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Abstract and Keywords

This introductory chapter begins with a survey of the rapidly expanding study of
visual representations in science, followed by a discussion of spectroscopy as a
prime example of a visual science culture. It describes ten historiographic levels
of analysis, which are then documented in the remaining chapters. The mapping
metaphor is analysed, and the rhetorics of spectra are studied. The chapter
concludes with acknowledgments and a list of abbreviations for the twenty-five
archives consulted.

Keywords: historiography, visual science cultures, mapping metaphor, rhetorics of spectra

1.1 The study of visual representations in science
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Introduction

In the last decade much attention has been devoted to nonverbal communication
and visual representation in science.! Pressed for an explanation of this upsurge
in interest, both in sociologically oriented science studies and in the history of
science, I would point to a confluence of several separate currents of research
which call for more serious analysis of this dimension of scientific practice: (i)
Several art historians have paved the way by bridging the gap between the fine
arts and the sciences and by extending their studies into the realm of
representations in the history of science.? (ii) There is a growing number of
studies by historians and sociologists of science and technology on the interplay
between nonverbal communication and cognition—on the way one thinks, so to
speak, with the hands and the eyes.3 (iii) There is a heightened awareness in
each of these branches of the persuasive power of visual representations, which
is backed up by a close examination of scientific controversies of the past and
present.? (iv) Even in histories of photography there is a broadening of scope.
Traditionally focused on such standard sujets as portraiture, landscapes, close-
up studies of the early pioneers or technical innovations, they now sometimes
incorporate early scientific applications as a major, and indeed fascinating,
historical factor.? (v) Modern historians of cartography have started to reform
their traditionally somewhat antiquarian approach. They now consider mapping
as a process, and conceive of the resulting maps as systems communicating
cartographic information.® (vi) Finally, there are several articulate and well-
documented studies on the emergence and evolution of visual representations,
especially in the geo- and biosciences, and also in astronomy.’
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(p.2) The historical development of the graphical representation of data and
objects had already been traced in some detail in a few isolated fields, such as
statistics and botany, in the 1950s.8 But Martin Rudwick’s famous pioneering
paper of 1976 on “The emergence of a visual language for geological science
1760-1840" pointed out particularly clearly that more was involved than
development of progressively better and more suitable means of visualization.
First of all, the use of visual representations in general is a contingent historical
phenomenon, strikingly absent from some scientific traditions (Lagrange’s
analytic mechanics being an often-cited example), yet absolutely indispensable
in others like the spectroscopic terrain surveyed here. Second, new modes of
visual representations do not emerge as isolated innovations but within the
context of larger cultural packages in which they are securely wrapped. These
packages include components of theory as well as of practice, as becomes
readily clear once we look at—or better still, try to use—older systems of
representation, such as an astrolab or a navicula. They are absolutely ‘opaque’
to a novice who has never been introduced to their underlying ideas. Nor does
such a theoretical briefing make them immediately ‘transparent’.? A hands-on
initiation into the artifice and the practical skills necessary to handle them is still
needed in order to see the phenomena through them. Experimental procedures
and scientific instruments must recede into the background in order for the
residual phenomena to emerge as objects independent of human intervention.
The same holds for their representation. The reader must become versed in the
appropriate use of representational devices such as histograms or bar graphs,
pie charts, curves, plot functions, stereograms, cartograms, nomograms, etc.10
He or she must learn how to understand and read them. Initial resistance,
misunderstandings, and controversies frequently occur in the history of science
with the introduction of a new visualization technique. For instance, William
Playfair (1759-1823), who first applied many now familiar graphical techniques
to statistics, justified his use of a bar graph as follows:

This method has struck several persons as being fallacious because
geometrical measurement has not any relation to money or to time, yet
here it is made to represent both. The most familiar and simple answer to
this objection is that if the money received by a single man in trade were
all guineas and every evening he made a single pile of all the guineas
received during the day, its height would be proportioned to the receipts of
that day, so that by this plain operation time, proportion, and amount
would be physically combined.!?

He was right not to assume that his new technique would be immediately
perceived as transparent. It was slow to take hold. Only the next generation, in
the second half of the (p.3) nineteenth century, became aware of Playfair’s
influence on the Continent.!? This reluctance to adopt new visual techniques is
by no means limited to statistics. Historians have noted it in eighteenth-century
scientific journals as well. Experimental graphs, illustrating the functional
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dependency of one observable upon another, are found in a number of isolated
cases but “never became commonplace in that age”.13 On the other hand, after
such a technique has taken off, it remains alive and well for a long while, as the
omnipresence of the pie chart in modern-day economics readily confirms. Once a
technique has become established and its users fully accustomed to it, it often
contributes substantially to the way problems are effectively handled and
thought about. Exploded views of the inner workings of a complicated machine,
first found in notebooks by Leonardo around 1500, are a good example; so are
flowcharts used in engineering and programming. In fact, “graphs are especially
suggestive when they re-evoke, stimulate, or revise the researcher’s visual-
physical view of the process studied”. Rather than being perceived as a
convention-ridden image, these nonverbal representations serve as “interactive
sites” that the researcher is able to “see through” to the physical processes and
materials selected or measured.!4 Eugene S. Ferguson and Walter G. Vincenti
have shown how nonverbal thinking allows craftsmen, designers and inventors
to develop mental images of their machine’s workings, how they can reason
their way through its successive stages of operation and how such intuition
enables them to spot the critical phase or come up with an improvement.!® But
thinking with (and in) pictures, e.g., drawing a diagram to organize thoughts
rather than arguing in syllogistic form, is characteristic not only of the art of
technology, but also of practitioners of other branches of science, such as
mathematics, astronomy, geology, or botany. In Chapter 8, I give various
examples of this ‘thinking’ with spectrum maps and spectrography—a thinking
which often involved the search for patterns of lines belonging to a common
series or band, or for homologies between different spectra. In reply to the likely
objection that this pattern search was typical only of the nineteenth century, the
following anecdote might be appended: When interviewed by Thomas S. Kuhn in
1967, the quantum physicist and chemist Friedrich Hund (1896-1997) explained
how he had worked himself into the field of molecular band spectra, that is,
before a systematic inventory in the style of Paschen-Gotze had been compiled
for multiline spectra: “Well, I remember that I looked through much numerical
data. I also remember that once I drew multiline spectra on sheets of millimeter
paper about so long and stared fixedly at them.”1® Needless to say, with the
advent of Bohr’s atomic model in 1913, and more so, with the rise of quantum
mechanics in 1925, such a study method rather became the exception. But
before this break in theoretical conceptions (which made it possible to explain
what could formerly only be described), the wild-goose chase for patterns was a
quite common activity. As evidence of this I will later discuss Johann Jacob
Balmer’s and Henri Deslandres’s searches for coherent descriptions (p.4) of
series or band spectra, Lecoq de Boisbaudran’s and G.L. Ciamician’s search for
homolo-gies between spectra of different elements, and GJ. Stoney’s and Arthur
Schuster’s work on the optical analogues of harmonics or overtone series (see §
8.2-8.4).
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1.2 Spectroscopy as a visual culture
I argue that spectroscopists during the second half of the nineteenth century

were extraordinarily visually oriented, and this was by no means restricted to
their main representational device, the spectrum map. The instrument maker
and optician Josef Fraunhofer, the astronomer Charles Piazzi Smyth, the
physicist Alexander Herschel, and his father, the pioneer photographer John
Herschel, or the astrophysicist Samuel Pierpont Langley—all were interested in
many different visual fields at once, and most of these scientists were
accomplished draftsmen from the outset. Langley, for instance, became famous
not only for his holographs of the infrared spectrum (to which we return on p.
79), but also for his highly detailed drawings of solar-spot observations by eye,
during moments of exceptionally good seeing. In the case of Piazzi Smyth, his
activities are as diverse as the tri-angulation of South African districts,
landscape painting, day-to-day or tourist sketching, the lithography or engraving
of prominent architectural sites, documentary photography of the Egyptian
pyramids or the Tenerife Dragon tree, or ‘instant photographs’ of the clouds
above his retirement home in Clova, Ripon.1” His colorful records of solar and
terrestrial spectra profited from his trained eye and his subtle mastery of the
pen and the brush. Piazzi Smyth was conversant in most of the technical printing
repertoire that the nineteenth century had to offer and was able to select the
most appropriate one for each subject.!® What led me to study his case more
closely was his invention of symbolic techniques for representing spectra, just
one more aspect of the fascinatingly broad scope of this truly artistic
astronomer’s ceuvre. He is a particularly vivid proponent of what I call the
‘visual culture of spectroscopy’ towards the close of the nineteenth century, a
culture that spans across several disciplines, among them chemistry and
astrophysics, physics and photography, and even medicine and engineering (for
more on disciplinary issues see here § 10.1, pp. 420f.).

The longevity of such visual cultures as subsets of science with their integrated
or associated predispositions for—or against—certain techniques of
representation is documented in Peter Galison’s recent studies, in which he
contrasts an image tradition and a logic tradition within twentieth-century
physics. The former depends heavily on the use and construal of visual images
(of mimetic reconstructions of natural events such as cloud formation, particle
tracks, scattering events, etc.), while the latter relies on the quantitative,
statistical analysis of large numbers of events as registered by electronic
circuitry and detectors with apictorial, numerical output. Both of these research
styles co-evolved during most of this century and survived several rather abrupt
breaks with theoretical conceptions. It is only recently, with digitized image
analysis, as recorded by charge-coupled devices (p.3) (CCDs), that these two
competing styles began to merge: the electric output generated by these
photocells can be manipulated in computer logic but ultimately still produces
images similar to conventional photographs.!?
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Seen from this aspect, the study of spectra in general and spectrum analysis in
particular has always leaned heavily towards the image side of the image-logic
dichotomy. Successful research with spectra required refined pattern-
recognition skills in order, for instance, to distinguish the spectra of different
chemical elements or to detect the spectrum lines of trace elements in another
substance. Spectroscopy thus provides us with excellent material for a case
study of the mechanisms and problems encountered throughout the many stages
of the learning process: How to distinguish between different basic patterns?
How to make sense of the many subtle variations and superimposed effects
(such as Doppler shifts, line broadenings, Zeeman splittings, etc.)? How to
discriminate between artefacts of the representation at hand and ‘real’ effects at
the very border of detectability? The data in spectroscopy were, first and
foremost, spectral plates and maps plotting the distribution of lines and their
relative intensities. Wavelength tables and lists, and classifications of line
strengths and types were also used, of course, but only in conjunction with the
maps, and rather for special purposes, such as metrology. What counted
primarily was recognition of the Gestalt of a certain line grouping as it was
depicted in Bunsen’s chart of characteristic lines or in Angstrém’s map of the
solar spectrum. The absolute placement of these lines in the Angstrom
wavelength scale, later recorded in tables to a precision of many decimal places,
did not matter to the overwhelming majority of its practitioners. In fact, it is not
easy to think of a contemporary scientific discipline with a heavier load of
images for memorization. Thus it is no surprise that many traces remain of the
procedure by which newcomers had to acquire these skills. One nice example is
the huge wall-hanging posters that most of us have seen at school on the walls of
our chemistry or physics lab. Because of its great importance during the late
nineteenth and early twentieth century, spectroscopy achieved fairly broad
dissemination down to the level of high-school education and popular science
literature. One of the aims of this monograph is to study these modes of diffusion
of knowledge and, in particular, the use of visual representations of spectra in
this process. As we shall also see (on pp. 387ff.), along with the ubiquity of
spectrum representations in the scientific workplace came a pedagogic move
away from passive memorization to active drawing or recopying of characteristic
spectra by the students, a point which I could document on the basis of
numerous student notebooks preserved at one East-Coast college (Welles-ley)
which—unlike most university archives—fortunately thought these student
notebooks warranted their storage space.
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The history of spectroscopy in general has already been treated by more than
one of its own protagonists, but the agenda of the earliest studies was too much
determined by polemical priority disputes, while the later ones were too often
blatantly celebratory.?? In 1900, the doyen of German spectroscopy, Heinrich
Kayser (1853-1940), started publishing a multivolume series of handbooks
designed to cover everything ever published in (p.6) the field.?! This Handbuch
der Spektroskopie certainly does fulfill its purpose as a compendious inventory,
but it falls into the historiographic trap of streamlined Whig history, cutting
short what has been declared as obsolete. Spectroscopy has also been
repeatedly studied since the late 1960s by a few professional historians of
science mostly interested in the interplay between spectroscopic results and the
emergence of atomistic models of matter or spectrochemical applications.??
Following the lead of Frank A.J.L.. James, the most recent studies complement
these internalistic perspectives with an approach directed at the cultural history
of the field and connections to the institutionalization of new subdisciplines like
astrophysics.23 But to this day, whole research areas of considerable impact in
today’s science—such as quantitative spectroscopy, for instance—have still to
find their historian. Altogether, this somewhat cursory attention does not
adequately reflect the immense importance of spectroscopy in the natural
sciences of the nineteenth and twentieth centuries. The spectroscope has served
not only chemists, but also physicists, astronomers, and other scientists. It was
utilized as a telescope, a microscope, a speedometer, a thermometer, a tape
measure, a clock, and a chemical detector for such minute quantities as a
teaspoonful of salt in a swimming-pool full of water. By the turn of the century,
spectroscopy had become the dominant specialty, numerically speaking, in many
institutes of physics, particularly in the United States where scientists had been
concentrating on “manipulating light” since the nineteenth century.?4
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The amount of nonverbal, visual elements of the primary literature and
documentation incorporated in the secondary literature is particularly
disappointing: For instance, McGucken’s standard history of nineteenth-century
spectroscopy has only nine illustrations, seven of which depict spectra; but these
are analyzed only in connection with the contemporary atomic and molecular
models of matter. This negligence reflects two lamentable historiographic
tendencies: (i) an overemphasis of theory, which leaves room for discussion of
experiments only insofar as they somehow relate to the theoretical argument (as
is the case with McGucken’s book which concentrates on the search for series
relations), and (ii) a myopia toward the many facets of nonverbal primary
sources. As has already been pointed out by Martin Rudwick, this second point
may have something to do with the text-orientedness of the historian of science,
who is trained to work, analyze, interpret and deconstruct texts, and who in turn
ends up writing a text about these texts. Many lack the training and practice for
deciphering and analyzing nontextual components also embedded in these
source materials. This contrasts sharply with the great attention that has been
devoted within the last decade to nonverbal communication and visual
representation in science, both within sociologically oriented science studies and
within the history of science.

