, Munich±Zurich: R. Piper, pp. 9±25.

Fitch, Val. L., Daniel R. Marlow, and Margit Dementi (editors)

1997 Critical Problems in Physics (Proceedings of a Conference Celebrating the 250th
Anniversary of Princeton University, Princeton, New Jersey, October 31, Novem-
ber 1, November 2, 1996), Princeton: Princeton University Press.

Flamm, Ludwig

1926a Die Grundlagen der Wellenmechanik, Phys. Zs. 27, 600±617 (received 2 August
1926, published in issue No. 18 of 15 September 1926).

Flint, Henry Thomas

1929 Wave Mechanics. Being One Aspect of the New Quantum Theory, London: Methuen.

FluÈ gge, Siegfried

1933 Der Ein¯uû der Neutronen auf dem inneren Aufbau der Sterne, Zeitschrift fuÈ r.

Astrophysik 6, 272±292 (GoÈttingen doctoral thesis, received 11 March 1933).

1939a Kann der Energieinhalt der Atomkerne technisch nutzbar gemacht werden?,
Naturwiss. 27, 402±410 (published in the issue of 9 June 1939).

1939b Die Ausnutzung der Atomenergie. Vom Laborversuch zur UranmaschineÐ
Forschungsergebnisse im Dahlem, Deutsche Allgemeine Zeitung, No. 385/386
(15 August 1939), Beiblatt, pp. 1±2.

FluÈ gge, Siegfried, and Gottfried von Droste

1939 Energetische Betrachtungen zu der Entstehung von Barium bei der Neutronen-
bestrahlung von Uran, Z. Phys. Chem. 42B, 274±280 (received 22 January 1939,
published in the issue of March 1939).

Fock, Vladimir

1926a Zur SchroÈdingerschen Wellenmechanik, Z. Phys. 38, 242±250 (received 11 June
1926, published in issue No. 3 of 28 July 1926).

1929 Geometrisierung der Diracschen Theorie des Elektrons, Z. Phys. 57, 261±275
(dated May/June 1929; received 5 July 1929, published in issue No. 3/4 of 2 Sep-
tember 1929).

1930 NaÈherungsmethoden zur LoÈsung des quantenmechanischen MehrkoÈrperproblems,
Z. Phys. 61, 126±148 (received 21 February 1930, published in issue No. 1/2 of
21 March 1930).

References1316



1932 Kon®gurationsraum und zweite Quantelung, Z. Phys. 75, 622±647 (received 10
March 1932, published in issue No. 9/10 of 29 April 1932).

1936 Inconsistency of the neutrino theory of light, Nature 38, 1011±1012 (letter dated 1
November 1936, published in the issue of 12 December 1936).

1958 UÈ ber die Deutung der Quantenmechanik, in B. Kockel et al., eds.: Max Planck

Festschrift 1958, Berlin: VEB Verlag der Wissenschaften, pp. 177±195.

Foley, H. M., and Polykarp Kusch

1948 On the intrinsic moment of the electron, Phys. Rev. (2) 73, 412 (letter dated
26 December 1947, published in issue No. 4 of 15 February 1948).

Folse, Henry J.

1985 The Philosophy of Niels Bohr. The Framework of Complementarity, Amsterdam,
Oxford, etc.: North Holland.

Forman, Paul

1971 Weimar culture, causality, and quantum theory, 1918±1927: Adaption by German
physicists and mathematicians to a hostile intellectual environment, Hist. Stud.

Phys. Sci. 3, 1±115.

Foster, John Stuart

1926 Observation of the Stark e¨ect of second order, Astrophys. J. 63, 191±195 (dated
7 December 1925).

1927 Application of quantum mechanics to the Stark e¨ect of helium, Proc. Roy. Soc.

(London) A117, 137±163 (communicated by N. Bohr; received 8 August 1927,
published in issue No. A776 of 1 December 1927).

Fournier, Georges

1932 Sur la composition des noyaux atomiques, Comptes rendus (Paris) 194, 1482±1483
(note presented by J. Perrin to the meeting of 25 April 1932).

Fowler, A. B., F. F. Fang, W. E. Howard, and P. J. Stiles

1966 Magneto-oscillatory conductance in silicon surfaces, Phys. Rev. Lett. 16, 901±903
(received 23 March 1966, published in issue No. 20 of 16 May 1966).

Fowler, R. D., and R. W. Dodson

1939 Intensely ionizing particles produced by neutron bombardment of uranium and
thorium, Phys. Rev. (2) 55, 417±418 (letter dated 3 February 1939, published in
issue No. 4 of 15 February 1939).

Fowler, Ralph Howard

1923c Bohr's atom in relation to the problem of covalency, Transactions of the Faraday

Society 19, 459±468 (contribution to the General Discussion on ``The Electronic
Theory of Valency,'' held at the Faraday Society, Cambridge, 13±14 July 1923;
manuscript received 9 July 1923).

1925c Notes on the theory of absorption lines in stellar spectra, Monthly Notices Roy.

Astr. Soc. (London) 85, 970±977 (published in No. 9 of October 1925).

References 1317



1926 On dense matter, Monthly Notices Roy. Astr. Soc. (London) 87, 114±122 (pub-
lished in No. 2 of 10 December 1926).

1928a The restored electron theory of metals and thermionic formulae, Proc. Roy. Soc.

(London) A117, 549±552 (received 6 December 1927, published in issue No. A778
of 1 February 1928).

1928b The photo-electric threshold frequency and the thermionic wave function, Proc.

Roy. Soc. (London) A118, 229±232 (received 15 January 1928, published in issue
No. A779 of 1 March 1928).

1936 Statistical Mechanics. The Theory of the Properties of Matter in Equilibrium, 2nd
edition, Cambridge: Cambridge University Press.

Fowler, Ralph Howard, and Edward Armand Guggenheim

1925 Applications of statistical mechanics to determine the properties of matter in stellar
interiors, Monthly Notices Roy. Astr. Soc. (London) 85, 939±970 (published in issue
No. 9 of October 1925).

Fowler, Ralph Howard, and Lothar Nordheim

1928 Electron emission in intense electric ®elds, Proc. Roy. Soc. (London) A119, 173±
181 (received 31 March 1928, published in issue No. A781 of 1 May 1928).

Fowler, Ralph Howard, and Alan Harris Wilson

1929 A detailed study of the ``radioactive decay'' of, and the penetration of a-particles
into, a simpli®ed one-dimensional nucleus, Proc. Roy. Soc. (London) A124, 493±
501 (received 20 April 1929, published in issue No. A795 of 1 July 1929).

1932 The apparent conductivity of oxide coatings used on emitting ®laments, Proc. Roy.

Soc. (London) A137, 503±511 (received 3 June 1932, published in issue No. A833
of 1 September 1932).

Franck, James

1925 Elementary processes of photochemical reactions, Transactions of the Faraday

Society 21, 536±542 (received 21 August 1925).

Franck, James, and E. Einsporn

1920 UÈ ber die Anregungspotentiale des Quecksilberdampfes, Z. Phys. 2, 18±29 (received
20 April 1920, published in issue No. 1 of June 1920).

Franck, James, and Gustav Hertz

1914a UÈ ber ZusammenstoÈsse zwischen langsamen Elektronen und den MolekuÈ len des
Quecksilberdampfes und die Ionisierungsspannung derselben, Verh. d. Deutsch.

Phys. Ges. (2) 16, 457±467 (received 21 May 1914, published in issue No. 10 of
30 May 1914).

1914b UÈ ber die Erregung der Quecksilberresonanzlinie 253.6 mm durch ElektronenstoÈsse,
Verh. d. Deutsch. Phys. Ges. (2) 16, 512±517 (received 21 May 1914, published in
issue No. 11 of 15 June 1914).

Franck, James, and Pascual Jordan

1926a Anregung von QuantenspruÈngen durch StoÈûe, Berlin: J. Springer.

References1318



1926b Anregung von QuantenspruÈngen durch StoÈûe (Mit Ausschluû der Erscheinungen
von Korpuskularstrahlen hoher Geschwindigkeit), in H. Geiger and K. Scheel, eds:
Handbuch der Physik, Vol. XXIII: Quanta, Berlin: J. Springer, pp. 641±755.

Franck, James, Paul Knipping, and Thea KruÈ ger

1919 UÈ ber einen Zusammenhang zwischen Stoûionisation und der Dissoziationsarbeit
neutrale MolekuÈ le, Verh. d. Deutsch. Phys. Ges. (2) 21, 728±732 (received 28
October 1919, published in issue No. 21/22 of 5 December 1919).

Frank, Philipp

1928 UÈ ber die ``Anschaulichkeit'' physikalischer Theorien, Naturwiss. 16, 121±128 (pub-
lished in the issue of 24 February 1928).

1929 Was bedeuten die gegenwaÈrtigen physikalischen Theorien fuÈr die allgemeine
Erkenntnislehre?, Naturwiss. 17, 971±977, 987±994 (talk delivered on 16 September
1929 at the Deutsche Physiker- und Mathematikertag in Prague, published in the
issues of 13 and 20 December 1929).

1937 Philosophische Deutungen und Miûdeutungen physikalischer Theorien, Erkenntnis

6, 303±317 (talk presented on 22 June 1936 at the ``II. Internationale Kongreû fuÈr
Einheit der Wissenschaft'' in Copenhagen).

Franson, J. D.

1989 Bell inequality for position and time, Phys. Rev. Lett. 62, 2205±2208 (received
24 October 1988, published in issue No. 19 of 8 May 1989).

Fredholm, Ivar

1903 Sur une classe d'eÂquations fonctionelles, Acta Mathematica 27, 365±390 (printed on
30 March 1903).

Freedman, Stuart J., and John F. Clauser

1972 Experimental test of local hidden variables. Phys. Rev. Lett. 28, 938±941 (received
4 February 1972, published in issue No. 14 of 3 April 1972).

Freistadt, Hans

1957 The causal formulation of quantum mechanics of particles (the theory of de Broglie,
Bohm and Takabayasi). Nuovo Cimento (10) Supplement 5, 1±70 (received 26 May
1956, published in issue No. 1).

French, Anthony Philip, and P. J. Kennedy (editors)

1985 Niels Bohr: A Centenary Volume, Cambridge, Mass., and London: Harvard Uni-
versity Press.

French, J. Bruce, and Victor F. Weisskopf

1949 The electromagnetic shift of energy levels, Phys. Rev. (2) 75, 1240±1248 (received
10 December 1948, published is issue No. 8 of 15 April 1949).

Frenkel, Jakov

1924 Beitrag zur Theorie der Metalle, Z. Phys. 29, 214±240 (received 3 September 1924,
published in issue No. 3/4 of 28 October 1924).

References 1319



1925 Zur Elektrodynamik punktfoÈrmiger Elektronen, Z. Phys. 32, 518±534, (received
25 March 1925, published in issue No. 7 of 29 May 1925).

1926 Die Elektrodynamik des rotierenden Elektrons, Z. Phys. 37, 243±262 (received
2 May 1926, published in issue No. 4/5 of 5 June 1926).

1928a Zur wellenmechanischen Theorie der metallischen LeitfaÈhigkeit, Z. Phys. 47, 819±
834 (received 7 February 1928, published in issue No. 11/12 of 30 March 1928).

1928b Elementare Theorie magnetischer und elektrischer Eigenschaften der Metalle beim
absoluten Nullpunkt der Temperatur, Z. Phys. 49, 31±45 (received 30 March 1928,
published in issue No. 1/2 of 8 June 1928).

1934 Wave Mechanics. Advanced General Theory, Oxford: Oxford University Press.

1936a On the absorption of light and the trapping of electrons and positive holes in crys-
talline dielectrics, Phys. Zs. SU 9, 533±536 (received 27 March 1936).

1936b On the solid body model of heavy nuclei, Phys. Zs. SU 9, 533±536 (received
27 March 1936).

Frenkel, Jakov, and N. Mirolubow

1928 Zur wellenmechanischen Theorie der elektrischen LeitfaÈhigkeit, Z. Phys. 49, 885±
893 (received 21 May 1928, published in issue No. 11/12 of 26 August 1928).

Frenkel, Victor Y.

1994 George Gamow: World line 1904±1933, Soviet Physics±Uspekhi 37, 767±789 (re-
ceived 21 June 1994, published in issue 8 of August 1994).

Freund, Peter G. O.

1970 The quark model, in Proceedings of Boulder Conference on High Energy Physics

(Boulder, Colorado, August 18±22, 1969), Boulder: Colorado Associate University
Press, pp. 565±581.

Friedel, J., P. G. De Gennes, and J. Matricon

1963 Nature of the driving force in ¯ux creep phenomena, Applied Physics Letters 12,
119±121 (received 11 February 1963, published in issue No. 6 of 15 March 1963).

Friedman, Jerome I., and Henry W. Kendall

1972 Deep inelastic electron scattering, Annual Review of Nuclear Science 22, 203±254.

Friedman, Jerome I., and Valentine Telegdi

1957 Nuclear emulsion evidence of parity nonconservation in the decay chain p�±m�±e�,
Phys. Rev. (2) 105, 1681±1682 (letter received 17 January 1957, published in issue
No. 5 of 1 March 1957).

Friedman, Stuart J., and John F. Clauser

1972 Experimental test of local hidden-variables theories, Phys. Rev. Lett. 28, 938±941
(received 4 February 1972, published in issue No. 14 of 3 April 1972).

Frisch, Otto Robert

1939 Physical evidence for the division of heavy nuclei under neutron bombardment,
Nature 143, 276 (letter dated 16 January 1939, published in Supplement to the issue
of 18 February 1939).

References1320



1969 Lise Meitner. Biog. Mem. Fellows Roy. Soc. (London) 16, 405±420.

1979a Experimental work with nuclei: Hamburg, London, Copenhagen, in Nuclear Phys-

ics in Retrospect (R. Stuewer, ed.), pp. 63±79.

1979b What Little I Remember, Cambridge: Cambridge University Press.

Frisch, Otto Robert, and Otto Stern

1933a Beugung von Materiewellen, in H. Geiger and K. Schell, eds.: Handbuch der

Physik, 2nd edition, Vol. XXII/2, Berlin: J. Springer, pp. 313±354.

1933b UÈ ber die magnetische Ablenkung von Wassersto¨molekuÈlen und das magnetische
Moment des Protons. I., Z. Phys. 85, 4±16 (received 27 May 1933, published in
issue No. 1/2 of 23 August 1933).

Fritzsch, Harald

1983 Vom Urknall zum Zerfall, Munich±Zurich: R. Piper.

Fritzsch, Harald, and Murray Gell-Mann

1972 Current algebra: Quarks and what else?, in J. D. Jackson et al., eds.: Proceedings of

the XVI International Conference on High Energy Physics (Chicago and Batavia, 6±
13 September 1972), Vol. 2, Batavia: National Accelerator Laboratory, pp. 135±
168.

Fritzsch, Harald, Murray Gell-Mann, and Heinrich Leutwyler

1973 Advantages of the color octet gluon picture, Physics Letters 47B, 365±368 (received
1 October 1973, published in issue No. 4 of 26 November 1973).

FroÈhlich, Herbert

1936 Elektronentheorie der Metalle, Berlin: J. Springer.

1937 Zur Theorie des l-Punktes des Heliums, Physica 4, 639±644 (received 21 June 1937,
published in issue No. 8 of August 1937).

1950a Theory of the superconducting state. I. The ground state at the absolute zero tem-
perature, Phys. Rev. (2) 79, 845±856 (received 16 May 1950, published in issue
No. 5 of 1 September 1950).

1950b Isotope e¨ect in superconductivity, Proc. Phys. Soc. (London) A63, 778 (letter
dated 19 May 1950, published in Part 7 of July 1950).

1952 Interactions of electrons with lattice vibrations, Proc. Roy. Soc. (London) A215,
291±298 (received 30 July 1952, published in issue No. A1125 of 5 December 1952).

FroÈhlich, Herbert, and Walter Heitler

1938 Magnetic moments of the proton and the neutron, Nature 141, 37±38 (letter dated
24 November 1937, published in the issue of 1 January 1938).

FroÈhlich, Herbert, Walter Heitler, and Nicholas Kemmer

1938 On the nuclear forces and the magnetic moments of the neutron and the proton,
Proc. Roy. Soc. (London) A166, 154±177 (communicated by N. F. Mott; received
1 February 1938, published in issue No. A926 of 4 May 1938).

FroÈman, Nanny, and Per Olof FroÈman

1965 JWKB Approximation: Contributions to the Theory, Amsterdam: North Holland.

References 1321



Froissart, M.

1961a Elimination of the inelastic cut in the N/D method, Nuovo Cimento (10) 22, 191±
192 (received 3 July 1961, published in No. 1 of 1 October 1961).

1961b Asymptotic behavior and subtractions in the Mandelstam representation, Phys.

Rev. (2) 123, 1053±1057 (received 1 March 1961, published in issue No. 3 of
1 August 1961).

Fues, Erwin

1926a Das Eigenspektrum zweiatomiger MolekuÈle in der Undulationsmechanik, Ann. d.

Phys. (4) 80, 367±396 (received 27 April 1926, published in issue No. 12 of 22 June
1926).

1926b Zur IntensitaÈt der Bandenlinien und des A½nitaÈtsproblems zweiatomiger MolekuÈle,
Ann. d. Phys. (4) 81, 281±313 (received 9 July 1926, published in issue No. 19 of
17 September 1926).

1927 Lebensdauern aus Resonanzerscheinungen, Z. Phys. 43, 726±740 (received 11 May
1927, published in issue No. 9/10 of 12 July 1927).

Fukuda, Hiroshi, Yoneji Miyamoto, and Shin-itiro Tomonaga

1949 A self-consistent subtraction method in quantum ®eld theory. I; II, Prog. Theor.

Phys. 4, 47±59, 121±129 (received 23 September 1948, published in issues No. 1 of
January±March and No. 2 of April±June 1949).

Fukuda, Y., et al. (Super-Kamiokande Collaboration).

1998 Measurement of a small atmospheric nm=ne ratio, Physics Letters 433B, 9±18 (re-
ceived 16 February 1998; revised 6 April 1998, published in issue No. 1 of 6 August
1998).

Furry, Wendell Hinkle

1936a Note on the quantum-mechanical theory of measurement, Phys. Rev. (2) 49, 393±
399 (received 12 November 1935, published in issue No. 5 of 1 March 1936).

1936b Remark on measurements in quantum theory, Phys. Rev. (2) 49, 476 (letter dated
2 March 1936, published in issue No. 6 of 15 March 1936).

1938 Note on the theory of the neutral particle, Phys. Rev. (2) 54, 56±67 (received
28 March 1938, published in issue No. 1 of 1 July 1938).

Furry, Wendell H., and J. Robert Oppenheimer

1934a On the theory of the electron and the positive, Phys. Rev. (2) 45, 245±262 (received
1 December 1933, published in issue No. 4 of 15 February 1934).

1934b On the theory of the electron and positive, Phys. Rev. (2) 45, 343±344 (letter dated
2 February 1934, published in issue No. 5 of 1 March 1934).

1934c On the limitations of the theory of the positron, Phys. Rev. (2) 45, 903±904 (letter
dated 2 June 1934, published in issue No. 12 of 15 June 1934).

Fry, Edward F., and Randall C. Thompson

1976 Experimental test of local hidden-variable theories, Phys. Rev. Lett. 37, 465±468
(received 10 June 1976, published in issue No. 8 of 23 August 1976).

References1322



Galasiewicz, Zygmunt M.

1971 Helium 4, Oxford, New York, etc.: Pergamon Press.

Galison, Peter

1983 The discovery of the muon and the failed revolution against quantum electro-
dynamics, Centaurus 26, 262±316.

Gamow, George

1928a Zur Quantentheorie des Atomkerns, Z. Phys. 51 204±212 (received 2 August 1928,
published in issue No. 3/4 of 12 October 1928).

1928b The quantum theory of nuclear disintegration, Nature 122, 805±806 (dated 29 Sep-
tember 1928, published in the issue of 24 November 1928).

1928c Zur Quantentheorie der AtomzertruÈmmerung, Z. Phys. 52, 510±515 (dated October
1928; received 10 November 1928, published in issue No. 7/8 of 17 December 1928).

1929a Successive a-transformations, Nature 123, 606 (published in the issue of 20 April
1929).

1929b UÈ ber die Struktur des Atomkernes, Phys. Zs. 30, 717±720 (German summary of a
talk presented at the Charkov Conference of theoretical physics, 19±25 May 1929,
published in issue No. 20 of 15 October 1929).

1930 Mass defect curve and nuclear constitution, Proc. Roy. Soc. (London) A126, 632±
644 (communicated by E. Rutherford; received 28 January 1930, published in issue
No. A803 of 3 March 1930).

1931 Constitution of Atomic Nuclei and Radioactivity, Oxford: Oxford University Press.

1934 Les niveaux d'eÂnergie nucleÂaires, in Structure et ProprieÂteÂs des Noyaux Atomiques

(Institut International de Physique Solvay, ed., 1934), pp. 231±288.

1937 Structure of Atomic Nuclei and Nuclear Transformations, Oxford: Oxford University
Press.

1938a Nuclear energy sources and stellar evolution, Phys. Rev. (2) 53, 595±604 (received
16 December 1937, published in issue No. 7 of 1 April 1938).

1938b Tentative theory of novae, Phys. Rev. (2) 54, 480 (letter dated 20 August 1938,
published in issue No. 6 of 15 September 1938).

1946 Expanding universe and the origin of elements, Phys. Rev. (2) 70, 572±573 (letter
received 13 September 1946, published in issue No. 7/8 of 1/15 October 1946).

1948 The evolution of the universe, Nature 162, 680±682 (published in the issue of
30 October 1948).

1966 Thirty Years That Shook Physics: The Story of Quantum Theory, New York:
Doubleday.

Gamow, George, and Fritz Houtermans

1928 Zur Quantenmechanik des radioaktiven Kerns, Z. Phys. 52, 496±509 (dated Sep-
tember 1928; received 29 October 1928, published in issue No. 7/8 of 17 December
1928).

Gamow, George, and Dmitrij Iwanenko

1926 Zur Wellentheorie der Materie, Z. Phys. 39, 865±868 (received 19 September 1926,
published in issue No. 10/11 of 16 November 1926).

References 1323



Gamow, George, and Lev Landau

1933 Internal temperature of stars, Nature 132, 567 (letter dated 10 August 1933, pub-
lished in the issue of 7 October 1933).

Gamow, George, and Edward Teller

1938a The rate of selective thermonuclear reactions, Phys. Rev. (2) 53, 608±609 (letter
dated 4 March 1938, published in issue No. 7 of 1 April 1938).

1938b On the neutron core of stars, Phys. Rev. (2) 53, 929±930 (abstract of a talk pre-
sented at the Washington APS meeting, 28±30 April 1938, published in issue No. 11
of 1 June 1938).

Gans, Richard

1906 Zur Elektronenbewegung in Metallen, Ann. d. Phys. (4) 20, 293±326 (received
23 March 1906, published in issue No. 7 of 1 June 1906).

Gapon, E., and Dmitrij Iwanenko

1932 Zur Bestimmung der Isotopenzahl, Naturwiss. 20, 792±793 (letter dated 12 August
1932, published in the issue of 21 October 1932).

Gardner, Eugene, and Cesar M. G. Lattes

1948 Production of mesons by the 84-inch Berkeley cyclotron, Science 107, 270±272
(published in the issue of 12 March 1948).

Gasiorowicz, Stephen, and D. A. Geffen

1969 E¨ective Lagrangians and ®eld algebra with chiral symmetry, Rev. Mod. Phys. 41,
531±573 (published in issue No. 3 of July 1969).

Gaunt, J. C.

1929 The triplets of helium, Proc. Roy. Soc. (London) A122, 512±532 (communicated
by R. H. Fowler; received 6 November 1928, published in issue No. A790 of 4
February 1929).

Gavroglu, Kostas

1995 Fritz London. A Scienti®c Biography, Cambridge: Cambridge University Press.

Geiger, Hans, and Ernest Marsden

1909 On a di¨use re¯ection of a-particles, Proc. Roy. Soc. (London) A82, 495±500
(communicated by E. Rutherford; received 19 May 1909, published in issue A557 of
31 July 1909).

1913 The laws of de¯ection of a-particles through large angles, Phil. Mag. (6) 25, 604±
623 (communicated by E. Rutherford; published in issue No. 148 of April 1913).

Gell-Mann, Murray

1953 Isotopic spin and unstable particles, Phys. Rev. (2) 92, 833±834 (letter received
21 August 1953, published in issue No. 3 of 1 November 1953).

1962 Symmetries of baryons and mesons, Phys. Rev. (2) 125, 1067±1084 (received
27 March 1961; revised manuscript received 20 September 1961, published in issue
No. 3 of 1 February 1962).

References1324



1964 A schematic model of baryons and mesons, Physics Letters, 8, 214±215 (received
4 January 1964, published in issue no. 3 of 1 February 1964).

Gell-Mann, Murray, and Maurice LeÂvy

1960 The axial current in beta theory, Nuovo Cimento (10) 16, 705±725 (received 19
February 1960, published in issue No. 4 of 16 March 1960).

Gell-Mann, Murray, and Francis Low

1951 Bound states in quantum ®eld theory. Phys. Rev. (2) 84, 350±354 (received 13 June
1951, published in issue No. 2 of 15 October 1951).

1954 Quantum electrodynamics at small distances, Phys. Rev. (2) 95, 1300±1312 (re-
ceived 1 April 1954, published in issue No. 5 of 1 September 1954).

Gell-Mann, Murray, and Yuval Ne'eman

1964 The Eightfold Way, New York: W. A. Benjamin.

Georgi, Howard, and Sheldon L. Glashow

1974 Unity of all elementary-particle forces, Phys. Rev. Lett. 32, 438±441 (received 10
January 1974, published in issue No. 8 of 25 February 1974).

Gerlach, Walther

1929 UÈ ber die Breite der Spektrallinien der Raman-Streustrahlung von Benzol, Ann.

d. Phys. (5) 1, 301±308 (received 20 December 1928, published in the issue of
29 January 1929).

Gerver, Joseph

1971 The past as backward movies of the future, Physics Today 24, No. 4, 40±41 (pub-
lished in the issue of April 1971).

Geyer, Bodo, Helge Herwig, and Helmut Rechenberg (editors)

1993 Werner Heisenberg: Physiker und Philosoph (Proceedings of the Conference on
``Werner Heisenberg als Physiker und Philosoph in Leipzig,'' held 9±12 December
1991 at the University of Leipzig), Heidelberg, Berlin and Oxford: Spektrum Aka-
demischer Verlag.

Ghirardi, G. C., A. Rimini, and T. Weber

1986 Uni®ed dynamics for microscopic and macroscopic systems, Phys. Rev. (3)

34D, 470±491 (received 17 December 1985, published in issue No. 2 of 15 July
1986).

Gibbs, Josiah Willard

1902 Elementary Principles of Statistical Mechanics, New Haven: Yale University Press;
reprint, New York: Dover Publications, 1960.

Gilmore, Robert

1996 The Interpretation of Quantum Mechanics by Roland Omnes (book review),
Mathematical Intelligencer 18, 71±75 (published in No. 1).

References 1325



Glashow, Sheldon L.

1960 Partial-symmetries of weak interactions, Nuclear Physics 22, 579±588 (received 9
September 1960).

Glashow, Sheldon, John Iliopoulos, and L. Maiani

1970 Weak interactions with lepton±hadron symmetry, Phys. Rev. (3) 2D, 1285±1292
(received 5 March 1970, published in issue No. 7 of 1 October 1970).

Gleason, Andrew M.

1957 Measures on the closed subspaces of a Hilbert space, Journal of Mathematics and

Mechanics 6, 885±893 (published in issue No. 6).

Gleick, James

1992 Genius: The Life and Science of Richard Feynman, New York: Pantheon Press.

Goeppert Mayer, Maria

1948 On closed shells in nuclei, Phys. Rev. (2) 74, 235±239 (received 16 May 1948,
published in issue No. 3 of 1 August 1948).

1949 On closed shells in nuclei. II. Phys. Rev. (2) 75, 1969±1970 (received 4 February
1949, published in issue No. 12 of 15 June 1949).

Gold, Thomas

1968 Rotating neutron stars as the origin of the pulsating radio sources, Nature 218, 731±
732 (received 20 May 1968, published in the issue of 25 May 1968).

Goldberger, Marvin L., Hiromari Miyazawa, and Reinhard Oehme

1955 Application of dispersion relations to pion±nuclear scattering, Phys. Rev. (2) 99,
986±988 (received 20 April 1955, published in issue No. 3 of 1 August 1955).

Goldstone, Jeffrey

1961 Field theories with ``superconductor'' solutions, Nuovo Cimento (10) 19, 154±164
(received 18 September 1960, published in issue No. 1 of 1 January 1961).

Goldstone, Jeffrey, Abdus Salam, and Steven Weinberg

1962 Broken symmetry, Phys. Rev. (2), 127, 965±970 (received 16 March 1962, pub-
lished in issue No. 3 of 1 August 1962).

Goodman, B. B.

1961 Simple model for the magnetic behavior of superconductors of negative surface
energy, Phys. Rev. Lett. 6, 597±599 (received 12 April 1961, published in issue
No. 11 of 1 June 1961).

1964 Type II or London superconductors, Rev. Mod. Phys. 36, 12±19 (talk presented
at the ``International Conference on the Science of Superconductivity,'' held at
Hamilton, N.Y., 26±29 August 1963, published in No. 1 of January 1964).

Gordon, J. P., H. J. Zeiger, and Charles H. Townes

1954 Molecular microwave oscillator and new hyper®ne structure in the microwave
spectrum of NH3, Phys. Rev. (2) 95, 282±284 (letter received 5 May 1954, pub-
lished in issue No. 1 of 1 July 1954).

References1326



1955 MaserÐNew type of microwave ampli®er, frequency standard, and spectro-
meter, Phys. Rev. (2) 99, 1264±1274 (received 4 May 1955, published in No. 4 of
15 August 1955).

Gordon, Walter

1926 Der Comptone¨ekt nach der SchroÈdingerschen Theorie, Z. Phys. 40, 117±133
(received 29 September 1926, published in issue No. 1/2 of 29 November 1926).

1928a Die Energieniveaus des Wassersto¨atoms nach der Dirac'schen Quantentheorie des
Elektrons, Z. Phys. 48, 11±14 (received 23 February 1928, published in issue No. 1/
2 of 5 April 1928).

1928b UÈ ber den Stoû zweier Punktladungen nach der Wellenmechanik, Z. Phys. 48, 180±
191 (received 4 March 1928, published in issue No. 3/4 of 19 April 1928).

Gorkov, Lev P.

1959 Microscopic derivation of the Ginzburg±Landau equations in the theory of super-
conductivity, Soviet Phys.±JETP 9, 1364±1367 (submitted 3 February 1959, English
translation published in No. 6 of December 1959).

1960 The critical supercooling ®eld in superconductivity, Soviet Phys.±JETP 10, 593±599
(submitted 23 April 1959, English translation published in No. 3 of March 1960).

Gorter, Cornelius Jacobus

1935 Note on the superconductivity of alloys, Physica 2, 449±452 (received 1 April 1935).

1964 Superconductivity until 1940: In Leiden and as seen from there, Rev. Mod. Phys.

36, 3±7 (presented at the ``International Conference on the Science of Super-
conductivity,'' held at Colgate University in Hamilton, N.Y., 26±29 August 1963,
published in issue No. 1 of January 1964).

Gorter, Cornelius Jacobus, and Hendrik B. G. Casimir

1934a On superconductivity I, Physica 1, 306±320.

1934b Zur Thermodynamik des supraleitenden Zustandes, Phys. Zs. 35, 963±966 (talk
presented at the 10th Deutsche Physiker- und Mathematiker-Tag at Bad Pyrmont,
10±15 September 1934, published in issue No. 23 of 1 December 1934).

Goudsmit Samuel

1928 Multiplet separations for equivalent electrons and the RoÈntgen doublet law, Phys.

Rev. (2) 31, 946±959 (dated January 1928; received 14 March 1928, published in
issue no. 6 of June 1928).

1932 Present di½culties in the theory of hyper®ne structure, in Convegno di Fisica

Nucleare, Ottobre 1931, Rome: Reale Accademia d'Italia, pp. 33±50.

Goudsmit, Samuel, and Ernst Back

1927 Feinstrukturen und Termanordnung des Wismutspektrums, Z. Phys. 43, 321±334
(received 8 April 1927, published in issue No. 5/6 of 9 June 1927).

Grangier, Philippe, GeÂrard Roger, and Alain Aspect

1986 Experimental evidence for a photon-anticorrelation e¨ect on a beam splitter: A new
light on single photon interferences, Europhysics Letters 1, 173±179 (received 11
November 1985, published in issue No. 4 of 15 February 1986).

References 1327



Grangier, Philippe, Juan Ariel Levinson, and Jean Philippe Poizat

1998 Quantum non-demolition measurements in optics, Nature 396, 537±541 (published
in the issue of 10 December 1998).

Gray, Louis Harold

1929 The absorption of penetrating radiation, Proc. Roy. Soc. (London) A122, 646±668
(communicated by E. Rutherford; received 21 December 1928, published in issue
A790 of 4 February 1929).

1930 The scattering of hard gamma rays.ÐPart I., Proc. Roy. Soc. (London) A128, 361±
375 (communicated by E. Rutherford; received 5 May 1930, published in issue
A808 of 5 August 1930).

Gray, Louis H., and G. T. P. Tarrant

1932 The nature of the interaction between gamma-radiation and the atomic nucleus,
Proc. Roy. Soc. (London) A136, 662±691 (communicated by E. Rutherford; re-
ceived 14 April 1932, published in issue No. A830 of 1 June 1932).

1934 Phenomena associated with the anomalous absorption of high energy gamma
radiation. I.; II., Proc. Roy. Soc. (London) A134, 681±706; 706±724 (communi-
cated by E. Rutherford; received 7 November 1933, published in issue No. A849 of
1 January 1934).

Green, George

1828 An Essay on the Applicability of Mathematical Analysis to the Theories of Electricity

and Magnetism, Nottingham.

Green, G. K., and Luis Alvarez

1939 Heavily ionizing particles from uranium, Phys. Rev. (2) 55, 417 (letter dated
31 January 1939, published in issue No. 4 of 15 February 1939).

Green, Herbert S.

1953 A generalized method of ®eld quantization, Phys. Rev. (2) 90, 270±273 (received 10
October 1952, published in issue No. 2 of 15 April 1953).

Greenberg, O. W.

1964 Spin and unitary-spin independence in a paraquark model of baryons, Phys.

Rev. Lett. 13, 598±602 (received 24 October 1964, published in issue No. 20 of
16 November 1964).

Greenberger, Daniel M., Michael A. Horne, Abner Shimony, and Anton Zeilinger

1990 Bell's theorem without inequalities, Am. J. Phys. 58, 1131±1143 (received 10 June
1990, published in issue No. 12 of December 1990).

Greinacher, Heinrich

1914 Das Ionometer und seine Verwendung zur Messung von Radium- und RoÈntgen-
strahlen, Phys. Zs. 15, 410±415 (received 23 March 1914, published in issue No. 8
of 15 April 1914).

References1328



Grimm, Hans, and Karl Herzfeld

1923 Die chemische Valenz der Metalle als Energiefrage, Z. Phys. 19, 141±166 (received
20 August 1923, published in issue No. 3 of 15 November 1923).

Grimm, Hans, and Arnold Sommerfeld

1926 UÈ ber den Zusammenhang des Abschlusses der Elektronengruppen im Atom mit
den chemischen Valenzzahlen, Z. Phys. 36, 36±59 (received 12 November 1925,
published in issue No. 1 of 2 March 1926).

Grimm, Hans, and H. Wolf

1933 Atombau und Chemie (Atomchemie), in H. Geiger and K. Scheel, eds.: Handbuch

der Physik, 2nd edition, Vol. 24, Teil II: Aufbau der ZusammenhaÈngenden Materie,
Berlin: J. Springer, pp. 923±1136.

GroÈnblom, Bernd Olof

1935 UÈ ber singulaÈre Magnetpole, Z. Phys. 98, 283±285 (received 16 November 1935,
published in issue No. 3/4 of 14 December 1935).

Gross, David, and Frank Wilczek

1973 Ultraviolet behavior of non-Abelian gauge theories, Phys. Rev. Lett. 30, 1343±1345
(received 27 April 1973, published in issue No. 26 of 25 June 1973).

Grotrian, Walter

1927 Franck, J., und P. Jordan, Anregung von QuantenspruÈngen durch StoÈûe, Naturwiss.

15, 17±19 (book review published in the issue of 7 January 1927).

Groves, Leslie R.

1962 Now It Can Be Told, New York and Evanston: Harper and Row.

GruÈ neisen, Eduard

1928 Metallische LeitfaÈhigkeit, in H. Geiger and K. Scheel, eds.: Handbuch der Physik,

Vol. 13: ElektrizitaÈtsbewegungen in festen und ¯uÈssigen KoÈrpern, Berlin: J. Springer,
pp. 1±75.

Gudder, Stanley F.

1968 Hidden variables in quantum-mechanics reconsidered, Rev. Mod. Phys. 40, 229±
231 (published in issue No. 1 of January 1968).

GueÂben, G.

1934 Nuclear structure and excited radioactivity, Nature 134, 626 (letter dated 15 Sep-
tember 1934, published in the issue of 20 October 1934).

GuÈ ttinger, Paul

1930 Die Hyperfeinstruktur des LiII-Spektrums, Z. Phys. 64, 749±759 (received 2 August
1930, published in issue No. 11/12 of 22 September 1930).

References 1329



GuÈ ttinger, Paul, and Wolfgang Pauli

1931 Zur Hyperfeinstruktur von Li�. Teil II, Z. Phys. 87, 743±765 (received 10 Decem-
ber 1930, published in issue No. 11/12 of 25 February 1931).

Gupta, Suraj N.

1951 On the elimination of divergencies from classical electrodynamics, Proc. Phys.

Soc. (London) A64, 50±56 (communicated by N. Kemmer; received 13 March
and improved version received 29 August 1950, published in Part 1 of January
1951).

Gurney, R. W., and Edward Uhler Condon

1928 Wave mechanics and radioactive disintegration, Nature 122, 439 (letter dated 30
July 1928, published in the issue of 22 September 1928).

1929 Quantum mechanics and radioactive disintegration, Phys. Rev. (2) 33, 127±140
(dated 20 November 1928, published in issue No. 2 of February 1929).

Gurney, R. W., and Nevill F. Mott

1937 Trapped electrons in polar crystals, Proc. Roy. Soc. (London) Supplement 49, 32±
35 (presented at the Conference on ``The Conditions of Electricity in Solids,'' held
in Bristol, 13±16 July 1937).

Guth, Alan H.

1981 In¯ationary universe: A possible solution of the horizon and ¯atness problems,
Phys. Rev. (3) 23D, 347±356 (received 1 August 1980, published in issue No. 2 of
15 January 1981).

Haag, Rudolf

1999 Quantentheorie und die Teilung der Welt, Z. Naturf. 54a, 2±10 (received 7 August
1998, published in issue No. 1 of January 1999).

Haas, Arthur

1910a UÈ ber die elektrodynamische Bedeutung des Planckschen Strahlungsgesetz and uÈber
eine neue Bestimmung des elektrischen Elementarquantums und der Dimensionen
des Wassersto¨atoms, Sitz.ber. Akad. Wiss. (Wien) 119, 119±144 (communicated
to the meeting of 10 March 1910).

1910b Der Zusammenhang des Planckschen elementaren Wirkungsquantums mit den
GrundgroÈûen der Elektronentheorie, Jahrbuch d. RadioaktivitaÈt & Elektronik 7,
261±268 (received 28 March 1910, published in issue No. 2).

1910c UÈ ber eine neue theoretische Methode zur Bestimmung des elektrischen Ele-
mentarquantums, und des Halbmessers des Wassersto¨atoms, Phys. Zs. 11, 537±
538 (received 24 March 1910, published in issue No. 12 of 15 June 1910).

Haas, Wander Johannes de, and P. M. van Alphen

1930 The dependence of the susceptibility of diamagnetic metals upon the ®elds (Com-

munications of the Kamerlingh Onnes Laboratory 214c, 17), Proc. Kon. Akad.

Wetensch. (Amsterdam) 33, 1106±1118 (communicated at the meeting of 20
December 1930).

References1330



Haas, Wander Johannes de, and H. Bremmer

1931 Thermal conductivity of lead and tin at low temperatures, Communications of the

Kamerlingh Onnes Laboratory at the University of Leiden 214d , 35.

Hagley, E., X. MaiÃtre, G. Nogues, C. Wunderlich, M. Brune, J. M. Raymond, and

S. Haroche

1997 Generation of Einstein±Podolsky±Rosen pairs of atoms, Phys. Rev. Lett. 79, 1±5
(received 6 May 1997, published in issue No. 1 of 7 July 1997).

Hahn, Otto, and Lise Meitner

1935 UÈ ber die kuÈnstliche Umwandlung des Urans durch Neutronen, Naturwiss. 23, 37±
38 (letter dated 22 December 1934, published in the issue of 11 January 1935).

Hahn, Otto, Lise Meitner, and Fritz Straûmann

1937 UÈ ber die Umwandlungsreihen des Urans, die durch Neutronenbestrahlung erzeugt
werden, Z. Phys. 106, 249±270 (received 14 May 1937, published in issue No. 3/4 of
16 June 1937).

1938 Ein neues langlebiges Umwandlungsprodukt in den Trans-Uranreihen, Naturwiss.

26, 475±476 (letter received 12 July 1938, published in the issue of 22 July 1938).

Hahn, Otto, and Fritz Straûmann

1938 UÈ ber die Entstehung von Radioisotopen aus Uran durch Bestrahlen mit schnellen
und verlangsamten Neutronen, Naturwiss. 26, 755±756 (received 8 November 1938,
published in the issue of 18 November 1938).

1939a UÈ ber den Nachweis und das Verhalten der bei der Bestrahlung des Urans mit-
tels Neutronen entstehenden Erdalkalimetalle, Naturwiss. 27, 11±15 (received
22 December 1938, published in the issue of 6 January 1939).

1939b Nachweis der Entstehung aktiver Bariumisotope aus Uran und Thorium durch
Neutronenbestrahlung. Nachweis weiterer aktiver BruchstuÈcke bei der Uranspal-
tung, Naturwiss. 27, 89±95 (received 28 January 1939, published in the issue of
10 February 1939).

Halban, Hans von, FreÂdeÂric Joliot, and Lew Kowarski

1939a Number of neutrons liberated in the nuclear ®ssion, Nature 143, 680 (letter dated
7 April 1939, published in the issue of 22 April 1939).

1939b Energy of neutrons in the nuclear ®ssion of uranium induced by thermal neutrons,
Nature 143, 939 (letter dated 20 May 1939, published in the issue of 3 June 1939).

Halpern, Otto

1933 Scattering processes produced by electrons in negative energy states, Phys. Rev. (2)

44, 855±856 (letter dated 26 October 1933, published in issue No. 10 of 15
November 1933).

Hampel, W.

1994 Solar neutrinos at GALLEX, Philosophical Transactions of the Royal Society

(London) A346, 3±13 (presented at a discussion on ``Neutrino Astronomy,'' held at
London, 9±10 June 1993, organized by D. H. Perkins and A. W. Wolfendale, pub-
lished in the issue of 15 January 1934).

References 1331



Han, Y., and Yoichiro Nambu

1965 Three-triplet model with double SU(3) symmetry, Phys. Rev. (2) 139B, 1006±1010
(received 12 April 1965, published in issue No. B4 of 2 August 1965).

Hanle, Wilhelm

1989 Memoiren, Gieûen: Physikalisches Institut der UniversitaÈt.

Hansen, Hans Marius, Toshio Takamine, and Sven Werner

1923 On the e¨ect of magnetic and electric ®elds on the mercury spectrum, Kgl. Danske

Vid. Selsk. Math.±Fys. Medd. 5, No. 3 (dated October 1922, ready for print 3
August 1923).

Hanson, Norwood Russell

1963 The Concept of the Positron, Cambridge: Cambridge University Press.

Hargreaves, C. M.

1965 Corrections to the retarded dispersion force between metal bodies, Proc. Kon. Akad.

Wetensch. (Amsterdam) 68B, 231±236 (communicated by H. B. G. Casimir to the
meeting of 26 June 1965).

Hargreaves, J.

1929 The e¨ect of a nuclear spin on the optical spectra, Proc. Roy. Soc. (London) A124,
568±591 (communicated by R. H. Fowler; received 3 April 1929, published in issue
A795 of 1 July 1929).

1930a The e¨ect of a nuclear spin on the optical spectra. II., Proc. Roy. Soc. (London)

A127, 141±154 (received 21 December 1929, published in issue A804 of 1 April
1930).

1930b The e¨ect of a nuclear spin on the optical spectra. III., Proc. Roy. Soc. (London)

A127, 407±416 (received 12 March 1930, published in issue A805 of 7 May 1930).

Harkins, William D.

1920 The stability of atoms as related to positive and negative electrons in their nuclei,
and the hydrogen, helium, H3, H2 theory of atomic structure, Journal of the

Chemical Society 42, 1956±1997 (received 12 April 1920).

1921 The constitution and stability of atomic nuclei, Phil. Mag. (6) 42, 305±339 (dated
28 February 1921, published in the issue of September 1921).

Hartcup, Guy, and T. A. Allibone

1984 Cockcroft and the Atom, Bristol: Adam Hilger.

Hartley, Harold, et al. (editors)

1932 Chemistry of the Centenary (1931) Meeting of the British Association for the Ad-

vancement of Science, London: W. He¨ter & Sons.

Hartman, P.

1962 Aurel Wintner (obituary), Journal of the London Mathematical Society 37, 483±503.

References1332



Hartree, Douglas Rayner

1927a The wave mechanics of the atom with a non-Coulomb central ®eld. Part I. Theory
and methods, Proc. Camb. Phil. Soc. 24, 89±110 (received 19 November 1927, read
21 November 1927).

1927b The wave mechanics of the atom with a non-Coulomb central ®eld. Part II. Some
results and discussion, Proc. Camb. Phil. Soc. 24, 111±132 (received 19 November
1927, read 21 November 1927).

1928 The wave mechanics of the atom with a non-Coulomb central ®eld. Part III. Term
values and the intensities of series in optical spectra, Proc. Camb. Phil. Soc. 24,
426±437 (received 11 May 1928, read 23 July 1928).

Hasert, F. J., et al.

1973 Observation of neutrino-like interactions without muon or electron in the
Garagmelle neutrino experiment, Physics Letters 46B, 138±140 (received 25 July
1973, published in issue No. 1 of 3 September 1973).

Haxel, Otto, J. Hans D. Jensen, and Hans E. Suess

1949a Zur Interpretation der ausgezeichneten Nucleonenzahlen im Bau der Atomkerne,
Naturwiss. 35, 376 (received 12 February 1949, published in the issue of April 1949).

1949b On the ``magic numbers'' in nuclear structure, Phys. Rev. (2) 75, 1766 (letter dated
18 April 1949, published in issue No. 11 of 1 June 1949).

Hayakawa, Satio

1983 The development of meson physics in Japan (presented at the Fermilab ``Inter-
national Symposium on the History of Particle Physics,'' May 1980), in The Birth of

Particle Physics (L. Brown and L. Hoddeson, eds., 1983), pp. 82±107.

Hayashi, Chushiro

1950 Proton±neutron concentration ratio in the expanding universe at the stages pre-
ceding the formation of the elements, Prog. Theor. Phys. 5, 224±235 (received
12 January 1950, published in issue No. 2 of March±April 1950).

Hayashi, Chushiro, ReÅun HoÅshi, and Daiichiro Sugimoto

1962 Evolution of the stars, Prog. Theor. Phys. Suppl. No. 22, 1±183.

Hayashi, Chushiro, and Takenori Nakano

1963 Evolution of stars of small mass in the pre-main-sequence stages, Prog. Theor.

Phys. 30, 460±474 (received 12 June 1963, published in issue No. 4 of 1 October
1963).

Hayashi, Chushiro, and Minoru Nishida

1956 Formation of light nuclei in the expanding universe, Prog. Theor. Phys. 16, 613±624
(received 4 September 1956, published in issue No. 6 of December 1956).

Heading, J,

1962 An Introduction to Phase-Integral Methods, London and New York: Methuen.

References 1333



Heaviside, Oliver

1893a On operators in physical mathematics. Part I. Proc. Roy. Soc. (London) 52, 504±
529 (received 15 December 1892; read 2 February 1893, published in issue No. 320
of February 1893).

1893b On operators in physical mathematics. Part II. Proc. Roy. Soc. (London) 54, 105±
143 (received 8 June 1893; read 15 June 1893, published in issue no. 326 of June
1893).

Hebel, L. C., and C. P. Slichter

1957 Nuclear spin relaxation in superconducting aluminum, Phys. Rev. (2) 107, 901±902
(received 15 June1957, published in issue No. 3 of 1 August 1957).

1959 Nuclear spin relaxation in normal and superconducting aluminum, Phys. Rev. (2)

113, 1504±1518 (received 22 October 1958, published in issue No. 6 of 15 March
1959).

Heilbron, John L.

1986 The Dilemma of an Upright Man: Max Planck as Spokesman of German Science,
Berkeley: University of California Press.

1989 A historian's interest in particle physics, in Pions to Quarks (L. Brown, M. Dresden
and L. Hoddeson, eds., 1989), pp. 47±54.

Heisenberg, Werner

1922a Zur Quantentheorie der Linienstruktur und der anomalen Zeemane¨ekte, Z. Phys.

8, 273±297 (received 17 December 1921, published in issue No. 5 of 15 February
1922).

1925a UÈ ber eine Anwendung des Korrespondenzprinzips auf die Frage nach der Polar-
isation des Fluoreszenzlichtes, Z. Phys. 31, 617±626 (received 30 November 1924,
published in issue No. 7/8 of 7 March 1925).

1925b Zur Quantentheorie der Multiplettstruktur und der anomalen Zeemane¨ekte, Z.

Phys. 32, 841±860 (received 10 April 1925, published in issue No. 11/12 of 30 June
1925).

1925c UÈ ber die quantentheoretische Umdeutung kinematischer und mechanischer Bezie-
hungen, Z. Phys. 33, 879±893 (received 29 July 1925, published in issue No. 12 of
18 September 1925).

1926a UÈ ber quantentheoretische Kinematik und Mechanik, Mathematische Annalen 95,
683±705 (received 21 December 1925).

1926b MehrkoÈrperproblem und Resonanz in der Quantenmechanik, Z. Phys. 38, 411±426
(received 11 June 1926, published in issue No. 6/7 of 10 August 1926).

1926c UÈ ber die Spektren von Atomsystemen mit zwei Elektronen, Z. Phys. 39, 499±518
(received 24 July 1926, published in issue No. 7/8 of 26 October 1926).

1926d Quantenmechanik, Naturwiss. 14, 989±994 (talk presented on 26 September 1926
at the 89th Naturforscherversammlung, DuÈsseldorf, published in the issue of 5
November 1926).

1926e Schwankungserscheinungen und Quantenmechanik, Z. Phys. 40, 501±506 (received
6 November 1926, published in issue No. 7 of 20 December 1926).

1927a MehrkoÈrperprobleme und Resonanz in der Quantenmechanik. II. Z. Phys. 41, 239±
267 (received 22 December 1926, published in issue No. 4/5 of 14 February 1927).

References1334



1927b UÈ ber den anschaulichen Inhalt der quantentheoretischen Kinematik und Mechanik,
Z. Phys. 43, 172±198 (received 23 March 1927, published in issue No. 3 of 29
May 1927); English translation: The physical content of quantum kinematics and
mechanics, in Quantum Theory and Measurement (J. A. Wheeler and W. H. Zurek,
eds., 1983), pp. 62±84.

1928a Zur Theorie der Ferromagnetismus, Z. Phys. 49, 619±636 (received 20 May 1928,
published in issue No. 9/10 of 16 July 1928).

1928b Zum Problem des Ferromagnetismus, in P. Debye, ed.: Probleme der modernen

Physik. Arnold Sommerfeld zum 60. Geburtstag von seinen SchuÈlern, Leipzig: S.
Hirzel, pp. 114±122.

1930a The Physical Principles of the Quantum Theory, Chicago: University of Chicago
Press; German edition: Die physikalischen Prinzipien der Quantentheorie, Leipzig:
S. Hirzel.

1930b Die Selbstenergie des Elektrons, Z. Phys. 65, 4±13 (received 13 August 1930, pub-
lished in issue No. 1/2 of 8 October 1930).

1930c Fortschritte in der Theorie des Ferromagnetismus, Metallwirtschaft 9, 843±844
(published in issue No. 41 of 10 October 1930).

1931a Kausalgesetz und Quantenmechanik, Erkenntnis (Annalen der Philosophie) 2, 172±
182 (talk delivered on 6 September 1930 at the KoÈnigsberg Naturforscherver-

sammlung).

1931b Die Rolle der Unbestimmtheitsrelationen in der modernen Physik, Monatshefte fuÈr

Mathematik und Physik 38, 365±372 (talk presented on 9 December 1930 in Vienna).

1931c UÈ ber Energieschwankungen in einem Strahlungsfeld, Sitz.ber. SaÈchs. Akad. Wiss.

83, 3±9 (presented at the meeting of 19 January 1931).

1931d Zum Paulischen Ausschlieûungsprinzip, Ann. d. Phys. (5) 10, 888±904 (received
19 June 1931, published in issue No. 7 of 18 August 1931).

1931e Probleme der modernen Physik, Berliner Tageblatt, 25 December 1931, Mor-

genausgabe, 1. Beiblatt.

1932a Theoretische UÈ berlegungen zur HoÈhenstrahlung, Ann. d. Phys. (5) 13, 430±452
(received 13 February 1932, published in issue No. 4 of 4 May 1932).

1932b UÈ ber den Bau der Atomkerne. I, Z. Phys. 77, 1±11 (received 7 June 1932, published
in issue No. 1/2 of 19 July 1932).

1932c UÈ ber den Bau der Atomkerne. II, Z. Phys. 78, 156±164 (received 30 July 1932,
published in issue No. 3/4 of 21 September 1932).

1933 UÈ ber den Bau der Atomkerne. III, Z. Phys. 80, 587±596 (received 22 December
1932, published in issue No. 9/10 of 16 February 1933).

1934a Considerations theÂoriques geÂneÂrales sur la structure du noyau, in Structure et Pro-

prieÂteÂs des Noyaux Atomiques (Institut International de Physique Solvay, ed., 1934),
pp. 289±335.

1934b Atomtheorie und Naturerkenntnis, UniversitaÈtsbund GoÈttingen: Mitteilungen 16,
No. 1, 9±20 (talk presented on 22 November 1933 at the University of Munich and
on 19 February at the University of GoÈttingen).

1934c Die Entwicklung der Quantenmechanik (Nobel lecture presented on 11 December
1933), in Die bei der Entgegennahme des Nobelpreises 1933 in Stockholm gehaltenen

VortraÈge, Leipzig: S. Hirzel, pp. 1±18; English translation: The development of
quantum mechanics, in Nobel Lectures: Physics 1922±1941 (Nobel Foundation, ed.,
1964), pp. 290±301.

References 1335



1934d Bemerkungen zur Diracschen Theorie des Positrons, Z. Phys. 90, 209±231 (received
21 June 1934, published in issue 3/4 of 10 August 1934).

1934e UÈ ber die mit der Entstehung von Materie aus Strahlung verknuÈpften Ladungs-
schwankungen, Sitz.ber. SaÈchs. Akad. Wiss. 86, 317±322 (presented at the meeting
of 23 July 1934).

1934f Wandlungen in den Grundlagen der exakten Naturwissenschaft in juÈngster Zeit,
Angewandte Chemie 47, 697±702 (talk presented on 17 September 1934 at the
Hannover Naturforscherversammlung, published in issue No. 41).

1934g Berichtigung zu der Arbeit: ``Bemerkungen zur Diracschen Theorie des Positrons,''
Z. Phys. 92, 692 (received 5 November 1934, published in issue No. 9/10 of 7
December 1934).

1935a Bemerkungen zur Theorie des Atomkerns, in Pieter Zeeman, 1865±25 Mei 1935,

Verhandelingen op 25 Mei 1935 Aangeboden aan Prof. Dr. P. Zeeman, The Hague:
Martinus Nijho¨, pp. 108±116.

1935b Die Struktur der leichten Atomkerne, Z. Phys. 96, 473±484 (received 27 July 1935,
published in issue No. 7/8 of 7 September 1935).

1936a Prinzipielle Fragen der modernen Physik, in Neuere Fortschritte der Physik. FuÈnf

Wiener VortraÈge, Wien: Deuticke, pp. 91±102.

1936b Zur Theorie der ``Schauer'' in der HoÈhenstrahlung, Z. Phys. 101, 533±540 (received
8 June 1936, published in issue 9/10 of 30 July 1936).

1937 Der Durchgang sehr energiereicher Korpuskeln durch den Atomkern, Naturwiss.
25, 749±750 (note dated 2 November 1937, published in the issue of 12 November
1937).

1938a UÈ ber die in der Theorie der Elementarteilchen auftretende universelle LaÈnge, Ann.

d. Phys. (5) 32, 20±33 (received 13 January 1938, published in issue No. 1/2 of
8 April 1938).

1938b Die Grenzen der Anwendbarkeit der bisherigen Quantentheorie, Z. Phys. 110, 251±
266 (received 24 June 1938, published in issue no. 3/4 of 17 August 1938).

1939a Das schwere Elektron (Mesotron) und seine Rolle in der HoÈhenstrahlung, Ange-

wandte Chemie 52, 41±42 (summary of a talk presented on 1 December 1938 at the
University of Hamburg).

1939b Zur Theorie der explosionsartigen Schauer in der kosmischen Strahlung. II., Z.

Phys. 113, 61±86 (received 5 May 1939, published in issue No. 1/2 of 15 June 1939).

1939c On the theory of explosive showers, Rev. Mod. Phys. 11, 241 (abstract of a talk
presented at the ``Symposium on Cosmic Rays,'' held at the University of Chicago
in June 1939, published in issue No. 3 of July±October 1939).

1943a Die Bewertung der ``modernen theoretische Physik,'' Z. fuÈr die gesamte Natur-

wissenschaft 9, 201±212 (submitted in 1940, published in issue No. 10±12 of
October±December 1943).

1943b Die ``beobachtbaren GroÈûen'' in der Theorie der Elementarteilchen, Z. Phys. 120,
513±539 (received 8 September 1942, published in issue No. 7±10 of 25 March
1943).

1943c Die ``beobachtbaren GroÈûen'' in der Theorie der Elementarteilchen. II, Z. Phys.

120, 673±702 (received 30 October 1942, published in issue No. 11/12 of 6 April
1943).

1944 Die ``beobachtbaren GroÈûen'' in der Theorie der Elementarteilchen. III, Z. Phys.

123, 93±112 (received 12 May 1944, published in issue No. 1/2 of 10 October 1944).

References1336



1946 Der unanschauliche Quantensprung, (Neue) Phys. BlaÈtter 2, 2±6 (submitted in
1944, published in issue No. 1 of 1946).

1948 Der Begri¨ ``abgeschlossene Theorie'' in der modernen Naturwissenschaft, Dia-

lectica 2, 331±336 (published in issue No. 7/8 of 15.8.±15.11.1948).

1955 The development of the interpretation of the quantum theory, in W. Pauli, ed.:
Niels Bohr and the Development of Physics, London: Pergamon, pp. 12±29.

1957 Quantum theory of ®elds and elementary particles, Rev. Mod. Phys. 29, 269±278
(published in issue No. 3 of July 1957).

1960 Erinnerungen an die Zeit der Entwicklung der Quantenmechanik, in Theoretical

Physics of the Twentieth Century (M. Fierz and V. F. Weisskopf, eds.), pp. 40±67.

1967 Quantum theory and its interpretation, in Niels Bohr: His Life and Work as Seen by

His Friends (S. Rozental, ed., 1967), pp. 94±108.

1968 Theory, criticism and a philosophy, in From a Life in Physics. Evening Lectures

at the International Centre for Theoretical Physics, Trieste, Italy, Vienna: IAEA,
pp. 31±46.

1969 Der Teil und das Ganze. GespraÈche im Umkreis der Atomphysik, Munich: R. Piper.

1971 Physics and Beyond. Encounters and Conversations (English translation of Heisen-
berg, 1969, by A. J. Pomerans), New York, Evanston, London: Harper & Row.

1972 Inde®nite metric in state space, in Aspects of Quantum Theory (A. Salam and E. P.
Wigner, eds.), pp. 129±136.

1977 Begegnungen und GespraÈche mit Einstein (talk presented in June 1974 at the
Volkshochschule Ulm), in W. Heisenberg: Tradition in der Wissenschaft. Reden und

AufsaÈtze, Munich: R. Piper, pp. 111±125.

1984a Bericht uÈber die allgemeinen Eigenschaften der Elementarteilchen (report for the
Solvay Conference planned in fall of 1939), in Gesammelte Werke/Collected Works

Vol. B (Heisenberg, 1984c), pp. 346±358.

1984b Ordnung der Wirklichkeit (manuscript written in 1942), in Gesammelte Werke/

Collected Works Vol. CI (Heisenberg, 1984d), pp. 217±303.

1984c Gesammelte Werke/Collected Works, Vol. B: Scienti®c Review Papers, Talks, and

Books (W. Blum, H.-P. DuÈrr, and H. Rechenberg, eds.), Berlin, Heidelberg, New
York, etc.: Springer-Verlag.

1984d Gesammelte Werke/Collected Works, Vol. CI: Physik und Erkenntnis 1927±1955,

(W. Blum, H.-P. DuÈrr, and H. Rechenberg, eds.), Munich and Zurich: R. Piper.

1984e Gesammelte Werke/Collected Works, Vol. CII: Physik und Erkenntnis 1956±1968,

(W. Blum, H.-P. DuÈrr, and H. Rechenberg, eds.), Munich and Zurich: R. Piper.

1984f Gesammelte Werke/Collected Works, Vol. CIII: Physik und Erkenntnis 1969±1976,

(W. Blum, H.-P. DuÈrr, and H. Rechenberg, eds.), Munich and Zurich: R. Piper.

1985 Gesammelte Werke/Collected Works, Vol. AI: Original Scienti®c Papers 1922±1932,

(W. Blum, H.-P. DuÈrr, and H. Rechenberg, eds.), Berlin, Heidelberg, New York,
etc.: Springer-Verlag.

1986 Gesammelte Werke/Collected Works, Vol. CIV: Biographisches und Kernphysik,

(W. Blum, H.-P. DuÈrr, and H. Rechenberg, eds.), Munich and Zurich: R. Piper.

1989a Gesammelte Werke/Collected Works, Vol. AII: Original Scienti®c Papers 1929±

1945, (W. Blum, H.-P. DuÈrr, and H. Rechenberg, eds.), Berlin, Heidelberg, New
York, etc.: Springer-Verlag.

1989b Gesammelte Werke/Collected Works, Vol. CV: Wissenschaft und Politik, (W. Blum,
H.-P. DuÈrr, and H. Rechenberg, eds.), Munich and Zurich: R. Piper.

References 1337



1993 Gesammelte Werke/Collected Works, Vol. AIII: Original Scienti®c Papers 1946±

1975, (W. Blum, H.-P. DuÈrr, and H. Rechenberg, eds.), Berlin, Heidelberg, New
York, etc.: Springer-Verlag.

Heisenberg, Werner, and Hans Euler

1936 Folgerungen aus der Diracschen Theorie des Positrons, Z. Phys. 98, 714±732
(received 22 December 1935, published in issue No. 11/12 of 3 February 1936).

Heisenberg, Werner, and Pascual Jordan

1926 Anwendung der Quantenmechanik auf das Problem der anomalen Zeemane¨ekte,
Z. Phys. 37, 263±277 (received 16 March 1926, published in issue No. 4/5 of 5 June
1926).

Heisenberg, Werner, and Wolfgang Pauli

1929 Zur Quantendynamik der Wellenfelder, Z. Phys. 56, 1±61 (received 19 March 1929,
published in issue No. 1/2 of 8 July 1929).

1930 Zur Quantentheorie der Wellenfelder. II, Z. Phys. 59, 168±190 (received 7 Sep-
tember 1929, published in issue No. 3/4 of 2 January 1930).

Heitler, Walter

1926 Zur Thermodynamik und Statistik der Quantenprozesse, Z. Phys. 36, 101±119
(received 21 January 1926, published in issue No. 2 of 8 March 1926).

1927 StoÈrungsenergie und Austausch beim MehrkoÈrperproblem, Z. Phys. 46, 47±72
(received 12 October 1927, published in issue No. 1/2 of 30 November 1927).

1928 Zur Gruppentheorie der homoÈopolaren chemischen Bindung, Z. Phys. 47, 835±858
(received 9 December 1927, published in issue No. 7/8 of 13 January 1928).

1929 Zur Quantentheorie der Valenz, Naturwiss. 17, 546±547 (letter dated 8 June 1929,
published in the issue of 5 July 1929).

1930 Der gegenwaÈrtige Stand der quantenmechanischen Theorie der homoÈopolaren
Bindung, Phys. Zs. 31, 185±204 (received 4 November 1929, published in issue
No. 5 of 1 March 1930).

1933 UÈ ber die bei sehr schnellen StoÈûen emittierte Strahlung, Z. Phys. 84, 145±167
(received 4 June 1933, published in issue No. 3/4 of 26 July 1933).

1938 Showers produced by the penetrating cosmic radiation, Proc. Roy. Soc. (London)

A166, 529±543 (communicated by N. F. Mott; received 7 March 1938, published in
issue No. A927 of 16 June 1938).

1944 The Quantum Theory of Radiation, 2nd edition, Oxford: Clarendon Press.

1946 A theorem in the charge-symmetrical meson theory, Proceedings of the Royal Irish

Academy 51A, 33±39 (read 25 February 1946, published in the issue of 16 October
1946).

Heitler, Walter, and Gerhard Herzberg

1929a Eine spektroskopische BestaÈtigung der quantenmechanischen Theorie der homoÈ-
opolaren Bindung, Z. Phys. 53, 52±56 (received 6 December 1928, published in
issue No. 1/2 of 1 February 1929).

1929b Gehorchen die Sticksto¨kerne der Boseschen Statistik?, Naturwiss. 17, 673±674
(letter dated 28 July 1929, published in the issue of 23 August 1929).

References1338



Heitler, Walter, and Fritz London

1927 Wechselwirkung neutraler Atome und homoÈopolare Bindung nach der Quanten-
mechanik, Z. Phys. 44, 455±472 (received 30 June 1927, published in issue No. 6/7
of 16 August 1927).

Heitler, Walter, and George Rumer

1931 Quantentheorie der chemischen Bindung fuÈr mehratomige MolekuÈ le, Z. Phys. 68,
12±41 (received 17 January 1931, published in issue No. 1/2 of 11 March 1931).

Heitler, Walter, and Fritz Sauter

1933 Stopping of fast particles with emission of radiation and the birth of positive elec-
trons, Nature 132, 892 (letter published in the issue of 9 December 1933).

Hellinger, Ernst

1907 Die Orthogonalinvarianten quadratischer Formen von unendlich vielen Variabeln,

doctoral thesis, University of GoÈttingen.

1909 Neue BegruÈndung der Theorie der quadratischen Formen unendlich vieler Varia-
blen, J. fuÈr die reine und angewandte Mathematik 136, 210±271 (Habilitation thesis
at the University of GoÈttingen, March 1909, published in issue No. 3/4).

Helmholtz, Hermann

1868 UÈ ber die Thatsachen, welche der Geometrie zum Grunde liegen, Nachr. Ges. Wiss.

GoÈttingen 13, 193±221 (submitted on 18 May 1868).

1881 On the modern development of Faraday's conception of electricity, Journal. of the

Chemical Society (London) 39, 277±304 (Faraday lecture presented on 5 April
1881); reprinted in Hermann von Helmholtz: Wissenschaftliche Abhandlungen, Vol.

III, Leipzig: J. A. Barth, 1895, pp. 52±87.

Henderson, W. J.

1934 The upper limits of the continuous b-ray spectra of thorium C and C 00, Proc. Roy.

Soc. (London) A147, 572±582 (communicated by C. D. Ellis; received 8 August
1934, published in issue No. A862 of 1 December 1934).

Hendry, John

1983 Monopoles before Dirac, Studies in History of Philosophy and Science 14, 81±87
(published in issue No. 1 of March 1983).

1984 The Creation of Quantum Mechanics and the Bohr±Pauli Dialogue, Dordrecht,
Boston and Lancaster: D. Reidel.

Herb, S. W., et al.

1977 Observation of a dimuon resonance at 9.5 GeV in 400 GeV proton±nucleus colli-
sions, Phys. Rev. Lett. 39, 252±255 (received 3 July 1977, published in issue No. 5 of
1 August 1977).

Hermann, Grete

1935a Die naturphilosophischen Grundlagen der Quantenmechanik, Berlin: Verlag OÈ ¨ent-
liches Leben.

References 1339



1935b Die naturphilosophischen Grundlagen der Quantenmechanik, Naturwiss. 13, 718±
721 (published in the issue of 18 October 1935).

Hertz, Gustav

1922 On the mean path of slow electrons in neon and argon, Proc. Kon. Akad. Wetensch.

(Amsterdam) 25, 90±98 (communicated at the meeting of 25 March 1922).

Hertz, Paul

1916 Statistische Mechanik, in Weber±Gans: Repertorium der Physik, Vol. 1/2, Leipzig±
Berlin: B. G. Teubner, pp. 503 ¨.

Herzberg, Gerhard

1929 Der Aufbau der zweiatomigen chemischen MolekuÈ le, Z. Phys. 57, 601±630 (re-
ceived 13 July 1929, published in issue No. 9/10 of 3 October 1929).

Hessel, Johann Friedrich Christian

1830 Kristallonomie und Kristallographie auf eigenthuÈmliche Weise und mit Zugrun-
delegen neuer allgemeiner Lehren der reinen Gestaltenkunde bearbeitet, in Gehler's

Physikalisches WoÈrterbuch, pp. 1±318; reprinted as Oswald's Klassiker der exakten

Naturwissenschaften, Nos. 88 and 89, Leipzig: W. Engelmann, 1897.

Hewish, Anthony, S. Jocelyn Bell, J. D. Pilkington, P. F. Solt, and R. A. Collins

1968 Observation of a rapidly pulsating radio source, Nature 217, 709±712 (received 5
February 1968, published in the issue of 24 February 1968).

Higgs, Peter

1964a Broken symmetries, massless particles and gauge ®elds, Physics Letters 12, 132±133
(received 27 July 1964, published in issue No. 2 of 15 September 1964).

1964b Broken symmetries and the masses of gauge bosons, Phys. Rev. Lett. 13, 508±509
(received 31 August 1964, published in issue No. 16 of 19 October 1964).

1966 Spontaneous symmetry breakdown without massless bosons, Phys. Rev. (2) 145,
1156±1163 (received 27 December 1965, published in issue No. 4 of 27 May 1966).

Hilbert, David

1900 Mathematische Probleme, Nachr. Ges. Wiss. GoÈttingen, pp. 253±297 (presented on
8 August 1900 before the Second International Congress of Mathematicians, Paris);
reprinted in Archiv fuÈr Mathematik und Physik (3) 1, 44±63, 213±247 (1901).
English translation: Mathematical problems, Bulletin of the American Mathematical

Society 8, 437±479 (1902).

1904a GrundzuÈge einer allgemeinen Theorie der linearen Integralgleichungen (Erste Mit-
teilung), Nachr. Ges. Wiss. GoÈttingen, pp. 49±91 (presented at the meeting of 5
March 1904).

1904b GrundzuÈge einer allgemeinen Theorie der linearen Integralgleichungen (Zweite
Mitteilung), Nachr. Ges. Wiss. GoÈttingen, pp. 213±259 (presented at the meeting of
25 June 1904).

1905 GrundzuÈge einer allgemeinen Theorie der linearen Integralgleichungen (Dritte
Mitteilung), Nachr. Ges. Wiss. GoÈttingen, pp. 307±377 (presented at the meeting of
22 July 1905).

References1340



1906a GrundzuÈge einer allgemeinen Theorie der linearen Integralgleichungen (Vierte
Mitteilung), Nachr. Ges. Wiss. GoÈttingen, pp. 157±227 (presented at the meeting of
3 March 1906).

1906b GrundzuÈge einer allgemeinen Theorie der linearen Integralgleichungen (FuÈnfte
Mitteilung), Nachr. Ges. Wiss. GoÈttingen, pp. 439±480 (presented at the meeting of
28 July 1906).

1910 GrundzuÈge einer allgemeinen Theorie der linearen Integralgleichungen (Sechste
Mitteilung), Nachr. Ges. Wiss. GoÈttingen, pp. 355±419 (presented at the meeting of
28 May 1910).

1912a BegruÈndung der kinetischen Gastheorie, Mathematische Annalen 72, 562±577.

1912b BegruÈndung der elementaren Strahlungstheorie, Nachr. Ges. Wiss. GoÈttingen,
pp. 773±789 (presented at the meeting of 22 August 1912); reprinted in Phys. Zs.

13, 1056±1064 (1912).

1913 Bemerkungen zur BegruÈndung der elementaren Strahlungstheorie, Nachr. Ges.

Wiss. GoÈttingen, pp. 409±416 (presented at the meeting of 19 July 1913); reprinted
in Phys. Zs. 14, 592±595 (1913).

1914 Zur BegruÈndung der elementaren Strahlungstheorie. Dritte Mitteilung, Nachr. Ges.

Wiss. GoÈttingen, pp. 275±298 (presented at the meeting of 13 June 1914); reprinted
in Phys. Zs. 15, 878±889 (1914).

1915 Die Grundlagen der Physik. (Erste Mitteilung), Nachr. Ges. Wiss. GoÈttingen,
pp. 395±407 (presented at the meeting of 20 November 1915).

1917 Die Grundlagen der Physik. (Zweite Mitteilung), Nachr. Ges. Wiss. GoÈttingen,
pp. 53±76 (presented at the meeting of 23 December 1916, published in issue No. 1
of 1917).

1922 NeubegruÈndung der Mathematik. Erste Mitteilung, Abhandlungen aus dem Mathe-

matischen Seminar der Hamburger UniversitaÈt 1, pp. 157±177.

1923 Die logische BegruÈndung der Mathematik, Mathematische Annalen 88, 151±165
(lecture presented at the Leipzig Naturforscherversammlung in September 1922).

1924 Die Grundlagen der Physik, Mathematische Annalen 92, 1±32.

1926 UÈ ber das Unendliche, Mathematische Annalen 95, 161±190.

1930 Naturerkennen und Logik, Naturwiss. 18, 959±963 (talk presented at the KoÈnigs-
berg Naturforscherversammlung, 7±11 September 1930, published in the issue of
28 November 1930).

1935 Gesammelte Abhandlungen. Dritter Band: Analysis, Grundlagen der Mathematik,

Physik, Verschiedenes, Berlin: J. Springer.

Hilbert, David, Johannes (John) von Neumann, and Lothar Nordheim

1928 UÈ ber die Grundlagen der Quantenmechanik, Mathematische Annalen 98, 1±30
(received 6 April 1927).

Hill, E. L., and R. Landshoff

1938 The Dirac electron theory, Rev. Mod. Phys. 10, 87±132 (published in issue No. 2 of
April 1938).

Hoch, Paul

1990 Flight into self absorption and xenophobia, Physics World 28, No. 1, 23±26 (pub-
lished in the issue of January 1990).

References 1341



Hoddeson, Lillian H., and Gordon Baym

1980 The development of the quantum-mechanical electron theory of metals: 1900±28,
Proc. Roy. Soc. (London) A371, 8±23 (presented at the symposium ``The Begin-
nings of Solid State Physics,'' held at London from 30 April to 2 May 1979, pub-
lished in the issue of 10 June 1980).

Hoddeson, Lillian H., Gordon Baym, and Michael Eckert

1987 The development of the quantum-mechanical electron theory of metals: 1928±1933.
Rev. Mod. Phys. 59, 287±327 (published in issue no. 1 of January 1987).

Hoddeson, Lillian, Ernest Brown, JuÈ rgen Teichmann, and Spencer Weart

1992 Out of the Crystal Maze. Chapters from the History of Solid Sate Physics, New
York and Oxford: Oxford University Press.