However, one can argue that in the history of astronomy, visual representations
of the (p.7) constellations and celestial phenomena have always enjoyed
considerable attention by historians of science.?? For this branch of science,
scientific photography seems to be particularly well documented, reflecting its
enormous importance in the waning half of the nineteenth century.26
Photochemistry, on the other hand, despite its defining role in the progress of
scientific photography, has not received its due from professional historians of
science. The only surveys we have in this area are written by some of the actors
themselves, such as Robert Hunt and Josef Maria Eder,2” but an in-depth
historical analysis of the development of this field still remains to be written. In
Chapter 6, 1 discuss the following main stages of this arduous research and
development, which throughout that century resembled more an intricate art
than a systematic science:

* explorations of the so-called ‘actinic’ spectrum, which could only be
recorded by silver salts or other photosensitive substances (see here §
6.1-6.2);

* Hermann Wilhelm Vogel’s discovery in 1873 that dye additives
sensitized his silverbromide emulsions to red light over 5000 A, which
led to the development of ‘orthochromatic’ plates (cf. here p. 248);

* the availability of ‘panchromatic’ plates in 1904, which were
sensitized further up to 7000 A with dyes like dicyanine;
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» further advances into the infrared with other dyes like
cryptocyanine in 1919 (up to 8200 A), neocyanine in 1925 (up to 9100
A), and later derivatives, extending the range to 13 500 A by around
1934 (cf. here p. 261).

The papers of George Harrison, William Meggers, and Kenneth Mees provide
documentation for close cooperation between industrial research on
photographic emulsions, at companies such as Kodak or Ilford, and researchers
at the National Bureau of Standards, the MIT Spectroscopy Lab, or the Mt.
Wilson Solar Observatory.

Unlike other studies on visual representations in the history of astronomy, which
have a strong penchant for objects of special controversy (such as, for instance,
Percival Lovell’s infamous Martian canals, or Nasmyth’s discovery of solar
granulation),?8 this book will focus on the uncontroversial, accepted routine of
the spectroscopist and the everyday practice of men and women who taught and
published on the subject. Thus it proposes to contribute to the growing body of
studies on scientific practice. It retraces interesting if not always spectacular
cases that, taken together, should give a clear and representative image of the
actual procedures followed in the observation, recording, and mapping of
spectra. For this was by no means an enclave of a handful of specialists, but one
of the busiest branches in the sciences, at least in the period from about 1860 to
1900. It attracted chemists and physicists, and reached far afield into such areas
as blood analysis and steel production, to name just two early and important
applications (discussed in § 9.8).

(p.8) The establishment of scientific photography notwithstanding,
astronomers, chemists, physicists, and spectroscopists alike depended on others
to get their drawings or photographs into print. And these too often completely
obscure artisans are indeed historio-graphic aliens. We sorely need
supplementary approaches from social history and labor history to shed light on
the status, working conditions, and specific skills of engravers, lithographers,
photographers, and other specialists involved in the transition of research data
onto the published plate. “‘Who were the guys?’, a question posed a quarter of a
century ago by the social historian of science Lewis Pyenson with regard to
lesser known scientists, and which since has also been raised with regard to
scientific instrument makers, is now a burning issue with respect to members of
this printing culture, too. In Chapter 5, I survey the existing work on the
material culture of the printing trade and then present a few specific cases (see
here pp. 143ff.).
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One of the finest recent studies perceptive of this aspect is Alex Soojung-Kim
Pang’s article on Victorian representations of the solar corona, which goes well
beyond the historiography in other papers by systematically examining the
interplay between observing practices, drawing techniques, and the subsequent
technologies used in printing.2? The present monograph continues this line of
research in another area of representations, namely, the spectrum. Interestingly
enough, spectra share several qualities with the solar corona, for instance,
diffuseness; that is, it is not easy to observe and hence not easy to draw. In fact
(as we shall see in Chapter 2), it took a long time for certain conventions to
become established on how to draw or map a spectrum, and these conventions
changed dramatically with the introduction of new printing technologies and
with the interpolation of photographic techniques into both the recording and
printing processes (see Chapters 4 and 6). Yet, the research contexts in which
the corona and the spectrum were scrutinized could hardly be more different.
Until the invention of Lyot’s coronagraph around 1930, the corona was
observable only during the rare times of solar eclipse at remote locations to
which instruments and observers had to be transported on often strenuous
scientific expeditions. Spectra, however, are usually observed in the laboratory,
under controlled conditions, with fairly simple apparatus, and without the
confining time constraints imposed on eclipse observers.3? For the role that
photography had gained by 1900, Pang’s study of astrophotography provides an
even better comparison case, because both stellar and spectrum photography
require considerable care and experience to transgress the many technological
limits of the contemporary photoengraving. As Pang documents for the case of
astrophotography at the newly founded Lick Observatory, and as is shown here
for spectrum photography, it was but a fine line between “improvement or
correction of plates and doctoring”, and considerable craft went into the correct
choices of printing technique, contrast and tone, ink and paper.3! But even with
the most qualified of illustrators, things could go terribly wrong if their efforts
were not carefully matched with the intentions of the spectroscopist who had
originally supplied the sketches and drawings on which the lithographs and
engravings were to be based. Even then, the lithographer and engraver were
inevitably better placed to add the final touches to a plate on its way to press, as
one spectroscopist ruefully notes in 1882: (p.9)

as to the Royal Society’s engraver who doubted my Oxygen lines: I have
often had occasion to complain of the plates in the Transactions. A
notorious case for instance is the plate illustrating Dr. Huggins’ paper to
the Society; the drawing is abominable and a disgrace to the Society, while
the original drawing (which I have seen) is excellent + very clear indeed.

But these things we cannot cure + must therefore endure.3?

1.3 The mapping metaphor
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As natural and indispensable as it may look to us nowadays, the use of visual
representation is very much a historical phenomenon, strikingly absent from
some scientific traditions as much as it is strikingly prominent in others. The
introduction of a device as simple, in our view, as a scaled two-dimensional
celestial map, for instance, does not occur before the fifteenth century. It is
roughly at this time that the familiar geographic maps appeared: unlike the
earlier symbolic mappcoe mundi, representational devices now “mapped’ specific
geographical positions according to a specific scale or projection. As Peter
Whitfield, author of a recent catalogue with dozens of first-class reproductions of
such maps, argues: “celestial maps as we know them [...] were a product of the
Renaissance sense of ordered space, the sense which also saw the development
of perspective, terrestrial mapping and scientific diagrams.”33 Whitfield points
out that Ptolemy’s Almagest was not passed on to posterity with any illustrations
(except geometrical figures). Even someone like Tycho Brahe did not feel the
need to produce a star map, because to him “this was merely a demonstration
aid which the non-specialist without instrument might use to identify what he
saw in the sky”. Tycho preferred to invest his energy in compiling a reliable and
precise tabular star catalogue. The introduction of representational techniques
often derives from a transfer from one field, in which it has already become a
familiar fixture, into another where it has yet to prove its utility. The rediscovery
of Ptolemy’s projection method in the early modern period seems to be one such
link between the history of central perspective, cartography, and stellar maps.34

The structure of the star chart, the projection of a measured sphere, was
dependent on the new language of cartography which appeared at the end
of the fifteenth century. The key feature of that language, without which
modern scientific mapping could not emerge, was the co-ordinate
structure, the ordered space imposed by the grid of latitude and longitude,
that was learned by Renaissance geographers from the revived works of
Ptolemy. The new art of ‘cosmography,” with its diagrams of the earth and
the heavens, became a characteristic Renaissance pursuit. With the growth
of map printing, all atlases from the later sixteenth century onwards
included star charts of the northern and southern heavens, often with
diagrams of cosmic structures, the geometry of eclipses, lunar phases and
so on. The star chart, a scientific document just as the world map is,
became a publishing genre, subject to the intellectual and commercial
demands of the day.
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(p.10) In § 5.3 I document the presence of similar transfers of printing
techniques from cartographic maps to spectrum maps, many of which were
actually printed at agencies specializing in the production of topographic maps,
such as the Ordnance Survey and Johnston’s printing house in Edinburgh, or the
Swedish Military Lithographic Printing Agency. In the cases of several of the
most outstanding engravers and lithographers involved in the production of
nineteenth-century spectrum maps, I could likewise document active
involvement in cartographic and architectonic branches of the printing business
(see pp. 168ff.). Furthermore, both cartographers and spectrographers crucially
depended on high-precision instrumentation, often delivered by the same superb
instrument-makers.3°
This affinity does not stop here, though. As will be discussed further in one of
the concluding sections (10.10), an unidentified spectrum also shares much with
terra incognita: Both have to be mapped for orientational purposes, as well as in
order to truly ‘know’ them. In both cases it is not clear from the outset how to
overcome their inherent amorphousness, which allows several nonequivalent
ways of ‘mapping’ them. It may sound strange to use the expression ‘mapping’,
familiar in the context of geography or genetics, but as we shall see, it crops up
in many quotes about spectra. So it is quite definitely an actor’s category, not
some concoction of us latter-day historians.36 Svetlana Alpers already pointed
out the necessity of distinguishing between ‘mapping’ in a narrower and broader
sense of the term:

Used narrowly, mapping refers to a combination of pictorial format and
descriptive interest that reveals a link between some landscapes and city
views and those forms of geography that describe the worked in maps and
topographical views. Used broadly, mapping characterizes an impulse to
record or describe the land in pictures that was shared at the time by
surveyors, artists, and printers, and the general public in the
Netherlands.3”

The identification of a deeply rooted “mapping impulse in Dutch Art” helped
Alpers to integrate Dutch painting into the broader cultural context and
mentality of this sea-faring nation in the seventeenth century. For us, too, it will
serve an integrative function with respect to common attitudes, interests, and
skill transfers between spectroscopy and cartography, between various scientific
subdisciplines and certain branches of the graphic arts. Our case likewise ranks
the ‘testimony of the eye’ above traditional authority, with a primarily
descriptive mood reigning.
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But there is no such thing as a unique visual description of any object. While the
different cartographic conventions and projection techniques are well known,
along with the debates over which to choose from among them,32 it is less
known that there is likewise a rich repertoire of modes of spectrum
representations (cf. here pp. 2Iff.). Once a given mode is chosen, the spectrum
map may be enlarged, or parts of it zoomed into closer view, (p.11) as soon as
the interior has been explored and charted more thoroughly. They can be
extended once new knowledge of bordering regions has been won, and then
condensed again to regain a better overview and to avoid the danger of getting
lost in the maze of details in a highly magnified chart. In fact, this parallel with
cartography goes even further with respect to printing techniques (as we shall
see in § 5.3).