Hoddeson, Lillian H., Laurie M. Brown, Michael Riordan, and Max Dresden

1997 The Rise of the Standard Model. Particle Physics in the 1960s and 1970s, Cam-
bridge, New York, and Melbourne: Cambridge University Press.

HoÈnl, Helmut, and Fritz London

1925 UÈ ber die IntensitaÈten der Bandenlinien, Z. Phys. 33, 803±809 (received 24 July
1925, published in issue No. 10/11 of 31 August 1925).

Hoffmann, Gerhard, and F. Lindholm

1928 Registrierbeobachtungen der Heû'chen Ultra-g-Strahlung auf Muottas Muraigl
(2456 m), Gerlands BeitraÈge zur Geophysik 20, 12±54 (received 31 May 1928, pub-
lished in issue No. 1/2).

Hofstadter, Robert

1956 Electron scattering and nuclear structure, Rev. Mod. Phys. 28, 214±254 (published
in issue No. 3 of July 1956).

1989 A personal view of nucleon structure as revealed by electron scattering, in Pions to

Quarks (L. Brown, M. Dresden, and H. Hoddeson, eds., 1989), pp. 126±143.

Holtsmark, Johan

1928a Zur Theorie der Streuung von langsamen Elektronen, Z. Phys. 48, 231±243
(received 24 February 1928, published in issue No. 3/4 of 19 April 1928).

1928b Zur Theorie des Ramsauere¨ektes, Naturwiss. 16, 614±615 (letter dated 3 July
1928, published in the issue of 3 August 1928).

1930 Der Wirkungsquerschnitt des Kryptons fuÈr langsame Elektronen. Z. Phys. 66,
49±58 (received 23 September 1930, published in issue No. 1/2 of 21 November
1930).

Hori, Takeo

1927 UÈ ber die Analyse des Wassersto¨bandenspektrums im aÈuûersten Ultraviolett,
Z. Phys. 44, 834±854 (received 19 July 1927, published in issue No. 11/12 of
22 September 1927).

References1342



Houston, William V.

1928a Die Elektronenemission kalter Metalle, Z. Phys. 47, 33±37 (received 17 December
1927, published in issue No. 1/2 of 7 February 1928).

1928b Elektrische LeitfaÈhigkeit auf Grund der Wellenmechanik, Z. Phys. 48, 449±468
(received 21 March 1928, published in issue No. 7/8 of 7 May 1928).

1937 A new method of analysis of the structure of Ha and Da, Phys. Rev. (2) 51, 446±
449 (received 28 December 1936, published in issue no. 6 of 15 March 1937).

Houtermans, Fritz G.

1930 Neuere Arbeiten uÈber Quantentheorie des Atomkerns, Erg. exakt. Naturwiss. 9,
123±221.

Howard, Don

1990 ``Nicht sein kann, was nicht sein darf,'' or the prehistory of EPR, 1908±1935: Ein-
stein's worries about the quantum mechanics of composite systems, in A. Miller,
ed.: Sixty-Two Years Uncertainty: Historical, Philosophical and Physical Inquiries

into the Foundations of Quantum Mechanics (Proceedings of the 1989 Conference at
Erice), New York: Plenum, pp. 61±111.

Hoyle, Fred

1948 A new model of the expanding universe, Monthly Notices Roy. Astr. Soc. (London)

108, 372±382 (received 5 August 1948, published in issue No. 5).

Hoyle, Fred, and R. T. Tayler

1964 The mystery of the cosmic helium abundance, Nature 203, 1108±1110 (published in
the issue of 12 September 1964).

Hulin, D., A. Mysyrowicz, and C. BenoiÃt aÁ la Guillaume

1980 Evidence for Bose±Einstein statistics in an exciton gas, Phys. Rev. Lett. 45, 1970±
1973 (received 9 April 1980, published in issue No. 24 of 15 December 1980).

Hume-Rothery, William

1927 A note on the connexion between the chemical valency, electron grouping, and
crystal structure, Phil. Mag. (7), 3, 301±305 (dated June 1926, published in the
issue of February 1927).

1931 The Metallic State, Oxford: Oxford University Press.

Hund, Friedrich

1923 Theoretische Betrachtungen uÈber die Ablenkung von freien langsamen Elektronen
in Atomen, Z. Phys. 13, 241±263 (received 21 December 1922, published in issue
No. 4 of 10 February 1923).

1925a Die Gestalt mehratomiger polarer Molekeln. I, Z. Phys. 31, 81±106 (received 4
December 1924, published in issue Nos. 1±4 of 11 February 1925).

1925b Die Gestalt mehratomiger polarer Molekeln. II. Molekeln, die aus einem negativen
Ion und aus Wassersto¨kernen bestehen, Z. Phys. 32, 1±18 (received 26 February
1925, published in issue No. 1 of 22 April 1925).

References 1343



1925c Zur Deutung verwickelter Spektren, insbesondere der Elemente Scandium bis
Nickel, Z. Phys. 33, 345±371 (received 22 June 1925, published in issue No. 5/6 of
8 August 1925).

1925d Atomtheoretische Deutung des Magnetismus der seltenen Erden, Z. Phys. 33, 855±
859 (received 11 July 1925, published in issue No. 10/11 of 31 August 1925).

1925e Zur Deutung verwickelter Spektren. II, Z. Phys. 34, 296±308 (received 20 August
1925, published in issue No. 4 of 5 October 1925).

1926 Zur Deutung einiger Erscheinungen in den Molekelspektren, Z. Phys. 36, 657±674
(received 6 March 1926, published in issue No. 9/10 of 3 April 1926).

1927a Zur Deutung der Molekelspektren. I, Z. Phys. 40, 742±764 (received 18 November
1926, published in issue No. 10 of 8 January 1927).

1927b Linienspektren und periodisches System der Elemente, Berlin: J. Springer.

1927c Zur Deutung der Molekelspektren. II, Z. Phys. 42, 93±120 (received 7 February
1927, published in issue No. 2/3 of 1 April 1927).

1927d Symmetriecharaktere von Termen bei Systemen mit gleichen Partikeln in der
Quantenmechanik, Z. Phys. 43, 788±804 (received 27 May 1927, published in issue
No. 11/12 of 20 July 1927).

1927e Zur Deutung der Molekelspektren. III. Bemerkungen uÈber das Schwingungs- und
Rotationsspektrum bei Molekeln mit mehr als zwei Kernen, Z. Phys. 43, 805±826
(received 28 May 1927, published in issue No. 11/12 of 20 July 1927).

1927f Fortschritte der Systematik und Theorie der Molekelspektren, Phys. Zs. 28, 779±
784 (presented at the fourth Deutscher Physikertag in Bad Kissingen, 18±24
September 1927, published in issue No. 22 of 15 November 1927).

1928a Quantenmechanik und chemische Bindung, Zeitschrift fuÈr Elektrochemie 34, 437±
445 (presented at the Munich meeting of the Deutsche Bunsengesellschaft, 17±20
May 1928, published in issue No. 9 of September 1928).

1928b Bemerkung uÈber die Eigenfunktionen des Kugelkreisels in der Quantenmechanik,
Z. Phys. 51, 1±5 (received 26 July 1928, published in issue No. 1 of 4 October 1928).

1928c Molekelbau und chemische Bindung, Phys. Zs. 29, 851±852 (talk presented on
21 September 1928 at the Hamburg Naturforscherversammlung, published in issue
No. 22 of 15 November 1928).

1928d Zur Deutung der Molekelspektren. IV, Z. Phys. 51, 759±795 (received 11 October
1928, published in issue No. 11/12 of 11 December 1928).

1928e UÈ ber Zuordnungsfragen, insbesondere uÈber die Zuordnung von Multiplettermen zu
Seriengrenzen, Z. Phys. 52, 601±609 (received 15 November 1928, published in
issue No. 9/10 of 31 December 1928).

1929 Molekelbau, Ergeb. exakt. Naturwiss. 8, 147±184.

1930 Zur Deutung der Molekelspektren. V. Die angeregten Elektronenterme von Mole-
keln mit zwei gleichen Kernen (He2, Li2, N2

�, N2,. . .), Z. Phys. 63, 719±751 (re-
ceived 11 June 1930, published in issue No. 11/12 of 7 August 1930).

1931 Zur Frage der chemischen Bindung, Z. Phys. 73, 1±30 (received 15 October 1931,
published in issue No. 1/2 of 24 November 1931).

1932a Zur Frage der chemischen Bindung. II. Zum VerstaÈndnis der organischen Chemie,
Z. Phys. 73, 565±577 (received 22 November 1931, published in No. 9/10 of 8
January 1931).

1932b Zur Theorie der schwer¯uÈchtigen nichtleitenden Atomgitter, Z. Phys. 74, 1±17
(received 10 December 1931, published in issue No. 1/2 of 24 January 1932).

References1344



1932c Bemerkung zu meiner Arbeit: Zur Frage der chemischen Bindung, Z. Phys. 74, 429±
430 (received 13 January 1932, published in issue No. 5/6 of 16 February 1932).

1932d Berechnung der Elektronenverteilung in einer zweiatomigen Molekel nach der
Methode von Thomas und Fermi, Z. Phys. 77, 12±25 (received 27 May 1932, pub-
lished in issue No. 1/2 of 19 July 1932).

1933 Allgemeine Quantenmechanik des Atom- und Molekelbaues, in H. Geiger and
K. Scheel, eds.: Handbuch der Physik, 2nd edition, Vol. 24, Erster Teil: Quanten-

theorie, Berlin: J. Springer, pp. 561±694.

1935a Description of the binding forces in molecules and crystal lattices on quantum
theory, in International Conference on Physics, London 1934. Papers and Dis-

cussions, Vol. II, London: Physical Society, pp. 36±45.

1935b Vergleich der elektrostatischen Energien einiger Ionengitter, Z. Phys. 94, 11±21
(received 26 January 1935, published in issue No. 1/2 of 12 July 1935).

1935c Theorie der Elektronenbewegung in nicht-metallischen Kristallgittern, Phys. Zs. 36,
725±729 (presented at the 11th Deutsche Physikertagung in Stuttgart, 22±28 Septem-
ber 1925; received 5 October 1935, published in issue No. 22/23 of 1 December 1935).

1936a UÈ ber den Zusammenhang zwischen der Symmetrie eines Kristallgitters und den
ZustaÈnden seiner Elektronen, Z. Phys. 99, 119±136 (received 14 January 1936,
published in issue No. 1/2 of 12 February 1936).

1936b Materie unter sehr hohen Drucken und Temperaturen, Ergeb. exakt. Naturwiss. 15,
189±228.

1936c UÈ bersicht uÈber das Verhalten der Materie bei sehr hohen Drucken und Temper-
aturen, Phys. Zs. 37, 853 (summary of a talk presented at the 12th Deutsche Phys-

ikertagung in Bad Salzbrunn, 13±19 September 1936, published in issue No. 22/23
of 1 December 1936).

1937a Symmetrieeigenschaften der KraÈfte in Atomkernen und Folgen fuÈr deren ZustaÈnde,
insbesondere der Kerne bis zu sechzehn Teilchen, Z. Phys. 105, 202±228 (received
13 February 1937, published in issue No. 3/4 of 14 April 1937).

1937b Theoretische Erforschung der KernkraÈfte, Phys. Zs. 38, 929±935 (presented at the
13th Deutsche Physiker- und Mathematikertag in Bad Kreuznach, 20±24 September
1937, published in issue No. 23 of 1 December 1937).

1938 Rechnungen uÈber das magnetische Verhalten von kleinen MetallstuÈcken bei tiefen
Temperaturen, Ann. d. Phys. (5) 32, 102±114 (received 24 January 1938, published
in issue No. 1/2 of 8 April 1938).

1984 Geschichte der Quantentheorie, 3rd edition, Mannheim: Bibliographisches Institut.

Hund, Friedrich, and Bernhard Mrowka

1935a UÈ ber die ZustaÈnde der Elektronen in einem Kristallgitter, insbesondere beim Dia-
mant, Sitz.ber. SaÈchs. Akad. Wiss. 87, 185±206 (presented at the meeting of 17 June
1935).

1935b ZustaÈnde der Elektronen in Kristallgittern, Phys. Zs. 36, 888±891 (presented at the
11th Physikertagung in Stuttgart, 22±28 September 1935; received 5 October 1935,
published in issue No. 22/23 of 1 December 1935).

Im, Gyeong Soon

1995 The formation and development of the Ramsauer e¨ect, Hist. Stud. Phys. Sci. 25,
269±300 (published in issue No. 2).

References 1345



Institut International de Physique Solvay (editor)

1927 ConductibiliteÂs EÂ lectrique de MeÂtaux et ProbleÁmes Connexes (Rapports et Dis-

cussion de QuatrieÁme Conseil de Physique tenu aÁ Bruxelles du 24 au 29 April 1924),

Paris: Gauthier-Villars.

1928 EÂ lectrons et Photons (Rapports et Discussion de CinquieÁme Conseil de Physique tenu

aÁ Bruxelles du 24 au 29 Octobre 1927), Paris: Gauthier-Villars.

1932 Le Magnetisme (Rapports et Discussion de SixieÁme Conseil de Physique tenu aÁ

Bruxelles du 20 au 25 Octobre 1930), Paris: Gauthier-Villars.

1934 Structure et ProprieÂteÂs des Noyaux Atomiques (Rapports et Discussion de SeptieÁme

Conseil de Physique tenu aÁ Bruxelles du 24 au 29 Octobre 1933), Paris: Gauthier-
Villars.

1968 Fundamental Problems in Elementary Particle Physics (Proceedings of the 14th
Conference on Physics at the University of Brussels, October 1967), London±New
York±Sidney: Interscience.

Irving, David

1967 The Virus House, London: William Kimble.

Ising, Ernst

1925 Beitrag zur Theorie des Ferromagnetismus, Z. Phys. 31, 253±258 (received 9
December 1924, published in issue No. 1±4 of 11 February 1925).

Ito, Daisuke, Z. Koba, and Sin-itiro Tomonaga

1947 Correction due to the reaction of ``cohesive force ®eld'' for the elastic scattering of
an electron, Prog. Theor. Phys. 2, 216±217 (letter dated 1 November 1947, pub-
lished in issue No. 4 of November±December 1947).

1948a Correction due to the reaction of ``cohesive force ®eld'' to the elastic scattering of
an electron. I, Prog. Theor. Phys. 3, 276±289 (received 28 February 1948, published
in issue No. 3 of July±September 1948).

1948b Correction due to the reaction of ``cohesive force ®eld'' to the elastic scattering of
an electron. II, Prog. Theor. Phys. 3, 325±337 (received 3 March 1948, published in
the issue of October±December 1948).

Iwanenko, Dmitrij

1932a The neutron hypothesis, Nature 129, 798 (letter dated 21 April 1932, published in
the issue of 28 May 1932).

1932b Sur la constitution des noyaux atomiques, Comptes rendus (Paris) 195, 439±441
(submitted to the meeting of 3 August 1932, presented by M. de Broglie at the
meeting of 17 August 1932).

1934 Interaction of neutrons and protons, Nature 133, 981±982 (undated letter published
in the issue of 30 June 1934).

Jackiw, R., and Kenneth Johnson

1969 Anomalies in the axial-vector current, Phys. Rev. (2) 182, 1459±1469 (received
25 November 1968, published in issue No. 5 of 18 June 1969).

References1346



Jackson, Derek Ainstlie

1928 Hyper®ne structure in the arc spectrum of caesium and nuclear rotation, Proc. Roy.

Soc. (London) A121, 432±447 (communicated by F. A. Lindemann; received 3
August and revised 18 September 1928, published in issue No. A787 of 1 November
1928).

Jammer, Max

1966 The Conceptual Development of Quantum Mechanics, New York, etc.: McGraw
Hill.

1974 The Philosophy of Quantum Mechanics, New York: J. Wiley.

1985 The EPR problem and its historical development, in P. Lahti and P. Mittelstaedt,
eds.: Symposium on the Foundations of Modern Physics, Singapore: World Scienti®c,
pp. 129±149.

Janossy, Lajos

1953 Die physikalische Problematik des Teilchen±Wellen-Problems der Quantenmecha-
nik, Ann. d. Phys. (6) 11, 232±361 (received 6 August 1952, published in issue
No. 4/7 of 6 January 1953).

Jauch, Joseph M., and Constantin Piron

1963 Can hidden variables be excluded in quantum mechanics?, Helv. Phys. Acta 36,
827±837 (received 8 February 1963, published in issue No. 7 of 15 July 1963).

1968 Hidden variables revisited, Rev. Mod. Phys. 40, 228±229 (published in issue No. 1
of January 1968).

Javan, A., W. R. Bennett, Jr., and D. R. Herriott

1961 Population inversion and continuous optical maser oscillation in a gas discharge
containing a He±Ne mixture, Phys. Rev. Lett. 6, 106±110 (received 30 December
1960, published in issue No. 3 of 1 February 1961).

Javaraman, Alyasann, and Anant Krishna Ramdas

1988 Chandrasekhara Venkata Raman, Physics Today 41, No. 8, 56±64 (published in the
issue of August 1988).

Jeans, James Hopwood

1905b On the partition of energy between matter and aether, Phil. Mag. (6) 10, 91±98
(communicated April 1905, published with a postscript of 7 June in issue No. 55 of
July 1905).

1908 Zur Strahlungstheorie, Phys. Zs. 9, 853±855 (received 24 October 1908, published
in issue No. 24 of 1 December 1908).

1910 On non-Newtonian mechanical systems and Planck's theory of radiation, Phil.

Mag. (6), 20, 943±954 (dated 17 August 1910, published in issue No. 120 of
December 1910).

1914a Discussion on radiation, in Report on the 83rd Meeting of the British Association,

Birmingham 1913, London: John Murray, pp. 376±381.

References 1347



Jeffreys, Harold

1925 On certain approximate solutions of linear integral equations of the second order,
Proceedings of the London Mathematical Society, 23, 428±436 (received 15 March
1923, read 26 April 1923; revised 17 April 1924).

Jensen, J. Hans D.

1932 Die Ladungsverteilung in Ionen und die Gitterkonstante des Rubidiumbromids
nach der statistischen Methode, Z. Phys. 72, 722±745 (received 14 May 1932, pub-
lished in issue No. 11/12 of 3 September 1932).

Jensen, J. Hans D., Hans E. Suess, and Otto Haxel

1949 ModellmaÈûige Deutung der ausgezeichneten Nukleonenzahlen im Kernbau, Na-

turwiss. 36, 155±156 (received 6 April 1949, published in issue No. 5 of July 1949).

Johnson, M. C.

1930 A method of calculating the numerical equation of state for helium below 6ë abso-
lute, and of estimating the relative importance of gas degeneracy and interatomic
forces, Proc. Roy. Soc. (London) 42, 170±180 (received 12 December 1929, pre-
sented at the meeting of 14 February 1930).

Johnson, Thomas H.

1931a Di¨raction of atomic hydrogen, Phys. Rev. (2) 37, 99 (abstract of a talk presented
at the Chicago APS meeting, 28±29 November 1930, published in issue No. 1 of
1 January 1931).

1931b Di¨raction of hydrogen atoms, Phys. Rev. (2) 37, 847±861 (received 11 March
1931, published in issue No. 8 of 15 April 1931).

Joliot, FreÂdeÂric

1934 Preuves expeÂrimentales de l'annihilation des eÂlectrons positifs, J. phys. et rad. (5) 7,
299±303 (received 23 May 1934, published in issue No. 7 of July 1934).

1937 ConfeÂrence-Nobel. Faites aÁ Stockholm le 12 deÂcembre 1935, in Les Prix Nobel en

1935, Stockholm: P. A. Norstedt & SoÈner, pp. 1±5.

Joliot, FreÂdeÂric, and IreÁne Curie

1934 Arti®cial production of a new kind of radio-element, Nature 133, 201±202 (pub-
lished in the issue of 10 February 1934).

Jones Harry

1934a The theory of alloys in the g-phase, Proc. Roy. Soc. (London) A144, 225±234
(communicated by A. M. Tyndall; received 9 November 1933, published in issue
No. A851 of 1 May 1934).

1934b Application of the Bloch theory to the study of alloys and the properties of bismuth,
Proc. Roy. Soc. (London) A147, 396±417 (communicated by A. M. Tyndall; re-
ceived 27 July 1934, published in issue No. A861 of 15 November 1934).

Jones, Harry, Nevill F. Mott, and Herbert W. B. Skinner

1934 A theory of the form of X-ray emission bands of metals, Phys. Rev. (2) 45, 379±384
(received 11 December 1933, published in issue No. 6 of 15 March 1934).

References1348



Jones, Harry, and Clarence Zener

1934a A general proof of certain fundamental equations in the theory of metallic
conduction, Proc. Roy. Soc. (London) A144, 101±117 (communicated by J. E.
Lennard-Jones; received on 3 August and revised 19 December 1933, published in
issue No. A851 of 1 March 1934).

1934b The theory of the change of resistance in a magnetic ®eld, Proc. Roy. Soc. (Lon-

don) A145, 268±277 (communicated by R. H. Fowler; received 10 January 1934,
published in issue No. A854 of 2 June 1934).

Joos, Georg

1929 Ramane¨ekt, in W. Wien and F. Harms, eds.: Handbuch der Experimentalphysik,

Vol. 22, Leipzig: Akademische Verlagsgesellschaft, pp. 412±420.

Jordan, Camille

1870 TraiteÂ des substitutions et des eÂquations algeÂbriques, Paris: Gauthier-Villars.

Jordan, Pascual

1924 Zur Theorie der Quantenstrahlung, Z. Phys. 30, 297±319 (received 30 November
1924, published in issue No. 4/5 of 29 December 1924).

1925a Bemerkung zu einer Arbeit von K. W. Meissner: Absorption im angeregten Neon,
Z. Phys. 31, 877±881 (received 23 February 1925, published in issue No. 11 of 28
March 1925).

1925b Zur Quantentheorie der aperiodischen Systeme. II. Bemerkungen uÈber die Integra-
tion der StoÈrungsgleichungen, Z. Phys. 33, 506±508 (received 11 June 1925, pub-
lished in issue No. 7 of 15 August 1925).

1925c Bemerkung zur Theorie der Atomstruktur, Z. Phys. 33, 563±570 (received 8 July
1925, published in issue No. 8 of 18 August 1925).

1926a Bemerkung uÈber einen Zusammenhang zwischen Duanes Quantentheorie der
Interferenz und den de Broglieschen Wellen, Z. Phys. 37, 376±381 (received 22
April 1926, published in issue No. 4/5 of 5 June 1926).

1926b UÈ ber kanonische Transformationen in der Quantenmechanik, Z. Phys. 37, 383±386
(received 27 April 1926, published in issue No. 4/5 of 5 June 1926).

1927a UÈ ber quantenmechanische Darstellung von QuantenspruÈngen, Z. Phys. 40, 661±
666 (received 25 November 1926, published in issue No. 9 of 2 January 1927).

1927b UÈ ber eine neue BegruÈndung der Quantenmechanik, Z. Phys. 40, 809±838 (received
18 December 1926, published in issue No. 11/12 of 18 January 1927).

1927c KausalitaÈt und Statistik in der modernen Physik, Naturwiss. 15, 105±110 (published
in the issue of 4 February 1927); English translation (by R. Oppenheimer): Philo-
sophical foundations of quantum theory, Nature 119, 566±569 (published in the
issue of 16 April 1927).

1927d Anmerkung zur statistischen Deutung der Quantenmechanik, Z. Phys. 41, 797±800
(received 17 February 1927, published in issue No. 11/12 of 14 March 1927).

1927e SchroÈdinger, E., Abhandlungen zur Wellenmechanik (book review), Naturwiss. 15,
412±413 (published in the issue of 6 May 1927).

1927f Philosophical foundations of quantum theory, Nature 119, 779 (letter replying to
a note of N. R. Campbell on Jordan 1927c, published in the issue of 28 May
1927).

References 1349



1927g UÈ ber eine neue BegruÈndung der Quantenmechanik. II, Z. Phys. 44, 1±25 (received
3 June 1927, published in issue No. 1/2 of 27 July 1927).

1927h Die Entwicklung der neuen Quantenmechanik, Naturwiss. 15, 614±623, 636±649
(published in the issues of 29 July and 5 August 1927).

1927i Die Polarisation der Lichtquanten, Z. Phys. 44, 292±300 (received 16 June 1927,
published in issue No. 4/5 of 8 August 1927).

1927j Zur Quantenmechanik der Gasentartung, Z. Phys. 44, 473±480 (received 7 July
1927, published in issue No. 6/7 of 16 August 1927).

1927k UÈ ber Wellen und Korpuskeln in der Quantenmechanik, Z. Phys. 45, 766±775
(received 11 October 1927, published in issue No. 11/12 of 18 November 1927).

1928 Die Lichtquantenhypothese. Entwicklung und gegenwaÈrtiger Stand, Erg. exakt.

Naturwiss. 7, 158±208.

1929a Die Erfahrungsgrundlagen der Quantentheorie. Naturwiss. 17, 498±507 (published
in the Max Planck issue of 28 June 1929).

1929b Der gegenwaÈrtige Stand der Quantenelektrodynamik, Phys. Zs. 30, 700±712 (pre-
sented at the conference on theoretical physics in Kharkov, 19±25 May 1929, pub-
lished in issue No. 20 of 15 October 1929).

1930 Spektraltheorie der unendlichen Matrizen (review of Wintner, 1929), Naturwiss. 18,
571 (published in the issue of 13 June 1930).

1932a Zur Methode der zweiten Quantelung, Z. Phys. 75, 648±653 (received 10 March
1932, published in issue no. 9/10 of 29 April 1932).

1932b Die Quantenmechanik und die Grundgesetze der Biologie und Psychologie, Natur-

wiss. 20, 815±821 (published in the issue of 4 November 1932).

1933 Statistische Mechanik auf quantentheoretischer Grundlage, Braunschweig: Fr.
Vieweg & Sohn.

1935a Zur Neutrinotheorie des Lichtes, Z. Phys. 93, 464±472 (received 22 December 1934,
published in issue No. 7/8 of 7 February 1935).

1935b Zur Quantenelektrodynamik. II. Eichinvariante Quantelung und Diracsche Mag-
netpole, Z. Phys. 97, 535±537 ( received 20 September 1935, published in issue
No. 7/8 of 25 October 1935).

1936 Lichtquant und Neutrino, Z. Phys. 98, 759±767 (received 4 January 1936, published
in issue No. 11/12 of 3 February 1936).

1938a UÈ ber die Diracschen Magnetpole, Ann. d. Phys (5) 32, 66±70 (received 17 January
1938, published in issue No. 1/2 of 8 April 1938).

1938b Biologische Strahlenwirkung und Physik der Gene, Phys. Zs. 39, 345±366 (received
25 February 1938, published in issue No. 8 of 15 April 1938).

Jordan, Pascual, and Oskar Klein

1927 Zum MehrkoÈrperproblem der Quantentheorie, Z. Phys. 45, 751±763 (received 4
October 1927, published in issue No. 11/12 of November 1927).

Jordan, Pascual, and Wolfgang Pauli

1928 Zur Quantenelektrodynamik ladungsfreier Felder, Z. Phys. 47, 151±173 (received 7
December 1927, published in issue No. 3/4 of 14 February 1928).

Jordan, Pascual, and Eugen(e) Wigner

1928 UÈ ber das Paulische AÈ quivalenzverbot, Z. Phys. 47, 631±651 (received 26 January
1928, published in issue No. 9/10 of 16 March 1928).

References1350



Josephson, Brian D.

1962 Possible new e¨ects in superconducting tunnelling, Physics Letters 1, 251±253
(received 8 June 1962, published in No. 7 of 1 July 1962).

Jost, Res

1947 UÈ ber die falschen Nullstellen der Eigenwerte der S-matrix, Helv. Phys. Acta 20,
256±266 (received 20 January 1947, published in issue No. 3 of 4 March 1947).

Kadanoff, Leo P.

1966 Scaling laws for Ising models near Tc, Physics 2, 263±272 (received 3 February
1966, published in issue No. 6).

Kadanoff, Leo P., Wolfgang GoÈtze, David Hambley, et al.

1967 Static phenomena near critical points: theory and experiment, Rev. Mod. Phys. 39,
395±431 (published in issue No. 2 of April 1967).

Kalckar, Jérgen

1985a General introduction to Volumes 6 and 7; A glimpse at the young Niels Bohr and his
world of thought, in Niels Bohr: Collected Works, Vol. 6 (Bohr, 1985), pp. xvii±xxvi.

1958b Introduction to Part I: The emergence of the complementarity argument; Intro-
duction to Part II: Further elucidation of the complementarity argument; Introduc-
tion to Part III: General aspects of physical description, in Niels Bohr: Collected

Works, Vol. 6 (Bohr, 1985), pp. 7±50, 189±198, 305±330.

Kamerlingh Onnes, Heike

1911 Further experiments with liquid helium. D. On the change of the electrical resistance
of pure metals at very low temperatures. V. The disappearance of the resistance of
mercury, Proc. Kon. Akad. Wetensch. (Amsterdam) 14, 113±115 (communication
No. 122b from the Physical Laboratory of Leiden).

1913 Reports on research made in the Leiden cryogenic laboratory between the Second
and Third International Congress of Refrigeration, Communications of the Physical

Laboratory of the University of Leiden 140b, No. 9.

1967 Investigation into the properties of substances at low temperatures, which have led,
amongst other things, to the preparation of liquid helium (English translation of the
Nobel lecture presented on 11 December 1913), in Nobel Lectures: Physics 1901±

1921 (Nobel Foundation, ed., 1967), pp. 306±336.

Kanazawa, Sateo, and Sin-itiro Tomonaga

1948a On a relativistically invariant formulation of quantum theory of wave ®elds. IV,
Prog. Theor. Phys. 3, 1±13 (received 6 November 1946, published in issue No. 1 of
January±March 1948).

1948b On a relativistically invariant formulation of quantum theory of wave ®elds. V,
Prog. Theor. Phys. 3, 101±113 (received 6 November 1946, published in issue No. 2
of April±June 1948).

Kant, Immanuel

1783 Prolegomena zu einer jeden kuÈnftigen Metaphysik, die als Wissenschaft wird auf-

treten koÈnnen, Riga: J. F. Hartknoch.

References 1351



Kant, Horst

1989 Abram FedorovicÏ Jo¨eÂ, Leipzig: B. G. Teubner.

1996 Einstein, Laue, Debye und das Kaiser-Wilhelm-Institut fuÈr Physik (1917±1939), in
B. vom Brocke and H. Laitko, eds.: Das Harnack-Prinzips. Die Kaiser-Wilhelm/

Max-Planck-Gesellschaft und ihre Institute, Berlin±New York: Walter de Gruyter,
pp. 227±243.

Kapitza, Peter

1934 Liquefaction of helium by an adiabatic method without precooling with liquid
helium, Nature 133, 708±709 (published in the issue of 12 May 1934).

1938 Viscosity of liquid helium below the l-point, Nature 141, 74 (letter dated 3
December 1937, published in the issue of 8 January 1938).

1941a Problems of liquid helium (in Russian), Sovetskaya Nauka 1, 33¨. (report at the
general assembly of the USSR Academy of Sciences on 28 December 1940); English
translation: in P. L. Kapitza, ed.: Experiment, Theory, Practice, Dordrecht, Boston,
etc.: D. Reidel, 1980, pp. 12±34.

1941b The study of heat transfer in helium II, J. Phys. USSR 4, 181±210 (received 7
December 1940, published in issue No. 3).

KaÂrmaÂn, Theodore von, and M. A. Biot

1940 Mathematical Methods in Engineering, New York and London: McGraw-Hill.

Karplus, Robert, and Abe Klein

1952 Electrodynamic displacements of atomic energy levels. III. The hyper®ne structure
of positronium, Phys. Rev. (2) 87, 848±858 (received 13 May 1952, published in
issue No. 5 of 1 September 1952).

Karplus, Robert, and Julian Schwinger

1948 A note on saturation in microwave theory, Phys. Rev. (2) 73, 1020±1026 (received
9 January 1948, published in issue No. 9 of 1 May 1948).

Kastrup, Hans A.

1987 The contributions of Emmy Noether, Felix Klein and Sophus Lie to the modern
concept of symmetry in physics, in Symmetries in Physics (1600±1980) (M. Doncel
et al., eds., 1987), pp. 113±163.

Kawabe, Rokuo

1991a Yukawa's ®rst two talks, in Elementary Particle Theory in Japan, 1930±1960

(L. Brown, R. Kawabe, M. Konuma, and Z. Maki, eds., 1991), pp. 241±261.

1991b Two unpublished manuscripts of Yukawa on the meson theory, in Elementary

Particle Theory in Japan, 1930±1960 (L. Brown, R. Kawabe, M. Konuma, and
Z. Maki, eds., 1991), pp. 47±49.

Keesom, Willem Hendrik, and Klaus Clusius

1932 UÈ ber die spezi®sche WaÈrme des ¯uÈssigen Heliums, Proc. Kon. Akad. Wetensch.

(Amsterdam) 35, 307±322 (presented at the meeting of 2 April 1932).

References1352



Keesom, Willem Hendrik, and Anna Petronella Keesom

1932 On the anomaly in speci®c heat of liquid helium, Proc. Kon. Akad. Wetensch.

(Amsterdam) 35, 736±742 (presented at the meeting of 25 June 1932).

1936 On the heat conductivity of liquid helium, Physica 3, 359±360 (received 20 April
1936, published in issue No. 5 of May 1936).

Keesom, Willem Hendrik, and J. A. Kok

1932 On the change of speci®c heat of tin when becoming superconductive, Proc. Kon.

Akad. Wetensch. (Amsterdam) 35, 301±306 (presented at the meeting of 2 April
1932).

Keesom, Willem Hendrik, and G. E. Macwood

1938 The viscosity of liquid helium, Physica 5, 737±744 (received 28 June 1938, pub-
lished in issue No. 8 of August 1938).

Keesom, Willem Hendrik, and Mieczyslaw Wolfke

1928 Two di¨erent liquid sates of helium, Proc. Kon. Akad. Wetensch. (Amsterdam) 30,
90±94 (presented at the meeting of 17 December 1927).

Keller, J. B., and Bruno Zumino

1961 Quantization of the ¯uxoid in superconductivity, Phys. Rev. Lett. 7, 164±165
(received 16 August 1961, published in issue No. 5 of 1 September 1961).

Kellogg, J. M. B., Isidor I. Rabi, and Jerrold R. Zacharias

1936 The gyromagnetic properties of hydrogen, Phys. Rev. (2) 50, 472±481 (received
25 June 1936, published in issue No. 5 of 1 September 1936).

Kelly, Mervin J.

1962 Clinton Joseph Davisson, October 22, 1881±February 1, 1958, National Academy

of Sciences of the USA, Biographical Memoirs XXXVI, 49±84.

Kemble, Edwin C.

1935a The correlation of wave functions with the states of a physical system, Phys. Rev.

(2) 47, 973±974 (letter dated 25 May 1935, published in issue No. 12 of 15 June
1935).

1935b A contribution to the theory of the B. W. K. method, Phys. Rev. (2) 48, 549±561
(received 16 April 1935, published in issue No. 6 of 15 September 1935).

1937 The Fundamental Principles of Quantum Mechanics, New York: McGraw-Hill.

Kemmer, Nicholas (Nikolaus)

1935 UÈ ber die electromagnetische Masse des Diracelektrons. Ann. d. Phys. (5) 22, 674±
712 (dated 25 January 1935, published in issue No. 7 of 20 April 1935).

1937a Zur Theorie der Neutron±Proton-Wechselwirkung, Helv. Phys. Acta 10, 47±67
(received 16 December 1936, published in issue No. 1 of 1937).

1937b UÈ ber die Lichtstreuung an elektrischen Felder nach der Theorie des Positrons, Helv.

Phys. Acta 10, 112±122 (received 25 January 1937, published in issue No. 2 of 1937).

References 1353



1937c Field theory of nuclear interaction, Phys. Rev. (2) 52, 906±910 (received 28 July
1937, published in issue No. 9 of 1 November 1937).

1938a Nature of the nuclear ®eld, Nature 141, 116±117 (letter dated 8 December 1937,
published in the issue of 15 January 1938).

1938b Quantum theory of Einstein±Bose particles and nuclear interaction, Proc. Roy. Soc.

(London) A166, 127±153 (communicated by S. Chapman; received 9 February
1938, published in issue A924 of 4 May 1938).

1938c The charge dependence of nuclear forces, Proc. Camb. Phil. Soc. 34, 354±364
(communicated by S. Chapman; received 27 April 1938, read 16 May 1938).

1965 The impact of Yukawa's meson theory on workers in Europe. A reminiscence,
Prog. Theor. Phys. Suppl. Extra number, pp. 602±607.

Kendall, Henry W.

1971 Deep inelastic scattering: Experiments on the proton and the observation of scaling,
Rev. Mod. Phys. 63, 597±614 (Nobel lecture delivered on 8 December 1970, pub-
lished in issue No. 3 of July 1971).

Kennard, E. H.

1927 Zur Quantenmechanik einfacher Bewegungstypen, Z. Phys. 44, 326±352 (received
17 July 1927, published in issue No. 4/5 of 8 August 1927).

1928 Note on Heisenberg's indeterminacy principle, Phys. Rev. (2) 31, 344±348 (dated
29 December 1927, published in issue No. 3 of March 1928).

Kern, Ulrich

1994 Forschung und PraÈzisionsmessung. Die Physikalisch-Technische Reichsanstalt zwi-

schen 1918 und 1948, Weinheim, New York, etc.: VCH.

Kerner, Charlotte

1986 Lise, Atomphysikerin: Die Lebensgeschichte der Lise Meitner, Weinheim and Basel:
Beltz.

Kerschbaum, Hans

1926 UÈ ber Messungen der Leuchtdauer der Atome an Alkalimetallen, Sauersto¨ und
Sticksto¨, Ann. d. Phys. (4) 79, 465±488 (received 26 February 1926, published in
issue No. 5 of 24 March 1926).

Keswani, G. H.

1980 Raman and His E¨ect, New Delhi: National Book Trust, India.

1988 The phenomenon of Raman, Science Reports (Indian Council of Scienti®c and
Industrial Research), November±December 1988, 606±611.

Kimball, George E.

1935a The structure of diamond, Phys. Rev. (2) 47, 810 (abstract of a talk presented at the
Washington APS meeting, 25±27 April 1935, published in issue No. 10 of 15 May
1935).

1935b The electronic structure of diamond, J. Chem. Phys. 3, 560±564 (received 9 July
1935, published in the issue of September 1935).

References1354



Kippenhahn, Rudolf, and A. Weigert

1990 Stellar Structure and Evolution, Berlin: Springer-Verlag.

Kirchhoff, Gustav

1882 Zur Theorie der Lichtstrahlen, Sitz. ber. Preuss. Akad. Wiss. (Berlin), 641±669.

1891 Vorlesungen uÈber mathematische Physik. Zweiter Band: Mathematische Optik,

Leipzig: B. G. Teubner.

Kirsch, Gerhard, and Eduard Teller

1933 Der elektrische Aufbau der Atomkerne, in MuÈller-Pouillet's Lehrbuch der Physik,

11th edition, Vol. IV/3, Braunschweig: Fr. Vieweg & Sohn, pp. 445±578.

Kiuti, MasazoÃ

1925 Further studies on the Stark e¨ect in hydrogen, Japanese Joornal of Physics 4,
13±38 (presented at the meetings of 3 April and 20 December 1924 of Physico-
Mathematical Society of Japan, published in issue No. 1 of 1925).

Klauder, John (editor)

1972 Magic without Magic: John Archibald Wheeler, San Francisco: Freeman & Co.

Klein, Felix

1872 Vergleichende Betrachtungen uÈber neuere geometrische Forschungen. (Programm

zum Eintritt in die philosophische FacultaÈt und den Senat des K. Friedrich-Alexander-

UniversitaÈt zu Erlangen), Erlangen: Andreas Deichert.

1926 Vorlesungen uÈber die Entwicklung der Mathematik in 19. Jahrhundert, Teil I, Berlin:
J. Springer.

1927 Vorlesungen uÈber die Entwicklung der Mathematik im 19. Jahrhundert, Teil II,

Berlin: J. Springer.

Klein, Felix, and Sophus Lie

1871 UÈ ber diejenigen Kurven, welche durch ein geschlossenes System von einfach
unendlich vielen vertauschbaren linearen Transformationen in sich uÈbergehen,
Mathematische Annalen 4, 50±84.

Klein, Felix, and Arnold Sommerfeld

1897 UÈ ber die Theorie des Kreisels, Heft 1: Die kinematischen und kinetischen Grundlagen

der Theorie, Leipzig: B. G. Teubner.

Klein, Martin J.

1970 The ®rst phase of the Bohr±Einstein dialogue, Hist. Stud. Phys. Sci. 2, 1±39.

Klein, Oskar

1926a Quantentheorie und fuÈnfdimensionale RelativitaÈtstheorie, Z. Phys. 37, 895±906
(received 28 April 1926, published in issue No. 12 of 10 July 1926).

1926b The atomicity of electricity as a quantum theory law, Nature 118, 516 (letter dated
3 September 1926, published in the issue of 9 October 1926).

1927a Elektrodynamik und Wellenmechanik vom Standpunkt des Korrespondenzprinzips,
Z. Phys. 41, 407±442 (received 6 December 1926, published in issue No. 6/7 of
21 February 1927).

References 1355



1927b Zur fuÈnfdimensionalen Darstellung der RelativitaÈtstheorie, Z. Phys. 46, 188±208
(received 22 October 1927, published in issue No. 3/4 of 14 December 1927).

1929a Die Re¯exion von Elektronen an einem Potentialsprung nach der relativistischen
Dynamik von Dirac, Z. Phys. 53, 157±165 (received 24 December 1928, published
in issue No. 3/4 of 12 February 1929).

1929b Zur Frage der Quantelung des asymmetrischen Kreisels, Z. Phys. 58, 730±734 (re-
ceived 28 October 1929, published in issue No. 11/12 of 9 December 1929).

1967 Glimpses of Bohr as a scientist and thinker, in Niels Bohr (S. Rozental, ed.,1967),
pp. 74±93.

1968 From my life in physics, in From a Life in Physics. Evening Lectures at the Inter-

national Centre for Theoretical Physics, Trieste, Italy, Trieste: ICTP, pp. 59±68.

Klein, Oskar, and Yoshio Nishina

1928 The scattered light of free electrons according to Dirac's new relativistic dynamics,
Nature 122, 398±399 (letter dated 3 August 1928, published in the issue of 15
September 1928).

1929 UÈ ber die Streuung von Strahlung durch freie Elektronen nach der neuen rela-
tivistischen Quantendynamik von Dirac, Z. Phys. 52, 853±868 (received 30 October
1928, published in issue No. 11/12 of 9 January 1929).

Klein, Oskar, and Svein Rosseland

1921 UÈ ber ZusammenstoÈûe zwischen Atomen und freien Elektronen, Z. Phys. 4, 46±51
(received 20 November 1920, published in No. 1 of January 1921).

Kleint, Christian, and Gerald Wiemers (editors)

1993 Werner Heisenberg in Leipzig 1927±1942, Berlin: Akademie Verlag.

Klitzing, Klaus von

1998 The quantized Hall e¨ect (Nobel lecture delivered on 9 December 1983), in Nobel

Lectures: Physics 1981±1990 (Nobel Foundation, ed., 1998), pp. 316±346.

Klitzing, Klaus von, G. Dorda, and M. Pepper

1980 New method for high-accuracy determination of the ®ne-structure constant based
on quantized Hall resistance, Phys. Rev. Lett. 45, 494±497 (received 30 May 1980,
published in issue No. 6 of 11 August 1980).

Knauer, Fritz

1930 UÈ ber die MoÈglichkeit, das magnetische Moment des freien Elektrons nachzuweisen,
Z. Phys. 59, 807±811 (received 30 August 1929, published in issue No. 11/12 of
29 January 1930).

Knauer, Fritz, and Otto Stern

1929 UÈ ber die Re¯exion von Molekularstrahlen, Z. Phys. 53, 779±791 (received 24
December 1928, published in issue No. 11/12 of 7 March 1929).

Koba, Ziro, Takeo Tati, and Sin-itiro Tomonaga

1947a On a relativistically invariant formulation of the quantum theory of wave ®elds. II,
Prog. Theor. Phys. 2, 101±116 (received 6 November 1946, published in issue No. 3
of July±October 1947).

References1356



1947b On a relativistically invariant formulation of the quantum theory of wave ®elds. III,
Prog. Theor. Phys. 2, 198±208 (received 6 November 1946, published in issue No. 4
of November±December 1947).

Koba, Ziro, and Shin-itiro Tomonaga

1947 Application of the ``self-consistent'' subtraction method to the elastic scattering of
an electron, Prog. Theor. Phys. 2, 218 (letter dated 30 December 1947, published in
issue No. 4 of November±December 1947).

1948 On radiation reactions in collision processes. I. Application of the ``self-consistent''
subtraction method to the elastic scattering of an electron, Prog. Theor. Phys. 3,
290±303 (received 1 March 1948, published in issue No. 3 of July±September 1948).

Kohlrausch, K. W. Fritz

1931 Der Smekal±Raman-E¨ekt, Berlin: J. Springer.

Kojevnikov, Alexei

1993 Paul Dirac and Igor Tamm Correspondence, Part 1: 1928±1933, Munich: Max-
Planck-Institut fuÈr Physik (preprint MPI-PH/93-80 of October 1993).

1996 Paul Dirac and Igor Tamm Correspondence, Part 2: 1933±1936, Munich: Max-
Planck-Institut fuÈr Physik (preprint MPI-PH/96-40 of May 1996).

Kohn, Walter

1997 Wigner on solid state physics (annotation), in The Collected Works of Eugene Paul

Wigner, Vol. IV (Wigner, 1997b), pp. 355±364.

Kokkeddee, J. J.

1969 The Quark Model, New York and Amsterdam: W. A. Benjamin.

KolhoÈrster, Werner

1928 Eine neue Methode zur Richtungsbestimmung von Gamma-Strahlen. (VorlaÈu®ge
Mitteilung), Naturwiss. 16, 1044±1045 (letter dated 31 October 1928, published in
the issue of 7 December 1928).

Konijn, J.

1999 The solar neutrino problem, European Journal of Physics 20, 344±348 (published in
issue No. 6 of November 1999).

Konno, Hiroyuki

1993 Kramers' negative dispersion, the virtual oscillator model, and the correspondence
principle, Centaurus 36, 117±166.

Konopinski, E. J., and George E. Uhlenbeck

1935 On the Fermi theory of b-radioactivity, Phys. Rev. (2) 48, 7±12 (received 3 May
1935, published in issue No. 1 of 1 July 1935).

Kopfermann, Hans

1940 Kernmomente, Leipzig: Akademische Verlagsgesellschaft.

References 1357



Kopfermann, Hans, and Rudolf Ladenburg

1928a Untersuchungen uÈber die anomale Dispersion angeregter Gase. II. Teil. Anomale
Dispersion im angeregten Neon. (Ein¯uû von Strom and Druck, Bildung und Ver-
nichtung angeregter Atome), Z. Phys. 48, 26±50 (received 17 December 1927,
published in issue No. 1/2 of 5 April 1928).

1928b Untersuchungen uÈber die anomale Dispersion angeregter Gase. III. Teil. UÈ ber-
gangswahrscheinlichkeit und Dichte angeregter Atome in Neon; statistisches
Gleichgewicht in der positiven SaÈule, Z. Phys. 48, 51±61 (received 17 December
1927, published in issue No. 1/2 of 5 April 1928).

1928c Experimenteller Nachweis der ``negativen'' Dispersion, Z. fuÈr physikalische Chemie

A139, 375±385 (presented on 6 August 1928 at the 6th Russian Congress of Phys-
icists in Moscow; received 12 September 1928, published in the issue of December
1928).

1930 Untersuchungen uÈber die anomale Dispersion angeregter Gase. V. Negative Dis-
persion im angeregten Neon, Z. Phys. 65, 167±188 (received 12 August 1930, pub-
lished in issue No. 3/4 of 16 October 1930).

Kornfeld, H.

1928 Bemerkung zu der Mitteilung von G. Landsberg und L. Mandelstam uÈber eine neue
Erscheinung in der Lichtstreuung in Krystallen, Naturwiss. 16, 653 (letter dated 27
July 1928, published in the issue of 17 August 1928).

Kose, Volkmar, and Friedmund Melchert

1991 Quantenmaûe in der elektrischen Meûtechnik, Weinheim and New York: VCH.

Kossel, Walter

1916a UÈ ber MolekuÈ lbildung als Folge des Atombaues, Ann. d. Phys. (4) 49, 229±362
(received 27 December 1915, published in issue No. 3 of 7 March 1916).

1919 UÈ ber die physikalische Natur der ValenzkraÈfte, Naturwiss. 7, 339±345, 360±366
(published in the issues of 9 and 16 May, 1919).

Kothari, D. S.

1932 A note on the transport phenomena in a degenerate gas.ÐPart I, Phil. Mag. (7) 13,
361±379 (published in the Supplement to February 1932).

Krafft, Fritz

1981 Im Schatten der Sensation. Leben und Wirken von Fritz Straûmann, Weinheim,
Deer®eld Beach (Florida), and Basel: Verlag Chemie.

Kragh, Helge

1981a The genesis of Dirac's relativistic theory of electrons, Archive for the History of

Exact Sciences 24, 31±67 (received 1 February 1980).

1981b The concept of the monopole. A historical and analytical case study, Studies in the

History of Philosophy and Science 12, 141±172 (published in issue No. 2).

1985 The ®ne structure of hydrogen and the gross structure of the physics community,
1916±26, Hist. Stud. Phys. Sci. 15, 67±126.

1990 Dirac: A Scienti®c Biography, Cambridge, New York, etc.: Cambridge University
Press.

References1358



1991 Cosmology and empirism: The Dirac±Gamow dialogue, Astronomical Quarterly 8,
109±126.

1992 Relativistic collisions: The work of Christian Mùller in the early 1930s, Archive for

History of Exact Sciences 43, 299±328 (received 28 April 1991, published in issue
No. 4 of 21 May 1992).

Kramers, Hendrik Anthony

1923a UÈ ber das Modele des Heliumatoms, Z. Phys. 13, 312±341 (received 31 December
1922, published in issue No. 5 of 19 February 1923).

1923b UÈ ber die Quantelung rotierender MolekuÈle, Z. Phys. 13, 343±350 (received 3
January 1923, published in issue No. 6 of 26 February 1926).

1924a The law of dispersion and Bohr's theory of spectra, Nature 113, 673±674 (letter
dated 25 March 1924, published in the issue of 10 May 1924).

1924b The quantum theory of dispersion, Nature 114, 310±311 (letter dated 22 July 1924,
published in the issue of 30 August 1924).

1925c Eenige Opmerkingen over de Quantenmechanica von Heisenberg, Physica 5, 369±
376 (dated November 1925, published in issue No. 11/12 of December 1925).

1926 Wellenmechanik und halbzahlige Quantisierung, Z. Phys. 39, 828±840 (received 9
September 1926, published in issue No. 10/11 of 16 November 1926).

1927 La di¨usion de la lumieÁre par les atomes, in Atti del Congresso Internazionale del

Fisici, 10±20 Settembre 1927, Como±Pavia±Roma, Vol. II, Bologna: Nicola Za-
nichelli, pp. 545±557.

1929 Zur Struktur der Multiplett-S-ZustaÈnde in zweiatomigen Molekeln. I, Z. Phys. 53,
422±438 (received 28 December 1928, published in issue No. 5/6 of 19 February
1929).

1937 The use of charge-conjugated wave-functions in the hole-theory of the electron,
Proc. Kon. Akad. Wetensch. (Amsterdam) 40, 814±823 (presented at the meeting of
27 November 1937).

1938a Die Grundlagen der Quantentheorie. Quantentheorie des Elektrons und der Strahlung

(Hand- und Jahrbuch der chemischen Physik; Theorie des Aufbaues der Materie,

Vol. 1), Leipzig: Akademische Verlagsgesellschaft.

1938b Die Wechselwirkung zwischen geladenen Teilchen und Strahlungsfeld, Nuovo

Cimento (10) 15, 108±114 (``Atti della XXIX Riunione della SocietaÁ Italiana di
Fisica et del Congresso di Fisica''; presented at the ``Celebrazione del Secundo
Centenario della NascitaÁ di Luigi Galvani'' at Bologna, 18±21 October 1937).

1944 Fundamental di½culties of a theory of particles, Nedlandse Tidkrift Natuurkunde

11, 134±140 (presented on 14 April 1944 at the Utrecht ``Symposium on Elemen-
tary Particles,'' published in the issue of July/August 1944).

1950 Non-relativistic quantum-electrodynamics and correspondence principle, in Les

Particules EleÂmentaires (Rapports et Discussions du 8ieÂme Conseil de Physique Solvay

tenu aÁ l'UniversiteÂ de Bruxelles du 27 Septembre au 2 Octobre 1948), Brussels: R
Stoops, pp. 241±268.

1956 Collected Scienti®c Papers, Amsterdam: North-Holland Publishing Company.

Kramers, Hendrik A., and Werner Heisenberg

1925 UÈ ber die Streuung von Strahlung durch Atome, Z. Phys. 31, 681±708 (received
5 January 1925, published in issue No. 9 of 17 March 1925).

References 1359



Kramers, Hendrik A., and G. P. Ittmann

1929 Zur Quantelung des asymmetrischen Kreisels. II, Z. Phys. 58, 217±231 (received
10 August 1929, published in issue No. 3/4 of 24 October 1929).

Kramers, Hendrik A., and Wolfgang Pauli

1923 Zur Theorie der Bandenspektren, Z. Phys. 13, 351±367 (received 3 January 1923,
published in issue No. 6 of 26 February 1923).

Kratzer, Adolf

1924 Molekulareigenschaften und Bandenspektren, Naturwiss. 12, 1054±1058 (talk pre-
sented at the 88th Naturforscherversammlung in Innsbruck, 21±27 September 1924,
published in the issue of 21 November 1924).

1925 GesetzmaÈûigkeiten in den Bandenspektren, in A. Sommerfeld, ed.: EncyclopaÈdie der

mathematischen Wissenschaften, Vol. V: Physik, Teil 3, 821±859 (®nished May
1925, published in issue No. 5 of 19 December 1925).

Kretschmann, Erich

1927 Kritischer Bericht uÈber neue Elektronentheorien der ElektrizitaÈts- und WaÈrmelei-
tung in Metallen, Phys. Zs. 28, 565±592 (received 15 April 1927, published in issue
No. 16 of 15 August 1927).

KroÈger, Bernd

1980 On the history of the neutron, Physics 22, 175±190 (published in issue No. 2).

Kroll, Norman M., and Willis E. Lamb, Jr.

1949 On the self-energy of a bound electron, Phys. Rev. (2) 75, 388±398 (received 7
October 1948, published in issue No. 3 of 1 February 1949).

Kronig, Ralph de Laer

1926a Spinning electrons and the structure of spectra, Nature 117, 550 (letter published in
the issue of 17 April 1926).

1926b The magnetic moment of the electron, Proc. Nat. Acad. Sci. (USA) 12, 328±330
(communicated 1 April 1926, published in issue No. 5 of 15 May 1926).

1926c On the theory of dispersion of X-rays, Journal of the Optical Society of America 12,
547±557 (dated 29 January 1926, published in issue No. 6 of July 1926).

1928a Zur Deutung der Theorie der Bandenspektra, Z. Phys. 46, 814±825 (received 8
December 1927, published in issue No. 11/13 of 31 January 1928).

1928b Der Drehimpuls des Sticksto¨kerns, Naturwiss. 16, 335 (letter dated 7 April 1928,
published in the issue of 11 May 1928).

1929 The quantum theory of dispersion in metallic conductors, Proc. Roy. Soc. (Lon-

don) A125, 409±422 (communicated by R. H. Fowler; received 12 April 1929,
published in issue A794 of 4 June 1929).

1930 Das anomale Verhalten des Sticksto¨kernes, Naturwiss. 18, 205 (letter dated 15
January 1930, published in the issue of 28 February 1930).

1932 Zur Theorie der SupraleitfaÈhigkeit, Z. Phys. 78, 744±750 (received 31 August 1932,
published in issue No. 11/12 of 28 October 1932).

1933 Zur Theorie der SupraleitfaÈhigkeit. II, Z. Phys. 80, 203±216 (received 16 November
1932, published in issue No. 34 of 23 January 1933).

References1360



1935a Zur Neutrinotheorie des Lichtes, Physica 2, 491±498 (received 21 March 1935).

1935b Zur Neutrinotheorie des Lichtes. II, Physica 2, 854±860 (received 21 June 1935).

1935c Zur Neutrinotheorie des Lichtes. III, Physica 2, 968±980 (received 9 August 1935).

1946 A supplementary condition in Heisenberg's theory of elementary particles, Physica

12, 543±544 (letter dated 15 September 1946, published in issue No. 11 of
November 1946).

1960 The turning point, in Theoretical Physics in the Twentieth Century (M. Fierz and
V. F. Weisskopf, eds., 1960), pp. 5±39.

Kronig, Ralph de L., and S. Frisch

1931 Kernmomente, Phys. Zs. 32, 457±472 (received 22 April 1931, published in issue
No. 12 of 15 June 1931).

Kronig, Ralph de L., and William George Penney

1931 Quantum mechanics of electrons in crystal lattices, Proc. Roy. Soc. (London) A130,
499±513 (communicated by R. H. Fowler; received 13 November 1930, published
in No. A814 of 3 February 1931).

Kronig, Ralph de L., and Isidor I. Rabi

1927 The symmetrical top in the undulatory mechanics, Phys. Rev. (2) 29, 262±269
(dated 4 November 1926, published in issue No. 3 of February 1927).

Kroto, Harold W., J. R. Heath, S. C. O'Brian, Robert F. Curl, and Richard

E. Smalley

1985 Co60: Buckminster fullerene, Nature 318, 162±163 (letter received 13 September
1985, published in the issue of 14 November 1985).

KruÈ ger, Lorenz, et al. (editors)

1987 The Probabilistic Revolution, Vol. I: Ideas in History; Vol. II: Ideas in Sciences,
Cambridge, Mass., and London: MIT Press.

Krutter, Harry M.

1935a The electronic structure of copper, Phys. Rev. (2) 47, 810 (abstract of a talk pre-
sented at the Washington, D.C., APS meeting, 25±27 March 1935, published in
issue No. 10 of 15 May 1935).

1935b Energy bands in copper, Phys. Rev. (2) 48, 664±671 (received 19 July 1935, pub-
lished in issue No. 8 of 15 October 1935).

Kudar, Janos (Johann)

1929a Bemerkungen zur quantentheoretischen Deutung der RadioaktivitaÈt, Z. Phys. 53,
61±66 (received 6 December 1928, published in issue No. 1/2 of 1 February 1929).

1929b Zur Quantenmechanik der RadioaktivitaÈt, Z. Phys. 53, 95±99 (received 13 Decem-
ber 1928, published in issue No. 1/2 of 1 February 1929).

1929c Zur Quantenmechanik der RadioaktivitaÈt. II, Z. Phys. 53, 134±137 (received 18
December 1928, published in issue No. 1/2 of 1 February 1929).

1929d Zur Quantenmechanik der RadioaktivitaÈt, Z. Phys. 54, 297±299 (received 8 Feb-
ruary 1929, published in issue No. 3/4 of 4 April 1929).

References 1361



1931 UÈ ber die Eigenschaften der Kernelektronen, Phys. Zs. 32, 34±37 (received 25
August 1930, published in issue No. 1 of 1 January 1931).

Kuhn, Thomas S.

1978 Black-Body Theory and the Quantum Discontinuity, 1894±1912, Oxford±New York:
Clarendon and Oxford University Press.

Kuhn, Thomas S., John L. Heilbron, Paul Forman, and Lini Allen

1967 Sources for History of Quantum Physics. An Inventory and Report, Philadelphia,
The American Philosophical Society.

Kuhn, Werner

1925a UÈ ber die GesamtstaÈrke der von einem Zustande ausgehenden Absorptionslinien, Z.

Phys. 33, 408±412 (received 14 May 1925, published in issue No. 5/6 of 8 August
1925).

Kunze, Paul

1933 Untersuchung der Ultrastrahlung in der Wilsonkammer, Z. Phys. 83, 1±18 (re-
ceived 4 March 1933, published in issue No. 1/2 of 6 June 1933).

Kusch, Polycarp, and H. M. Foley

1947 Precision measurement of the ratio of the atomic ``g values'' in the 2P3=2 and 2P1=2

states in gallium, Phys. Rev. (2) 72, 1256±1257 (letter dated 3 November 1947,
published in issue No. 12 of 15 December 1947).

1948 The magnetic moment of the electron, Phys. Rev. (2) 74, 250±263 (received 19
April 1948, published in issue No. 3 of 1 August 1948).

Kwiat, Paul G., Aephraim M. Steinberg, and Raymond Y. Chiao

1993 High-visibility interferometer in a Bell-inequality experiment for energy and time,
Phys. Rev. (3) 47A, R2472±R2475 (received 2 June 1992, published in issue No. 4
of April 1993).

Ladenburg, Rudolf

1926 Die quantentheoretische Dispersionsformel und ihre experimentell PruÈfung, Natur-

wiss. 14, 1208±1213 (published in the issue of 10 December 1926).

1928 Untersuchung uÈber die anomale Dispersion angeregter Gase. I. Teil. Zur PruÈfung
der quantentheoretischen Dispersionsformel, Z. Phys. 48, 15±25 (received 17
December 1927, published in issue No. 1/2 of 5 April 1928).

1929 Die experimentelle PruÈfung der quantentheoretischen Dispersionsformel, Naturwiss.

17, 296±299 (published in the issue of 10 May 1929).

Ladenburg, Rudolf, Hans Kopfermann, and Agathe Carst

1926 Untersuchungen uÈber die anomale Dispersion angeregter Gase, Sitz.ber. Preuss.

Akad. Wiss. (Berlin), 255±273 (presented by F. Haber at the meeting of 24 June
1926).

References1362



Ladenburg, Rudolf, and S. Levy

1930 Untersuchungen uÈber die anomale Dispersion angeregter Gase. VI. Kontroll-
versuche fuÈr den Nachweis der negativen Dispersion: Absorption, anomale Dis-
persion, IntensitaÈtsverteilung und IntensitaÈt verschiedener Neonlinien, Z. Phys. 65,
189±206 (received 12 August 1930, published in issue No. 3/4 of 16 October 1930).

1934a Anomale Dispersion an den Bandenlinien des Li2-MolekuÈ ls, Z. Phys. 88, 449±460
(received 3 December 1933, published in issue No. 7/8 of 21 April 1934).

1934b Untersuchungen uÈber die anomale Dispersion angeregter Gase. VIII. Teil. Die
UÈ bergangswahrscheinlichkeiten der rot-gelben Neonlinien (s±p) und die Lebens-
dauer der p-ZustaÈnde, Z. Phys. 88, 461±468 (received 23 December 1933, published
in issue No. 7/8 of 21 April 1934).

Ladenburg, Rudolf, and Rudolph Minkowski

1921 Die VerdampfungswaÈrme des Natriums und die UÈ bergangswahrscheinlichkeiten
des Na-Atoms aus dem Resonanz± in den Normalzustand auf Grund optischer
Messungen, Z. Phys. 6, 153±164 (received 25 May 1921, published in issue No. 2 of
27 August 1921).

Lamb, Willis E., Jr.

1939 Capture of neutrons by atoms in a crystal, Phys. Rev. (2) 55, 190±197 (received
21 November 1938, published in issue No. 2 of 15 January 1939).

1969 An operational interpretation of nonrelativistic quantum mechanics, Physics Today

22, No. 4, 23±28 (published in the issue of April 1969).

1983 The ®ne structure of hydrogen, in The Birth of Particle Physics (Brown and Hod-
deson, eds.), pp. 311±328.

Lamb, Willis E., Jr., and Robert C. Retherford

1947 Fine structure of the hydrogen atom by a microwave method, Phys. Rev. (2) 72,
241±243 (received 19 June 1947, published in issue No. 3 of 1 August 1947).

Lanczos, Cornelius (Kornel )

1926 UÈ ber eine feldmaÈûige Darstellung der neueren Quantenmechanik, Z. Phys. 35, 812±
830 (received 22 December 1925, published in issue No. 11/12 of 26 February
1926).

Landau, Lev Davidovich

1927 Das DaÈmpfungsproblem in der Wellenmechanik, Z. Phys. 45, 430±441 (received
27 July 1927, published in issue No. 5/6 of 8 October 1927).

1930 Diamagnetismus der Metalle, Z. Phys. 64, 629±637 (received 25 July 1930, pub-
lished in issue No. 9/10 of 10 September 1930) English translation: Diamagnetism
in metals, in Collected Papers (Landau, 1965), pp. 31±38.

1932 On the theory of stars, Phys. Zs. SU 1, 285±288 (received 9 March 1932).

1933 UÈ ber die Bewegung des Elektrons im Kristallgitter, Phys. Zs. SU 3, 664±665
(received 14 May 1933).

1937a Zur Theorie der Phasenumwandlungen. I, II, Phys. Zs. SU 11, 26±47; 545±555
(received 29 October 1936 and 4 February 1937, respectively); English translation:
On the theory of phase transitions, in Collected Papers (Landau, 1965), pp. 193±216.

References 1363



1937b Zur Theorie der SupraleitfaÈhigkeit, Phys. Zs. SU 11, 129±140 (received 14 Decem-
ber 1936).

1937c Zur statistischen Theorie der Kerne, Phys. Zs. SU 11, 556±565 (received 14 April
1937).

1938a Origin of stellar energy, Nature, 141, 333±334 (letter published in the issue of
19 February 1938).

1938b The intermediate state of superconductors, Nature 141, 688 (letter dated 28 Febru-
ary 1938, published in the issue of 16 April 1938).

1941a The theory of super¯uidity of helium II, J. Phys. USSR 5, 71±90 (received 21 May
1941, published in issue No. 1).

1941b The theory of the super¯uidity of helium II, Phys. Rev. (2) 60, 356±358 (received
23 June 1941, published in issue No. 4 of 15 August 1941).

1947 On the theory of super¯uidity of helium II, J. Phys. USSR 11, 91±93 (received 15
November 1946, published in issue No. 1).

1957 The theory of a Fermi liquid, Soviet Physics JETP 3, 920±925 (received 7 March
1956, translation published in issue No. 6 of January 1957).

1959 On analytic properties of vertex parts in quantum ®eld theory, Nuclear Physics 13,
181±192 (received 27 April 1959).

1965 Collected Papers of L. D. Landau, (D. ter Haar, ed.) Oxford, London, etc.: Perga-
mon Press.

Landau, Lev, and Vitaly Ginzburg

1950 On the theory of superconductivity (in Russian), Zhurnal Eksperiment. & Teor. Fiz.

20, 1064 ¨.; English translation: in Collected Papers (Landau 1965), pp. 546±568.

Landau, Lev D., and E. M. Lifshitz

1960 Electrodynamics of Continuous Media, Oxford: Pergamon.

Landau, Lev, and Rudolf Peierls

1931 Erweiterung des Unbestimmtheitsprinzips fuÈr die relativistische Quantentheorie, Z.

Phys. 69, 56±69 (signed January 1931; received 3 March 1931, published in issue
No. 1/2 of 23 April 1931); English translation: Extension of the uncertainty princi-
ple to relativistic quantum theory, in D. ter Haar, ed.: Men of Physics and Quantum

Mechanics, Oxford, London, etc.: Pergamon Press, pp. 152±162.

LandeÂ, Alfred

1921c UÈ ber den anomalen Zeemane¨ekt. (Teil I), Z. Phys. 5, 231±241 (received 16 April
1921, published in issue No. 4 of 23 June 1921).

1921f UÈ ber den anomalen Zeemane¨ekt. (Teil II), Z. Phys. 7, 398±405 (received 5
October 1921, published in issue No. 6 of 30 November 1921).

1923a Termstruktur und Zeemane¨ekt der Multipletts, Z. Phys. 15, 189±205 (received 5
March 1923, published in issue No. 4/5 of 26 May 1923).

1926a Zur Quantentheorie der Strahlung, Z. Phys. 35, 317±322 (received 13 November
1925, published in No. 5 of 9 January 1926).

1955 Foundations of Quantum Theory. A Study of Continuity and Symmetry, New Haven:
Yale University Press.

References1364



1961 Dualismus, Wissenschaft und Hypothese. In: Werner Heisenberg und die Physik

unserer Zeit (F. Bopp, ed., 1961), pp. 119±127.

1965 New Foundations of Quantum Mechanics, Cambridge, U.K.: Cambridge University
Press.

Landsberg, Grigory

1927a Molekulare Lichtstreuung an festen KoÈrpern. I, Z. Phys. 43, 773±778 (received
16 May 1927, published in issue No. 9/10 of 12 July 1927).

1927b Molekulare Lichtstreuung an festen KoÈrpern. II, Z. Phys. 45, 442±448 (received
10 August 1927, published in issue No. 5/6 of 18 October 1927).

Landsberg, Grigory, and M. Leontowitsch

1929 UÈ ber die IntensitaÈt und die TemperaturabhaÈngigkeit der Kombinationsstreuung,
Z. Phys. 53, 439±448 (received 27 December 1928, published in issue No. 5/6 of
19 February 1929).

Landsberg, Grigory, and Leonid Mandelstam

1928a Eine neue Erscheinung bei der Lichtstreuung an Krystallen, Naturwiss. 16, 557±558
(letter dated 6 May 1928, published in the issue of 13 July 1928).

1928b UÈ ber die Lichtstreuung in Kristallen, Z. Phys. 50, 769±780 (received 12 July 1928,
published in issue No. 11/12 of 19 September 1928).

1929 Lichtstreuung in Kristallen bei hohen Temperaturen, Z. Phys. 58, (published in
issue No. 3/4 of 24 October 1929).

Langer, Rudolph M.

1932 The fundamental particles, Science 76, 294±295 (letter dated 10 September 1932,
published in the issue of 30 September 1932).

Langevin, Paul

1905 Magnetisme et theÂorie des eÂlectrons, Annales des chimie et de physique (8) 5, 70±
127 (published in the issue of May 1905).

Langmuir, Irving

1919a Properties of the electron as derived from the chemical properties of the elements,
Phys. Rev. (2) 13, 300±302 (abstract of a paper presented at the New York APS
meeting, 1 March 1919, published in issue No. 6 of June 1919).

1919b The arrangements of electrons in atoms and molecules, J. Am. Chem. Soc. 41, 868±
934 (received 3 March 1919, published in issue No. 6 of June 1919).

Laplace, Pierre Simon de

1825 Essai Philosophique sur la ProbabiliteÂ, 5th edition, Paris.

Laporta, S., and E. Remiddi

1991 The analytic value of the light±light vertex graph contributions to the electron g-2
in QED, Physics Letters 265B, 182±184 (received 3 May 1991, published in issue
No. 1/2 of 8 August 1991).

1993 The analytic value of the electron light±light graphs contribution to the muon (g-2)
in QED, Physics Letters 301B, 440±446 (received 24 November 1992, published in
issue No. 4 of 11 March 1993).

References 1365



Lark-Horowitz, Karl

1946 Preparations of Semi-Conductors and Development of Crystal Recti®ers, NDRC
Report 14±585.

Lattes, Cesar M. G., Giuseppe P. S. Occhialini, and Cecil Frank Powell

1947a Observations on the tracks of slow mesons in photographic emulsions, Nature 160,
453±456 (contents of lectures given at Manchester, 18 June 1947, and Dublin, 5±12
July 1947, published in the issue of 4 October 1947).

1947b Observations on the tracks of slow mesons in photographic emulsions, Nature 160,
486±492 (published in the issue of 11 October 1947).

Latzel, Gerd (editor)

1994 Linus Pauling on his life for science and peace (Interview with Hans Kuhn 1984),
Publicationen Wissenschafthicher Film., Geschichte/PublizitaÈt. 7, 109±127.

Laue, Max von

1928 Notiz zur Quantentheorie des Atomkerns, Z. Phys. 52, 726±734 (received 20
November 1928, published in No. 9/10 of 31 December 1928).

1932a Zur Deutung einiger Versuche uÈber Supraleitung, Phys. Zs. 33, 793±796 (talk pre-
sented at the 8th Deutscher Physikertag in Bad Nauheim, 20±24 September 1932,
published in issue No. 21 of 1 November 1932).

1932b Zu den EroÈrterungen uÈber KausalitaÈt, Naturwiss. 20, 915±916 (published in the
issue of 16/23 December 1932).

1934 UÈ ber Heisenbergs Ungenauigkeitsbeziehungen und ihre erkenntnistheoretische
Bedeutung, Naturwiss. 22, 439±441 (published in the issue of 29 June 1934).

1938 Zur Thermodynamik der Supraleitung, Ann. d. Phys. (5) 32, 71±84 (received 21
January 1938, published in issue No. 1/2 of 8 April 1938).

1944 Materiewellen und ihre Interferenzen, Leipzig: Akademische Verlagsgesellschaft,
Becker & Erler Kom.-Ges.

Laue, Max von, and Heinz London

1935 Zur Theorie der Supraleitung, Z. Phys. 96, 359±364 (received 5 June 1935, pub-
lished in issue No. 5/6 of 31 August 1935).

Laves, F.

1937 N. F. Mott and H. Jones: The theory of the properties of metals and alloys, Phys.

Zs. 38, 922 (book review published in issue No. 22 of 15 November 1937).

Lawrence, Ernest Orlando, and M. Stanley Livingston

1932 The production of high speed ions without the use of high voltage, Phys. Rev.

(2) 40, 19±35 (received 20 February 1932, published in issue No. 1 of 1 April
1932).

Lawrence, Ernest O., M. Stanley Livingston, and Milton G. White

1932 The disintegration of lithium by swiftly-moving protons, Phys. Rev. (2) 42, 150±
151 (letter dated 15 September 1932, published in issue No. 1 of 1 October
1932).

References1366



Lea, Elisabeth, and Gerald Wiemers

1993 Professor fuÈr theoretische Physik: Werner Heisenberg an der UniversitaÈt Leipzig,
in Werner Heisenberg in Leipzig (C. Kleint and G. S. Wiemers, eds., 1993), pp.
181±215.

Lee, Benjamin W.

1972 Renormalizable massive vector-mean theoryÐPerturbation theory of the Higgs
mechanism, Phys. Rev. (3) 5D, 823±835 (received 21 September 1971, published in
issue No. 4 of 16 February 1972).

Lee, Tsung-Dao

1964 Weak interactions and nonconservation of parity (Nobel lecture delivered on
11 December 1957 in Stockholm), in Nobel Lectures: Physics 1942±1961 (Nobel

Foundation, ed., 1964), pp. 406±418.

Lee, Tsung-Dao, Reinhard Oehme, and Chen Ning Yang

1957 Remarks on possible noninvariance under time reversal and charge conjugation,
Phys. Rev. (2) 106, 340±345 (received 7 January 1957, published in issue No. 2 of
15 April 1957).

Lee, Tsung Dao, and J. Orear

1955 Speculations on heavy mesons, Phys. Rev. (2) 100, 932±933 (letter received 22
August 1955, published in issue No. 3 of 1 November 1955).

Lee, Tsung-Dao, and Chen Ning Yang

1956a Mass degeneracy and the heavy mesons, Phys. Rev. (2) 102, 290±291 (received 29
December 1955, published in issue No. 1 of 1 April 1956).

1956b Question of parity conservation in weak interactions, Phys. Rev. (2) 104, 254±258
(received 2 June 1956, published in issue No. 1 of 1 October 1956).

Legett, Anthony J.

1995 Super¯uids and superconductors, in Twentieth Century Physics (L. Brown, A. Pais,
and B. Pippard, eds., 1995), Vol. II, pp. 913±966.

Lehmann, Harry

1954 UÈ ber die Eigenschaften von Ausbreitungsfunktionen und Renomierungskonstanten
quantisierter Felder, Nuovo Cimento (9) 11, 342±357 (received 22 January 1954,
published in issue No. 4 of 1 April 1954).

1958 Analytic properties of scattering amplitudes as functions of momentum transfer,
Nuovo Cimento (10) 10, 579±589 (received 31 July 1958, published in issue No. 4 of
16 November 1958).

Lehmann, Harry, Kurt Symanzik, and Wolfhart Zimmermann

1955 Zur Formulierung quantisierter Feldtheorien, Nuovo Cimento (9) 12, 205±225
(received 22 November 1954, published in issue No. 1 of January 1955).