Incidentally, cartographers tend to distinguish quite clearly between maps and
atlases. An atlas is defined as a “very specific intermingling of written
cartographic texts whose whole is more than just the sum of its maps: the atlas
is a symbol of both its maker’s professional status and the social worth of its
owner (because of the greater financial capital involved in atlas production) and
is also a metaphor for the encyclopedic sum of geographic knowledge”.3°
Spectroscopic use of the two terms is much looser, however, with many self-
described spectrum maps no less costly to produce nor less anxiously awaited by
practitioners than so-called spectrum atlases. Angstrém, Eder and Valenta, or
Hagenbach and Konen presumably called some of their publications atlases in
order to indicate a particularly broad spectral range covered or larger numbers
of lines tabulated in the accompanying text. But other atlases (such as Higgs
[1894]) are devoid of such accompanying tables. Size may also have been a
criterion, with most atlases being in folio format or even grand-folio; but again
there are exceptions, such as Uhler [1907], Mees [1909], or Lowe [1928], all of
which are in small octavo. Besides these parallels to the cartographer’s
encyclopedic epitomes, there may also have been an—unconciously sought—
elevation of status, some groping for recognition. But of much more importance
than the name attached to the product of one’s labors was whether it was
accepted by the community as a standard reference work. Angstréom’s atlas
achieved this just as much as did Rowland’s map.
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‘Mapping’ in and of itself is a widely used visual metaphor, signaling that a
broad region of scientific objects is subsumed within the ‘empire of knowledge.
Anthropologists use the concept of mapping to denote the production of a
“mnemonic aid, especially visual, which all cultures utilize in some form or
another.” The word derives from the Latin mappa which originally meant ‘table-
cloth’ or ‘napkin’ and later also became the root of mappae mundi, (i.e., medieval
maps of the world). As Alice Jenkins writes in her analysis of spatial imagery in
nineteenth-century representations of science, “the process of mapping is part of

’

the harmonization of knowledge: ‘cartography’ creates order.”4? Whether
geographic terrain, brain tumors, cosmic radio sources, or the human genome,
entering this keyword ‘mapping’ into any university library database will yield
output from all these fields and more, spectroscopy being just a footnote. But the
analogies, I claim, are much deeper than simply the way that scientists speak
about their activities (which is Jenkins’s focus). They are also to be found in the
way that these representations are employed in the various stages of scientific
research practice (which is my focus).

Initially, just as in its counterpart the imperial chart, a new spectral region is
mapped exploratively, for reconnaissance purposes, so to speak. Surprisingly
often, this is done without any real understanding of what it is that is being
mapped: Langley aptly described (p.12) his procedure as a “long groping in the
dark”.#! In fact, as has been pointed out with respect to early maps of radio
sources, “the value of such a map was also independent of any particular
conception of the sources. It would, however, facilitate further optical
identification and thereby improve the likelihood of establishing the nature of
the radio source”, or more generally, of the mapped object.*? Exchange the word
‘radio’ with the word ‘light’, and the above quote is also valid for spectroscopic
maps throughout the nineteenth century. Thus a substantial part of this book
deals with this early, explorative phase of map-making, before there was any
deeper theoretical understanding of what causes these spectra (the step-by-step
deciphering of the spectral code is discussed here in Chapter 8).
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In the next stage of map-making, the map is supposed to inform other experts
working on adjacent or similar territory about the new conquests. Finally, the
map assumes the function of unambiguously dispersing ‘secure’, certified
knowledge in order to further the depletion of the new terrain’s resources or
potential applications (similar to the initial logistical planning stages for the
exploitation of a fully circumscribed and subjugated colony). Seen from this
angle, Langley’s plot of the infrared spectrum, and his clarion call upon each
new advance is the staking of a territorial claim at the farthest frontier: the
infrared wavelength region beyond 10 000 A: that is, beyond what
photographers before him had reached is henceforth Langley’s land. Likewise,
the region below 1850 A in the near ultraviolet, where Victor Schumann first
succeeded in obtaining photographic spectra by evacuating his spectroscope and
preparing gelatine-free emulsions (see here p. 71) is henceforth Schumann’s
region, which name it still bears today. The Lyman region lies further beyond,
and so on with many other examples throughout the full electromagnetic
spectrum. This parallel between cartographic and spectroscopic mapping goes
deeper, though. As we shall see (on pp. 168ff.), there were multifarious links
between both activities. Indeed, if we replace ‘earth’ with ‘spectra’ in the
following quote about geological maps, the first president of the Royal
Geological Society might just as well have been referring to spectrum maps:

Words following words in long succession, however ably selected those
words may be, can never convey so distinct an idea of the visible forms of
the earth as the first glance of a good Map. [...] In the extent and variety of
its resources, in rapidity of utterance, in the copiousness and completeness
of the information it communicates, in precision, conciseness, perspicuity,
in the hold it has upon the memory, in vividness of imagery and power of
expression, in convenience of reference, in portability, in the combination

of so many and such useful qualities, a Map has no rival.*3
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But the concept of mapping goes beyond the connotations of depicting,
exploring, and offering orientation in unfamiliar terrain. Maps try to achieve
more than a simple ‘representation’ of something that previously either had
been observed directly or recorded indirectly. Maps are more than mere icons—
in Peirce’s terminology those signs that bear a similarity to the depicted
elements. They are also laden with symbols of various kinds (p.13) whose
meaning is defined by convention. Think of a typical road map with its ‘key’ to
explain symbols for various types of roads, railway tracks, rivers, churches, etc.,
and a ‘scale’ to indicate how to translate distances on the map into distances of
the objects depicted. Sometimes a regular grid is superimposed onto the map so
that each detail may be correlated with its respective longitude and latitude.
Less often, indexical signs such as arrows point to features of special interest.
All these features allow us to ‘read’ a map, not unlike how we read a book, as
something “easily legible in a succession of fixations”. Thus in every map
symbolic conventions are mixed with iconic elements. The systematic reason for
this is that maps aim at something different from mere depiction or mirroring.
As the art historian Ernst Gombrich put it: “Maps are normally designed to
impart information about the invariant features of an area, in other words they
leave ‘appearance’ on one side. [...] In maps we want identicals to show as
identical regardless of the angle from which we happen to look at them.”44
Throughout this book, spectrum representations reiterate this inbuilt tension
between icon and symbol, between capturing the full specificity of the observed
feature and rendering what is typical about it, between representing and
abstracting. For each of the many features of spectrum lines, such as line
intensity, width, sharpness, wing shape, satellites, background intensity, and
foremost color, an adequate rendering had to be found. And as we shall see,
quite often no single best solution existed but rather several, often coexisting
possibilities, which set apart the various practitioners of spectroscopy. It is a
central aim of this book to illuminate the full breadth of this phenomenology of
spectrum maps and their associated practices, but also to understand the
reasons behind changes in these representational practices and their interplay
with technological, experimental, and theoretical developments. On p. 45, for
instance, when we look into the early history of representations of terrestrial
spectra (as opposed to the solar spectrum), we shall see a gradual transition
from a merely narrational description of flame or line colors (such as Talbot’s)
via a symbolic, tabular vertical arrangement (such as Alter’s or Wheatstone’s)
to an iconic horizontal chart (such as Masson’s). We shall also see, however, that
this development is not a one-way track; on the contrary, a diachronic analysis of
visual representations of emission spectra will reveal a meandering between
preferences for iconic and symbolic types of representations (see Fig. 10.2, p.
440 for a synthetic summary).

1.4 The rhetorics of spectra
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Each of these different modes of representing spectra carries with it a very
specific rhetoric, something by no means limited to the verbal component of
historical sources.*> Mapping, in particular, involves selection and omission,
simplification, classification, the creation of hierarchies and symbols. All of these
procedures have or may have a rhetorical effect. Even the plainest spectroscopic
map—apparently devoid of extraneous ornamentation—carries with it at least
one agenda: to convince the users of its correctness and objectivity, its self-
evident factuality. Henry Draper’s first photograph of a solar spectrum is a
striking example. He presented this product of a diffraction grating in
photomechanical reproduction as “the (p.14) work of the sun itself, absolutely
untouched”. We shall see in § 6.7 whether this actually agreed with the
manipulations of this image by himself and his printer. Draper’s written
comments on his spectrum plate were ‘rhetoric’ in the derogatory sense, even
approaching intentional deception or trickery, but we should not limit our
definition of rhetorics to such extreme cases. Even without this textual
commentary, Draper’s oversize plate in itself also carried rhetorics of its own (on
the following, cf. Fig. 6.12 on p. 219). It displays the full spectrum strip in
moderate magnification together with an enlarged section, presumably to show
more clearly the high density and fine gradations of the recorded lines. A
reproduction of the corresponding part from Angstrém’s lithographic atlas was
supposed to underscore further that photography records far more lines than
visual observation.

The rhetoric in many of the examples of visual representations presented in this
book constitutes much more than simple accuracy and austerity of design. The
choice of scale, frequency (or wavelength) range, mode of representation and
printing technique, along with many other characteristics contributes to the
overall appearance of the map and its influence or persuasive power. Samuel P.
Langley’s interesting dual representation of the infrared spectrum (see Fig. 2.36
on p. 79) shows that spectrum maps and atlases played a crucial role not only in
scientific documentation but also in public presentation. His plot of the infrared
part of the solar spectrum, which is nine times as long as the visible part, must
have been impressive for students like Whiting’s, who were shown this plot (cf.
here the quote from one of her students’ notebooks on p. 390): Here was a vast
new territory to explore. We might compare this with early maps of North
America when the Wild West was still largely unmapped terrain, or with
subliminal but highly effective Eurocentrism at work in the mercator projection
of world maps in a typical college atlas.
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The persuasiveness of such a visual representation also has much to do with
issues of accepted visual conventions and aesthetics, again largely unexplored
areas as far as scientific images are concerned. In § 10.9, I reflect upon aesthetic
assessments voiced by the historical actors with respect to graphs, maps, and
other visual representations of spectra. I argue that from 1860 on, spectroscopy
played a significant part in establishing a more visually oriented science culture,
quite in step with other fields, which were drawing away from a rigid textual
orientation at roughly the same time.*® The nonverbal and nonnumeri-cal types
of spectral representation used by teachers of spectroscopy played a crucial role
in conveying the skill of pattern recognition. The Bunsen chart of the
characteristic spectra of the alkaline metals (which figures so prominently in the
research contexts of § 2.4, pp. 47ff., and §8.1) thus also serves as an icon for a
didactic style: The pupils were made thoroughly familiar with these
characteristic patterns in laboratory exercises designed for identification of the
elements in the Bunsen-burner flame (cf. § 9.2). Such spectra were displayed on
printed posters which, after 1860, suddenly began to appear in their thousands
in chemical, physical, and technological laboratories and classrooms throughout
the world. Emission line spectra of the chemical elements thus served as a
spectrochemical alphabet, with the (p.13) spectra of unknown compounds
analogous to words. These complex spectra, interpreted as superimposed
images, then had to be analytically decomposed into their constituent
elementary images in a visual process by which the lines of identified elements
are subtracted from the complex compound spectrum. It was basically a
mechanical alphabet—this analogy has come up repeatedly since the eighteenth
century47 but was never to become as productive in spectrum analysis as in the
physico-chemical sciences. The same ‘letters’ later also resurfaced in the spectra
of celestial bodies such as stars or nebulae, allowing one to ‘spell out’ their
chemical constituents despite the immense distances involved.
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Concerning the periodization of visual representations, Lorraine Daston and
Peter Gal-ison have suggested a specific tripartite division of such sources in a
deliberately cross-disciplinary fashion.4® By studying a much narrower field in
depth, taking into account not only the published images but, where possible,
also the unpublished drafts or the larger pools of photographs from which the
final ones were pulled, I attempt a systematic survey and analysis of these
nonverbal sources. Starting with a brief survey of the earliest records of
spectrum representations, a more detailed discussion fixes the beginnings at
shortly after 1800, with both Wollaston and Fraunhofer finding indications of
nontrivial substructure within the solar spectrum. This rich tradition of mapping
the solar spectrum, both lithographically and photographically has its height
towards the end of the nineteenth century. I trace the roots of spectrum analysis
and qualitative spectroscopy to the older research strands of physical optics and
chemical flame-color analysis and discuss the emergence of these fields as
veritable research areas, stimulated by the publications of Bunsen and Kirch-
hoff. I do not continue this particular historical line after the transition to Bohr’s
quantum theory in 1913, because the remainder of this story has often been
told. Stellar spectroscopy, which only took off seriously in the 1860s (see here §
8.8, pp. 343ff.), and quantitative spectroscopy, which had an even later
breakthrough in the late 1920s and 1930s, are consequently followed up
somewhat further into the late 1940s, with some tabular summaries concerning
their later rapid expansion. The overall dynamics of these areas of research,
which is so strikingly different from the temporal development of visual
representations, necessitate these differing time spans.

1.5 The structure of this book

During my earlier researches on the interplay of instrumentation, experiment,
and theory in solar and terrestrial spectroscopy,®? I was struck by the impressive
variety of techniques used since 1800 to depict this phenomenon in all its
subtlety and complexity. This diversity inspired me to go through atlases, maps,
plates, and other illustrations in spectroscopic and astrophysical publications to
study systematically the “emergence of a visual language” for spectra.®®
Following a generally diachronic vein, my aim is to combine a historical
investigation of the changing modes of spectral representations with systematic
considerations (p.16) about the interplay between research and printing, on
the one hand, and research and teaching, on the other. Along the way, we
encounter other branches that prove indispensable for dealing in a satisfactory
manner with ‘line matters’—to borrow the lithographer’s term. For not only
physicists, astronomers, and chemists were occupied with spectral
representations, but also engravers, lithographers, photographers, printers, and
other such artisans, and for each of these groups, questions of social identity
have to be settled. For each we must know how they acquired their skills, what
are their norms, their reputations, and how did they interact among themselves.
As their social status changed over time, so did their everyday routine in the
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wake of research and printing innovations that developed rapidly over the
course of the nineteenth century. The goal of this study is to write the history of
representations of spectra in as broad and balanced a way possible, focusing as
much on the internal development of the scientific disciplines involved, as on the
underlying material cultures. As much attention will be given to changes in the
cognitive framework in which spectra were discussed, as to the visual skills
needed to find the patterns considered relevant throughout the decades, and the
manual skills needed to fix them as spectral characteristics identifiable and
recognizable to any newcomer in the field. My sources are figures, plates, maps,
and photographs from the published literature of several disciplines, especially
physics, astronomy, and chemistry, but also from engravers and printers
manuals, photography handbooks, correspondence between members of the
various groups involved, and—where possible—sketches and drawings from
laboratory notebooks. Among the fruits of my research in two dozen archives
were quite a few documents allowing a step-by-step reconstruction of the
different stages of the illustration process, leading from the initial observation
through recording to final publication. For instance, in Fig. 6.11, the reader can
examine Henry Draper’s collodion photograph right next to his pencil drawing of
the same region of the spectrum, and in the subsequent Fig. 6.12, compare a
proof of Bierstadt’'s Albertype reproduction of it. All this material I found glued
into one of Draper’s laboratory notebooks, together with notes on the back-and-
forth between researcher and printer (see here p. 213). But this full
documentation of so close an interaction is admittedly highly unusual. In many
cases a considerable amount of footwork was needed to come up with anything
beyond the printer’s or the engraver’s last name—quite definitely, the social
history of the printing trade, in particular, those branches connected to scientific

illustrations, still deserves much more attention.°!

Although in the early years of the nineteenth century depictions of the spectrum
were quite rare, from about 1860 spectroscopic diagrams became quite
frequent. An initial survey of which kinds of representation were dominant when
is given in Chapter 2. It also outlines the gradual emergence of certain
conventions in the mapping of spectra. In Chapter 3, 1 concentrate on the
stepwise enlargement and narrowing in on interesting spectral segments, which
was directly linked with progressive improvements in the scientific
instrumentation used for observation and recording. I go into considerable detail
about instruments of particular relevance to the production of spectrum maps
(such as Fraunhofer’s, (p.17) Henry Draper’s, or Rowland’s experimental
setups).’? The interplay between the chosen modes of representation and the
available printing technologies is thematized in Chapter 4 with respect to
engraving and lithography and in Chapter 6 with respect to photography.
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In the 1870s and 1880s the growing importance of photography with the
development of sensitive dry-plate processes and manageable techniques of
photomechanical reproduction raises several other interesting points that are
explored in Chapter 6. In contrast to the popular conception of photography as
the most naturalistic form of visual representation, supported by the passionate
rhetoric of its early ardent advocates (cf. § 6.2), 1 show in § 5.2 that at least until
the mid-1870s, but to a lesser degree throughout the nineteenth century, the
contemporaneous photographic and photomechanical techniques had crippling
drawbacks which delayed full-fledged displacement of the traditional techniques
of recording and reproduction for almost two decades, when the first
photographic maps of the solar spectrum appeared (§ 6.9). During the transition
period very often both traditional and modern illustrative techniques were used
side by side, compensating each other’s weaknesses in a complementary fashion
(cf. again § 6.4-6.8).
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Having thus dealt with the different modes of representation in the first part, the
book then turns to a discussion of the use of such spectrum plates and maps in
research (Chapter 8) and teaching (Chapter 9). The discussion of the research
applications centers around areas in which the search for patterns played a
major role, namely spectrum analysis (§8.1), series, harmonics, and homology
identification (§ 8.2-8.4), band spectra (§ 8.5-8.6), quantitative and stellar
spectroscopy (§ 8.7-8.8). Chapter 9 presents the way spectroscopy was taught at
high schools, colleges, and universities and its dissemination in popular treatises
to other audiences like apothecaries, chemists, physicians, etc. Special emphasis
is given to documenting the actual use of visual representations of spectra in
lectures and laboratory exercises (§ 9.4-9.6). By means of a systematic
comparison of the pertinent sections on spectroscopy and related issues in
textbooks, laboratory manuals, and other material (§ 9.1), I am able to
reconstruct the many levels of this education and pinpoint the crucial
importance of nonverbal communication in acquiring pattern recognition skills,
which were constitutive for spectroscopy during the nineteenth century. I also
compare various local and national differences in the curriculum, picking out
examples such as E.C. Pickering’s courses at MIT (in § 9.2), those offered at the
Harvard Student Astronomical Laboratory (§ 9.7), or Sarah Whiting’s courses at
Wellesley College (§ 9.5). The last is a particularly interesting case, because
unlike most other institutions of higher learning this women’s college has
preserved the lecture and laboratory notes of many of their students, some of
which were later employed at the Harvard College Observatory as computers
and aids in the classification of stellar spectra. While Whiting’s emphasis lay on
transmitting the skill of spectroscopic pattern recognition, Lockyer’s teaching at
South Kensington proposed to convey the skills needed for spectral mapping (§
9.4). The gradual evolution in the selected topics and teaching methods is
studied diachronically for the case of physics education at the Ecole
Polytechnique in France roughly between 1860 and 1920, on the basis of
preserved hectographed course manuals drafted by four generations of
spectroscopists (§ 9.9).

(p.18) Both for the research and the teaching contexts, the aesthetic appeal of
spectra on their viewers can scarcely be exaggerated. In § 10.9 I discuss this
phenomenon with special regard to the language that spectroscopists used to
describe fluted band spectra. Afterwards, I show how aesthetic motives also
formed an important undercurrent in Louis Thollon’s endeavors at what I term
‘spectroscopic portraiture’, i.e., a rendering of the overall appearance, the
Gestalt of a spectrum range; in § 3.5 we see how broader strata of the population
perceived spectroscopy. Farmers, meteorologists, and military men, for instance,
all were interested in weather forecasting applications of the so-called rainband
in the sky spectrum, and we look at some reflections upon their experiences with
the handy pocket spectroscope.
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In a sense the end of the conventional depiction of spectra is marked by the rise
of photometric methods of registration which had the great advantage of
yielding direct information not only about the precise placements of the
spectrum lines, but also about their profiles, which formerly could only be
inferred from the earlier modes or representation. Because of the great
importance of this new technique for twentieth-century research, the main body
of my historical discussion ends with a brief chapter on photometric techniques
(§ 7.4). Bohr’s atomic model of 1913, and quantum mechanics of 1925 totally
transformed the approach toward spectra and spectrum analysis, by introducing
theoretical explanations for what hitherto had only been described
phenomenologically. Classical spectrum maps gave way to schematic term
diagrams and photometric curves. Such radical breaks in the modes of
representation also invite reflections about the most appropriate periodization
(see the discussion of this point in § 10.8). How compulsory were the
preferences for certain modes of representation? And how was the transition
from one of these modes to the next made? In the final chapter, I summarize my
findings concerning what I refer to as a ‘visual culture’ of spectroscopy from the
late nineteenth century. Dominated by the search for patterns, visual
representations were handled very much in the spirit of a morphologically
oriented natural history. I then contrast the older and later modes of dealing
with and representing the spectrum.

1.6 Acknowledgments
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First and foremost, I have to thank the Dibner Institute for the History of
Science and Technology in Cambridge, Massachusetts, most notably its
directors, Jed Z. Buchwald and Evelyn Simha, for providing me with a Dibner
resident fellowship in the academic year 1996/97. Their warm hospitality, the
intellectual stimulus, and the helpful support from the technical staff at the
institute facilitated concentrated work during the early phase of this project.
Secondly, the American Institute of Physics funded a research trip to their
archive in the Niels Bohr Library, which proved a rich source of both written and
visual material. I am very grateful to the staff and its director Spencer Weart for
helping me to make full use of their holdings. A substantial amount of time was
spent in the archives at Harvard University and MIT, and I am indebted to the
staff members for their enduring help with my many inquiries. After my return
to Gottingen in 1997, continued working on this book while teaching as
assistant professor at the Institute for History of Science of the Georg-August-
University. In particular, I would like to thank Elizabeth Eck, Ralf Haubrich, and
Gerhard Rammer for their support. It would lead too far afield to list all the
other institutions that I have visited or contacted—the list of abbreviations of the
archives, from whose holdings I quote in the following, will have to suffice. Not
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texts listed in the bibliography. The majority of the references were traced in the
following libraries: Staats- und Universitatsbibliothek Gottingen; Technical
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A substantial part of my study hinges upon access to relics of the past of yet
another kind: historical instruments and their various material recordings of
spectra, i.e., photographs, drawings, prints, and other forms of unpublished
visual documentation. The most exciting set, relating to the work of Henry
Draper, was made available to me by Deborah Warner at the National Museum
of American History. I thank her as well as her colleague Peggy Kidwell very
much for having shown me so many of these treasures in their instrument and
photograph collections. The keeper of historical collections at the MIT Museum,
Michael Yeates, was also very helpful in showing me the remaining visual
documentation of MIT’s physics and chemistry laboratories in the late
nineteenth century. At Wellesley College Archives, Mrs Wilma R. Slaight and her
colleagues were very helpful in providing me with materials pertaining to Sarah
Frances Whiting’s teaching of spectroscopy, a superb collection of student
material. At the Royal Observatory in Edinburgh, Deputy Librarian Shona
McEachern, her assistant Dawn Anderson, and the librarian A.R. MacDonald
very kindly gave me access to the archival holdings relating to the work of
Charles Piazzi Smyth, which includes his correspondence, notebooks, spectrum
drawings, and photographic plates. Staff members at the archives of the Ecole
Polytechnique in Palaiseau near Paris kindly showed me various unpublished
course manuals and practice session exercise lists, and librarians of the
Observatoire de la Cote d’Azur and of the Lick Observatory Archives helpfully
sent requested copies of materials and answered other questions.
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in locating a set of Crew’s spectrum photographs among their holdings and
providing me with a reproduction; likewise, staff members of the Wolbach
Library at the Harvard-Smithsonian Center for Astrophysics provided me with
photographs of plates from Higgs’s spectrum atlas.
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Furthermore, many historians of science and technology have helped and
supported me while I was writing this text, either by constructive criticism of
selected parts of earlier versions, or by contributing good ideas and helpful hints
as to what might be interesting to incorporate. While acknowledgment is given
in the annotation wherever it was possible to nail down such help to specific
points, let me just list those to whom I feel especially indebted: Bruno Belhoste,
Hermann A. and Mary T. Bruck, Olivier Darrigol, (p.20) Michael Hoskin, Kevin
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Tschortner, and Richard Lawrence for their help in preparing the manuscript for
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Francis (for parts of § 4.3 and 4.5) and Birkhauser Verlag (parts of Chapter 9).
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and German quotes, and revision of my English for this monograph.

1.7 Archival abbreviations
The following abbreviations are used for more frequently mentioned institutions.

I am grateful to the archives and libraries whose unpublished sources I have
cited for granting permission to reproduce the relevant passages and
illustrations from among their holdings.

AASP:

Archives de I’Académie des Sciences, Paris (Mme Christiane
Demeulenaere-Douyére)

AEP:

Archives of the Ecole Polytechnique, Palaiseau near Paris

AIP:

Niels Bohr Library, American Institute of Physics, College Park,
Maryland

ANP:

Archives Nationales, Paris

ArP:

Archives de Paris, Direction des services (Mme Marie-Andrée
Corcuff)

BNC:

Bibliotheque Nationale, Département de Cartes et Plans, Paris
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BNE:

Bibliotheque Nationale, Département des Estampes et de
Photographie, Paris

BNT:

Bibliotheque Nationale, Tolbiac, Paris

BoB:

Basel, Offentliche Bibliothek

CUL:

Cambridge University Library, Cambridge, England

DMM:

Deutsches Museum, Munchen

HUA.

Harvard University Archive, Cambridge, Massachusetts
HUBL.:

Handschriftenabteilung der Universitatsbibliothek Leipzig
JHUA:

The Johns Hopkins University Archive, Baltimore, Maryland
LAB:

Landesarchiv Berlin

LOC:

Library of Congress, Manuscripts Division, Washington, DC
MITA:

Massachusetts Institute of Technology Archive, Cambridge,
Massachusetts

MITM:

Massachusetts Institute of Technology Museum, Cambridge,
Massachusetts

NMAH:

National Museum of American History, Smithsonian Institution,
Washington DC

RAS:

Royal Astronomical Society, London

RCW:

Royal Collection, Windsor Castle

ROE:

Royal Observatory Edinburgh

RS:

Royal Society, London

RSE:

Royal Society, Edinburgh

SAdK:

Stiftung Archiv der Akademie der Kiinste, Berlin

SPK:

Staatsbibliothek Preussischer Kulturbesitz, Berlin
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SUBG:

Handschriftenabteilung der Staats- und Universitatsbibliothek
Gottingen

WCA:

Wellesley College Archives, Wellesley, Massachusetts

WCSP:

Wellesley College Library, Special Collections, Wellesley,
Massachusetts.

Notes:

(1) For overviews of more recent work on representation in science, see, e.g.
Lynch and Woolgar (ed.) [1988], Mazzolini (ed.) [1993], Rheinberger [1994], and
Pang [1997D].