1957 On the formulation of quantized ®eld theories. II, Nuovo Cimento (10) 6, 319±333
(received 9 May 1957, published in issue No. 2 of August 1957).

References 1367



Lenard, Philipp

1936 Deutsche Physik, Vol. I: Einleitung und Mechanik, Munich: J. F. Lehmanns.

Lenz, Wilhelm

1932 UÈ ber die Anwendbarkeit der statistischen Methode auf Ionengitter, Z. Phys. 72,
713±721 (received 14 May 1932, published in issue No. 11/12 of 3 September 1932).

Leprince-Ringuet, Louis

1983 The scienti®c activities of Leprince-Ringuet and his group on cosmic rays 1933±
1953, in The Birth of Particle Physics (L. Brown and L. Hoddeson, eds. 1983),
pp. 177±182).

Lewis, Gilbert N.

1916 The atom and the molecule, J. Am. Chem. Soc. 36, 762±785 (published in issue
No. 4 of April 1916).

1923 Valence and the Structure of Atoms and Molecules, New York: The Chemical
Catalog Company.

1926 The conservation of photons, Nature 118, 874±875 (letter dated 29 October 1926,
published in the issue of 18 December 1926).

Lewis, H. W.

1948 On the reactive terms in quantum electrodynamics, Phys. Rev. (2), 73, 173±176
(received 24 November 1947, published in issue No. 2 of 15 January 1948).

Lie, Sophus

1875 BegruÈndung einer Invarianten-Theorie der BeruÈhrungstransformationen, Mathe-

matische Annalen 8, 215±303 (dated 5 July 1874).

Lifshitz, Evgenij M.

1956 The theory of molecular attractive forces between solids, Soviet Physics±Doklady 2,
73±83 (submitted 3 September 1954; English translation published in issue No. 1 of
January 1956).

Lifshitz, E. M., and L. P. Pitaevskii

1974 Relativistic Quantum Field Theory, Oxford±New York, etc.: Pergamon Press.

Lin, Jia-Ling, and J. P. Wolfe

1993 Bose±Einstein condensation of paraexcitons in stressed Cu2O, Phys. Rev. Lett. 71,
1222±1225 (received 19 March 1993, published in issue No. 8 of 23 August 1993).

Lindemann, Frederick Alexander

1915 Note on the theory of the metallic state, Phil. Mag. (6) 29, 127±140 (published in
the issue of January 1915).

Livingston, M. Stanley, and Hans Bethe

1937 Nuclear physics. C. Nuclear dynamics, experimental, Rev. Mod. Phys. 9, 245±390
(published in issue No. 3 of July 1937).

References1368



Lo, T. K., and Abner Shimony

1981 Proposed molecular test of local hidden variables theories, Phys. Rev. (3) 23A,
3003±3012 (received 5 January 1981, published in issue No. 6 of June 1981).

Locher, Gordon L.

1932 Cosmic-ray particles, Phys. Rev. (2) 39, 883±897 (received 28 January 1932, pub-
lished in issue No. 6 of 15 March 1932).

LoeÁve, Michel

1985 Wahrscheinlichkeitstheorie, in J. DieudonneÂ: Geschichte der Mathematik 1700±

1900, Braunschweig and Wiesbaden: Fr. Vieweg & Sohn, pp. 708±747 (translated
from the French: AbreÂgeÂ d'Histoire des MatheÂmatiques 1700±1900, Paris: Her-
mann 1978).

London, Fritz

1922 Die Bedingungen der MoÈglichkeit der Maûbestimmung in einer physikalischen
Mannigfaltigkeit und das Prinzip der AÈ hnlichkeit, Phys. Zs. 23, 262±268; 289±295
(received 2 June 1922, published is issues No. 13 and 14 of 1 and 15 July 1922).

1926a Energiesatz und Rydbergprinzip in der Quantenmechanik, Z. Phys. 36, 775±777
(received 17 March 1926, published in issue No. 9/10 of 30 April 1926).

1926b UÈ ber die Jacobischen Transformationen der Quantenmechanik, Z. Phys. 37, 915±
925 (received 22 May 1926, published in issue No. 12 of 10 July 1926).

1926d Winkelvariable und kanonische Transformationen in der Quantenmechanik, Z.

Phys. 40, 193±210 (received 19 September 1926, published in issue No. 3/4 of
6 September 1926).

1927a UÈ ber eine DeutungsmoÈglichkeit der Kleinschen fuÈnfdimensionalen Welt, Naturwiss.

15, 15±16 (letter dated 17 November 1926, published in the issue of 7 January
1927).

1927b Die Theorie von Weyl und die Quantenmechanik, Naturwiss. 15, 187 (letter dated
19 January 1927, published in the issue of 25 February 1927).

1927c Quantenmechanische Deutung der Theorie von Weyl, Z. Phys. 42, 375±389
(received 25 February 1927, published in issue No. 5/6 of 14 April 1927).

1928a Zur Quantentheorie der homoÈopolaren Valenzzahlen, Z. Phys. 46, 455±477
(received 9 December 1927, published in issue No. 7/8 of 13 January 1928).

1928b Zur Quantenmechanik der homoÈopolaren Valenzchemie, Z. Phys. 50, 24±51
(received 29 May 1928, published in issue No. 1/2 of 28 July 1928).

1928c Quantentheorie und chemische Bindung, Phys. Zs. 29, 558±561 (summary of the
talk delivered at the Leipziger UniversiaÈtswoche, 18±23 June 1928, published in issue
No. 16 of 15 August 1928).

1929 Die Bedeutung der Quantentheorie fuÈr die Chemie, Naturwiss. 17, 516±529 (pub-
lished in the issue of 28 June 1929).

1930a Zur Theorie der Systematik der MolekularkraÈfte, Z. Phys. 63, 245±279 (received
11 May 1930, published in issue No. 3/4 of 14 July 1930).

1930b Zur Theorie und Systematik der MolekularkraÈfte, Z. Phys. Chem. 11, 222±251
(received 10 November 1930, published in issue No. 2/3 of 31 December 1930).

1935a Supraleitung und Diamagnetismus, Physica 2, 341±354 (received 11 February
1935).

References 1369



1935b On condensed helium at absolute zero, Proc. Roy. Soc. (London) A153, 576±583
(communicated by F. A. Lindemann; received 16 August 1935, published in issue
No. A879 of December 1935).

1936 Zur Theorie magnetischer Felder im Supraleiter, Physica 3, 450±462 (received
1 May 1936, published in issue No. 6 of June 1936).

1937 Une Conception Nouvelle de la SuperconductiviteÂ, Paris: Hermann & Cie.

1938a The l-phenomenon of liquid helium and the Bose±Einstein degeneracy, Nature 141,
643±644 (letter dated 5 March 1938, published in the issue of 9 April 1938).

1938b On the Bose±Einstein condensation, Phys. Rev. (2) 54, 947±954 (received 12
October 1938, published in issue No. 11 of 1 December 1938).

1939 The state of liquid helium near absolute zero, J. Phys. Chem. 43, 49±69 (presented at
the ``Symposium on Intermolecular Action,'' held at Brown University, Providence,
Rhode Island, 27±29 December 1938, published in issue No. 1 of January 1939).

1950 Super¯uids, Vol. I., New York: John Wiley.

London, Fritz, and Edmond Bauer

1939 TheÂorie de l'Observation en MeÂcanique Quantique, Paris: Hermann & Cie; English
translation: The theory of observation in quantum mechanics, in Quantum Theory

of Measurement (S. A. Wheeler and W. H. Zurek, eds., 1983), pp. 217±259.

London, Fritz, and Heinz London

1935 Supraleitung und Diamagnetismus, Physica 2, 341±354 (received 11 February
1935).

London, Heinz

1935 Phase-equilibrium of superconductors in a magnetic ®eld, Proc. Roy. Soc. (Lon-

don) A152, 650±663 (communicated by F. A. Lindemann; received 3 June 1935,
published in issue A877 of 15 November 1935).

Longair, Malcolm S.

1995 Astrophysics and cosmology, in Twentieth-Century Physics, Vol. 3: (L. Brown,
A. Pais, and B. Pippard, eds., 1995), pp. 1691±1821.

Lorentz, Hendrik Antoon

1904a Weiterbildung der Maxwellschen Theorie. Elektronentheorie, Encykl. d. math.

Wiss. V, Part 2, 145±280 (published in issue No. 1, ready for print in December
1903).

1905 Ergebnisse und Probleme der Elektronentheorie (lecture presented on 20 December
1904 before the Elektrotechnischer Verein zu Berlin), Berlin: J. Springer.

1908a La partage de l'eÂnergie entre la matieÁre pondeÂrable, Nuovo Cimento 16, 5±34 (pre-
sented at the ``IV Congresso Internazionale dei Matematici'' in Rome, 6±11 April
1908).

1908b Zur Strahlungstheorie, Phys. Zs. 9, 562±563 (received 21 July 1908, published in
issue No. 17 of 1 September 1908).

1909b The Theory of Electrons and Its Application to the Phenomena of Light and Radiant

Heat (lectures delivered at Columbia University, New York, in April 1906), Leip-
zig: B. G. Teubner.

References1370



1927 Application de la theÂorie de eÂlectrons aux proprieÂteÂs des meÂtaux, in ConductibiliteÂ

EleÂctrique des MeÂtaux et ProbleÂmes Connexes (Institut International de Physique

Solvay, ed., 1927), pp. 262±306.

1934±1938
Collected Papers, P. Zeeman and A. D. Fokker, eds., Volumes I±IX, The Hague:
Martinus Nijho¨.

Ludwig, GuÈ nter

1953 Der Meûprozeû, Z. Phys. 135, 483±511 (received 31 March 1953, published in issue
No. 5 of 25 September 1953).

1954 Grundlagen der Quantenmechanik, Berlin±GoÈttingen±Heidelberg: Springer-Verlag.

1958a Zum Ergodensatz und zum Begri¨ der makroskopischen Observablen. I, Z. Phys.

150, 346±374 (received 25 September 1957, published in issue No. 3 of 10 March
1958).

1958b Zum Ergodensatz und zum Begri¨ der makroskopischen Observablen. II, Z.

Phys. 153, 98±115 (received 27 May 1958, published in issue No. 1 of 11 July
1958).

1961a Axiomatic quantum statistics of macroscopic systems. (Ergodic theory), in Pro-

ceedings of the International School of Physics ``Enrico Fermi,'' XIV Course: Ergodic

Theory (Varenna, 23±31 May 1960), New York and London: Academic Press,
pp. 57±132.

1961b GeloÈste und ungeloÈste Probleme des Meûprozesses in der Quantenmechanik, in
Werner Heisenberg und die Physik unserer Zeit (F. Bopp, ed., 1961), pp. 150±181.

LuÈ ders, Gerhart

1954 On the equivalence of invariance under time reversal and under particle±antiparticle
conjugation for relativistic ®eld theories, Kgl. Danske Vid. Selsk. Math.±Fys. Medd.

28, No. 5 (received 23 October 1953, published in February 1954).

1957 Proof of the TCP theorem, Ann. Phys. (N.Y.) 2, 1±15 (received 4 April 1957,
published in issue No. 1 of July 1957).

LuÈ tzen, Jesper

1982 The Prehistory of the Theory of Distributions, New York, Heidelberg, and Berlin:
Springer-Verlag.

Luttinger, Joaquin M.

1948 Note on the magnetic moment of the electron, Phys. Rev. (2) 74, 853±898 (received
19 May 1948, published in issue No. 8 of 15 October 1948).

Ma, Shi Tsun

1946 Redundant zeros in the discrete energy spectra in Heisenberg's theory of character-
istic S-matrix, Phys. Rev. (2) 69, 668 (letter dated 29 May 1946, published in issue
No. 11/12 of 1 and 15 June 1946).

Mack, J. E., and N. Austern

1947 Newly observed structure in He II l4686, Phys. Rev. (2) 72, 972 (letter dated
25 September 1947, published in issue No. 10 of 15 November 1947).

References 1371



Mackey, George Whitelaw

1957 Quantum mechanics and Hilbert space, American Mathematics Monthly 64, Part 2,
45±57 (published in issue No. 8 of October 1957).

1963 The Mathematical Foundations of Quantum Mechanics, New York: W. A. Benjamin.

Madelung, Erwin

1926a Eine anschauliche Deutung der Gleichung von SchroÈdinger, Naturwiss. 14, 1004
(note dated 7 October 1926, published in the issue of 5 November 1926).

1926b Quantentheorie in hydrodynamischer Form, Z. Phys. 40, 322±326 (received 25
October 1926, published in issue no. 3/4 of 6 December 1926).

Madelung, Ottfried

1983 Die III±V-Verbindungen und ihre Bedeutung fuÈr die Halbleiterphysik, Phys. BlaÈtter

39, No. 4, 79±83 (published in the issue of April 1983).

Maiman, Theodore, H.

1960a Optical and microwave±optical experiments in ruby, Phys. Rev. Lett. 4, 564±566
(received 22 April 1960, published in issue No. 11 of 11 June 1960).

1960b Stimulated optical radiation in ruby, Nature 187, 493±494 (published in the issue of
6 August 1960).

1961 Stimulated optical emission in ¯uorescent solids. I. Theoretical considerations,
Phys. Rev. (2) 123, 1145±1150 (received 27 January 1961; revised manuscript 17
May 1961, published in issue No. 4 of 15 August 1961).

Maiman, Theodore H., R. H. Hoskins, I. J. D'Haenens, C. K. Asawa, and V. Evtuhov

1961 Stimulated optical emission in ¯uorescent solids. II, Phys. Rev. (2) 123, 1151±1157
(received 27 January 1961; published in issue No. 4 of 15 August 1961).

Majorana, Ettore

1933a UÈ ber die Kerntheorie, Z. Phys. 82, 137±145 (received 3 March 1933, published in
issue No. 3/4 of 29 April 1933).

1933b Sulla teoria dei nuclei, La Ricerca Scienti®ca 4, 559±565 (dated 11 May 1933).

1937 Teoria simmetrica dell'elettrone e del protone, Nuovo Cimento (5) 14, 171±184.

Mandelstam, Stanley

1958 Determination of the pion±nucleon scattering amplitude from dispersion relations
and unitarity, Phys. Rev. (2) 112, 1344±1360 (received 27 June 1958, published in
issue No. 4 of 15 November 1958).

1962 Two-dimensional representations of scattering amplitudes and their applications,
in La TheÂorie Quantique des Champs (Rapports et Discussion de 12ieÁme Conseil
de Physique, tenu aÁ Brusselles du 9 au 14 Octobre 1961), (Institut International
de Physique Solvay, ed.), New York, London, and Brussels: Interscience and
R. Stoops, pp. 109±233.

Margenau, Henry

1936 Quantum-mechanical description, Phys. Rev. (2) 49, 240±242 (received 16 Novem-
ber 1935, published in issue No. 3 of 1 February 1936).

References1372



1937 Critical points in modern physical theory, Philosophy of Science 4, 337±370.

1958 Philosophical problems concerning the meaning of measurement in physics, Phi-

losophy of Science 25, 23±30.

Marshak, Robert E.

1951 Meson Physics, New York: McGraw-Hill.

Massey, Harrie Stewart Wilson, and C. B. O. Mohr

1931 The collision of electrons with simple atomic systems and electron exchange, Proc.

Roy. Soc. (London) A132, 605±630 (communicated by E. Rutherford; received
23 April 1931, published in issue No. A820 of 1 August 1931).

Mather, J. C., D. T. W. Wilkinson, et al.

1990 A preliminary measurement of the cosmic microwave background spectrum by
the Cosmic Background Explorer (COBE) satellite, Astrophys. J. 354, L37±L40
(received 16 January 1990, published in the issue of May 1990).

Matthews, Paul T.

1949 The S-matrix for meson±nuclear interaction, Phys. Rev. (2) 76, 1254±1255 (letter
dated 2 September 1949, published in issue No. 8 of 15 October 1949).

Matthews, Paul T., and Abdus Salam

1951 The renormalization of meson theories, Rev. Mod. Phys. 23, 311±314 (published in
issue No. 4 of October 1951).

Matthias, Bernd Theo

1952 Superconductivity in the cobalt±silicon system, Phys. Rev. (2) 87, 380 (received
4 June 1952, published in issue No. 2 of 15 July 1952).

1953 Transition temperatures of superconductors, Phys. Rev. (2) 92, 874±876 (received
3 August 1953, published in issue No. 4 of 15 November 1953).

1957 Superconductivity in the periodic system, in C. J. Gorter, ed.: Progress of Low

Temperature Physics, Vol. II, Amsterdam: North Holland, pp. 138±150.

Maxwell, Emanuel

1950 Isotope e¨ect in the superconductivity of mercury, Phys. Rev. (2) 78, 477 (letter
dated 24 March 1950, published in issue No. 4 of 15 May 1950).

Maxwell, James Clerk

1861 Illustration of the dynamical theory of gases. I, Phil. Mag. (4) 19, 19±32 (presented
on 21 September 1859 at the Aberdeen meeting of the British Association, pub-
lished in issue No. 124 of January 1860).

McLennan, John C., et al.

1935 A discussion on superconductivity and other low temperature phenomena, Proc.

Roy. Soc. (London) A152, 1±46 (discussion held at the Royal Society in London on
30 May 1935, published in issue No. A875 of 15 October 1935).

References 1373



McMillan, Edwin M., and Philip Hauge Abelson

1940 Radioactive element 93, Phys. Rev. (2) 57, 1185±1186 (letter dated 27 May 1940,
published in issue No. 12 of 15 June 1940).

Mecke, Reinhard

1924 UÈ ber IntensitaÈtsanomalien bei Bandenspektra, Phys. Zs. 25, 597±599 (presented at
the 88th Naturforscherversammlung in Innsbruck, 21±27 September 1924, published
in issue No. 22 of 15 November 1924).

1925a Bandenspektra, Phys. Zs. 26, 217±236 (received 17 December 1924, published in
issue No. 4 of 15 February 1925).

1925b Zum Wesen der Dublettstruktur einer Klasse von Bandenspektren, Naturwiss. 13,
755±756 (letter dated 31 July 1925, published in the issue of 4 September 1925).

1926 Die Elektronenniveaus einiger Bandenspektren, Z. Phys. 36, 795±802 (received
22 March 1926, published in issue No. 9/10 of 30 April 1926).

Mecke, Reinhard, and M. Guillery

1927 Bandenspektra. II, Phys. Zs. 28, 479±492, 514±531 (received 10 April 1927, pub-
lished in issues No. 13 and 14 of 1 and 15 July 1927).

Mecke, Reinhard, and P. Lindau

1924 UÈ ber den Bau der zweiten positiven Gruppe von Sticksto¨banden, Phys. Zs. 25,
277±278 (dated 1 May 1924; received 15 May 1924, published in issue No. 11 of
1 June 1924).

Mehra, Jagdish

1963 General Theory of London±van der Waals Forces, doctoral thesis, UniversiteÂ de
NeuchaÃtel, Switzerland.

1967 Temperature correction to the Casimir e¨ect, Physica 37, 145±152 (received 26
April 1967).

1968 Temperature dependence of London±van der Waals forces, Acta Physica Austriaca

27, 341±348 (received 5 July 1967).

1972 ``The golden age of theoretical physics'': P. A. M. Dirac's scienti®c work from 1924
to 1933, in Aspects of Quantum Theory (A. Salam and E. Wigner, eds., 1972),
pp. 17±59.

1973 Einstein, Hilbert and the theory of gravitation, in The Physicist's Conception of

Nature (J. Mehra, ed., 1973), pp. 92±178.

1975a The Solvay Conferences on Physics. Aspects of the Development of Physics Since

1911, Dordrecht and Boston: D. Reidel.

1975b Raman, Chandrasekhara Venkata, Dictionary of Scienti®c Biography, 11, 264±267.

1975c Satyendra Nath Bose, 1894±1974, Biog. Mem. Fellows Roy. Soc. (London) 21,
117±154.

1990 Lev Davidovich Landau: Some aspects of his life and personality, in E. Gotsman,
Y. Ne'eman, and A. Voronel, eds: Frontiers in Physics, Oxford, New York, etc.:
Oxford University Press, pp. 83±90.

1994 The Beat of a Di¨erent Drum. The Life and Science of Richard Feynman, Oxford,
New York, etc.: Oxford University Press.

References1374



2000 Annotation, in Collected Works of Eugene Paul Wigner, Vol. VII (Wigner, 2000),
pp. 1±41.

Mehra, Jagdish (editor)

1973 The Physicist's Conception of Nature (Symposium on the Development of the
Physicist's Conception of Nature in the 20th Century, dedicated to Paul Adrien
Maurice Dirac on the occasion of his seventieth birthday, and held at the Inter-
national Centre for Theoretical Physics, Miramare, Trieste, Italy, 18±25 September
1972), Dordrecht and Boston: D. Reidel Publishing Company.

Mehra, Jagdish, and Kimball A. Milton

2000 Climbing the Mountain: The Scienti®c Biography of Julian Schwinger, Oxford±New
York: Oxford University Press.

Mehra, Jagdish, and Helmut Rechenberg

1999 Planck's half quanta: A history of the concept of zero-point energy, Foundations of

Physics 29, 91±132 (received 5 September 1998, published in issue No. 1).

Meiman, N.

1990 Reminiscences of Landau, in E. Gotsman et al., eds.: Frontiers of Physics, Oxford±
New York, etc.: Pergamon Press, pp. 27±29.

Meiûner, Walther

1925 UÈ ber die Heliumver¯uÈssigungsanlage der Physikalisch±Technischen Reichsanstalt
und einige Messungen mit ¯uÈssigem Helium, Phys. Zs. 26, 689±694 (presented at
the 3rd Deutsche Physikertag in Danzig, 10±16 September 1925, published in issue
No. 19 of 1 October 1925).

Meiûner, Walther, and Robert Ochsenfeld

1933 Ein neuer E¨ekt bei Eintritt der SupraleitfaÈhigkeit, Naturwiss. 21, 787±788 (letter
dated 16 October 1933, published in the issue of 3 November 1933).

Meitner, Lise

1922a UÈ ber die Entstehung der b-Strahl-Spektren radioaktiver Substanzen, Phys. Zs. 9,
131±144 (received 8 February 1922, published in issue No. 3 of 31 March 1922).

1922b UÈ ber den Zusammenhang zwischen b- und g-Strahlen, Z. Phys. 9, 145±152 (re-
ceived 8 February 1922, published in issue No. 3 of 31 March 1922).

1923 Das b-Strahlenspektrum von UX1 und seine Deutung, Z. Phys. 17, 54±66 (received
26 June 1923, published in issue No. 1 of 30 July 1923).

1924 Der Zusammenhang zwischen b- und g-Strahlen, Erg. exakt. Naturwiss. 3, 160±181.

1926 Eine Bemerkung zur Isotopie der Elemente, Naturwiss. 14, 719±720 (letter dated
June 1926, published in the issue of 23 July 1926).

1933a Kernstruktur, in H. Geiger and K. Scheel, eds.: Handbuch der Physik, second edi-
tion, Vol. 22, Teil I, Berlin: J. Springer, pp. 118±153.

1933b Die beim Neutroneneinfang auftretenden Elektronenbahnen, Naturwiss. 21, 286±
287 (letter dated 23 March 1933, published in the issue of 14 April 1933).

References 1375



Meitner, Lise, and Otto Robert Frisch

1939 Disintegration of uranium by neutrons: A new type of nuclear reaction, Nature

143, 239±240 (letter dated 16 January 1939, published in the issue of 11 Feb-
ruary 1939).

Meitner, Lise, and H. H. Hupfeld

1930 UÈ ber die PruÈfung der Streuungsformel von Klein und Nishina an kurzwelliger g-
Strahlung, Naturwiss. 18, 534±535 (dated 9 May 1930, published in the issue of
30 May 1930).

1931 UÈ ber das Absorptionsgesetz fuÈr kurzwellige Strahlung, Z. Phys. 67, 147±168 (re-
ceived 5 December 1930, published in issue No. 3/4 of 21 January 1931).

1932 UÈ ber die Streuung kurzwelliger g-Strahlung an schweren Elementen, Z. Phys.

75, 705±715 (received 24 March 1932, published in issue No. 11/12 of 6 May
1932).

Meitner, Lise, and H. KoÈsters

1933 UÈ ber die Streuung kurzwelliger g-Strahlen, Z. Phys. 84, 137±144 (received 17 May
1933, published in issue No. 3/4 of 17 July 1933).

Meitner, Lise, and Wilhelm Orthmann

1930 UÈ ber eine absolute Bestimmung der Energie der primaÈren b-Strahlen von Radium
E, Z. Phys. 60, 143±155 (received 18 December 1929, published in issue No. 3/4 of
14 February 1930).

Meitner, Lise, and Kurt Philipp

1932 UÈ ber die Wechselwirkung zwischen Neutronen und Atomkernen, Naturwiss. 20,
929±932 (published in the issue of 16/23 December 1932).

1933 Die bei der Neutronenstrahlung auftretenden Elektronenbahnen, Naturwiss. 21,
286±287 (letter dated 23 March 1933, published in the issue of 15 April 1933).

Mendelssohn, Kurt

1964 Prewar work on superconductivity as seen from Oxford, Rev. Mod. Phys. 36, 7±12
(presented at the ``International Conference on the Science of Superconductivity,''
held at Colgate University, Hamilton, N.Y., 26±29 August 1963, published in issue
No. 1 of January 1964).

1977 The Quest for the Absolute Zero: The Meaning of Low-Temperature Physics, 2nd
edition, London: Taylor & Francis.

Mensing, Lucy

1926a Die Rotations-Schwingungsbanden nach der Quantenmechanik, Z. Phys. 36, 814±
833 (received 29 March 1926, published in issue No. 11/12 of 11 May 1926).

1927 Zur Theorie des Zusammenstoûes von Atomen mit langsamen Elektronen, Z. Phys.

45, 603±609 (received 13 September 1927, published in issue No. 9/10 of 14
November 1927).

Menzel, Willy

1936 Deutsche und juÈdische Physik, VoÈlkischer Beobachter, 29 January 1936, p. 7.

References1376



Mermin, N. David

1981 Bringing home the atomic world: Quantum mysteries for anybody, Am. J. Phys. 49,
940±943 (received 9 November 1980, published in issue No. 10 of October 1981).

Meyenn, Karl von

1982 Pauli, das Neutrino und die Entdeckung des Neutrons vor 50 Jahren, Naturwiss. 69,
564±573 (received 3 June 1982, published in the issue of December 1982).

1984 Gespensterfelder und Materiewellen: SchroÈdingers Hang zur Anschaulichkeit, Phys.

BlaÈtter 40, 89±94 (published in issue No. 4 of April 1984).

1985 Pauli und seine Assistenten an der EidgenoÈssischen Technischen Hochschule in
ZuÈrich: 1930±1939, in Wolfgang Pauli: Wissenschaftlicher Briefwechsel/ Scienti®c

Correspondence, Vol. II: 1930±1939 (Pauli, 1985), pp. vii±xxxiv, esp. pp. xxi±xxv.

1987 Pauli's belief in exact symmetries, in Symmetries in Physics 1600±1980 (M. Doncel
et al., eds., 1987), pp. 329±360.

1989 Physics in the making in Pauli's Zurich, in A. Sarlemijn and M. J. Sparnaay,
eds.: Physics in the Making (Casimir Festschrift), Amsterdam: Elsevier Science
Publishers, pp. 93±130.

Meyenn, Karl von (editor)

1994 Quantenmechanik und Weimarer Republik, Braunschweig and Wiesbaden: Fr.
Vieweg & Sohn.

Meyer-Abich, Klaus

1965 Korrespondenz, IndividualitaÈt und KomplementaritaÈt. Eine Studie zur Geistesges-

chichte der Quantentheorie in den BeitraÈgen Niels Bohrs (doctoral thesis, University
of Hamburg), Wiesbaden: Franz Steiner.

Michels, A., A. Bijl, and J. de Boer

1938 A suggested explanation for some properties of helium II, Physica 5, 120±127
(received 17 January 1938, published in issue No. 2 of February 1938).

Michiels, J. L., G. Parry, and George Paget Thomson

1939 Production of neutrons by the ®ssion of uranium, Nature 143, 760 (letter dated 28
April 1939, published in the issue of 6 May 1939).

Mie, Gustav

1912a Grundlagen einer allgemeinen Theorie der Materie. Erste Mitteilung, Ann. d. Phys.

(4) 37, 511±534 (received 9 January 1912, published in issue No. 3 of 8 March
1912).

1912b Grundlagen einer allgemeinen Theorie der Materie. Zweite Mitteilung, Ann. d.

Phys. (4) 39, 1±40 (received 7 June 1912, published in issue No. 11 of 5 September
1912).

1912c Grundlagen einer allgemeinen Theorie der Materie. Dritte Mitteilung, Ann. d. Phys.

(4) 40, 1±66 (received 2 November 1912, published in issue No. 1 of 31 December
1912).

1928 Untersuchungen zum Problem der Quantenelektrik, Ann. d. Phys. (4) 85, 711±729
(received 23 February 1928, published in issue No. 6 of 17 April 1928).

References 1377



Mikheyev, S. P., and A. Yu. Smirnov

1986 Resonant ampli®cation of n oscillations in matter and solar neutrino spectroscopy,
Nuovo Cimento (1) 9c, 17±26 (received 3 May 1985, published in issue No. 1 of
January/February 1986).

Miller, Arthur

1984 Imagery in Scienti®c Thought, Boston±Basel±Stuttgart: BirkhaÈuser.

Millikan, Robert Andrews

1916b A direct photoelectric determination of Planck's constant, ``h,'' Phys. Rev. (2) 7,
355±388 (published in issue No. 3 of March 1916).

Millikan, Robert Andrews, and Carl D. Anderson

1932a Cosmic ray energies and their bearing on the photon and neutron hypothesis, Phys.

Rev. (2) 40, 325±328 (received 12 April 1932, published in issue No. 3 of 1 May
1932).

1932b Cosmic-ray energies and their bearing on the nature of these rays, Phys. Rev. (2)

40, 1056 (abstract of a talk presented at the Washington, D.C., APS meeting, 28±30
April 1932, published in issue No. 6 of 15 June 1932).

Milne, Edward Arthur

1930 The dissociation formula according to the Fermi±Dirac statistics, Monthly Notices

Roy. Astr. Soc. (London) 90, 769±778 (published in the Supplementary No. 9).

Milton, Kimball A.

1997 Vector Casimir e¨ect for a D-dimensional sphere, Phys. Rev. (3) 55D, 4940±4946
(received 11 November 1996, published in issue No. 8 of 15 April 1997).

Milton, Kimball A., Lester De Raad, Jr., and Julian Schwinger

1978 Casimir self-stress on a perfectly conducting shell, Ann. Phys. (N.Y.) 115, 388±403
(received 6 March 1978, published in No. 2 of October 1978).

Minkowski, Rudolph

1922 UÈ ber den Ein¯uû des Druckes fremder Gase auf D-Linien im gesaÈltigten
Natriumdampf, Phys. Zs. 23, 69±73 (received 25 November 1921, published in issue
No. 2 of 15 January 1922).

Minkowski, Rudolph, and Hertha Sponer

1923 UÈ ber die freie WeglaÈnge langsamer Elektronen in Gasen, Z. Phys. 15, 399±408
(received 27 March 1923, published in issue No. 6 of 4 June 1923).

1924 UÈ ber den Durchgang von Elektronen durch Atome, Ergb. exakt. Naturwiss. 3, 67±
85.

Mises, Richard von

1930a UÈ ber kausale und statistische GesetzmaÈûigkeit in der Physik, Naturwiss. 18, 145±
153 (talk presented on 16 September 1929 at the ®fth Deutsche Physiker- und

Mathematikertag in Prague, published in the issue of 14 February 1930).

References1378



1930b UÈ ber das naturwissenschaftliche Weltbild der Gegenwart, Naturwiss. 18, 885±893
(address delivered on 27 July 1930 at the GruÈndungsfeier of the University of Berlin,
published in the issue of 24 October 1930).

Mittelstaedt, Peter

1963 Philosophische Probleme der Physik, Mannheim: Bibliographisches Institut.

Mitter, Heinrich

1993 Quantenelektrodynamik in den Dreiûiger Jahren, in Werner Heisenberg, Physiker

und Philosoph (B. Geyer, H. Herwig, and H. Rechenberg, eds., 1993), pp. 113±120.

MladenovicÂ , Milorad

1998 The De®ning Years in Nuclear Physics 1932±1960s, Bristol: IOP Publishing.

MOÈ glich, Friedrich

1928 Zur Quantentheorie des rotierenden Elektrons, Z. Phys. 48, 852±867 (received 11
April 1928, published in issue No. 11/12 of 21 May 1928).

Méller, Christian

1929 Der Vorgang des radioaktiven Zerfalls unter BeruÈcksichtigung der RelativitaÈts-
theorie, Z. Phys. 55, 451±466 (received 26 April 1929, published in issue No. 7/8 of
20 June 1929).

1930a Zur Theorie der anomalen Zerstreuung von a-Teilchen beim Durchgang durch
leichtere Elemente, Z. Phys. 62, 54±70 (received 15 March 1930, published in issue
No. 1/2 of 12 May 1930).

1930b UÈ ber die hoÈheren NaÈherungen der Bornschen Stoûmethode, Z. Phys. 66, 513±532
(received 24 October 1930, published in issue No. 7/8 of 17 December 1930).

1931 UÈ ber den Stoû zweier Teilchen unter BeruÈcksichtigung der Retardation der KraÈfte,
Z. Phys. 70, 786±795 (received 21 May 1931, published in issue No. 11/12 of 29
July 1931).

1932 Zur Theorie des Durchgangs schneller Elektronen durch Materie, Ann. d. Phys. (5)

14, 531±585 (received 3 May 1932, published in issue No. 5 of 15 August 1932).

1945 General properties of the characteristic matrix in the theory of elementary particles.
I, Kgl. Danske Vid. Selsk. Math.±Fys. Medd. 22, No. 1 (received 1 December 1944,
published in July 1945).

1946 General properties of the characteristic matrix in the theory of elementary particles.
II, Kgl. Danske Vid. Selsk. Math.±Fys. Medd. 23, No. 19 (received 17 April 1946,
published in October 1946).

Méller, Christian, and Subrahmanyan Chandrasekhar

1935 Relativistic degeneracy, Monthly Notices Roy. Astr. Soc. (London) 95, 673±676
(dated 7 June 1935, published in issue No. 8 of June 1935).

Méller, Christian, and LeÂon Rosenfeld

1939 Theory of mesons and nuclear forces, Nature 143, 241±242 (letter dated 6 January
1939, published in the issue of 11 February 1939).

1940 On the ®eld theory of nuclear forces, Kgl. Danske Vid. Selsk. Math.±Fys. Medd. 17,
No. 8, 1±72 (received 1 December 1939, ready for print 30 March 1940).

References 1379



MOÈ ssbauer, Rudolf L.

1958a Kernresonanz¯uoreszenz von Gammastrahlung in Ir191, Z. Phys. 151, 124±153
(received 9 January 1958, published in issue No. 2 of 23 April 1958).

1958b Kernresonanz¯uoreszenz von Gammastrahlung in Ir191, Naturwiss. 45, 538±539
(letter dated 13 August 1958, published in issue No. 22 of November 1958).

Morse, Philip M., and ernst C. G. Stueckelberg

1929 Diatomic molecules according to wave mechanics. I: Electronic levels of the hy-
drogen molecule ion, Phys. Rev. (2) 33, 932±951 (dated 30 January 1929, published
in issue No. 6 of June 1929).

Moseley, Henry Gwynn Jeffreys

1913 The high-frequency spectra of elements, Phil. Mag. (6) 26, 1024±1034 (published in
issue No. 156 of December 1913).

1914 The high-frequency spectra of elements. Part II, Phil. Mag. (6) 27, 703±713 (pub-
lished in issue No. 160 of April 1914).

Mostepanenko, V. M., and N. N. Trunov

1988 The Casimir e¨ect and its applications, Soviet Physics±Uspekhi 33, 965±987 (pub-
lished in issue No. 11 of November 1988).

Mott, Nevill Francis

1928 The solution of the wave equation for the scattering of particles by a Coulombian
centre of force, Proc. Roy. Soc. (London) A118, 542±549 (communicated by R. H.
Fowler; received 2 February 1928, published in issue No. A718 of 2 April 1928).

1929a The scattering of fast electrons by atomic nuclei, Proc. Roy. Soc. (London) A124,
425±442 (communicated by N. Bohr; received 25 April 1929, published in issue
No. A794 of 4 June 1929).

1929b The exclusion principle and aperiodic systems, Proc. Roy. Soc. (London) A125,
222±230 (communicated by R. H. Fowler; received 14 July 1929, published in issue
No. A796 of 1 August 1929).

1930 The collision between two electrons, Proc. Roy. Soc. (London) A126, 259±267
(communicated by R. H. Fowler; received 7 November 1929, published in issue
No. A801 of 1 January 1930).

1931 On the in¯uence of radiative forces on the scattering of electrons, Proc. Camb. Phil.

Soc. 27, 255±267 (read 26 January 1931).

1933 Wellenmechanik und Kernphysik, in H. Geiger and K. Scheel, eds.: Handbuch der

Physik, second edition, Vol. 24, Teil 1, Berlin: J. Springer, pp. 785±841.

1982 Walther Heinrich Heitler (2 June 1904±15 November 1981), Biog. Mem. Fellows

Roy. Soc. 28, 139±151.

1984 Metals, non-metals and metal±non-metal transitions: some recollections, Reports on

Progress in Physics 47, 909±923.

1986 A Life in Science, London and Philadelphia: Taylor and Francis.

Mott, Nevill F. (editor)

1980 The Beginnings of Solid State Physics. (A symposium held on 30 April±2 May 1979,
organized by Sir Nevill Mott, FRS), Proc. Roy. Soc. (London) A371, pp. 3±6 (manu-
script received 25 October 1979, published in issue No. A1744 of 10 June 1980).

References1380



Mott, Nevill F., and Ronald W. Gurney

1940 Electronic Processes in Ionic Crystals, Oxford: Clarendon Press.

Mott, Nevill F., and Harry Jones

1936 The Theory of the Properties of Metals and Alloys, Oxford and London: Oxford
University Press.

Mott, Nevill F., and M. Littleton

1938 Conduction in polar crystals. 1. Electronic conduction in solid salts, Transactions of

the Faraday Society 34, 485±499 (received 31 January 1938).

Mott, Nevill F., and H. S. W. Massey

1933 The Theory of Atomic Collisions, Oxford: Clarendon Press.

Mott-Smith, L. M., and Gordon L. Locher

1931 A new experiment bearing on cosmic-ray phenomena, Phys. Rev. (2) 38, 1399±
1408 (received 4 September 1931, published in issue No. 8 of 15 October 1931).

Moyer, Donald Franklin

1981a Origin of Dirac's electron, 1925±1928, Am. J. Phys. 49, 944±949 (received 18
August 1980, published in issue No. 10 of October 1981).

1981b Evaluation of Dirac's electron, 1928±1932, Am. J. Phys. 49, 1055±1062 (published
in issue No. 11 of November 1981).

1981c Vindicatons of Dirac's electron, 1932±1934, Am. J. Phys. 49, 1120±1125 (published
in issue No. 12 of December 1981).

Mulliken, Robert Sanderson

1925a The isotope e¨ect in band spectra. Part I, Phys. Rev. (2) 25, 119±138 (dated
21 August 1924, published in issue No. 2 of February 1925).

1925b The isotope e¨ect in band spectra. Part II: The spectrum of boron monoxide, Phys.

Rev. (2) 25, 259±294 (dated 12 September 1924; received 11 December 1924, pub-
lished in issue No. 3 of March 1925).

1925c On a class of one-valued electron emitters in band spectra, Phys. Rev. (2) 26, 561±
572 (dated 3 July 1925, published in issue No. 5 of November 1925).

1926a Systematic relations between electronic structure and band-spectrum structure
in diatomic molecules, Proc. Nat. Acad. Sci. (USA) 12, 144±151 (communicated
11 February 1926, published in issue No. 3 of 15 March 1926).

1926b Systematic relations between electronic structure and band-spectrum structure in
diatomic molecules. II. The ZnH, CdH and HgH molecules and their spectra, Proc.

Nat. Acad. Sci. (USA) 12, 151±158 (communicated 15 February 1926, published in
issue No. 3 of 15 March 1926).

1926c Electronic states and band-spectrum structure in diatomic molecules. I. Statement
of the postulates. Interpretation of CuH, CH, and CO-band types, Phys. Rev. (2)

28, 481±506 (received 15 June 1926, published in September 1926).

1926d Electronic states and band-spectrum structures in diatomic molecules. II. Spectra
involving terms essentially of the form B( j2 ÿ s2), Phys. Rev. (2) 28, 1202±1222
(dated 20 July 1926, published in issue No. 12 of December 1926).

References 1381



1927a Electronic states and band-spectrum structures in diatomic molecules. III. Intensity
relations, Phys. Rev. (2) 29, 391±412 (dated 13 November 1926, published in issue
No. 3 of March 1927).

1927b Electronic states and band-spectrum structures in diatomic molecules. IV. Hund's
theory; second positive nitrogen and Swan bands; alternating intensities, Phys.

Rev. (2) 29, 636±649 (dated 12 February 1927, published in issue No. 5 of May
1927).

1927c Electronic states and band-spectrum structures. V. Bands of the violet CN
(2S ! 2S) type, Phys. Rev. (2) 30, 138±149 (dated 9 April 1927, published in issue
No. 8 of August 1927).

1927d Electronic states and band-spectrum structures. VI. Theory of intensity relations
for case b doublet states. Interpretation of CH bands ll 3900, 4300, Phys. Rev.

(2) 30, 785±811 (dated August 1927, published in issue No. 12 of December
1927).

1928a The assignment of quantum numbers for electrons in molecules, Phys. Rev. (2) 32,
186±222 (dated 30 April 1928, published in issue No. 8 of August 1928).

1928b The assignment of quantum numbers for electrons in molecules. II. Correlation for
molecular and atomic electron states, Phys. Rev. (2) 32, 761±772 (dated July 1928,
published in issue No. 5 of November 1928).

1932a Electronic structures of polyatomic molecules and valence, Phys. Rev. (2) 40, 55±
62 (received 23 February 1932, published in issue No. 7 of 1 April 1932).

1932b Electronic structures of polyatomic molecules and valence. II. General consid-
erations, Phys. Rev. (2) 41, 49±71 (received 23 April 1932, published in issue No. 1
of 1 July 1932).

Nafe, John F., E. B. Nelson, and Isidor I. Rabi

1947 The hyper®ne structure of atomic hydrogen and deuterium, Phys. Rev. (2) 71, 914±
915 (letter dated 19 May 1947, published in issue No. 12 of 15 June 1947).

Nagaoka, Hantaro, Yoshikatsu Sugiura, and T. Mishima

1924 Isotopes of mercury and bismuth revealed in the satellites of their spectral lines,
Nature 113, 459±460 (letter dated 29 January 1924, published in the issue of
29 March 1924).

Nagle, Darragh E., Rennie S. Julian, and Jerrold R. Zacharias

1947 The hyper®ne structure of atomic deuterium, Phys. Rev. (2) 72, 971 (letter dated
29 September 1947, published in issue No. 10 of 15 November 1947).

Nakamura, K.

1993 Recent results from Kamiokande solar neutrino observations, Nuclear Physics

(Proceedings Supplement) 31B, 105±110 (talk presented at the 15th International
Neutrino Physics and Astrophysics Conference in Granada, Spain, 7±12 June
1992).

Nakano, Tadao, and Kazuhiko Nishijima

1953 Charge independence for V-particles, Prog. Theor. Phys. 10, 581±582 (letter dated
16 November 1953, published in issue No. 5 of 1 November 1953).

References1382



Nambu, Yoichiro

1966 A systematics of hadrons in subnuclear physics. (Essay received 3 May 1965), in A.
de Shalit, H. Feshbach, and L. Van Hove, eds.: Preludes in Theoretical Physics. In

Honor of V. F. Weisskopf, Amsterdam: North Holland.

Nambu, Yoichiro, and Giovanni Jona-Lasinio

1961 Dynamical model of elementary particles based on an analogy with superconduc-
tivity. I, Phys. Rev. (2) 122, 345±358 (received 27 October 1960, published in issue
No. 1 of 1 April 1961).

Neddermeyer, Seth, and Carl. D. Anderson

1937 Note on the nature of cosmic ray particles, Phys. Rev. (2) 51, 884±886 (received
30 March 1937, published in issue No. 10 of 15 May 1937).

Ne'eman, Yuval

1961 Derivation of strong interactions from a gauge invariance, Nuclear Physics 26, 220±
229 (received 13 February 1961).

Nernst, Walther

1909 Theoretische Chemie vom Standpunkte der Avogadroschen Regel und der Thermo-

dynamik, sixth edition, Stuttgart: Ferdinand Enke.

1922 Zum GuÈltigkeitsbereich der Naturgesetze, Naturwiss. 10, 490±495 (rectorial address
delivered on 15 October 1921 at the University of Berlin, published in the issue of
26 May 1922).

Nernst, Walther, and Frederick A. Lindemann

1911a Untersuchungen uÈber die spezi®sche WaÈrme bei tiefen Temperaturen. V, Sitz.ber.

Preuss. Akad. Wiss. (Berlin), pp. 494±501 (presented at the meeting of 27 April
1911).

1911b Spezi®sche WaÈrme und Quantentheorie, Zeitschrift fuÈ r Elektrochemie 17, 817±827
(published in issue No. 18 of September 1911).

Neumann, John (Johannes) von

1925 Eine Axiomatisierung der Mengenlehre, J. reine u. angew. Math. 154, 219±240).

1927a Mathematische BegruÈndung der Quantenmechanik, Nachr. Ges. Wiss. GoÈttingen,

pp. 1±57 (presented at the meeting of 20 May 1927).

1927b Wahrscheinlichkeitstheoretischer Aufbau der Quantenmechanik, Nachr. Ges. Wiss.

GoÈttingen, pp. 245±272 (presented at the meeting of 11 November 1927).

1927c Thermodynamik quantenmechanischer Gesamtheiten, Nachr. Ges. Wiss. GoÈttingen,

pp. 273±291 (presented at the meeting of 11 November 1927).

1927d Zur Hilbertschen Beweistheorie, Math. Zs. 26, 1±46.

1928a Eigenwertprobleme symmetrischer Funktionaloperatoren, Jahresbericht der Deut-

schen Mathematiker-Vereinigung 37, 11±14 (presented at the 4th Deutsche Mathe-

matikertag in Bad Kissingen, 18±24 September 1927).

1928b Die Axiomatisierung der Mengenlehre, Math. Zs. 27, 669±752.

1929a Allgemeine Eigenwerttheorie Hermitescher Funktionaloperatoren, Mathematische

Annalen 102, 49±131.

References 1383



1929b Zur Theorie der unbeschraÈnkten Matrizen, J. reine u. angew. Math. 161, 208±
236.

1929c Beweis des Ergodensatzes und des H-Theorems in der neuen Mechanik, Z. Phys.

57, 30±70 (received 24 May 1929, published in issue No. 1/2 of 22 August 1929).

1929d UÈ ber die analytischen Eigenschaften von Gruppen linearer Transformationen und
ihrer Darstellungen, Math Zs. 30, 3±42.

1932a Mathematische Grundlagen der Quantenmechanik, Berlin: J. Springer.

1932b Proof of the quasi-ergodic hypothesis, Proc. Nat. Acad. Sci. (USA) 18, 70±82
(communicated 10 December 1931).

1932c Physical applications of the ergodic hypothesis, Proc. Nat. Acad. Sci. (USA) 18,
263±266 (communicated 21 January 1932).

1961 Collected Works, Vol. I. Logic, Theory of Sets, and Quantum Mechanics, A. H.
Taub, ed., Oxford, London, etc.: Pergamon Press.

1963 Collected Works, Vol. VI. Theory of Games, Astrophysics, Hydrodynamics, Meteor-

ology, A. H. Taub, ed., Oxford, etc.: Pergamon Press.

Neumann, Johannes (John) von, and Eugen(e) Paul Wigner

1928a Zur ErklaÈrung einiger Eigenschaften der Spektren aus der Quantenmechanik des
Drehelektrons. Erster Teil, Z. Phys. 47, 203±220 (received 28 December 1927,
published in issue No. 3/4 of 13 February 1928).

1928b Zur ErklaÈrung einiger Eigenschaften der Spektren aus der Quantenmechanik des
Drehelektrons. Zweiter Teil, Z. Phys. 49, 73±97 (received 2 March 1928, published
in issue No. 1/2 of 8 June 1928).

1928c Zur ErklaÈrung einiger Eigenschaften der Spektren aus der Quantenmechanik des
Drehelektrons. Dritter Teil, Z. Phys. 51, 844±858 (received 19 June 1928, published
in issue No. 11/12 of 12 November 1928).

Newman, F. H., and H. J. Walke

1934a Induced radioactivity and transmutation, Nature 134, 64 (letter dated 8 June 1934,
published in the issue of 14 July 1934).

1934b Induced radioactivity, Nature 134, 537 (letter dated 5 September 1934, published in
the issue of 6 October 1934).

Newman, M. H. A.

1957 Hermann Weyl 1885±1955, Biog. Mem. Fellows Roy. Soc. (London) 3, 303±328
(published in November 1957).

Newton, Roger G.

2000 Thinking about Physics, Princeton: Princeton University Press.

Newton, T. D., and Eugene P. Wigner

1949 Localized states for elementary systems, Rev. Mod. Phys. 21, 400±406 (published in
issue No. 3 of July 1949).

Nicholson, John William

1925 The general nature of band spectra, Phil. Mag. (6) 50, 650±662 (published in issue
No. 297 of September 1925).

References1384



Niessen, Karel F.

1928 UÈ ber die annaÈhernden komplexen LoÈsungen der SchroÈdingerschen Di¨erential-
gleichung fuÈr den harmonischen Oscillator, Ann. d. Phys. (4) 85, 497±514 (received
23 January 1928, published in issue No. 5 of 19 March 1928).

Nilles, H. P.

1984 Supersymmetry, supergravity and particle physics, Physics Reports 110, 1±162
(published in issue No. 1/2).

Nishina, Yoshio

1929 Die Polarisation der Comptonstreuung nach der Diracschen Theorie des Elektrons,
Z. Phys. 52, 869±877 (received 30 October 1928, published in issue No. 11/12 of
9 January 1929).

Nishina, Yoshio, Masa Takeuchi, and Tarao Ichimiya

1937 On the nature of cosmic ray particles, Phys. Rev. (2) 52, 1198±1199 (received 28
August 1937, published in issue No. 11 of 1 December 1937).

NOBEL FOUNDATION (editor)

1964 Nobel Lectures: Physics 1942±1962, Amsterdam and New York: Elsevier.

1965 Nobel Lectures: Physics 1922±1941, Amsterdam and New York: Elsevier.

1967 Nobel Lectures: Physics 1901±1921, Amsterdam and New York: Elsevier.

1992 Nobel Lectures: Physics 1971±1980, Singapore: World Scienti®c.

1993 Nobel Lectures: Physics 1981±1990, Singapore: World Scienti®c.

1997 Nobel Lectures: Physics 1991±1995, Singapore: World Scienti®c.

Noddack, Ida

1934 UÈ ber das Element 93, Angewandte Chemie 47, 653±654 (received 10 September
1934, published in issue No. 37 of 15 September 1934).

Noether, Emmy

1918 Invariante Variationsprobleme, Nachr. Ges. Wiss. GoÈttingen, pp. 235±257 (com-
municated by F. Klein to the meeting of 26 July 1918).

Nogues, G., A. Rauschenbeutel, S. Osnaghi, Michel Brune, Jean Michel Raymond,
and Serge Haroche

1999 Seeing a single photon without destroying it, Nature 400, 239±242 (published in the
issue of 15 July 1999).

Nordheim, Lothar W.

1928a Zur Theorie der thermischen Emission und der Re¯exion von Elektronen an
Metallen, Z. Phys. 46, 833±855 (received 11 December 1927, published in issue
No. 11/12 of 31 January 1928).

1928b On the kinetic method in the new statistics and its application in the electron
theory of conductivity, Proc. Roy. Soc. (London) A119, 689±698 (communicated
by R. H. Fowler; received 30 May 1928, published in issue No. A783 of 2 July
1928).

References 1385



1928c The e¨ect of the image force on the emission and re¯exion of electrons by metals,
Proc. Roy. Soc. (London) A121, 626±639 (communicated by R. H. Fowler; re-
ceived 8 August 1928, published in issue A788 of 1 December 1928).

1928d UÈ ber den Widerstand von Legierungen, Naturwiss. 16, 1042±1043 (letter dated
October 1928, published in the issue of 7 December 1928).

1934 Kinetische Theorie des metallischen Zustandes, in: MuÈller-Pouillet's Lehrbuch

der Physik, 11th edition, Vol. IV/4: Elektrische Eigenschaften der Metalle und

Elektrolyte; magnetische Eigenschaften der Materie (A. Eucken, ed.), Braunschweig:
Fr. Vieweg & Sohn, pp. 243±389.

1935 The production of pairs by collisions of particles, Phys. Rev. (2) 47, 646 (abstract
of a talk delivered at the New York APS meeting, 22±23 February 1935, published
in issue No. 8 of 15 April 1935).

Nordsieck, Arnold

1934 Neutron collisions and the beta ray theory of Fermi, Phys. Rev. (2) 46, 234±235
(letter dated 11 July 1934, published in issue No. 3 of 1 August 1934).

O'Brian, Henry M., and Herbert W. B. Skinner

1934 Characteristic X-rays from metals in the extreme ultra-violet, Phys. Rev. (2) 45,
370±377 (received 4 December 1933, published in issue No. 6 of 15 March 1934).

Oehme, Reinhard

1989 Theory of the scattering matrix (1942±1946). An annotation, in Gesammelte Werke/

Collected Works, Vol. AII (Heisenberg, 1989a), pp. 605±610.

Okubo, Susumu

1962 Note on unitary symmetry of strong interactions, Prog. Theor. Phys. 27, 949±966
(received 8 December 1961, published in issue No. 5 of May 1962).

Omnes, Roland

1994 The Interpretation of Quantum Mechanics, Princeton: Princeton University Press.

Onsager, Lars

1961 Magnetic ¯ux through a superconducting ring, Phys. Rev. Lett. 7, 501 (received
15 July 1961, published in issue No. 2 of 15 July 1961).

Oppenheimer, J. Robert

1927b Bemerkung zur Zerstreuung der a-Teilchen, Z. Phys. 43, 413±415 (received 30 April
1927, published in issue No. 5/6 of 9 June 1927).

1928a Three notes on the quantum theory of aperiodic e¨ects, Phys. Rev. (2) 31, 66±81
(dated August 1927, published in issue No. 1 of January 1928).

1928b On the quantum theory of electronic impacts, Phys. Rev. (2) 32, 361±376 (dated
May 1928, published in issue No. 3 of September 1928).

1929 UÈ ber die Strahlung der freien Elektronen in Coulombfeld, Z. Phys. 55, 725±737
(received 6 May 1929, published in issue No. 11/12 of 5 July 1929).

1930a Note on the theory of interaction of ®eld and matter, Phys. Rev. (2) 35, 461±477
(received 12 November 1929, published in issue No. 5 of 1 March 1930).

References1386



1930b On the theory of electrons and protons, Phys. Rev. (2) 35, 562±563 (letter dated
14 February 1930, published in issue No. 5 of 1 March 1930).

1930c Two notes on the probability of radioactive transitions, Phys. Rev. (2) 35, 939±947
(received 4 March 1930, published in issue No. 8 of 15 April 1930).

1934 On the theory of the electron and positive, Phys. Rev. (2) 45, 290 (abstract of a
paper presented at the Boston APS meeting, 28±30 December 1933, published in
issue No. 4 of 15 February 1934).

1935a Are the formulae for absorption of high energy radiation valid?, Phys. Rev. (2) 47,
44±52 (received 12 November 1934, published in issue No. 1 of 1 January 1935).

1935b Note on charge and ®eld ¯uctuations, Phys. Rev. (2) 47, 144±145 (received 3
December 1934, published in issue No. 2 of 15 January 1935).

1935c Note on the production of pairs of charged particles, Phys. Rev. (2) 47, 146±147
(received 3 December 1934, published in issue No. 2 of 15 January 1935).

1936 On the elementary interrelation of showers and bursts, Phys. Rev. (2) 50, 389 (ab-
stract of a paper presented at the Seattle APS meeting, 17±19 June 1936, published
in issue No. 4 of 15 August 1936).

1950 Electron theory, in Les Particules EÂ leÂmentaires. (Rapports et Discussions du 8e

Conseil de Physique tenue aÁ l'UniversiteÂ Libre de Bruxelles du 27 Septembre au 2

Octobre 1948), Brussels: R. Stoops, pp. 269±279.

1980 Letters and Recollections, A. K. Smith and C. Weiner, eds., Cambridge, Mass., and
London: Harvard University Press.

Oppenheimer, J. Robert, and Leo Nedelsky

1933 The production of positives by nuclear gamma rays, Phys. Rev. (2) 44, 948±949
(letter dated 18 November 1933, published in issue No. 12 of 15 December 1933).

1934a On the production of positives by nuclear gamma rays, Phys. Rev. (2) 45, 136±137
(abstract of a paper presented at the Cincinnati APS meeting, 1±2 December 1933,
published in issue No. 2 of 15 January 1934).

1934b Errata.ÐOn the production of positives by nuclear gamma rays, Phys. Rev. (2) 45,
283 (published in issue No. 5 of 15 February 1934).

Oppenheimer, J. Robert, and Milton S. Plesset

1933 On the production of the positive electron, Phys. Rev. (2) 44, 53±55 (letter dated
9 June 1933, published in issue No. 1 of 1 July 1933).

Oppenheimer, J. Robert, and Julian Schwinger

1939 On pair emission in the proton bombardment of ¯uorine, Phys. Rev. (2) 56, 1066±
1067 (letter dated 29 October 1939, published in No. 10 of 15 November 1939).

Oppenheimer, J. Robert, and Robert Serber

1937 Note on the nature of cosmic-ray particles, Phys. Rev. (2) 51, 1113 (letter dated
1 June 1937, published in issue No. 12 of 15 June 1937).

1938 On the stability of stellar neutron cores, Phys. Rev. (2) 54, 540 (letter dated 1 Sep-
tember 1938, published in issue No. 7 of 1 October 1938).

Oppenheimer, J. Robert, and Hartland Snyder

1939 On continued gravitational contraction, Phys. Rev. (2) 56, 455±459 (received 19
July 1939, published in issue No. 5 of 1 September 1939).

References 1387



Oppenheimer, J. Robert, and G. M. Volkoff

1939 On massive neutron cores, Phys. Rev. (2) 55, 374±381 (received 3 January 1939,
published in issue No. 4 of 15 February 1939).

O'Rairfeartaigh, Lochlainn

1997 The Dawning of Gauge Theory, Princeton: Princeton University Press.

Ornstein, Leonard S., and R. H. Lindemann

1930 Die IntensitaÈten der Balmerlinien als Funktion der Anregungsbedingungen, Z.

Phys. 63, 8±19 (received 4 May 1930, published in issue No. 1/2 of 7 July 1930).

Orthmann, Wilhelm

1930 Ein Di¨erentialkalorimeter zur Absolutbestimmung kleinster WaÈrmemengen, Z.

Phys. 60, 137±142 (received 18 December 1929, published in issue No. 3/4 of
14 February 1930).

Osheroff, Douglas D., W. J. Gully, Robert C. Richardson, and David M. Lee

1972 New magnetic phenomenon in liquid He3 below 3 mK, Phys. Rev. Lett. 29, 920±
923 (received 7 July 1972, published in issue No. 14 of 2 October 1972).

Osheroff, Douglas D., Robert C. Richardson, and David M. Lee

1972 Evidence for a new phase of solid He3, Phys. Rev. Lett. 28, 885±888 (received 10
February 1972, published in issue No. 14 of 3 April 1972).

Overhauser, Albert W.

1953 Polarization of nuclei in metals, Phys. Rev. (2) 92, 411±415 (received 25 June 1953,
published in issue No. 2 of 15 October 1953).

Pais, Abraham

1947 On the theory of elementary particles, Proc. Kon. Akad. Wetensch. (Amsterdam)

19, 1±91 (written 1942±1945, published in issue No. 1, 1947, of the ®rst section).

1952 Some remarks on the V-particles, Phys. Rev. (2) 86, 663±672 (received 22 January
1952, published in issue No. 5 of 1 June 1952).

1982a ``Subtle is the Lord. . .'' The Science and Life of Albert Einstein, Oxford and New
York: Clarendon and Oxford University Press.

1982b Max Born's statistical interpretation of quantum mechanics, Science 218, 1193±
1198 (published in the issue of 17 December 1982).

1986 Inward Bound. Of Matter and Forces in the Physical World, Oxford and New York:
Clarendon and Oxford University Press.

1989 On the Dirac theory of the electron (1930±1936). An annotation, in Werner Hei-

senberg: Collected Works, Vol. AII (Heisenberg, 1989), pp. 95±105.

1991 Niels Bohr's Times, In Physics, Philosophy and Polity, Oxford: Clarendon Press.

1998 Paul Dirac: aspects of his life and work, in P. Goddard, ed.: Paul Dirac. The Man

and His Work, Cambridge, etc.: Cambridge University Press, pp. 1±45.

Paneth, Fritz

1927 The transmutation of hydrogen into helium, Nature 119, 706±707 (letter dated
2 May 1927, published in the issue of 14 May 1927).

References1388



Parson, A. L.

1915 A magneton theory of the structure of the atom, Smithsonian Miscellaneous Col-

lections 65, 1±80 (published in issue No. 11).

Pasternack, Simon

1938 Note on the ®ne structure of Ha and Da, Phys. Rev. (2) 54, 1113 (letter dated
25 November 1938, published in issue No. 12 of 15 December 1938).

Pauli, Wolfgang

1919a UÈ ber die Energiekomponenten des Gravitationsfeldes, Phys. Zs. 20, 25±27 (re-
ceived 22 September 1918, published in issue No. 2 of 15 January 1919).

1919b Zur Theorie der Gravitation und der ElektrizitaÈt von Hermann Weyl, Phys. Zs.

20, 457±467 (received 4 June 1919, published in issue No. 20 of 15 October
1919).

1919c Merkurperihelbewegung und Strahlenablenkung in Weyls Gravitationstheorie,
Verh. d. Deutsch. Phys. Ges. (2) 21, 742±750 (received 3 November 1919, published
in issue No. 21/22 of 5 December 1919).

1920b Die Ausbreitung des Lichtes in bewegten Medien, Mathematische Annalen 82, re-
ceived 9 June 1920).

1920c Quantentheorie und Magneton, Phys. Zs. 21, 615±617 (presented at the 86th
Naturforscherversammlung, Bad Nauheim, 19±25 September 1920, published in
issue No. 21/22 of 1/15 November 1920).

1922 UÈ ber das Modell des Wassersto¨molekuÈlions, Ann. d. Phys. (4) 68, 177±240 (ex-
tended doctoral dissertation, received 4 March 1922, published in issue No. 11 of 3
August 1922).

1923a UÈ ber die GesetzmaÈûigkeiten des anomalen Zeemane¨ektes, Z. Phys. 16, 155±164
(received 26 April 1923, published in issue No. 3 of 29 June 1923).

1924a Zur Frage der Zuordnung der Komplexstrukturterme in starken und schwachen
aÈuûeren Feldern, Z. Phys. 20, 371±387 (received 20 October 1923, published in
issue No. 6 of 11 January 1924).

1924c Zur Frage der theoretischen Deutung der Satelliten einiger Spektrallinien und ihrer
Beein¯ussung durch magnetische Felder, Naturwiss. 12, 741±743 (letter dated 7
August 1924, published in the issue of 12 September 1924).

1925b UÈ ber den Zusammenhang des Abschlusses der Elektronengruppen im Atom mit der
Komplexstruktur der Spektren, Z. Phys. 31, 765±783 (received 16 January 1925,
published in issue No. 10 of 21 March 1925). English translation: On the connexion
between the completion of electron groups in an atom with the complex structure
of spectra, in D. ter Haar, ed.: The Old Quantum Theory, Oxford±London±
Edinburgh: Pergamon Press, pp. 184±203.

1925c UÈ ber die Absorption von Reststrahlen in Kristallen, Verh. d. Deutsch. Phys. Ges.

(3) 6, 10±11 (abstract of a paper presented on 8 February 1925 at the meeting of
the Gauverein Niedersachsen of the German Physical Society).

1926a UÈ ber das Wassersto¨spektrum vom Standpunkt der neuen Quantenmechanik, Z.

Phys. 36, 336±363 (received 17 January 1926, published in issue No. 5 of 27 March
1926).

1926b Quantentheorie, in Handbuch der Physik (H. Geiger and L. Scheel, eds.), Vol. 23,

Part I, Berlin: J. Springer-Verlag, pp. 1±278.

References 1389



1927a UÈ ber Gasentartung und Paramagnetismus, Z. Phys. 41, 81±102 (received 10
December 1926, published in issue No. 2/3 of 10 February 1927).

1927b Die Quantenmechanik des magnetischen Elektrons, Z. Phys. 43, 601±623 (received
3 May 1927, published in issue No. 9/10 of 12 July 1927).

1928 UÈ ber das H-Theorem und das Anwachsen der Entropie vom Standpunkt der neuen
Quantenmechanik, in P. Debye, ed.: Probleme der modernen Physik. Arnold Som-

merfeld zum 60. Geburtstag gewidmet, Leipzig: S. Hirzel, pp. 30±45.

1929d Ergebnisse der exakten Naturwissenschaften. Siebenter Band (book review),
Naturwiss. 17, 257±259 (published in the issue of 19 April 1929).

1932 Les theÂories quantiques du magnetisme. L'eÂlectron magnetique, in Le Magnetisme

(Institut International de Physique Solvay, ed., 1932), pp. 175±280.

1933c Die allgemeinen Prinzipien der Wellenmechanik, in Handbuch der Physik (H. Gei-
ger and K. Scheel, eds.), second edition, Vol. 24, Part 1, Berlin: J. Springer-Verlag,
pp. 83±272.

1933d Einige die Quantenmechanik betre¨ende Erkundigungsfragen, Z. Phys. 80, 573±
586 (received 17 December 1932, published in issue No. 9 of 16 February 1933).

1935 TheÂorie quantique relativiste des particules obeÂissant aÁ la statistique de Einstein±
Bose, Annales de l'Institut Henri PoincareÂ 6, 137±152 (lectures presented in March
1935 at the Institut Henri PoincareÂ in Paris).

1935± The Theory of Positrons and Related Topics (Report and Seminar), notes by
1936 Dr. Banesh Ho¨mann, Princeton: Institute for Advanced Study.

1940 The connection between spin and statistics, Phys. Rev. (2) 58, 716±722 (received
19 August 1940, published in issue No. 8 of 15 October 1940).

1941 Relativistic ®eld theories of elementary particles, Rev. Mod. Phys. 13, 203±232
(published in issue No. 3 of July 1941).

1943 On Dirac's new method of ®eld quantization, Rev. Mod. Phys. 15, 175±207 (ampli-
®ed report given at Purdue University, June 1942, published in issue No. 3 of July
1943).

1946 Meson Theory of Nuclear Forces, New York: Interscience.

1947 Di½culties of ®eld theories and of ®eld quantization, in Report of an International

Conference on Fundamental Particles and Low Temperature, held at the Cavendish

Laboratory, Cambridge, on 22±27 July 1946, Vol. I: Fundamental Particles, London:
The Physical Society, pp. 5±9.

1948 Editorial (to the issue ``The Concept of Complementarity''), Dialectica 2, 307±311
(published in issue No. 3/4 of 15 August±15 November 1948).

1955 Exclusion principle, Lorentz group and re¯ection of space, time and charge, in Niels

Bohr and the Development of Physics (W. Pauli, ed., 1955), pp. 30±51.

1961 Zur aÈlteren und neueren Geschichte des Neutrinos (extended version of a talk pre-
sented on 21 January 1957 at the ZuÈricher Naturforschende Gesellschaft), in W.
Pauli, ed.: AufsaÈtze und VortraÈge aus Physik und Erkenntnistheorie, Braunschweig:
Fr. Vieweg & Sohn, pp. 156±180.

1964 Collected Scienti®c Papers, 2 volumes (R. Kronig and V. F. Weisskopf, eds.), New
York, London, and Sydney: Interscience Publishers.

1979 Wissenschaftlicher Briefwechsel mit Bohr, Einstein, Heisenberg u.a./Scienti®c Corre-

spondence with Bohr, Einstein, Heisenberg, a. o., Vol. I: 1919±1929 (A. Hermann,
K. von Meyenn, and V. F. Weisskopf, eds.), New York, Heidelberg, and Berlin:
Springer-Verlag.

References1390



1985 Wissenschaftlicher Briefwechsel/Scienti®c Correspondence, Vol. II: 1930±1939

(K. von Meyenn, ed.), Berlin, Heidelberg, New York: Springer-Verlag.

1993 Wissenschaftlicher Briefwechsel/Scienti®c Correspondence, Vol. III: 1940±1949

(K. von Meyenn, ed.), Berlin, Heidelberg, New York: Springer-Verlag.

1996 Wissenschaftlicher Briefwechsel/Scienti®c Correspondence, Vol. IV±I: 1950±1952

(K. von Meyenn, ed.), Berlin, Heidelberg, New York: Springer-Verlag.

1999 Wissenschaftlicher Briefwechsel/Scienti®c Correspondence, Vol. IV±II: 1953±1954

(K. von Meyenn, ed.), Berlin, Heidelberg, New York: Springer-Verlag.

Pauli, Wolfgang (editor)

1955 Niels Bohr and the Development of Physics, London: Pergamon Press.

Pauli, Wolfgang, and Frederick Belinfante

1940 On the statistical behaviour of known and unknown elementary particles, Physica

7, 177±192 (received 23 December 1939, published in issue No. 3 of March 1940).

Pauli, Wolfgang, and Markus Fierz

1938 Zur Theorie der Emission langwelliger Lichtquanten, Nuovo Cimento (5) 15, 167±
188 (paper presented at the Luigi Galvani Bicentennial at Bologna, 18±21 October
1937).

1939 UÈ ber relativistische Feldgleichungen von Teilchen mit beliebigem Spin, Helv. Phys.

Acta 12, 297±301 (presented at the Brugg meeting of the Swiss Physical Society,
6 May 1939, published in issue No. 4 of July 1939).

Pauli, Wolfgang, and M. E. Rose

1936 Remarks on the polarization e¨ects in the positron theory, Phys. Rev. (2) 49, 462±
465 (received 30 January 1936, published in issue No. 6 of 15 March 1936).

Pauli, Wolfgang, and Felix Villars

1949 On invariant regularization in relativistic quantum theory, Rev. Mod. Phys. 21,
434±444 (received 10 May 1949, published in issue No. 3 of July 1949).

Pauli, Wolfgang, and Viktor Weisskopf

1934 Quantisierung der skalaren Wellengleichung, Helv. Phys. Acta 7, 709±731 (received
27 July 1934, published in issue No. 6).

Pauling, Linus

1927a The theoretical prediction of the physical properties of many-electron atoms and
ions. Mole refraction, diamagnetic susceptibility, and extension in space, Proc. Roy.

Soc. (London) A114, 181±211 (communicated by A. Sommerfeld; received 1 Jan-
uary 1927, published in issue A767 of 1 March 1927).

1928 The shared-electron chemical bond, Proc. Nat. Acad. Sci. (USA) 14, 359±362
(communicated 7 March 1928).

1931 The nature of the chemical bond. Application of results obtained from quantum
mechanics and from a theory of the paramagnetic susceptibility to the structure of
molecules. I. The electron±pair bond. II. The magnetic moments of molecules and
complexions, Am. J. Chem. 53, 1367±1400 (received 17 February 1931, published in
the issue of 6 April 1931).

References 1391



1932a The nature of the chemical bond. III. The transformation from one extreme bond to
another, Am. J. Chem. 54, 988±1003 (received 9 November 1931, published in the
issue of 5 March 1932).

1932b The nature of the chemical bond. IV. The energy of single bonds and the relative
electronegativity of atoms, Am. J. Chem. 54, 3570±3582 (received 18 May 1932,
published in the issue of 5 September 1932).

Pauling, Linus, and E. Bright Wilson

1935 Introduction to Quantum Mechanics with Applications to Chemistry, New York and
London: McGraw Hill.

Peierls, Rudolf

1929a Zur Theorie der galvanometrischen E¨ekte, Z. Phys. 53, 255±266 (received 24
December 1928, published in issue No. 3/4 of 12 February 1929).

1929b Zur Theorie des Hall-E¨ekts, Phys. Zs. 30, 273±274 (presented on 30 January 1929
at the meeting of the Ganverein Sachsen±ThuÈringen±Schlesien of the German
Physical Society in Leipzig, published in issue No. 9 of 1 May 1929).

1929c UÈ ber die AbhaÈngigkeit der Ionisierungsspannung von der Ordnungszahl, Z. Phys.

55, 738±743 (received 2 May 1929, published in issue No. 11/12 of 5 July 1929).

1929d UÈ ber die Existenz stationaÈrer ZustaÈnde, Z. Phys. 58, 59±62 (received 22 August
1929, published in issue No. 1/2 of 14 October 1929).

1929e Zur kinetischen Theorie der WaÈrmelehre in Kristallen, Ann. d. Phys. (5) 3, 1055±
1101 (dated July 1929; received 24 October 1929, published in issue No. 8 of
23 December 1929).

1930 Zur Theorie der elektrischen und thermischen LeitfaÈhigkeit von Metallen, Ann. d.

Phys. (5) 4, 121±143 (received 6 December 1929, published in issue No. 2 of
28 January 1931).

1931 Zur Theorie der magnetischen WiderstandsaÈnderung fuÈr tiefe Temperaturen, Ann.

d. Phys. (5) 10, 97±110 (received 11 April 1931, published in issue No. 1 of 24 June
1931).

1932a Zur Frage des elektrischen Widerstandsgesetzes fuÈr tiefe Temperaturen, Ann. d.

Phys. (5) 12, 154±168 (received 27 September 1931, published in issue No. 2 of
2 February 1932).

1932b Elektronentheorie der Metalle, Erg. exakt. Naturwiss. 11, 264±322.

1933a Zur Theorie des Diamagnetismus von Leitungselektronen, Z. Phys. 80, 763±791
(received 8 December 1932, published in issue No. 11/12 of 23 February 1933).

1933b Zur Theorie des Diamagnetismus von Leitungselektronen, Z. Phys. 81, 186±194
(received 14 January 1933, published in issue No. 4/5 of 11 March 1933).

1933c Zur Theorie der Metalle. Eine Erwiderung auf eine Arbeit von A. H. Wilson, Z.

Phys. 81, 697±699 (received 3 March 1933, published in issue No. 9/10 of 7 April
1933).

1936 Note on the derivation of the equation of state for a degenerate relativistic gas,
Monthly Notices Roy. Astr. Soc. (London) 96, 780±784 (dated 5 June 1936, pub-
lished in the issue of June 1936).

1964 WaÈrmeleitung in nichtmetallischen Kristallen (lecture presented on 9 September
1963) in E. BruÈche, ed.: Physikertagung Hamburg, HauptvortraÈge, Mosbach: Physik
Verlag, pp. 1±7.

References1392



1982 The early days of neutrino physics, in E. Fiorini, ed.: Neutrino Physics and As-

trophysics (Proceedings of Neutrino '80. International Conference on Neutrino
Physics and Astrophysics, held 23±28 July 1980 in Erice, Sicily), New York and
London: Plenum Press, pp. 1±10.

1985 Birds of Passage, Princeton, N.J.: Princeton University Press.

1986 Introduction, in Niels Bohr: Collected Works, Vol. 9 (Bohr, 1986), pp. 3±83.

Penzias, Arno A.

1992 The origin of elements, in Nobel Lectures: Physics 1971±1980 (Nobel Foundation,

ed., 1992), pp. 444±457.

Penzias, Arno A., and Robert W. Wilson

1965 A measurement of excess antenna temperature at 4080 Mc/s, Astrophys. J. 142,
419±421 (dated 13 May 1965, published in issue No. 1 of 1 July 1965).

Perkins, Donald H.