(2) See, e.g., Edgerton [1984], [1991] chap. 7 on Galileo’s representations of the
Moon'’s surface, or Kemp [1990] on the history of linear perspective.

(3) See, e.g., Ferguson [1977], [1992], Vincenti [1990] as well as Latour [1986].
Cf. also Arnheim’s [1969] earlier claims about intuitive thinking (anschauliches
Denken), and Kaufmann [1980] for a concise survey of the various psychological
theories of human cognition.

(4) See, e.g., Knorr-Cetina in Lynch and Woolgar (ed.) [1988], Dennis [1989], and
Harwood [1989] on Hooke’s Micrographia, Schaffer in Gooding etal. (ed.) [1989],
Hetherington [1988] on various astronomical issues, Secord [1986] on the
Cambrian-Silurian dispute, and Rudwick’s studies of other geological
controversies.

(5) See, e.g., Darius [1984] for an anthology of nice samples, Thomas (ed.)
[1997] for some well-illustrated analytical essays, Schaaf [1979]-[1992] for
pathbreaking studies on scientific photographers like John Herschel, Fox Talbot,
and Piazzi Smyth, and Schaaf (ed.) [1994], [1996] for editions of pertinent
primary materials.

(6) Compare, e.g., Crone [1953] with Woodward (ed.) [1975], [1987] for the
change in introductory texts on the history of cartography; cf. Woodward [1974],
Blakemore and Harley [1980] for historiographic surveys.

(7) T am thinking of Rudwick [1976] on the geosciences, Blum [1993] on
American zoology, Pang [1994/95], [1996] on solar eclipses, and Pang [19974a] as
well as his contribution in Lenoir (ed.) [1998] on stellar photography.

(8) On statistics see Funkhouser [1938], Royston [1956]; on botany see Blunt
and Steam [1951], Nissen [1951], and recently Nickelsen [2000]; for more
general surveys cf. also Nissen [1950], Ford [1992], Mazzolini (ed.) [1993].
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(9) On the definition of ‘transparency’ in this epistemological sense see the
contributions by David Gooding and Thomas Nickles, in Gooding et al. (ed.)
[1989] pp. 14f.,, 216f., 302f. 31 Of.

(10) For a glossary of these and several other terms see Funkhouser [1938] pp.
364-8. For a critical survey from the point of view of a modern user of these
representational devices, see Tufte [1983]. Cf. also Hankins [1999] pp. 52f. on
the term ‘graph,’ and on nomograms in particular.

(11) Playfair (1801), quoted from Royston [1956] p. 242. Royston (as well as
Shields [1938]) suggested that Play-fair transferred this idea of plotting graphs
from the context of steam engine production. He had been employed as a
draftsman by Boulton & Watt since 1780, which at that time was already using
indicator diagrams to test the efficiency of their machines. For a contextual
analysis cf. Brain [1996] chap. 1.

(12) On Playfair’s reception see, for instance, Funkhouser [1938] pp. 292ff.

(13) Quote from Tilling [1975] P- 194; cf. also Shields [1937]. The earliest
examples found relate to thermometer and barometer readings recorded by
Romer and Lambert.

(14) See Krohn [1991] p. 197, and footnote 9 above on epistemological
‘“transparency’. Cf. also Lynch’s or KnorrCetina’s shop-talk analysis, confirming
this point that researchers ‘see’ their objects, rather than images thereof.

(15) See here footnote 3.

(16) F. Hund in an interview for the Archive for History of Quantum Physics
(AIP), session of 26 June 1963, transcript p. 13. Unless otherwise indicated, all
English translations in this book are by Ann M. Hentschel.

(17) On Piazzi Smyth’s wide-ranging talents and his emphasis on visual aspects,
see Warner [1983], where he is portrayed as an ‘astronomer-artist’, as well as
Schaaf [1979Db], [1980/81], Thomas (ed.) [1997] pp. 88-91.

(18) See Smyth [1843/46] for detailed criticism of various published illustrations
of nebulae by William Herschel (1811, 1814) and John Herschel (1834); he also
comments there on his mezzotint techniques for rendering Maclear’s
observations of Halley’s comet in 1835. Smyth’s paper is reprinted, with
annotation and illustrations added, in Hentschel and Wittmann (eds.) [2000].
According to Warner [1983] p. 113, Piazzi had “apparent authority on the
processes of engraving, aquatinting and mezzotinting”, and from 1845 on also in
lithographing.
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(19) See Galison [1997]; cf. DeVorkin [1985] and Smith and Tatarcwicz [1985] on
the technological history of these devices, and Edgerton and Lynch [1988] on
the aesthetics of digital image processing.

(20) See. e.g., Kirchhoff [1863] vs. Stewart [1863], Diacon [1867], Stokes [1876].
Kayser [1900], [1909], [1911], Junkes [1962], Dingle [1963], Brand [1995]. Cf.
also James [1985a] for a critique of this Whig historiography.

(21) See Kayser [1900], [1902], [1905], [1908], [1910], [1912], [1924], [1930],
[1932], [1934]. For the background of Kayser’s handbook, see also his
autobiography [1936]. About his life and work see Crew [1941], Freiesleben
[1973], and here pp. 244 and 365.

(22) See, e.g., McGucken [1969], Sutton [1972], [1976], [1986], Maier [1964/81];
James [1983], [19856], [1986], [1988].

(23) See James [1981], [1995], Lankford [1981], [1997], DeVorkin and Kenat
[1983], and James [1985a], Hentschel [2000] for historiographic surveys.

(24) See Forman et al. [1975], Weart in Reingold (ed.) [1979] pp. 300f., and
Lankford [1997]. On Rowland’s “school of light” specifically, see also Kargon
[1986] and Sweetnam [2000] chaps. 1, 3, and 8.

(25) Pang [1997b] p. 155 makes this point in his useful literature survey on
visual representation, citing Edgerton [1984], [1991], Winkler and van Helden
[1992], Lankford [1981], Rothermel [1993] and others.

(26) See, e.g., Eder [1945], Lankford [1984], Schaaf [1990], [1992], Thomas (ed.)
[1997] as well as other references here in footnote 163, p. 213.

(27) See Hunt [1844a], [1852], Abney [1874], [1878c], Eder [1884], Mees [1961].
The short remarks on the development of photochemistry found, e.g., in H. and
A. Gernsheim [1955] chap. 23, for instance, are mostly based on these
pioneering texts.

(28) See, e.g., Hetherington [1988] chap. 5 and further sources cited there on
pp. 135f. Bartholomew [1976].

(29) See Pang [1994/95]; cf. also Becker [2000].

(30) On solar-eclipse expeditions, see Pang [1996]. On the coronagraph, see
Hufbauer [1994].

(31) See Pang [1997] and here Chapter 4, § 6.7-6.8.

(32) Arthur Schuster to Charles P. Smyth, 14 July 1882 (ROE, 15.67, folder S);
the plate in question is most likely pi. xxxiii illustrating Huggins [1868al].
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(33) Quote from Whitfield [1995] p. ix; on the following see idem, p. 67.

(34) On this point see, e.g., Edgerton [1975] and Whitfield [1995] pp. 1, 61-3,
quoted in the following main text. Strangely enough, Ptolemy himself designed
and probably made a celestial globe, but never took the step of using his
projection method to create a two-dimensional map. On another such transfer,
see here footnote 11. p. 2.

(35) On the use of Ramsden’s graduated circle and engineer’s chain in the 1784
survey from London to Dover see Brown [1949] pp. 257-9; on Fraunhofer and
Utzschneider’s theodolites see Jackson [2000] and here p. 36.

(36) Just to give one example here: “The process of mapping infra-red spectra
[...]1is, at best, a slow and tedious one. [...] The work involves two distinct kinds
of activity, viz. mapping the spectra, by means of a series of curves, and studying
them.” Coblentz [1905] pp. 4, 15.

(37) Alpers [1983] p. 147; cf. also here § 10.10 on ‘Taking the mapping metaphor
seriously’.

(38) See, e.g., Snyder [1993], Monmonier [1991] chap. 2, [1995] chap. 1 on the
controversy over the Peters and Mercator projection.

(39) Edney [1993] p. 57.

(40) See Jenkins [1998] p. 190. Cf. also the Oxford English Dictionary, 2nd edn,
vol. 9, pp. 348-51 on its etymology, with the first documentable use of ‘mappe’ in
English dated to 1527.

(41) Langley [1882b ]p. 587.

(42) Quote from Mulkay and Edge in Lemaine (ed.) [1976] p. 163. Quite in line
with the analogy, Langley’s infrared map does not distinguish between solar and
terrestrial spectrum lines, and as we shall see on p. 268, Langley even had a
hard time distinguishing between ‘real’ lines and the artefacts of his new
instrument.

(43) George Bellas Greenough (1841), quoted by Secord [1986] p. 29.
(44) Gombrich [1975] pp. 127, 146.

(45) On the rhetoric of visual representations in science see. e.g. Lynch and

Woolgar (ed.) [1988], or Latour [1986]; for cartographic examples cf. Harley
[1989], Monmonier (1991] on “how to lie with maps”. or Monmonier [1995]

chap. 5 on the use of maps in the continental drift controversy.
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(46) See, e.g., Felix Klein in Klein and Riecke (ed.) [1904] or Herbert Mehrtens,
Moderne Sprache Mathematik, Frankfurt: Suhrkamp, 1990, pp. 60-84 on Klein’s
preference for mathematical models as visualization aids; or Suzanne L.
Marchand, Down from Olympus. Archeology and Philhellenism in Germany,
1750-1970, Princeton University Press, 1996, pp. 142-51, on the increasing
importance of Anschauung and visual aids such as maps, posters, and slides, in
the teaching of the arts, classical history, and archeology (my thanks to Kathryn
Olesko for pointing out this latter cultural parallel).

(47) See, e.g., Ferguson [1977] p. 835 or [1992] chap. 5 for examples of such
sets of machine ‘elements’ used in the contexts of teaching and museums.

(48) See Daston and Galison [1992], Galison [1998], and here the discussion in §
10.8 on p. 450.

(49) See Hentschel [1993], [1996], [1997c], [1998] for the results of these
studies dating back to 1990.

(50) This is, of course, an allusion to Rudwick [1976].

(51) The studies by Courboin [1914] and Dyson [1984] provide a useful
orientation for engraving in the contexts of the French and British fine arts in
the eighteenth and nineteenth centuries. See also Wakeman [1973] about
Victorian book illustration, and K. and A. Hentschel [2001] for an in-depth case
study on one Parisian engraver.

(52) The history of the various types of spectroscopes as scientific instruments is
a quite neglected area of historiography—see Bennett [1984], Hearnshaw [1986]
chap. 1, and Wolfschmidt [1998] for brief surveys, as well as Austin [1993],
Warner [1993], for more detailed studies on particular types of spectroscopes.
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The Spectrum in Historical Context

The rainbow, or the natural decomposition of sunlight into its spectral
components, has been a source of fascination for all human cultures.! But
concerted experimental investigation of this phenomenon is of a much younger
date, partly because reasonably clear glass or other translucent dispersive
media are needed to generate a spectrum.? Glass of such quality was first
manufactured in Roman times. In the first century AD the natural philosopher
Lucius Annaeus Seneca first compared the colors of the rainbow with those
created by con-ically shaped glass rods. During the twelfth and thirteenth
centuries, interest in optics was revived again at Islamic centers of learning,
soon to be followed by Christian ones. The Polish monk Witelo used translucent
hexagonal crystals of quartz to examine color phenomena, covering three of the
six surfaces in opaque wax. More commonly, water-filled globes were used. The
German Dominican Dietrich von Freiberg, the English Franciscan Roger Bacon,
the Egyptian astronomer and mathematician Ibn al Haitam, and the Persian
Kamal al-Din al Farisi all used such artificial raindrops to study the distribution
of colors.3 In the ninth century Venice became famous for its highly translucent,
untainted cristallo glass—it is probably no accident that spectacles, or
eyeglasses, were invented in Italy around 1300.% The technology of eyeglass
production (initially convex lenses, 200 years later also concave ones to correct
myopia) spread to other regions, notably the Netherlands where the telescope
and microscope were invented around 1600. One of the first systematic
experiments to include not only brief verbal descriptions but also a drawing of
the spectrum was conducted by Leonardo da Vinci (1452-1519).° In one of his
notebooks he described “rainbow colors” formed by the edges of air bubbles in a
transparent glass of water. By observing these colors in direct transmission,
Leonardo was able to exclude any influence of the eye in the projection of these
colors onto the floor (cf. Fig. 2.1).

Prismatically shaped pieces of glass had long been known to produce colored
light and were used for this purpose, for example, in Venetian lusters. According
to the Oxford English Dictionary, the term ‘prism’ derives from the Greek
npioao, meaning: “a thing (p.22) sawn”. In accordance with Euclid’s geometry
it is defined as “a solid figure of which the two ends are similar, equal, and
parallel rectilineal figures, and the sides parallelograms.” The first documented
use of the term in optics is found in Henry Peacham’s Gentlemans Exercise of
1612, where he mentions a “most pleasant and delightfull experiment [...] in a
three square cristal prisme, wherin you shal perceiue the blew to be outmost
next to that the red.”® In a German edition of Delia Porta’s (c. 1535-1615) Magia
Naturalis which appeared in 1715, the term ‘Prisma’ was still treated as an
unusual terminus technicus typeset in italics, carrying the definition “dreyecktes
GlaB”.”
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Thus it was only during the
second third of the seventeenth
century that these curious
triangular pieces of glass
—“fool’s paradise” as they were
then also referred to because
they “transform the colours of
things into a thousand shapes”8
—advanced from a curiosity, a
mere toy, to a standard
instrument of research. The
Bohemian professor of medicine
Jan (p.23) Marcus Marci
(1595-1667),° for instance, used
prisms to simulate the rainbow.
Thirty-six of the theorems in his
book Thaumantias from 1648
were devoted to the “iris

Fig. 2.1. Two drawings of spectrum
observations by Leonardo. Left: spectrum
observed in transmission through a water
glass with air bubbles. Right: spectrum
observed in projection upon the floor.
From a Leonardo manuscript (RCW, no.
19150 r), reproduced by permission: The

Royal Collection © 2001, Her Majesty
trigonia”, the ‘prismatic Queen Elizabeth II.

rainbow’. He noticed the one-to-

one correspondence between

spectral color and angle of refraction.!? But these acute observations were
interpreted according to quite traditional premises rooted in the Aristotelian
conception of color as constituting a specific mixture of light and darkness.
White light was a simple substance, whereas the spectral colors were
aberrations, or imperfections, possibly related to a change in the light’s density
(condensatio). Consequently, Marci’s explanation for the appearance of the
various colors in a beam that had passed through a prism was a difference in the
degree of condensation, caused by the tapering thickness of the piece of cut
glass.!! Why color fringes appeared preferentially along the edges of lenses or
prisms was settled by the supposition that there the ‘colored rays’ (radii
colorigeni) were less often superimposed by the colorless and more intense
image-generating rays (specie objecti)!? A similar interpretation of color as a
condensation phenomenon is also found in Giambattista della Porta’s treatise De
Iride et Colore of 1593. Figure 2.2 shows rays of light, emitted from the Sun (G),
traversing different thicknesses of glass, with violet emerging at R, blue at S,
green at T, and red at V. (The parallelism of the refracted rays reveals Della
Porta’s ignorance of dispersion!)
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(p.24) In his Dioptrique of
1637 René Descartes (1596-
1650) used prism-shaped glass
for his precise determination of
the index of refraction of glass :
(cf. Fig. 2.3). A fine pencil of /
light was generated by means of ~ W

holes A and L through two
wooden props mounted at E and

F. The glass sample was cut into B

the shape of a triangular prism r E

and placed against the second

prop. Because its face QR was Fig. 2.2. Delia Porta’s conceptualization
flush against the prop, no of color generated by refraction through
refraction occurred where the a prism ABCE. The density of the light is
light entered the prism, and the altered variously as it traverses different
refracted ray along the line BI thicknesses of glass. From Della Porta
clearly indicated the refractive [1593] p. 223.

power of the glass: the higher

its refractive index, the shorter

the distance PI. The point of refraction R was quite close to the tip of the prism
because that way the light ray was less likely to encounter inhomogeneities in
the glass and would be less strongly absorbed. No scale is given in this
illustration but the distance FL cannot have been much larger than 5 cm
because of the inherent limitations in the contemporary production of

homogeneous glass.!3

Fig. 2.3. Descartes’s apparatus to
measure the index of refraction. From
Descartes [1637] p. 137 (reproduced in
Descartes [1982] vol. 6, p. 212).
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This experiment was designed to obtain just one value for the refractive index.
Quite in line with this, Descartes also used a single index of refraction for water,
namely, 187 : 120, for his famous calculations of the rainbow in another essay
illustrating the fruitfulness of his treatise on method, Les Météores, which
appeared in the same year. Nevertheless, he must have noticed that various
colors were refracted slightly differently. This is confirmed by another
illustration in Les Météores where he described a prismatic experiment (cf. Fig.
2.4) in which solar light is directed through a prism NMP and a spectrum HF is
projected onto a surface perpendicular to the slit DE parallel to the second face
of the prism. In this illustration, the divergence of the rays coming from both
limbs of the Sun is greatly exaggerated: practically all of them hit face NM of the
prism orthogonally, and the light refraction only occurs upon leaving the prism.

Descartes noted that no clear spectrum appeared if the opening (I'ouverture), or
slit, as we would say, between D and E was too large. He inferred that, unlike
normal light refraction, the spectral colors could only be formed along a dark
border or edge. According to his mechanistic model of light, the spectrum colors
were generated by a kind of spin imparted to the light particles hitting the
border zone by E or D of the slit: those hitting the left end D rotated in one
direction and thus exhibited one color (red) at F, while the others were turned
(p.25) the other way round by the surface at E (and hence were transformed
into blue-violet at H). The dashed middle ray hits neither border of the slit, but is
nevertheless refracted to the point G. Thus the yellowish area near G was the
effect of normal refraction of the Sun’s rays. Descartes’s mechanistic model of
light was needed to explain why “darkness or a boundary to the light is
necessary” # for creating the other colors of the spectrum such as red and blue-
violet at the areas F and H, respectively. Color conceived as a superimposed
rotation (vertigo) is also found in contemporary texts of other natural
philosophers such as Thomas Hobbes (1588-1679), who may possibly have been
inspired by Descartes’s model of tournoiement.®
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While occupied with the
“grinding of Optick glasses
other than spherical” in the
mid-1660s, Isaac Newton
(1642-1727) became intrigued
by the phenomonon which we
now call ‘chromatic aberration’:
even the most perfectly shaped
lens does not focus all colors of
a well-defined beam of light at
the same spot, and this greatly
reduces the definition of the
image created by refracting
telescopes. A first look at a
bicolored thread through a

WL

cheap prism reportedly bought F

at a fair, already revealed to

him that the blue rays were Fig. 2.4. Descartes s prismatic

refracted more than the red experiment with solar light. Coming from
ones. Newton then initiated a ABC, the ray is projected vertically onto
series of more systematic face NM of the prism, refracted from the
experiments, using a triangular opposite face, and falls onto the screen
glass prism inserted in a small PF. From Descartes [1637] p. 224 or
hole in the window shutter of a [1982] vol. 6, p. 330.

darkened room, to “try

therewith the celebrated

Phenomena of Colours”.16 Having studied the (p.26) optical theories of
Descartes and Hooke, he had doubts about the accepted modification theories of
color, and his experiments amplified this skepticism. Quite in line with his
general inclination towards an atomistic conception of matter, Newton
conceptualized white light as a heterogeneous mixture of light globuli.
According to his mechanistic model, which is documented in various
manuscripts but not publicized until later, these globuli, distinguished by their
different refrangibilities, stimulate the human eye to see specific colors. In his
‘New theory of light and colors’, which he first published in 1672, Newton was
intent on restricting his presentation to propositions gathered from phenomena
by induction. He thought he had shown conclusively that a white pencil of light
contains rays of various colors that are separable by refraction in prisms,
raindrops, or more generally, at the interface between two media of different
refractive index. According to his mechanistic model, prisms thus act like
separators, and colored glass or other colored matter act like filters, admitting
only certain light globuli through while blocking others out. To please the induc-
tivist Baconian spirit of the newly founded Royal Society, and also to immunize
his findings against potential criticism, Newton omitted most of these
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mechanistic assumptions, however, and decided to present the experiments in a
17

way that made his theory emerge as an ‘inevitable’ outcome.
The term ‘spectre’ conjures up notions of phantoms and unreal objects of
thought. It was also used to refer to the apparitions exhibited in the then
popular camera obscura—not unlike the darkened chamber Newton used for his
investigations. Another root of the term ‘spectrum’ introduced by Newton to
describe the colorful oblong image of the Sun produced by his prism (colorum
prismatis) in his article on the ‘New Theory about Light and Colours’ of 1672 is
the Latin verb specto for seeing or watching.!® By varying the distance between
a moveable screen and the prism, he verified that the rays continued to
propagate along straight lines and not in some curved manner, as Descartes’s
model of color deriving from a spinning motion of light globuli would have
suggested. Placing an inverted prism right next to the first prism restored a
circular image of the entrance hole on the screen. This indicated that the
spectrum was not due to imperfections in the prism, in which case it would have
elongated further.!® When he generated a spectrum at least five times as long as
it was wide with a good prism positioned up to twenty-two feet away from the
screen, he was able to demonstrate that no further ‘division’ of the colors was
possible after the ‘analysis’ of light in the first prism: Similar to a chemical
reduction which, once completed, cannot yield anything more elementary, when
light of a selected (p.27) color traverses two or more prisms in sequence there
is no further alteration in the color—at least in principle, i.e., if the experimental
procedure is followed rigidly and skillfully.2? Not anticipating the many problems
his contemporaries would have in replicating precisely this experiment, around
1672 Newton saw it as a particularly striking demonstration of the elementary
nature of colored light and the composite nature of white light.

Light is a confused aggregate of Rays endued with all sorts of Colors, as
they are promiscuously darted from the various parts of luminous bodies.
And of such a confused aggregate, as I said, is generated Whiteness, if
there be a due proportion of the Ingredients; but if any one predominate,
the Light must incline to that colour [...].

For, of the Rays, constituting the incident light, since those which differ in
Colour proportionally differ in Refrangibility, they by their unequal
refractions must be severed and dispersed into an oblong form in an
orderly succession from the least refracted Scarlet to the most refracted
Violet.?!

This experiment flatly contradicted—and in Newton’s opinion refuted—the
common conception of normal white light as elementary and colors as its
derivatives. So Newton called this the ‘crucial’ experiment in his earlier optical
papers, which claim he later retracted, however, because of its controversial

nature.?2
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(p.28)

Not all of these colored rays
could satisfy Snel’s law of
refraction with a given medium
and one index of refraction (or
as Newton put it, with one
degree of refrangibility).
Newton could resolve this
apparent paradox by showing
experimentally that each color
on its own fulfilled Snel’s law.
The price he had to pay was
varying the index of refraction
with the color of each ray. For
instance, in his calculations of
the rainbow, it ranged between
an approximated 108 : 81 for
red rays and 109 : 81 for violet
ones, as a consequence of
refraction in water droplets.23
As described most completely in
Newton’s second paper on light
and colors from 1675, prompted
by Hooke’s persistent criticism,
but also in prop. II, prob. I of
book one of his later Opticks, he
saw an analogy between the
perception of light by the eye
and the perception of sound by
the ear. In his earlier lectiones
opticae of 1670-72, he had
divided the spectrum into five
principal colors. Now he added
orange and indigo, and argued
that this doctrine of seven
primary and simple colors,
namely red, orange, yellow,
green, blue, indigo, and violet,
was also based on this harmonic
analogy.24

Fig. 2.5. Newton’s experimentum crucis
with two prisms in sequence. The light
from a small circular opening F in the
window-shutter is led through a
condenser lens onto a fairly large prism
ABC. The spectrum formed is projected
onto a vertical screen DE and a small part
of it is thrown onto a second screen at de,
in which a small circular hole g admits
rays from only one prismatic color onto
another prism abc. The dispersed light is
then projected onto the back wall MN
and does not show any further dispersion,
regardless of the color admitted through
the hole in the projecting screen.
Diagram from Newton [1704b] p. 47.

Fig. 2.6. A later variant of Newton’s
experimentum crucis from his
correspondence (1721): The sketch
differs from the schematic textbook
presentation in that it depicts a
condenser lens in front of the first prism
instead of a second screen (DE with hole
G) right after it.
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(p.29) As Fig. 2.7 illustrates, Newton tried to interpret this color sequence as
analogous to the diatonic scale in music: d-e (whole step), e-f (half step), f-g
(whole step), g-a (whole step), a-b (whole step), b-c (half step) c-d (whole step).
Accordingly, orange and indigo were semitones of smaller extension than the
other primary colors in the spectrum.

Newton’s representation of the
spectrum, which prevailed for
the next 100 years, was a
“parallelogram of light, with
circular ends, in which the
seven colours gradually shaded

o4

into each other without any olelrlalalslc|p
interruption”.?° Figure 2.8 S8(815108 98109161598, '

shows how Newton’s
parallelogram representation
harmonized the continuous
color change with a presumed
finite set of primary colors.
Superposed circles indicate the
respective positions of the
primary colors in the
continuous spectrum. The
smaller the circular hole is
through which the solar light is
screened, the less two adjacent circles overlap and the better the
“heterogeneous Rays of compound Light” are separated.

Fig. 2.7. Newton’s optical analogue to
the diatonic scale. The relative elongation
of the various color ranges according to
Newton’s harmonic analogy (from
Newton [1704b] p. 127), juxtaposed with
a schematic comparison keyboard: the
two halftones EF and BC correspond to
the smaller intervals ux and 6.