1972 Neutrino interactions, in Proceedings of the XVI International Conference on High

Energy Physics (held at the University of Chicago and National Accelerator Labo-
ratory, Batavia, 6±13 September 1972, J. D. Jackson and A. Roberts, eds.), Vol. 4,
Batavia, Illinois: National Accelerator Laboratory, pp. 189±247.

Perl, M. L., et al.

1975 Evidence for anomalous lepton production in e�±eÿ annihilation, Phys. Rev. Lett.

35, 1489±1492 (received 18 August 1965, published in issue No. 22 of 1 December
1975).

Perrin, Jean

1914 Der Beweis fuÈr die wahre Existenz der MolekuÈ le (report delivered at the ®rst Solvay
meeting in Brussels, 30 October to 3 November 1911), published in Die Theorie der

Strahlung und der Quanten (A. Eucken, ed., 1914), pp. 124±207.

Peshkov, Vasilij

1944 ``Second sound'' in helium II, J. Phys. USSR 8, 381 (letter received 2 October 1944,
published in issue No. 6).

Peter, F., and Hermann Weyl

1927 Die VollstaÈndigkeit der primitiven Darstellungen einer geschlossenen kontinuier-
lichen Gruppe, Mathematische Annalen 97, 737±757.

Petersen, Aage

1963 The philosophy of Niels Bohr, Bulletin of the Atomic Scientists 19, No. 7, 8±14
(published in the issue of September 1963).

1968 Niels Bohr and the philosophy of science, in Contemporary Philosophy. A Survey,

Florence: La Nuovo Italia Editrice, pp. 277±285.

Petterssen, Hans

1928 KuÈnstliche Umwandlung der Elemente (ZertruÈmmerung der Atome), Berlin and
Leipzig: Walter de Gruyter.

References 1393



Petzold, Joseph

1929 KausalitaÈt und Wahrscheinlichkeit, Naturwiss. 17, 51±52 (letter dated 15 December
1928, published in the issue of 18 January 1929).

Pickering, Andrew

1989 From ®eld theory to phenomenology: the history of dispersion relations, in Pions to

Quarks (L. Brown, M. Dresden, and L. Hoddeson, 1989), pp. 579±599.

Pines, David

1956 Collective energy losses in solids, Rev. Mod. Phys. 28, 184±198 (published in issue
No. 5 of July 1956).

Pippard, Brian

1950 The surface impedance of superconductors and normal metals at high frequencies.
V. Analysis of experimental results for superconducting tin, Proc. Roy. Soc. (Lon-

don) A203, 195±210 (communicated by L. H. Bragg; received 16 May 1950, pub-
lished in issue No. A1073 of 22 September 1950).

1953 An experimental and theoretical study of the relation between magnetic ®eld and
current in a superconductor, Proc. Roy. Soc. (London) A216, 547±568 (communi-
cated by L. H. Bragg; received 5 November 1953, published in issue No. A1127 of
24 February 1953).

1995 Electrons in solids, in Twentieth Century Physics (L. Brown, A. Pais, and B. Pip-
pard, eds., 1995), Vol. III, pp. 1279±1383.

Piron, Constantin

1972 Survey of general quantum physics, Foundations of Physics 2, 287±314 (received 26
August 1971, published in issue No. 4 of 4 October 1972).

Planck, Max

1899 UÈ ber irreversible StrahlungsvorgaÈnge. 5. Mittheilung, Sitz.ber. Preuss. Akad. Wiss.

(Berlin), pp. 440±480 (presented at the meeting of 18 May 1899).

1900c UÈ ber eine Verbesserung der Wien'schen Spektralgleichung, Verh. d. Deutsch. Phys.

Ges. (2), 2, 202±204 (presented at the meeting of 19 October 1900, published in
issue No. 13).

1900f Zur Theorie des Gesetzes der Energieverteilung im Normalspectrum, Verh. d.

Deutsch. Phys. Ges. (2), 2, 237±245 (presented at the meeting of 14 December 1900,
published in issue No. 17).

1906 Vorlesungen uÈber die Theorie der WaÈrmestrahlung, Leipzig: J. A. Barth.

1907 Zur Dynamik bewegter Systeme, Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. 542±
570 (presented at the meeting 13 June 1907).

1909 Die Einheit des physikalischen Weltbildes, Phys. Zs. 10, 62±75 (presented on 9
December 1908 to the science students at Leyden University, published in issue
No. 2 of 15 January 1909).

1910a Zur Theorie der WaÈrmestrahlung, Ann. d. Phys. (4) 31, 758±768 (received 18 Jan-
uary 1910, published in issue No. 4 of 15 March 1910).

1910b Acht Vorlesugen uÈber theoretische Physik, gehalten 1909 an der Columbia Uni-

versitaÈt, Leipzig: S. Hirzel.

References1394



1911a Eine neue Strahlungshypothese, Verh. d. Deutsch. Phys. Ges. (2) 13, 138±148
(presented at the meeting of 3 February 1911, published in issue No. 3 of 15 Feb-
ruary 1911).

1914a Eine veraÈnderte Formulierung der Quantenhypothese, Sitz.ber. Preuss. Akad. Wiss.

(Berlin), pp. 918±923 (presented at the meeting of 23 July 1914).

1914c Dynamische und statistische GesetzmaÈûigkeit (address delivered on 3 August 1914
at the University of Berlin), Leipzig: J. A. Barth.

1916b UÈ ber die Entropie einatomiger KoÈrper, Sitz.ber. Preuss. Akad. Wiss. (Berlin),

pp. 653±667 (presented at the meeting of 8 June 1916).

1929a Zwanzig Jahre Arbeit am physikalischen Weltbild, Physica 9, 193±222 (lecture
presented on 18 February 1929 at the University of Leyden).

1929b Erwiderung des SekretaÈrs Hrn. Planck, Sitz.ber. Preuss. Akad. Wiss. (Berlin),
pp. CII±CIV (presented at the meeting of 4 July 1929).

1932a The concept of causality (7th Guthrie Lecture delivered on 17 June 1932, published
in the issue of 1 September 1932).

1932b Der Kausalbegri¨ in der Physik, Leipzig: J. A. Barth.

1958 Physikalische Abhandlungen und VortraÈge (edited by Verband Deutscher Physi-

kalischer Gesellschaften and Max-Planck Gesellschaft), Vols. I±III, Braunschweig:
Fr. Vieweg & Sohn.

Pohl, Robert Wichard

1937 Electron conductivity and photochemical processes in alkali±halide crystals, Proc.

Roy. Soc. (London) Supplement 49, 3±31 (paper presented at the conference on
``The Conduction of Electricity in Solids'' in Bristol, 13±16 July 1937).

Polanyi, Michael, and Eugen[e] Wigner

1925 Bildung und Zerfall von MolekuÈlen, Z. Phys. 33, 429±434 (received 27 June 1925,
published in issue No. 5/6 of 8 August 1925).

Polchinsky, Joseph

1998 String Theory, Vols I and II, Cambridge and New York: Cambridge University Press.

Politzer, H. David

1973 Reliable perturbative results for strong interactions, Phys. Rev. Lett. 30, 1346±1349
(received 3 May 1953, published in issue No. 26 of 25 June 1973).

Pontecorvo, Bruno

1947 Nuclear capture of mesons and meson decay, Phys. Rev. (2) 72, 246±247 (letter
dated 21 June 1947, published in issue No. 3 of 1 August 1947).

Popper, Karl

1934 Zur Kritik der Ungenauigkeitsrelationen, Naturwiss. 22, 807±808 (letter dated 27
August 1934, published in the issue of 30 November 1934).

Porter, Theodore M.

1986 The Rise of Statistical Thinking 1820±1900, Princeton, N.J.: Princeton University
Press.

References 1395



Pound, R. V., and G. A. Rebka, Jr.

1960 Apparent weight of photons, Phys. Rev. Lett. 4, 337±341 (received 9 March 1960,
published in issue No. 7 of 1 April 1960).

Pringsheim, Ernst

1913a Bemerkung zu der Abhandlung von Herrn D. Hilbert: ``BegruÈndung der elemen-
taren Strahlungstheorie,'' Phys. Zs. 14, 589±591 (received 12 April 1913, published
in issue No. 13 of 1 July 1913).

1913b UÈ ber Herrn Hilberts axiomatische Darstellung der elementaren Strahlungstheorie,
Phys. Zs. 14, 847±850 (received 26 July 1913, published in issue No. 17 of 1 Sep-
tember 1913).

Pringsheim, Peter

1928 Der Ramane¨ekt, ein neuer von C. V. Raman entdeckter Strahlungse¨ekt, Natur-

wiss. 16, 597±606 (published in the issue of 3 August 1918).

Pringsheim, Peter, and B. Rosen

1928 UÈ ber den Ramane¨ekt, Z. Phys. 50, 741±755 (received 20 July 1928, published in
issue No. 11/12 of 19 September 1928).

Proca, Alexandre

1936 Sur la theÂorie ondulatoire des eÂlectrons positifs et negatifs, J. phys. et rad. (7) 7,
347±353 (received 28 May 1936, published in issue No. 8 of 1936).

1938 TheÂorie non relativiste des particules aÁ spin entier, J. phys. et rad. (7) 9, 61±66
(received 10 December 1937, published in issue No. 2 of 1938).

Pryce, Maurice H. L.

1938 The electromagnetic energy of a point charge, Proc. Roy. Soc. (London) A168,
389±401 (communicated by P. A. M. Dirac; received 30 June 1938, published in
issue No. A934 of 7 November 1938).

Purcell, Edward M., and R. V. Pound

1951 A nuclear spin system at negative temperature, Phys. Rev. (2) 81, 279±280 (re-
ceived 1 November 1950, published in issue No. 2 of 15 January 1951).

Przibram, Karl

1963 Letters on Wave Mechanics (Translated by M. J. Klein), Philosophical Library:
New York.

Rabi, Isidor I.

1978 Congratulatory letter, dated 21 January 1978, addressed to Willis E. Lamb, Jr., on
the occasion of his 65th birthday, in Willis E. Lamb, A Festschrift on the Occasion of

his 65th Birthday (D. ter Haar and M. Scully, eds., 1978), p. xlii.

Ramakrishnan, T. V.

1997 High temperature superconductors, in Critical Problems in Physics (V. Fitch et al.,
eds.1997), pp. 75±107.

References1396



Raman, Chandrasekhara Venkata

1922 Molecular Di¨raction of Light, Calcutta: Calcutta University Press.

1927 Musikinstrumente und ihre KlaÈnge, in H. Geiger and K. Scheel, eds.: Handbuch der

Physik, Vol. VIII: Akustik, Berlin: J. Springer, pp. 354±424.

1928a A change of wave-length in light scattering, Nature 121, 619 (letter dated 8 March
1928, published in issue of 21 April 1928).

1928b A new radiation, Indian Journal of Physics 2, 387±398 (talk presented at the meet-
ing of 16 March 1928 of the South Indian Science Association).

1965 The molecular scattering of light (Nobel lecture delivered on 11 December 1930), in
Nobel Lectures: Physics 1922±1941 (Nobel Foundation, ed., 1965), pp. 266±275.

Raman, Chandrasekhara Venkata, and Kariamanikkam Srinivasa Krishnan

1928a A new type of secondary radiation, Nature 121, 501 (letter dated 16 February 1928,
published in the issue of 31 March 1928).

1928b The optical analogue of the Compton e¨ect, Nature 121, 711 (letter dated 22 March
1928, published in the issue of 5 May 1928).

1928c A new class of spectra due to secondary radiation. Part I, Indian Journal of Physics

2, 399±419 (received 7 May 1928).

1928d The negative absorption of radiation, Nature 122, 12±13 (letter dated 15 May 1928,
published in the issue of 7 July 1928).

1928e Polarization of scattered light quanta, Nature 122, 169 (letter dated 14 June 1928,
published in the issue of 4 August 1928).

1928f Molecular spectra in the extreme infra-red, Nature 122, 278 (letter dated 5 July
1928, published in the issue of 25 August 1928).

1928g Rotation of molecules induced by light, Nature 122, 882 (letter dated 18 October
1928, published in the issue of 8 December 1928).

1929 The production of new radiation by light-scattering, Proc. Roy. Soc. (London)

A122, 23±35 (submitted on 7 August 1928, published in issue No. A789 of January
1929).

Ramsauer, Carl

1920 UÈ ber den Wirkungsquerschnitt der GasmolekuÈle gegenuÈber langsamen Elektronen,
Phys. Zs. 21, 576±578 (presented at the 86th Naturforscherversammlung, Bad Nau-
heim, 19±25 September 1920, published in issue No. 21/22 of 1/15 November 1920).

1921a UÈ ber den Wirkungsquerschnitt der GasmolekuÈle gegenuÈber langsamen Elektronen,
Ann. d. Phys. (4) 64, 513±540 (received 7 September 1920, published in issue No. 6
of 31 March 1921).

1921b UÈ ber den Wirkungsquerschnitt der Edelgase gegenuÈber langsamen Elektronen,
Phys. Zs. 22, 613±615 (presented at the Deutsche Physikertag, Jena, 18±24 Sep-
tember 1921, published in issue No. 21/22 of 1/15 November 1921).

1922 UÈ ber den Wirkungsquerschnitt der GasmolekuÈle gegenuÈber langsamen Elektronen.
I. Fortsetzung, Ann. d. Phys. (4) 66, 546±558 (received 22 December 1921, pub-
lished in issue No. 24 of 22 March 1922).

1923 UÈ ber den Wirkungsquerschnitt der GasmolekuÈle gegenuÈber langsamen Elektronen.
II. Fortsetzung und Schluû, Ann. d. Phys. (4) 72, 345±352 (received 26 April 1923,
published in issue No. 21 of 25 September 1923).

References 1397



Ramsauer, Carl, and Rudolf Kollath

1933 Der Wirkungsquerschnitt von GasmolekuÈlen gegenuÈber langsamen Elektronen und
langsamen Ionen, in H. Geiger and K. Scheel, eds.: Handbuch der Physik, second
edition, Vol. 22, Teil II, Negative und Positive Strahlen, Berlin: J. Springer, pp. 243±
342.

Rasetti, Franco

1929 The Raman e¨ect in diatomic gases, Proc. Nat. Acad. Sci. (USA) 15, 515±519
(communicated 13 May 1929).

1932 UÈ ber die Natur der durchdringenden Strahlung, Naturwiss. 20, 252±253 (published
in the issue of 1 April 1932).

Rayleigh, John William Strutt, Lord

1900b Remarks upon the law of complete radiation, Phil. Mag. (5) 49, 539±540 (pub-
lished in issue No. 301 of June 1900).

Rechenberg, Helmut

1978 Victor F. WeisskopfÐEin herzlicher Gruû zum 70. Geburtstag, Phys. BlaÈtter 34,
434±436 (published in issue No. 9 of September 1978).

1988 Transurane, Uranspaltung und das deutsche Uranprojekt, Phys. BlaÈtter 44, 453±
459 (published in issue No. 12 of December 1988).

1989 The early S-matrix theory and its propagation (1942±1952), in Pions to Quarks (L.
Brown, M. Dresden, and L. Hoddeson, eds., 1989), pp. 551±578.

1992 ``Deutsche'' und ``juÈdische'' Physik. Vorbemerkungen (to Part II), in H. Rechen-
berg, ed.: Werner Heisenberg: Deutsche und juÈdische Physik, Munich and Zurich: R.
Piper, pp. 71±77.

1993a Die Theorie der Atomkerne in Leipzig, in: Werner Heisenberg in Leipzig (C. Kleint
and G. Wiemers, eds., 1993), pp. 30±52.

1993b Heisenberg and Pauli: Their program of a uni®ed quantum ®eld theory of elemen-
tary particles (1927±1958), in Werner Heisenberg: Collected Works, Vol. AIII (Hei-
senberg, 1993), pp. 1±19.

1994 Quantenmechanik im Aufbruch. Friedrich Hund berichtet aus seinem Leben, Pub-

likationen Wissenschaftlicher Film. Geschichte/PublizitaÈt. 7, 93±107 (text of ®lm G
239, made in summer 1988 in GoÈttingen by the Institut fuÈr den Wissenschaftlichen
Film, GoÈttingen).

1996 Die erste GoÈttinger Zeit und die Rostocker Professur, in M. Schroeder, ed.: Hundert

Jahre Friedrich Hund, GoÈttingen: Vandenhoeck & Rupprecht, pp. 4±32.

1997a Lise Meitner (1878±1968), Otto Hahn (1879±1968), IreÁne Curie (1897±1956) und
FreÂdeÂric Joliot (1900±1978), in K. von Meyenn, ed.: Die groûen Physiker, Vol. II,
Munich: C. H. Beck, pp. 210±226.

1997b R. L, Sime: Lise Meitner. A Life in Physics (book review), Naturwissenschaftliche

Rundschau 50, 247±248 (published in issue No. 6 of June 1997).

1999 Historical remarks on zero-point energy and the Casimir e¨ect, in The Casimir

E¨ect 50 Years Later (M. Bordag, ed., 1999), pp. 10±19.

Rechenberg, Helmut, and Laurie M. Brown

1990 Yukawa's heavy quantum and the mesotron (1935±1937), Centaurus 33, 214±252.

References1398



Regge, Tullio

1958 Symmetry properties of Clebsch±Gordan coe½cients, Nuovo Cimento (10) 10,
544±555 (received 23 September 1958, published in issue No. 3 of 1 November
1958).

1959 Introduction to complex orbital momenta, Nuovo Cimento (10) 14, 951±976 (re-
ceived 18 July 1959, published in issue No. 5 of 1 December 1959).

1960 Bound states, shadow states and Mandelstam representation, Nuovo Cimento

(10) 18, 947±956 (received 5 April 1960, published in issue No. 5 of 1 December
1960).

Reiche,Fritz, and Willy Thomas

1925 UÈ ber die Zahl der Dispersionselektronen, die einem stationaÈren Zustand zugeordnet
sind, Z. Phys. 34, 510±525 (received 7 August 1925, published in issue No. 5±7 of
20 October 1925).

Reichenbach, Hans

1925 Die Kausalstruktur der Welt und der Unterschied von Vergangenheit und Zukunft,
Sitz.ber. Bayer. Akad. Wiss., pp. 133±175 (presented by C. CaratheÂordory at the
meeting of 7 November 1925).

1930 Tagung fuÈr Erkenntnislehre der exakten Naturwissenschaften in KoÈnigsberg, Na-

turwiss. 18, 1093±1094 (report of the meeting published in the issue of 12 December
1930).

1931 Das Kausalproblem in der Physik, Naturwiss. 19, 713±722 (published in the issue of
21 August 1931).

1944 Philosophical Foundations of Quantum Mechanics, Berkeley: University of Cali-
fornia Press.

Reid, Alexander

1928 The di¨raction of cathode rays by thin celluloid ®lms, Proc. Roy. Soc. (London)

A119, 663±667 (communicated by J. J. Thomson; received 14 May 1928, published
in issue No. A783 of 2 July 1928).

Reid, Constance

1970 Hilbert, New York, Heidelberg, and Berlin: Springer-Verlag.

1976 Courant in GoÈttingen and New York: The Story of an Improbable Mathematician,

New York, etc.: Springer-Verlag.

Reynolds, C. A., B. Serin, W. H. Wright, and L. B. Nesbitt

1950 Superconductivity of isotopes of mercury, Phys. Rev. (2) 78, 487 (letter dated 24
May 1950, published in issue No. 4 of 15 May 1950).

Rhodes, Richard

1988 The Making of the Atomic Bomb, New York: Simon & Schuster.

Richardson, Owen Willans

1931 Isolated quantized magnetic poles, Nature 128, 582 (letter dated 18 September 1931,
published in issue of 3 October 1931).

References 1399



Riecke, Eduard

1898a Zur Theorie des Galvanismus und der WaÈrme, Ann. d. Phys. (3) 66, 353±389
(received 11 August 1898, published in issue No. 11 of 26 October 1898).

1898b Zur Theorie des Galvanismus und der WaÈrme. (Schluû), Ann. d. Phys. (3) 66, 545±
581 (received 11 August 1898, published in issue No. 12).

1898c Nachtrag zu der Abhandlung, Zur Theorie des Galvanismus und der WaÈrme, Ann.

d. Phys. (3) 66, 1199±1200 (received 30 November 1898).

Riesz, FreÂdeÂric

1907 Ueber orthogonale Funktionensysteme, Nachr. Ges. Wiss. GoÈttingen, pp. 116±122
(presented at the meeting of 9 March 1907).

Roberts, R. B., R. C. Meyer, and Lawrence R. Hafstad

1939 Droplet ®ssion of uranium and thorium nuclei, Phys. Rev. (2) 55, 416±417 (letter
dated 4 February 1939, published in issue No. 4 of 15 February 1939).

Roberts, R. B., R. C. Meyer, and P. Wang

1939 Further observations on the splitting of uranium and thorium, Phys. Rev. (2) 55,
510±511 (letter dated 18 February 1939, published in issue No. 5 of 1 March
1939).

Robertson, Howard Percy

1929 The uncertainty principle, Phys. Rev. (2) 34, 163±164 (letter dated 18 June 1929,
published in issue No. 1 of 1 July 1929).

Roche, John J.

1987 A critical study of symmetry in physics from Galilei to Newton, in Symmetries in

Physics (1600±1980) (M. Doncel et al., eds., 1987), pp. 1±50.

Rochester, George D., and Clifford C. Butler

1947 Evidence for the existence of new unstable elementary particles, Nature 160, 855±
857 (published in the issue of 20 December 1947).

RoÈseberg, Ulrich

1992 Niels Bohr. Leben und Werk eines Atomphysikers, Heidelberg±Berlin±New York:
Spektrum Akademischer Verlag.

Roll, P. G., and David T. Wilkinson

1966 Cosmic background radiation at 3.2 cmÐSupport for cosmic±black body radia-
tion, Phys. Rev. Lett. 16, 405±407 (received 27 January 1966, published in issue No.
10 of 7 March 1966).

RoqueÂ, Xavier

1992 Mùller scattering: A neglected application of early quantum electrodynamics,
Archive for History of Exact Sciences 44, 197±264.

References1400



Rosenfeld, LeÂon

1932 UÈ ber eine moÈgliche Fassung des Diracschen Programmes zur Quantenelektro-
dynamik und deren formalen Zusammenhang mit der Heisenberg±Paulischen The-
orie, Z. Phys. 76, 729±734 (dated 26 April 1932; received 2 May 1932, published in
issue No. 11/12 of 12 July 1932).

1955 On quantum electrodynamics, in W. Pauli, ed.: Niels Bohr and the Development of

Physics, London: Pergamon Press, pp. 70±95.

1963 Niels Bohr's contributions to epistemology, Physics Today 16, No. 10, 47±54
(published in the issue of October 1963).

1965 The measuring process in quantum mechanics, Prog. Theor. Phys., Supplement
1965, 222±231 (received 8 June 1965, published in the ``Commemoration Issue for
the 30th Anniversary of the Meson Theory by Dr. H. Yukawa'').

1967 Niels Bohr in the thirties, in Niels Bohr. His Life and Work etc. (S. Rozental, ed.,
1967), pp. 115±136.

1968 Some concluding remarks and reminiscences, in Fundamental Problems in Elemen-

tary Particle Physics (Institut International de Physique Solvay, ed., 1968), pp. 231±
234.

1969 Max Jammer, The Conceptual Development of Quantum Mechanics (book re-
view), Nuclear Physics 126A, 696.

Rosenfeld, LeÂon, and Erik RuÈ dinger

1967 The decisive years, in Niels Bohr. His Life and Work etc., (S. Rozental, ed., 1967),
pp. 38±72.

Rosseland, Svein

1923 Zur Quantentheorie radioaktiver ZerfallsvorgaÈnge, Z. Phys. 14, 173±181 (received
31 January 1923, published in issue No. 3/4 of 26 March 1923).

Rotblat, Joseph

1939 Emission of neutrons accompanying the ®ssion of uranium, Nature 143, 852 (letter
dated 8 April 1939, published in the issue of 20 May 1939).

Rotter, Helmut

1997a Lew SchubnikowÐein wissenschaftliches PortraÈt, Phys. BlaÈtter 53, 1123±1126
(published in issue No. 11 of November 1997).

1997b Lev Shubnikov: Physics pioneer, Landau ally, secret police victim, Physics Today

50, No. 12, 95±96 (published in the issue of December 1997).

Rozental, Stefan (editor)

1967 Niels Bohr. His Life and Work as Seen by His Friends and Colleagues, Amsterdam:
North Holland.

Ruark, Arthur E.

1928 Heisenberg's uncertainty relation and the motion of free particles, Phys. Rev. (2)

31, 709 (abstract of a paper presented at the New York APS meeting, 24±25 Feb-
ruary 1928, published in issue No. 4 of April 1928).

References 1401



1935 Is the quantum-mechanical description of physical reality complete?, Phys. Rev. (2)

48, 466±467 (letter dated 2 July 1935, published in issue No. 5 of 1 September
1937).

Rudberg, Erik, and John C. Slater

1936 Theory of inelastic scattering of electrons from solids, Phys. Rev. (2) 50, 150±158
(received 9 May 1936, published in issue No. 2 of 15 July 1936).

Rubinowicz, Adalbert

1918a Bohrsche Frequenzbedingung und Erhaltung des Impulsmomentes, I. Teil, Phys.

Zs. 19, 441±445 (received 22 May 1918, published in issue No. 20 of 15 October
1918).

1918b Bohrsche Frequenzbedingung und Erhaltung des Impulsmomentes, II. Teil, Phys.

Zs. 19, 465±474 (received 22 May 1918, published in issue No. 21 of 1 November
1918).

1921 Die Polarisation der Bohrschen Strahlung, Z. Phys. 4, 343±346 (received 7 January
1921, published in issue No. 3 of March 1921).

Rumer, George, Eduard (Edward ) Teller, and Hermann Weyl

1932 Eine fuÈr die Valenztheorie geeignete Basis der bilinearen Vektorinvarianten, Nachr.

Ges. Wiss. GoÈttingen, pp. 499±504 (presented at the meeting of 28 October 1932).

Rupp, Emil

1926a Interferenzuntersuchungen an Kanalstrahlen, Ann. d. Phys. (4) 79, 1±34 (Habil-

itation thesis, University of Heidelberg, dated October 1925; received 12 December
1925, published in issue No. 1 of February 1926).

1926b UÈ ber die InterferenzfaÈhigkeit des Kanalstrahllichtes, Sitz.ber. Preuss. Akad. Wiss.

(Berlin), pp. 341±351 (dated August 1926, presented by A. Einstein at the meeting
of 21 October 1926).

1928 Versuche zur Elektronenbeugung, Phys. Zs. 29, 837±839 (presented at the 90th
Naturforscherversammlung in Hamburg, 16±22 September 1928, published in issue
No. 22 of 15 November 1928).

1929 UÈ ber Elektronenbeugung an duÈnnen GlimmerblaÈttchen (S. Kikuchi), Naturwiss. 17,
174±175 (published in issue No. 11 of 15 March 1929).

Rutgers, A. J.

1934 Note on superconductivity, Physica 1, 1055±1058.

1936 Bemerkung zur Anwendung der Thermodynamik auf die Supraleitung, Physica 3,
999±1005 (received 21 September 1936, published in issue No. 9 of November
1936).

Rutherford, Ernest

1911a The scattering of a- and b-rays and the structure of the atom, Proceedings of the

Literary & Philosophical Society (Manchester) (4) 55, 18±20 (abstract of a paper
read on 7 March 1911).

1911b The scattering of a- and b-particles and the structure of the atom, Phil. Mag. (6)

21, 669±688 (dated April 1911, published in issue No. 125 of May 1911).

References1402



1919 Collision of a-particles with light atoms. IV. An anomalous e¨ect in nitrogen, Phil.

Mag. (6), 37, 581±587 (dated April 1919, published in issue No. 222 of June 1919).

1920 Nuclear constitution of atoms, Proc. Roy. Soc. (London) A97, 374±400 (Bakerian
Lecture delivered on 3 June 1920; received 3 June 1920, published in issue No. A686
of 1 July 1920).

1927 Structure of the radioactive atom and origin of a-rays, Phil. Mag. (7) 4, 580±605
(dated August 1927, published in the issue of September 1927).

1931 Address of the President, Proc. Roy. Soc. (London) A130, 239±259 (delivered at the
Anniversary Meeting of the Royal Society of London, 1 December 1930, published
in issue No. 813 of 1 January 1931).

1935 Opening survey (presented at the meeting on ``Nuclear Physics''), in International

Conference on Physics, London 1934. Papers and Discussions in Two Volumes. Vol.

I: Nuclear Physics, Cambridge: Cambridge University Press, pp. 4±16.

1962±1965

The Collected Papers of Lord Rutherford (J. Chadwick, ed.), Vol. One: New Zea-

land±Cambridge±Montreal, Vol. Two: Manchester, Vol. Three: Cambridge, Lon-
don: George Allen & Unwin, Ltd., 1962, 1963, 1965.

Rutherford, Ernest, et al.

1929 Discussion on the structure of atomic nuclei, Proc. Roy. Soc. (London) A123, 373±
390 (held on 7 February 1929, published in issue No. A792 of 6 April 1929).

1932 Discussion on the structure of atomic nuclei, Proc. Roy. Soc. (London) A136, 735±
762 (held on 28 April 1932, published in issue No. A830 of 1 June 1932).

Rutherford, Ernest, and Hans Geiger

1908 The charge and nature of the a-particle, Proc. Roy. Soc. (London) A81, 162±173
(read 18 July 1908, manuscript received 17 July and published in No. A546 of 27
August 1908).

RyÂutova-Kemoklidze, M.

1995 The Quantum Generation, Heidelberg, etc.: Springer-Verlag.

Saha, Megh Nad

1936 On the origin of mass in neutron and proton, Indian Journal of Physics 10, 141±153
(address delivered before the Indian Science Congress on 8 February 1936; received
2 March 1936).

1949 Note on Dirac's theory of magnetic poles, Phys. Rev. (2) 75, 1968 (received 2 May
1949, published in issue No. 12 of 15 June 1949).

Sakata, Shoichi

1947 The theory of the interaction of elementary particles. I, Prog. Theor. Phys. 2, 145±
150 (received 12 April 1947, published in issue No. 1 of July±October 1947).

1956 On a composite model for the new particles, Prog. Theor. Phys. 16, 686±688 (letter
dated 3 September 1956, published in issue No. 6 of December 1956).

1965 Reminiscences of research on meson theory (in Japanese), in H. Yukawa, S. Sakata,
and M. Taketani: Quest for Elementary Particles, At the Battle®eld of Truth (in
Japanese), Keiso Skobo.

References 1403



Sakata, Shoichi,and Osamu Hara

1946 On the correlation between mesons and Yukawa's particles, Prog. Theor. Phys.

1, 143±149 (received 18 September 1946, published in issue No. 4 of November±
December 1946).

1947 The self-energy of the electron and the mass di¨erence of nucleons, Prog. Theor.

Phys. 2, 30±31 (letter dated 8 April 1947, published in issue No. 1 of January±
February 1947).

Sakata, Shoichi, and Takesi Inoue

1946 On the correlations between mesons and Yukawa particles, Prog. Theor. Phys. 1,
143±150 (read in September 1943 before the Symposium on Meson Theory, pub-
lished in issue No. 4 of November±December 1946).

Sakata, Shoichi, Hiroomi Umezawa, and Susumo Kamefuchi

1951 Applicability of the renormalization theory and the structure of elementary par-
ticles, Phys. Rev. (2) 84, 154±155 (letter received 23 July 1951, published in issue
No. 1 of 1 October 1951).

1952 On the structure of the interaction of elementary particles, Prog. Theor. Phys. 7,
377±389 (received 28 February 1952, published in issue No. 4 of April 1952).

Sakurai, Jun

1960 Theory of strong interactions, Ann. Phys. (N.Y.) 1, 1±48 (published in issue No. 1
of September 1960).

Salam, Abdus

1951a Overlapping divergences and the S-matrix, Phys. Rev. (2) 82, 217±227 (received 29
September 1950, published in issue No. 2 of 15 April 1951).

1951b Divergent integrals in renormalizable ®eld theories, Phys. Rev. (2) 84, 426±431
(received 22 June 1951, published in issue No. 3 of 1 November 1951).

1968 Weak and electromagnetic interactions, in N. Svartholm, ed.: Elementary Particle

Theory. Relativistic Groups and Analyticity (Proceedings Eighth Nobel Symposium,
held 19±25 May 1968 at AspenaÈsgerden, Lerum), Stockholm±New York: Almquist
& Wiksell±Wiley Interscience, pp. 367±377.

1970 Non-polynomial Langrangian theories, Acta Physica Austriaca, Suppl. VII, pp. 1±
31 (presented at the Coral Gables Conference, Miami, 23±25 January 1970, and the
IX. Internationale UniversitaÈtswochen fuÈr Kernphysik, Schladming, 23 February±7
March 1970).

1992 Gauge uni®cation of fundamental forces, in Nobel Lectures: Physics 1971±1980

(Nobel Foundation, ed., 1992), pp. 513±538.

Salam, Abdus, and John C. Ward

1964 Electromagnetic and weak interactions, Physics Letters 13, 168±171 (received 24
September 1964, published in issue No. 2 of 15 November 1964).

Salam, Abdus, and Eugene P. Wigner (editors)

1972 Aspects of Quantum Theory, Cambridge: Cambridge University Press.

References1404



Salpeter, Edwin E.

1952 Nuclear reactions in stars. I. Proton±proton chain, Phys. Rev. (2) 88, 547±553
(received 24 July 1952, published in issue No. 3 of 1 November 1952).

Salpeter, Edwin E., and Hans A. Bethe

1951 A relativistic equation for bound-state problems, Phys. Rev. (2) 84, 1232±1242
(received 24 August 1951, published in issue No. 6 of 15 December 1951).

Sanchez Ron, JoseÂ Manuel

1991 John von Neumann y los fundamentos matematicos de la meÂcanica cuaÂntica, in
John von Neumann: Fundamentes MatemaÂticos de la MeÂcanica CuaÂntica, 2nd edi-
tion, Madrid: Consejo Superior de Investigaciones CientõÂ®cas, pp. xi±lix.

Sauter, Fritz

1933 Zur unrelativistischen Theorie des kontinuierlichen RoÈntgenspektrums, Ann. d.

Phys. (5) 18, 486±496 (received 21 August 1933, published in issue No. 5 of 6
November 1933).

1934 UÈ ber die Bremsstrahlung schneller Elektronen, Ann. d. Phys (4) 20, 404±412 (re-
ceived 1 June 1934, published in issue No. 4 of 18 July 1934).

Schachenmeier, R.

1934 Zur Elektronentheorie der Supraleitung, Phys. Zs. 35, 966±969 (presented at the
Deutsche Physiker- und Mathematikertag in Bad Pyrmont, 10±15 September 1934,
published in issue No. 23 of 1 December 1934).

Schaefer, Clemens, C. Bormuth, and Frank Matossi

1926 Das ultrarote Absorptionsspektrum der Carbonate, Z. Phys. 39, 648±659 (received
11 August 1926, published in issue No. 9 of 9 November 1926).

Schafroth, Max Robert

1951 Bemerkungen zur FroÈhlichschen Theorie der Supraleitung, Helv. Phys. Acta 24,
645±662 (received 20 October 1951, published in issue No. 6 of 31 December 1951).

Schawlow, Arthur L., and Charles H. Townes

1958 Infrared optical masers, Phys. Rev. (2) 112, 1940±1949 (received 26 August 1958,
published in issue No. 6 of 15 December 1958).

Schiff, Leonard I.

1949 Quantum Mechanics, New York±Toronto±London: McGraw-Hill.

Schilpp, Paul A. (editor)

1949 Albert Einstein: Philosopher±Scientist, New York: Tudor.

Schlick, Moritz

1920 Naturphilosophische Betrachtungen zum KausalitaÈtsprinzip, Naturwiss. 8, 461±474
(published in the issue of 11 June 1920).

References 1405



1931 KausalitaÈt in der gegenwaÈrtigen Physik, Naturwiss. 19, 145±162 (published in the
issue of 13 February 1931).

1932 Positivismus und RealitaÈt, Erkenntnis 3, 1±31.

1936 Quantentheorie und Erkennbarkeit der Natur, Erkenntnis 6, 317±326 (read at the
II. Internationaler Kongreû fuÈr die Einheit der Wissenschaft, in Copenhagen, 21±26
June 1936).

Schottky, Walter

1920 GleichgewichtssaÈtze fuÈr die elektromagnetisch aufgebaute Materie, Phys. Zs. 21,
232±241 (received 3 February 1920, published in issue No. 9 of 1 May 1920).

1921b Das Kausalproblem der Quantenmechanik als eine Grundlage der modernen Na-
turau¨assung uÈberhaupt, Naturwiss. 9, 492±496, 506±511 (published in the issues of
24 and 30 June 1921).

Schrieffer, John Robert

1992 Macroscopic quantum phenomena from pairing in superconductivity (Nobel lecture
delivered on 11 December 1972), in Nobel Lectures: Physics 1971±1980 (Nobel

Foundation, ed., 1992), pp. 97±108.

SchroÈdinger, Erwin

1922c UÈ ber eine bemerkungswerte Eigenschaft der Quantenbahnen eines einzelnen Elek-
trons, Z. Phys. 22, 13±23 (received 5 October 1922, published in issue No. 1/2 of
December 1922).

1924a Gasentartung und freie WeglaÈnge, Phys. Zs. 25, 41±45 (received 17 December 1923,
published with a postscript in issue No. 2 of 15 January 1925).

1924f UÈ ber die RotationswaÈrme des Wassersto¨s, Z. Phys. 30, 341±349 (received 24
November 1924, published in issue No. 6 of 31 December 1924).

1926b Zur Einsteinschen Gastheorie, Phys. Zs. 27, 95±101 (received 15 December 1925,
published in issue No. 4/5 of 1 March 1926).

1926c Quantisierung als Eigenwertproblem. [Erste Mitteilung], Ann. d. Phys. (4) 79, 361±
376 (received 27 January 1926, published with an addendum of 28 February in issue
No. 4 of 13 March 1926).

1926d Quantisierung als Eigenwertproblem. (Zweite Mitteilung), Ann. d. Phys. (4) 79,
489±527 (received 23 February 1926, published in issue No. 6 of 6 April 1926).

1926e UÈ ber das VerhaÈltnis der Heisenberg±Born±Jordanschen Quantenmechanik zu der
meinen, Ann. d. Phys. (4) 79, 734±756 (received 18 March 1926, published in issue
No. 8 of 4 May 1926).

1926f Quantisierung als Eigenwertproblem. (Dritte Mitteilung), StoÈrungstheorie, mit
Anwendung auf den Starke¨ekt der Balmerlinien, Ann. d. Phys. (4) 80, 437±490
(received 10 May 1926, published in issue No. 13 of 13 July 1926).

1926g Der stetige UÈ bergang von der Mikro- zur Makromechanik, Naturwiss. 14, 664±666
(published in the issue of 9 July 1926).

1926h Quantisierung als Eigenwertproblem. (Vierte Mitteilung), Ann. d. Phys. (4) 81,
109±139 (received 21 June 1926, published in issue No. 18 of 5 September
1926).

1927a UÈ ber den Comptone¨ekt, Ann. d. Phys. 82, 257±264 (received 30 November 1926,
published in issue No. 2 of 10 January 1927).

References1406



1927b Der Energieimpulssatz der Materiewellen, Ann. d. Phys. (2) 82, 265±272 (received
10 December 1926, published in issue No. 2 of 10 January 1927).

1927c Energieaustausch nach der Wellenmechanik, Ann. d. Phys. (4) 83, 956±968 (re-
ceived 10 June 1927, published in issue No. 15 of 9 August 1927).

1928 La meÂcanique des ondes, in EÂ lectrons et Photons (Institut International de Physique

Solvay, ed., 1928), pp. 185±213.

1929a Was ist ein Naturgesetz?, Naturwiss. 17, 9±11 (inaugural lecture of 9 December
1922 at the University of Zurich, published in the issue of 4 January 1929).

1929b Neue Wege in der Physik, Elektrische Nachrichtentechnik 5, 485±488 (lecture pre-
sented at the Elektrotechnischer Verein in Berlin on 27 November 1928, published in
the issue of 3 January 1929).

1929c Der erkenntnistheoretische Wert physikalischer Modellvorstellungen, Jahresbericht

der Physikalischen Vereins in Frankfurt am Main 1928/29, 44±51 (lecture presented
at the Verein on 6 December 1928).

1929d Antrittsrede des Herrn SchroÈdinger, Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. C±
CII (presented at the meeting of 4 July 1929).

1930 Zum Heisenbergschen UnschaÈrfeprinzip, Sitz.ber. Preuss. Akad. Wiss. (Berlin),

pp. 296±303 (submitted to the meeting of 5 January 1930, presented at the meeting
of 19 June 1930).

1932a Anmerkungen zum Kausalproblem, Erkenntnis 3, 65±70 (from a letter to H.
Reichenbach of 25 January 1924).

1932b UÈ ber den Indeterminismus in der Physik; Ist die Naturwissenschaft milieu-bedingt?

Zwei VortraÈge zur Kritik der naturwissenschaftlichen Erkenntnis, Leipzig: J. A.
Barth.

1935a Die gegenwaÈrtige Situation in der Quantenmechanik, Naturwiss. 23, 807±812,
823±828, 844±849 (published in the issues of 29 November, 6 and 13 December
1935); English translation: The present situation in quantum mechanics, in Quan-

tum Theory of Measurement (J. A. Wheeler and W. H. Zurek, 1983), pp. 152±
167.

1935b Discussion of probability relations between separated systems, Proc. Camb. Phil.

Soc. 31, 555±563 (communicated by M. Born; received 24 August, presented 28
October 1935).

1936 Probability relation between separated systems, Proc. Camb. Phil. Soc. 32, 446±452
(communicated by P. A. M. Dirac; received 21 April 1936, read 6 October 1936).

1945 What Is Life? The Physical Aspects of the Living Cell, Cambridge: Cambridge
University Press.

1984 Gesammelte Abhandlungen/Collected Papers (Austrian Academy of Sciences, ed.),
4 volumes, Vienna±Braunschweig: Verlag der OÈ sterreichischen Akademie der
Wissenschaften±Fr. Vieweg & Sohn.

1995 The Interpretation of Quantum Mechanics. Dublin Seminars (1949±1955) and other

unpublished essays (M. Bitbol, ed.), Woodbridge, Conn.: OxBow Press.

SchroÈdinger, Erwin, Max Planck, Albert Einstein, and Hendrik Antoon Lorentz

1963 Briefe zur Wellenmechanik (K. Przibram,ed.), Vienna: Springer-Verlag; English
translation (by M. J. Klein): Albert Einstein, Erwin SchroÈdinger, Max Planck, and

H. A. Lorentz: Letters on Wave Mechanics, New York: Philosophical Library,
1967.

References 1407



SchuÈ ler, Hermann

1925 UÈ ber Feinstrukturen im ersten Li-Funkenspektrum, Ann. d. Phys. (4) 76, 292±298
(received 29 October 1924, published in issue No. 2/3 of January 1925).

1930 Zur Frage nach den Kernkomponenten von Li6 und Li7, Z. Phys. 66, 431±435 (re-
ceived 26 October 1930, published in issue No. 7/8 of 17 December 1930).

Schulz, Gerhard

1959 Kritik des Neumannschen Beweises gegen die KausalitaÈt der Quantenmechanik,
Ann. d. Phys. (7) 3, 94±104 (received 27 May 1958, published in issue No. 1/2 of
28 February 1959).

Schur, Issai

1924a Neue Anwendungen der Integralberechnung auf Probleme der Invariantentheorie.
I, Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. 189±208 (presented at the meeting of
10 January 1924).

1924b Neue Anwendungen der Integralberechnung auf Probleme der Invariantentheorie.
II. UÈ ber die Darstellungen der Drehungsgruppe durch lineare Substitutionen,
Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. 297±321 (presented at the meeting of
13 November 1924).

1924c Neue Anwendungen der Integralberechnung auf Probleme der Invariantentheorie.
III. Vereinfachung des IntegralkalkuÈ ls. RealitaÈtsfragen, Sitz.ber. Preuss. Akad.

Wiss. (Berlin), pp. 346±355 (presented at the meeting of 11 December 1924).

Schwartz, Laurent

1945 GeÂneÂralisation de la notion de fonction, de deÂrivation, de transformation Fourier,
et applications matheÂmatiques et physiques, Annales de l'UniversiteÂ Grenoble (Sect.

Science, MatheÂmatique, Physique) 21, 57±74 (1945, published 1946).

1950 TheÂorie des Distributions, Vol. 1, Paris: Hermann & Cie.

1972 La `fonction' d et les noyaux, in: Aspects of Quantum Theory (A. Salam and E. P.
Wigner, eds., 1972), pp. 179±182.

Schwarzschild, Karl

1916a UÈ ber das Gravitationsfeld einer Kugel aus inkompressibler FluÈssigkeit, Sitz.ber.

Preuss. Akad. Wiss. (Berlin), pp. 424±434 (presented at the meeting of 24 February
1916).

1916b Zur Quantenhypothese, Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. 548±568 (pre-
sented at the meeting of 30 March 1916).

Schwarzschild, Martin

1958 Structure and Evolution of Stars, Princeton, N.J.: Princeton University Press.

Schweber, Silvan S.

1994 QED and the Men Who Made It: Dyson, Feynman, Schwinger and Tomonaga,

Princeton, N.J.: Princeton University Press.

Schweidler, Egon von

1905 UÈ ber die Schwankungen der radioaktiven Umwandlung, in Premier CongreÁs Inter-

national pour l'eÂtudes de la Radiologie et de l'ionisation, LieÁge.

References1408



1910a Zur experimentellen Entscheidung der Frage nach der Natur der g-Strahlen, Phys.

Zs. 11, 225±227 (received 14 February 1910, published in issue No. 14 of 15 July
1910).

1910b Zur experimentellen Entscheidung der Frage nach der Natur der g-Strahlen,
Phys. Zs. 11, 614±619 (received 13 June 1910, published in issue No. 14 of 15
July 1910).

Schwinger, Julian

1934 On the interaction of several electrons, unpublished manuscript.

1948a On quantum-electrodynamics and the magnetic moment of the electron, Phys. Rev.

(2) 73, 416±417 (letter dated 30 December 1947, published in issue No. 4 of
15 February 1948).

1948b An invariant quantum electrodynamics, Phys. Rev. (2) 74, 1212 (abstract of a talk
presented at the Washington, D.C., APS meeting, 29 April±1 May 1948, published
in issue No. 9 of 1 November 1948).

1948c Quantum electrodynamics. I. A covariant formulation, Phys. Rev. (2) 74, 1439±
1461 (received 29 July 1948, published in issue No. 18 of 15 November 1948).

1949a Quantum electrodynamics. II. Vacuum polarization and self-energy, Phys. Rev. (2)

75, 651±679 (received 1 November 1948, published in issue No. 4 of 15 February
1949).

1949b Radiative correction to electron scattering, Phys. Rev. (2) 75, 898±899 (letter dated
21 January 1949, published in issue No. 5 of 1 March 1949).

1949c Quantum electrodynamics. III. The electromagnetic properties of the electronÐ
radioactive corrections to scattering, Phys. Rev. (2) 76, 790±827 (received 26 May
1949, published in issue No. 6 of 15 September 1949).

1950 On the charge independence of nuclear forces, Phys. Rev. (2) 78, 135±139 (received
5 January 1950, published in issue No. 2 of 15 April 1950).

1951a On gauge invariance and vacuum polarization, Phys. Rev. (2) 82, 664±679 (re-
ceived 22 December 1950, published in issue No. 5 of 1 June 1951).

1951b The theory of quantized ®elds. I, Phys. Rev. (2) 82, 914±927 (received 2 March
1951, published in issue No. 6 of 15 June 1951).

1951c On the Green's functions of quantized ®elds. I; II, Proc. Nat. Acad. Sci. (USA) 37,
452±455; 455±459 (communicated 22 May 1951).

1953 The theory of quantized ®elds. II, Phys. Rev. (2) 91, 713±728 (received 19 February
1953, published in issue No. 3 of 1 August 1953).

1973 A report on quantum electrodynamics, in The Physicist's Conception of Nature

(J. Mehra, ed., 1973), pp. 413±429.

1975 Casimir e¨ect in source theory, Letters in Mathematical Physics 1, 43±56.

1979 Selected Papers (1937±1976) of Julian Schwinger (M. Flato, C. Fronsdal, K. A.
Milton, eds.), Dordrecht: D. Reidel.

1983a Renormalization theory of quantum electrodynamics: An individual view, in The

Birth of Particle Physics (L. M. Brown and L. Hoddeson, eds., 1983), pp. 329±353.

1983b Two shakers of physics: memorial lecture for Sin-Itiro Tanonaga,in The Birth of

Particle Physics (L. M. Brown and L. Hoddeson, eds., 1983), pp. 354±375.

1989 A path to quantum electrodynamics, Physics Today 42, 42±49 (published in issue
No. 2ÐFeynman memorial issue of February 1989).

References 1409



Schwinger, Julian (editor)

1958 Selected Papers on Quantum Electrodynamics, New York: Dover Publications.

Schwinger, Julian, Lester L. De Raad, Jr., and Kimball A. Milton

1978a Casimir e¨ect in dielectrics, Ann. Phys. (N.Y.) 115, 1±23 (received 5 December
1977, published in issue No. 1 of 15 September 1978).

1978b Casimir e¨ect on a perfectly conducting spherical shell, Ann. Phys. (N.Y.) 115,
388±403 (received 6 March 1978, published in issue No. 2 of October 1978).

Schwinger, Julian, and Bernard Lippmann

1950 Variational principles for scattering processes. I, Phys. Rev. (2) 79, 469±480 (re-
ceived 10 April 1950, published in issue No. 3 of 1 August 1950).

Scully, Marlan O., and Kai BruÈ hl

1982 Quantum eraser: A proposed photon correlation experiment concerning observa-
tion and ``delayed choice'' in quantum mechanics, Phys. Rev. (3) 25A, 2208±2213
(received 2 April 1981, published in No. 4 of April 1982).

Scully, Marlan O., Berthold-Georg Englert, and Herbert Walther

1991 Quantum optical tests of complementarity, Nature 351, 111±116 (published in the
issue of 9 May 1991).

Seaburg, Glenn T., Edward M. McMillan, J. W. Kennedy, and Arthur C. Wahl

1946 Radioactive element 94 from deuteron on uranium, Phys. Rev. (2) 69, 367 (letter
dated 7 March 194, published in the issue of 1/15 April 1946).

Seelig, Carl

1954 Albert Einstein, Eine dokumentarische Biographie, Zurich: Europe Verlag; English
translation (by M. Savill): Albert Einstein. A Documentary Biography, London:
Staples Press, 1956.

1960 Albert Einstein: Leben und Werk eines Genies unserer Zeit, Zurich: Europa Verlag.

SegreÁ, Emilio

1939 An unsuccessful search of transuranium elements, Phys. Rev. (2) 55, 1104±1105
(letter dated 10 May 1939, published in issue No. 11 of 1 June 1939).

1970 Enrico Fermi, Physicist, Chicago±London: University of Chicago Press.

1979 Nuclear physics in Rome, in Nuclear Physics in Retrospect (R. Stuewer,ed., 1979),
pp. 35±62.

1981 Historischer RuÈckblick auf die Kernphysik in Italien, Naturwissenschaftliche Run-

dschau, 34, 1±10 (slightly abridged translation of the lecture on ``The rebirth of
physics in Italy,'' presented at the 1979 meeting of the Nobel Laureates in Lindau,
published in the issue of January 1981).

Seitz, Frederick

1935a The theoretical binding properties of metallic lithium, Phys. Rev. (2) 47, 334 (ab-
stract of a paper presented at the Pittsburgh APS meeting, 25±27 December 1934,
published in issue No. 4 of 15 February 1935).

References1410



1935b The theoretical constitution of metallic lithium, Phys. Rev. (2) 47, 400±412 (re-
ceived 15 January 1935, published in issue No. 5 of 1 May 1935).

1935c On the reduction of space groups, Phys. Rev. (2) 47, 810 (abstract of a paper pre-
sented at the Washington, D.C., APS meeting, 25±27 March 1935, published in
issue No. 10 of 15 May 1935).

Sekido, Yataro, and Harry Elliot (editors)

1985 Early History of Cosmic Ray Studies, Dordrecht±Boston±Lancaster: D. Reidel.

Serber, Robert

1935 Linear modi®cations in the Maxwell ®eld equations, Phys. Rev. (2) 48, 49±54 (re-
ceived 24 April 1935, published in issue No. 1 of 1 July 1935).

1936 A note on the positron theory and proper energies, Phys. Rev. (2) 49, 545±550
(received 7 February 1936, published in issue No. 7 of 1 April 1936).

Serpe, J.

1940 Sur le probleÁme de la largeur naturelle et du deÂplacement de raies spectrales, Phys-

ica 7, 133±144 (received 8 December 1939, published in issue No. 2 of February
1940).

Serret, Joseph Alfred

1849 Cours d'AlgeÁbre SupeÂrieure, Paris.

Sexl, Theodor

1929 Zur Quantentheorie des Atomkerns, Z. Phys. 54, 445±448 (received 25 February
1929, published in issue No. 5/6 of 12 April 1929).

Shapiro, S.

1963 Josephson currents in superconducting tunneling. The e¨ect of microwaves and
other observations, Phys. Rev. Lett. 11, 80±82 (received 13 June 1963, published in
issue No. 3 of 15 July 1963).

Shimony, Abner

1966 Basic axioms of microphysics (book review of A. LandeÂ: New Foundations of

Quantum Mechanics), Physics Today 19, No. 9, 85±91 (published in the issue of
September 1966).

1989 Conceptual foundations of quantum mechanics, in New Physics (P. Davies, ed.),
Cambridge, New York, etc.: Cambridge University Press, pp. 373±395.

1997 Wigner on foundations in quantum mechanics, in The Collected Works of Eugene

Paul Wigner, Vol. III (Wigner, 1997), pp. 401±414).

Shockley, William

1936 Electronic energy bands in sodium chloride, Phys. Rev. (2) 50, 754±759 (received
27 July 1936, published in issue No. 8 of 15 October 1936).

1950 Electrons and Holes in semiconductors. With Applications to Transistor Electronics,

Princeton, N.J., etc.: D. Van Nostrand.

References 1411



Shoenberg, David

1938 Superconductivity, Cambridge: Cambridge University Press.

Sidgwick, Nevil Vincent

1927 The Electronic Theory of Valency, Cambridge: Cambridge University Press.

Sietmann, Richard

1988 False attribution, A female physicist's fate, Physics Bulletin 39, 316±317.

Silin, V. P.

1958 Theory of a degenerate electron liquid, Soviet Physics±JETP 6, 387±391 (submitted
27 February 1957, English translation published in No. 2 of February 1958).

Silk, Joseph

1980 The Big Bang. The Creation and Evolution of the Universe, San Francisco: Freeman
& Co.

Sime, Ruth Lewin

1996 Lise Meitner. A Life in Physics, Berkeley±Los Angeles±London: University of
California Press.

Simon, Franz (Francis)

1927 Zum Prinzip von der Unerreichbarkeit des absoluten Nullpunktes, Z. Phys. 41,
806±809 (received 21 January 1927, published in issue No. 11/12 of 14 March
1927).

Sizoo, G. L.

1926 Untersuchungen uÈber den supraleitenden Zustand von Metallen, Ph.D. thesis, Uni-
versity of Leiden.

Skobeltzyn, Dmitry V.

1927 Die IntensitaÈtsverteilung in dem Spektrum der g-Strahlen von RaC, Z. Phys. 43,
354±378 (dated March 1927; received 4 April 1927, published in issue No. 5/6 of 9
June 1927).

1929 UÈ ber eine neue Art sehr schneller b-Strahlen, Z. Phys. 54, 686±702 (dated 5 Feb-
ruary 1929; received 23 February 1929, published in issue No. 9/10 of 11 May
1929).

1981 The early stage of cosmic ray particle research, in Early History of Cosmic Ray

Studies (Y. Sekido and H. Elliot, eds., 1981), pp. 47±52.

Slater, John C.

1926 A dynamical model for complex atoms, Phys. Rev. (2) 28, 291±317 (dated 24 May
1926, published in issue No. 2 of August 1926).

1928a The self consistent ®eld and the structure of atoms, Phys. Rev. (2) 32, 339±348
(dated 31 May 1928, published in issue No. 3 of September 1928).

1928b The normal state of helium, Phys. Rev. (2) 32, 349±360 (dated 31 May 1928, pub-
lished in issue No. 3 of September 1928).

References1412



1929a Physical meaning of wave mechanics, Journal of the Franklin Institute 207, 449±455
(published in issue No. 4 of April 1929).

1929b The theory of complex spectra, Phys. Rev. (2) 34, 1293±1322 (received 7 January
1929, published in issue No. 10 of 15 November 1929).

1930a Cohesion in monovalent metals, Phys. Rev. (2) 35, 509±529 (received 27 January
1930, published in issue No. 5of 1 March 1930).

1930b Atomic shielding constants, Phys. Rev. (2) 36, 57±64 (received 26 May 1930, pub-
lished in issue No. 1 of 1 July 1930).

1931a Directed valence in polyatomic molecules, Phys. Rev. (2) 37, 481±489 (received
22 January 1931, published in issue No. 5 of 1 March 1931).

1931b Molecular energy levels and valence bonds, Phys. Rev. (2) 38, 1109±1144 (received
4 August 1931, published in issue No. 6 of 15 September 1931).

1933 The virial and molecular structure, J. Chem. Phys. 1, 687±691 (received 8 August
1933, published in the issue of October 1933).

1934a Electronic energy bands in metals, Phys. Rev. (2) 45, 766±767 (abstract of a paper
presented at the Cambridge (Mass.) APS meeting on 17 March 1934, published in
issue No. 10 of 15 May 1934).

1934b Electronic energy bands in metals, Phys. Rev. (2) 45, 794±801 (received 5 April
1934, published in issue No. 11 of 1 June 1934).

1934c Electronic structure of metals, Rev. Mod. Phys. 6, 209±280 (published in issue No. 4
of October 1934).

1936a The ferromagnetism of nickel, Phys. Rev. (2) 49, 539±545 (received 11 February
1936, published in issue No. 7 of 1 April 1936).

1936b The ferromagnetism of nickel. II. Temperature e¨ects, Phys. Rev. (2) 49, 931±937
(received 15 April 1936, published in issue No. 6 of 15 June 1936).

1937a The nature of the superconducting state, Phys. Rev. (2) 51, 195±202 (received
4 December 1936, published in issue No. 3 of 1 February 1937).

1937b The nature of the superconducting state. II, Phys. Rev. (2) 52, 214±222 (received
7 May 1937, published in issue No. 3 of 1 August 1937).

1975 Solid State and Molecular Theory. A Scienti®c Biography, New York: J. Wiley.

Slater, John C., and Harry M. Krutter

1935 The Thomas±Fermi method for metals, Phys. Rev. (2) 47, 559±568 (received 9
February 1935, published in issue No. 7 of 1 April 1935).

Slater, John C., and William Shockley

1936 Optical absorption by the alkali halides, Phys. Rev. (2) 50, 705±719 (received 12
August 1936, published in issue No. 8 of 15 October 1936).

Smekal, Adolf

1923c Zur Quantentheorie der Dispersion, Naturwiss. 11, 873±875 (note dated 15 Sep-
tember 1923, published in the issue of 26 October 1923).

1926b Allgemeine Grundlagen der Quantenstatistik und Quantentheorie, Encykl. d. math.

Wiss. V/3, 861±1214 (dated 13 June 1926, published in issue No. 9 of 15 July 1926).

1928 Zur Quantentheorie der Streuung und Dispersion, Naturwiss. 16, 612±613 (note
dated 26 June 1928, published in the issue of 3 August 1928).

References 1413



Smoluchowski, Marian von

1906 Zur kinetischen Theorie der Brownschen Molekularbewegung und der Suspensio-
nen, Ann. d. Phys. (4) 21, 756±780 (received 7 September 1906, published in issue
No. 14 of 27 November 1906).

1908 Molekularkinetische Theorie der Opaleszenz von Gasen im kritischen Zustande,
sowie einiger verwandter Erscheinungen, Ann. d. Phys. (4) 25, 205±226 (received
20 December 1907, published in issue No. 2 of 2 February 1908).

1912 Experimentell nachweisbare, der uÈblichen Thermodynamik widersprechende Mole-
kularphaÈnomene, Phys. Zs. 13, 1069±1080 (presented at the 84th Naturforscher-

versammlung in MuÈnster, 15±21 September 1912, published in issue No. 21/22 of
1 November 1912).

1914a GuÈltigkeitsgrenzen der zweiten Hauptsatzes der WaÈrmetheorie, in VortraÈge uÈber die

kinetische Theorie der Materie und ElektrizitaÈt (D. Hilbert, ed.), Leipzig: B. G.
Teubner, pp. 87±121.

1915b UÈ ber die zeitliche VeraÈnderlichkeit der Gruppierung von Emulsionen und die
ReversibilitaÈt der Di¨usionserscheinungen, Phys. Zs. 16, 321±327 (received 1 Sep-
tember 1915, published in issue No. 17/18 of 15 September 1915).

1918 UÈ ber den Begri¨ des Zufalls und den Ursprung der Wahrscheinlichkeitsgesetze in
der Physik, Naturwiss. 6, 253±263 (published in the issue of 26 April 1918, dedi-
cated to Max Planck on the celebration of his 60th birthday).

Smyth, Henry de Wolf

1948 Atomic Energy for Military Purposes, Princeton, N.J.: Princeton University
Press.

Sommerfeld, Arnold

1911a UÈ ber die Struktur der g-Strahlen, Sitz.ber. Bayer. Akad. Wiss. (MuÈnchen), pp. 1±60
(presented at the meeting of 7 January 1911).

1911b Das Plancksche Wirkungsquantum und seine allgemeine Bedeutung fuÈr die Mole-
kuÈlphysik, Phys. Zs. 12, 1057±1069 (presented on 25 September 1911 at the 83rd
Naturforscherversammlung in Karlsruhe, published in issue No. 24 of 1 December
1911).

1915b Zur Theorie der Balmerschen Serie, Sitz.ber. Bayer. Akad. Wiss. (MuÈnchen),

pp. 425±458 (presented at the meeting of 6 December 1915).

1915c Die Feinstruktur der Wassersto¨- und Wassersto¨-aÈhnlichen Linien, Sitz.ber.

Bayer. Akad. Wiss. (MuÈnchen), pp. 459±500 (presented at the meeting of 8 January
1916, published in the issue of 1915).

1916d Zur Theorie des Zeemane¨ekts der Wassersto¿inien mit einem Anhang uÈber den
Starke¨ekt, Phys. Zs. 17, 491±507 (received 7 September 1916, published in issue
No. 20 of 15 October 1916).

1919 Atombau und Spektrallinien, Braunschweig: Fr. Vieweg & Sohn.

1920a Ein Zahlenmysterium in der Theorie des Zeeman-E¨ektes, Naturwiss. 8, 61±64
(published in the issue of 23 January 1920).

1922d Atombau und Spektrallinien, 3rd edition, Braunschweig: Fr. Vieweg & Sohn,
English translation (by H. L. Brose): Atomic Structure and Spectral Lines, London±
New York: Methuen and Dutton, 1923.

1924d Atombau und Spektrallinien, 4th edition, Braunschweig: Fr. Vieweg & Sohn.

References1414



1927a Zum gegenwaÈrtigen Stande der Atomphysik, Phys. Zs. 28, 231±239 (lecture held in
February 1927 at the University of Hamburg; received 18 February 1927, published
in issue No. 6 of 15 March 1927).

1927b Zur Elektronentheorie der Metalle, Naturwiss. 15, 825±832 (published in the issue
of 14 October 1927).

1928a Elektronentheorie der Metalle und des Voltae¨ektes nach der Fermischen Statistik
(presented on 16 September 1927 in Como),in Atti del Congresso Internazionale

dei Fisici 11±20 Settembre 1927, Como±Pavia±Roma, Vol. 2, Bologna: Nicola
Zanichelli, pp. 449±473.

1928b Zur Elektronentheorie der Metalle auf Grund der Fermischen Statistik. I. Teil:
Allgemeine StroÈmungs- und AntrittsvorgaÈnge, Z. Phys. 47, 1±32 (received 17
December 1927, published in issue No. 1/2 of 7 February 1928).

1928c Zur Elektronentheorie der Metalle auf Grund der Fermischen Statistik. II. Teil:
Thermo-elektrische, galvano-magnetische und thermo-magnetische VorgaÈnge,
Z. Phys. 47, 43±60 (received 31 December 1927, published in issue No. 1/2 of
7 February 1928).

1928d Die Elektronen-Theorie der Metalle nach der wellen-mechanischen Statistik, insbe-
sondere zur Frage des Volta-E¨ektes, Berichte der Deutschen Chemischen Gesell-

schaft (Berlin) 61, 1171±1181 (presented at the meeting of the German Chemical
Society on 28 April 1928, received on 5 May 1928).

1928e Zur Elektronentheorie der Metalle, Naturwiss. 16, 374±381 (published in the issue
of 25 May 1928).

1929 Atombau und Spektrallinien. Wellenmechanischer ErgaÈnzungsband, Braunschweig:
Fr. Vieweg & Sohn.

1931 UÈ ber die Beugung und Bremsung der Elektronen, Ann. d. Phys. (5) 11, 257±330
(received 8 June 1930, published in issue No. 3 of 29 September 1930).

1951 Atombau und Spektrallinien. II. Band, 2nd edition, Braunschweig: Fr. Vieweg &
Sohn.

1968 Gesammelte Schriften, Vols. I±IV, Bayerische Akademie der Wissenschaften, ed.,
Braunschweig: Fr. Vieweg & Sohn.

Sommerfeld, Arnold, and Hans Bethe

1933 Elektronentheorie der Metalle, in H. Geiger and K. Scheel, eds.: Handbuch der

Physik, second edition, Vol. 24/II: Aufbau der zusammenhaÈngenden Materie,
pp. 332±622.

Sommerfeld, Arnold, and Albrecht UnsoÈld

926b UÈ ber den Spektrum des Wassersto¨s, Berichtigung und ZusaÈtze zur gleichnamigen
Arbeit, Z. Phys. 38, 237±241 (received 10 June 1926, published in issue No. 3 of
28 July 1926).

Sparnaay, M. J.

1958 Measurements of attractive forces between ¯at plates, Physica 24, 751±764 (re-
ceived 20 May 1958).

Speiser, Andreas

1923 Die Theorie der Gruppen endlicher Ordnung, Berlin: J. Springer.

References 1415



Stapp, Henry P.

1974 Reply to Ballentine's comments, Am. J. Phys. 42, 83±85 (received 31 January and
revised 6 September 1973, published in issue No. 1 of January 1974).

1982 Bell's theorem as a nonlocality property of quantum theory, Phys. Rev. Lett. 49,
1470±1474 (received 3 May 1982, published in the issue of 15 November 1982).

1985 Comments on ``Locality, Bell's theorem and quantum mechanics,'' Foundations of

Physics 15, 973±976 (received 26 March 1984 and revised 20 February 1985, pub-
lished in issue No. 9 of September 1985).

Stark, Johannes

1907b Elementarquantum der Energie, Modell der negativen und positiven ElektrizitaÈt,
Phys. Zs. 8, 81±85 (received 26 October 1907, published in issue No. 24 of 1
December 1907).

1907c Beziehung des Doppler-E¨ektes bei Kanalstrahlen zur Planckschen Strahlungs-
theorie, Phys. Zs. 8, 881±884 (received 2 December 1907, published in issue No. 24
of 15 December 1907).

1908a Zur Energetik und Chemie der Bandenspektren, Phys. Zs. 9, 85±94 (received 30
December 1907, published in issue No. 3 of 1 February 1908).

1927 Die AxialitaÈt der Lichtemission und Atomstruktur, Berlin: A. Seydel.

1937 ``Weiûe Juden'' in der Wissenschaft (unsigned), Das Schwarze Korps, 15 July 1937,
p. 6.

1938 Widerspruch zwischen Erfahrung und dogmatischer Atomtheorie, Phys. Zs. 39,
189±192 (received August 1937, published in issue No. 5 of 1 March 1938).

Steinberger, Jack

1949 On the use of subtraction ®elds and the lifetime of some types of meson decay,
Phys. Rev. (2) 76, 1180±1186 (received 13 June 1949, published in issue No. 8 of
15 October 1949).

Steinberger, Jack, Wolfgang K. H. Panofsky, and J. Stellar

1950 Evidence for the production of neutral mesons by photons, Phys. Rev. (2) 78, 802±
805 (received 28 April 1950, published in issue No. 6 of 15 June 1950).

Steinhardt, Paul J.

1997 Cosmological challenges for the 21st century (talk presented at Princeton Uni-
versity), in Critical Problems in Physics (V. L. Fitch et al., eds., 1997), pp. 123±146.

Stern, Otto

1929 Beugung von Molekularstrahlen am Gitter einer Krystallspalt¯aÈche, Naturwiss. 17,
391 (letter dated 20 April 1929, published in the issue of 24 May 1929).

Stevens, Kenneth W. H.

1995 Magnetism, in Twentieth Century Physics (L. Brown, A. Pais, and B. Pippard, eds.,
1995). pp. 1111±1181.

Stieltjes, Thomas Jan

1894 Recherches sur les fractions continues, Annales de la FaculteÂ des Sciences de Tou-

louse 8, 68±122.

References1416



Stolzenburg, Klaus

1977 Die Entwicklung des Bohrschen KomplementaritaÈtsgedankens in den Jahren 1924±

1929, doctoral dissertation, University of Stuttgart.

Stoner, Edmund C.

1932 The minimum pressure of a degenerate electron gas, Monthly Notices Roy. Astr.

Soc. (London) 92, 651±663 (published in the issue of May 1932).

Strauss, Max

1936a Ungenauigkeit, Wahrscheinlichkeit und Unbestimmtheit, Erkenntnis 6, 90±113.

1936b Zur BegruÈndung der statistischen Transformationstheorie der Quantenphysik,
Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. 382±398 (presented at the meeting of
8 October 1936).

Street, Jabez C., and Thomas H. Johnson

1932 Experiments on the corpuscular cosmic radiation, Phys. Rev. (2) 40, 1048 (abstract
of a paper presented at the Washington, D.C., APS meeting, 28±30 April 1932,
published in issue No. 12 of 15 June 1932).

Street, Jabez C., and E. C. Stevenson

1937a Penetrating corpuscular component of the cosmic radiation, Phys. Rev. (2) 51,
1005 (abstract of a paper presented at the Washington, D.C., APS meeting, 29±30
April 1937, published in issue No. 11 of 1 June 1937).

1937b New evidence for the existence of a particle of mass intermediate between the pro-
ton and the electron, Phys. Rev. (2) 52, 1003±1004 (letter dated 6 October 1937,
published in issue No. 9 of 1 November 1937).

Strutt, Maximilian Julius Otto

1928 Zur Wellenmechanik des Atomgitters, Ann. d. Phys. (4) 86, 319±324 (received 11
May 1928, published in issue No. 10 of 15 June 1928).

Study, Eduard

1923 Einleitung in die Theorie der Invarianten linear Transformationen, Braunschweig:
Fr. Vieweg & Sohn.

Stueckelberg, Ernst Carl

1934 Relativistisch invariante StoÈrungstheorie des Diracschen Elektrons, Ann. d. Phys.

(5) 21 367±389 (received 10 September 1934, published in issue No. 4 of 5
December 1934).

1936a Radioactive b-decay and nuclear exchange force as a consequence of a unitary ®eld
theory, Nature 137, 1032 (letter dated 7 May 1936, published in the issue of 20 June
1936).

1936b AustauschkraÈfte zwischen Elementarteilchen und Fermische Theorie des b-Zerfalls
als Konsequenz einer moÈglichen Feldtheorie der Materie, Helv. Phys. Acta 9, 389±
404 (received 11 May 1936, published in issue No. 5).

1936c Invariante StoÈrungstheorie des Elektron±Neutrino±Teilchens unter dem Ein¯uû
von elektromagnetischen Feld und Kernkraftfeld (Feldtheorie der Materie II), Helv.

Phys. Acta 9, 533±554 (received 13 July 1936, published in issue No. 7).

References 1417



1937a Neutrino theory of light, Nature 139, 198±199(letter published in the issue of
30 January 1937).

1937b On the existence of heavy electrons, Phys. Rev. (2) 52, 41±42 (letter dated 6 June
1937, published in issue No. 1 of 1 July 1937).

1938 Die WechselwirkungskraÈfte in der Elektrodynamik und in der Feldtheorie der
KernkraÈfte (Teil I); (Teil II and III), Helv. Phys. Acta 11, 225±244 ; 299±328 (re-
ceived 21 February and 6 April 1938, published in issues No. 3 and No. 6 of
30 April and 18 June 1938).

1941a La signi®cation du temps propre en meÂcanique ondulatoire, Helv. Phys. Acta 14,
322±323 (presented at the Basel meeting of the Swiss Physical Society, 7±8 Sep-
tember 1941, published in issue No. 5/6 of 31 October 1941).

1941b Remarque aÁ propos de la creÂation des paires de particules en theÂorie de relativiteÂ,
Helv. Phys. Acta 14, 588±594 (received 18 October 1941, published in issue No. 7 of
20 December 1941).

1942 La meÂcanique du point mateÂriel en theÂorie de relativiteÂ et en theÂorie des quanta,
Helv. Phys. Acta 15, 23±37 (received 18 October 1941, published in issue No. 1 of
26 January 1942).

1944a Une modeÁle d'eÂlectron ponctuel. II, Helv. Phys. Acta 17, 3±26 (received 29 October
1943, published in issue No. 1 of 29 February 1944).

1944b An unambiguous method of avoiding divergence di½culties in quantum theory,
Nature 153, 143±148 (published in the issue of 29 January 1944).

1945 MeÂcanique fonctionelle, Helv. Phys. Acta 18, 195±220(received 27 January 1945,
published in issue No. 2 of 28 May 1945).

1946 Une proprieÂteÂ de l'opeÂrateur S en meÂcanique asymptotique, Helv. Phys. Acta 19,
242±243 (presented at the Aarau meeting of the Swiss Physical Society, 4 March
1946, published in the issue of 31 July 1946).

Stueckelberg, Ernst C. G., and A. Petermann

1953 La normalisation des constantes dans la theÂorie des quanta, Helv. Phys. Acta 26,
499±520 (received 28 March 1953, published in issue No. 5 of 15 September 1953).

Stueckelberg, Ernst C. G., and Dominique Rivier

1948 A convergent expression for the magnetic moment of the neutron, Phys. Rev. (2)

74, 218 (letter received 2 June 1948, published in issue No. 2 of 15 July 1948).

Stuewer, Roger H.

1975 The Compton E¨ect, Turning Point in Physics, New York: Science History Pub-
lications.

1985 Niels Bohr and nuclear physics, in Niels Bohr. A Centenary Volume (A. P. French
and P. J. Kennedy, eds., 1985), pp. 197±200.

1994 The origin of the liquid-drop model and the interpretation of nuclear ®ssion, Per-

spectives on Science 2, 39±92.

Stuewer, Roger H. (editor)

1979 Nuclear Physics in Retrospect, Proceedings of a Symposium on the 1930s (held in
May 1977 at the University of Minnesota), Minneapolis: University of Minnesota
Press.

References1418



Sudarshan, E. C. George

1989 Midcentury adventures in particle physics, in Pions to Quarks (L. Brown, M.
Dresden, and L. Hoddeson, eds., 1989), pp. 485±494.

Sudarshan, E. C. George, and Robert E. Marshak

1958a The nature of the four-fermion interaction (abstract), in International Conference on

Mesons and Recently Discovered Particles, Padova±Venezia, 22±28 Settembre 1957,

Padova: Ciclogra®a Borghero, pp. V±14.

1958b Chirality invariance and the universal Fermi interaction, Phys. Rev. (2) 109, 1860±
1862 (received 10 January 1958, published in issue No. 5 of 1 March 1958).

Suess, Hans E.

1947a UÈ ber kosmische KernhaÈu®gkeiten. I. Mitteilung: Einige HaÈu®gkeitsregeln und ihre
Anwendung bei der AbschaÈtzung der HaÈu®gkeitswerte fuÈr die mittelschweren und
schweren Elemente, Z. Naturf. 2a, 311±321 (received 11 February 1947, published
in issue No. 6).

1947b UÈ ber kosmische HaÈu®gkeiten. II. Mitteilung: Einzelheiten in der HaÈu®gkeitsvertei-
lung der mittelschweren und schweren Kerne, Z. Naturf. 2a, 604±608 (received 16
June 1947, published in issue No. 11/12).

Suess, Hans E., Otto Haxel, and J. Hans D. Jensen

1949 Zur Interpretation der ausgezeichneten Nucleonenzahlen im Bau der Atomkerne,
Naturwiss. 36, 153±154 (received 15 March 1949, published in the issue of July
1949).

Suess, Hans E., and Harold C. Urey

1956 Abundances of the elements, Rev. Mod. Phys. 28, 53±74 (published in issue No. 1 of
January 1956).

Sugiura, Y.

1927 UÈ ber die Eigenschaften des Wassersto¨mokekuÈ ls, Z. Phys. 45, 484±492 (received
30 August 1927, published in issue No. 7/8 of 3 November 1927).

Susskind, Leonard

1969 Harmonic-oscillator analogy for the Veneziano model, Phys. Rev. Lett. 23, 545±547
(received 23 June 1969, published in issue No. 10 of 8 September 1969).

Symanzik, Kurt

1957 Derivation of dispersion relations for forward scattering, Phys. Rev. (2) 105, 743±
749 (received 8 October 1956, published in issue No. 2 of 15 January 1956).

Szilard, Leo

1925 UÈ ber die Ausdehnung der phaÈnomenologischen Thermodynamik auf die Schwan-
kungserscheinungen, Z. Phys. 32, 753±788 (received 11 September 1924, published
in No. 10 of 19 June 1925).

1929 UÈ ber die Entropieverminderung in einem thermodynamischen System bei Eingri¨en
intelligenter Wesen, Z. Phys. 53, 840±856 (received 18 January 1928, published in
issue No. 11/12 of 7 March 1929).

References 1419



1935 Absorption of residual neutrons, Nature 136, 950±951 (note dated 19 November
1935, published in the issue of 14 December 1935).

Takamine, Toshio, and Sven Werner

1926 IntensitaÈtsmessungen im Starke¨ekt, Naturwiss. 14, 47±48 (letter dated November
1925, published in the issue of 15 January 1926).

Takeuchi, Masa

1985 Cosmic ray study in Nishina laboratory, in Early History of Cosmic Ray Studies

(Y. Sekido and H. Elliot, eds., 1985), pp. 137±143.

Tamm, Igor

1930a UÈ ber die Quantentheorie der molekularen Lichtstreuung in festen KoÈrpern, Z.

Phys. 60, 345±363 (received 13 December 1929, published in issue No. 5/6 of
19 February 1930).

1930b UÈ ber die Wechselwirkung der freien Elektronen mit der Strahlung nach der Quan-
tenmechanik, Z. Phys. 62, 545±568 (received 7 April 1930, published in issue No.
7/8 of 18 June 1930).

1931 Die verallgemeinerten Kugelfunctionen und die Wellenfunktion eines Elektrons im
Felde eines Magnetpoles, Z. Phys. 71, 141±150 (received 26 June 1931, published in
issue No. 3/4 of 15 August 1931).

1934a Exchange forces between neutrons and protons and Fermi's theory, Nature 133, 981
(letter published in the issue of 30 June 1934).

1934b Interaction of neutrons and protons, Nature 134, 1010±1011 (letter published in the
issue of 27 December 1934).

Tarrant, G. T. P.

1930 The absorption of hard monochromatic g-radiation, Proc. Roy. Soc. (London)

A128, 345±359 (communicated by E. Rutherford; received 5 May 1930, published
in issue No. 807 of 1 July 1930).

Tati, T., and Sin-itiro Tomonaga

1948 A self-consistent subtractive method in the quantized ®eld theory. I, Prog. Theor.

Phys. 3, 391±406 (received 8 May 1948, published in issue No. 4 of October±
December 1948).

Taubes, Gary

1996 Atomic mouse probes the lifetime of a quantum cat, Science 274, 1615 (published in
the issue of 6 December 1996).

Taylor, H. M.

1931 The interaction energy of two a particles at close distances, determined from the
anomalous scattering in helium, Proc. Roy. Soc. (London) A134, 103±125 (com-
municated by R. H. Fowler; received 20 July 1930, published in issue No. A823 of
3 November 1931).

1932 The anomalous scattering of a-particles by hydrogen and helium, Proc. Roy. Soc.

(London) A136, 605±608 (received 12 February 1932, published in issue No. A830
of 1 June 1932).

References1420



Teller, Edward, and John A. Wheeler

1938a On the rotation of atomic nuclei, Phys. Rev. (2) 53, 684 (abstract of a paper pre-
sented at the New York APS meeting, 25±26 February 1938, published in issue
No. 8 of 15 April 1938).

1938b On the rotation of the atomic nucleus, Phys. Rev. (2) 53, 778±789 (received 23
March 1938, published in issue No. 10 of 15 May 1938).

Ter Haar, Dirk, and Marlan O. Scully (editors)

1978 Willis E. Lamb, Jr., A Festschrift on the Occasion of His 65th Birthday, Amsterdam,
New York, Oxford: North-Holland Publishing Company.

Tetrode, Hugo

1928 Der Energie±Impulssatz in der Diracschen Quantentheorie des Elektrons, Z. Phys.

49, 858±864 (received 4 June 1928, published in issue No. 11/12 of 26 July 1928).

Thirring, Hans

1928 Die Grundgedanken der neuen Quantentheorie. Erster Teil: Die Entwicklung bis
1926, Erg. exakt. Naturwiss. 7, 384±431.

Thirring, Walter

1971 High energy physics and big science (lecture presented at the Xth Internationale

UniversitaÈtswochen fuÈr Kernphysik in Schladming, 1±13 March 1971), in P. Urban,
ed.: Concepts in Hadron Physics (Acta Physica Austriaca, Supp. VIII), Vienna±
New York: Springer, pp. 11±20.

Thomas, Llewellyn Hilleth

1926a The motion of the spinning electron, Nature 117, 514 (letter dated 20 February
1926, published in the issue of 10 April 1926).

Thomson, George Paget

1926 The free path of electrons, Nature 117, 235 (letter dated 20 January 1926, published
in he issue of 13 February 1926).

1927 The di¨raction of cathode rays by thin ®lms of platinum, Nature 120, 802 (letter
dated 17 November 1927, published in the issue of 3 December 1927).

1928a Experiments on the di¨raction of cathode rays, Proc. Roy. Soc. (London) A117,
600±609 (received 4 November 1927, published in issue No. A778 of 1 February
1928).

1928b Experiments on the di¨raction of cathode rays. II, Proc. Roy. Soc. (London) A119,
651±663 (received 4 May 1928, published in issue No. A783 of 2 July 1928).

Thomson, George P., and Ronald G. Fraser

1927 The process of quantization, Phil. Mag. (7) 3, 1294±1305 (dated August 1926,
published in issue No. 19 of June 1927).

Thomson, George P., and Alexander Reid

1927 Di¨raction of cathode rays by a thin ®lm, Nature 119, 890 (letter dated 24 May
1927, published in the issue of 18 June 1927).

References 1421



Thomson, Joseph John

1883 A Treatise of Motion of Vortex Rings, London: McMillan.

1897a Cathode rays, Notices of the Proceedings at the Meetings of the Members of the

Royal Institution of Great Britain 15, 419±432 (presented on 30 April 1897).

1904c Electricity and Matter (1903 Silliman Lectures at Yale University), New Haven:
Yale University Press.

1907c The Corpuscular Theory of Matter, New York: Charles Scribner.

1913a Rays of positive electricity, Proc. Roy. Soc. (London) A89, 1±20 (Bakerian lecture
delivered on 22 May 1913; manuscript received 4 June 1913, published in issue No.
A607 of 1 August 1913).

1914 The forces between atoms and chemical a½nity, Phil. Mag. (6) 27, 757±789 (pub-
lished in issue No. 156 of May 1914).

1922 Further studies on the electron theory of solids. The compressibilities of a divalent
metal and of diamond. Electric and thermal conductivities of metals, Phil. Mag. (6)
44, 657±679 (published in issue No. 262 of October 1922).

't Hooft, Gerard

1971a Renormalization of massless Yang±Mills ®elds, Nuclear Physics 33B, 173±193 (re-
ceived 12 February 1971).

1971b Renormalizable Lagrangian for massive Yang±Mills ®elds, Nuclear Physics 35B,
167±188 (received 13 July 1971).

1994 Under the Spell of the Gauge Principle, Singapore, etc.: World Scienti®c.

TimofeÂeff-Reshovsky, Nicolaj, K. G. Zimmer, and Max DelbruÈ ck

1935 UÈ ber die Natur der Genmutation und der Genstruktur, Nachr. Ges. Wiss. GoÈttin-

gen, math.±phys. Kl., Fachgruppe VI, 189±245 (published in issue No. 1 of 29 June
1935).

Tisza, Laszlo

1938a Transport phenomena in helium II, Nature 141, 913 (letter dated 16 April 1938,
published in the Supplement to the issue of 21 May 1938).

1938b Sur la supra conductibiliteÂ thermique de helium II liquide et la statistique de Bose±
Einstein, Comptes rendus (Paris) 207, 1035±1037 (presented by P. Langevin at the
meeting of 28 November 1938).

1938c La viscositeÂ de l'helium liquide et la statistique de Bose±Einstein, Comptes rendus

(Paris) 207, 1186±1189 (presented by P. Langevin at the meeting of 12 December
1938).

Toeplitz, Otto

1911 Zur Theorie der quadratischen und bilinearen Formen von unendlich vielen
VeraÈnderlichen. I. Teil: Theorie der L-Formen, Mathematische Annalen 70, 351±
376.

Tolhoek, H. A., and S. R. de Groot

1951 Mixed invariants in beta-decay and symmetries imposed on the interaction Hamil-
tonian, Phys. Rev. (2) 85, 150±151 (letter received 21 June 1951, published in issue
No. 1 of 1 October 1951).

References1422



Tolman, Richard C.

1930 Discussion of various treatments which have been given to the non-static line ele-
ment for the universe, Proc. Nat. Acad. Sci. (USA) 16, 582±594 (communicated on
5 August 1930).

1934 Relativity, Thermodynamics and Cosmology, Oxford: Oxford University Press.

Tomonaga, Sin-itiro

1938 Innere Reibung und WaÈrmeleitfaÈhigkeit der Kernmaterie, Z. Phys. 110, 573±604
(received 15 July 1938, published in issue No. 9/10 of 30 September 1938).

1946 On a relativistically invariant formulation of the quantum theory of wave ®elds,
(1943) Prog. Theor. Phys. 1, 27±42 (translation of the Japanese paper in Bulletin of the

IPCR (Riken-iho) 22, pp. 545 ¨. (1943), published in issue No. 2 of July±August
1946).

1948 On in®nite ®eld reactions in quantum ®eld theory, Phys. Rev. (2) 74, 224±225 (note
dated 1 June 1948, published in issue No. 2 of 15 July 1948).

1966 Development of quantum electrodynamics. Personal recollections, Physics Today

19, No. 9, 25±32 (Nobel lecture delivered on 6 May 1966, published in the issue of
September 1966).

1977 The Story of Spin, Chicago±London: The University of Chicago Press.

Tonks, Lewi, and Irving Langmuir

1929 Oscillations in ionized gases, Phys. Rev. (2) 33, 195±210 (dated 20 November 1928,
published in issue No. 2 of February 1929).

Tonomura, A., J. Endo, T. Matsuda, T. Kawasaki, and Hiroshi Ezawa

1989 Demonstration of a single-electron buildup of an interference pattern, Am. J. Phys.

57, 117±120 (received 17 December 1987, published in issue No. 2 of February
1989).

Townes, Charles H.

1965 Production of coherent radiation by atoms and molecules, Science 149, 831±841
(Nobel lecture delivered on 11 December 1964, published in the issue of 20 August
1965).

Tsui, Daniel C., Horst L. StoÈrmer, and A. C. Gossart

1982 Two-dimensional magneto transport in the extreme limit, Phys. Rev. Lett. 48,
1559±1652 (received 5 March 1982, published in issue No. 22 of 31 March 1982).

Tutsch, Jerald, H.

1968 Collapse time for the Bohm±Bub hidden variable theory, Rev. Mod. Phys. 40,
(published in issue No. 1 of January 1968).

Tuve, Merle A.

1933 Search by de¯ection-experiments for the Dirac isolated magnetic pole, Phys. Rev.

(2) 43, 770±771 (letter dated 17 April 1933, published in issue No. 9 of 1 May
1933).

References 1423



Tuve, Merle A., Norman P. Heydenburg, and Lawrence H. Hafstad

1936 The scattering of protons by protons, Phys. Rev. (2) 50, 806±825 (received 11
August 1936, published in issue No. 9 of 1 November 1936).

Uehling, Edwin A.

1935 Polarization e¨ects in the positron theory, Phys. Rev. (2) 48, 55±63 (received 24
April 1935, published in issue No. 1 of 1 July 1935).

Uhlenbeck, George, and Samuel Goudsmit

1925 Ersetzung der Hypothese vom unmechanischen Zwang durch eine Forderung be-
zuÈglich des inneren Verhaltens jedes einzelnen Elektrons, Naturwiss. 13, 953±954
(letter dated 17 October 1925, published in the issue of 20 February 1926).

1926 Spinning electrons and the structure of spectra, Nature 117, 264±265 (letter dated
December 1925, published in the issue of 20 February 1926).

Ulam, Stanislaw

1958 John von Neumann 1903±1957, Bulletin of the American Mathematical Society 64,
No. 3, 1±49 (published in the issue of May 1958).

Urey, Harold C., Ferdinand G. Brickwedde, and E. M. Murphy

1932 A hydrogen isotope of mass 2, Phys. Rev. (2) 39, 164±165 (letter dated 5 December
1931, published in issue No. 1 of 1 January 1932).

Van de Graaff, Robert J.

1931 A 1,500,000 volt electrostatic accelerator, Phys. Rev. (2) 38, 1919±1920 (abstract of
a paper presented at the Schenectady APS meeting, 10±12 September 1931, pub-
lished in issue No. 10 of 15 November 1931).

Van den Brock, Antonius Johannes

1915 Atombau, Atomzerfall, in Arbeiten aus den Gebieten der Physik, Mathematik und

Chemie (Elster-Geitel Festschrift), Braunschweig: Fr. Vieweg & Sohn, pp. 428±434.

Van der Waerden, Bartel Leendert

1929 Spinoranalyse, Nachr. Ges. Wiss. GoÈttingen, pp. 100±109 (presented by R. Courant
at the meeting of 26 July 1929).

1932 Die gruppentheoretische Methode in der Quantenmechanik, Berlin: J. Springer.

1960 Exclusion principle and spin, in M. Fierz and V. Weisskopf, eds.: Theoretical

Physics in the Twentieth Century. A Memorial Volume to Wolfgang Pauli, New
York±London: Interscience, pp. 199±244.

Van Hove, Leon

1958 Von Neumann's Contributions to quantum theory, Bulletin of the American Math-

ematical Society 64, 95±99 (received on 23 December 1957, published in issue No. 3
of May 1958).

Van Vleck, John Hasbrouck

1922b The normal helium atom and its relation to quantum theory, Phil. Mag. (6) 44,
812±869 (dated 13 March 1922, published in issue No. 263 of November 1922).

References1424



1924a The absorption of radiation by multiply periodic orbits, and its relation to the cor-
respondence principle and the Rayleigh±Jeans law. Part I. Some extensions of the
correspondence principle, Phys. Rev. (2) 24, 330±346 (dated 19 June 1924, pub-
lished in issue No. 4 of October 1924).

1924b The absorption of radiation by multiply periodic orbits, and its relation to the cor-
respondence principle and the Rayleigh±Jeans law. Part II. Calculation of the ab-
sorption by multiply periodic orbits, Phys. Rev. (2) 24, 347±365 (dated 19 June
1924, published in issue No. 4 of October 1924).

1932 The Theory of Electric and Magnetic Susceptibilities, London±Oxford: Oxford
University Press.

1935 On the cross section of heavy nuclei for slow neutrons, Phys. Rev. (2) 48, 367±372
(received 10 June 1935, published in issue No. 4 of 15 August 1935).

1964 American physics comes of age, Physics Today 18, 21±26 (published in issue No. 6
of January 1964).

1968 My Swiss visits of 1906, 1926, and 1930, Helv. Phys. Acta 41, 1234±1237 (published
in issue No. 6/7 of 20 October 1968).

1972 Travels with Dirac in the Rockies, in Aspects of Quantum Theory (A. Salam and
E. P. Wigner, eds., 1972), pp. 7±16.

Van Vleck, John H., and Albert Sherman

1935 The quantum theory of valences, Rev. Mod. Phys. 7, 167±228 (published in issue
No. 3 of July 1935).

Veltman, Martinus

1968 Perturbation theory of massive Yang±Mills ®elds, Nuclear Physics 7B, 637±650
(received 10 September 1968).

1970 Generalized Ward identities and Yang±Mills ®elds, Nuclear Physics 7B, 288±302
(received 16 April 1970).

Veneziano, Gabriele

1968 Construction of a crossing-symmetric, Regge-behaved amplitude for linearly rising
trajectories, Nuovo Cimento 57A, 190±197 (received 29 July 1968, published in issue
No. 1 of 1 September 1968).

Vigier, Jean-Pierre

1952 Forces s'exercËant sur les lignes de courant usuelles des particules de spin 0, 1
2 et 1 en

theÂorie de l'onde-pilote, Comptes rendus (Paris) 235, 1107±1109 (presented by L. de
Broglie in the meeting of 10 November 1952).

Vollhardt, Dieter

1983 Super¯uides Helium. Teil I; II; III, Phys. BlaÈtter 39, 41±46; 120±124; 151±154
(published in issues Nos. 2, 5, and 6 of February May, and June 1983).

Wagoner, Robert V., William A. Fowler, and Fred Hoyle

1967 On the synthesis of elements at very high temperatures, Astrophys. J. 148, 3±48
(received 1 September 1966, published in issue No. 1 of April 1967).

References 1425



Wali, Kameshwar C.

1982 Chandrasekhar vs. EddingtonÐan unanticipated confrontation, Physics Today 36,
No. 10, 1±8 (published in the issue of October 1982).

1991 Chandra. A Biography of S. Chandrasekhar, Chicago±London: University of Chi-
cago Press.

Walker, Mark

1987 Uranium Machines, Nuclear Explosives, and National Socialism: The German Quest

for Nuclear Power 1939±1949, Ph.D. thesis, Princeton University.

1989 German National Socialism and the Quest for Nuclear Power 1939±1949, Cam-
bridge: Cambridge University Press.

Ward, John C.

1950 An identity in quantum electrodynamics, Phys. Rev. (2) 78, 182 (letter dated 27
February 1950, published in issue No. 2 of 15 April 1950).

1951 Renormalization theory of the interactions of nucleons, mesons, and photons,
Phys. Rev. (2) 84, 897±901 (received 5 March 1951, published in issue No. 5 of
1 December 1951).

Watanabe, Satosi

1939 UÈ ber die Anwendung thermodynamischer Begri¨e auf den Normalzustand des
Atomkerns, Z. Phys. 113, 482±513 (received 3 June 1929, published in issue No. 7/8
of 11 August 1939).

Waterman, A. T.

1928 The e¨ect of electric ®elds on the emission of electrons from conductors, Proc. Roy.

Soc. (London) A121, 28±40 (communicated by O. W. Richardson; received 13
April 1928, published in issue No. A787 of 1 November 1928).

Watson, James D., and Francis H. C. Crick

1953 A structure of deoxyribose nucleic acid, Nature 171, 737±738 (letter dated 2 April
1953, published in the issue of 25 April 1953).

Way, Katherine

1938 Nuclear quadrupole and magnetic moments, Phys. Rev. (2) 53, 685 (abstract of a
paper presented at the New YorkAPS meeting, 25±26 February 1938, published in
issue No. 8 of 15 April 1938).

1939 The liquid drop model and nuclear moments, Phys. Rev. (2) 55, 963±965 (received
25 March 1939, published in issue No. 10 of 15 May 1939).

Wefelmeier, Wilfried

1937a Ein geometrisches Modell des Atomkerns, Naturwiss. 25, 525 (letter dated 14 July
1937, published in the issue of 6 August 1937).

1937b Ein geometrisches Modell des Atomkerns, Z. Phys. 107, 332±346 (received 18
August 1937, published in issue No. 5/6 of 19 October 1937).

References1426



Weinberg, Alvin M.

1961 Impact of large-scale science on the United States, Science, 134, 161±164 (address
given on 4 May 1961 in Gatlinsburg, Tennessee, published in the issue of 21 July
1961).

Weinberg, Steven

1967 A model of leptons, Phys. Rev. Lett. 19, 1264±1267 (received 17 October 1967,
published in issue No. 19 of 20 November 1967).

1971 Physical processes in a convergent theory of weak and electromagnetic interactions,
Phys. Rev. Lett. 27, 1688±1691 (received 20 October 1971, published in issue No. 24
of 13 December 1971).

1972 E¨ects of a neutral intermediate boson in semileptonic processes, Phys. Rev. (3) 5D,
1412±1417 (received 6 December 1971, published in issue No. 6 of 15 March 1972).

1977 The First Three Minutes. A Modern View of the Universe, New York: Basic Books.

Weiner, Charles

1972 1932± Moving into the new physics, Physics Today 26, No. 5, pp. 40±49 (published
in the issue of May 1972).

Weisberger, William I.

1965 Renormalization of the weak axial coupling constant, Phys. Rev. Lett. 14, 1047±
1051 (received 26 May 1965, published in issue No. 25 of 21 June 1965).

Weiss, E. A.

1924 Ein raÈumliches Analogon zum Hesseschen UÈ bertragungsprinzip, doctoral thesis,
University of Bonn.

Weiss, Pierre

1907 L'hypotheÁse du champs moleÂculaire et la proprieÂteÂ ferromagneÂtique, J. phys.

(Paris) (4) 6, 661±690 (presented at the meeting of the French Physical Society on
4 April 1907, published in issue No. 9 of September 1907).

Weisskopf, Viktor F.

1931 Zur Theorie der Resonanz¯uoreszenz, Ann. d. Phys. (5) 9, 23±66 (doctoral thesis;
received 8 February 1931, published in issue No. 1 of 17 April 1931).

1934a UÈ ber die Selbstenergie des Elektrons, Z. Phys. 89, 27±39 (received 13 March 1934,
published in issue No. 1/2 of 15 May 1934).

1934b Berichtigung zu der Arbeit: UÈ ber die Selbstenergie des Elektrons, Z. Phys. 90, 817
(received 20 July 1934, published in issue No. 11/12 of 17 September 1934).

1936 UÈ ber die Elektrodynamik des Vakuums auf Grund der Quantentheorie des Elek-
trons, Kgl. Danske Vid. Selsk. Math.±Fys. Medd. 14, No. 9, 1±39 (received 16
October 1936, ready for printing in November 1936).

1937 Statistics of nuclear reactions, Phys. Rev. (2) 52, 295±303 (received 18 March 1937,
published in issue No. 4 of 15 August 1937).

1939 On the self-energy of the electromagnetic ®eld of the electron, Phys. Rev. (2) 56,
72±85 (received 12 April 1938, published in issue No. 1 of 1 July 1939).

References 1427



1972 My life as a physicist, in V. F. Weisskopf, ed.: Physics in the Twentieth Century.

Selected Essays, Cambridge, Mass.±London: MIT Press, pp. 1±21.

1983 Growing up with ®eld theory: the development of quantum electrodynamics, in The

Birth of Particle Physics (L. Brown and L. Hoddeson, eds., 1983), pp. 56±81.

1990 The Joy of Insight: Passions of a Physicist, New York: Basic Books.

Weisskopf, Viktor F., and Eugen(e) Wigner

1930a Berechnungen der natuÈrlichen Linienbreite auf Grund der Diracschen Lichttheorie,
Z. Phys. 63, 54±73 (received 2 May 1930, published in issue No. 1/2 of 7 July 1930).

1930b UÈ ber die natuÈrliche Linienbreite in der Strahlung des harmonischen Oszillators, Z.

Phys. 65, 18±29 (received 12 August 1930, published in issue No. 1/2 of 8 October
1930).

WeizsaÈcker, Carl Friedrich von

1931 Ortsbestimmung einer Elektrons durch ein Mikroskop, Z. Phys. 70, 114±130 (re-
ceived 9 April 1931, published in issue No. 1/2 of 20 June 1931).

1934 Ausstrahlung bei StoÈûen sehr schneller Elektronen, Z. Phys. 88, 612±625 (received
28 February 1934, published in issue No. 9/10 of 2 May 1934).

1935a Zur Theorie der Kernmassen, Z. Phys. 96, 431±458 (received 6 July 1935, published
in issue No. 7/8 of 7 September 1935).

1935b Die fuÈr den Bau der Atomkerne maûgebenden KraÈfte, Phys. Zs. 36, 779±785 (re-
port presented at the 11th Deutsche Physikertagung in Stuttgart, 22±28 September
1935, published in issue No. 22/23 of 1 December 1935).

1936a Grete Hermann, die naturphilosophischen Grundlagen der Quantenmechanik
(book review), Phys. Zs. 37, 527±528 (published in issue No. 17 of 15 July 1936).

1936b UÈ ber die SpinabhaÈngigkeit der KernkraÈfte, Z. Phys. 102, 572±602 (Habilitation

thesis at the University of Leipzig; received 27 June 1936, published in issue No.
9/10 of 25 September 1936).

1937a Die Atomkerne, Leipzig: S. Hirzel.

1937b UÈ ber Elementumwandlungen im Innern der Sterne. I, Phys. Zs. 28, 176±191 (re-
ceived 23 January 1937, published in issue No. 6 of 15 March 1937).

1938a Neuere Modellvorstellungen uÈber den Bau der Atomkerne, Naturwiss. 26, 209±217,
225±230 (report published in the issues of 8 and 15 April 1938).

1938b UÈ ber Elementumwandlungen im Innern der Sterne. II, Phys. Zs. 29, 633±646 (re-
ceived 11 July 1938, published in issue No. 17/18 of 15 September 1938).

1955 KomplementaritaÈt und Logik, Naturwiss. 42, 521±529; 545±555 (received 20 July
1955, published in issues Nos. 19 and 20 of October 1955).

1985 Niels Bohr, Phys. BlaÈtter 41, 308±314 (published in the issue of October 1985).

1989 Structure and properties of nuclei (1932±1935). An annotation, in Werner Heisen-

berg: Gesammelte Werke/Collected Works AII (Heisenberg, 1989a), pp. 183±187.

Welker, Heinrich

1938 UÈ ber ein elektronentheoretisches Modell des Supraleiters, Phys. Zs. 39, 920±925
(presented at the 14th Deutsche Physiker- und Mathematiker-Tagung in Baden-
Baden, 11±16 September 1938, published in issue No. 23/24 of 15 December 1938).

1939 Supraleitung und magnetische Austauschwechselwirkung, Z. Phys. 114, 525±551
(received 8 September 1939, published in issue No. 9/10 of 4 December 1939).

References1428



1952 UÈ ber neue halbleitenden Verbindungen, Z. Naturf. 7a, 744±749 (received 25 August
1952, published in issue No. 11).

Wentzel, Gregor

1924a Zur Quantenoptik, Z. Phys. 22, 193±199 (received 2 February 1924, published in
issue No. 3 of 10 March 1924).

1926a Die mehrfach periodischen Systeme in der Quantenmechanik, Z. Phys. 37, 80±94
(received 27 March 1926, published in issue No. 1/2 of 22 May 1926).

1926b UÈ ber die IntensitaÈten in den RoÈntgenspektren, Naturwiss. 14, 621±622 (letter dated
20 May 1926, published in the issue of 23 June 1926).

1926c Eine Schwierigkeit fuÈr die Theorie des Kreiselelektrons, Z. Phys. 37, 911±914 (re-
ceived 22 May 1926, published in issue No. 6/7 of 10 August 1926).

1926d Eine Verallgemeinerung der Quantenbedingungen fuÈr die Zwecke der Wellen-
mechanik, Z. Phys. 38, 518±529 (received 18 June 1926, published in issue No. 6/7
of 10 August 1926).

1926e Zwei Bemerkungen uÈber die Zerstreuung korpuskularer Strahlen als Beugungser-
scheinung, Z. Phys. 40, 590±593 (received 19 November 1926, published in issue
No. 8 of 22 December 1926).

1928 Die unperiodischen VorgaÈnge in der Wellenmechanik, Phys. Zs. 29, 321±337 (re-
view received 31 March 1928, published in issue No. 11 of 1 June 1928).

1933a Wellenmechanik der Stoû- und StrahlungsvorgaÈnge, in H. Geiger and K. Scheel,
eds.: Handbuch der Physik, 2nd edition, Vol. 24/I: Quantentheorie, Berlin: J.
Springer, pp. 695±784.

1933b UÈ ber die EigenkraÈfte der Elementarteilchen. I, Z. Phys. 86, 479±494 (received 29
September 1933, published in issue No. 7/8 of 15 November 1933).

1933c UÈ ber die EigenkraÈfte der Elementarteilchen. II, Z. Phys. 86, 635±645 (received 14
October 1933, published in issue No. 9/10 of 15 November 1933).

1934a UÈ ber die EigenkraÈfte der Elementarteilchen. III, Z. Phys. 87, 726±733 (received 18
December 1933, published in issue No. 11/12 of 19 February 1934).

1934b Zur Frage der AÈ quivalenz von Lichtquanten und Korpuskelpaaren, Z. Phys. 92,
337±358 (received 15 October 1934, published in issue No. 5/6 of 26 November
1934).

1940 Zum Problem des statischen Mesonfeldes, Helv. Phys. Acta 13, 269±308 (received
21 June 1940, published in issue No. 4 of 27 August 1940).

1941 Zur Hypothese der hoÈheren Proton-Isobaren, Helv. Phys. Acta 14, 3±20 (received 7
December 1940, published in issue No. 1 of 20 February 1941).

1943 EinfuÈhrung in die Quantentheorie der Wellenfelder, Vienna: Franz Deuticke; English
translation: Quantum Theory of Fields, New York: Interscience 1949.

1948 New aspects of the photon self-energy problem, Phys. Rev. (2) 74, 1070±1075 (re-
ceived 29 June 1948, published in issue No. 9 of 1 November 1948).

1960 Quantum theory of ®elds (until 1947), in Theoretical Physics in the Twentieth Cen-

tury (M. Fierz and V. F. Weisskopf, eds., 1960), pp. 48±77.

Werner, Frederick G., and Dieter R. Brill

1960 Signi®cance of electromagnetic potentials in the quantum theory in the interpre-
tation of electron interferometer fringe observation, Phys. Rev. Lett. 4, 344±347
(received 7 March 1960, published in issue No. 7 of 1 April 1960).

References 1429



Wess, Julius, and Bruno Zumino

1974a Supergauge transformations in four dimensions, Nuclear Physics 70B, 39±50 (re-
ceived 5 October 1973, published in issue No. 1).

1974b A Langrangian model invariant under supergauge transformations, Physics Letters

49B, 52±54 (received 4 January 1974, published in issue No. 1 of 18 March 1974).

Westphal, Wilhelm H. (editor)

1952 Physikalisches WoÈrterbuch, Berlin±GoÈttingen±Heidelberg: Springer-Verlag.

Weyl, Hermann

1908 SingulaÈre Integralgleichungen mit besonderer BeruÈcksichtigung des Fourierschen

Integraltheorems, doctoral thesis, University of GoÈttingen.

1913 Die Idee der Riemannschen FlaÈche, Leipzig: B. G. Teubner.

1918a Zur Gravitationstheorie, Ann. d. Phys. (4), 54, 117±145 (received 8 August 1917,
published in issue No. 18 of 15 February 1918).

1918b Raum±Zeit±Materie. Vorlesungen uÈber allgemeine RelativitaÈtstheorie, Berlin: J.
Springer.

1918c Gravitation und ElektrizitaÈt, Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. 465±480
(presented by A. Einstein at the meeting of 2 May 1918).

1918d Reine In®nitesimalgeometrie, Math. Zs. 2, 384±411 (received 8 June 1918).

1919 Eine neue Erweiterung der RelativitaÈtstheorie, Ann. d. Phys. (4) 59, 101±133 (re-
ceived 7 January 1919, published in issue No. 10 of 20 June 1919).

1920 ElektrizitaÈt und Gravitation, Phys. Zs. 21, 649±651 (paper presented at the 86th
Naturforscherversammlung in Bad Nauheim, 19±25 September 1920, published in
issue No. 23/24 of 1/15 December 1920).

1921 Raum±Zeit±Materie, 4th edition, Berlin: J. Springer; English translation (by H. L.
Brose): Space±Time±Matter, London±New York: Methuen and Dover Pub-
lication, 1922.

1922 Die Einzigartigkeit der PythagoraÈischen Maûbestimmung, Math. Zs. 12, 114±146.

1923a Mathematische Analyse des Raumproblems. Vorlesungen gehalten in Barcelona und

Madrid, Berlin: J. Springer.

1923b Zur Charakterisierung der Drehungsgruppe, Math. Zs. 17, 293±320.

1924a MassentraÈgheit und Kosmos. Ein Dialog, Naturwiss. 12, 197±204 (published in the
issue of 14 March 1924).

1924c Randbemerkungen zu einem Hauptproblem der Mathematik, Math. Zs. 20, 131±150.

1924d UÈ ber die Symmetrie der Tensoren und die Tragweite der symbolischen Methode
in der Invariantentheorie, Rendiconti del Circulo Matematico di Palermo 48, 29±

36.

1924e Das gruppentheoretische Fundament der Tensorrechnung, Nachr. Ges. Wiss. GoÈt-

tingen, pp. 218±224 (presented at the meeting of 21 November 1924).

1924f Zur Theorie der Darstellung der einfachen kontinuierlichen Gruppen (Aus einem
Schreiben an Herrn I. Schur), Sitz.ber. Preuss. Akad. Wiss. (Berlin), pp. 338±345
(presented at the meeting of 11 December 1924).

1925± Theorie der Darstellung kontinuierlicher halbeinfacher Gruppen durch lineare
26 Transformationen. I; II; III; Nachtrag, Math. Zs. 23, 271±309 (1925); 24, 328±376;

377±395; 789±791 (1926).

References1430



1926a Zur Darstellungstheorie und Invariantenabzahlung der projectiven, der Komplex-
und der Drehungsgruppe, Acta Mathematica 48, 255±278.

1926b Elementare SaÈtze uÈber die Komplex- und die Drehungsgruppe, Nachr. Ges. Wiss.

GoÈttingen, pp. 235±243.

1927 Quantenmechanik und Gruppentheorie, Z. Phys. 46, 1±46 (received 13 October
1927, published in issue No. 1 of 30 November 1927).

1928a Philosophie der Mathematik und Naturwissenschaft, Munich: R. Oldenbourg.

1928b Gruppentheorie und Quantenmechanik, Leipzig: S. Hirzel.

1929a Gravitation and the electron, Proc. Nat. Acad. Sci. (USA) 15, 323±334 (correction
in proofs dated 4 March 1929, published in April 1929).

1929b Elektron und Gravitation, Z. Phys. 56, 330±352 (received 8 May 1929, published in
issue No. 5/6 of 19 July 1929).

1929c Gravitation and the electron, The Rice Institute Pamphlet 16, 280±295.

1930 Zur quantentheoretischen Berechnung der molekularen Bindungsenergie, Nachr.

Ges. Wiss. GoÈttingen, pp. 285±294 (presented at the meeting of 21 November 1930).

1931a Geometrie und Physik, Naturwiss. 19, 49±58 (published in the issue of 16 January
1931).

1931b Gruppentheorie und Quantenmechanik, 2nd edition, Leipzig: S. Hirzel; English
translation (by H. P. Robertson): The Theory of Groups and Quantum Mechanics,

London±New York: Methuen and Dover Publications, 1931.

1931c Zur quantentheoretischen Berechnung molekularer Bindungsenergien II, Nachr.

Ges. Wiss. GoÈttingen, pp. 33±39 (presented at a meeting of January 1931).

1968 Gesammelte Abhandlungen, 4 volumes, K. Chandrasekharan, ed., Berlin±Heidelberg±
New York: Springer-Verlag.

Wheeler, John Archibald

1936 The dependence of nuclear forces on velocity, Phys. Rev. (2) 50, 643±649 (received
2 July 1936, published in issue No. 7 of 1 October 1936).

1937a Resonating group structure in the nucleus, Phys. Rev. (2) 51, 683 (abstract of a
paper presented at the North Carolina APS meeting, 19±20 February 1937, pub-
lished in issue No. 8 of 15 April 1937).

1937b Molecular viewpoints and nuclear structure, Phys. Rev. (2) 52, 1083±1106 (re-
ceived 17 August 1937, published in issue No. 11 of 1 December 1937).

1937c On the mathematical description of light nuclei by the method of resonating group
structure, Phys. Rev. (2) 52, 1107±1122 (received 17 August 1937, published in
issue No. 11 of 1 December 1937).

1957 Assessment of Everett's ``relative state'' formulation of quantum theory, Rev. Mod.

Phys. 29, 463±465 (published in issue No. 3 of July 1957).

1979 Some men in the history of nuclear physics, in Nuclear Physics in Retrospect

(R. Stuewer, ed., 1979), pp. 217±306.

Wheeler, John A., and Richard P. Feynman

1945 Interaction with the absorber as a mechanism of radiation, Rev. Mod. Phys. 17,
157±181 (published in issue No. 2/3 of April±July 1945).

1949 Classical electrodynamics in terms of direct interparticle action, Rev. Mod. Phys.

21, 425±433 (published in issue No. 3 of July 1949).

References 1431



Wheeler, John A., and Wojciech Hubert Zurek (editors)

1983 Quantum Theory of Measurement, Princeton, N.J. Princeton University Press.

White, Milton G.

1935 Collisions of high energy protons in hydrogen, Phys. Rev. (2) 47, 573±574 (letter
dated 18 March 1935, published in issue No. 7 of 1 April 1935).

1936 Scattering of high-energy protons in hydrogen, Phys. Rev. (2) 49, 309±316 (re-
ceived 13 December 1935, published in issue No. 4 of 15 February 1936).

Wick, Gian Carlo

1934 Sulla proprietaÁ della materia nucleare, Nuovo Cimento 11, 227±234 (note published
in issue No. 2).

1935 Teoria dei reggi b e momento magnetico del protone, Rend. R. Accad. Lincei 21,
170±173 (presented by E. Fermi at the meeting of 3 February 1934).

Wick, Gian Carlo, Arthur S. Wightman, and Eugene P. Wigner

1952 The intrinsic parity of elementary particles, Phys. Rev. (2) 88, 101±105 (received 16
June 1952, published in issue No. 1 of 1 October 1952).

Wien, Willy

1921 Helmholtz als Physiker, Naturwiss. 9, 694±699 (published in the issue of 31 August
1921).

Wiener, Norbert

1926 The operational calculus, Mathematische Annalen 95, 557±584 (received 20 April
1925).

Wightman, Arthur S.

1989 The general theory of quantized ®elds in the 1950s, in Pions to Quarks (L. Brown,
M. Dresden, and H. Hoddeson, eds., 1989), pp. 608±629.

Wigner, Eugen(e) Paul

1926 UÈ ber nichtkombinierende Terme in der neueren Quantentheorie. Erster Teil,
Z. Phys. 40, 492±500 (received 12 November 1926, published in issue No. 7 of
20 December 1926).

1927a UÈ ber nichtkombinierende Terme in der neueren Quantentheorie. Zweiter Teil,
Z. Phys. 40, 883±892 (received 26 November 1926, published in issue No. 11/12 of
18 January 1927).

1927b Einige Folgerungen aus der SchroÈdingerschen Theorie fuÈr die Termstrukturen, Z.

Phys. 43, 624±652 (received 6 May 1927, published in issue No. 9/10 of 12 July 1927).

1927c Berichtigung zur Arbeit: Einige Folgerungen aus der SchroÈdingerschen Theorie fuÈr
die Termstrukturen, Z. Phys. 45, 601±602 (received 8 September 1927, published in
issue No. 7/8 of 3 November 1927).

1928 UÈ ber die ErhaltungssaÈtze in der Quantenmechanik, Nachr. Ges. Wiss. GoÈttingen,

pp. 375±381 (presented by M. Born at the meeting of 10 February 1928).

1931 Gruppentheorie und ihre Anwendung auf die Quantenmechanik der Atomspektren,
Berlin: J. Springer.

References1432



1932 UÈ ber die Operation der Zeitumkehr in der Quantenmechanik, Nachr. Ges. Wiss.

GoÈttingen, pp. 546±559 (presented by M. Born at the meeting of 25 November
1932).

1933a On the mass defect of helium, Phys. Rev. (2) 43, 252±257 (received 10 December
1932, published in issue No. 4 of 15 February 1932).

1933b UÈ ber die Streuung von Neutronen an Protonen, Z. Phys. 83, 253±258 (received 17
March 1933, published in issue No. 3/4 of 14 June 1933).

1934 On the interaction of electrons in metals, Phys. Rev. (2) 46, 1002±1011 (received 15
October 1934, published in issue No. 11 of 1 December 1934).

1936 On the saturation of exchange forces, Proc. Nat. Acad. Sci. (USA) 22, 662±666
(communicated 6 October 1936).

1937a On the consequences of the symmetry of the nuclear Hamiltonian on the spectro-
scopy of nuclei, Phys. Rev. (2) 51, 106±119 (received 23 October 1936, published in
issue No. 2 of 15 January 1937).

1937b On the structure of nuclei beyond oxygen, Phys. Rev. (2) 51, 947±958 (received 16
March 1937, published in issue No. 11 of 1 June 1937).

1952 Die Messung quantenmechanischer Operatoren, Z. Phys. 133, 101±108 (received 24
May 1952, published in issue No. 1/2 of 15 September 1952).

1959 Group Theory and Its Application to the Quantum Mechanics of Atomic Spectra

(expanded and improved translation of Wigner 1931), New York±London: Aca-
demic Press.

1961 Remarks on the mind±body question, in I. J. Good, ed.: The Scientist Speculates,

London: William Heinemann, pp. 282±302; reprinted in E. P. Wigner: Symmetries

and Re¯ections, Bloomington, Indiana: Indiana University Press 1967, pp. 171±
184.

1967 The growth of scienceÐits promises and dangers (J. F. Carlson lecture, presented
on 13 April 1964 at Iowa State College), in E. P. Wigner: Symmetries and Re-

¯ections, Bloomington, Indiana: Indiana University Press 1967, pp. 267±280.

1968 Symmetry principles in old and new physics, Bulletin of the American Mathematical

Society 74, 793±815.

1969 Leo Szilard, February 11, 1898±May 30, 1964 (obituary notice), Proc. Nat. Acad.

Sci. (USA). Biographical Memoirs 40, 337±347.

1973 Relativistic equations in quantum mechanics, in The Physicist's Conception of

Nature (J. Mehra, ed., 1973), pp. 320±331.

1992 ¨ The Collected Works of Eugene Paul Wigner, Part A: Scienti®c Papers (Vols. I±

V ), A. S. Wightman, ed.; Part B: Historical, Philosophical and Socio-Political

Papers (Vols. VI±VIII ), J. Mehra, ed. Berlin±Heidelberg±New York: Springer-
Verlag.

1992 Vol. V: Nuclear Energy.

1993 Vol. I: Biographical Sketch, Applied Group Theory; The Mathematical Papers.

1995 Vol. VI: Philosophical Re¯ections and Syntheses.

1996 Vol. II: Nuclear Physics.

1997a Vol. III: Particles and Fields; Foundations of Quantum Mechanics.

1997b Vol. IV: Physical Chemistry; Solid State Physics.

1999 Vol. VIII: Socio-Political Re¯ections and Civil Defense.

2000 Vol. VII: Historical and Biographical Re¯ections and Syntheses.

References 1433



Wigner, Eugen(e) P., and John Bardeen

1935 Theory of the work function of monovalent metals, Phys. Rev. (2) 48, 84±87 (re-
ceived 30 April 1935, published in issue No. 1 of 1 July 1935).

Wigner, Eugene P., and H. P. Huntington

1935 On the possibility of a metallic modi®cation of hydrogen, J. Chem. Phys. 3, 764±
770 (received 14 October 1935, published in the issue of December 1935).

Wigner, Eugene P., and Frederick Seitz

1933 On the constitution of metallic sodium, Phys. Rev. (2) 43, 804±830 (received 18
March 1933, published in issue No. 10 of 15 May 1933).

1934 On the constitution of metallic sodium. II, Phys. Rev. (2) 46, 509±524 (received 18
June 1934, published in issue No. 6 of 15 September 1934).

Wigner, Eugen(e) P., and E. E. Witmer

1928 UÈ ber die Struktur der zweiatomigen Molekelspektren nach der Quantenmechanik,
Z. Phys. 51, 859±886 (received 23 July 1928, published in issue No. 11/12 of 12
November 1928).

Wilczek, Frank

1997 The future of particle physics as a natural science, in Critical Problems in Physics

(V. L. Fitch et al., eds., 1997), pp. 281±308.

Williams, Evan J.

1932 The passage of a and b particles through matter and Born's theory of collisions,
Proc. Roy. Soc. (London) A135, 108±131 (communicated by W. L. Bragg; received
1 October 1931, published in issue No. A826 of 1 February 1932).

1934 Nature of the high energy particles of penetrating radiation and status of ionization
and radiation formulae, Phys. Rev. (2) 45, 729±730 (letter dated 16 April 1934,
published in issue No. 10 of 15 May 1934).

Williams, Robley C.

1938 The ®ne structures of Da under varying discharge conditions, and Ha Phys. Rev.

(2) 54, 558±567 (received 11 July 1934, published in issue No. 6 of 15 October
1938).

Williams, Robley C., and R. C. Gibbs

1934 Fine-structure analysis of H1
a and H2

a, Phys. Rev. (2) 45, 475±479 (received 31
January 1934, published in issue No. 7 of 1 April 1934).

Wilson, Alan Herries

1931a The theory of electronic semi-conductors, Proc. Roy. Soc. (London) A133, 458±491
(communicated by P. A. M. Dirac; received 18 June 1931, published in issue
No. A822 of 1 October 1931).

1931b The theory of electronic semi-conductors. II, Proc. Roy. Soc. (London) A134, 277±
287 (communicated by R. H. Fowler; received 25 August 1931, published in issue
No. A823 of 3 November 1931).

References1434



1932a A note on the theory of recti®cation, Proc. Roy. Soc. (London) A136, 487±498
(communicated by R. H. Fowler; received 5 January 1932, published in issue
No. A830 of 1 June 1932).

1932b The theory of metals. I, Proc. Roy. Soc. (London) A138, 594±606 (communicated
by R. H. Fowler; received 29 July 1932, published in issue No A836 of 1 December
1932).

1980 Solid state physics 1925±33; opportunities missed and opportunities seized, Proc.

Roy. Soc. (London) A371, 39±48 (presented at the London symposium ``The
Beginnings of Solid State Physics,'' 30 April±2 May 1979, published in the issue
of 10 June 1980).

Wilson, Harold A.

1949 Note on Dirac's theory of magnetic poles, Phys. Rev. (2) 75, 309 (letter received
28 October 1948, published in issue No. 2 of 15 January 1949).

Wilson, John G.

1985 The ``Magnet House'' and the muon, in Early History of Cosmic Ray Studies

(Y. Sekido and H. Elliot, eds., 1985), pp. 145±159.

Wilson, Kenneth G.

1971 Renormalization group and critical phenomena. I. Renormalization group and the
Kadano¨ scaling procedure, Phys. Rev. (3) 4B, 3174±3183 (received 2 June 1971,
published in issue No. 9 of 1 November 1971).

1974 Critical exponents in 3.99 dimensions, Physica 73, 119±128 (paper presented at the
Conference on ``Magnetism and Magnetic Materials±1972,'' held at Amsterdam,
27±31 August 1973, published in issue No. 1 of 1974).

Wilson, Kenneth G., and Michael E. Fisher

1972 Critical exponents in 3.99 dimensions, Phys. Rev. Lett. 28, 240±243 (received 11
October 1971, published in issue No. 4 of 24 January 1972).

Wilson, Kenneth G., and J. Kogut

1974 The renormalization group and the e expansion, Physics Reports 12, 76±199 (re-
ceived 2 July 1974, published in issue No. 2 of 1974).

Wilson, Robert W.

1992 The cosmic microwave background radiation, in Nobel Lectures: Physics 1971±

1980 (Nobel Foundation, ed., 1992), pp. 463± 483.

Wintner, Aurel

1925 StoÈrungstheorie und Perihelformel, Z. Phys. 33, 635±642 (received 26 June 1925,
published in issue No. 8 of 18 August 1925); Berichtigung, Z. Phys. 34, 547 (re-
ceived 7 September 1925, published in issue No. 5/76 of 20 October 1925).

1926a UÈ ber die kleinen freien Schwingungen eines abzaÈhlbar unendlichen Systems, Z.

Phys. 36, 778±781 (received 17 March 1926, published in issue No. 9/10 of 30 April
1926.

1926b UÈ ber die kleinen freien Schwingungen in unendlichen Kristallgittern, Z. Phys. 37,
225±229 (received 7 April 1926, published in issue No. 3 of 31 May 1926).

References 1435



1926c UÈ ber gewisse Eigenschwingungen mit kontinuierlichen Spektrum, Ann. d. Phys. (4)

81, 577±586 (received 28 July 1926, with an addendum added in proof dated 23
August, published in issue No. 22 of 26 October 1926).

1926d UÈ ber gewisse Eigenschwingungen mit kontinuierlichen Spektrum. (Zweite Mittei-
lung), Ann. d. Phys. (4) 81, 846±854 (received 12 September 1926, with an addendum
added in proof dated 23 August, published in issue No. 24 of 27 November 1926).

1926e UÈ ber gewisse Eigenschwingungen mit kontinuierlichen Spektrum. (Dritte Mittei-
lung), Ann. d. Phys. (4) 82, 67±74 (received 13 October 1926, with an addendum
added in proof dated 23 August, published in issue No. 1 of 16 December 1926).

1927a UÈ ber gewisse Eigenschwingungen mit kontinuierlichen Spektrum. (Vierte Mittei-
lung), Ann. d. Phys. (4) 82, 346±354 (received 4 November 1926, published in issue
No. 3 of 8 February 1927).

1927b Theorie der quantenmechanischen Matrizen von wassersto¨aÈhnlichem Spektrum.
Eine mathematische BegruÈndung (VorlaÈu®ge Mitteilung), Sitz.ber. SaÈchs. Akad.

Wiss. 79, 145±157 (presented by L. Lichtenstein at the meeting of 7 November 1927).

1928a UÈ ber die Grundlagen der matrizenmechanischen Umdeutungsprinzips und uÈber
eine Spektraltheorie der Bohrschen fastperiodischen Funktionen, Z. Phys. 48, 149±
161 (received 11 March 1928, published in issue No. 3/4 of 19 April 1928).

1928b UÈ ber das Streuungsgesetz des freien Gitters und uÈber die statistische Bedeutung der
Schwebungsstellen des Gitterspektrums fuÈr die Interferenz ebener Eigenwellen, Z.

Phys. 48, 495±512 (received 20 March 1928, published in issue No. 7/8 of 7 May
1928).

1928c UÈ ber das Pseudospektrum der Energiematrix, Z. Phys. 48, 731±732 (received 6
April 1928, published in the issue of 15 May 1928).

1928d UÈ ber den analytischen Apparat der Quantenmechanik, Z. Phys. 49, 674±696 (re-
ceived 7 May 1928, published in issue No. 9/10 of 16 July 1928).

1928e Berichtigung zu meinem Aufsatz: ``UÈ ber des Streuungsgesetz des freien Gitters,'' Z.

Phys. 50, 295±296 (received 11 June 1928, published in issue No. 3/4 of 20 August
1928).

1929 Spektraltheorie der unendlichen Matrizen. EinfuÈhrung in den analytischen Apparat

der Quantenmechanik, Leipzig: S. Hirzel.

1930a Sur l'analyse anharmonique des ineÂgaliteÂs seÂculaires fournis par l'approximation de
Lagrange, Rend. R. Accad. Lincei (6) 11, 464±467 (presented by T. Levi-Civita to
the meeting of 2 March 1930).

1930b UÈ ber die Jacobische Di¨erentialgleichung des restringierten DreikoÈrperproblems,
Sitz.ber. SaÈchs. Akad. Wiss. 82, 345±354 (presented by L. Lichtenstein at the
meeting of 8 December 1930).

1931 Neuere Untersuchungen uÈber das DreikoÈrperproblem, Naturwiss. 19, 1010±1017
(published in the issue of 19 December 1931).

Wise, M. Norton

1987 How do sums count? On the cultural origin of statistical causality, in The Proba-

bilistic Revolution, Vol. 1 (L. KruÈger et al., eds., 1987), pp. 395±425.

Witmer, E. E., and LeÂon Rosenfeld

1928a UÈ ber die Beugung der de Broglieschen Wellen am Krysatllgitter, Naturwiss. 16, 149
(letter dated 31 January 1928, published in the issue of 2 March 1928).

References1436



1928b UÈ ber die Beugung der de Broglieschen Wellen an Kristallgittern, Z. Phys. 48, 530±
540 (received 24 March 1928, published in issue No. 7/8 of 7 May 1928).

Witten, Edward

1997 Vistas in theoretical physics, in Critical Problems in Physics (V. L. Fitch et al., eds.,
1997), pp. 271±279.

Wolfe, Hugh C.

1936 Quantum mechanics and physical reality, Phys. Rev. (2) 49, 274 (letter dated 30
December 1935, published in issue No. 3 of 1 February 1936).

Wolfenstein, Lincoln

1964 Violation of CP invariance and the possibility of very weak interaction, Phys. Rev.

Lett. 13, 562±564 (received 31 August 1964, published in issue No. 18 of 2 No-
vember 1964).

Wood, Robert Williams

1920 An extension of the Balmer series of hydrogen and spectroscopic phenomena of
very long vacuum tubes, Proc. Roy. Soc. (London) A97, 455±470 (received 21 June
1920).

1928a Wave-length shifts in scattered light, Nature 122, 349 (cable sent through Science
Service, Washington, D.C., published in the issue of 8 September 1928).

1928b The Raman spectra of scattered radiation, Phil. Mag. (7) 6, 729±743 (dated 8
September 1928, published in the issue of October 1928).

1928c Note on Raman lines under high dispersion, Phil. Mag. (7) 6, 1282±1283 (pub-
lished in the issue of December 1928).

1929 The Raman e¨ect by helium excitation, Phil. Mag. (7) 7, 858±866 (published in
spring 1929).

Wu, Chien-Shiung, E. Ambler, R. W. Hayward, D. D. Hoppes, and R. P. Hudson

1957 Experimental test of parity conservation in beta decay, Phys. Rev. (2) 105, 1413±
1414 (received 15 January 1957, published in issue No. 4 of 15 February 1957).

Wu, Chien-Shiung, and Irving Shaknov

1950 The angular correlation of scattered annihilation radiation, Phys. Rev. (2) 77,
136 (letter dated 21 November 1949, published in issue No. 1 of 1 January
1950).

Wu, M. K., J. R. Ashburn, C. J. Torng, P. H. Hor, R. L. Meng, L. Gao, Z. J. Huang, Y.
Q. Wang, and C. W. Chu

1987 Superconductivity at 93 K in a mixed-phase Y-Ba-Cu-O system at ambient pres-
sure, Phys. Rev. Lett. 58, 908±910 (received 18 February 1987; revised manuscript
received 18 February 1987, published in issue No. 9 of 2 March 1987).

Xu, Qiochen, and Laurie M. Brown

1987 The early history of cosmic ray research, Am. J. Phys. 55, 23±33 (received 22 May
1985; accepted for publication 11 February 1986, published in issue No. 1 of Jan-
uary 1987).

References 1437



Yang, Chen Ning

1986 Hermann Weyl's contribution to physics, in K. Chandrasekharan, ed.: Hermann

Weyl 1885±1985, Berlin, Heidelberg, etc.: Springer-Verlag, pp. 7±21.

1996 Julian Schwinger, in Y. J. Ng, ed.: Julian Schwinger: The Physicist, the Teacher and

the Man, Singapore, World Scienti®c, 175±180.

Young, Lloyd A.

1935a Interaction of nuclear particles, Phys. Rev. (2) 47, 972 (letter dated 27 May 1935,
published in issue No. 12 of 15 June 1935).

1935b Note on the interaction of nuclear particles, Phys. Rev. (2) 48, 913±915 (received
29 August 1935, published in issue No. 11 of 1 December 1935).

Young, M. D., R. N. Manchester, and S. Johnston

1999 A radio pulsar with an 8.5-second period that challenges emission models, Nature

400, 848±849 (letter received 23 March and accepted 13 July 1999, published in the
issue of 26 August 1999).

Yukawa, Hideki

1933a Introduction to W. Heisenberg, UÈ ber den Bau der Atomkerne (in Japanese),
J. Phys.±Math. Soc. Japan 7, 195±205.

1933b A comment on the problem of electrons in the nucleus (in Japanese), Bulletin of the

Physico-Mathematical Society of Japan (Nippon-Sugaku-Butsurigaku-Kaishi) 7,
131 (A) (abstract of a paper presented on 5 April 1933 at the annual meeting of the
Physico-Mathematical Society of Japan in Sendai).

1935 On the interaction of elementary particles, Proc. Phys.±Math. Soc. Japan 17, 48±57
(read 17 November 1934; received 30 November 1934, published in the issue of
January/February 1935).

1937 On a possible interpretation of the penetrating component of the cosmic ray, Proc.

Phys.±Math. Soc. Japan 19, 712±713 (letter dated 2 July 1937, received 5 July 1937).

1950a Quantum theory of non-local ®elds. Part I. Free ®elds, Phys. Rev. (2) 77, 219±226
(received 27 September 1949, published in issue No. 2 of 15 January 1950).

1950b Quantum theory of non-local ®elds. Part II. Irreducible ®elds and their interaction,
Phys. Rev. (2) 80, 1047±1052 (received 7 August 1950, published in issue No. 6 of
15 December 1950).

1982 ``Tabibito'' (The Traveler), English translation by L. M. Brown and R. Yoshida,
Singapore: World Scienti®c.

1990 Collected Writings, Vol. 10 (English publications), Tokyo: Iwanami.

Yukawa, Hideki, and Shoichi Sakata

1935 On the theory of b-disintegration and the allied phenomena, Proc. Phys.±Math.

Soc. Japan 17, 467±479 (read 6 July 1935, received 5 September 1935).

1937 On the interaction of elementary particles. II, Proc. Phys.±Math. Soc. Japan 19,
1084±1093 (read 25 September 1937, received 10 November 1937).

Yukawa, Hideki, Shoichi Sakata, Minoru Kobayasi, and Mitsuo Taketani

1938 On the interaction of elementary particles. IV, Proc. Phys.±Math. Soc. Japan 20,
720±745 (read 28 May 1938, received 2 August 1938).

References1438



Yukawa, Hideki, Shoichi Sakata, and Mitsuo Taketani

1938 On the interaction of elementary particles. III, Proc. Phys.±Math. Soc. Japan 20,
319±340 (read 25 September 1937, received 15 March 1938).

Zavaritskii, N. V.

1952 Investigation of superconducting properties of thallium and thin ®lms at low tem-
peratures (in Russian), Doklady Akademii Nauk SSSR 86, 501±504.

Zeilinger, Anton

1996 Einstein±Podolsky±Rosen interferometry, in A. Mann et al., eds.: The Dilemma of

Einstein, Podolsky and RosenÐ60 Years Later, Bristol±Jerusalem: IOP Publishing
and Israel Physical Society, pp. 57±72.

Zilsel, Edgar

1937 Moritz Schlick, Naturwiss. 25, 161±167 (obituary published in the issue of 12 March
1937).

Zwaan, A.

1929 IntensitaÈten im Ca-Funkenspektrum (doctoral thesis, Utrecht), Archives NeÂerlan-

daises des Sciences Naturelles (IIIA) 12, 1±75. Haarlem: J. EnschedeÂ.

Zweig, George

1964 An SU(3) model for strong interaction symmetry and its breaking, Preprint CERN
8182/TH401 (dated 17 January 1964).

References 1439



This page intentionally left blank



Author Index

Note: Pages containing biographical data are indicated in italics.

Abachi, S. 1134, 1257
Abegg, Richard 524, 553, 1257
Abel, Niels Henrik 475
Abelson, Philip Hauge 1004, 1009, 1257,

1374
Abrikosov, Alexei Alexeyevich 1150,

1169±1170, 1257
Ackermann, W. 404
Adler, Alfred 56, 59
Adler, F. 1007, 1257
Adler, Stephen L. 1080, 1123, 1130
Aharonov, Yakir 1019±1020, 1173, 1211,

1212, 1216±1218, 1222±1224, 1229,
1232, 1258, 1273

Al'tshuler, B. L. 1223, 1259
Allen, John Frank 872, 1258
Allen, Lini 1362
Allibone, Thomas Edward 872, 901, 1332
Allis, William P. 1258
Alpher, Ralph 1143±1144, 1190±1191,

1258
Alvarez, Luis 1004, 1187, 1328
Amal, Parvati 355
Amaldi, Edoardo 761, 801, 813, 965±967,

981, 1111, 1259, 1313±1314
Ambartsumian, Viktor A. 327, 639, 883,

1259
Ambler, E. 1437
Ames, Joseph S. 982
Ammal, Loka Sundari 356

Anaximander 473
Anderson, Carl D. 669, 674, 675, 771±

773, 793±795, 794, 797±799, 804, 834±
836, 899, 906, 908, 927, 945, 946,
1109, 1259±1260, 1378, 1383

Anderson, Herbert L. 773, 794, 795, 804,
835, 1007, 1012±1014, 1111, 1260

Anderson, Michael H. 1158, 1260
Anderson, Philip W. 660, 1017±1018,

1168, 1177, 1178, 1179, 1182, 1251,
1260±1261

Andrews, M. R. 1296
Antony, Marc 1063
Arabatsis, Theodore 523, 524, 526, 1261
Araki, Huzihiko 1118
Aristotle 473
Arnison, G. 1129, 1130
Aronov, A. G. 1223, 1259
Artin, Emil 514±515
Arvidsson, Gustav xxv, 1261
Asawa, C. K. 1372
Ashburn. J. R. 1436
Aspect, Alain 1231±1234, 1239, 1261,

1327
Aston, Francis William 376, 577, 634,

637, 638, 796, 803, 1261
Atkinson, R. d'E. 646±647, 992, 1261
Aubert, J. J. 1133, 1261
Auger, Pierre 129, 344±345, 346±348,

835, 899, 1261±1262
Auger, Victor Emile 345

Augustin, J.-E. 1133, 1262, 1327
Austern, N. 1046, 1371

Bacher, Robert Fox 338, 829, 972±973,
975±976, 1022

Back, Ernst 654, 1262
Badash, Lawrence 872, 1262
BaÈdecker, Karl 1262
Baeyer, Otto von 346, 1262
Bagavantam, S. 1270
Bagge, Erich 904, 988, 1011, 1022, 1262
Bahcall, John N. 1187±1190, 1262±1263
Baker, Henry Frederick 294, 386, 1263
Balian, Roger 1152±1153, 1178, 1263
Ballentine, Leslie E. 1196±1197, 1224,

1228, 1234±1235, 1263



Banderet, Pierre Paul 801, 1263
Bang, Jens 167, 1263
Banks, T. 1136
Banner, M. 1130, 1263
BaÈr, Richard 594
Bardeen, John 575, 850, 851, 1139±1142,

1162±1163, 1165±1169, 1176, 1178,
1244, 1248, 1250±1251, 1264, 1434

Barnes, R. Bowling 850, 1264
Barnes, V. E. 1117, 1264
BarnoÂthy, JenoÈ 939, 1265
Barth, G. 863
BartholomeÂ, E. 862
Bartlett, James H. 814, 945, 976, 977,

979, 1265
Basche, H. 1011
Basov, Nikolai 1154, 1155, 1265
Bauer, Edmond Henri 1204, 1370
Baule, Bernhard 393
Bauschinger, Julius 418
Baym, Gordon 575, 576, 583, 1187, 1265,

1342
Bean, Charles P. 1170, 1265
Bechert, Karl 578
Beck, Emil xxv, 594, 1265
Beck, Guido 595, 610, 803, 824, 981,

1265
Becker, Herbert 786±787, 789, 802, 1265,

1281
Becker, Richard 110, 492, 493, 788, 863,

865, 1266
Beckert, Herbert 418
Becquerel, Jean 333
Bednorz, J. Georg 1181, 1183, 1266
Belinfante, Frederick J. 675, 960±961,

962, 1213, 1223, 1224, 1266, 1391
Bell, John Stewart 1080, 1211, 1212,

1216±1220, 1224, 1229, 1234±1236,
1238, 1239, 1266

Bell, S. Jocelyn 1186±1187, 1340
Beller, Mara 98, 134, 139, 189±190, 210,

754±755, 1267
Bender, Carl M. 1153, 1267
Bennett, W. R. 1156, 1267
BenoõÃt aÁ la Guillaume, C. 1157, 1343
Berends, R. E. 1116, 1267
Bergmann, Hugo 687, 689±690
Bergson, Henri 683
BerleÁme, Aage 114
Berliner, Arnold 729, 743

Bernardini, Gilberto 906, 1021, 1267
Bernays, Paul 403, 404, 1267
Bernoulli, Daniel 13

Bernoulli, Jacob 11

Berzelius, JoÈns Jacob 522
Bethe, Albrecht Theodor 607
Bethe, Hans Albrecht 48, 338, 575, 576,

578, 579, 583, 607±609, 618, 627±631,
664±665, 668, 677, 759, 760, 827±829,
839, 851, 852, 854, 857, 894, 905±906,
909, 924, 939, 972±973, 975±976, 980,
981±988, 994±998, 1022, 1037, 1038±
1042, 1044, 1046, 1047, 1054, 1056,
1058, 1060, 1061, 1063, 1064, 1084,
1085, 1086, 1088, 1091, 1096, 1097,
1099, 1102, 1107, 1108, 1143±1144,
1187, 1189, 1245, 1258, 1265, 1267±
1269, 1368, 1405, 1415

Beyer, Klaus 418, 1269
Beyerchen, Alan D. 758, 837, 1269
Bhabha, Homi Jehangir 675, 907, 927,

936, 939, 949, 951, 953±955, 957, 964,
1269

Bhagavantam, S. 355
Bieberbach, Ludwig 404
Biedenharn, L. C. 1112, 1270
Bieler, E. S. 634
Biem, Walter 1202±1203
Biermann, Kurt-R. 402, 1270
Bijl, A. 874, 1377
Biot, M. A. 391, 1270, 1377
Birge, Raymond T. 529, 531, 537, 538,

539, 556, 1270
Birjukow, W. A. 1111, 1270
Birkho¨, George David 35, 425, 1270
Bjerge, T. 966, 1270
Bjerknes, V. 3
Bjerrum, Niels 130, 166, 540
Bjorken, James D. 1130, 1133, 1270
Blackett, Patrick Maynard Stuart 634,

662, 667, 795±799, 802, 803, 815, 821,
834, 835, 899, 916, 951, 1108±1109,
1271, 1290

Blackman, Maurice 575, 851, 852, 1280
Blatt, John 1103
Bleeker, C. E. 363, 364, 369, 1271
Bloch, Felix 312, 338, 426, 508, 563, 575,

576, 577, 593±595, 602±605, 606±607,
609±614, 615, 616, 617, 619±621, 622,
626±629, 631±632, 676, 759, 768±769,

Author Index1442



808, 819, 837, 838, 849, 853, 861, 864±
865, 867, 903, 924±925, 931, 934,
1035, 1038, 1139, 1271±1272

Blochinzev, Dmitrii 1199, 1272
Bloembergen, Nicolaas 1154±1155, 1156,

1272
Blumenthal, Otto 395, 404, 447, 1272
BoÃchner, Solomon 427
Bùggild, Jùrgen 939, 1272
Bogoliubov, Nikolai 1119, 1133, 1159,

1160, 1168, 1176, 1244, 1248, 1249,
1272

Bohm, David 748, 1020, 1165, 1166,
1173, 1194±1195, 1209±1224, 1211,
1227, 1229, 1231, 1232, 1236, 1243,
1258, 1273

Bohnenblust, F. 488
Bohr, Aage 1023, 1051
Bohr, Christian 167
Bohr, Harald 167, 169, 261, 420, 423
Bohr, Niels Henrik David xviii, xxi±xxvi,

xxxiii, xxxiv, xxxv, xxxvi, 5, 8, 9, 10,
20, 36, 38±39, 40, 42, 49, 55±56, 59,
73±77, 90±97, 91, 93±94, 95, 97±102,
107±113, 114±130, 134, 135, 138, 138±
141, 144±145, 147, 151±153, 154±158,
162±199, 166±169, 181, 203, 204, 205,
211, 212, 213, 217, 219, 224, 232, 233,
241±242, 245±246, 248±255, 255±265,
257, 266±267, 268±271, 273, 274, 286,
287, 289, 292, 299, 307, 309, 312, 314,
326, 327, 331±336, 339, 343, 344, 346,
354, 372, 373, 381, 382, 399, 423, 431,
447±450, 467±468, 472, 512, 521, 523,
525±526, 528, 530, 534, 541, 557, 574,
577, 585, 597, 598, 624, 625, 628, 631,
633, 634, 648±650, 657, 659, 660, 663,
664, 671, 672, 673, 676, 679±682, 691±
694, 697±703, 707, 709, 712, 716, 719,
720, 726±730, 733±738, 754±757, 760,
766, 769±770, 774±775, 776, 791, 800,
802, 803, 808±810, 812, 816, 817, 824,
825, 861, 883, 885±886, 908, 909, 910,
928, 933, 939, 980±981, 982, 984±989,
990, 992, 999, 1002, 1003±1006, 1019,
1051, 1052, 1054, 1057, 1111, 1146,
1194, 1196±1199, 1200, 1207, 1213,
1214, 1216, 1217, 1229, 1235±1236,
1239, 1243, 1244, 1246, 1274±1278

Boltza, Hans 393

Boltzmann, Ludwig xix, 13±16, 440, 448,
452, 461, 637, 671, 679, 704, 806, 1278

Bondi, Hermann 1144, 1278
Bonhoe¨er, Karl Friedrich 352, 533, 1278
Boole, George 475
Bopp, Fritz 1201, 1236, 1278
Borchers, Hans 1118
Bordag, Michael 1148, 1279
Borel, Armand 480, 1279
Bormuth, C. 1405
Born, Hedwig 41, 1200, 1245, 1306
Born, Max xviii, xxiv, xxvi±xxviii, xxix±

xxxi, xxxiii, xxxiv, xxxv, 9±10, 20, 21,
23, 24, 37±56, 59, 61, 66, 72, 74, 78,
82, 87, 90, 92, 105, 108, 110, 111, 120,
123, 129, 133, 134, 135±136, 138, 141,
143, 145±147, 150, 170, 172±173, 175,
189, 192, 194, 197, 200±201, 204, 206,
209, 212, 220, 232, 233, 234, 238, 240±
243, 245±247, 251, 286, 326, 339, 341,
349, 369, 371±374, 382±387, 398, 399,
400±401, 405, 419, 420, 422, 423, 430,
446, 457±458, 463±466, 496, 509, 513,
521, 522, 527, 528, 529, 530, 535, 538±
540, 547, 552, 556, 560, 563±564, 639,
645, 658, 659, 664±666, 671, 676, 677,
680, 690, 692, 703, 720, 741, 751, 759,
760, 839, 851±852, 856, 878, 883, 935,
936, 938, 948, 949, 1199, 1200±1203,
1208, 1209, 1212, 1228, 1244, 1245,
1251, 1279±1281, 1306

Bose, Debendra M. 192
Bose, Satyendra Nath xxviii, xxx, 19, 107,

120, 192, 213, 275, 356, 358, 1156,
1281

Bosscha, Johannes 858
Bothe, Walther 20, 41, 101, 112, 120, 163,

170±171, 235±241, 351, 609, 646, 786±
788, 794, 795, 802, 803, 821, 1010,
1011, 1265, 1281

Boukaert, L. P. 850, 1281
Bourbaki, N. 429
Bowling, R. 1281
Boyer, Timothy 1151±1153, 1282
Boyle, A. J. F. 1174, 1282
Bradley, C. C. 1158, 1282
Bragg, William Henry 49, 175, 242, 251,

359, 785, 1282
Bragg, William Lawrence 49, 175, 232,

233, 241±242, 660, 855, 1017, 1282

Author Index 1443



Braginskii, Vladimir B. 1242, 1282
Brandelik, R. 1134, 1282
Brasch, Arno 901
Brattain, R. Robert 850, 1264
Brattain, Walter H. 1139±1142
Braun, E. 575
Breit, Gregory 182, 317, 330, 338, 665,

969±970, 976, 977, 982±984, 986, 988,
1043±1045, 1282±1283

Bremermann, H. J. 1119, 1283
Bremmer, H. 630, 863, 1331
Bretscher, E. 658, 802, 1283
Brickwedde, Ferdinand 790±791, 1424
Bridgman, Percy W. 574, 877±878, 887,

1251, 1283
Brill, Dieter R. 1223, 1429
Brillouin, LeÂon xxxiv, 8, 9, 21, 29±31, 34,

36, 65, 136, 175, 192, 232, 246±247,
251, 332±333, 575, 608, 618±620, 623,
624, 631, 803, 848, 849, 853, 864, 1283

Brillouin, Marcel xxi, xxxiv, 29
Brinkman, W. F. 1179, 1260
Brockman, C. J. 526, 1284
Broglie, Louis de. see De Broglie, Louis

Victor Pierre Raymond
Broglie, Maurice de. see De Broglie,

Maurice
Bromberg, Joan 203, 808, 1285
Brouwer, Luitzen Jan Egbertus 403, 479,

685
Brown, Ernest 1342
Brown, Laurie M. 201, 330, 634, 669, 676,

678, 777, 793, 805, 809, 816, 818, 822,
823, 824, 826, 829, 830, 833, 836, 880,
889, 937, 946, 949, 955, 958, 962, 1018,
1021, 1111, 1285±1287, 1342, 1437

Brown, Lowell S. 1074, 1287
Brown, Ralph 1141±1142
Brown, Robert G. W. 11, 201, 330, 1156,

1287
BruÈhl, Kai 140
Brune, Michel 1240±1241, 1287, 1331,

1385
Brunswick, Duke of (Carl Wilhelm

Ferdinand) 1017
Brush, Stephen G. 13, 872, 1287
Bryan, George Hartley 14
Bub, Je¨rey 1219, 1220±1221, 1273
Buchta, J. W. 836
Buddha, Gautamo 168

Bunsen, Robert 858
Burbidge, E. Margaret 1144±1145, 1185,

1287
Burbidge, Geo¨rey R. 1144±1145, 1287
Burbury, Samuel Hawksley 14
Burgers, Willy Gerard 575
Burnside, William 482
Burrau, Oyvind 538, 1287
Butler, Cli¨ord C. 1109, 1112, 1400
Byers, Nina 1176, 1287

Cabannes, Jean 363, 367, 1287
Cabibbo, Nicola 801, 1117, 1287
Cabrera, B. 333
Cahn, Robert N. 793, 1114, 1159, 1288
Campbell, Norman 189±190, 1288
Cantor, Georg 403
CaratheÂodory, Konstantin 49, 609
Cardano, Girolamo 11

Carelli, A. 364, 367, 368, 1288
Carleman, T. 420±421
Carlson, J. Franklin 817, 926±927, 939,

1288
Carnap, Rudolf 683, 684, 685
Carson, Cathryn 545, 1288
Carson, John Renshaw 391, 1288
Carst, Agathe 351±353, 1288, 1362
Cartan, EÂ lie 480±481, 482, 1288
Cartwright, Nancy 38, 673, 682, 1289
Case, Kenneth 1092±1093, 1289
Casimir, Hendrik Brugt Gerhard 512±

513, 514, 658, 760, 858, 861, 862, 866,
923, 1138, 1145±1146, 1150, 1153,
1289±1290, 1327