Page 9 of 81



The Spectrum in Historical Context

Yet there is a strange inconsistency in this representation. A sufficiently small
hole will cause the overlapping area between any two adjacent circles to vanish.
But the spectrum exhibits intermediary colors between the primary colors, not
white gaps. Although all these intermediary colors are interpreted as a
superpositioning of two (or more) primary colors, the lower parallelogram
representation fails to reflect this. In his Opticks?® Newton did his best to
smooth over this point and, astonishingly, none of his many followers seems (p.
30) to have noticed this incongruency between the conceptual and
representational assumptions. In principle—if we ignore diffraction effects for a
moment—this homogenization of the spectrum from a reduction in the size of the
aperture can be carried on indefinitely. It would then actually imply an
indefinitely large number of different rays rather than a finite set of primary
colors. Although this point was made by one of France’s foremost Newtonian
physicists, Jean Baptiste Biot (1774-1862), in his treatise on experimental and
mathematical physics,?’ many of Newton’s epigones were quite evidently misled
by the rhetorics of the parallelogram representation. To give just one example:
the Gottingen naturalist Johann Christian Polykarp Erxleben (1744-1777) took
Newton’s visual scheme at face value:

The colorful image is composed of as many circles as there are colors in it,
one of which is red, another orange, etc., the last violet, which fuse into
each other in the colored stripe. Each of these circles is an image of the
Sun in light of a different refrangibility, so they cannot all fall on a single
spot. But just because these circles or images of the Sun are so large, they
fuse into each other and so one can make them smaller by holding a raised
glass between the prism and the hole in the window shutter; then each
simple [ray of] light separately assumes the form of small round disks
rowed on top of each other.?8

Erxleben even went about
illustrating this idealized
separation of the seven primary
colors in a figure (see below) for
his influential textbook, and it
withstood Georg Christoph
Lichtenberg’s many revisions.
Erxleben’s unfortunate diagram
bore the brunt of Johann (p.31)
Wolfgang von Goethe’s (1749-1832) derision, whose own alternative conception

of light and color in his Farbenlehre is beyond the scope of this book.29

In [Erxleben’s] figure, now, the seven rays are placed nice and neatly on
top of each other as seven circlets, just as though some one had once seen
them like that; the connecting dashes that Newton had wisely always
added are left out.
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Newton’s visual scheme Fig. 2.8. Newton’s parallelogram
continued to dominate visual representation of the solar spectrum, a
representations of the spectrum superpositioning of circles indicating the

throughout the eighteenth refraction of primary colors. The lower
century. In 1808 the diagram illustrates improved color
polytechnicien Jean Henri separation with smaller hole diameter.
Hassenfratz (1755-1827) still From Newton [1704b] p. 65.

depicted the absorption spectra
of various colored glass plates
and liquids interposed in a
narrow beam of sunlight as put
overlapping circles of primary =

colors (cf. Fig. 2.10). Even "’?:i_r:;
though he declared in the ~ {
. . . ] e
introduction to his long paper i S
that white light actually consists «0

of an infinite number of colors,
not just seven or three, his
visual representation of his
findings remained confined
within the strictures of this

Newtonian divisioning into
0

Fig. 2.9. To the right of Goethe’s [1810b]
§ 246 comment, (Leopoldina edn, ser. I,
vol. 5, p. 92): Erxleben’s misleading
representation of seven homogenized
primary colors, from Erxleben [1772a-c]

pl. VI, fig. 75.
primary colors.3

Despite the persistence of

Newton’s visual scheme, around the turn of the eighteenth and nineteenth
centuries his hypothesis about the seven primary colors came under renewed
attack by advocates of a three-color theory.3! It was even harshly censured for
“the mystic number seven, the child of judicial astrology”, being “devoid of
foundation, and too plainly betray[ing] a tincture of the mysticism of the age”.32
Others, most notably Hassenfratz, were eager to point out that “la théorie de
I'immortel physicien anglais” only intended to divide the spectrum into seven
parts for practical reasons, and that Newton actually considered the spectrum as
composed of an infinitude of different colors that fuse into each other in
infinitely fine nuances.33 All the same, the visual representations of the spectrum
remained comparatively uninteresting, for no further structure was
distinguished apart from the color sequence from red to violet. This changed
only in the early nineteenth century, but as we shall soon see, the transition was
gradual and the Newtonian heritage of analyzing the spectrum primarily in
terms of color theory prevailed for quite some time. Nice evidence (p.32) for
this thesis is provided by Johann Benedict Listing (1808-1882), a Gottingen
specialist in physiological optics, who as late as 1866 still defended a

standardized division of seven color regions in the visible part of the spectrum.34
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The longevity of the Newtonian
color scheme is a good example
of a phenomenon which we
shall encounter repeatedly
throughout this study, namely
the tenacity of representational
forms despite drastic
transformations in the
theoretical and conceptual
contexts from which they had

Fig. 2.10. Hassenfratz’'s absorption

emerged.3® spectra of colored glass represented as
2 2 The dark lines superimposed circles or ellipses of the
In 1802 a gentleman scientist seven Newtonian primary colors of light
observed dark lines in the solar (color code is along the top). From
spectrum. The retired physician Hassenfratz [1808].

William Hyde Wollaston (1766-

1828), who financed his broad-

ranging experimental researches from his discovery of a practical method for
working platinum, made this observation while conducting an “examination of
refractive and dispersive powers” of a flint-glass prism. He interpreted these
lines as natural boundaries between four color zones:

I cannot conclude these observations on dispersion, without remarking
that the colours into which a beam of white light is separable by refraction,
appear to me to be neither 7, as they usually are seen in the rainbow, nor
reducible by any means (that I can find) to 3, as some persons have
conceived; but that, by employing a very narrow pencil (p.33) of light, 4
primary divisions of the prismatic spectrum may be seen, with a degree of
distinctness that, I believe, has not been described nor observed before.36
The lines which Wollaston designated A and B defined the boundaries of red,
while D and E demarcated the violet from the blue (between C and D). The least
clearly defined area, yellowish green, extended from B to C. Two more lines near
C could not be ascribed any clear borderline position between the color zones,
so Wollaston assigned them the lowercase labels f and g. In the position of
minimum refraction in which, as Wollaston put it, “the colours are most clearly
divided”, he found that the intervals AB, BC, CD, and DE related to each other in
the proportions 16, 23, 36, and 25, but these relations closely depended on the
angle of incidence and on the type of prism used.3’
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For the first time, someone had noticed an internal structure in the spectrum
other than the sequence of rainbow colors. This discovery had been triggered by
the combined use of improved glass prisms and a very narrow slit.38 How
nontrivial this finding was is perhaps best illustrated by an anecdote reported
many years later, after this observation had been repeated independently by
Fraunhofer in Munich,3? followed by hundreds of others. By 1823 several
lengthy and detailed descriptions of how to generate and observe the famous
phenomenon were available, yet even experienced optical experimenters seemed
to have trouble, at first, in replicating Wollaston’s and Fraunhofer’s findings.
Charles Babbage reported about a visit he paid to John Herschel in his mansion
in Slough:

Conversing with Mr Herschel on the dark lines seen in the solar spectrum
by Fraunhofer, he inquired whether I had seen them; and on my replying in
the negative, and expressing a desire to see them, he mentioned the
extreme difficulty he had had, even with Fraunhofer’s description in his
hand and the long time which it had cost him in detecting them. My friend
then added, “I will prepare the apparatus, and put you in such a position
that they shall be visible, and yet you shall look for them and not find them:
after which, while you remain in the same position, I will instruct you how
to see them, and you shall see them, and not merely wonder you did not
see them before, but you shall find it impossible to look at the spectrum
without seeing them.”

On looking as I was directed, notwithstanding the previous warning, I did
not see them, and after some time I inquired how they might be seen, when
the prediction of Mr Herschel was completely fulfilled.40

(p.34) This episode is the more striking since Babbage did not even have to set
up the instrumentation himself but was presented with the fully prepared
phenomenon. What he lacked was thus not so much instrumental skill in
producing the phenomenon as the knowledge about what exactly to look for.
Knowing “how to see” the extremely fine irregularly spaced lines at right angles
to the spectrum’s color gradient was essential, given the low resolution of
Herschel’s home-made spectroscope. Lacking the experimental knack of a
Herschel, it was a nearly insurmountable task to reproduce the phenomenon
without knowing how to handle prisms, how they are mounted so as to ensure a
symmetric passage of light through them, or how to construct a regular and
sufficiently narrow slit.4!

2.3 Early modes of representing the spectrum
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The earliest representation of the solar spectrum deserving the term ‘map’ was
drawn and engraved onto a copper plate by the self-educated optician and
instrument maker Joseph Fraunhofer (1787-1826) in 1814/15.42 (See Fig. 2.11
and color Plate 1.) Fraunhofer had learnt this printing technique in his youth as a
court glazier’s apprentice.*3 Like Wollaston, Fraunhofer also attached
alphabetical labels to some of the most prominent dark lines in the solar
spectrum (from A to H and a to b: see Fraunhofer’s early pencil sketch, Fig.
2.11), but he explicitly rejected the Englishman’s opinion that they were color
boundaries and thus moved away from color theory.#* Altogether, Fraunhofer
counted a total of 574 lines between B and H alone, but in his published map he
depicted only about 350 of them, taking considerable pains to represent
accurately not only their relative positions and internal structure (the yellow D
line is clearly depicted as a double line), but also to indicate their comparative
intensities: compare the bold D or F lines with the very subtle lines right next to
them in Plate I (cf. the analysis of the printing techniques for his map on p. 116).
On top he added a curve indicating the relative intensities of the various spectral

colors.*°

PLATE I (next page). Left: Rare handcolored version of Fraunhofer’s 1814 map
of the solar spectrum. From the archive of the Deutsches Museum, Munich, map
collection, STO 1107, cabinet 39, shelf 03. Right: Published version of
Fraunhofer’s map of the solar spectrum, carrying the inscription “ge-zeichnet u.
geatzt von J. Fraunhofer” (drawn and etched by J.F.). Original length of both:
36.5 cm. (For detailed commentary on the printing, labeling and the additional
intensity curve from Fraunhofer [1815a] pl. II, see here pp. 34ff. and 116.)

Captions of color plates II—IV (preceding pages)

PLATE II. Above: Lithograph (with superimposed colors by iris printing) of the
flame spectra of various metallic compounds (cf. here pp. 42f., and p. 124 on the
askew color borders typical of iris prints). From Miller [1845]. Below:
Characteristic lines in the emission spectra of alkali metals and alkaline earths,
with the solar spectrum at the top as reference (cf. here pp. 47f.).
Chromolithograph by W. Creuzbauer’s printing house in Karlsruhe, original
width 16.6 cm (cf. also fig. 2.18 on p. 47 for the black and white version and
further commentary). From Bunsen [1860] plate V.

PLATE III. Above: Samples of eight handcolored drawings of various absorption
spectra (cf. here p. 37), approximately original size. From Brewster [1822/23a]
plate XXVII. Below: Chromolithograph printed on six stones with various greens
to render different line intensities (cf. here pp. 125). From Kirchhoff [1861/62a]
plate II.
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PLATE IV. Above: The first three of Secchi’s four classes of stellar spectra,
engraved by P. Dulos, printed by Sarazin imp. (Paris). From Secchi [1870a] pi. II.
Below: Samples of arc spectrum photographs obtained with Lippmann’s process
by Hermann Krone in Leipzig. 1892 (cf. here p. 208). Photograph from
Deutsches Museum, Munich, Bildstelle.

(p.35) Already in an early pencil sketch reproduced below, but also in the
black-and-white printed plate, Fraunhofer tried to convey the decrease in overall
light intensity by means of shading near both ends of the spectrum (cf. Fig. 4.5,
p. 116 for a close-up of the printed version).