Cassen, Bernard 976±977, 1290
Cassidy, David C. 123, 124, 131, 181,

185, 272, 312, 595, 925, 958, 1290
Cauchy, Augustin-Louis 475
Cavendish, Henry 1017
Caves, Carlton M. 1242
Cayley, Arthur 475, 476
Cazzaniga, T. 65
CÏ ebysÏev, Pafnutij LvovicÏ 11

Chadwick, James 634±635, 637, 638, 674,
771, 787±791, 799, 803, 806±808, 812,
813, 815, 817, 822, 902, 1290

Chambers, R. G. 1223, 1291
Champion, Frank Clive 662, 667±668,

1271, 1291

Author Index1444



Chandrasekhar, Subrahmanyan 18, 360,
839, 840, 879±887, 880, 883, 889±895,
898, 994, 1183±1184, 1186, 1244,
1248, 1249±1250, 1291, 1379

Chao, Chung-Yao 669, 804±806, 1291
Chapman, Michael S. 1239±1240, 1291
Chew, Geo¨rey F. 1055, 1118, 1120±

1121, 1292
Chiao, Raymond Y. 1239, 1362
Chievitz, Ole 166
Chodorow, M. R. 629, 1292
Christenson, C. H. 1114, 1292
Christiansen, Christian 167
Chu, (Paul) C. W. 1182, 1436
Chwolson, Orestes 639
Clapeyron, Benoit Pierre Emile 862
Clark, Ronald W. xxiii, 1292
Clauser, John F. 1219, 1229±1231, 1292,

1319, 1320
Clausius, Rudolf 13, 1293
Cleveland, B. T. 1262
Clusius, Klaus 862, 863, 868, 870, 1011,

1352
Coben, Stanley 338, 339, 1293
Cockcroft, John Douglas 771, 791±792,

812, 815, 859, 864, 872, 901, 949, 1293
Cohen, Michael 1160, 1315
Colby, W. F. 125
Collins, P. D. 1122, 1293
Collins, R. A. 1340
Compton, Arthur Holly xxiii, 40, 41, 57,

101±102, 109±110, 112, 163, 170, 175,
192, 232, 233, 241±242, 251, 254, 309,
343, 360, 373, 577, 794, 805, 899,
1012, 1293

Compton, Karl T. 344, 353, 508, 564,
1293

Comte, Auguste 691
Condon, Edward Uhler 338, 536, 539,

579, 638, 642±643, 673, 725, 850, 969±
970, 976±977, 1282, 1290, 1293±1294,
1330

Confucius 168
Conolly, P. L. 1264
Conversi, Marcello 1021, 1109, 1294
Coolidge, W. D. 901
Cooper, Leon N 1163, 1165±1168, 1178,

1251, 1264, 1294
Copernicus, Nicolaus 473
Corben, Herbert Charles 936, 1045, 1294

Corben, Mulaika 1045
Corbino, Orso Maria 803
Cornell, E. A. 1158, 1260
Corry, Leo 395, 397, 1294
Coster, Dirk 116, 346, 1000, 1277
Cotton, AimeÂ 333
Cottrell, A. H. 575
Courant, Ernest D. 1111
Courant, Richard 124, 401, 404, 427, 515
Cowan, Clyde L. 1113±1114, 1116, 1294±

1295
Crawford, H. F. 559
Crennell, D. J. 1264
Crick, Francis H. C. 1426
Critch®eld, Charles Louis 994±996, 1268
Cronin, James Watson 1292
Cruikshank, William 522
Crussard, C. 575
Culverwell, Edward 14
Curie, IreÁne 637, 787, 796, 799, 812, 813,

815, 819±821, 825, 964, 966, 1000±
1001, 1294, 1348

Curie, Marie 175, 232, 242, 251, 794, 803,
821, 965

Curie, Pierre 1127
Curl, Robert F. 1182, 1361
Cushing, James T. 1213, 1229, 1295

D'Agostino, Oscar 965±967, 981, 1313
D'Alembert, Jean le Rond 26

Dahl, Otto 968
Dahl, Per Fridtjof 861, 1295
Dalibard, Jean 1233±1234, 1261
Dalitz, Richard H. 1012, 1295
Dalton, John 522, 1295
Dames, Wilhelm 1010
Danby, G. 1114, 1295
Danco¨, Sidney M. 934, 1046, 1049,

1085, 1120, 1295
Danieri, A. 1205±1207, 1220, 1295
Darboux, Jean-Gaston 475
Darrigol, Olivier 10, 200, 225, 1295±1296
Darrow, Karl K. 339, 1296
Darwin, Charles Galton 36, 89, 97, 152,

180, 181, 182, 191, 195, 213, 230, 274,
281±287, 290, 291, 292, 299±304, 332,
333, 488, 718, 1245, 1296

Daure, Pierre 363, 367, 1287, 1296
Davies, B. 1151, 1153, 1296

Author Index 1445



Davis, A. C. 634, 1296
Davis, K. B. 1158, 1296
Davis, Raymond, Jr. 1188±1190, 1262,

1296
Davis, Watson 835
Davisson, Clinton Joseph 49, 246, 343±

344, 372±378, 374, 583, 608, 1297
Davy, Humphrey 522
Deaver, Bascom S., Jr. 1175±1176, 1297
De Boer, J. 874, 1270, 1377
De Broglie, Louis Victor Pierre Raymond

xviii, xxvii, xxviii, xxx, xxxii, xxxiii,
19, 29, 37, 40, 57, 59, 107, 120, 162,
172, 175, 180, 192, 196, 197±198, 213,
232, 233, 238, 241, 243±247, 250, 251,
264, 280, 292, 327, 343, 371, 373, 375,
377±380, 580, 611, 618, 703, 937, 940,
1195, 1196, 1198, 1202, 1209±1211,
1214, 1224, 1244, 1246, 1284±1285

De Broglie, Maurice 802, 807±808
Debye, Peter Joseph Wilhelm xxiii, 27,

36, 63, 175, 192, 232, 242, 251, 305,
312, 333, 341, 447, 487, 559, 594, 595,
600, 606, 614, 803, 840, 860, 862, 876,
940, 974, 1010, 1011, 1297

De Donder, TheÂophile 175, 232, 333, 703
Dee, Phillip Ivor 790, 1298
De Gennes, P. G. 1170, 1320
De Groot, S. R. 1112, 1422
De Haas, Wander Johannes. see Haas,

Wander Johannes de
De Hevesy, George. see Hevesy, George de
De Ho¨mann, Frederic 1108, 1269
De la MeÂreÂ, Chevalier 11
DelbruÈck, Max 55, 338, 512, 617, 760, 821,

906±907, 916, 920, 1019, 1376, 1422
De Maria, Michelangelo 793, 795, 796,

1298
Dementi, Margit 1316
De Moivre, Abraham 11

Dempster, D. 863
Dennison, David Mathias 95, 125, 273±

274, 533, 534, 538, 559, 673, 1298
Deppner, KaÈthe 651

De Raad, Lester 1149±1150, 1152, 1378,
1410

De Roberval, Giles Personne 11

Descartes, ReneÂ 671
Des Coudres, Theodor 124
Deslandres, Henri Alexandre 175, 232

D'Espagnat, Bernard 1196, 1298
Destouches, Jean-Louis 1198
Destouches-Fevrier, Paulette 1198
De Valera, Eamon 1246
Dewey, Jane M. 125±126, 1298
DeWitt, Bryce S. (B. Seligmann) 1071,

1072, 1193±1194, 1196, 1223, 1224,
1227±1228, 1298

D'Haenens, I. J. 1372
Dicke, Robert 1191, 1192, 1299
Diebner, Kurt 1011
Dieke, Gerhard H. 251, 273, 338, 532,

533, 1299
DieudonneÂ, Jean 403, 475, 1299
Dirac, Paul Adrien Maurice xviii, xxix,

xxxi, xxxii, xxxiv, xxxv, xxxvi, 8, 10,
21, 22, 49, 52, 55, 61, 66, 68, 72±89,
73±76, 91±93, 95±97, 129, 141, 147±
155, 158, 159, 170, 173, 175, 182±185,
187, 189, 192, 197, 199±213, 216, 218,
220, 225, 227, 232, 242, 246±251, 256,
258, 259, 262, 273±275, 278, 280, 284,
287±311, 289, 302±309, 312±314, 318,
324, 327, 330±331, 333, 334, 337, 339,
354, 384, 386, 388±392, 399, 401, 405,
410±412, 414, 426±429, 450, 451, 459±
461, 463, 478, 491, 494, 499, 506, 510,
511, 513, 518, 519, 521, 529, 549, 576,
579, 592, 593, 595, 597, 610, 611, 613,
624, 648, 650, 654, 661, 664, 674, 676,
704, 712, 717, 742, 751, 760, 761, 764±
785, 773, 797, 798±801, 802, 805, 814,
815, 821, 823, 827, 840, 880, 886, 887,
899, 903, 904, 905, 907, 909, 910, 912,
913±919, 922, 928, 929, 931, 933, 935,
936, 940, 941, 944, 948, 953, 960, 962±
964, 1025±1028, 1033, 1034, 1040,
1046, 1049, 1051±1053, 1056, 1066,
1073, 1082, 1083, 1086±1087, 1090,
1111, 1119, 1194, 1197, 1228, 1244,
1247±1248, 1249, 1299±1301

Dittrich, Walter 1148
Dodson, R. W. 1004, 1317
Dolch, Heimo 973±974, 1301
Dolen, R. 1122, 1302
Doll, R. 1175±1176, 1302
Doncel, Manuel 312, 1302
DoÈpel, Klara 1012±1013
DoÈpel, Robert 1011, 1012±1013
Dorda, G. 1179, 1356

Author Index1446



Dorfmann, J. 333
Dorgelo, Hendrik Berend 351, 1302
Doroshkevich, A. G. 1190±1191, 1302
Dreitlein, J. 1267
Dresden, Max 32, 122±123, 304, 931,

933, 1111, 1286, 1302, 1342
Drever, Ronald W. P. 1290
Dreyer, J. 1287
Droste, Gottfried von 1003, 1010, 1302,

1316
Drude, Burkhardt 154±155, 359, 587
Drude, Paul 573, 576, 1302±1303
DruÈhl, Kai 1239
Duane, William 40, 57, 192, 242, 373,

1202, 1303
Dukas, Helen 254
Dumas, Jean-Battiste-AndreÂ 553
Dunning, John R. 1004
Duplantier, Bertrand 1152, 1263
Durfee, D. S. 1296
DuÈrr, Hans-Peter 1119, 1127
Duschek, Adalbert 509, 1303
Dymon, Edmund Gilbert 377, 1303
Dyson, Freeman J. 1038, 1059±1064,

1060±1061, 1063, 1065±1066, 1084,
1085, 1086, 1089, 1097, 1099±1107,
1104, 1303

Dzyaloshinskii, I. D. 1149, 1150, 1304

Eberhard, Philippe H. 1234, 1304
Eckart, Carl Henry xxx, 8, 388, 510±511,

579, 583, 585, 589, 595, 1304
Eckert, Michael 576, 1304, 1342
Eddington, Arthur Stanley 81, 94, 99,

102±107, 113, 188, 389, 577, 665, 776,
777, 840, 878±887, 890, 892±894,
935±936, 991, 992, 994, 1185, 1304±
1305

Eden, Richard 74, 1033, 1305
Ehrenfest, Paul xix, 15±16, 19±20, 32,

34±35, 40, 51, 54, 69, 75, 94, 99, 101,
102, 107, 111, 113, 115, 121, 132, 152,
162, 175, 182, 232, 233, 235, 238, 239,
240, 242, 251±254, 258, 274±280, 289,
293, 332, 339, 340, 373, 380, 382, 397,
440, 472±473, 512, 515, 516, 595, 596,
651, 657, 709, 713±715, 718±719, 760,
776, 803, 861±862, 863, 870, 931,
1228, 1305±1306

Ehrenfest, Tatyana 15±16, 339, 1305
Einsporn, E. 344, 1318
Einstein, Albert xix, xx, xxiii, xxv, xxviii,

xxxiv, xxxv, xxxvi, 5, 16±17, 19, 36±
44, 53±54, 56±57, 59, 60, 93±94, 96±
115, 120, 121, 124, 130±133, 135, 143,
154, 157±158, 162, 170, 172, 175, 180,
181, 187, 188, 192, 196, 201, 204, 209,
212, 213, 232±243, 246±256, 258, 267±
271, 275±279, 287±288, 326, 327, 342±
343, 345, 348, 356, 371, 372, 373, 379,
383, 395±398, 418, 439±441, 442, 463,
469, 492, 540, 579, 628, 630, 637, 663,
671, 672, 679, 680, 704, 713, 715±743,
737, 738, 739, 743, 747±751, 757, 758,
839, 871, 874, 931, 1010, 1017, 1019,
1024, 1086, 1138, 1154, 1156±1157,
1174, 1194, 1198±1203, 1208±1212,
1216, 1229, 1232, 1234±1236, 1239,
1243, 1244, 1245, 1306±1309, 1407

Eisenschitz, R. 562, 563, 1309
Elliot, Harry 1411
Ellis, Charles D. 326, 347, 634±638, 650,

659, 803, 817, 1309
Elsasser, Walter 37, 40, 343, 373±376,

377, 379, 631, 916, 973, 981, 1022,
1309±1310

Emden, Robert 888
Enaki, Leo 1310
Endo, J. 1423
Englert, Berthold-Georg 1239, 1410
Enscher, J. R. 1158
Enz, Charles P. 602, 816, 1147, 1246,

1310
Epstein, Jakob 340
Epstein, Paul Sophus xxiii±xxiv, 31, 40,

373, 715, 717, 1310
ErdoÈs, P. 425
Er-Rakho, L. 1181
Esaki, Leo 1182
Estermann, Immanuel 379±380, 802, 952,

1310±1311
Eucken, Arnold xxi, xxiii, xxxii, 273, 305,

533, 595, 1311
Euler, Hans 903, 920±921, 922, 929, 940,

954, 955, 974, 977, 1079, 1311, 1338
Everett, Hugh 1224±1226, 1234, 1311
Evtuhov, V. 1372
Ewald, Paul Peter 37, 242, 419, 548, 608±

609, 677, 839, 1311

Author Index 1447



Ewald, Rose 609
Ewing, Douglas H. 850
Exner, Franz Seraphim 4±5, 20, 637, 679,

704, 806, 1311
Ezawa, Hiroshi 1423

Fabry, Charles 363

Fairbank, William Michael 1175±1176,
1297

Fajans, Kasimir 609, 636, 1311
Falkenhagen, Hans 305, 1312
Fang, F. F. 1179
Fano, Ugo 999, 1312
Faraday, Michael 522
Favrholdt, David 167, 1312
FaxeÂn, Olov Hilding 381±382, 1312
Feather, Norman 787, 788, 790, 1006,

1007, 1312
Federov, Evgeni Stepanovic 474
Feenberg, Eugene 973, 976, 977, 1283,

1312
Fekete, Michael 402, 1311
Fermat, Pierre de 11

Fermi, Enrico xxx, 192, 194, 195, 241,
275, 305, 333, 380, 382, 574, 575, 578,
581, 628, 655±656, 668, 674, 675, 761±
762, 772, 803, 812, 813, 817±821, 824±
832, 846±847, 879, 880, 881, 900, 902,
937, 938±951, 959, 964±968, 975, 980,
981, 984, 985, 995, 999, 1004±1005,
1007, 1009, 1010, 1012±1014, 1021,
1022, 1023, 1035, 1038, 1055, 1091,
1110, 1111, 1115, 1224, 1260, 1312±
1314

Feynman, Arline (neÂe Greenbaum) 1091

Feynman, Richard Phillips 1024±1030,
1028, 1038, 1042±1048, 1049, 1051±
1052, 1055±1063, 1071, 1074, 1081,
1082, 1083, 1088±1107, 1089, 1114,
1118, 1122, 1131, 1147, 1160±1161,
1162, 1197, 1228, 1244, 1248, 1250,
1314±1315, 1431

Fierz, Markus 675, 801, 925, 931, 934,
959±962, 1147, 1214, 1391, 13115

Fine, Arthur 715, 748, 754±755, 757,
1267, 1269, 1315

Fink, JoÈrg 1182, 1315
Finkelstein, Robert 1063±1064, 1316
Fischer, Emil 1017

Fischer, Ernst 412, 1316
Fischer, Ernst Peter 1019, 1316
Fischler, W. 1136
Fisher, Michael E. 1172, 1435
Fitch, Val Logsdon 1292, 1316
Flamm, Ludwig 20±21, 139, 1316
Flint, Henry Thomas xxxiii, 727
FluÈgge, Siegfried 888, 890, 974, 977,

1003, 1007±1008, 1011, 1316
Fock, Vladimir A. 51, 52, 55, 239, 327,

339, 639, 717, 762±764, 767±769, 776,
783, 841, 842, 938, 1049, 1051, 1215,
1280, 1301, 1316±1317

Fokker, A. D. 626
Foley, H. M. 1034, 1036, 1045±1046,

1317, 1362
Folse, Henry 1317
FoÈppl, Ludwig 393
Ford, Kenneth 988
Forman, Paul 5, 673, 1317, 1362
ForroÂ , Eva 939, 1265
Foster, John Stuart 31, 125±126, 1317
Fournier, Georges 808, 1317
Fowler, A. B. 1179, 1317
Fowler, Alfred 531, 556
Fowler, R. D. 1004, 1317
Fowler, Ralph Howard xxix, 73±74, 76,

118, 140, 144, 172, 173, 175, 184, 185,
190, 232, 251, 295, 341, 446, 525, 533,
536, 576, 591±593, 596, 624, 638, 642,
644, 654, 663, 677, 775, 803, 851, 853,
872, 878±879, 880, 881, 883, 885, 886,
1317±1318

Fowler, William A. 998, 1144, 1193,
1287, 1425

Fraenkel, Abraham 402±403, 1267
Franck, James xxiv, 37, 40, 43, 49, 55,

56, 57±58, 62, 115, 124, 192, 234, 242,
307, 344, 345, 347±348, 351, 352, 372,
398, 527, 528, 539, 540, 547, 553, 556,
577, 628, 644, 856, 1318±1319

Frank, F. C. 575
Frank, Philipp 5, 682±684, 686, 692,

755±756, 1319
Franken, P. 1038
Franson, J. D. 1239, 1319
FraÈnz, H. 646
Franz, Rudolf 584
Fraser, Ronald G. 377, 1421
Frautschi, Stephen C. 1121, 1292

Author Index1448



Fredholm, Ivar 393, 1319
Freedman, Stuart J. 1229±1230, 1231,

1319
Freistadt, Hans 1215, 1319
French, Anthony Philip 115, 1319
French, J. Bruce 1042±1043, 1060, 1074,

1088, 1096±1097, 1319
Frenkel, Jacob (Jakov Ilich) 192, 281,

283, 304, 327, 338, 339, 340, 463, 588,
590, 598±600, 599, 631, 855, 857, 861,
986, 1194, 1319±1320

Frenkel, Victor Y. 639, 1320
Freund, Peter G. O. 1123, 1124, 1125,

1320
Fricke, Hugo 338
Friedel, J. 1170, 1320
Friedman, Jerome I. 1113, 1131, 1320
Friedmann, Alexander 639, 1183
Friedrichs, K. O. 427
Fries, Herbert 713
Frisch, Otto Robert 380, 637, 656, 657,

802, 806, 826, 980, 1002±1004, 1011±
1012, 1310, 1320±1321, 1376

Frisch, S. 1361
Fritzsch, Harald 1132, 1193, 1321
Frobenius, Georg Ferdinand 477, 481,

482, 493, 496, 503, 551
Frobenius, Leo 418
FroÈhlich, Herbert 339, 575, 631, 675, 857,

871, 948, 952±954, 1163±1164
Froissart, M. 1121, 1122, 1322
FroÈman, Nanny 35, 1321
FroÈman, Per Olof 35, 1321
Fronsdal, C. 1267
Fry, Edward S. 1230, 1231, 1322
Fuchs, Klaus 857, 1212, 1245
Fues, Erwin 25, 129±130, 279, 338, 538,

1322
Fukuda, Hiroshi 1088, 1190, 1322
Fukuda, Y. 1322
Furry, Wendell Hinkle 747±748, 754,

755, 903, 909±913, 915, 919, 920, 924,
931, 944, 1092, 1217, 1322

Gabor, Denis 469
Gaede, Wolfgang 901
Gaillard, J.-M 1295
Galasiewiez, Zygmunt M. 869, 1323
Galilei, Galileo 11, 99

Galison, Peter 836, 1323
Galois, Evariste 473, 474, 475
Galton, Francis 437
Gamow, George Antonovich 316, 327,

338, 339, 536, 638, 639±648, 650, 659,
663, 693, 776, 786, 800, 801, 802, 803,
812, 815, 816, 824, 829, 890, 894, 895,
970, 980, 982, 985, 988, 992±994, 996,
1044, 1143±1144, 1184±1185, 1190±
1191, 1258, 1323±1324

Gans, Richard 589, 1324
Gao, L. 1430
Gapon, E. 807, 1324
Garbasso, Antonio 796, 803
Gardner, Eugene 1110, 1324
Gasiorowicz, Stephen 1123, 1324
Gassendi, Pierre 13

Gaunt, John A. 74, 665, 666, 1324
Gauss, Carl Friedrich 11, 475, 1017
Gavroglu, Costas 523, 524, 526, 547,

1261, 1324
Ge¨en, D. A. 1123, 1324
Geiger, Hans 20, 41, 101, 112, 120, 163,

170±171, 235, 633, 652, 663, 803, 901,
1010, 1011, 1281, 1324, 1403

Gel'fand, Izrail Moiseevich 88
Gell-Mann, Murray 1084, 1110, 1114,

1116±1118, 1122±1125, 1130, 1132±
1133, 1172, 1251, 1315, 1321, 1324±
1325

Gentile, Giovanni 628, 813, 1274
Gentner, Wolfgang 1010
Georgi, Howard 1136±1137, 1325
Gerlach, Walther 192, 333, 343, 363, 364,

369, 608, 1325
Germer, Lester Halbert 246, 374±376,

583, 608, 1297
Gerver, Joseph 1228, 1325
Geyer, Bodo 1325
Ghirardi, G. C. 1238
Giaever, Ivar 1182
Gibbs, Josiah Willard 7, 15±16, 19, 278,

452, 453, 454, 459, 671, 1325
Gibbs, R. C. 934, 1434
Gilmore, Robert 1229, 1325
Ginzburg, Vitaly 1163, 1169, 1176, 1364
Glashow, Sheldon Lee 1128, 1129, 1133±

1134, 1136±1137, 1151, 1270, 1326
Glauber, Roy 1072, 1103
Gleason, Andrew M. 1215, 1220, 1326

Author Index 1449



Gleick, James 1088, 1326
Goeppert-Mayer, Maria 55, 760, 851,

1022±1023, 1280, 1326
Gold, Thomas 1144, 1187, 1278, 1326
Goldberger, Marvin L. 1055, 1083, 1084,

1118, 1119, 1120, 1292, 1326
Goldhaber, Gerson 793, 1111, 1114, 1288
Goldstone, Je¨rey 1127, 1326
Gonseth, Ferdinand 1198
Goodman, B. B. 1170, 1326
Gordon, J. P. 1153±1154, 1326±1327
Gordon, Walter S. 76, 178, 212, 244, 292,

299±301, 303, 305, 308, 309, 659±660,
805, 1140, 1327

Gorkov, Lev P. 1150, 1170, 1176, 1327
Gorter, Cornelius Jacobus 862, 863, 866,

867, 1327
Gossard, A. C. 1180, 1423
GoÈtze, Wolfgang 1351
Goudsmit, Samuel xxix, 113, 118, 121±

122, 127, 175, 181, 251, 273, 274, 332,
338, 340, 343, 512, 526, 574, 654, 803,
817, 1035, 1166, 1262, 1327, 1424

Goulianos, K. 1295
Graham, R. Neill 1193±1194, 1196, 1227,

1298
Grangier, Philippe 1231±1233, 1239,

1242, 1261, 1327±1328
Graûmann, Hermann 475
Gray, Louis Harold 309, 790, 791, 804,

805, 806, 821, 1328
Green, G. K. 1004, 1328
Green, George 1328
Green, Herbert S. 1124, 1245, 1328
Greenbaum, Arline 1091

Greenberg, O. W. 1124, 1328
Greenberger, Daniel 1239
Greinacher, Heinrich 791, 901, 1328
Grimm, Hans G. 526, 552±553, 579, 1329
Grommer, Jakob 238±239, 327, 1308
GroÈnblom, Bernd Olof 800, 974, 1329
Gross, David J. 1131±1133, 1329
Grosse, Aristid von 999
Grossmann, Marcel 396, 1308
Groth, Paul 474
Groth, Wilhelm 1011
Grotrian, Walter 58, 1329
Groves, Leslie R. 1329
GruÈneisen, Eduard 575, 606, 616, 621,

622, 1329

Gudder, Stanley 1221, 1329
GueÂben, G. 966, 1329
Guggenheim, Edward Armand 878, 1318
Guillemin, Victor 338
Guillery, M. 537, 1374
Gully, W. J. 1179, 1388
Gupta, Suraj N. 1224
Gurney, Ronald W. 536, 638, 642±643,

850, 855±857, 1330, 1381
Guth, Alan H. 1193, 1330
Guth, Eugene 657±658, 802, 1283
GuÈttinger, Paul 656±657, 1329±1330
Guye, C. E. 175, 232

Haag, Rudolf 1118, 1236±1239, 1330
Haas, Arthur Erich xix, 1330
Haas, Wander Johannes de xxv, 333, 626,

630, 863, 870, 1309, 1330±1331
Haber, Fritz 350, 353, 492
Hadamard, Jacques 88
Hafstad, Lawrence R. 968, 969, 976,

1004, 1400, 1424
Hagley, E. 1242, 1287, 1331
Hahn, Hans 684
Hahn, Otto 346, 637, 676, 806, 967, 991,

999, 1000±1003, 1006, 1007, 1008,
1010, 1011, 1017, 1245, 1262, 1331

Halban, Hans von 1007, 1011, 1257, 1331
Hall, Edwin H. 192, 574, 578
Hall, H. E. 1174, 1282
Halpern, Otto 338, 595, 610, 907, 1331
Hambley, David 1351
Hamilton, William Rowan 11, 475, 1082
Hammond, Troy D. 1291
Hampel, W. 1188±1189, 1331
Han, M. Y. 1125, 1132, 1332
Hanle, Wilhelm 1010, 1332
Hansen, Hans Marius 115, 126, 663, 1332
Hanson, Norwood Russell 793, 1332
Hara, Osamu 1086, 1404
Hargreaves, C. R. 1149
Hargreaves, J. 654±655, 1332
Harkins, William D. 786, 1332
Haroche, Serge 1240±1241, 1287, 1331,

1385
Harrison, F. B. 1294
Hartcup, Guy 872, 1332
Harteck, Paul 533, 1011
Hartley, Harold 341, 1332

Author Index1450



Hartman, P. 425, 1332
Hartree, Douglas Rayner 74, 505, 507,

508, 762±763, 841, 842, 1333
HasenoÈhrl, Fritz (Friedrich) 704
Hasert, F. J. 1129, 1333
Haviland, E. K. 425
Haxel, Otto 1022, 1023, 1333, 1348, 1419
Hayakawa, Satio 833, 836, 1333
Hayashi, Chushiro 1144, 1185±1186,

1333
Hayward, W. 1436
Heading, J. 1333
Heath, J. R. 1361
Heaviside, Oliver 88, 386±387, 391, 427,

1334
Hebel, J. C. 1168, 1334
Hecke, Erich 264
Heckmann, Gustav 398
Heilbron, John L. 3, 38, 1245, 1334, 1362
Heisenberg, August 124±125
Heisenberg, Werner Karl xviii, xxiv±

xxxvi, 5, 9, 10, 20, 21, 22, 24, 32, 37,
39, 40, 41, 42, 43, 53, 55, 56, 61, 66,
72, 74±78, 82, 89, 90±97, 98, 105, 106,
108, 109, 112, 113, 117±120, 121, 122±
166, 124, 169±175, 178±192, 194±195,
197, 201, 202, 204, 206, 209±213, 215,
219±220, 233, 234, 239±243, 244, 245±
246, 248±251, 254, 255, 259, 263, 264,
266, 267, 271, 272, 273±274, 275, 280,
283±284, 286, 304, 306±307, 312±330,
331, 333, 334, 335±338, 341, 343, 349,
354, 355, 358, 359, 366, 369, 384, 385,
386, 398, 399, 400, 405, 417, 418, 420±
423, 426, 432, 445, 447, 449, 450, 461,
465, 473, 478, 488±491, 493, 494, 497,
499, 500, 501, 504, 506, 508, 513, 521,
526, 527, 529, 530, 532, 533, 538, 541,
545, 549, 553, 559, 563, 575, 576, 577,
579, 580, 589, 593±602, 606, 607, 610,
611, 613, 614, 617, 620, 621, 628, 629,
631, 651, 652, 663, 665, 669±676, 680±
681, 683±693, 696±697, 700, 701, 703,
706, 707, 709±712, 720, 726±735, 746,
747, 754, 757±759, 760±762, 765±766,
767±771, 773, 776±777, 779, 791, 803,
808±813, 809, 812, 814, 815±816, 819,
820, 822±829, 830±832, 837, 861, 878,
880, 898, 900, 903, 904, 907, 908, 915±
922, 925, 928±930, 936±942, 949, 954,

955, 956±958, 961, 964, 970±971, 973±
974, 976±979, 984, 986, 988, 990,
1011±1013, 1029, 1030±1033, 1031,
1049, 1068±1069, 1079, 1102, 1108,
1118±1120, 1121, 1127, 1194, 1196,
1197, 1198, 1199, 1201, 1203, 1214,
1228, 1243, 1244, 1245, 1247, 1249,
1280, 1303, 1310, 1334±1338, 1359

Heitler, Walter 55, 130, 130, 247, 327,
332, 338, 472, 496, 501±505, 509, 510,
512, 522, 527, 539, 540±541, 542±552,
547, 554±555, 557±558, 560±563, 564,
565, 567, 568, 572, 579, 594, 598, 600,
602, 603, 653, 675, 676, 759, 838, 857,
900, 904±906, 909, 924, 925, 927, 939,
948, 951, 952±954, 955, 1033, 1042,
1051, 1110, 1111, 1118, 1269, 1321,
1338±1339

Heller, G. 1266
Hellinger, Ernst 385±386, 412, 417, 419,

421, 423, 426, 1339
Helmholtz, Hermann von xxxiii, 476,

479, 522±523, 785, 1339
Hempstead, C. A. 575
Henderson, W. J. 822, 1339
Hendry, John 91, 98, 103, 106, 107, 111,

145, 801, 1339
Henrich, Louis R. 1183±1184, 1291
Henriot, E. 175, 232
Heraeus, W. C. 865
Herapath, John 13

Herb, S. W. 1134, 1339
Herman, Robert 1144, 1190, 1258±1259
Hermann, Armin 1111, 1302
Hermann, Grete 712±713, 733, 1339±1340
Herring, Conyers 575, 851
Herriott, D. R. 1156, 1347
Hertz, Gustav Ludwig 272, 344, 351, 372,

671, 1318
Hertz, Paul 88, 1340
Herwig, Helge 1325
Herzberg, Gerhard 527, 555, 560±561,

572, 653, 759±760, 1338, 1340
Herzfeld, Karl 526, 540, 1329
Hessel, Johann Friedrich Christian 473±

474, 1340
Heurlinger, Torsten 529
Hevesy, George de 100, 115, 116, 180,

633
Hewish, Anthony 1187, 1340

Author Index 1451



Heydenburg, Norman P. 968, 969, 976,
1424

Heydrich, Reinhard 758
Heyting, A. 685
Hibbs, R. G. 1315
Higgs, Peter 1127, 1128, 1129, 1340
Hilbert, David xxx, xxxv, 17, 55, 67, 82,

88, 102±103, 133, 135, 341, 384, 387,
392±401, 403, 404±411, 413, 417, 419±
421, 426, 427, 430, 479, 496, 515, 528,
678, 685, 686, 720, 1340±1341

Hill, E. L. 311, 1341
Himmler, Heinrich 758
Hinshelwood, Cyril Norman 305, 341, 595
Hirsch, P. B. 575
Hitler, Adolf 628, 677, 857, 902, 904, 1009
Hoch, Paul 677, 1341
Hoddeson, Lillian H. 575±576, 583, 598,

620, 630, 676, 850, 853, 855, 857±858,
861, 899, 1111, 1126, 1140, 1159,
1166, 1168, 1286, 1341, 1342

Hù¨ding, Harald 167, 168, 169, 261, 679
Ho¨mann, Gerhard 899, 939, 940, 1010,

1011, 1342
Hofstadter, Robert 629, 1023, 1175, 1292,

1342
HoÈlder, Ernst 418
Holst, Gill 512, 858
Holt, Richard A. 1219, 1292
Holtsmark, Johan Peter 380±382, 381,

383, 1312, 1342
HoÈnl, Helmut xxix, 548, 1342
Hooper, S. C. 1009±1010
Hop®eld, J. J. 532
Hoppes, D. D. 1436
Horder, Ruth 659

Hori, Takeo 532±534, 1342
Horn, D. 1122, 1302
Horne, Michael A. 1219, 1231, 1239,

1292, 1302, 1328
Horton, Frank 634, 1296
HoÅshi, ReÅun 1333
Hoskins, R. H. 1372
Hossley, L. H. 981
Houston, Walter F. 338
Houston, William V. 579, 585, 589, 590,

595, 934, 1343
Houtermans, Friedrich Georg 339, 639,

642, 644±645, 646, 647, 648, 890, 992,
1261, 1323, 1343

Howard, Don 235, 240, 1343
Howard, W. E. 1179, 1317
Hoyle, Fred 1144, 1184, 1190, 1193,

1287, 1343
Hoyt, Frank C. 338
Huang, Z. J. 1436
HuÈckel, Erich 852
Hudson, R. P. 1436
Hulet, R. E. 1282
Hulin, D. 1157, 1343
HultheÂn, Erik 338, 531
Hume-Rothery, William 853, 854, 1343
Humm, Rudolph 102
Hund, Friedrich xxxvi, 43, 61, 75, 95,

129, 141, 147, 151, 259, 273, 326, 338,
372, 473, 497, 499±501, 503, 504, 505,
506, 508, 509, 510, 512, 521±522, 527±
529, 530±540, 538, 549, 552±563, 559,
571±572, 597, 603, 604, 614, 642, 652,
837±840, 842, 847, 848±849, 857, 863,
868, 887±892, 895, 898, 977±980,
1251±1252, 1343±1345

Huntington, H. P. 850, 1434
Hupfeld, H. H. 669, 674, 798, 804±806,

809, 812, 815, 821, 1376
Hurwitz, Adolf 481, 482
Husserl, Edmund 114, 547
Huygens, Christiaan 11

Hylleraas, Egil A. 338

Ichimiya, Tarao 1385
Iliopoulos, John 1133, 1326
Im, Gyeong Soon 371, 1345
Infeld, Leopold 851, 852, 935, 1280
Inoue, Takesi 1021, 1085, 1404
Irving, David 1011, 1346
Ising, Ernst 598, 1346
Ising, G. 799
Ito, Daisuke 1085±1086, 1088, 1346
Ittmann, G. P. 35, 1360
Iwanenko, Dimitri 304, 327, 639, 776,

791, 807, 808, 813, 827, 829, 1259,
1323, 1324, 1346

Jackiw, R. 1080, 1266, 1346
Jackson, Derek Ainstlie 654, 1347
Jacobi, Carl Gustav Jacob 12
Ja¨eÂ, George Cecil 124, 594

Author Index1452



James, William 166, 683
Jammer, Max 38, 73, 90, 164, 166, 167,

169, 196, 436, 687, 715±716, 718, 720±
721, 723, 748, 754, 1196, 1215, 1229,
1347

Janossy, Lajos 1201, 1347
Jansky, Karl 1145
Jarrett, Jon P. 1234±1235, 1263
Jauch, Joseph M. 1215, 1220±1221, 1224,

1347
Javan, Ali 1156, 1347
Javaraman, Alyasann 1347
Jeans, James Hopwood xx, xxii, 777,

1347
Je¨reys, Bertha (neÂe Swirles) 74

Je¨reys, Harold 35, 1348
Jehle, Herbert 1025
Jensen, J. Hans D. 842, 1022, 1023, 1333,

1348, 1419
Jesperson, Otto 115
Jessen, B. 425
Jo¨eÂ, Abram Fedorovich 332, 339±340,

599, 855, 859, 860
Johnson, Kenneth 1080, 1346
Johnson, M. C. 870, 1348
Johnson, Thomas H. 380, 796, 1348, 1417
Johnston, S. 1187, 1438
Joliot, FreÂdeÂric 345, 787, 796, 799, 802,

812, 813, 815, 819±821, 825, 964, 966,
1007±1010, 1294, 1331, 1348

Jona-Lasinio, Giovanni 1127, 1393
Jones, Harry 575, 852±854, 872, 1258,

1348±1349, 1381
Joos, Georg 1010, 1349
Jordan, Marie-Ennemond-Camille 475±

476, 1349
Jordan, Pascual xviii, xxix, xxx, xxxiv,

xxxv, 9, 10, 20, 21, 24, 37, 40, 41, 42,
43, 55±72, 56, 58±60, 77, 78, 82±91,
96, 120, 127, 129, 133, 136, 141, 143,
150, 152, 153, 154, 156, 159, 160, 162,
170, 184, 185, 189, 197, 199±201, 204,
205, 206, 209±218, 212±213, 220±233,
243, 246, 247, 256, 274, 281, 284, 285,
286, 304, 312, 313, 316, 317, 318, 321±
324, 326±327, 330, 338, 339, 344, 345,
347±349, 383±386, 388, 398, 399±401,
405, 407, 411, 423, 425±426, 432, 457±
458, 462, 464±466, 483, 488, 496, 499,
513, 521, 529, 549, 579, 699, 720, 759,

763, 800, 878, 937±938, 940, 1019,
1280, 1318±1319, 1338, 1349±1350

Josephson, Brian D. 1020, 1176±1177,
1182, 1183, 1349±1350, 1351

Jost, Res 1033, 1246, 1351
Joule, James Prescott 13

Joyce, James 1124
Julian, Rennie S. 1045, 1382
Julius, Willem Henri 32, 122
Justi, Eduard 862

Kac, Mark 425
Kadano¨, Leo P. 1170±1171, 1351
Kalckar, Fritz 980±981, 986±989, 988,

990, 999, 1003, 1004, 1277
Kalckar, Jùrgen 139, 144, 145, 153±157,

164±165, 167±169, 172, 181, 183, 187,
190, 191, 192, 195, 199, 257, 259±262,
264, 266, 332, 726±727, 1351

KaÈlleÂn, Gunnar 1246
Kaluza, Theodor F. E. 239, 259
Kamefuchi, Susumo 1108, 1404
Kamerlingh, Onnes Heike 1351
Kampen, E. R. van 425
Kanazawa, Sateo 1029
Kant, Horst 340, 860, 1352
Kant, Immanuel 12, 165, 687, 709, 713,

1351
Kapitza, Leonid 859
Kapitza, Olga 859
Kapitza, Peter Leonidovich 333, 340, 592,

620, 624, 663, 675, 839, 848, 853, 859±
860, 863, 864, 867, 872±876, 1183,
1193, 1247, 1352

Karkov, A. 939, 1272
KaÂrmaÂn, Theodore von 38, 391, 419, 422,

1352
Karplus, Robert 1066, 1074, 1098, 1352
Kastler, Daniel 1118
Kastrup, Hans A. 477, 1352
Kaufmann, Walther 572
Kawabe, Rokuo 823, 834, 836, 1021,

1286, 1352
Keesom, Anna Petronella 870, 872, 873
Keesom, Willem Hendrik 859, 862, 863,

864, 869±870, 872, 873, 874
KeÂkuleÂ, Adolf 522
Keller, J. B. 1176
Kellogg, Jerome M. B. 952, 1035

Author Index 1453



Kelly, Mervin J. 372, 376
Kelvin, Lord (William Thomson) 677
Kemble, Edwin C. 35, 110, 338, 504, 579,

673, 725±726, 1194
Kemmer, Nicholas (Nikolaus) 339, 675,

944, 948±953, 959, 961, 1060, 1321,
1353±1354

Kendall, Henry W. 1131, 1320, 1354
Kennard, E. H. 36, 673, 681±682, 1354
Kennedy, J. W. 1009, 1410
Kennedy, P. J. 115, 1319
Kepler, Johannes 473
Kern, Ulrich 858, 1354
Kerner, Charlotte 347, 1354
Kerschbaum, Hans 1354
Kerschner, R. B. 425
Kerst, Donald W. 1111
Keswani, G. H. 355, 361, 370, 1354
Ketterle, W. 1296
Kierkegaard, Sùren 166
Kikoin, I. K. 873
Kikuchi, Seichi 307, 379
Kimball, George E. 847±848, 1354
Kimura, Kenjiro 118
Kippenhahn, Rudolf 1186, 1355
Kirchho¨, Gustav Robert 88, 111, 390±

391, 394, 395, 858, 1355
Kirsch, Gerhard 1355
Kiuchi, Masazo 595
Kiuti, MasazoÃ 31, 1355
Klauder, John 988, 1355
Klein, Abraham 1066, 1074, 1352
Klein, Felix 287, 393, 474, 475±477, 1355
Klein, Martin Jesse 98, 101, 1355
Klein, Oskar Benjamin 25, 75, 83, 89, 95,

96, 117, 125, 130, 140, 141, 144±145,
151±153, 159, 164±165, 174±180, 184±
186, 195, 198±200, 203, 204, 215±219,
223, 224±232, 239, 244, 247, 256, 258,
259, 262, 269, 274, 286, 289, 292, 305,
307±311, 313±318, 327, 330, 332, 340,
344±345, 381, 541, 549, 648±649, 651,
663, 665±666, 763, 766, 773, 776, 777,
778, 804±805, 821, 911, 1135, 1350,
1355±1356

Kleint, Christian 595, 1356
Klitzing, Klaus von 1020, 1138, 1179±

1180, 1183, 1356
Knauer, Friedrich 334, 379, 1356
Knipping, Paul 1319

Knudsen, Martin 175, 232, 251
Koba, Ziro 1029, 1046, 1085±1086, 1088,

1346, 1356±1357
Kobayashi, Minoru 954, 1438
Koch, Peter Paul 257
Kockel, Bernhard 595, 920±921, 1311
Kogut, J. 1172, 1435
Kohlrausch, K. W. Fritz 363, 369, 1357
Kohn, Walter 841±845, 850, 1357
Kojevnikov, Alexei 339, 764, 767, 773,

776, 778, 780, 827, 1357
Kok, J. A. 862, 1353
Kokkeddee, J. J. 1124, 1352
KolhoÈrster, Werner 794, 795, 1281, 1357
Kollath, Rudolf 382±383, 1398
Konen, Heinrich 536
Konijn, J. 1190, 1357
Konno, Hiroyuki 348, 1357
Konopinski, Emil Jan 828, 938, 959,

1357
Konuma, Michiji 1286
Kopfer 1357±1358, 1362
Kopfermann, Hans 338, 350±351, 352±

353, 802
Kornfeld, Hans 368, 1358
Kose, Volkmar 1183, 1358
Kossel, Walter 305, 345, 523±524, 526,

550, 553, 595, 1358
KoÈsters, H. 821, 907, 1376
Kothari, D. S. 889, 890, 935, 1358
Kowarski, Lew 1007, 1011, 1331
Kra¨t, Fritz 999, 1358
Kragh, Helge 73±74, 286, 289, 290, 292,

294, 300, 304, 663, 667, 668, 766, 769,
775, 776, 777, 800, 801, 936, 1358±
1359

Kramers, Hendrik Anthony xxiii±xxiv,
xxvii±xxviii, xxxiv, 8, 9, 23, 32±36, 39,
55, 74, 92, 107, 110±112, 113, 115,
117, 120, 122±123, 125, 126, 127, 136,
163, 175, 176, 178, 192, 194, 197, 209,
232, 242, 251, 252, 254, 264, 289, 304,
327, 332, 335, 343, 348±350, 353, 354,
355, 358, 359, 366, 369, 512, 539, 556,
560, 617, 626, 680, 802, 903, 931±933,
935, 960, 1031, 1032, 1038, 1039,
1041, 1042, 1044, 1050, 1051, 1064,
1119, 1277, 1359±1360

Kratzer, Adolf 529, 536, 1360
Kretschmann, Erich 575, 631, 1360

Author Index1454



Krishnan, Kariamanikham Srinivasa 356,
357±361, 358±359, 365, 367, 369, 370,
1392

KroÈger, Bernd 787, 1360
Kroll, Norman M. 1042±1043, 1063,

1074, 1097, 1103, 1360
KroÈnig, August Karl 13

Kronig, Ralph de Laer xxix, 112, 118,
121, 123, 153, 163, 181, 182, 242, 287,
288, 299, 332, 338, 472, 522, 552, 614,
617±618, 631, 652±653, 656, 657, 861,
937±938, 1119, 1360±1361

Kroto, Harold W. 1182, 1361
KruÈger, Lorenz 10, 1361
KruÈger, Thea 1319
Kruse, H. 1294
Krutkow, G. (Yuri A.) 639
Krutter, Harry M. 839, 846±847, 887±

888, 891, 1361, 1413
Krylo¨, V. I. 427
Krylov, Nikolai M. 1249
Kudar, Janos (Johann) 644, 651, 1361±

1362
Kuhn, Hans 568
Kuhn, Thomas S. xix, 334, 338, 372, 576,

598, 1362
Kuhn, Werner 118, 350, 1362
Kunsman, Charles Henry 344, 372±378,

1297
Kunze, Julius Paul 834, 835, 1362
Kurn, D. M. 1296
Kurti, Nikolaus 860, 864
Kusch, Polykarp 1034, 1036, 1045, 1063
Kwiat, Paul G. 1239, 1362

Ladenburg, Rudolf 110, 131, 348±353,
1288, 1358, 1362±1363

Lagrange, Joseph-Louis 422, 475, 1082
Lamb, Ursula 1036±1039
Lamb, Willis E., Jr. 1034±1035, 1038,

1042±1043, 1045, 1063, 1074, 1085,
1088, 1097, 1174, 1228, 1360, 1363

Lamprecht, Karl 679
Lanczos, Cornelius (Kornel) xxx, 72, 80,

387±388, 1363
Landau, Edmund 393, 418
Landau, Lev Davidovich 327, 333, 339,

431, 435±436, 575, 624±626, 631, 639,
664±666, 693±697, 701, 714, 717, 760,

776, 840, 855, 860, 861, 866, 867, 875±
877, 883, 894, 895, 988, 1121, 1149,
1159±1163, 1169±1171, 1178, 1244,
1248, 1249, 1324, 1363±1364

LandeÂ, Alfred xxiv±xxvi, 46, 108, 524,
526, 1201±1202, 1364±1365

Landsberg, Grigory Samuilovich 365±
369, 366, 1365

Landsho¨, R. 311, 1341
Lange, Fritz 901
Langer, Rudolph M. 801, 1365
Langevin, Paul 175, 232, 241, 597, 625,

628, 821, 916, 1365
Langmuir, Irving 251, 525, 526, 558, 559,

1162, 1423
Lao-Tse 168
Laplace, Pierre Simon de 11, 12±13, 19,

302, 1365
Laporta, S. 1079, 1365
Laporte, Otto 340, 472, 495
Lark-Horowitz, Karl 1140, 1366
Laserna, M. 749
Lattes, Cesar 796, 1022, 1109, 1110
Latzel, Gerd 568, 1366
Laue, Max von 53, 54, 131, 192, 242,

271, 326, 378, 463, 469, 492, 510, 540,
577, 643±644, 708±710, 729, 732, 734,
860, 862±863, 866, 1366

Laughlin, Robert 1183
Lauritsen, Charles C. 901
Laves, Fritz 855, 1366
Lawrence, Ernest Orlando 792, 901, 967,

1366
Lazarev, P. P. 873
Lea, D. E. 790, 791, 822, 1290
Lea, Elizabeth 124, 595, 1367
Lebesgue, Henri LeÂon 422
Ledenko, M. L. 1270
Lederman, Leon 1114, 1295
Lee, Benjamin W. 1128, 1367
Lee, David M. 1179, 1183, 1388
Lee, Tsung-Dao 1063, 1112±1113, 1250,

1367
Lee, W. 1267
Legendre, Adrien-Marie 11, 302
Legett, Anthoney J. 1367
Leggett, Anthony J. 1182
Lehmann, Harry 1118, 1119, 1367
Leibniz, Gottfried Wilhelm 673
LemaõÃtre, AbbeÂ Georges 1183

Author Index 1455



Lenard, Philipp 236, 379, 673, 757±758,
855, 1368

Lenef, Alan 1291
Lenin, Vladimir Ilich 1199
Lennard-Jones, John Edward 562, 842,

852, 870
Lenz, Wilhelm 56, 257, 334, 842, 1368
Leontowitsch, M. 367, 1365
Leprince-Ringuet, Louis 802, 835, 899,

1368
Leray, Jean 427
Leutwyler, Heinrich 1132, 1321
Levi-Civita, Tullio 422, 424
Levine, Harold 1072, 1074
Levinson, Juan Ariel 1242, 1328
LeÂvy, Maurice 1122, 1325
Levy, S. 353, 1363
Lewis, D. C. 425
Lewis, Gilbert N. 234, 241, 258, 524±525,

526, 542, 550, 558, 561, 567, 568, 570±
571, 1368

Lewis, H. W. 1046, 1368
Lichtenstein, Leon 417±418, 420, 421,

606, 614
Lie, Marius Sophus 475±476, 479, 485,

1355, 1368
Lifshitz, Evgeny M. 1079, 1147, 1149±

1151, 1249, 1304, 1364, 1368
Lin, Jia-Ling 1157, 1368
Lindau, P. 536±537, 1374
Lindemann, Frederick A. xix, 376, 630,

852, 853, 857, 1368, 1383
Lindemann, R. H. 353, 1388
Lindholm, F. 939, 1342
Lindsay, Robert Bruce 338
Liouville, Joseph 459
Lippman, Bernard 1081, 1410
Littleton, M. 856, 1381
Livingston, M. Stanley 771, 792, 829,

976, 1366, 1368
Lo, T. K. 1231, 1369
Locher, Gordon L. 796, 1369, 1381
LoeÁve, Michael 11, 1369
Loinger, Angelo 1205±1207, 1295
London, Fritz 9, 21±24, 63±65, 130, 179,

247, 305, 338, 447, 488, 501±503, 508,
512, 522, 527, 540±552, 547±548, 553±
555, 557±558, 560±563, 564, 565, 567,
568, 572, 594, 598, 600, 602, 603, 677,
741, 759, 838, 863±866, 865, 868, 871±

872, 874, 875, 1150, 1159, 1164, 1175±
1176, 1204, 1309, 1339, 1342, 1369±
1370

London, Heinz 677, 863, 865±867, 1366,
1370

Longair, Malcolm S. 1145, 1370
Lorentz, Hendrik Antoon xix, xxiv, 19,

93, 121, 175, 187, 192, 232, 234, 235,
239, 241, 242, 246±247, 251, 252, 287,
289, 339, 359, 573±574, 576, 577, 587,
671, 840, 861, 931, 933, 935, 1065,
1370±1371, 1407

Loschmid, Johann Joseph 14
Love, Augustus 738
Low, Francis 1084, 1118, 1120, 1172,

1292, 1325
Lubben, R. G. 404
LuÈders, Gerhart 1111±1112, 1118, 1371
Ludwig, GuÈnther 1195, 1205±1206, 1220,

1224, 1371
Lundquist, Stig 1173
Luttinger, Joaquin 1067, 1246, 1371
LuÈtzen, Jesper 390, 428, 1371

Ma, Shih-Tsun 1033, 1371
Maali, A. 1287
Mach, Ernst Waldfried Joseph

Wentzel 98, 105, 114, 130, 679, 683,
708

Mach, Ludwig 130
MacInnes, Duncan 1051
Mack, J. E. 338, 1046, 1371
Mackey, George Whitelaw 417, 1195,

1372
Macwood, G. E. 872, 873, 1353
Madelung, Erwin 177, 244, 608, 1210±

1211, 1372
Madelung, Ottfried 1142, 1372
Maiani, Luciano 1133, 1362
Maier-Leibnitz, Heinz 1173
Maiman, Theodore H. 1155±1156, 1372
Main Smith, J. D. 121
Maitre, X. 1287, 1331
Majorana, Ettore 629, 812±816, 813, 944,

945, 947, 949, 970, 971, 972, 975, 977,
979, 1372

Majorana, Quirino 813
Majumdar, R. C. 889
Maki, Ziro 1286

Author Index1456



Manchester, R. N. 1187, 1438
Mandel, Franz 1212
Mandelstam, Leonid Isaakovich 365±369,

366, 1365
Mandelstam, Stanley 1120±1122, 1372
Mann, Thomas 364
Mannkop¨, Reinhold 1010
Marconi, Guglielmo 803
Margenau, Henry 748, 1372±1373
Mark, Hermann 492
Marlow, Daniel R. 1316
Marques da Silva, Aurelio 1001, 1295
Marsden, Ernest 633, 1324
Marshak, Robert E. 997, 1085, 1108,

1114±1115, 1373, 1419
Martin, R. 1111
Massey, Harrie Stewart Wilson 44, 382,

383, 663, 1373, 1381
Mather, J. C. 1193, 1373
Matossi, Frank 1405
Matricon, J. 1170, 1320
Matsuda, T. 1423
Mattauch, Joseph 1011
Matthews, M. R. 1158, 1260
Matthews, Paul T. 1107, 1373
Matthias, Bernd (Bob) Theo 1163±1164,

1373
Maxwell, Emanuel 1373
Maxwell, James Clerk 12, 13±15, 20, 383,

473, 671, 677, 758, 957, 1017, 1065,
1373

Mayer, Walther 704, 717, 1309
McCrea, William Hunter 884
McGuire, A. D. 1294
McLennan, John Cunningham 363, 630,

821, 858, 863, 864, 866, 870, 1373
McMillan, Edwin M. 1009, 1374
Mecke, Reinhard 529, 531, 536±537, 538,

556, 1374
Medvedev, B. V. 1119, 1272
Meggers, William Francis 363
Mehra, Jagdish 73, 80, 102, 136, 192,

235, 241, 288, 331, 333, 355, 395, 492,
493, 496, 574, 624, 801, 815, 861, 867,
973, 994, 996, 997, 1025, 1029, 1034,
1035, 1037, 1038, 1039, 1042, 1043,
1044, 1046, 1047, 1048, 1057, 1058,
1081, 1086, 1088, 1092, 1098, 1100,
1106, 1115, 1131, 1134, 1139, 1146,
1147, 1153, 1159, 1374±1375

Meiman, N. 867, 1375
Meissner, Karl Wilhelm 578, 608, 630,

840
Meiûner, Walther 858±859, 860, 862, 864,

1375
Meitner, Lise 115, 131, 326, 344, 346±

348, 512, 635±637, 638, 639, 650±651,
669, 674, 766, 788, 798, 799, 802±806,
809, 810, 812, 815, 821, 862, 864, 906,
907, 967, 999±1003, 1000, 1262, 1331,
1375±1376

Melchert, Friedmund 1183, 1368
Mendelssohn, Kurt 839, 859, 863, 864,

866, 867, 874, 1376
Meng, R. L. 1436
Mensing, Lucie 380, 538, 1376
Menzel, Willy 757, 1376
Mermin, N. David 514, 1229, 1377
Mewes, M.-O. 1296
Meyenn, Karl von 5, 6, 334, 472, 512,

515, 760, 816, 1377
Meyer, R. C. 1004, 1006, 1400
Meyer-Abich, Klaus 90, 166, 1377
Michel, C. 1181
Michel, Louis 1302
Michels, A. 874, 1270, 1377
Michiels, J. L. 1010, 1377
Mie, Gustav 102, 103, 318, 395, 397,

1377
Mikheyev, S. P. 1189, 1378
Mikola, SaÂndor 492
Miller, Arthur 810, 1378
Millikan, Robert Andrews xxiii, 192, 356,

577, 592, 669, 777, 793, 794±795, 798,
804, 899, 1260, 1378

Milne, Edward Arthur 881±887, 890, 994,
1378

Milton, Kimball A. 1044, 1046, 1047,
1074, 1080, 1081, 1085, 1103, 1139,
1148, 1149±1150, 1152, 1153, 1264,
1375, 1378, 1410

Minkowski, Hermann 393
Minkowski, Rudolph (Rudolf ) Leo B.

349±350, 372, 1363, 1378
Mirolubov, N. 590, 1320
Misener, A. D. 872, 1258
Mises, Richard von 402, 540, 683±686,

1378±1379
Mishima, T. 653, 1382
Mistry, N. 1295

Author Index 1457



Mitchell, J. W. 575
Mittelstaedt, Peter 1195±1196, 1379
Mitter, Heinrich 922, 1303, 1379
Miyamoto, Yoneji 1088, 1322
Miyazawa, Hiromari 1119, 1326
MladjenovicÏ, Milorad 1023, 1379
MoÈglich, Friedrich 318, 1379
Mohler, Fred Loomis 344, 1293
Mohr, C. O. B. 382, 383, 1373
Mùller, Christian 261±262, 338, 648, 663,

664±669, 885, 955, 1021, 1031, 1032±
1033, 1049, 1054, 1118, 1379

Mùller, Poul Martin 168
Molotov, V. M. 624
Morel, P. 1178, 1260
Morse, Marston 1005
Morse, Philip M. 382, 559, 724, 930,

1258, 1380
Moseley, Henry Gwyn Je¨reys xxii, 1380
MoÈssbauer, Rudolf 1019, 1173±1175,

1182, 1380
Mostepanenko, V. M. 1147, 1380
Mott, Charles Francis 659
Mott, Lilian Mary (neÂe Reynolds) 659

Mott, Nevill Francis 44, 74, 292, 332,
334, 382, 540, 575, 576, 639, 659±663,
665, 667, 668, 675, 676, 677, 803, 817,
850±856, 880, 924, 927, 968, 1159,
1182, 1309, 1330, 1348, 1380±1381

Mott, Ruth (neÂe Horder) 659

Mottelson, Ben 1023
Mott-Smith, L. M. 796, 1381
Moyer, Donald F. 669, 775, 805, 1286
Mrowka, Bernhard 838, 848±849, 1345
Muirhead, Hugh 796
MuÈller, K. Alex 1181, 1183, 1266
Mulliken, Robert Sanderson 338, 522,

527, 529, 531, 537, 552, 555±558, 559,
561±562, 571±572, 1381±1382

Murnaghan, F. D. 425
Murphy, G. M. 790±791, 1424
Murphy, James 6
Mysyrowicz, A. 1157, 1343

Nabarro, F. R. N. 575
NaÈbauer, M. 1175±1176, 1302
Nafe, John F. 1034, 1036±1037, 1045,

1382
Nagaoka, Hantaro 653, 1382

Nagendra Nath, N. S. 370, 938
Nagle, Darragh E. 1045, 1111, 1260, 1382
Nakamura, K. 1188±1189, 1382
Nakano, Tadao 1110, 1382
Nakano, Takenuri 1333
Nambu, Yoichiro 1088, 1118, 1120, 1125,

1127, 1132, 1168, 1251, 1292, 1332,
1383

Neddermeyer, Seth H. 675, 795, 798, 799,
834, 835±836, 899, 906, 908, 927, 945,
946, 1109, 1260, 1383

Nedelsky, Leo 908, 1387
Ne'eman, Yuval 1116±1117, 1325, 1383
Nelson, E. B. 1034, 1036±1037, 1045, 1382
Nelson, Leonard 713
Nernst, Walther Hermann xix, xxi, xxiii,

103, 131, 440, 492, 540, 553, 609, 680,
777, 785, 1383

Nesbitt, L. B. 1399
Neumann, John (Johannes) von xxxv, 55,

67, 88, 189, 192, 212, 341, 384, 391±
392, 399, 401±402, 403, 417, 425±426,
430±445, 450±472, 480, 483, 488, 492,
493, 496±499, 509, 510, 671, 685, 720,
742, 747, 756, 894, 1038, 1195, 1204,
1205, 1206, 1212±1216, 1220±1221,
1226, 1227, 1234, 1238, 1242, 1244,
1246, 1248, 1312, 1341, 1383±1384,
1399

Neumann, Max von 402

Newman, F. H. 1384
Newman, M. H. A. 479, 482, 966, 1384
Newton, Isaac 11, 383, 473, 673, 692,

1067
Newton, Roger 1384
Newton, T. D. 1204, 1384
Nicholson, John William 556, 1384
Nielsen, J. Rud 114±115
Niessen, Karel F. 35, 338, 1385
Nilles, H. P. 1137, 1385
Nishida, Minoru 1144, 1333
Nishijima, Kazuhiko 1110, 1382
Nishina, Yoshio 118, 192, 307±309, 663,

665±666, 773, 777, 778, 804±805, 821,
824, 829, 830, 836, 946, 1249, 1356,
1385

Nissi, H. 363
Noddack, Ida 966±967, 999, 1385
Noether, Emmy 476±477, 515, 1385
Nogues, G. 1242, 1331, 1385

Author Index1458



Nordheim, Lothar 55, 67, 338, 341, 398,
399, 404±411, 446±447, 452, 456±457,
536, 575, 590±591, 592, 593, 629, 640,
642, 839, 927, 1318, 1341, 1385±1386

Nordsieck, Arnold 827, 903, 924±925,
931, 1051, 1272, 1386

Novikov, I. D. 1190±1191, 1302
Noyes, Arthur A. 569

O'Brian, Henry 854, 1386
O'Brian, S. C. 1361
O'Rairfeartaigh, Lochlainn 519, 1388
Obreimov, Ivan 860
Occhialini, Giuseppe P. S. 795±799, 796,

834, 1022, 1109, 1271, 1290, 1366
Ochsenfeld, Robert 859, 861, 866, 1375
Oehme, Reinhard 1033, 1112, 1119, 1283,

1286, 1326, 1327, 1386
Ogawa, Koyuki 829
Ogawa, Takuji 829
Okubo, Susumo 1117, 1386
OmneÁs, Roland 1229, 1386
Onnes, Heike Kamerlingh 630, 839, 858,

861, 869, 870
Onsager, Lars 1170, 1176, 1386
Oppenheimer, Frank 795, 908, 909
Oppenheimer, J. Robert 48, 49, 55, 66,

74, 212, 289, 327±328, 330, 338, 382,
399, 522, 536, 538±539, 552, 592, 640,
642, 657, 658, 673, 760, 769, 778±779,
781, 795, 799, 817, 821, 836, 840, 894±
898, 900, 903, 907±915, 919±920, 925±
927, 933, 934, 939, 945, 988, 1034±
1035, 1038, 1041, 1043, 1044, 1048,
1049, 1058, 1062, 1063, 1065, 1067,
1069, 1072, 1085±1086, 1088, 1092,
1099, 1101±1102, 1211, 1249, 1281,
1288, 1305, 1322, 1386±1388

Orear, Jay 1112, 1367
Ornstein, Leonard S. 353, 364, 652, 1388
Orthmann, Wilhelm 650±651, 1376, 1388
Oseen, Carl Wilhelm 255, 262, 380
Oshero¨, Douglas D. 1178±1179, 1183,

1388
Osnaghi, S. 1385
Ostwald, Wilhelm 17

Ott, Heinrich 579
Overbeek, J. Th. G. 1146
Overhauser, Albert W. 1154, 1388

Pais, Abraham 38, 118, 195, 235, 239,
241, 243, 251, 396, 769, 773, 903, 919,
928, 1018, 1049, 1088, 1110, 1286,
1302, 1388

Palmaer, Wilhelm 820
Pancini, Ettore 1021, 1294
Paneth, Fritz 634, 1388
Panofsky, Wolfgang Kurt Hermann 1109,

1416
Park, David 1061
Parry, G. 1010, 1377
Parson, A. L. 524, 525, 1389
Pascal, Blaise 11

Paschen, Louis Carl Heinrich Friedrich
xvii, 192, 352

Pasternack, Simon 934±935, 1036, 1389
Pauli, KaÈthe (neÂe Deppner) 651

Pauli, Wolfgang xxiv±xxviii, xxx, xxxii,
xxxiv, xxxv, xxxvi, 5, 8, 9, 22, 25, 27,
28, 30, 31, 35±37, 39, 42, 58, 66±67,
69, 75, 77±78, 91±93, 94, 95±99, 104,
105±114, 117±119, 121±122, 124, 127,
128, 134±135, 137±138, 141, 142, 143,
145±151, 152, 153, 155±159, 161, 164±
165, 171±172, 181±186, 189, 191, 192,
198, 210, 212, 213, 218±223, 232, 234,
242, 243, 245±247, 250, 251, 254, 255,
257±258, 264, 272±276, 280±295, 287,
299, 306, 309, 312±330, 314±315, 317,
322±323, 327±330, 331, 332±336, 338,
339, 343, 382, 388, 398, 401, 414, 424,
425, 431, 436, 446±452, 456±457, 459±
460, 462, 472, 473, 496, 500, 508, 512,
514±515, 526, 532, 539, 549, 550, 551,
554, 556, 563, 575, 576, 577, 579±584,
586, 596±598, 600, 602, 606±607, 614,
616, 621, 623, 624, 631, 650, 651±657,
663, 665, 672, 674±677, 692, 696±697,
699, 703, 714±715, 726±733, 741, 742,
747, 748, 760±763, 765±771, 779, 780,
785, 800, 801, 802, 803, 808, 815±817,
819, 820, 822, 824±825, 827±829, 856,
866, 879, 880, 886, 887, 900, 907, 908,
912, 915±918, 920, 925, 928±931, 933,
934, 936±939, 941±943, 944, 946, 948±
951, 955±956, 958±962, 964, 968±969,
975, 976, 982, 988, 994, 1021, 1029,
1030, 1031±1032, 1049, 1065, 1066,
1071±1072, 1075, 1095, 1097, 1103,
1111, 1119±1120, 1127, 1164, 1178,

Author Index 1459



Pauli, Wolfgang (continued )
1197±1198, 1200±1202, 1210±1211,
1214, 1244, 1246±1247, 1249, 1315,
1330, 1338, 1350, 1360, 1389±1391

Pauling, Linus 338, 542, 545, 563, 564,
567±572, 568, 569, 572, 579, 1051,
1194, 1391

Pearle, Philip 1263
Peebles, J. E. 1191, 1192, 1299
Pegram, George B. 1009±1010
Peierls, Heinrich 609
Peierls, Rudolf Ernst 338, 508, 575, 576,

579, 588, 595, 596, 609±616, 614, 619,
620, 621, 623, 624, 625±626, 628, 629,
630, 676, 677, 693±696, 697, 701, 714,
759, 816, 827±828, 838, 839, 840, 872,
886, 912, 916, 928, 980, 982, 984, 988,
1004, 1005, 1006, 1011±1012, 1118,
1212, 1258, 1277, 1295, 1301, 1364,
1392±1393

Penney, William George 617±618, 841,
1361

Penzias, Arno A. 860, 1183±1184, 1190,
1191±1192, 1193, 1393

Pepper, M. 1179, 1365
Perkins, Donald H. 1131, 1393
Perl, M. L. 1134, 1393
Perrin, Francis 981
Perrin, Jean 17, 803, 808, 819, 1393
Perron, Oskar 609
Persico, Enrico 803
Peshkov, Vasilii 875, 1393
Peter, F. 482, 1393
Petermann, AndreÂ 1118, 1133, 1172, 1418
Petersen, Aage 167, 169±170, 1393
Pethick, Christopher J. 1187, 1265
Pettersson, Hans 634, 1393
Petzold, Joseph 263, 1394
PfaÈnder, Alexander 547
Philipp, Kurt 799, 810, 1376
Piccard, Auguste 175, 232
Piccioni, Oreste 1021, 1294
Pickering, Andy 1118, 1394
Pike, E. Ray 1156, 1287
Pincherle, S. 65
Pines, David 1162, 1165, 1166, 1168,

1264, 1273, 1394
Pinsonneault, M. H. 1188, 1263
Pippard, Brian 1018, 1159, 1163±1165,

1168, 1286, 1394

Piron, Constatin 1215, 1220±1221, 1374,
1394

Pitaevskii, L. P. 1079, 1149, 1150±1151,
1304

Placzek, George 610, 986, 988, 1005,
1006, 1269, 1277

Plancherel, M. 480
Planck, Erwin 1245
Planck, Max Karl Ernst Ludwig xvii±xix,

xx, xxiii, xxxv, 3±4, 5, 14, 18±20, 51,
53, 59, 60, 94, 99, 103, 107, 113, 115,
124, 136, 148, 175, 179, 192, 232, 233,
251, 259, 260, 264, 267, 271, 283, 326,
342±343, 383, 440, 463, 492, 540, 547,
573, 577, 607, 609, 637, 672, 673, 679,
680, 704±709, 734, 758, 806, 858, 956,
1138, 1193, 1197, 1242, 1244±1245,
1394±1395, 1407

Plato 473
Pleijel, H. 355, 378±379, 799, 999
Plesset, Milton S. 799, 821, 908, 1387
Podolsky, Boris xxxvi, 715±716, 717±718,

720±738, 739, 747, 752, 753, 767±769,
1049, 1051, 1194, 1198, 1208, 1210,
1212, 1216, 1232, 1235±1236, 1239,
1301, 1309

Pohl, Robert Wichard 855, 856±857,
1395

PoincareÂ, Jules Henri xix, xx±xxi, 14, 15,
384, 705

Poizat, Jean Philippe 1242, 1328
Polanyi, Michael 492, 982±983, 1395
Polchinsky, Joseph 1136
Polder, D. 1146, 1150, 1289
Politzer, H. David 1132, 1133, 1395
Polivanov, M. K. 1119, 1272
Polkinghorne, John C. 74, 1305
Polya, George 402, 594
Pontecorvo, Bruno 967, 1021±1022, 1187,

1314, 1395
Popper, Karl 710, 720, 1395
Porter, Theodore M. 10, 1395
Pound, R. V. 1154, 1174, 1396
Powell, Cecil Frank 796, 1022, 1109,

1366
Present, Richard D. 969±970, 976, 977,

1282
Pricha, Willibald 1304
Pringsheim, Alfred 364
Pringsheim, Ernst 394±395, 1396

Author Index1460



Pringsheim, Peter 363±365, 364, 367, 368,
369, 370, 371, 1396

Proca, Alexandre 943±944, 947, 948, 950,
954, 955, 1396

Prokhorov, Alexander Mikhaylovich
1154, 1155, 1265

Prosperi, G. M. 1205±1207, 1224, 1295
Prout, William 634
Pryce, Maurice H. L. 887, 935, 938, 1301,

1396
Przibram, Karl 267, 739, 1396
Purcell, Edward M. 629, 1154, 1396
Putterman, Seth 1148

Rabi, Isidor Isaac 338, 552, 579, 610,
1034, 1035, 1036±1037, 1038, 1045,
1047, 1048, 1063, 1353, 1361, 1382,
1396

Racah, Giulio 1112
RadakovicÂ, Michael 739
Rainwater, James 1023
Ramakrishnan, T. V. 1182, 1396
Raman, Chandrasekhara Venkata 355±

356, 357±362, 365, 367, 369, 370, 371,
852, 1245, 1397

Ramanathan, K. R. 356, 357, 370
Ramdas, Anant Krishna 1347
Ramsauer, Carl Wilhelm 343, 371±372,

382±383, 1397±1398
Ramsey, Norman 1043±1044
Randall, Harrison 512
Rao, Ramachandra 356
Rao, Ramakrishna 356
Rasetti, Franco 363, 576, 583, 653, 788±

789, 803, 817, 955, 964, 965, 967, 981,
1313±1314, 1398

Ratz, LaÂszloÂ 492
Rauschenbeutel, A. 1385
Raveau, B. 1181
Ray, Bidhu Bhushan 180
Rayleigh, Lord (John William Strutt) xx,

179, 186, 215, 355, 356, 381, 677, 841,
845, 1005, 1017, 1398

Raymond, Jean Michel 1287, 1331, 1385
Rebka, G. A. 1174, 1395
Rechenberg, Helmut 123, 201, 330, 347,

500, 528, 537, 634, 637, 676, 678, 758,
760, 770, 777, 809, 818, 823, 824, 826,
830, 833, 836, 837, 899, 929, 937, 946,

949, 955, 958, 962, 967, 970, 977,
1011, 1021, 1031, 1146, 1286±1287,
1325, 1375, 1398

Reddemann, Hans 1010, 1302
Regge, Tullio 1112, 1121, 1122, 1135,

1399
Reiche, Fritz 350, 1399
Reichenbach, Hans 683, 686, 690, 692,

705, 1195, 1399
Reicke, Eduard 1400
Reid, Alexander 246, 376±378, 583, 1399,

1421
Reid, Constance 402, 407, 1399
Reines, Frederick 1113±1114, 1294
Reisz, Frederic 1400
Remiddi, E. 1079, 1365
Renn, JuÈrgen 395, 1294
Retherford, Robert 1034, 1035±1036,

1045, 1085, 1088, 1363
Reynolds, C. A. 1163, 1399
Reynolds, Lilian Mary 659

Rhodes, Richard 1399
Richardson, Owen Willans 49, 232, 242,

251, 374, 574, 578, 584, 638, 800±801,
803, 861, 1399

Richardson, Robert C. 1179, 1183
Richter, Burton 1133
Rickayzen, G. 1168
Riecke, Eduard 572±573, 576
Riemann, Bernhard 169
Riesz, FreÂdeÂric 412, 420
Rimini, A. 1238, 1325
Riordan, Michael 1342
Ritter, Johann Wilhelm 522
Ritz, Walther 841
Rivier, Dominique 1418
Roberts, R. B. 1004, 1006, 1400
Robertson, Howard Percy 673, 682, 1400
Robertson, Robert 525±526
Roche, John J. 473, 1400
Rochester, George D. 1109, 1112, 1400
Rockefeller, John D., Jr. 118
Rodowski, Walter 447
Roger, GeÂrard 1231±1234, 1239, 1261,

1327
Roll, P. G. 1191, 1192, 1193, 1400
RoÈntgen, Wilhelm Conrad 340, 364, 855
Roosevelt, Franklin Delano 1010, 1245
RoqueÂ, Xavier 663, 667, 1400
Rorschach, H. 629, 1292

Author Index 1461



Roschdestwensky, Dimitry S. 351
Rose, Morris Erich 920, 1112, 1270, 1391
Rose, Wickli¨e 118
RoÈseberg, Ulrich 167, 1400
Rosen, B. 363, 367, 1288, 1396
Rosen, Nathan xxxvi, 715±716, 720±738,

724, 737, 739, 747, 752, 753, 1194,
1198, 1208, 1210, 1212, 1216, 1232,
1235±1236, 1239, 1309

Rosenbluth, Marshall 1055
Rosenfeld, LeÂon 55, 165±170, 192, 195,

269, 332, 593, 603, 676, 693±694, 697±
703, 719, 726±727, 766±767, 840, 885±
886, 910, 955, 981, 982, 1004, 1021,
1207±1208, 1277, 1379, 1401, 1436

Roshdestwensky, Dimitri 639
Rosseland, Svein 117, 338, 344±346,

1356, 1401
Rossi, Bruno 363, 796, 803, 899, 955,

1038
Rotblat, Joseph 1010, 1401
Rotter, Helmut 860, 1401
Rowell, J. M. 1177, 1261
Rowley, J. R. 1261
Rozenthal, Stefan 1401
Ruark, Arthur E. 682, 726, 1401±1402
Rubbia, Carlo 1130
Rubens, Heinrich 364
Rubin, Edgar 167
Rubinowicz, Adalbert xxiii, 54, 101, 1402
Rudberg, Erik 851, 1402
RuÈdinger, Erik 121, 170, 1401
Ruelle, David 1118
Ru½ni, Paolo 475
Rumer, Yuri Borisovich (George) 55,

503, 562, 564, 565, 1339, 1402
Runge, Carl 49
Rupp, Emil 235±236, 379, 610, 1402
Russell, Bertrand 403, 685
Russo, Arturo 793, 795, 796, 1298
Rutgers, A. J. 380, 862, 1306
Rutherford, Ernest xxii, 49, 118, 170, 172,

264, 307, 343, 359, 370, 523, 620, 633±
634, 637±639, 646, 647, 658±659, 661,
662, 663, 674, 786, 787, 791, 792, 803,
806, 815, 816, 820, 826, 852, 855, 859,
899±901, 965, 1007, 1017, 1402±1403

Ryle, Martin 660
Ryshow, A. M. 1270
Ryutova-Kemoklidze 1403

Sachs, Robert 1043
Sackett, C. A. 1282
Saha, Megh Nad 153, 192, 356, 800, 935,

1403
Sakata, Soichi 833, 836, 946±949, 953,

954±955, 1021, 1085, 1086, 1088,
1108, 1123, 1403±1404, 1438±1439

Sakurai, Jun 1116, 1404
Salam, Abdus 1107±1108, 1116, 1123,

1126, 1127±1128, 1129, 1130, 1251,
1326, 1373, 1404

Salpeter, Edwin E. 1084, 1107, 1144,
1405

Sanchez Ron, JoseÂ Manuel 402
Sandberg, Vernon D. 1290
Sauter, Fritz 905, 1266, 1339, 1405
Savitch, Paul 1000±1001, 1295
Scalettar, Richard 1060
Schachenmeier, R. 631, 867, 1405
Schaefer, Clemens 363, 368, 1405
Schafroth, Max Robert 1164, 1168, 1246,

1405
Schawlow, Arthur L. 629, 1155±1156,

1292, 1405
Scheel, Karl 598, 663
Schellenberg, Kurt 393
Schiebold, Ernst 606
Schi¨, Leonard I. 1194, 1405
Schilpp, Paul Arthur 98, 1198, 1200, 1405
Schlapp, Robert 841
Schlick, Moritz 679, 683, 684, 686, 689±

692, 756, 1405±1406
Schlieder, Siegfried 1303
Schmid, Christoph 1122, 1302
Schmidt, Erhard 402, 403
Schmitt, Roland W. 1170, 1265
Schoen¯ies, Arthur 474
Schottky, Walter 679±680, 878, 1139,

1406
Schrie¨er, John Robert 1163, 1165±1168,

1169, 1178, 1251, 1264, 1406
SchroÈdinger, Erwin xviii, xxx±xxxvi, 4±

10, 19, 20, 21, 24, 25, 27, 28, 29, 30,
31, 36, 37, 38, 40±43, 45, 46, 53, 58±
61, 66±69, 74±75, 77, 90±92, 94, 96,
99, 110, 113, 128, 129, 133±140, 142,
144, 145, 148±149, 161±162, 172±177,
179, 192, 197±198, 201, 202, 211±212,
215, 218±219, 223, 227, 232, 233, 242,
243, 245±246, 251, 259, 261, 263, 266,

Author Index1462



268, 276±279, 285±286, 327, 331, 349,
354±355, 369, 373, 384, 387, 388, 393,
445±446, 452, 456±457, 460±462, 478,
487, 494±495, 503, 504, 505, 526, 529,
533, 541, 542, 547, 549, 553, 558, 580,
593, 594, 595, 605, 613, 663, 672, 677,
679, 704±706, 708±709, 714, 716, 729,
738±739, 740±747, 751±754, 757, 758,
760, 762, 784, 845, 849, 879, 910, 930,
1019, 1028, 1049, 1068±1069, 1102,
1196, 1199, 1203, 1212, 1228, 1229,
1237±1238, 1241, 1244, 1246, 1406±
1407

Schubert, Helmut 1304
SchuÈ ler, Hermann 654, 657, 802, 1408
Schulmann, Robert 739
Schulz, Gerhard 1215, 1408
Schumacher, D. L. 1243
Schur, Isaai 402, 404, 477, 481, 482, 488,

493, 496, 502, 503, 510, 551, 1408
Schwartz, Laurent 88, 427±429, 430,

1118, 1408
Schwartz, Melvin 1114, 1295
Schwarz, Hermann Amandus 418
Schwarzschild, Karl xxiii, 896, 1408
Schwarzschild, Martin 1185, 1408
Schweber, Silvan S. 903, 934, 1034, 1038,

1052, 1059, 1071, 1074, 1082, 1085,
1088, 1092, 1094, 1099, 1408

Schweidler, Egon von 17, 18, 679, 1408±
1409

Schwinger, Clarice 1043
Schwinger, Julian 1025, 1028, 1029,

1032±1034, 1041±1050, 1043, 1051±
1055, 1057±1082, 1084±1093, 1095,
1097±1107, 1111, 1112, 1118, 1148±
1153, 1244, 1248, 1250, 1352, 1378,
1387, 1409±1410

Scully, Marlan O. 1035, 1239, 1410,
1421

Seaborg, Glenn T. 1009, 1410
Seeger, A. K. 575
Seelig, Carl 102, 398, 1410
SegreÁ, Emilio 803, 813, 817±818, 964±

965, 967, 981, 1009, 1313±1314, 1410
Seitmann, Richard 1412
Seitz, Frederick 575, 838, 841±845, 848,

849, 850, 854, 1264, 1311, 1410±1411,
1434

Sekido, Yataro 1411

Seligmann, B. 1072. See also DeWitt,
Bryce S.

Serber, Charlotte 1043
Serber, Robert 836, 894, 895, 903, 919,

920, 928, 929, 934, 945, 968, 988,
1043, 1387, 1411

Serin, B. 1399
Serpe, J. 933, 1411
Serret, Joseph Alfred 490, 1411
Seshagin, K. 356
Sexl, Theodor 644, 802, 1411
Shaknov, Irving 1217, 1436
Shapiro, S. 1177, 1411
Shenker, S. H. 1136
Sherman, Albert 1425
Shimony, Abner 1196, 1202, 1204, 1219,

1230, 1231, 1239, 1292, 1328, 1411
Shirkov (sÏirkov), Dimitri V. 1133, 1168,

1249, 1272
Shockley, William 850, 851, 1139±1142,

1251, 1411, 1413
Shoenberg, David 864, 867, 1412
Shubnikov, Lev 860, 867, 875

Sidgwick, Nevil Vincent 305, 526±527,
1412

Siegbahn, Manne 49, 1000
Siegel, Carl Ludwig 608
Siegert, Arnold 1035
Sietmann, Richard 345±347
Silin, V. P. 1162, 1412
Silk, Joseph 1193, 1412
Sime, Ruth Lewin 347, 637, 1412
Simon, Alfred 41, 170, 1293
Simon, Franz (Sir Francis) 839, 859, 860,

863, 864, 865, 870, 1412
Simpson, O. C. 1310
Sitte, Kurt 824, 1265
Sizoo, G. L. 630, 1412
Skinner, Hebert W. B. 854, 1348, 1386
Skobeltzyn, Dmitri 794, 795, 805, 1412
Slater, John Clarke xxiii±xxiv, 20, 39, 92,

110±112, 117±118, 163, 252, 327, 333,
335, 338, 503, 504±508, 510, 511, 522,
527, 562, 563, 564, 567, 571, 572, 575,
617, 626, 627, 629, 673, 675, 676, 680,
726, 839±841, 843, 845±851, 855, 867±
868, 878, 887±888, 891, 1159, 1277,
1412±1413

Slichter, C. P. 1168, 1334
Slomann, Vilhelm 169

Author Index 1463



Slotnick, Murray 1092, 1097
Smalley, Richard E. 1182, 1361
Smekal, Adolf xxiii, xxviii, 192, 353±355,

366, 368, 369, 371, 855, 1413
Smirnov, A. Yu 1189, 1378
Smith, Lloyd 851
Smoluchowski, Marian von 17±18, 356,

394, 469, 1414
Smoluchowski, Roman 575, 850, 1281
Smyth, Henry DeWolf 1012, 1414
Snyder, Hartland 897±898, 1387
Sobole¨, S. L. 427
Socrates 168
Sohmen, Erik 1182, 1315
Solt, P. E. 1340
Sommerfeld, Arnold Johannes Wilhelm

xix, xxii±xxvii, xxxv, xxxviii, 9, 22, 25,
28, 43, 97, 100±101, 103, 108, 110±
111, 115, 130, 136, 137, 192, 233, 239,
240, 274, 286±288, 290, 299±303, 314,
327, 333, 343, 358, 394, 400, 447, 488±
489, 523, 526, 528, 540, 547, 548, 568,
575±579, 583±591, 595, 596, 597, 599,
600, 604, 607, 608, 609, 611, 612, 613,
617, 618, 623, 629, 630, 635, 673, 676,
803, 841, 846, 851, 868, 879±880, 924,
1142, 1201, 1244, 1245, 1247, 1309,
1329, 1355, 1414±1415

Sparnaay, M. J. 1147, 1415
Speiser, Andreas 502, 609, 1415
Spinoza, Baruch 167, 168
Spivak, B. Z. 1223, 1259
Sponer, Hertha 372, 531, 539, 1378
Squires, E. J. 1122, 1293
Stachel, John 395, 1294
Stalin, Josef 860, 875
Stapp, Henry 1234, 1416
Stark, Johannes xix, 43, 236, 350, 673,

757±758, 840, 860, 1416
Steinberg, Aephraim M. 1239, 1362
Steinberger, Jack 1080, 1109, 1110, 1114,

1295, 1416
Steinhardt, Paul 1190, 1416
Stellar, J. 1109
Stern, Otto 192, 251, 257, 333, 343, 379±

380, 802, 803, 826, 952, 1310, 1321,
1356, 1416

Stetter, Georg 1011
Stevens, Kenneth W. H. 1159, 1416
Stevenson, E. C. 836, 1417

Stieltjes, Thomas Jan 412, 422, 424, 1416
Stiles, P. J. 1179, 1317
Stolzenburg, Klaus 110±111, 112, 121,

139, 163, 164, 190, 255, 260, 261, 1417
Stoner, Edmund 111, 121, 805, 882, 1417
StoÈrmer, Horst L. 1180, 1183, 1423
Straûmann, Fritz 676, 991, 999±1003,

1006, 1321
Stratton, Frederick 885
Strauû, Max 756, 1417
Strebnitskaia, Olga 859
Street, Jabez C. 796, 836, 1417
StroÈmgren, Bengt 424, 994
Strutt, Maximilian Julius Ott 619, 630,

631, 1417
Struve, Otto 880
Study, Eduard 480, 516, 1417
Stueckelberg, Ernst Carl Gerlach 559±

560, 836, 857, 872, 929±930, 938, 940±
941, 945, 1024, 1031, 1033, 1087,
1093, 1105, 1118, 1133, 1172, 1380,
1417±1418

Stuewer, Roger 110, 970, 980, 1418
Sudarshan, E. C. George 1114±1115, 1419
Sueimoto, Daiichiro 1333
Sueiura, Yoshikatsu 1382, 1419
Suess, Hans E. 1022, 1023, 1313
Sugimoto, Daiichiro 1186
Sugiura, Yoshi Katsu 554±555, 653
Suhrmann, R. 863
Susskind, Leonard 1135, 1136, 1419
Swirles, Bertha 74

Sylvester, James Joseph 476
Symanzik, Kurt 1118, 1119, 1367, 1419
Szilard, Leo 431, 441, 469±470, 741, 982,

1007, 1008±1009, 1012, 1014, 1419±
1420

Takamine, Toshio 125±126, 1322, 1420
Takashige, Masaaki 1181, 1266
Taketani, Mitsuo 836, 947±949, 954±955,

1439
Takeuchi, Masa 836, 1385
Tamm, Igor E. 55, 327, 339, 764, 767,

773, 776, 778±781, 784, 800, 827, 829,
876, 1120, 1420

Tanaka, Katsumi 1085
Tarrant, G. T. P. 805, 806, 821, 1328, 1420
Tarski, Alfred 720

Author Index1464



Tate, John 840
Tati, T. 1029, 1085±1086, 1356, 1420
Taubes, Gary 1241±1242, 1420
Tayler, R. T. 1184, 1190, 1343
Taylor, Geo¨rey Ingram 1060
Taylor, H. M. 662, 1420
Taylor, J. G. 1119, 1283
Taylor, Richard 1131
Telegdi, Valentine L. 1113, 1320
Teller, Edward (Eduard) 55, 508, 564,

632, 639, 741, 760, 895, 988, 990±991,
994, 996, 1010, 1044, 1052, 1055,
1056, 1181, 1324, 1355, 1402, 1421

Tepl, Johann von 99
ter Haar, Dirk 1035, 1038, 1421
Tetrode, Hugo 318, 1421
Thellung, Armin 1246
Thirring, Hans xxxii±xxxiii, 760, 1246,

1421
Thirring, Walter 1138
Thomas, Llewellyn Hilleth 113, 118, 119,

127, 274, 281, 283, 287, 592, 846±847,
988, 1421

Thomas, Willy 350, 1399
Thomsen, Vilhelm 167
Thomson, George Paget 246, 376±378,

583, 1010, 1377, 1421
Thomson, J. H. C. 851
Thomson, Joseph John 49, 308, 375, 523,

524, 572, 578, 630, 634, 677, 778,
1017, 1422

Thomson, Randall C. 1230, 1231, 1322
't Hooft, Gerard 382, 1128, 1422
Thorne, Kip S. 1290
TimofeÂe¨-Ressovsky, Nicolaj 1019, 1422
Ting, Samuel 1133
Tisza, Laszlo 874±875, 876, 1159, 1422
Toeplitz, Otto 412, 417, 419, 421, 422,

423, 1422
Tolhoek, H. A. 1112, 1422
Tollet, J. J. 1282
Tolmachov, V. V. 1168, 1272
Tolman, Richard Chace 192, 717±718,

777, 896, 1309, 1423
Tomonaga, Sin-itiro 307, 533, 534, 768,

829, 974, 999, 1021, 1024, 1029±1030,
1043, 1046, 1048, 1052, 1053, 1062,
1063, 1065, 1069, 1085±1089, 1099±
1106, 1118, 1244, 1248, 1249, 1322,
1346, 1351, 1356±1357, 1410, 1423

Tonks, Lewi 1162, 1423
Tonomura, A. 1239, 1423
Torkar, Gisela 1304
Torne, C. J. 1436
Townes, Charles H. 1153±1155, 1156,

1326±1327, 1405, 1423
Trabacchi, G. C. 803, 964, 965
Trkal, Viktor 19, 107, 1306
Trowbridge, A 272
Trunov, N. N. 1147, 1380
Tsui, Daniel 1180, 1183, 1423
Turlay, R. 1292
Turner, L. A. 338
Tutsch, Jerald H. 1221, 1423
Tuve, Merle A. 801, 901, 968±969, 976,

988, 1423±1424
Tvede, Ellen 760
Tyndall, Arthur 852, 853

Uddim, M. Zaki 872, 1258
Uehling, Edwin A. 903, 920, 928, 1071,

1424
Uhlenbeck, George xxix, 34±35, 54, 113,

121±122, 152, 175, 176, 251, 273±280,
332, 340, 343, 512, 526, 574, 821, 828,
871, 908, 909, 912, 913, 938, 959, 1035,
1037, 1062, 1314, 1357, 1424, 13306

Ulam, Stanislaw 402, 403, 404, 417, 1424
Umezawa, Hiroomi 1108, 1404
UnsoÈld, Albrecht 578, 1415
Urey, Harold C. 338, 771, 790±791, 807,

977, 1419, 1424

Valatin, J. G. 1168
Valera, Eamon de 739
Van Alphen, P. M. 626, 1330
Van Aubel, E. 175, 232
Van de Graa¨, Robert J. 772, 792, 901,

1424
Van den Broek, Antonius Johannes 785±

786, 1424
Van der Meer, Simon 1130
Van der Waals, Johannes Diderik 858,

870
Van der Waerden, Bartel Leendert 113,

121, 201, 273, 288, 341, 462±463, 488,
512, 514, 515±518, 520, 521, 960,
1290, 1424

Author Index 1465



Van Druten 1296
Van Hove, Leon 430±431, 1424
Van't Holt, Jacobus Henricus 870
Van Vleck, John Hasbrouck xxiv, 330,

333, 339, 340, 348, 533, 602, 660, 673,
841, 851, 982, 1051, 1159, 1182, 1251,
1424±1425

Veltman, Martinus 1128, 1425
Veneziano, Gabriele 1135, 1425
Venkateswaran, V. 356, 357, 358, 359
Verscha¨elt, E. 232
Verwey, E. J. W. 1146
Vigier, Jean-Pierre 1209±1211, 1273, 1425
Villars, Felix 1065, 1075, 1097, 1246,

1391
Volko¨, G. M. 895±897, 1388
Vollhardt, Dieter 1179, 1425
Volmer, Max 492
Volta, Alessandro 188, 577, 578
Voltz, Helmut 977
Vorontsov, Yu I. 1242, 1282

Wachsmuth, Richard 608
Wagoner, Robert V. 1193, 1425
Wahl, Arthur C. 1009, 1410
Waismann, F. 685
Wali, Kameshwar C. 880, 882±886, 894,

994, 1426
Walke, H. J. 966, 1384
Walker, Evans Harris 1263
Walker, Mark 1011, 1426
Waller, Ivar 181, 262, 575, 792, 1037,

1175, 1208
Walther, Herbert 1239, 1410
Walton, Ernest Thomas Sinton 771, 791±

792, 901, 1293
Wang, Foh-san 974
Wang, P. 1006, 1400
Wang Q. 1437
Wannier, Gregory 857

Warburg, Emil 858
Ward, John C. 1103, 1126, 1404, 1426
Wataghin, Gleb 595, 803
Watanabe, Satoshi 974, 999, 1426
Watermann, A. T. 589, 1426
Waterson, John James 13

Watson, James D. 1019, 1426
Way, Katherine 990±991, 1426
Weber, T. 1238, 1325

Webster, David L. 628
Webster, H. C. 787
Wefelmeier, Wilfried 999, 1425
Weierstrass, Karl 392
Weigert, A. 1186, 1355
Weinberg, Alvin Martin 1018, 1427
Weinberg, Steven 1127±1129, 1130, 1193,

1251, 1326, 1427
Weiner, Charles 771±772, 899, 973, 994,

996, 997, 1427
Weisberger, William I. 1123
Weiss, E. A. 516
Weiss, Pierre 333, 594, 597, 1427
Weisskopf, Viktor F. 55, 338, 339, 675,

759±761, 760, 902±903, 912, 918, 920,
922±924, 929±931, 933, 934, 941±944,
946, 948±951, 955, 959, 986, 988,
1038, 1041±1043, 1046, 1049, 1054,
1060, 1071, 1074, 1079, 1088, 1092,
1096±1097, 1315, 1319, 1391, 1427±
1428

WeizsaÈcker, Carl Friedrich von 166, 692±
693, 710, 712±713, 808, 809, 829, 894,
926, 971±976, 974, 979, 991±996, 999,
1009, 1010, 1011, 1196, 1428

WeizsaÈcker, Ernst von 974
Welker, Heinrich 868, 1142, 1428±1429
Wentzel, Gregor xxxiv, 8, 9, 21±22, 24±

29, 30, 31±32, 34, 35, 36, 46, 47, 48,
65, 118, 124, 133, 136, 212, 292, 382,
568, 579, 582, 595, 658, 759, 900, 924,
930±931, 935, 937, 938, 949, 951, 959,
968, 1021, 1051, 1055, 1060, 1071,
1101, 1111, 1168, 1429

Wergeland, Harald 974
Werner, Alfred 526
Werner, Frederick G. 1223, 1429
Werner, Sven 126, 534, 1332, 1429
Werthheimer, N. R. 1178, 1263
Wess, Julius 1137, 1430
Westphal, Wilhelm H. 1430
Weststedt, C. H. 966, 1270
Weyl, Hermann xxxv, 98, 99, 102±107,

113±114, 179, 289, 327, 328, 341, 402,
403, 430, 431, 436±439, 472, 477±488,
495, 499, 504, 506, 509, 510, 512±515,
518±521, 519, 564, 565, 594, 595, 677,
741, 773±774, 780±781, 783, 1112,
1113, 1195, 1393, 1402, 1430±1431

Weyssenho¨, Jan von 1246

Author Index1466



Wheeler, John Archibald 157, 980, 988±
991, 1004±1006, 1025, 1031, 1051,
1052, 1089±1091, 1097, 1224±1225,
1227, 1229, 1277±1278, 1421, 1431±
1432

White, Milton G. 771, 792, 967±969,
1366

Wick, Gian Carlo 728, 825±826, 828,
971, 1204, 1432

Wideroe, Rolf 792
Wiechert, Emil 572
Wiedemann, Gustav Heinrich 548
Wieman, Carl E. 1158, 1260
Wiemers, Gerald 124, 418, 595, 1356,

1367
Wien, Wilhelm xvii, xxxiii, 19, 49, 53,

136±140, 142, 540, 572, 609, 680,
1432

Wiener, Norbert xxx, 10, 37, 41, 61, 82±
83, 129, 133, 386±387, 391, 673, 1281,
1432

Wiener, Otto 124
Wightman, Arthur S. 1118, 1204, 1432
Wigner, Anthony 491

Wigner, Bertha (Biri) 491

Wigner, Eugene Paul xxxv, 54, 55, 96,
195, 199±200, 224, 231±232, 274, 304,
318, 330, 341, 431, 455, 462, 469, 472±
474, 483, 488±499, 491±493, 496, 500,
501, 503, 504, 505, 506, 508, 509±510,
511±512, 539, 549, 550, 552, 555, 560,
598, 675, 676, 760, 814±815, 838, 839,
841±845, 848, 849, 850, 851, 854, 857,
923, 933, 945, 973, 977±978, 979, 982±
984, 986, 988, 1010, 1014, 1023, 1051,
1112, 1195, 1204, 1205, 1224, 1244,
1248, 1251, 1281, 1283, 1312, 1350,
1384, 1395, 1404, 1432±1434

Wigner, Margit (Manci) 491

Wilczek, Frank 1131±1133, 1136±1137,
1329, 1434

Wilkinson, David T. W. 1191, 1192,
1193, 1299, 1373, 1400

Williams, Evan J. 665, 926, 1434
Williams, Kay 884
Williams, Robley C. 934, 935, 1434
Wills, Melville 852
Wilson, Alan Herries 575, 620±624, 644,

677, 852, 856, 886, 1139, 1318, 1434±
1435

Wilson, Charles Thomas Rees 175, 232,
241, 242, 251, 901

Wilson, E. Bright 542, 1194, 1392
Wilson, Harold A. 800, 1435
Wilson, John G. 835, 1435
Wilson, Kenneth G. 1171±1173, 1435
Wilson, Robert 1060
Wilson, Robert W. 860, 1183, 1191±1192,

1193, 1393, 1435
Winter, Jacques 937, 1285
Wintner, Aurel xxxv, 341, 385, 416±426,

418, 424, 425, 430, 1435±1436
Wintner, Thomas Eduard 418
Wise, M. Norton 167, 679, 1436
Witmer, Enos E. 496, 552, 555, 560, 593,

603, 1434, 1436
Witten, Edward 1135±1136, 1436
Wittgenstein, Ludwig 685±686
Wolf, H. 552±553, 1329
Wolfe, Hugh C. 1436
Wolfe, J. P. 1157, 1368
Wolfenstein, Lincoln 1114, 1437
Wolfke, Mieczyslaw 859, 869, 1353
Wood, Robert William 352, 361, 362±

364, 369, 370, 577, 1437
Wooster, William Alfred 326, 635±636,

650, 1309
Wright, W. H. 1399
Wu, Chien-Shiung 1113, 1217, 1437
Wu, M. K. 1182, 1437
Wul¨, John 338
Wunderlich, C. 1287, 1331
Wundt, Wilhelm 679
Wynn-Williams, C. E. 901

Xu, Qiochen 793, 899, 1437

Yamazaki, Kazuo 1303
Yang, Chen-Ning 482, 519, 521, 1055,

1063, 1104±1105, 1112±1113, 1176,
1250, 1287, 1367, 1438

Young, Lloyd A. 969, 1438
Young, M. D. 1187
Yukawa, Hideki 307, 674, 675, 772, 829±

836, 900, 936, 944±958, 960±961, 980,
1020±1022, 1029, 1048, 1109, 1118,
1120, 1207, 1244, 1248±1249, 1438±
1439

Author Index 1467



Zacharias, Jerrold R. 1045, 1353, 1382
Zavaritskii, N. V. 1169±1170, 1439
Zeeman, Pieter 192, 333
Zeiger, H. J. 1153±1154, 1326±1327
Zeilinger, Anton 1239, 1328, 1439
Zener, Clarence 853, 1349
Zermelo, Ernst 14, 403
Zilsel, Edgar 679, 684, 1439
Zimmer, K. G. 1019, 1421

Zimmermann, Mark 1290
Zimmermann, Wolfhart 1118, 1367
Zinn, Walter 1012
Zumino, Bruno 1137, 1176, 1353, 1430
Zurek, Wojciech Hubert 157, 1229,

1432
Zwaan, A. 35, 1439
Zweig, George 1123±1124, 1125, 1130,

1131, 1439

Author Index1468



Subject Index: Volumes 1 to 6

Note: Many names mentioned in passing are not given in this subject index. For a complete
listing of every name, see the Author Index at the end of each volume. Biographical infor-
mation, where not listed as a separate heading, is indicated by italic page numbers. Boldface
numbers indicate volume numbers.

As an example, consider the entry `Reid, Alexander 1:626, 5:866, 6:246, 375±378, 583'.
References to Alexander Reid occur in Volume 1 on page 626, in Volume 5 on page 866,
and in Volume 6 on pages 246, 375±378, and 583. Biographical information is given in
Volume 6 on page 378.

Index entries are ordered so that personal names occur before names of equations or
experiments; thus, `Bragg, William Lawrence' comes before `Bragg equation'. Greek letters
are indexed as if spelled out.

Abachi, S. 6:1134
Abegg, Richard 6:524, 553
Abel, Niels Henrik 6:475
Abelson, Philip Hauge 6:1004, 1009
Abraham, Max

±biographical data 5:169
±gravitation and velocity of light 5:169
±instability of deformable electron 4:39
±rigid electron theory 1:231, 658, 701±

702
±Weiss magneton and 5:266±267
±Wien's displacement law and 1:73

Abrikosov, Alexei Alexeyevich 6:1169±
1170

Absorption of radiation 6:205±210, 324
See also Dispersion phenomena;

Kirchho¨ 's function; Spectroscopy
±blackbody concept and 1:24±25
±Bohr±Einstein dialogues (1913±1922)

6:99±102
±conservation laws and 1:534
±Dirac's action-angle scheme 4:179±

180
±Dirac's theory of 6:205±210
±Einstein's derivation of Planck's black-

body radiation law and 1:240±243,
515

±Hilbert's axiomatic approach to
6:394±395

±Lorentz's blackbody radiation theory
and 1:92

±mass-absorption coe½cient (Barkla and
Sadler's theory) 1:320±321

±matrix mechanics' lack of
representation of a time sequence
and 6:133±134

±momentum transfer in 1:242±243,
515±516

±MoÈssbauer e¨ect 6:1173±1175
±Pauli's work 6:451
±Planck on 1:122
±Planck's hypothesis of continuous

exchange of energy in absorption
and emission processes 1:150

±Planck's quantum emission
hypothesis 1:125±126, 130, 146,
148±149, 206, 248, 424±425, 2:243,
4:50, 5:587, 6:19

±as possible irreversible process 1:59,
2:206

±principle of detailed balancing and
4:88±97

±problem with light-quantum hypothesis
and 1:124±126

±X-ray absorption spectra 1:320±322
Ackermann, Walter 2:232
Acoustics 5:190±193, 344±348
Action and angle variables 1:226±227,



Action and angle variables (continued )
346, 410, 412, 421, 503, 642±643,
2:248, 3:195, 204, 247±266, 268,
274, 5:664

±for anharmonic oscillator 2:243
±commutation relations for 3:248±249,

256
±complementarity and 6:266
±di¨erences of action variables for

neighbouring states 2:243±244
±di½culty of representing in matrix

form 3:118, 139, 171±174, 253
±Pauli's Lenz axial vector solution for

one-electron atom 3:172±174
±Dirac's scheme 3:253, 4:135, 154±160,

175±185, 216, 6:21
±for anomalous Zeeman e¨ects

4:193±194
±for Compton e¨ect 4:210±211
±for helium atom 4:188±189
±for hydrogen atom 4:180±185
±for intensities of complex multiplets

4:194
±for many-electron atoms 4:185±196

±for harmonic oscillator 2:242, 253
±Heisenberg's operator scheme for

hydrogen 3:247±249
±London's scheme 6:22±24, 63±65
±relationship to matrix-mechanical

perturbation theory 6:9
±rotator and 4:237
±Wentzel's scheme for relativistic

hydrogen atom 3:261±264
Action-at-a-distance 6:714±715, 719,

1025, 1091, 1092, 1198, 1230. See

also Einstein±Podolsky±Rosen
(EPR) experiment; Interpretation of
quantum mechanics

Action function 1:410±412, 3:56, 258, 6:87
See also Hamilton's characteristic

function
±Feynman±Tomonaga space-time

formulation of quantum mechanics
and 6:1026, 1090

±periodicity modulus of 3:259±261,
262, 264±265

±perturbation theory and 2:83±85,
3:115±116

±wave mechanics and 5:479±480, 486,
550, 555±568

±in Wentzel's scheme for multiply

periodic systems 6:21±22
±Weyl's action function for the two-

component ®eld 6:520
Action integral 5:509

±for helium 1:420
±Sommerfeld's formulation of 1:133,

215, 219
Action principle 3:75, 212, 214

±Feynman±Tomonaga space-time
formulation of quantum mechanics
and 6:1024±1030, 1090

±in general relativity 5:220, 222
±Schwinger's QED formulation and

6:1066, 1081±1082
Action, quantum of. See Planck's constant h

Adiabatic principle (hypothesis) 1:232±
238, 245, 347, 6:440

±adiabatic invariance and Born's inter-
pretation of quantum mechanics
6:48±52

±adiabatic invariants 1:237±238, 245
±conditions for validity of 4:98±102
±crossed ®eld problem and 1:508,

2:214, 3:182
±Dirac's extension of 4:97±104
±helium models and 1:416
±intermediate degeneracy and 4:100,

103
±for molecules 1:397±398
±Pauli's stability condition and 1:392
±in the presence of a magnetic ®eld

4:116±119
±Rayleigh's theory on radiation in

adiabatic processes 1:235
±speci®c heat of solids and 5:342±343
±Stern±Gerlach experiment and 1:444

Adiabatic processes
±blackbody radiation and 1:28, 30
±Boltzmann's theorem 1:234

Adler, Alfred 5:35, 6:56, 59
Adler, Ellen 1:181

Adler, Friedrich 5:280
Adler, Stephen L. 6:1080, 1123, 1130
Aether. See Ether
Agglomeration of atoms and molecules

hypothesis 1:151, 522
Aharonov, Yakir 6:1211, 1216±1218,

1222±1224, 1229, 1232
Aharonov±Bohm e¨ect 6:1222±1224
Aigentler, Henriette von 5:50
AÊ keson, N. 6:371

Subject Index: Volumes 1 to 61470



Alexandrow, Waldemar 5:850±853, 851

Allen, Herbert Stanley 5:357
Allen, John Frank 6:872
Alliborne, T. E. 6:901
Allison, Samuel K. 1:528, 4:262
a-decay 1:172, 6:638, 639±648

±attenuation constant l 6:640±645
±explanations (1928±1930) 6:639±648
±Gamow's model 6:786, 801
±Geiger±Nuttal rule for decay time

6:641±643, 645
±Heisenberg's nuclear structure model

and 6:811±812
±Mùller's investigations 6:663
±stability of isotopes and 6:636
±tunnel e¨ects and 6:536, 640±641

a-particles 1:108, 4:29, 35, 5:108
±a-particle model of atomic nuclei

6:639±648
±discovery of 5:234
±disintegration of light nuclei by a-

particle bombardment 4:29, 32, 34,
6:656±657

±electric charge determination 1:53
±emission in radioactive decays 1:172
±energy loss in matter 1:185
±¯uctuations in 5:205±212
±Gamow's `liquid drop' model of atomic

nuclei and 6:647±648
±identi®cation as positive ions 1:175,

5:234, 6:633
±scattering of 1:175±176, 3:145, 146,

6:48, 658±659, 662
Alpher, Ralph 6:1143±1144, 1190±1191
Alvarez, Luis 6:1187
Amal, Parvati 6:355
Amaldi, Edoardo 6:813, 965±967
Ames, Joseph 4:262
Ammal, Loka Sundari 6:356

AmpeÁre, AndreÂ Marie 1:7, 168, 5:241
Analogy principle. See Correspondence

principle
Anderson, Carl D. 6:804

±on anomalous g-ray scattering
(Meitner±Hupfeld e¨ect) 6:669

±biographical data 6:794
±on Chao's g-ray experiments 6:804
±cosmic radiation studies 6:906, 927

±identi®cation of the positron 6:674,
771±773, 793±795, 798±799, 908

±`mesotron' (m-meson) discovery

6:675, 834±836, 945, 946, 1109
±Millikan and 6:669, 793±795, 798
±Nobel Prize 6:799

Anderson, Herbert L. 6:804, 1007, 1012±
1014, 1111

Anderson, Michael H. 6:1158
Anderson, Philip Warren 1:418, 6:1017±

1018, 1177
±biographical data 6:1251
±helium III studies 6:1178, 1179
±Nobel Prize 6:660, 1182
±superconductivity and 6:1168

Andrade, Edward Neville da Costa 5:238
AÊ ngstroÈm, Anders 1:157, 159
Angular momentum

See also Quantum conditions; Quantum
numbers; Rotator systems

±of atom 2:266
±matrix formulation of 3:157±166,

175±185
±relation of action-angle variables to

4:188, 195±196
±of atomic core 1:478±479, 483
±of atomic nuclei 1:693, 6:991
±conservation of 1:534, 3:157±166,

175, 6:509
±of electron in orbit 1:189, 206, 246,

313, 421
±relation of action-angle variables to

4:188, 195±196
±group-theoretical calculations of LandeÂ

g-formula and 6:499
±in Heisenberg±LandeÂ atomic core±

series electron model 2:34±39
±intrinsic. See Electron spin; Proton

spin; Spin
±molecular theory and 6:566
±Racah coe½cients 6:1112
±Slater's calculation for many-electron

systems and 6:507±508
Anharmonic oscillator 2:254, 288

±action variables for 2:243
±constants of motion 2:243±251
±diatomic molecules and 3:190
±early uses of model 2:232
±energy conservation for 2:251, 254±

260, 308
±energy of 2:168±169, 271
±equation of motion for 2:243±251, 288
±Heisenberg's treatment 2:168±169,

209±210, 230±260, 4:125±126

Subject Index: Volumes 1 to 6 1471



Anharmonic oscillator (continued )
±`lowest state' determination of

integration constant 2:249±251,
288

±matrix methods for 3:58±59, 78, 80±
87

Annihilation of particle±antiparticle pairs
6:904±905, 907, 1067

See also Pair production
±energy production in stars and 6:994
±gluons and 6:1133
±proton±electron annihilation 6:777±

778, 804
±space-time and 6:1024

Anomalous Zeeman e¨ect. See Zeeman
e¨ect, anomalous

Anregung von QuantenspruÈngen durch StoÈûe

(Franck and Jordan) 6:57±58
Antiparticles

See also Annihilation of particle±
antiparticle pairs; `Hole' theory; Pair
production; Positron; Vacuum
polarization

±positron discovery 6:674, 771±773,
793±799, 904±906, 908

±prediction of 6:772±783
±proton as candidate for Dirac's `holes'

6:776±781
Anti-Semitism 2:27, 5:448±449, 6:673±

674, 676±678, 734, 743, 757±759,
806, 837, 839, 857, 859, 904,
1000

Aperiodic processes
±Born±Jordan theory 3:54±57
±Born's scattering theory and 6:47±48
±classical theory 3:131±132
±di½culty of representing in matrix form

3:118, 139, 171±174, 253
±generalization of matrix methods for

3:247±266
±uniform motion of a particle in a

straight line 4:201, 6:47, 386
Arago, Dominique FrancËois 1:10
Araki, Huzihiko 6:1118
Arc spectra 1:329, 330, 354, 463, 480,

6:654
±spectroscopic displacement law 1:330,

463, 495
Arrhenius, Svante 1:32, 117, 5:63
Artin, Emil 6:514±515

Arvidsson, Gustav 1:428±429
Aspect, Alain 6:1231±1234, 1239
Aston, Francis William 4:28, 56, 6:634,

637, 638, 796
Astronomy and astrophysics 6:877±898,

1143±1145, 1183±1193
±annihilation processes and 6:777
±at Cambridge University 4:38±43
±celestial mechanics 1:412±415, 503,

2:81, 82±83, 3:127, 4:136
±Chandrasekhar limit 6:881, 884±885,

892±894, 1186
±Compton scattering in stellar

atmospheres 4:113±116
±degenerate matter in stars 6:576, 839,

840, 878±898
±expanding universe concept 6:1143±

1145, 1183±1185, 1190±1193
±Halpern's explanation of galactic red-

shift 6:907
±Mercury perihelion 1:382, 2:277,

6:105
±`missing mass' problem 6:1184
±neutron stars 6:839, 840, 893, 895±

898, 1184, 1187
±nuclear reactions in stars 6:646±647,

894, 993±996, 1184, 1190
±energy production 6:646±647, 894,

993±996, 1190
±synthesis of elements 6:991±998,

1144±1145, 1184
±origin of the elements in the early

universe 6:1143±1144
±pulsars 6:1184, 1187
±solar neutrino problem 6:1184, 1187±

1190
±`steady-state' universe theory 6:1144,

1184, 1190
±stellar evolution 6:878±887, 892±893,

898, 1184±1187
±stellar spectra 1:156, 160, 191, 4:63,

5:30
±Fraunhofer lines 1:24, 156±157
±Kirchho¨ 's function and 1:26
±solar helium spectrum 1:398

±3 K radiation 6:1185, 1190±1193
Atkinson, R. d'E. 6:646±647, 992
Atmospheric acoustics 5:190±193
Atmospheric electricity 5:107±108, 121±

133, 157±162, 165±167

Subject Index: Volumes 1 to 61472



Atombau und Spektrallinien (Sommerfeld)
1:714±716, 2:155±156, 3:48, 4:106,
202, 5:246, 248±249, 306, 326±327,
330, 404, 554±555, 6:xxiv, 488±489,
528

Atomic bomb. See Atomic weapons
Atomic hypothesis 1:10±21, 2:11±13,

5:81±85
±Boltzmann±Mach debate over 5:57±

64, 108
±experimental evidence for 1:16±21,

63±64, 70±72, 5:155±156, 6:17
Atomic nuclei. See Nuclear physics
Atomic number 1:194, 196, 675±676, 692,

696
Atomic structure 1:200, 313±332

See also Electron orbits; Stationary states
±atoms as multiply periodic systems. See

Multiply periodic systems
±Bohr±Pauli±Einstein dialogue (1922±

1926) 6:107±114
±Bohr±Sommerfeld theory. See Bohr±

Sommerfeld theory of atomic
structure

±Born±LandeÂ cubic model 1:304±306,
467

±chemical properties of elements and
1:329±330, 668±669

±closed electron shells problem and
1:562±571

±complex spectra and 2:190±208
±Copenhagen±GoÈttingen di¨erence in

interpretation of failure of atomic
structure theories 1:422

±`cubical atom' models 1:304±306,
317±318, 467, 6:524±525

±di½culties with structure models
1:375±509

±dispersion-theoretic approach 1:629±
652

±early models 1:168±181, 187±188,
196, 332, 4:50±51, 5:101±103, 134,
136, 268, 6:523±526

±electron spin and 3:266±267
±Fues' theory 5:310±311
± Goudsmit±Uhlenbeck vector model

1:704±705
±Heisenberg's symbolic models 2:201±

206
±of helium. See Helium

±Herzfeld's model 5:136
±of hydrogen. See Hydrogen
±Kossel's model 1:329±330
±LandeÂ±Heisenberg atomic core±series

electron model 1:673, 675, 677,
679, 682, 685, 689, 701, 2:34±39,
99±100, 191±192, 200±206

±LandeÂ's vector model 2:107±108,
111±112

±Langmuir's model 1:317
±Lewis's model 1:317
±Main Smith±Stoner model 1:630,

669±671, 677±678, 680
±nonmechanical `stress' and 2:201±202,

3:187, 196±205
±Pauli's four quantum number model

1:677±679, 689±690, 700±701,
6:xxviii, xxix

±perturbation theory for 1:409±415
±plum-pudding model 6:523
±Ritz' square-membrane model 5:539±

543
±Russell±Saunders model 1:687±690
±Rutherford atom 1:175±176, 187±188,

196, 6:xxii, 343, 523, 633
±SchroÈdinger's research 5:305±312
±vortex-ring model 6:523
±X-ray spectroscopy and 1:319±332,

335±336, 360
Atomic weapons 6:902, 1008±1014, 1249

±Germany's nuclear energy program
6:1009, 1010±1011

±Manhattan Project 6:760, 791, 902,
1018, 1245, 1246, 1248, 1249

Atomic weights 1:15, 185, 192, 194
Aubert, J. J. 6:1133
Auer von Welsbach, Carl Ritter 5:162

Auger, Pierre 6:129, 344±348
Auger, Victor Emile 6:345
Auger e¨ect 6:129, 344±348, 780, 854,

983
Augustin, J.-E. 6:1133
Austern, N. 6:1046
Austria 5:11±17, 23±40, 177±182, 254.

See also Vienna
Avenarius, Richard 5:224±225
Avogadro, Amadeo 1:12±13
Avogadro's number 1:52±53, 64, 72, 75,

5:32, 265±268, 6:17
Axial±vector anomaly 6:1080±1081, 1109

Subject Index: Volumes 1 to 6 1473



Axiomatic quantum ®eld theory 6:1118±
1120

Babinet, Jacques 1:681
Bach, Auguste 5:75

Bacher, Robert Fox 6:338, 829, 972±973,
1022

Back, Ernst 1:652, 2:31, 5:250
See also Paschen±Back e¨ect
±biographical data 1:450±451, 461
±experiments on anomalous spectral

lines 1:689
±hyper®ne structure 6:654
±neon multplets and 1:686
±Zeeman e¨ect and 1:450±453, 461,

470±471, 482±483
Baerwald, H. 1:102
Baeyer, Otto von 6:346
Bagge, Erich 6:1022
Bahcall, John N. 6:1187±1188, 1190
Bahr, Eva von 1:148
Baker, Henry Frederick 4:15, 45±47

±Dirac and 4:71, 163, 164±165, 6:294,
386

±Principles of Geometry 4:161, 163,
164±165, 172±173, 6:294

Balian, Roger 6:1152±1153, 1178
Ballentine, Leslie E. 6:1196±1197, 1228,

1234±1235
Ballot, C. H. D. B. 5:30
Balmer, Johann Jakob 1:162±163

Balmer's formula 1:162±163, 188, 190±
191, 3:174±181, 5:135, 6:31

Banach, Stefan 3:224
Banderet, Pierre Paul 6:801
Band spectra 1:159±160, 164, 2:215, 228,

5:379, 6:656
±anharmonic oscillator and 2:232
±explanations for 1:333±334
±half-integral quantum numbers and

2:243, 269±270, 312±313
±Kemble's research 2:310, 312
±matrix methods for 3:190
±nuclear spin hypothesis and 6:652±

653
±wave mechanics for 5:689±698, 706±

710
±Zeeman e¨ect in 1:176

Banks, T. 6:1136

BaÈr, Richard 5:285±286, 291
Bardeen, John 6:850, 851

±biographical data 6:851, 1244, 1248,
1250±1251

±magnetic ¯ux quantization and 6:1176
±Nobel Prizes 6:1142, 1169, 1251
±superconductivity research 6:1162±

1163, 1165±1168
±transistor development 6:1139±1142

Barkla, Charles Glover 1:107±108, 174,
5:168

±biographical data 1:107
±debate on the nature of short-

wavelength radiation and 1:108,
518±520, 5:237±238

±X-ray absorption spectra
research 1:320

±X-ray ¯uorescence research 1:168,
195, 319, 513

Barlow, W. 1:144
Barnes, Howard Turner 5:235
Barnes, R. Bowling 6:850
Barnes, V. E. 6:1117
Barnett, Samuel Jackson 1:425±428
Barnett e¨ect 1:476
BarnoÂthy, JenoÈ 6:939
Barrow, Isaac 4:25

Barth, G. 6:863
BartholomeÂ, E. 6:862
Bartlett, James H. 6:976, 977, 979
Bartoli, Adolfo 1:28±29
Baryons 6:1110

±conservation of baryon number
6:1113

±quark composition of 6:1123±1124,
1131

±symmetry groups and 6:1116
Basche, H. 6:1011
Basov, Nikolai 6:1154, 1155
Bauer, Alexander 5:65, 72
Bauer, Edmond Henri 5:414, 6:1204
Bauer, Hans 1:378, 380, 5:218
Baym, Gordon 6:1187
Bean, Charles P. 6:1170
Beccaria, Giovanni Battista 5:122
Bechert, Karl Heinrich 1:335, 654, 2:20,

6:578
Beck, Emil 1:428±429, 6:594
Beck, Guido 5:254, 6:610, 624, 824, 981
Becker, Herbert 6:786±787

Subject Index: Volumes 1 to 61474



Becker, Richard 1:642, 4:103, 5:378,
6:110, 788, 802, 863

Becquerel, Antoine-Henri 1:17, 18, 172,
175, 447, 5:88, 234, 265

Bednorz, J. Georg 6:1181, 1183
Behacker, Max 5:186
Belinfante, Frederick J. 6:675, 960±961,

962, 1223
Bell, Eric Temple 1:278
Bell, Jocelyn 6:1186±1187
Bell, John Stewart 6:1080, 1216, 1234, 1235

±Bell's inequality formulation 6:1217±
1218

±biographical data 6:1211, 1212
±EPR experiment and 6:1217±1218,

1235±1236
±hidden variables and 6:1218±1220
±modi®cation of SchroÈdinger equation to

avoid quantum jumps and 6:1238
Beller, Mara 6:98, 134, 189±190, 210,

754±755
Bell Labs 6:1018, 1139, 1140, 1145, 1155±

1156, 1164, 1180, 1251
Bell's inequality 6:1217±1218, 1229±1235,

1239
Bell's theorem 6:1234±1235
Bender, Carl M. 6:1153
Benedicks, Carl 1:151, 522
Benndorf, Hans 5:72±73, 75, 77, 82, 87±

89, 93±94, 107, 122
Bennett, W. R. 6:1156
BenoõÃt aÁ la Guillaume, C. 6:1157
Berends, R. E. 6:1116
Bergmann, Arno 1:165, 166
Bergmann, Hugo 6:687, 689±690
Bergson, Henri 6:683
Bergwitz, Karl 5:158, 166
Berlin 1:42, 303, 5:11, 246±247, 864±868,

6:630, 859. See also Planck, Max
Bernardini, Gilberto 6:1021
Berne 5:247
Bernoulli, Daniel 1:13, 3:170, 6:13
Bernoulli, Jacob 6:11
Bernoulli, Johann (John) 5:231
Bertel, Annemarie 5:176±177, 291, 304,

866
Berthelot, Marcellin 1:117
Berzelius, JoÈns Jacob 6:522
b-decay 1:111, 172, 6:633, 772, 1021, 1022

See also Nuclear force

±Auger±Meitner e¨ect 6:129, 344±348,
780, 854, 983

±Beck and Sitte's explanation 6:824
±Bethe±Peierls proposal 6:827±828
±Bohr's proposal for violation of

conservation laws in 6:824
±continuous electron spectra 6:326,

336, 648±650
±Curie±Joliet discovery of arti®cial

radioactivity 6:819±821
±Dirac's `hole' theory and 6:780
±Fermi's explanation 6:674, 772, 818±

820, 824±832, 938, 1021
±Heisenberg±Pauli explanation 6:651
±Heisenberg's nuclear structure model

and 6:811
±lifetime of Yukawa particle and

6:954±955
±neutrino hypothesis and 6:651±654,

657, 816±817, 816±822, 824, 829
±neutrino theory of light and 6:938
±parity violation in 6:1113
±proposed breakdown of conservation

laws 6:648±650, 809, 816
±spectrum of 6:635±637
±Yukawa's theory 6:831±834

b-particles 1:108, 172, 176
±Compton's research 1:521
±discovery of 5:234
±identi®cation as electrons 5:234
±SchroÈdinger's studies 5:174±175

Betatron 6:792
Bethe, Albrecht Theodor 6:607

Bethe, Hans 6:338, 677, 1084
±Alpher±Bethe±Gamow paper on origin

of elements 6:1143±1144
±biographical data 1:281, 6:607±608

±trouble under Third Reich 6:677,
839, 857, 1245

±Born and 6:48
±cosmic radiation studies 6:905±906,

939
±doctoral dissertation 6:608
±Dyson and 6:1060, 1061
±electron di¨raction investigations

6:608±609
±energy of atomic nuclei 6:972±973
±Feynman and 6:1056
±Lamb shift explanation 6:1037, 1038±

1042, 1054, 1085, 1088

Subject Index: Volumes 1 to 6 1475



Bethe, Hans (continued )
±meson theory and 6:1108
±neutrons stars 6:1187
±Nobel Prize 6:997±998
±nuclear disintegration cross sections

6:981±983
±nuclear force theory 6:827±828, 829,

975±976
±nuclear reactions in stars 6:894, 994±

998
±nuclear structure theory 6:1022
±review article on metal electron theory

6:629, 630, 631
±review article on nuclear physics

6:987
±scattering theory 6:664±665, 668
±Schwinger and 6:1046
±self-energy of electron calculation

6:1039±1042
±solar neutrino problem and 6:1189
±solid state physics research 6:851
±on Sommerfeld 6:578, 583
±Weisskopf and 6:1041±1042, 1046
±on Wentzel 6:579

Bethe±Salpeter equation 6:1084
Bhabha, Homi Jehangir 6:675, 907

±biographical data 6:951
±cosmic radiation studies 6:927, 939,

951, 954, 955
±nuclear force theory 6:936, 951, 953±

955, 957
Bichowski, F. Russell 1:607, 707, 4:262
Bidhu Bhusan, Ray 5:5
Bidlingmaier, Friedrich 5:186
Bieberbach, Ludwig 6:404
Bieler, E. S. 6:634
Biem, Walter 6:1202±1203
Big Bang 6:1143±1145, 1183±1185, 1190±

1193
Bijl, A. 6:874
Biological systems 5:34±40, 46±49,

6:260±265, 1019. See also

Physiology
Biot, Jean Baptiste 1:7, 168
Biot±Savart law 1:7, 497
Birge, Raymond T. 6:529, 531, 537, 538,

556
Bjerge, T. 6:966
Bjerrum, Niels 1:148, 333, 6:130, 540
Bjorken, James D. 6:1130, 1133

Blackbody radiation 1:23±59, 114, 128±
136, 557±558, 4:47±50, 5:98±101,
239±241, 6:204

See also Planck, Max; Planck's
blackbody radiation law

±de Broglie's theory 1:585±587, 600±601
±Einstein and 1:72±84, 96±98, 114,

119±123
±Einstein's ¯uctuation formula 1:68±

69, 120, 618, 5:244, 6:16, 143, 1202±
1203

±empirical determinations of spectrum
1:38±43

±entropy equations 1:34±35, 37±39,
43±59, 51±55, 97, 573

±ether concept and 1:98±90
±experimental disagreements with Wien's

radiation law 1:41±43, 75
±Gibbs' phase space method 1:56±58
±interpretations of Planck's law 1:45±

59
±Kramers±Heisenberg dispersion

formula and 2:187
±Larmor's `cell' theory 1:123
±matrix methods for 3:149±156, 6:56±

57
±mechanical±optical analogy for light-

quanta 5:502±506
±`radiant heat' term origin 5:239
±Rayleigh and Jeans' investigations

1:86±90
±Rayleigh±Jeans law 1:89±99, 119±

120, 531, 4:47±48, 6:19
±statistical assumptions 1:537±538
±Stefan±Boltzmann law. See Stefan±

Boltzmann law
±3 K radiation 6:1185, 1190±1193
±Wien's laws. See Wien's displacement

law; Wien's radiation law
±zero-point energy and. See Zero-point

energy
Blackett, Patrick M. S. 1:xxii, 312, 2:321,

6:634, 834
±a-particle scattering 6:662
±biographical data 4:32
±on cosmic rays 6:899
±Heisenberg and 2:76
±Meitner±Hupfeld anomaly and 6:821
±`mesotron' (m-meson) discovery and

6:951

Subject Index: Volumes 1 to 61476



±Nobel Prize 6:799
±positron discovery and 6:795±799, 815
±V-particle discovery and 6:1108±1109

Black holes 6:884±885, 892±893, 1136
Blackman, Maurice 6:851
Blackmore, John 5:82
Bleeker, C. E. 6:363, 364
Bloch, EugeÁne 5:270
Bloch, Felix 6:312, 338, 563, 838

±biographical data 5:420, 6:593±595,
606±607, 617, 626, 628±629

±Bloch's theorem 6:607, 632, 864±865
±Bloch walls 6:628
±Bohr and 6:628
±doctoral dissertation 6:593, 602±607
±electrical conductivity and 6:576, 577,

602±607, 609, 611±613
±ferromagnetism and 6:617, 626±628
±Heisenberg and 6:593±595
±`infrared divergence' problem of QED

and 6:903, 924±925, 931
±interpretation of many-time

formalism 6:768±769
±metal electron theory 6:1139
±Nobel Prize 6:629
±paramagnetism and 6:616
±Pauli and 6:606±607
±response to Slater's calculations of

energy states of many-electron
atoms 6:508

±review of von Neumann's book 6:426
±on SchroÈdinger 5:420, 476
±SchroÈdinger and 6:594
±superconductivity investigations

6:631±632, 861
Bloch, LeÂon 5:270
Blochinzev, Dmitrii 6:1199
Bloch's theorem 6:607, 632, 864±865
Bloch walls 6:628
Bloembergen, Nicolaas 6:1154±1156
BluÈh, Otto 3:193
Blumenthal, Otto 6:447
BoÃcher, Maxime 3:64, 65±66
Bodenstein, E. A. M. 3:47

Bùggild, Jùrgen 6:939
Bogoliubov, Nikolai 6:1119, 1133, 1160

±biographical data 6:1244, 1248, 1249
±superconductivity and 6:1168, 1176

Boguslawski, Sergei 2:232, 239
Bohm, David 6:1232

±Aharonov±Bohm e¨ect 6:1222±1224
±biographical data 6:1211
±causal interpretation of quantum

mechanics 6:1194±1195, 1209±
1224

±de Broglie and 6:1214
±on Einstein±Bohr debate 6:1243
±EPR experiment analysis 6:1216±

1218
±hidden variables and 6:1220±1221
±measurement theory 6:1213
±Pauli and 6:1214
±plasma oscillations in metals 6:1162,

1165, 1166
±Wu±Shaknov experiment analysis

6:1217
Bohnenblust, F. 6:488
Bohr, Aage 1:xiv±xv, 6:1023
Bohr, Christian 1:181, 6:167
Bohr, Ellen (neÂe Adler) 1:181

Bohr, Harald 1:182, 278, 336, 6:167, 169,
420, 423

Bohr, Jenny 1:182
Bohr, Niels 1:xviii±xix, 125±126, 206,

310, 372, 699, 718±719, 723, 3:92,
143, 4:230±231, 5:249, 6:49, 192,
274, 339, 423, 691

±adiabatic principle and 4:97±98
±anomalous Zeeman e¨ect and 2:111
±atomic structure model 1:155±257,

313±332, 343±358, 5:247±248,
6:xxi±xxvi, 343, 633, 634

±chemical bonds and 6:525±526
±construction principle for periodic

system of elements 1:347±357,
6:xxiv

±correspondence principle 1:246±
257, 337, 342±343, 406, 534

±discovery of missing elements 1:365,
370±372

±frequency condition 1:186, 188±192,
347, 511, 2:214, 307±308, 4:51, 85

±ground state con®gurations of atoms
and molecules 1:185, 188±192,
195, 314±316, 391±394, 396, 406±
409, 6:xxiv

±quantum condition 1:189, 206, 246,
313, 421

±stability condition 1:313±314, 345±
346, 391

Subject Index: Volumes 1 to 6 1477



Bohr, Niels (continued )
±atomic structure model (continued )

±stationary state hypothesis 1:185±
186, 188±192, 241, 244±247, 6:344

±biographical data 1:340±344, 703,
6:181, 257

±in Cambridge 4:51, 121±122
±childhood and education 1:181±

183, 6:167±169
±escape under Third Reich 6:1246
±establishment of Institute for

Theoretical Physics 1:336, 6:114±
130

±ill health 1:536
±later life and research 6:1244, 1246
±in Manchester 1:200, 259, 4:51±52
±marriage to Margarethe Nùrlund

1:186
±Nobel acceptance speech and dis-

covery of hafnium 1:370
±personality 2:139±142, 6:75
±philosophical approach to physics

2:125, 133±135, 141±142, 4:273±
274, 6:114, 117, 152, 166±174, 260±
265

±sailing trip 6:166
±in the U.S. 1:541
±working style 2:149±154

±biological systems and 6:1019
±Bloch and 6:628
±Bohr and Sommerfeld's di¨ering

approaches to quantum problems
2:190

±Bohr±Kramers±Slater theory of radia-
tion 1:532±554, 6:xxiii±xxiv, 39,
110±112, 119±120, 163, 680

±Bohr±Pauli±Einstein dialogue on the
fundamental problems of atomic
structure and radiation theory
(1922±1926) 6:107±114

±Born and 1:361±362
±Casimir e¨ect and 6:1146
±Chandrasekhar's theory of degenerate

matter in stars and 6:885±886
±complementarity principle 6:95, 331±

332, 680±681, 756±757, 1199, 1243
±extension to biological systems

6:260±265
±formulation of 6:163±166, 186±199,

255±260

±precursors to 6:163±186
±responses to 6:266

±Compton e¨ect and 1:541, 612±613,
6:110

±correspondence principle 6:170±171,
1243

±crossed ®eld problem and 1:502
±diamagnetism 6:625
±di½culties of atomic theory and

2:149±154, 6:335±336
±Dirac and 4:72, 6:74±75, 258
±Dirac's `hole' theory and 6:774±775,

776
±on Dirac's transformation theory 6:76
±dispersion theory 1:638±639, 2:171±

172
±Einstein and 1:257, 358±359, 535±

536, 3:202, 6:38±39
±debate on consistency of quantum

mechanics 6:250±255
±debate on uncertainty relations

6:268±271
±dialogues on atomic physics (1913±

1922) 6:97±102
±electron spin and 1:703±704, 709,

3:202±203, 269, 270±272, 6:121±122
±Feynman's QED lectures and 6:1057
±Fourier decomposition of dynamical

variables in atomic systems 2:222±
223

±Fowler and 4:121±123
±Franck and 1:310±311, 360±361
±Goudsmit and 3:284
±Heisenberg and 1:357±358, 2:40±41,

125±208, 6:119, 141, 180
±Bohr's pessimism about complex

structure models 2:211±213
±Bohr's philosophical approach to

physics 2:133±135
±Bohr's working style 2:149±154
±correspondence on cosmic ray

`showers' 6:939
±correspondence on nuclear physics

6:808±809, 812, 984
±correspondence on space quantiza-

tion 6:769±770
±debate on uncertainty relations

6:181±186, 693
±getting acquainted 2:127±135, 139±

141

Subject Index: Volumes 1 to 61478



±Heisenberg as Bohr's deputy 6:125
±invitation to Copenhagen 2:120,

130, 6:123±124
±Stark e¨ect discussion 2:128±129
±tensions over interpretation of

quantum mechanics 6:151±153,
183±186

±helium problem and 5:736±737
±Hilbert and 1:360
±Institute of Theoretical Physics 1:336,

6:114±130, 663
±interpretation of quantum mechanics

6:xxxiv, 90±97, 248±255, 260±265,
672, 673, 754±757, 1197±1198,
1235, 1239

±Bohr±Einstein debate 6:1198±1199,
1243

±causality debate 6:709
±di¨erences with Heisenberg 6:151±

153, 183±186
±di¨erences with Klein 6:184±185
±response to EPR experiment 6:719,

726±730, 733±738, 1216, 1217,
1235±1236

±Jordan and 6:55±56
±Klein's ®ve-dimensional relativity

theory and 6:174±176, 180
±Kramers and 1:406±409, 6:122±123
±LandeÂ and 1:467±468
±magnetic moment of electron and

6:332±334
±Main Smith±Stoner classi®cation of

electron orbits and 1:670±671,
6:121

±measurement processes and 6:467±468
±metal electron theory 6:574
±neutrino discovery and 6:817
±neutron capture and nuclear constitu-

tion 6:980±981, 984±989, 999
±neutron discovery and 6:808±809
±Nicholson's in¯uence on 4:51
±Nobel Prize 1:22, 370, 6:116
±nuclear ®ssion explanation 6:1003±

1006
±nuclear structure 6:810, 816, 825,

980±981, 984±989, 990, 992
±objections to Dirac's monopoles 6:800
±objections to half-integral quantum

numbers 2:43±44, 136±137
±objections to light-quantum hypothesis

1:535, 538, 546±547, 606, 639, 3:51
±passage of charged particles through

matter 6:664
±Pauli and 1:408±409, 487±491, 672±

673, 2:72±73, 134, 212, 3:181, 6:91,
119

±correspondence on breakdown of
conservation laws 6:650

±correspondence on complementarity
6:257±258, 264

±correspondence on H-theorem
6:447±448

±correspondence on time 6:134
±Pauli exclusion principle and 2:196±

197
±perturbation theory 1:410, 412±413
±Planck and 6:264
±polarization of ¯uorescent radiation

and 2:162±169
±proposed breakdown of conservation

laws in atomic nuclei 6:648±650,
809, 816, 824

±quantum theory of line spectra 1:181±
200, 243±252, 368±370, 6:36

±`reciprocal' vs. `irreciprocal' processes
2:206, 211, 4:122±124, 6:120

±Rutherford and 1:187±188, 4:52, 121±
122

±SchroÈdinger and 5:306±307, 309±310,
326

±Bohr's reaction to SchroÈdinger's
calculation of relativistic Doppler
shift for spectral lines 5:321

±correspondence on complementarity
6:259, 266±267

±discussions on wave mechanics
6:139±140

±SchroÈdinger's visit to Copenhagen
5:822±828

±Schwinger's lectures and 6:1052,
1054

±Solvay conference (1921) 6:101
±Solvay conference (1927) 6:232, 233,

241±242, 245±246
±on Sommerfeld 6:585
±Sommerfeld and 1:213, 230±233, 344,

359, 2:32±33
±Stark e¨ect and 1:205±206, 251±252
±statistical weights in atomic theory

question 2:156, 6:36

Subject Index: Volumes 1 to 6 1479



Bohr, Niels (continued )
±Stern±Gerlach experiment and 1:442,

444±445
±superconductivity investigations

6:631, 861
±Thomson and 1:182±183
±uncertainty relations and 6:157±158,

693, 694
±initial response 6:181
±for relativistic quantum ®elds

6:697±703
±wave mechanics and 6:138, 139±140,

144±145, 172
±Wolfskehl lectures 1:332±358, 408,

486, 487, 687, 2:87, 127±128
±Zeeman e¨ects and 1:205±206, 251±

252, 485±486, 493
Bohr Festival in GoÈttingen 1:259±372,

2:214, 3:48
Bohr±Kramers±Slater theory of

radiation 1:532±554, 605±606,
2:125±126, 142±144, 153±154,
5:322, 500±501, 6:xxiii±xxiv, 39,
119±120, 242±243, 336

±Compton e¨ect and 1:511±512, 550
±correspondence principle and 1:606,

2:154
±di½culties of 1:606, 2:294±295
±dispersion theory and 1:549±551,

638±642, 2:188
±disproved by Bothe±Geiger experiment

1:609±612, 651, 2:188, 207, 6:20,
112, 120, 163

±Einstein's objections to 1:533±534,
2:144, 5:382±384

±¯uorescence and 1:606, 2:161±165
±`irreciprocal' processes and 2:206±

207
±matter±radiation `coupling principle'

1:538±539
±Pauli's objections to 2:190±191,

5:382±384
±SchroÈdinger's reaction to 5:324
±statistical conservation laws 1:537±

541, 545±546, 548±549, 639, 2:142,
209±210, 6:20, 110±111, 680

±statistical independence of processes in
distant atoms 2:142±143

±two types of resonance radiation
2:191, 6:111±112

±`virtual' radiation ®eld concept 1:544±
554, 639, 643±644, 2:142, 171±172,
223, 6:110

Bohr magneton 1:388±389, 432, 438, 443,
668, 700, 6:582, 625, 1045

Bohr±Sommerfeld theory of atomic
structure 1:155±257, 313±332,
343±358, 685, 3:177, 4:51±52, 133,
5:247±248, 255, 6:xxi±xxvi, 343,
398, 633, 634

±adiabatic hypothesis and 1:232±238,
245, 347, 3:182

±atomic spectra and 1:181±200, 218±
219, 243±254, 348±356, 368, 5:255

±atoms as conditionally periodic quan-
tum systems 1:200±230, 3:257±
266

±building-up principle 1:347±357,
2:114, 119, 6:xxiv

±chemical bonds and 6:525±526
±connection to quantum mechanics

3:254±265
±correspondence principle 1:246±257,

347. See also Correspondence
principle

±di½culties of 1:360, 375±509, 664±665,
671±672, 2:98±124, 193, 263, 293±
294

±diving (penetrating) orbits and 1:353,
368, 656, 2:102±103

±experimental evidence for
±Balmer formula derivation 1:190±

191
±discovery of predicted elements

1:364±372
±frequency condition 1:186, 188±192,

347, 511, 2:214, 307±308
±ground state con®gurations 1:314±

316, 667, 6:xxiv
±di½culties with 1:396±422
±helium structure 1:185, 191±192,

195, 314±315, 349±350, 406±409,
2:87±98

±hydrogen molecule-ion structure
1:391±394, 6:xxiv

±hydrogen molecule structure 1:316,
396

±hydrogen structure 1:185, 188±191,
2:263

±intensities of spectral lines and 1:645

Subject Index: Volumes 1 to 61480



±ionization potentials and 1:197±200,
310

±number of electrons in various atoms
and 1:185

±paramagnetism and 1:354
±Pauli on 6:108
±periodicity of chemical properties and

1:315
±perturbation theory for 1:362±363
±Planck's radiation theory and 1:187±

188, 241
±quantum condition 1:189, 206, 215±

222, 246, 313, 421, 589±590, 598
±radiation damping and 2:41±43
±reactions to the model 1:200±202,

5:225±226
±SchroÈdinger's results for relativistic

Doppler e¨ect in spectral lines
5:319±322

±Sommerfeld's defence of 1:332±333
±Sommerfeld's extension of Bohr's

theory (elliptical orbits, ®ne
structure) 1:212±223, 327±331,
337±339

±stability condition 1:313±314, 345±
346, 391

±Stark e¨ect calculation and 2:216
±stationary state hypothesis 1:185±186,

188±192, 241, 244±247, 6:344
±statistical nature of transitions 1:239±

243
±Stern±Gerlach experiment and 1:443
±superconductivity and 6:861
±wave mechanics and 5:479±480,

495
Boltzmann, Henriette (neÂe von Aigentler)

5:50

Boltzmann, Ludwig 1:95, 5:28, 49±64,
195±197, 6:13±15

±biographical data 1:17, 18±19, 5:49±
53, 61±62, 81, 6:13

±compared to Mach 5:49
±debate over atomic hypothesis and

1:16±17, 5:57±64
±derivation of gas properties 1:14
±determination of atomic heat of

monatomic solids 1:113
±early research interests 5:50±53
±energy distribution of blackbody

radiation and 1:28

±equipartition theorem and 5:212±213
±on his predecessors 5:34
±in¯uence on SchroÈdinger 5:108±109
±irreversible processes and 1:19
±kinetic theory of gases and 1:16, 5:53±

57
±musical ability 5:49
±origins of statistical mechanics and

1:18, 5:768±769
±Planck and 1:32, 34, 47±51, 5:98
±second law of thermodynamics and

1:19
±statistical interpretation of entropy

1:47±51
±Stefan-Boltzmann law derivation

1:28±29
±suicide of 1:17, 19, 5:62, 81
±theorem on average kinetic energy in

adiabatic processes 1:234
Boltzmann±Drude constant 6:573
Boltzmann's constant 1:52±53, 67, 74±75,

6:16, 573
Boltzmann's H-theorem 6:14, 15
Boltzmann's relation for entropy 1:48, 51,

51±52, 6:16
Boltzmann statistics 6:275±276, 278
Bolyai, Farkas (Wolfgang) 5:25±26

Bolyai, JanoÂs (Johann) 5:26

Bonhoe¨er, Karl Friedrich 6:352, 533
Boole, George 3:225
Bopp, Fritz 6:1201, 1236
Borchers, Hans 6:1118
Borel, Armand 6:480
Bormann, Elisabeth 1:307, 308, 434, 5:91,

211±212, 311
Born, Bertha (neÂe Lipstein) 1:294

Born, Hedwig (neÂe Ehrenburg) 1:301, 3:5,
5:724, 6:41, 1245

Born, Margarethe (neÂe Kaufmann) 1:294

Born, Max 1:xiv±xv, 293±313, 344, 409,
415, 720, 4:279, 5:168, 6:123, 175,
192, 194, 212, 326, 339, 349, 419,
496, 645, 677

±anharmonic oscillator and 2:233, 239
±Bethe and 6:48
±biographical data 5:251, 724, 735±

736, 6:1244
±childhood and education 1:294±296
±in Edinburgh 6:1245
±in Frankfurt 1:306±308, 399

Subject Index: Volumes 1 to 6 1481



Born, Max (continued )
±biographical data (continued )

±in GoÈttingen 1:293±313
±later life and research 6:1245
±leaves Berlin for Frankfurt and then

GoÈttingen 1:261
±at M.I.T. 3:220±221
±marriage to Hedwig Ehrenburg

1:301
±personality 1:487, 4:255
±philosophical approach to physics

6:38±39
±teaching style 1:312, 2:77±82
±trouble under Third Reich 6:676,

677, 839, 851, 1245
±work during World War I 1:260

±Bohr and 1:361±362
±Bohr±Kramers±Slater theory of

radiation and 1:551±552, 6:110
±Born±Heisenberg±Jordan collaboration

on matrix mechanics (three-man
paper). See Born±Heisenberg±Jordan
collaboration on matrix mechanics

±Born±Heisenberg perturbation theory
2:80±86, 3:91±138, 6:527

±Born±Jordan collaboration on matrix
mechanics. See Born±Jordan
collaboration on matrix mechanics

±Born±Oppenheimer perturbation theory
6:538±539, 552

±Born±Pauli perturbation theory 2:85,
91±98

±crystal lattice theory 1:141±144, 304±
306, 363, 3:38±43, 120, 5:138, 147

±on the death of a brilliant student
5:186±187

±de Broglie and 1:624±625
±di½culties of atomic theory and 2:98±

106
±dispersion theory 1:304, 642±643

±derivation of Kramers' dispersion
formula 2:223, 6:xxvii

±on Eddington's particle mass theory
6:936

±Einstein and 1:300, 2:276±277, 5:454,
6:40, 242±243

±on Einstein's contributions to statistical
thermodynamics 1:70

±on formulation of quantum mechanics
2:273

±Franck and 2:77
±Gerlach and 1:436
±Heisenberg and 1:420, 2:71±124, 127,

145, 239, 5:327±328
See also Born±Heisenberg±Jordan

collaboration on matrix mechanics
±Heisenberg's July 1925 paper on

quantum mechanics 2:317, 3:7±9
±Heisenberg's Nobel Prize 4:280±281
±perturbation theory 3:289
±Privatdozent position 2:124, 210

±helium model 1:420, 6:xxiv
±institute of 1:311, 436, 6:52±55. See

also GoÈttingen
±intensities of spectral lines and 1:646±

647
±interactions between atoms and free

electrons 2:302
±interpretation of quantum mechanics

6:1200±1203
±disagreements with Einstein 6:242±

243
±`hidden variables' 6:463
±measurement processes 6:464±466
±probabilitic interpretation. See Born,

Max: probabilistic interpretation of
quantum mechanics

±wave±particle duality 6:1202±1203
±Jordan and 3:48, 50, 6:56, 61
See also Born±Heisenberg±Jordan

collaboration on matrix mechanics;
Born±Jordan collaboration on
matrix mechanics

±Jordan's thesis 3:53
±quantum theory of aperiodic

processes paper (1925) 3:54±57
±KaÂrmaÂn and 1:141
±LandeÂ and 1:342, 399, 2:277
±lecture at Oxford (August 1926) 6:49±

51
±lectures in the United States 4:248,

251±256, 261, 265
±mathematical approach of 2:21, 72,

77, 79±82, 227
±di¨erence equations 2:106, 122,

3:6±7
±discretization rule 2:173, 244, 3:56±

57
±matrix mechanics 3:5±12, 43±44,

6:xxix

Subject Index: Volumes 1 to 61482



See also Born±Heisenberg±Jordan
collaboration on matrix mechanics;
Born±Jordan collaboration on
matrix mechanics

±mathematical foundations 6:385±
386

±molecular theory 1:342, 361±362,
397±398, 651, 6:527

±My Life: Recollections of a Nobel

Laureate 6:37
±Nobel Prize 1:608, 4:281, 6:45, 1208
±nuclear arms race and 6:1245
±observability criterion and 2:281±282,

283, 286±287, 3:7
±operator mechanics 3:231±246, 4:201,

5:661±668, 670, 676, 6:xxx, 41, 386±
387

±origins of quantum ®eld theory and
6:200±201

±Pauli and 1:395±396, 409±415, 6:39
±Pauli's negative reaction to matrix

formulation of quantum mechanics
3:11±12, 166±169

±perturbation theory for atomic systems
1:409±415

±probabilistic interpretation of quantum
mechanics 3:138, 5:728±729, 827±
828, 6:xxxi, 9±10, 36±55, 147, 238,
430, 446, 535, 680, 741, 1201±1202

±Problems of Atomic Dynamics 4:252±
253

±quantum electrodynamics 6:935
±Raman e¨ect and 6:369
±Ramsauer e¨ect and 6:371, 372
±reaction to wave mechanics 6:135±

136, 138
±relativity theory and 2:276±277, 5:97
±on relaxation of conservation

laws 1:540
±review of quantum chemistry 6:563±

564
±rigid electron theory 3:36±37
±scattering theory 5:723±735, 6:43±48,

145±146, 172±173, 373±374, 658,
659, 664±665, 666

±solid state physics research 5:341±343,
6:851±852

±Solvay conference (1927) and 6:232,
233, 234, 241±242, 245±246, 247

±statistical conservation laws and 2:144

±Stern and 1:433±434
±virial theorem and 6:878
±von Neumann's work on quantum

statistics and 6:457±458
±Vorlesungen uÈber Atommechanik

1:715±718
±Vorlesungen uÈber Atomtheorie 6:xxvi
±Wiener and 3:221

Born approximation 6:44, 658±659, 664±
666, 905±906, 909. See also Born,
Max: scattering theory

Born±Heisenberg±Jordan collaboration on
matrix mechanics 3:91±138,
6:xxix±xxx, 41, 349, 387±388

±angular momentum conservation
3:101, 157±166

±canonical transformations (principle-
axes transformations) 3:92, 100±
101, 106±109, 120±129, 131±138,
6:21

±cavity radiation 3:152±156, 4:276±277
±continuous spectra 3:131±138
±di¨erential operations 3:97±100
±di¨ering goals, principles, and proce-

dures 3:96±97, 103
±dispersion formulae 3:94, 143±144
±perturbation theory 3:94, 103±109,

144±149
±quantum conditions for systems of

several degrees of freedom 3:95,
109±110

±radiation theory 3:101, 149±156,
4:276±277, 6:200±201

±theory of invariants and 3:118±121
Born±Jordan collaboration on matrix

mechanics 3:12, 57±90, 5:3, 6:xxix,
40

±Born chooses Jordan for collaboration
on matrix representation 3:57±59

±dynamical laws 3:72±80, 96±97
±energy conservation 3:77±79
±formulation of Heisenberg's quantum

condition 3:58±59
±matrix operations 3:65±71, 97±98
±oscillator studies 3:80±87
±radiation theory 3:87±90

Bose, Debendra M. 1:563
Bose, Satyendra Nath 4:109, 275±276,

5:363, 6:xxviii, 107, 192, 275, 356,
358

Subject Index: Volumes 1 to 6 1483



Bose, Satyendra Nath (continued )
±biographical data 1:561±565, 569
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operations 4:141±147
±rigid rotator 4:157

±relativity theory 4:16±22, 70
±Doppler principle and Bohr's

frequency condition 4:84±86
±kinematical and dynamical particle

velocities 4:82±84
±quantum time and `relativity

quantum mechanics' 4:201±213
±relativistic arguments in principle of

detailed balancing 4:90±96
±relativistic electron equation. See

Dirac equation for relativistic
electron

±on SchroÈdinger's formation of wave
mechanics 5:367±368

±on SchroÈdinger's relativistic hydrogen
equation 5:431±432

±solid state theory and 6:576
±Solvay conference (1927) 6:232, 242,

289, 411
±Solvay conference (1930) 6:333
±Solvay conference (1933) 6:815
±statistical mechanics

±dissociation of a gas under a
temperature gradient 4:80±82

±principle of detailed balancing
4:88±97

±on statistical transformation theory
6:8

±support for Chandrasekhar's theory of
degenerate matter in stars 6:840,
886, 887

±symmetry/antisymmetry properties of
wave functions and 6:xxxi

±transformation theory 6:72±89, 293,
1090

±uncertainty relations and 6:182±183
±von Neumann's statistical quantum

mechanics and 6:459±461
±wave mechanics and 4:221
±wave mechanics reformulation 5:757±

771
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Dirac d-function 6:10, 80±83, 88, 141,
149, 206, 220, 229, 384, 388±392,
405

±Dirac's formulation of 6:389±392,
426±427, 429

±in Hilbert's axiomatic approach
6:407

±origin of concept 4:11
±precursors to 6:389±391
±relativistic generalization of 6:221±

223, 699
±Schwartz's `distribution' and `measure'

concept 6:427±429
Dirac equation for relativistic electron

6:97, 232, 287±311, 313±314, 488,
648, 941, 975, 1211

See also Cosmic rays; `Hole' theory
±a-decay and 6:663
±antiparticle prediction 6:773±783
±di½culties with 6:658

±negative energy problem 6:305±311,
314, 335, 773±783

±self-energy problem 6:313±314, 316.
See also Self-energy of electron

±Fermi's application of 6:655±656
±Feynman's positron theory and

6:1093±1095
±formulation of 6:289±299
±Heisenberg±Pauli ®eld theory and

6:313±314, 321±322
±hydrogen spectrum and 6:934±935,

1034, 1040±1041
±hyper®ne structure and 6:655±656
±Klein±Nishina formula and 6:669.

See also Klein±Nishina formula for
Compton e¨ect

±Mott's electron scattering calculation
6:660±661

±Mùller's electron scattering theory and
6:664±669

±Oppenheimer±Furry electron/positron
formalism 6:909±913

±polarization e¨ects and 6:660±661
±`second quantization' 6:96, 1075
±spinors and 6:518±519
±successes of 6:299±305
±Weyl's two-component electron theory

and 6:519±520
±Yukawa's theory of nuclear forces and

6:823

Dirac sea 6:775, 777, 913, 963, 1090. See

also `Hole' theory
Dirac spinor 6:518, 519, 960
Dirichlet, Johann 1:167, 267±268
Discretization of quantum theory. See

Di¨erence equations
Dispersion phenomena 1:629±652, 5:2,

6:1119
±anomalous 1:630±631, 5:119±121,

6:348±353
±experimental proof of negative

dispersion 6:348±353
±negative dispersion concept 1:641±

642
±Raman e¨ect. See Raman e¨ect

±in Bohr±Kramers±Slater theory of
radiation 1:549±551, 638±642,
2:188

±characteristic frequency 1:631±633,
637

±classical theory 1:629±634, 642±643,
2:170±171, 4:126

±Compton scattering. See Compton
scattering

±Darwin's explanation 1:637
±Debye's theory 5:119±121
±de®ned 6:348
±electrical conductivity and 6:617
±Heisenberg's quantum mechanics and

4:126
±intensities of spectral lines and 1:644±

650
±Jordan on 2:175
±Kramers' dispersion formula 2:143±

144, 177, 223, 229±230, 4:126,
6:xxvii, 348±349

±Kramers±Heisenberg theory 2:170±
190, 224±226, 249, 3:143±144, 6:209

±Dirac's studies 4:126±129
±experimental evidence for 2:177,

188
±Klein's wave-mechanical formulation

of 6:178
±Kramers±Kronig dispersion

relations 6:242
±Ladenburg±Reiche theory 1:634±637,

646
±Ladenburg's theory 2:171±172, 175±

176, 249, 5:251
±matrix mechanics for 3:94, 140±149
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±normal dispersion 1:630
±observability criterion and 2:282
±perturbation theory for 1:642±643,

5:789±796
±polarizability and 2:171±173
±predictions for secondary (incoherent)

radiation 5:793±794
±quantum conditions and 3:140±143
±SchroÈdinger's early work on 5:119±

121
±Thomas' rule for number of dispersion

electrons 1:649±650, 5:251
±wave mechanics for 5:789±796
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1:613±616, 5:379, 385, 389±397,
6:19±20, 94, 107
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429
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Dolch, Heimo 6:973±974
Doll, R. 6:1175±1176
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Doppler e¨ect 1:30, 4:198, 6:183

±acoustical 5:30, 43
±Bohr's frequency condition and 4:84±

86
±broadening of spectral lines and 1:518
±light-quantum hypothesis and 1:517±

518
±relativistic Doppler e¨ect for atomic

spectra 5:319±322
±Stark's discovery of 1:100±103
±X-ray scattering and 1:522±523

Dorda, G. 6:1179
Dorfmann, J. 6:333
Dorgelo, Hendrik Berend 1:647±648, 653,

2:311, 6:351
Dorno, Carl 5:380

Doroshkevich, A. G. 6:1190±1191
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during 6:541, 570
Dresden, Max 6:122±123, 933
Droste, Gottfried von 6:1003, 1010
Drude, Burkharst 6:154±155
Drude, Paul 1:92±93, 631, 2:170, 5:120,

6:573
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±biographical data 1:367
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Duhem, Pierre 1:16, 5:58
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5:424
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Dunoyer, Louis 1:433
Duplantier, Bertrand 6:1152
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Dynamical physical laws, Planck on
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6:3±4

Dynamical variables
See also Action and angle variables;

Canonical transformations
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4:148±149
±in Dirac equation 6:303
±in Dirac's q-numbers formulation of

quantum mechanics 4:162±222
±in Dirac's quantum theory of emission

and absorption of radiation 6:205±
208

±in Dirac's reformulation of dynamical
laws 4:148±160

±of electron±positron ®eld 6:1067
±as functions of time and the operator

D � d=dt 4:201
±in Heisenberg±Pauli ®eld theory

6:315, 318±322
±Heisenberg's representation 4:125
±in Lanczos' integral equations approach

to quantum mechanics 3:211, 216±
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±`libration' coordinates de®ned 3:118
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110±111, 232
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Dynamical variables (continued )
±noncommutativity of quantum
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239, 256, 271, 299, 4:125, 129±142
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140
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±quantum time 4:201±213
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2:214, 6:51, 440

±biographical data 6:15
±childhood and education 1:233±234
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±on Bohr±Einstein debate 6:251±254
±Bose±Einstein statistics and 1:618±

619
±criticism of Geiger±Bothe

experiment 1:517
±Dirac's `hole' theory and 6:776
±on distinction between Einstein's light-

quanta and Planck's energy-quanta
1:559±560
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614

±Einstein and 5:384
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impenetrability 6:275±279
±discussions on EPR experiment

6:718±719
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mechanics 6:15±16
±EPR experiment and 6:718, 719
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±Heisenberg and 2:318±320
±Heisenberg on 2:319
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particles and 6:19±20

±Planck's radiation theory and 1:95±
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±quantum statistics and 5:767±769
±queries on puzzling aspects of quantum

mechanics 6:713±715
±radiation theory 3:150±152, 154
±Ramsauer e¨ect and 6:380, 382
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4:232±233
±rotator paradox 6:182
±rotator systems and 1:147±148, 206

±Solvay conference (1927) 6:232, 233,
242

±Sommerfeld and 1:238
±Sommerfeld's atomic structure theory

and 1:236±237
±spinors and 6:515, 516
±superconductivity and 6:861±862
±thermal equalibrium between radiation

and matter and 1:531
Ehrenfest, Tatyana (neÂe Afanassjewa)

1:95, 233, 6:15±16, 339
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EidgenoÈssische Technische Hochschule

(Zurich) 5:11, 276±279, 282±283,
6:314

Eigenfunctions. See Wave function; speci®c

applications

Eigenvalues
See also Wave equation; speci®c

applications

±degeneracy. See Degenerate systems
±eigenvibrations of hydrogen atom

5:423±425
±electrons in crystals and 6:626±627
±energy operator in von Neumann's

thermodynamics of quantum-
statistical ensembles and 6:444±
445

±for harmonic oscillator 5:587±597,
672

±measurement processes and 6:465±467
±`point' and `continuous' spectra

5:489±496, 6:386, 400, 410, 421,
423±424

±for rotator systems 5:594, 598
±von Neumann's Hilbert space approach

6:413±414, 415±416
±von Neumann's statistical operator U

and 6:445
±Wintner's spectral theory of in®nite

matrices and 6:421±425
Einsporn, E. 6:344
Einstein, Albert 1:62, 64, 121±122, 136,

153, 207, 282, 723, 2:66, 100, 273±
277, 279, 280, 303±304, 5:100, 247,
269, 6:xx, 124, 175, 192, 348, 1017,
874, 1138, 1156±1157

±biographical data 5:169, 278±283,
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Einstein, Albert (continued )
±biographical data (continued )

±childhood and education 1:60±
61

±doctoral thesis 1:71
±later life and research 6:1245
±at Leyden 1:261
±marriage and divorce 1:61
±philosophical approach to physics

2:134, 273, 6:113
±at Prussian Academy 1:240
±trouble under Third Reich 6:738,

758, 1245
±withdraws from active research on

quantum theory 1:137
±blackbody radiation theory 1:96±98,

114, 119±123
±adiabatic hypothesis 1:235±237
±energy ¯uctuation formula 1:68±69,

120, 618, 5:244, 6:16, 143, 1202±
1203, 1202±1203

±energy quanta 1:96±98
±Planck's law 1:238±239, 515, 534

±Bohr and 1:257, 358±359, 535±536,
3:202, 6:38±39

±debate on consistency of quantum
mechanics 6:250±255

±debate on uncertainty relations
6:268±271

±dialogues on atomic physics (1913±
1922) 6:97±102

±Bohr±Kramers±Slater theory of
radiation and 1:553±554, 606,
2:144

±Bohr±Pauli±Einstein dialogue on the
fundamental problems of atomic
structure and radiation theory
(1922±1926) 6:107±114

±Bohr's atomic structure model and
1:200±201

±Born and 1:300, 2:276±277, 5:454,
6:40

±Born's probabilistic interpretation of
wave function and 6:36±37

±Bose and 1:565, 569±571, 4:276
±Bose±Einstein statistics 1:572±578,

5:384±389, 6:xxviii, 19, 107. See also

Bose±Einstein condensation
±Brownian motion research 1:17, 19,

71±72, 5:207, 6:17

±on causality 1:535, 723±724. See also

Einstein, Albert: interpretation of
quantum mechanics

±de Broglie's double solution to the
SchroÈdinger equation and 6:1209

±de Broglie's phase wave hypothesis and
1:603±604, 620

±defence of continuum description of
matter 2:279±280

±derivation of Planck's radiation law
1:239±243, 5:245, 6:440

±Ehrenfest and 5:384, 6:275±279, 718±
719

±Einstein±Weyl±Pauli±Eddington dia-
logue (1918±1923) on the concept of
matter 6:94

±electron spin and 1:702±703, 6:121,
287±288

±emphasis on observability 2:273±280
±energy±mass relation 5:80, 6:268
±EPR experiment. See

Einstein±Podolsky±Rosen (EPR)
experiment

±on experimental con®rmation of
general relativity 4:18

±experiments on the nature of light and
6:235±239

±¯uorescence theory 1:322
±gas theory 1:616±618, 5:397±402,

6:16±17, 439±441, 579, 839
±Bose statistics for 1:572±578,

5:384±389
±de Broglie's thesis and 5:412±413
±prediction of degeneracy at low

temperatures 1:145, 577, 5:386±
388, 6:839

±SchroÈdinger's paper on 5:434±444
±general relativity theory 1:286, 5:168±

173
±formulation of 6:102, 104±105
±motion of particles in 6:238±239

±on Gibbs 1:70
±Gibbs' paradox solution 6:xxviii, 19
±`God does not play at dice' statement

6:53±54, 243
±gyromagnetic e¨ect experiment

(Einstein±de Haas experiment)
1:426±428, 476, 2:19, 6:xxv

±heat theory 1:63±70, 72±84
±Heisenberg and 6:131±133
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±Hilbert and 6:395±397, 398
±interference paradox 6:187
±intermolecular forces in ¯uids research

1:62±63
±interpretation of quantum

mechanics 6:93±94, 240±243, 247±
255, 672, 738±743, 747±751, 757,
1198±1202, 1211

±Bohr±Einstein debate 6:1198±1199,
1243

±causality arguments 1:535, 723±
724, 6:40, 239±241, 243, 704

±completeness debate 6:715
±EPR experiment. See Einstein±

Podolsky±Rosen (EPR) experiment
±`God does not play at dice' statement

6:53±54, 243
±objections to Copenhagen interpreta-

tion 6:xxxiv, 267±271
±objections to probabilistic interpreta-

tion 6:53±54
±photon-box experiment 6:715±716,

719
±separability principle 6:740±741

±`inverse elementary processes' 4:89
±Jordan and 6:56±57
±Lanczos and 3:205±206
±lectures in the United States 4:260
±Lenard and 6:236
±letter to Roosevelt on potential of

nuclear ®ssion and 6:1010, 1245
±light-quantum hypothesis 1:24, 59±83,

83±84, 514±517, 533, 605, 5:241±
244, 381±384, 6:xix, xxiii, 40, 43±44,
99±102, 170, 342±343

±on Mach 5:64, 6:130
±Mach's in¯uence on 2:275±276,

5:95
±method for nonseparable problems in

atomic physics 1:230
±Millikan and 5:454±455
±momentum transfer between radiation

and matter 1:242±243, 515±516,
5:245

±Nernst and 1:118
±on Nobel Prize for discovery of

quantum mechanics 5:868
±objections to Bohr±Kramers±Slater

radiation theory 2:144, 5:382±384,
6:40, 111

±objections to Jordan's radiation theory
3:52, 156

±objections to Mie's electrodynamical
®eld theory 6:397

±Pauli and 1:383, 386
±photochemical laws and 1:104
±Planck and 1:122±123, 124, 136,

5:245
±gas theory debate 5:389±391

±proof of existence of atoms 1:63±64,
70±72, 5:81

±proposal for experimental test of phase
wave hypothesis 1:620

±proposal for experimental test of wave
theory vs. light-quantum
hypothesis 1:516±517, 607

±qualitative di¨erences between short
and long wavelength radiation and
1:59, 74±75

±quantized rotational energy and
1:146±148

±Rayleigh±Jeans law derivation 6:19
±reaction to Bohr±Sommerfeld atomic

structure model 5:225±226
±reaction to electron spin proposal

1:703, 3:202
±reaction to matrix mechanics 5:623±

626, 636±637, 6:132±133
±reaction to quantum mechanics

4:275±276, 278±279
±reaction to wave mechanics 5:623±

626, 802, 6:133
±Ritz and 1:119
±Salzburg lecture (1909) 5:97, 99±100,

6:xx
±SchroÈdinger and 5:218±219, 865

±correspondence on de Broglie's thesis
5:412±417

±correspondence on gas theory
5:385±389, 397±402, 403±404, 434±
435

±correspondence on interpretation of
quantum mechanics 6:738±743

±Einstein's reaction to wave mechanics
5:623±626, 802, 6:133

±Solvay conference (1911) 1:131±132
±Solvay conference (1921) 1:536
±Solvay conference (1927) 6:232±243,

246±255
±Sommerfeld and 1:214, 2:19
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Einstein, Albert (continued )
±space quantization and 1:443±444
±special relativity formulation 1:21,

6:xix
±speci®c heat theory 1:24, 114±116,

131±132, 5:138
±Stark and 1:104, 6:236
±Stern±Gerlach experiment and 1:439±

440
±stimulated emission of

radiation 6:1138, 1154
±superconductivity explanation 6:630
±thermal equilibrium between radiation

and matter 1:531±533
±uncertainty relations and 6:154, 157±

158, 240, 268±271
±wave mechanics and 5:556±558, 623±

626, 802
±Weyl's uni®ed ®eld theory and 6:102±

106
±zero-point energy and 1:147, 425, 433,

571
Einstein, Elsa (neeÂ LoÈwenthal) 1:61
Einstein, Hermann 1:60
Einstein, Maria 1:60
Einstein, Mileva (neÂe MaricÏ) 1:61
Einstein, Pauline (neÂe Koch) 1:60
Einstein coe½cients 6:204, 209
Einstein±de Haas e¨ect 1:240, 426±428,

476, 2:19, 6:xxv
Einstein±Podolsky±Rosen (EPR) experi-

ment 6:672, 715±740, 746±755,
1198, 1208, 1210, 1212, 1235

±Bell's analysis 6:1217±1218
±Bohm and Aharonov's analysis

6:1216±1218
±disentanglement of states and 6:1242
±experimental tests 6:1229±1235
±formulation of 6:719±725
±precursors to 6:717±719
±responses to 6:716, 725±740, 746±755,

1216±1218, 1235±1236
Einstein's equation E � mc2 5:80, 6:268
Einstein±Tolman±Podolsky (ETP)

experiment 6:717±718
Einzel tensors 6:457±458
Eisenschitz, R. 6:562, 563
Eisner, Kurt 2:10
Eldridge, John A. 2:161
Electrical circuit theory 3:226±230

Electrical conductivity 6:576
See also Semiconductors; Super-

conductivity
±Bloch's calculation 6:602±607, 609,

611±613
±Brillouin's calculation 6:620
±Frenkel's calculation 6:599
±Houston's calculation 6:590
±Hund's research on atomic shapes and

their in¯uence on macroscopic
properties of solids 6:838

±Peierls' calculations 6:611±616
±relation to thermal conductivity 6:573,

587, 616
±Sommerfeld's calculation 6:586±

587
±Wilson's calculation 6:621

Electrical resistance 6:590, 605±606
Electric charge

See also Charged particles
±atomicity of 6:649
±charge conjugation 6:675, 960±961,

1111±1112
±charge ¯uctuation 6:919±920
±charge-independence of nuclear

forces 6:811, 950, 970, 977
±chemical bonds and 6:522±527
±conservation of 6:519, 520, 649
±experimental determination of

1:53±54, 513, 5:83±87, 200±204,
285

±fractional quark charge 6:1123, 1125,
1131

±Pauli's investigations on di¨erence in
mass between electrons and protons
1:381±383

±quantum ®eld theory and 6:215±216
±relation to Planck's constant 5:100±

103
±Thomson's electric tube theory and

1:84, 513
Electric dipole moment

±of an atom induced by incident
radiation 4:126±127

±matrix formulation of 3:191±193
±of molecules 1:304, 389±391, 437

Electric polarizability 3:191±192
Electric tube theory (Thomson's theory)

1:84±85, 513
Electrolysis 6:522
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Electromagnetism
See also Blackbody radiation; Light-

quantum hypothesis; Photon;
Quantum electrodynamics;
Radiation theory; Renormalized
quantum electrodynamics

±Aharonov±Bohm e¨ect 6:1222±1224
±electromagnetic nature of light 5:231±

234
±electromagnetic nature of short-

wavelength radiation 5:236±239
±electroweak theory 6:1126±1130
±properties of interactions 6:1114±1115
±uncertainty relations and 6:693±703,

695±696
±in Weyl's uni®ed theory 6:102±107
±zero-point energy of ®eld. See Zero-

point energy
Electron

See also b-particles; Cathode rays;
Electron orbits; Electron spin

±Abraham's rigid electron theory
1:231, 658, 701±702, 4:39

±Auger e¨ect 6:129, 344±348, 780, 854
±blackbody radiation laws and 1:92±93
±Bremsstrahlung 1:109±111, 133±134,

3:254±255, 4:108, 5:238
±cathode ray research. See Cathode rays
±charge of. See Electric charge
±chemical bonds and 6:522±527
±chemical properties of elements and

1:186, 668±669
±Compton's quantum hypothesis and

1:522
±Cooper pairs 6:632, 1163, 1165±1168,

1176, 1178, 1182
±debate on the nature of 1:170±173
±de Broglie waves. See De Broglie waves
±dependence on electromagnetic

potential (Aharonov±Bohm e¨ect)
6:1222±1224

±diamagnetism and 1:423±424
±di¨raction 1:626, 4:77, 5:866, 6:371±

384, 583, 608±609
±`dimensions' of 6:332
±Dirac equation. See Dirac equation for

relativistic electron
±discovery of 6:572±573
±discrete velocities of (Planck's theory)

1:149

±in early theories of atomic structure
1:170±181

±Eddington's ideas on deriving charge-
coupling constant of 6:776

±Eddington's work on the nature of
6:106

±electromagnetic mass of 6:1071±
1074

±experimental evidence for. See Cathode
rays

±extended electron models 1:231, 522±
523, 658, 691±692, 701±702

±as fermion 1:683
±interior ®elds of 2:278±279
±light-quantum hypothesis and 1:122
±magnetic e¨ects. See Diamagnetism;

Gyromagnetic ratio; Larmor
precession; Paramagnetism; Zeeman
e¨ect, anomalous; Zeeman e¨ect,
normal

±magnetic interactions 6:230
±magnetic moment of 1:388±389, 432,

691, 693, 700, 707, 2:19, 6:298±299,
1034, 1079

See also Einstein±de Haas experiment
±factor of 2 problem 1:702, 708±709,

3:270±272, 6:113, 274, 287
±impossibility of observing 6:332±

334
±Schwinger's calculations 6:1043±

1050, 1081
±in metals. See Metal electrons
±momentum transfer between radiation

and matter 1:522±527
±number of, in various atoms (Bohr's

theory) 1:185
±phase relations between 2:83±86
±photoelectric e¨ect. See Photoelectric

e¨ect
±photon±electron analogy 6:714
±Planck's constant and 1:92±94
±positron as electron going backwards in

time 6:1089±1091, 1093±1095
±prequantum conception of 6:522±527
±quantization of de Broglie waves and

6:215
±radioactive substances and 1:172
±relativistic 6:271±336

±Dirac equation. See Dirac equation
for relativistic electron
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Electron (continued )
±relativistic (continued )

±Klein±Gordon equation. See Klein±
Gordon equation

±retardation e¨ects 6:230
±scattering of 6:371±384, 661±662,

664±670
±`collisions of the second kind' 2:161,

4:64, 88, 6:344±348
±deep-inelastic electron±nucleon

scattering 6:1130±1131
±di¨raction. See Electron: di¨raction
±Dirac±Kapitza e¨ect 4:77
±dispersion electrons 6:350±353
±from helium atoms 1:405, 419
±implications for atomic structure

1:197±200
±ionization of gases and 1:197±

200
±Lenard's studies and their implica-

tions for atomic structure
1:175

±from mercury atoms 1:153, 197,
6:344

±Ramsauer e¨ect 6:343, 371±372
±re¯ection from metallic surfaces

6:344
±Thomson scattering 1:107±108

±self-energy of 6:313±314, 316, 323,
325, 327, 328, 330, 769±770, 908,
1025

±Bethe's calculation 6:1039±1042
±Feynman diagram for 6:1096
±Feynman's QED formulation and

6:1056, 1092
±Kramers' proposal for renormalizing

mass of electron 6:1039, 1041
±Lamb shift explanation and

6:1039±1042
±Schwinger±Dyson equations and

6:1102±1103
±Schwinger's calculation of magnetic

moment of electron and 6:1044
±in Schwinger's QED

formulation 6:1054, 1070
±superconductivity and 6:1164
±Tomonaga's QED formulation and

6:1085
±Weisskopf 's calculation 6:922±924,

1054, 1092

±spinors 6:280±292
±Stern±Gerlach e¨ect. See Stern±

Gerlach e¨ect
±synchrotron radiation 6:1050
±thermal equilibrium between radiation

and free electrons 1:530±531
±thermionic emission of 6:591±592
±tunneling 6:309±311
±vector vs. spinor representation

6:280±287
±in Weyl's uni®ed ®eld theory 6:105
±Wheeler's single electron in the universe

idea 6:1089, 1097
±word origin 1:171, 5:234
±X-ray scattering and 1:521±522
±Zeeman e¨ects. See Zeeman e¨ect,

anomalous; Zeeman e¨ect, normal
Electron a½nity 1:306
Electron orbits 5:255±256, 259

See also Atomic structure; Bohr±
Sommerfeld theory of atomic
structure; Quantum numbers;
Stationary states

±AmpeÁre's `molecular currents' 1:423±
430

±Bohr's frequency condition 1:186,
188±192, 347, 511

±Bohr's quantum condition 1:189, 206,
246, 313, 421

±Bohr's stability condition 1:313±314,
345±346, 391

±Bohr's stationary state hypothesis
1:185±186, 188±192, 241, 244±
247

±closed shell problem 1:562±571, 2:83±
86, 193±194

±con®gurations of. See Bohr±
Sommerfeld theory of atomic
structure

±crossed ®eld problem and 1:508±509,
2:214, 289

±de Broglie's matter wave hypothesis
and 1:589±590, 594, 596, 598,
5:272, 415±417, 489

±dimensions of 1:387±388
±diving (penetrating) orbits 1:353, 368,

656, 2:102±103
±and Einstein±de Haas gyromagnetic

e¨ect experiment 1:240, 426±428,
476, 2:19, 6:xxv
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±energy calculations 1:189±190, 346±
347, 656±657

±forbidden orbits 1:508±509, 2:289,
3:182±185

±Fues' theory 5:310±311
±Heisenberg's equations of motion and

2:232
±Heisenberg's matrix representation of

dynamical variables and 2:261
±helium models and 2:87±98
±intensities of spectral lines

(Heisenberg's theory) and 2:158±
162

±kinematical character determined by
quantum numbers 2:44±45

±in LandeÂ's anomalous Zeeman e¨ect
theory 1:474±475

±Larmor precession 1:205±206, 246,
453

±Main Smith±Stoner organization of
1:630, 666±671, 677±678, 680,
2:193±194, 3:54, 4:66

±for ortho- and parhelium 2:87
±Pauli exclusion principle. See Pauli

exclusion principle
±Pauli's stability condition 1:392
±quantized angular momentum of

electron in orbit 1:189, 206, 246,
313, 421, 4:188, 195±196

±relativistic ®ne structure and 1:657±
659

±in SchroÈdinger's atomic structure
theory 5:307±310

±SchroÈdinger's extension of Weyl's
theory for quantum orbits 5:312±
318

±search for replacement for concept
2:189±190, 265±267, 273, 284, 290

±replacement by `formal' Fourier
series 2:284±285

±spatial quantization of. See Stern±
Gerlach e¨ect

±in Thomson's model 5:101
±uncertainty relations and 6:155±156,

158
±wave mechanics and 5:474, 495, 631±

636
Electron spin 1:630, 3:196±204, 266±282,

4:275, 5:717±719, 6:xxix, 97, 121±
122, 172, 180, 213, 287±288, 343

See also Dirac equation for relativistic
electron

±anomalous Zeeman e¨ect and 3:272±
279

±di½culties of hypothesis 1:692±694,
702±703, 3:199±202, 267±272

±doublet formula factor of 2 problem
1:702, 708±709

±Thomas' resolution 3:270±272
±discovery of 1:684±709
±extended electron model and 1:691±

692, 701±702
±®ne structure and 1:705±708
±®rst proposals of 1:690±694
±Heitler±London theory of covalent

bonds and 6:550
±helium problem and 5:736±746
±magnetic moment of electron and. See

Electron: magnetic moment of
±Pauli's changing views on 1:692±694,

703, 709, 3:199±204, 268±273
±Pauli's fourth quantum number as

1:692, 694, 700±701, 6:113, 273, 526
±Pauli's objections to 6:274±275
±`screening doublets' explanation 3:280
±Slater's calculation for many-electron

systems and 6:506±507
±solid state theory and 6:842±844
±spin±orbit coupling 1:703±705, 3:199,

202, 6:121, 1022±1023
±spinors 6:280±292
±Uhlenbeck±Goudsmit proposal

1:694±708
±vector waves 6:281±287
±von Neumann±Wigner group-

theoretical calculations for 6:496±
499

±wave mechanics and 5:856
±Zeeman e¨ects and 1:700

Electroweak theory 6:1126±1130
Elementary particles. See Particle physics
Element No. 72 1:364±366, 370±372,

5:259, 271, 6:116, 526
Element No. 93 6:966±967, 999, 1000
Elements, properties of. See Periodic

system of elements
Elements, transmutation of 6:633±635

See also Nuclear reactions
±by a-particle bombardment 4:29, 32,

34, 6:656±657
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Elements, transmutation of (continued )
±by neutron bombardment 6:902, 964±

967, 980±989, 999±1003
±in stars 6:991±998, 1144±1145, 1184

Elimination of the nodes problem 4:185±
187

Ellett, Alexander 2:161
Ellis, Charles D. 4:32, 6:326, 634±638,

650, 817
Elsasser, Walter 6:40, 343, 916, 981

±de Broglie and 5:270
±electron di¨raction interpretation

6:373±376
±Ramsauer e¨ect interpretation 1:620,

624±627, 3:150
±shell model of nuclear structure 6:973,

1022
Elster, Julius 5:122±123

Emden, Robert 1:586
Emission of radiation 1:24±25, 59, 122

See also Dispersion phenomena;
Kirchho¨ 's function; Spectroscopy

±Bohr±Einstein dialogues (1913±1922)
6:99±102

±Bohr±Kramers±Slater radiation theory
and 1:544±546, 548

±conservation laws and 1:534
±di½culties with wave mechanics and

6:138
±Dirac's action-angle scheme 4:179±

180
±Dirac's quantum theory of 6:205±210,

324
±as directed process 5:227±228, 6:100
±Einstein's derivation of Planck's

radiation law and 1:240±243, 515
±Einstein's stimulated emission 6:1138,

1154
±by electrons passing through a potential

barrier 6:325±326
±Hilbert's axiomatic approach to

6:394±395
±instantaneous emission vs. emission

over ®nite time 1:543, 548, 2:41,
5:499±500, 6:236

±Lorentz's radiation theory and 1:92
±masers and lasers 6:1138, 1153±1156
±matrix mechanics' lack of

representation of a time sequence
6:133±134

±momentum transfer in 1:242±243,
515±516

±MoÈssbauer e¨ect 6:1173±1175
±Pauli's work 6:451
±Planck's hypothesis of continuous

exchange of energy in absorption
and emission processes 1:150

±Planck's quantum emission hypothesis
1:125±126, 130, 146, 148±149, 206,
248, 424±425, 2:243, 4:50, 5:587,
6:19

±and the principle of detailed balancing
4:88±97

±X-ray ¯uorescence spectra (Kossel's
theory) 1:320±324

Energetik theory 5:58
Energy

See also Eigenvalues; Uncertainty
relations; speci®c applications

±of atomic nuclei 6:648, 970±973
±commutation relation for 3:250, 252,

4:203
±conservation of. See Conservation of

energy
±exchange. See Exchange energy
±Helmholtz's recognition of di¨erent

types 1:5
±magnetic. See Magnetic energy
±negative energy problem in Dirac's

theory 6:305±311, 314, 335
±self-energy problem in ®eld theory

6:313±314, 316, 323, 325, 327. See

also Self-energy of electron; Self-
energy of photon

±in von Neumann's thermodynamics of
quantum-statistical ensembles
6:439±445

±word origin 1:5
±zero-point. See Zero-point energy

Energy ¯uctuations
±in Einstein's statistical mechanics

formulation 1:68±69, 120, 618,
6:16

±in Heisenberg's theory of ferro-
magnetism 6:601±602

±Jordan's matrix formulation of
radiation theory and 3:153±155,
6:56±57

±light-quantum hypothesis and 1:121,
514, 5:244
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Energy±frequency relationship E � hn

1:49, 102, 125, 584, 594±595, 6:xviii,
xxiii, 196±197, 252

Energy-quantum hypothesis 6:342±343
±in Bohr's atomic structure model

1:188±192
±debate over equipartition theorem and

1:85±90
±di½culties with 1:137±138
±dispersion theory and 2:185
±Einstein's studies 1:96±98, 6:100
±light-quanta interpreted as Planck's

energy-quanta 1:613
±Planck's constant and 1:79
±Planck's quantum emission hypothesis

1:125±126, 130, 146, 148±149, 206,
424±425, 2:243, 4:50, 5:587, 6:19

±Thomson's studies 1:84±85
±as topic of ®rst Solvay conference

1:128±136
`Energy surface' (von Neumann's concept)

6:452±456
Englert, Berthold-Georg 6:1239
Enscher, J. R. 6:1158
Entropy 6:14

See also H-theorem; Second law of
thermodynamics

±in Boltzmann's studies 1:19, 34±35,
47±52, 55, 5:56±57, 6:16

±in Bose statistics 1:575, 5:388±389
±Clausius' use of term 1:6
±Einstein's derivation of Planck±

Boltzmann formula 6:440
±in Einstein's studies 1:63±70, 75±79,

97, 119, 5:384±385, 388±389, 397
±Gibbs' paradox 1:614±615, 618,

5:339±341, 384±385, 6:15±16, 19
±Gibbs' phase space method 1:57
±mixing paradox 1:576±577, 613±615
±of monochromatic radiation 1:75±

80
±`natural radiation' concept and 1:37
±of a perfect gas 1:75±80
±`permutation measure' and 1:51
±Planck's 1=N! factor and 5:361±363
±Planck's de®nition 5:394, 396
±in Planck's studies 1:34±35, 37±39,

43±59, 97, 573
±SchroÈdinger's research on 1:616±617,

5:361±363, 391±393

±Szilard's paper on entropy and
intelligence 6:469

±vapour pressure of monatomic solids
and 1:145±146

±volume dependence in radiation theory
of 1:76±77

±in von Neumann's thermodynamics of
quantum-statistical ensembles
6:439±445

Enz, Charles P. 6:1246
EoÈtvoÈs, Lorand von 3:205, 5:170±171
Epicurus of Samos 1:11
EPR experiment. See Einstein±Podolsky±

Rosen (EPR) experiment
Epstein, Jakob 6:340
Epstein, Paul Sophus 1:11, 2:128, 5:717,

6:40
±biographical data 1:223, 259, 4:261,

5:288±289, 290
±crossed ®eld problem and 1:502±

505
±doctoral thesis 4:270, 5:671±672
±H2 model and 1:397, 398
±intensities of Zeeman and Stark spectral

components 1:338
±Stark e¨ect calculations 1:223±227,

2:213, 4:271, 5:604±609, 720±723,
6:xxiii, 31

Equations of motion 2:299±300
See also Dynamical variables;

Hamiltonian; Hamiltonian
equations of motion

±classical derivation from action
principle 3:75

±conservation laws and 3:158±159
±for harmonic oscillator 2:242±243
±Heisenberg's approach to anharmonic

oscillator 2:231±251
±Lagrange's equations 1:4±5
±matrix formulation of 3:74±80, 98±

99, 110±111
±for relativistic electron (Dirac's theory)

6:291±292, 303
±in Schwinger's QED formulation

6:1077±1078
±for systems with time-dependent

Hamiltonian 4:202±203
Equipartition theorem 1:23, 85±90, 114,

151, 5:212±213, 536
Ergodic hypothesis 6:15±16, 445±456
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Ergodic hypothesis (continued )
±di½culties with von Neumann's proof

6:461±462
±von Neumann's proof of 6:431, 451±

456
Erochin, Peter 1:659
Er-Rakho, L. 6:1181
Esaki, Leo 6:1182
Escher, Gottfried 5:274
Estermann, Immanuel 5:250, 6:379, 379±

380, 952
ETH. See EidgenoÈssische Technische

Hochschule (Zurich)
Ether 1:23, 6:101

±blackbody radiation and 1:98
±early concepts of 1:10
±`ether-wave' hypothesis (Stark's

description) 1:105, 110
±in Huygens' theory of light 5:231
±in Lanczos' radiation theory 3:207±

208
±Loschmidt's theory 5:32
±Maxwell's model of 1:10
±Michelson±Morley experiment 1:20,

5:453±459
±propagation of radiation and 5:241
±in Thomson's electric tube theory 1:84
±Trouton±Noble experiment 5:456±

458
±X-ray di¨raction and 1:106

ETP experiment. See Einstein±Tolman±
Rosen (ETP) experiment

Ettinghausen, Albert von 1:116
Ettinghausen, Andreas von 5:27±28, 30
Eucken, Arnold 6:533

±biographical data 1:118, 5:247
±on discontinuities in radiation

phenomena 1:153
±hydrogen molecule model 1:397, 398
±on quantum±classical relationship

6:xxi
±speci®c heat of solids 5:247, 356

Euler, Hans 6:977
±calculations on scattering of light by

light 6:920±922, 1079
±cosmic ray `showers' and 6:940
±Euler±Heisenberg Lagrangian 6:1079
±lifetime of Yukawa particle 6:954

Euler, Leonhard 1:4, 3:13, 16, 5:232
Euler summation formula 6:1151

European Centre for Nuclear Research
(CERN) 6:1018, 1111, 1129, 1134,
1246, 1247

Evans, Evan J. 1:191±192, 231
Eve, Artur Steward 5:159±160, 234
Everett, Hugh 6:1224±1226, 1234
Ewald, Paul Peter 1:379, 2:75

±biographical data 1:281, 301, 2:16,
5:249, 6:677, 839

±on Courant and Hilbert's book
5:582±583

±Pauli's Jewish identity and 1:377
±X-ray di¨raction 5:142, 6:242, 608±

609
Ewald, Rose 1:281

Ewing, Douglas H. 6:850
Exchange energy

±Bloch's ferromagnetic calculations and
6:627

±chemical bonds and 6:541±546, 570
±Heitler±London exchange phenomena

identi®ed with Heisenberg's
resonance phenomena 6:548±549

±Heitler's group theory calculations
6:502±503

±nuclear structure theories and 6:814,
825, 970

Exchange forces
See also Nuclear force
±Heisenberg forces 6:825±829, 970±

971, 973, 975±977, 979
±Majorana forces 6:944, 947, 970, 971,

973, 975, 979
±nuclear structure theories and 6:810±

811, 814, 823±836, 975
±relationship between range of force and

size of particle 6:830
±t-matrix formalism for 6:976±977

Exciton 6:855
Exner, Adolf 5:74

Exner, Auguste (neÂe Bach) 5:75

Exner, Franz Seraphim 1:552, 5:32, 33,
72±77, 88, 93±94

±atmospheric studies 5:121±123
±biographical data 1:352, 5:74±75
±causality debate and 6:679
±colour theory 5:293, 295, 297, 332
±nature of physical laws and 5:301±302
±statistical physical laws and 1:540,

6:4±5
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Exner, Friedericke (neÂe Schuh) 5:75

Exner, Karl 5:74

Exner, Siegmund 5:74

Fahrenheit, Gabriel Daniel 1:5
Fairbank, William M. 6:1175±1176
Fajans, Kasimir 1:343, 5:188, 339±340
Fang, F. F. 6:1179
Fano, Ugo 6:999
Faraday, Michael 1:8, 84, 172, 5:232,

6:522
Faraday e¨ect 1:454, 2:162
Faraday's constant F 1:52, 6:522
FaxeÂn, Olov Hilding 6:381±382
Feather, Norman 6:788, 790, 1007
Fechner, Gustav Theodor 1:168±169

Federov, Evgeni Stepanovic 6:474
Feenberg, Eugene 6:973, 976, 977
FejeÂr, Lipot (Leopold) 3:205
Felix, Savart 1:7
Fermat, Pierre de 6:11
Fermat's principle 1:593±594, 597±598,

5:504, 530, 555
Fermi, Enrico 6:192, 241, 275, 575, 803,

981
±b-decay explanation 6:674, 772, 818±

820, 824±832, 938, 1021
±biographical data 1:682, 2:76, 5:747,

6:1091
±Bohr's formulation of complementarity

principle and 6:195
±collision processes 5:735
±cosmic ray `showers' and 6:938±949
±Curie±Joliet discovery of arti®cial

radioactivity and 6:821, 964±965
±doctoral thesis 5:749
±electron scattering theory 6:668
±element No. 93 and 6:966±967
±Fermi±Dirac statistics formulation

1:682±683, 3:299, 5:751±757, 765±
767, 6:xxx, 275±280

±®eld theory 6:675, 975, 995. See also

Fermi, Enrico: b-decay explanation
±Heisenberg and 2:75±76
±hyper®ne structure explanation 6:655±

656
±institute in Rome 6:803
±Meitner±Hupfeld anomaly and 6:821
±neutrino discovery and 6:817±818

±Nobel Prize 6:999
±nuclear ®ssion and 6:902, 965±967,

985, 999, 1004±1005, 1010
±Fermi on Szilard's cautions on

military applications of nuclear
®ssion 6:1009

±nuclear chain reaction experiments
6:1007, 1012±1014

±nucleon resonances 6:1111
±personality of 5:747±748
±perturbation theory and 2:82
±quantum electrodynamics 6:668, 761±

762, 900, 968
±Schwinger's lectures and 6:1055
±Solvay conference (1930) 6:333
±spin±orbit coupling and 6:1023

Fermi, Laura 2:76
Fermi±Dirac statistics 3:299, 5:746±757,

765±771, 6:xxx, xxxi, 275±280
See also Pauli exclusion principle
±`alternation theorem' for atomic nuclei

and 6:657
±anticommutation relations 6:316, 321
±compared to Bose±Einstein statistics

5:766±771
±correlation energy and 6:843±845
±degenerate matter in stars and 6:879±

882, 888±893, 896±897
±electrons in metals and 5:771, 6:577±

593
±impenetrability of matter and 5:769±

770
±particle spin and 5:771
±Pauli's H-theorem studies and 6:448
±quantization of de Broglie waves and

6:213±218
±spin-statistics theorem and 3:301,

6:942, 960±962, 1066, 1083, 1112
±superconductivity and 6:1163, 1165±

1167
±zero-point energy and. See Zero-point

energy: of Fermi gas
Fermi energy. See Zero-point energy: of

Fermi gas
Fermilab 6:1018, 1134
Fermi particles 1:683

See also speci®c particles

±impenetrability question and 6:274±
280

Ferromagnetism 3:301, 6:576
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Ferromagnetism (continued )
±atomic structure models for 1:430
±Bethe's calculations 6:627±628
±Bloch's calculations 6:617, 626±628
±Frenkel's work on 6:598±600
±Heisenberg's solution of 6:595±602
±Landau's theory 6:1171
±magnetic anomaly and 1:422±445
±Weiss' theory 5:266

Feynman, Arline (neÂe Greenbaum) 6:1091

Feynman, Richard Phillips 1:xxvi, 6:1066,
1088±1099, 1095±1099

±anomalous magnetic moment of
electron calculation 6:1045±1048

±Bethe and 6:1056
±Bethe's Lamb shift calculation and

6:1042
±biographical data 6:1089, 1244, 1248,

1250±1251
±Case's theorem and 6:1092±1093
±Dyson and 6:1061, 1063, 1099±1107,

1105±1106
±on Dyson's work 6:1106
±Feynman diagrams. See Feynman

diagrams
±interpretation of quantum mechanics

6:1197
±Lamb shift and 6:1074
±Nobel Prize 6:1029
±operator calculus paper 6:1098
±`parton' model (quarks) 6:1131
±positron theory 6:1093±1095
±principle of least action and 6:1090
±QED formulation 6:1043, 1051, 1091±

1099
±equivalence to Tomonaga and

Schwinger approaches 6:1099±
1106

±foundations of 6:1088±1091
±Lamb shift 6:1096±1097
±lectures on 6:1055±1057
±path integrals 6:1024±1030, 1060±

1061, 1082, 1090, 1228
±self-energy of electron 6:1092
±vacuum polarization and 6:1057,

1058, 1097
±Schwinger and 6:1044±1045, 1055,

1057±1059, 1091±1092, 1095, 1106±
1107

±on Schwinger's lectures 6:1051±1052

±Slotnick and 6:1092, 1097
±superconductivity and 6:1162
±super¯uid helium studies 6:1160±

1161
±transition amplitudes 6:1028
±universal (V±A)-theory of weak

interactions 6:1114
±Wheeler±Feynman collaboration on

time-symmetric electrodynamics
6:1089±1090, 1091

±working style of 6:1055±1056
Feynman diagrams 6:1051, 1083

±Dyson's explanations of 6:1106
±Feynman's formulation of 6:1095±

1097
Feynman parameter n 6:1071
Fiedler, Wilhelm 5:277
Field-like representation of quantum

mechanics 3:204±220, 4:236, 5:4,
6:xxx, 72, 387±388

±Dirac's transformation theory and
6:80

±equivalence to matrix mechanics
5:642±649, 6:388

±Pauli's criticism of Lanczos's theory
5:665±668

Fierz, Markus 6:801
±on Balmer 1:163
±Pauli±Fierz collaboration on

elementary particles 6:959±962
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(Einstein±de Haas experiment)
1:426±428, 476, 2:19, 6:xxv

Subject Index: Volumes 1 to 6 1519



Haas, Wander Johannes de (continued )
±magnetic susceptibility observations

6:626
±superconductivity research 6:630, 863

Haber, Fritz 1:310, 5:684±685, 6:353
Habicht, Conrad 1:69, 70, 71, 72
Hadrons 6:1115, 1117

See also Strong interactions
±quarks 6:1123±1125, 1130±1131

Hafnium, discovery of 1:370±372, 5:259,
271, 6:116, 526

Hafstad, Lawrence R. 6:968, 969, 976
Haga, Hermanus 1:109, 5:237
Hagen, Ernst 1:92
Hagley, E. 6:1242
Hahn, Hans 6:684
Hahn, Otto 1:xvii, 6:346, 637, 1017

±German nuclear energy program and
6:1011

±Meitner's escape from Germany and
6:1000

±neutron bombardment of uranium
6:967

±nuclear arms race and 6:1245
±nuclear ®ssion discovery 6:676, 991,

1000±1003, 1010
Haitinger, Ludwig 5:163
Hajek, Franz 5:43
Halban, Hans von 6:1007, 1011
Hall, Edwin H. 6:192, 574
Hall, H. E. 6:1174
Hall e¨ect 6:587±590

±Hume-Rothery's investigations 6:853
±Peierls' calculations 6:610±613
±quantum Hall e¨ect 6:1179±1180,

1183
±Wilson's work on semiconductors

6:624
Haller, Albrecht von 1:262±263
Hallwachs, Wilhelm Ludwig Franz 1:81

Halpern, Otto 1:504, 4:95, 237±238,
5:263±264, 6:338, 907

Hamburg 4:241, 5:249±250, 6:257. See

also Pauli, Wolfgang
Hamilton, William Rowan 3:15, 20, 34,

5:232, 6:11
±biographical data 1:4±5
±optical±mechanical analogy 5:506±

522
±wave optics 5:554

Hamiltonian 5:232, 6:xxxi
±adiabatic principle and 4:98±100
±for atom (von Neumann±Wigner

group-theoretical calculations)
6:498

±for atomic nucleus 6:810±811, 818±
819, 832

±classi®cation of ®eld theories and
6:957

±for Compton e¨ect 4:209±211
±in Dirac's q-numbers formulation of

quantum mechanics 4:196
±in Dirac's quantum theory of radiation

6:206±209
±in Dirac's reformulation of dynamical

laws 4:152±160
±for electromagnetic ®eld 6:921
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87
±for diatomic molecules 3:188±189
±energy conservation and 3:77±79
±for harmonic oscillator 3:80±83
±for helium atom in external electric

®eld 4:245
±for hydrogen 3:175
±perturbation theory and 3:104±105
±for rotator 4:237
±separable Hamiltonian 3:77±78
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±in Peierls' Hall e¨ect calculations

6:612
±in QED 6:932±933, 1069, 1100, 1101,

1114
±quantization of Bose ®elds and 6:225±

227, 230
±in quantum ®eld equation 6:214±215
±for relativistic systems 4:206±208

±relativistic electron (Dirac's theory)
6:296, 304

±relativistic hydrogen 3:261±262
±for rotator 4:237
±time-dependent 3:148, 4:200±205
±WKB approximation and 6:29±30

Hamiltonian equations of motion 1:4±5,
5:232

±in Dirac's reformulation of dynamical
laws 4:135, 137±140, 148±160

±equivalence of wave and matrix
mechanics and 5:645±646

±Hamilton's formulation of 5:518
±in Heisenberg±Pauli ®eld theory 6:319
±Jacobi's investigations of 5:512
±matrix formulation of 3:74±80
±Poisson brackets and 4:135, 137±140,

152±154
±quantum electrodynamics and 6:767±

768
±relativistic 4:206
±in Wiener's operator mechanics 3:237

Hamilton±Jacobi equation 1:226, 410,
419

±Jordan's canonical transformations and
6:62

±matrix formulation of 3:104±106
±for one-electron atom 1:227±228
±phase relations between electrons and

2:84
±for time-dependent systems 4:201±205
±wave mechanics and 5:488, 533, 543±

546, 550, 555, 671±672
Hamilton's action principle 6:226, 1066.

See also Principle of least action
Hamilton's characteristic function 5:509±

512, 518±521, 544±552, 556±568,
6:62

±eiconals and 5:516, 521
Han, M. Y. 6:1125
Hanle, Paul A. 5:324, 339, 369

Hanle, Wilhelm 2:78, 161±162, 169, 3:8,
6:1010

Hansen, Gerhard 1:659
Hansen, Hans Marius 1:188, 336, 449±

450, 490, 653, 2:147, 6:126
Hara, Osamu 6:1086
Hardy, Godfrey Harold 4:44±45

Hargreaves, C. R. 6:1149
Hargreaves, J. 6:654±655
Harkins, William D. 6:786
Harmonic oscillator 1:131

±Bohr's correspondence principle and
1:249

±Born±Wiener operators for 6:387
±coupled-oscillator approach to helium

problem 3:289±291
±Dirac's canonical variables and

4:156±157
±Dirac's relativistic treatment of 4:198±

200
±Eckart's proof of equivalence of wave

and matrix mechanics and 5:671±
675, 678±679

±Eckart's solution to SchroÈdinger
equation for 4:270

±energy conservation in quantum
mechanics and 2:253

±energy of 2:271, 5:587±591, 672
±equation of motion for 2:242±243
±matrix methods for 3:80±83
±quantum condition on phase space

integral 1:206
±radiation theory and 3:155, 6:205±206
±wave mechanics for

±energy eigenvalues 5:587±591, 672
±one-dimensional 5:579±580, 579±

591
±several degrees of freedom 5:591±

593
±wave mechanics vs. matrix mechanics

for coupled oscillators 6:143±
144

±Wiener's operator mechanics for
3:238±241

Harouche, Serge 6:1240±1241
Harteck, Paul 6:533, 1011
Hartley, Walter 1:165
Hartmann, Johannes 3:49
Hartree, Douglas Rayner 4:65±66, 248,

5:330, 6:74

Subject Index: Volumes 1 to 6 1521



Hartree, Douglas Rayner (continued )
±Hartree±Fock approximation

formulation 6:762±763, 842
±response to Slater's calculations of

energy states of many-electron
atoms 6:508

±self-consistent ®eld approximation
6:505

Hartree±Fock approximation 6:505, 842,
913±914, 918±919, 973, 978

Harvard University 4:258, 260, 263,
5:863, 6:851, 1250

HasenoÈhrl, Ella (neÂe BruÈckner) 5:79

HasenoÈhrl, Fritz (Friedrich) 5:63, 72, 77±
80, 135, 136, 195

±biographical data 1:259, 379, 5:12,
77±79, 188±189, 226, 252

±special relativity theory and 5:80, 96
HasenoÈhrl, Gabriele (neÂe Freiin Pidoll zu

Quintenbach) 5:79

Hasert, F. J. 6:1129
HasseÂ, Henry Ronald 4:13, 15
Hauser, F. 5:334
Haxel, Otto 6:1022
Hayashi, Chushiro 6:1144, 1185±1186
Heat radiation. See Blackbody radiation
Heaviside, Oliver 1:84, 3:225, 226±227,

6:88, 386±387, 391
Heaviside function 3:226±229, 6:427
Hebel, L. C. 6:1168
Hecke, Erich 1:287

Heckmann, Gustav 2:75
Hegloland, Heisenberg recovers from hay

fever in 2:248±251
Heilbron, John L. 6:38
Heintz, Wilhelm 1:42
Heisenberg, Anna (neÂe Wecklein) 2:5±6

Heisenberg, August 2:5±7, 14, 69, 74
Heisenberg, August Wilhelm 2:5

Heisenberg, Erwin 2:5±6

Heisenberg, Werner 1:xi±xiv, 286, 334±
335, 3:104±109, 284±285, 300,
4:275, 5:2, 6:98, 124±125, 141, 175,
192, 194±195, 219±220, 274, 275,
338, 349, 422±423, 432, 447, 450,
506, 957

±analysis of many-electron atom models
1:689±690

±anharmonic oscillator studies 2:209±
210, 230±260, 288, 308, 4:125±126

±anomalous Zeeman e¨ect studies
1:467, 477±480, 485, 491±492,
2:28±40, 110±124, 158±161, 6:xxiv±
xxv

±electron spin and 3:272±279
±intensities of Zeeman components

1:360, 3:276±277
±Pauli's theory 1:492
±summation principle 3:278

±atomic core±series electron model
1:673, 675, 677, 679, 682, 689, 701,
2:34±39

±b-decay explanation 6:651
±biographical data 2:125±208, 6:272,

312, 330
±activities during World War I 2:9±

11, 139±140
±alleged rivalry with SchroÈdinger

5:772±773
±call to Leipzig 4:280, 6:124, 272,

312
±in Copenhagen 6:117±119
±doctoral examination 2:74, 266±

269, 5:802±804
±doctoral thesis 2:56±62
±early in¯uences 2:5±13
±education in Copenhagen 2:125±

208
±education in GoÈttingen 2:71±124
±education in Munich 2:5±69, 74
±e¨ect of anti-Semitism on 6:837
±e¨ect of World War II on 6:1031
±®rst visit to Copenhagen 2:125,

135±144
±hay fever 2:242±251, 6:809
±later life and research 6:1244, 1245
±learning Danish and English 2:146±

147, 148
±as member of Bohr's Institute

3:286, 4:243±244, 6:123±130
±musical ability 2:138, 148
±nuclear arms race and 6:1245
±personality 2:73, 74, 133, 138
±philosophical approach to physics

2:285±287, 4:13, 6:132±135, 152,
687±692

±reputation 4:279±280
±return to GoÈttingen 2:209±220
±second visit to Copenhagen 2:144±

208

Subject Index: Volumes 1 to 61522



±trouble under Third Reich 6:758±
759
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other Ersatz models 2:235

±Pauli and 1:xxxvii, 2:16±18, 27±28,
206±207, 4:235, 5:661±663, 6:109,
112, 141

±debate over quantum numbers
1:491±492

±Pauli's encouragement of
Heisenberg's quantum mechanics
formulation 2:322

±Pauli's interest in Heisenberg's
education 2:132±135, 142

±Pauli's negative reaction to GoÈttingen
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939

Subject Index: Volumes 1 to 61524



±on Dirac's new hole theory 6:916±
918
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±Heisenberg±Pauli nonlinear spinor

theory 2:18, 6:1119±1120, 1127,
1247

±Heisenberg's argument on universal
length 6:956, 957±958

±Heisenberg's report on general
problems and types of ®eld theories
6:956±959

±Heisenberg's S-matrix formulation
6:1030±1033, 1119±1122

±Jordan±Pauli electrodynamics for
charge-free ®elds 6:322±323

±Klein's ®ve-dimensional relativity
theory and 6:179

±Lagrangian formulation of 6:1025±
1026

±local ®eld theories 6:1118±1120
±Majorana's theory 6:944, 947
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Quantum ®eld theory (continued )
±nonlocal ®eld theories 6:1118
±origins of 6:199±232

±quantization of Bose and Fermi ®elds
6:200, 223±232

±quantization of de Broglie waves
6:200, 210±218

±quantum electrodynamics 6:218±
223. See also Quantum electro-
dynamics

±quantum-theoretical reformulation of
classical ®elds 6:200±210

±Pauli±Weisskopf quantization of
Klein±Gordon equation (scalar
electron theory) 6:941±943, 946,
948, 950, 959

±Proca equation and 6:943±944, 950
±retardation e¨ects 6:317±318
±Stueckelberg's `new mechanics' (1941)

6:1024
±supersymmetric ®eld theories 6:1136±

1137
±symmetry of quantum ®elds under

charge conjugation 6:675, 960±961
±Yukawa's U-particle theory. See

U-particle theory
±zero-point energy of radiation problems

6:316, 323±324, 327
Quantum gravity 6:1136
Quantum jumps

±in Bohr±Heisenberg±SchroÈdinger
discussions 6:140

±in Born's probabilistic interpretation
of quantum mechanics 6:39±40,
50

±Einstein's objections to 6:40
±excitation by collisions 6:344
±Heisenberg's con®rmation of 6:77
±in Jordan's transformation theory

6:59±61, 67, 72
±modi®cation of SchroÈdinger equation to

avoid quantum jumps 6:1238
±SchroÈdinger's objections to 6:43, 59±

60
±uncertainty relations and 6:162

Quantum mechanics
±completeness debate. See Completeness

of quantum mechanics
±connection to Bohr±Sommerfeld theory

3:254±265

±Dirac's Poisson bracket approach to
reformulation of dynamical laws.
See under Dirac, Paul

±Dirac's q-numbers representation. See

under Dirac, Paul
±early reviews and lectures on 4:247±

256
±equivalence of di¨erent formulations

5:636±684, 762, 781±783, 6:xxx, 8,
10, 61±89, 388. See also Statistical
transformation theory

±Everett's `relative state' formulation of
6:1224±1227

±Feynman±Tomonaga space-time
formulation of 6:1024±1030

±Heisenberg's formulation of. See under

Heisenberg, Werner
±interpetations of. See Interpretation of

quantum mechancis
±Lanczos' ®eld-like representation.

See under Lanczos, Cornelius
(Kornel)

±mathematical foundations of. See

Mathematical foundations of
quantum mechanics

±matrix formulation of. See Matrix
formulation of quantum mechanics

±paradoxes in 4:274±275, 277±278. See

also Interpretation of quantum
mechanics

±parallels with special relativity
formulation 2:304±305

±progress summarized (1900±1913)
6:xix±xxii

±progress summarized (1900±1925)
1:711±724

±progress summarized (1913±1926)
6:xxv±xxxi

±progress summarized (1925±1926)
4:273±283, 5:4±5

±progress summarized (1926±1942)
6:xxxiv±xxxvi

±propagation throughout Europe
4:235±246

±reactions to the new theory
±in Copenhagen 4:231±233
±in GoÈttingen 4:227±233
±in the U.S. 4:257±272

±SchroÈdinger's wave mechanics. See

Wave mechanics
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±Wiener's operator mechanics. See

Operator mechanics
±word origin 2:273, 4:227

Quantum numbers 5:259
±angular momentum and 3:161±166,

180
±anomalous spectral lines and 1:687±

689
±anomalous Zeeman e¨ect and 1:462±

463, 472±475, 481±484, 491±492,
501, 2:28±40, 44±48, 112, 113±124,
3:274±280

±`apparent quantum sum' 1:353
±band spectra and 1:334, 2:243, 269±

270, 312±313, 5:690±698
±Bohr and Coster's organization of

X-ray levels and 1:368
±Bohr's correspondence principle and

1:246±257
±in Bohr±Sommerfeld theory 2:193,

6:xxii
±classi®cation of particle interactions

and 6:1116
±crossed ®eld problem and 1:503, 507±

508
±in Dirac's theory 6:304
±®ne structure and 1:699
±Fues' theory 5:310±311
±Goudsmit±Uhlenbeck proposal for a

third quantum number 5:547±
548

±half-integral 1:477±479, 6:xxix
±anharmonic oscillator energy and

2:168±169
±band spectra and 2:243, 269±270,

312±313, 5:379, 695, 698
±Bohr's objections to 2:136±137
±conservation of angular momentum

and 3:163±165
±debate over 1:491±493, 2:28±40,

86±98, 98±106
±in Dirac's Hamiltonian scheme

4:158±159
±excluded for angular momenta of

one-electron atoms 3:180
±experimental evidence against 2:136
±experimental evidence for 2:101±

106
±Heisenberg's formulation of quantum

mechanics and 2:301±302

±Heisenberg's proposal 1:478±479,
685, 2:86±98, 101

±hydrogen molecule and 5:356
±LandeÂ's proposal 1:685, 2:101, 117
±wave mechanics and 5:537±538,

547, 595±596
±WKB approximation and 6:31±34

±for helium atom in external electric
®eld 4:245

±Hund and Mulliken's nomenclature for
terms of molecules 6:560

±intensity of ®ne structure components
(Sommerfeld's rule) and 1:337±339

±kinematical character of electron orbits
and 2:44±45

±in LandeÂ's helium model calculations
1:403

±LandeÂ's rules 1:483±484
±of lowest state of anharmonic oscillator

2:250
±magnetic anomoly and 6:xxv
±Main Smith±Stoner organization of

electron orbits and 1:665±671,
2:193±194

±molecular spectra and 6:531±532
±notation for 1:660, 666
±nuclear structure theories and 6:979,

1022±1023
±Pauli exclusion principle. See Pauli

exclusion principle
±Pauli's fourth quantum number

1:677±679, 689±690, 700, 6:xxviii,
113

±electron spin as 1:692, 694, 700±
701, 6:xxix, 273, 526

±permanence of 1:678±680
±rotational states of molecules and

4:242±243
±in SchroÈdinger's atomic structure

theory 5:307±310
±screening e¨ects and 1:368
±selection rules for. See Selection rules

for transitions
±in Sommerfeld's phase integral method

1:215, 245±246, 348
±Sommerfeld's postulation of inner

quantum number 1:462±463, 481±
482, 667±668, 2:30, 37, 106

±Sommerfeld's quantum number related
to Dirac's 6:301
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Quantum numbers (continued )
±spectra of various atoms and 1:348±

356
±for Stark e¨ect 5:722
±for strange particles 6:1110
±symmetry and 6:506, 508
±wave mechanics and 5:430±431, 474,

493±495, 537±538, 547, 595±596
±Wentzel's proposal for a third quantum

number 1:356, 368±369
±X-ray doublet structure and 1:660±

665
Quantum of action. See Planck's constant

h

Quantum phenomena 1:99±108
See also speci®c e¨ects

±angular momentum transfered to
de¯ected beam in Stern±Gerlach
experiment 4:130

±dispersion of light by atoms as 1:630±
650

±Doppler e¨ect in canal rays (proposed
but disproved) 1:100±103

±energy accumulation in photoelectrons
as 4:130

±¯uorescence as 1:60, 80, 99
±photochemical reactions as 1:103±

104
±photoelectric e¨ect as 1:99, 103
±quantized rotational energy as 1:146±

148
±scattering of charged particles as

1:650±652
±short wavelength limit of X-rays as

1:102±103
±X-ray properties as 1:106±108
±X-ray scattering as. See Compton

scattering
Quantum Principles and Line Spectra (Van

Vleck) 1:715±718
Quarks 6:1123±1125, 1137

±colors of 6:1132
±detection of 6:1130±1131, 1133±

1134
±Feynman's `parton' model 6:1131
±fractional charge of 6:1123, 1125,

1131
±word origin 6:1124

Quaternions 3:15, 17, 20, 34, 4:15, 130,
141, 6:475, 485

Rabi, Isidor Isaac 1:xxv, 5:250, 6:338,
552, 1045

±biographical data 4:271
±hyper®ne structure 6:1034, 1036±

1037, 1045
±Lamb and 6:1035
±Schwinger and 6:1047
±wave mechanics for symmetrical top

4:271, 5:848±849
Racah, Giulio 6:1112
Racah coe½cients 6:1112
Rademacher, Hans 5:847
Radiation damping 1:631, 634, 6:594,

1036
±Bohr±Sommerfeld atomic structure

model and 2:41±43
±Planck's derivation of Wien's law and

1:34±35
±quantum statistics and 6:435

Radiation Laboratory (Berkeley) 6:967
Radiation Laboratory (MIT) 6:1139,

1250
Radiation±matter interactions 1:514,

4:110±111, 5:770
See also Cosmic rays; Quantum

electrodynamics; Quantum ®eld
theory; Renormalized quantum
electrodynamics

±anomalous magnetic moment of
electron and 6:1043±1050

±Bohr's irreciprocal vs. reciprocal
phenomena 1:650±651

±de Broglie's theory 1:599±600
±dispersion of light by atoms. See

Dispersion phenomena
±interaction between ideal gas and light

quanta (Pauli's calculation) 6:448
±momentum transfer between radiation

and matter 1:515±516, 522±527,
555±556, 5:245, 319±322, 861,
6:1139

±principle of detailed balancing 4:64,
88±97

±quantization of de Broglie waves
6:210±218

±SchroÈdinger's early views 5:778±780
±strict conservation laws and 1:610±

612
±thermal equilibrium between light and

acoustic rays 5:344±348

Subject Index: Volumes 1 to 61574



±thermal equilibrium between radiation
and matter 1:530±531, 569±571,
635

Radiation pressure 1:28±29, 73, 79
Radiation theory 1:511±627, 5:98±101,

231±246
See also Blackbody radiation;

Kirchho¨ 's function; Light; Light-
quantum hypothesis; Optics; Planck,
Max; Planck's blackbody radiation
law; Quantum electrodynamics;
Quantum ®eld theory; Renormal-
ized quantum electrodynamics;
Wave theory of radiation

±absorption and emission. See

Absorption of radiation; Emission
of radiation

±Bohr±Kramers±Slater theory. See

Bohr±Kramers±Slater theory of
radiation

±Bohr±Pauli±Einstein dialogue (1922±
1926) 6:107±114

±Bothe's experiments 6:235±239
±Casimir e¨ect and 6:1146±1153
±classical/quantum di¨erences 3:150,

154
±classical theory 1:532, 537±539,

5:231±234
±Compton's quantum hypothesis and

1:522
±conservation laws and 1:511±512,

537±541
±Dirac's q-number treatment of 4:205±

208
±Dirac's relativistic approach 4:196±

213
±disagreements over signi®cance of short

and long wavelength di¨erences
1:46±47, 5:241

±discovery of short and long wavelength
radiation 1:26

±distinguishable/indistinguishable par-
ticles and 1:613±615

±Doppler shift. See Doppler e¨ect
±Einstein's ¯uctuation formula 1:68±

69, 120, 618, 3:155, 5:244, 6:16, 143,
1202±1203

±gas theory and 5:434±435, 441±
442

±Hilbert's axioms for 6:393±395

±irreversible/reversible processes and
1:59, 530

±Lanczos' closed universe theory
3:207±209

±matrix formulation of quantum
mechanics and 3:87±90

±neutrino theory of light 6:937±938
±`pilot wave' concept 6:237, 245±247,

1209±1210, 1214
±Planck's `natural radiation' concept

1:36±37
±radiation±matter interactions. See

Radiation±matter interactions
±Rupp's experiments 6:235±236
±SchroÈdinger's views on LandeÂ's

approach 5:417±419
±status in 1925 1:604±627

Radioactive decay
See also a-decay; b-decay; g-rays;

Nuclear reactions
±atmospheric electricity and 5:123±

133
±Curie±Joliet discovery of arti®cial

radioactivity 6:819±821, 825,
964

±debate on the nature of electrons and
1:172

±debate on the nature of emitted
radiation and 5:234±239

±discovery of 1:17±18, 175, 5:88
±early studies 5:88±95, 6:632±639
±experimental methods for 5:205±212,

6:901
±Fokker±Planck equation 5:207±209
±Heisenberg±Pauli ®eld theory and

6:325±326
±law of 1:239
±radioactive displacement law 1:194
±relative stability of atoms and 6:636
±Smoluchowski's model 6:18
±Sommerfeld's theory of 1:111±112
±statistical nature of 1:239, 5:90±91,

205±212
±tunnel e¨ects and 6:536

Radium 5:88±95
Radon 5:125
Rainwater, James 6:1023
Raman, Chandrasekhara Venkata

±biographical data 6:355±356, 370
±Nobel Prize 6:355, 370

Subject Index: Volumes 1 to 6 1575



Raman, Chandrasekhara Venkata
(continued )

±Raman e¨ect discovery 2:188, 5:259±
260, 322, 6:355±362, 367, 369, 370,
371

Ramanathan, K. R. 6:357, 370
Raman e¨ect 5:322, 6:353±371, 653, 812

±explorations of 6:362±365
±prediction of 5:259±260, 322, 6:353±

355, 366, 368, 369, 371
±Raman and Krishnan's discovery of

2:188, 5:259±260, 322, 6:355±362,
367, 369, 370, 371

±Russian discovery of (Landsberg and
Mandelstam) 2:188, 6:365±370

Ramanujan, Srinivasa 4:44±45

Ramsauer, Carl Wilhelm 1:620, 6:343,
371±372, 382±383

Ramsauer e¨ect 1:620±627, 3:150, 6:343,
367, 371±373, 377

±theoretical explanation 6:380±383
Ramsey, Norman 6:1043±1044
Ramsey, William 1:16, 398, 5:105
Rankine, William John Macquorn 1:5
Rao, Ramachandra 6:356
Rao, Ramakrishna 6:356
Rasetti, Franco 6:363, 653, 803, 955

±discovery of neutron and 6:788±789
±on neutrino word origin 6:817
±neutron-induced radioactivity and

6:964, 965, 967
Ratnowsky, Simon 5:286±290

Rau, Heinrich 1:202
Raveau, B. 6:1181
Ray, Bidhu Bhusan 4:233
Rayleigh, Lord (John William Strutt)

1:13, 128, 177, 4:26, 29, 6:xx, 1017
±biographical data 1:86
±equipartition theorem and 1:23, 85±90
±inert gases and 1:15
±radiation in adiabatic processes 1:235
±Raman e¨ect and 6:355, 356
±Rayleigh±Jeans law formulation

4:47±48
Rayleigh±Jeans law 1:89±99, 119±120,

531, 4:47±48, 6:19
Rayleigh scattering 6:812

±Ramsauer e¨ect and 6:380±381
Rebka, G. A. 6:1174
Rechenberg, Helmut 1:xxix±xxxii, xlii

`Reciprocal' vs. `irreciprocal' processes
2:206, 211, 4:64, 122±124, 6:120

Reddemann, Hans 6:1010
Red-shift of galaxies 6:907
Redtenbacher, Ferdinand Jacob 1:175
Refractive index 1:630±632, 5:119±120,

6:348±350. See also Dispersion
phenomena

Regge, Tullio 6:1112, 1121, 1122, 1135
Regiomontanus (de Montereggio, or

MuÈller), Johannes 5:23

Reiche, Fritz 1:83, 327, 335, 431, 711
±biographical data 1:261, 636, 5:251
±dispersion theory 1:636±637, 5:251,

6:350
±parhelium and 1:404
±Die Quantentheorie 5:358±359
±Stern±Gerlach experiment and 1:437
±wave mechanics for symmetrical top

5:845±847
±X-ray spectra 5:256

Reichenbach, Hans 6:683, 686, 690, 1195
ReichenbaÈcher, Ernst 5:318

Reid, Alexander 1:626, 5:866, 6:246, 375±
378, 583

Reines, Frederick 6:1113±1114
Reinganum, Maximilian 1:116, 5:185
Relativity theory 2:273±277, 5:236, 6:xix,

97
See also General relativity; Quantum

electrodynamics; Quantum ®eld
theory; Renormalized quantum
electrodynamics

±Bad Nauheim meeting on 2:279±
280

±charge-free quantum electrodynamics
6:218±223

±degenerate matter in stars and 6:839,
840

±Dirac's early interest in 4:16±22, 70
±Dirac's research

±Doppler principle and Bohr's
frequency condition 4:84±86

±kinematical and dynamical particle
velocities 4:82±84

±q-number approach 4:196±213
±quantum time and `relativity

quantum mechanics' 4:201±213
±relativistic arguments in principle of

detailed balancing 4:90±96
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±relativistic electrons. See Dirac
equation for relativistic electron

±relativistic kinematics 4:205±213
±Doppler e¨ect for atomic spectra and

5:319±322
±doublet structure and 1:659±664, 702,

708±709
±Einstein's emphasis on

observability 2:273±277
±electron spin and 1:693, 3:270±272
±HasenoÈhorl's contributions 5:80, 96
±Heisenberg±Pauli ®eld theory 6:312±

330
±ignored by Viennese physicists 5:95±

104
±Klein's ®ve-dimensional theory 6:174±

180, 215±216
±matrix methods in 3:35±36
±Michelson±Morley experiment and

1:20, 5:453±459
±origins of 1:19±21
±parallels with quantum mechanics

formulation 2:304±305
±philosophy and 2:134
±in Planck's research 1:93±94
±principle of detailed balancing and

4:90±96
±relativistic and `screening' doublets

3:281
±relativistic electrons 6:271±336. See

also Dirac equation for relativistic
electron; Klein±Gordon equation

±relativistic ®ne structure. See Fine
structure

±relativistic one-electron atom 1:219±
221

±relativistic wave equation 5:805±820
±skeptics 1:658, 2:25, 4:21, 5:64, 381
±spin±orbit coupling and 6:287
±uncertainty relations and 6:268±271,

692±703
Remiddi, R. 6:1079
Renormalization 6:675

±`axiomatic local quantum ®eld theory'
and 6:1118

±classi®cation of interactions and
6:1108

±critical phenomena and 6:1170±1173
±origins of 6:928±935, 1039, 1041,

1050

±Weinberg±Salam model and 6:1127±
1128

Renormalized quantum electrodynamics
6:1033±1107

±anomalous magnetic moment of
electron and 6:1043±1050, 1064,
1072±1073, 1081

±classi®cation of interactions and
6:1108

±Dyson's proof of equivalence of
Schwinger, Tomonaga, and
Feynman approaches to QED

6:1089, 1099±1106
±Feynman's space-time

approach 6:1043, 1051, 1091±1099
±equivalence to Tomonaga and

Schwinger approaches 6:1089,
1099±1106

±foundations of 6:1088±1091
±Lamb shift 6:1096±1097
±lectures on 6:1055±1057
±path integrals 6:1024±1030, 1060±

1061, 1082, 1090, 1228
±self-energy of electron 6:1056, 1092
±vacuum polarization and 6:1057,

1058, 1097
±Lamb shift and 6:934±935, 1034±

1042, 1054, 1059±1060, 1064, 1085,
1088, 1096±1097

±Michigan Summer School (1948)
6:1059±1064, 1099

±particle physics and 6:1107±1108
±Pocono Conference (1948) 6:1051±

1057, 1091, 1099
±Schwinger's covariant approach

6:1043, 1064±1084
±axial±vector anomaly (pion decay)

6:1080±1081
±lectures on 6:1051±1055
±`On Gauge Invariance and Vacuum

Polarization' paper 6:1074±1081
±pair production in constant electric

®eld 6:1081
±quantum action principle 6:1081±
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±self-energy of electron 6:1068, 1070
±self-energy of photon 6:1070
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1069
±synchrotron radiation and 6:1050
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Renormalized quantum electrodynamics
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±Schwinger's covariant approach
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Energy' paper 6:1070±1072
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±Tomonaga's covariant approach
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±superconductivity and 6:861
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Roscoe, Henry 1:157, 158
Rose, Morris Erich 6:920
Rose, Wickli¨e 6:118
Rosen, B. 6:363, 367
Rosen, Nathan

±biographical data 6:724
±EPR experiment 6:715±716, 720±738,

1208, 1210, 1212, 1235±1236. See

also Einstein±Podolsky±Rosen
(EPR) experiment

Rosenbluth, Marshall 6:1055
Rosenfeld, LeÂon 6:165±166, 167±170,

192, 195, 593, 693±694, 955
±biographical data 6:55, 703
±on Bohr's motivation for atomic

structure theory 1:188
±on Bohr±Einstein debate 6:269
±on EPR experiment 6:726±727
±interpretation of quantum mechanics
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6:766±767

±strong nuclear force and 6:1021
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±biographical data 6:117
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