Fig. 2.11. Undated handdrawn pencil
sketch of the solar spectrum, with all
major lines labeled and darkening at both
ends of the spectrum indicated by pencil
hachure. originally 27 cm long. From
DMM. Fraunhofer papers, folder NL
14-52.
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In the main body of the text he simply cited refraction angles for some of the
major lines. This dual documentation of qualitative and quantitative aspects was
sufficient for the purpose Fraunhofer had in mind when he drew his map. He
just needed markers for specific colors in the visible spectrum (using the
Newtonian color terms) for his refractive index measurements of glass samples.
Fraunhofer’s angular measurements were taken with a precision theodolite,
ruled on silver in 10 arc-second intervals, and an achromatic telescope. The two
verniers helped provide a precision of one arc second so he could (p.36)
determine the index of refraction to six decimal places.*® In contrast to this,
previous measurements of angular diffraction had been limited to an accuracy of
less than 10 to 15 arc minutes because of the continuous change of the colors in
the spectrum.?’ Fraunhofer’s spectrum map must thus be seen in the context of
the applied research done at the optical and mechanical manufactory of
Utzschneider and Reichenbach at the former monastery in Benediktbeuern.48 As
Myles Jackson has pointed out, Bavarian makers of scientific instruments had
profited from the Napoleonic occupation and the order by Maximilian IV to
conduct an up-to-date geodetic survey of Bavaria employing the techniques of
the Bureau topographique. Meanwhile their British competitors, who had
dominated the field in the eighteenth century, were being hampered by high
taxes on glass.*? Fraunhofer’s ‘Optical Institute’ supplied large amounts of
bubble-free and striae-free achromatic glass for optical precision instruments
such as telescopes and also responded to the high demand for such geodetic
instruments as theodolites. It was ideally located to take advantage of an already
experienced labor force. For glass making was not a foreign practice at the
Benedictine monastery even before its secularization in 1803. The 48 people
involved in the production of optical glass in Benediktbeuern included twenty
polishers, two tube drawers, one heater, five turners, one glass pourer, one
assistant optician, and numerous other skilled artisans.”® Within this context of
optical glass production, spectrum lines remained important for determining
refractive indices and dispersion formulas throughout the nineteenth century.®!
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Once Fraunhofer’s discovery became more widely known through reprintings of
his results and translations into English and French in 1823, the dark lines in
the solar spectrum and the corresponding bright lines in flame spectra began to
attract the attention of researchers, sporadically already in the 1830s, and
extensively since the late 1850s. For such studies, Fraunhofer’s shorthand
symbols were clearly not adequate. Nor were the vague color terms used in the
early 1820s, such as, for instance, those in a paper on a monochromatic source
of light by the Scottish physicist Sir David Brewster (1781-1868). Its spectrum is
described as “a fine homogeneous yellow, which, when analyzed by the prism,
exhibited faint traces of green and blue, but not a single ray of red or orange
light”.52 John F.W. Herschel’s report on “the colours of the prismatic spectrum
exhibited by certain (p.37) flames” such as muriates of strontia (i.e., chlorides
of strontium oxide) and of lime, copper nitrate, and boric acid, published in the
same year 1822, is not any clearer, nor are Fox Talbot’s descriptions of
“experiments on coloured flames” written four years later, in which he confined
himself to a simple line count in the different color regions of sodium, potassium,
and strontium salts held in the flame.?3 Both Brewster and J. Herschel had
embarked on a study of the selective absorption of various media not so much
out of interest in the spectrum per se. They were rather looking for perfectly
monochromatic sources of light as a precondition for highly defined refractive
index measurements. We have to remember that this research program was
started shortly before Fraunhofer’s contributions became well known in
England, and that this strategy of isolating light of a distinct color seemea very
promising.54 But Brewster must have felt the inappropriateness of verbal
descriptions for colorful absorption phenomena. In a more detailed report from
1822 for the Transactions of the Royal Society of Edinburgh he appended a
hand-colored plate of spectrum strips (red, yellow, green, blue, and lavender),
with the respective absorption areas blackened out (see Fig. 2.12 and color Plate
I11).
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Even a black-and-white Fig. 2.12. The first eight of 12 absorption
reproduction of this plate spectra as drawn by Brewster. Nos. 2 and
indicates by the uniformity of 3 represent those of different kinds of
the shades of gray that no effort blue glass, nos. 4 and 5 a combination of
was made to represent the the former of greater thicknesses; nos. 6
gradual color transitions in the and 7 represent the spectrum of light
continuous spectrum, nor to sent through a sky-blue paste and a very
exhibit anything even thick piece of green glass, respectively.
approaching a dark ‘line’. Even From Brewster [1822/23a] pl. XXVII,

the dark stripes are very wide reproduced in color on Plate III.
and undifferentiated. But for

Brewster this was no fault,

because the only thing that mattered then was the extension of each of the
various colored areas: the broader the blackened parts were, and the fewer the
luminous areas, the better suited it was for his purpose of finding a
monochromatic source of light. In the same year in which (p.38) his paper was
published (1823), Brewster hit upon Fraunhofer’s publication and immediately
translated and republished it in the Edinburgh Philosophical Journal.
Interestingly, he deviated from Fraunhofer’s original title by adding “with an
account of the lines or streaks which cross the spectrum”,55 obviously still not
quite decided about what to call the dark parts in Fraunhofer’s spectrum, as his
earlier drawing suggests. Other commentators of Fraunhofer’s discovery
compared his dark lines with the black stripes in interference patterns, thus
hypothetically linking Fraunhofer’s discovery with Thomas Young’s and Augustin
Fresnel’s discoveries in physical optics and their revival of a wave theory of

light.56

The 1820s saw the introduction of another representational form of the observed
spectrum as well. In his survey article on light, written for the Encyclopaedia
Metropolitana in 1827, John F. W. Herschel publicized his idea of describing the
variation of light absorption with color in noncrystalline media, such as liquids
and gases, by means of a curve. He plotted the amount of transmitted light as a
function of refrangibility for various thicknesses of the absorbing material.®’
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The schematic representations
obtained (cf. Fig. 2.13) were not
based on measurements; they
were rather a “geometrical
picture of the action of the
medium on the spectrum.”>8
Nonetheless, they nicely
illustrate the color
intensification of absorbent
media as their thickness is
increased (left case with green
glass), as well as the change in

perceived color (dichroism) if

Fig. 2.13. Herschel’s continuous curves
of absorption in various media as a
function of thickness. Left: medium with
maximum transmission in the green such
as green glass; center: yellow glass; right:
medium with two different maxima of
transmission in the extreme red and
green. In all cases the red end of the
spectrum is to the left, the violet to the
right. From J. Herschel [1828/30] pl. 7,
figs. 113-15.

the medium has more than one transmission maximum (right case). The center
of attention for both Herschel and Brewster was the hotly debated question of
which theory of light best accommodated the newly discovered effects of
polarization, interference, and the observed dependency of refrangibility on

color (dispersion).>?

(p.39) Some observers continued to quote angular refractions or equivalently

refractive indices until the late 1860s,%° but these values (e.g., the angle
51°11°55” and the index n p = 1.33397) were not only awkward to use but

obviously dependent on the angle of refraction and material composition of the
specific prism used in the experiment (see Fig. 2.21). Another recording method
simply entailed counting the lines in the intervals delimited by the main
Fraunhofer lines. This was done especially when the quality of a representation

comparable to Fraunhofer’s or later Kirchhoff’s spectral map was at issue.

61

Given the thousands of spectrum lines revealed by a spectroscope even of only
moderate resolution, which were available by the mid-nineteenth century, this
task was far less easy than might be supposed. Especially when the observer
wanted not only to count each line, but to locate it roughly as well, visual
observation of the spectrum had physiological constraints:
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With the first attempts already, it became evident that it is extraordinarily
difficult to indicate the number of lines in one part of the spectrum at the
same time as their location. For at first glance, one sees only the stronger
and very black lines, whereas when one looks at the colored stripes for a
longer time until the eye has adjusted to a specific type of light, almost in
every single segment of the spectrum on which the eye focuses, a large
number of lines of differing light intensities becomes apparent, none of
which or only individual ones of which, of a different quality, had been
perceptible before. So if one combines observation simultaneously with
measurement of the refractive angle, then many lines that the observer
had been able to see quite clearly upon concentrated examination of the
spectrum vanish because the eye must adjust itself in rapid succession to
different types of light.52

Consequently, line counting and the measurement of relative distances between
lines soon evolved into separate branches of spectroscopic research. The
observer to whom we owe the above description of the eye’s ability to adjust so
quickly from one color region to another decided to concentrate first on the
precise determination of relative distances between the main Fraunhofer lines
and other characteristic lines. He then changed over to a detailed examination of
the fainter lines in the much smaller intervals between the strong markers.
Sections of the spectrum with very many regularly spaced lines lying close
together essentially required little more than a line count. The data thus
obtained were then transformed into sketches of a great number of small
segments of the spectrum made to the same scale, to form a composite map of

the spectrum.®3

In 1854 a passionate amateur experimenter with home-made instruments, and
inventor of several electrical gadgets including a proto-telegraph, also tried to
distinguish the “physical properties of light produced by the combustion of
different metals in the electric spark.” This physician, David Alter (1807-1881)64
of Freeport, Pennsylvania, drew up a (p.40) table of the seven Newtonian
primary colors (from left to right) and listed twelve chemical elements
(vertically, see Fig. 2.14). In the resulting 84 spaces he entered up to four
vertical lines for the number of prominent spectral lines or bands (effectively
somewhat like Roman numerals). So in a sense he simply counted how many
such lines there were per color region for each spectrum.
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His motivation for devising this

recording approach arose from | BP0 T GBIV,

a desire to emend the limited EEIERELE 1 Hilver,
verbal description of flame e ki @E‘f;
colors then in common use. Bt 4414 . T
Even the most refined = htbdok o v EEEL !Eﬂi'_}'_ =
vocabulary fell short when F I L by | fPlatioum.

trying to discriminate between i [ - hii

the color of flames or arcs of !J i

elements like silver and | it in
thallium: the arc spectra of | :
these two metals both not only

were green but happened to [ S E s E

exhibit “the same shade of

green.” However, Tyndall Fig. 2.14. David Alter’s representation of
identified two green bands in spark spectra as a tabular line count in
silver and only one in thallium, seven colors. From Alter [1854] p. 55.

situated “midway between the

two greens of the silver.”%% Thus

a line or band count did improve upon the qualitative description. In the
accompanying text Alter tried to specify the lines entered in his table further by
adding descriptions like “faint yellow line”, or “in the orange a very bright band,
one of yellow and one of green—two faint bands in the blue which are not always
seen”. But these verbal descriptions remained diffuse and ultimately inadequate.
While this sector-count representation, as I would like to call it, gave at least
some information about the overall distribution of bold lines in the spectrum of
the dozen elements examined, it was far from satisfactory in conveying their
features. No effort was made to register the relative intervals between the lines,
not to speak of their intensities. Authors positively struggled to express the
subtle intensity distinctions: the “faintest suspicion of a line” as opposed to:
“more decided line, fine line, decided line, more decided line, still more” or
“strongest line” against one “almost as strong”.66 After 1860 Alter, with the
support of a few others, tried to portray himself as a (p.41) “veteran
spectrochemical analyst” or even as “the discoverer of spectrum analysis”.67 But
a closer look at what he actually says in his publications about “coloured bands”
reveals that he was still far away from finding a suitably unambiguous
description for characteristic spectra of the chemical elements. Clearly, a better
means of referring to a specific line within the spectral ranges of several
hundred units of A (in later nomenclature) was needed.
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Sir David Brewster suggested an alphanumerical reference system to refer to
the prominent lines between the few major lines that Fraunhofer had already
labeled with upper or lowercase letters of the alphabet. About 200 stronger
intermediate lines between these Fraunhofer lines were marked with natural
numbers, beginning with 1 at the reddest end of each interval between two
Fraunhofer lines: hence DI, for instance, denoted the first dark line next to the
yellow D line, while C26 denoted the closest dark line at the other side (towards
the red end of the spectrum).%8 The many other fainter lines fared no better,
though, in this notation system, which could be hardly more specific than: ‘in-
between line C26 and DI'. The structural problem with this kind of labeling
system was that the number of known lines was continually rising. So no matter
how many lines were assigned ‘names’, there would always be lines ‘in-between’
that were not directly identifiable. To overcome this problem, Stokes proposed
an alternate nomenclature to indicate the position of a chosen spectrum line
with respect to any given pair of Fraunhofer lines. He divided the distance
between any two Fraunhofer lines, say between lines D and E, into 100 equal
parts and then indicated a position between D and E, 27/100 units away from D,
as ‘D 27 E’, and a position 50 units from the interval G-H beyond the last visible
line H as G H Y. The size of these units thus clearly varied with each interval
between the Fraunhofer lines.% As this alphanumeric classification system was
being suggested, however, the transition to a more strictly pictorial mapping of
emission and absorption spectra was already underway.

Charles Wheatstone’s (1802-1875) “table of bright lines” in the spark spectra
generated from six different types of metallic electrodes is sometimes referred
to as the first ‘naturalistic’ drawing of emission spectra. But unlike its reprint of
1861, Wheatstone’s original contribution for the Dublin meeting of the British
Association for the Advancement of Science in 1835 did not include any
published drawing of the spectrum, just narrative descriptions of “definite rays,
separated by dark intervals from each other”.”’? The ‘reprint’ includes a figure
structurally halfway in-between David Alter’s table (shown above in Fig. 2.14)
and spectrum representations common after 1860. This illustration, in which
each spectrum is still represented vertically, not horizontally, must be seen in the
context of the priority dispute over the discovery of spectrum analysis—a point
unfortunately missed in most standard accounts of the history of spectroscopy.’!
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(p.42) In 1845 the professor of chemistry at King’s College in London, William
Allen Miller’? (1817-1870), published the results of his experiments and
observations of the flame spectra of metallic compounds like copper chloride
dissolved in an alcohol solution before being brought into the flame. To better
illustrate the “intricate spectra” thus obtained, Miller chose to supplement his
paper with two chromolithographed maps, one of which is reproduced here as
Fig. 2.15 and in color on plate III. Both consisted of five color zones (red,
orange, yellow, green, and blue) whose borders also nearly coincided with the
major Fraunhofer lines from B to F. The distribution of spectrum lines and bands
was indicated by more or less strongly shaded regions. The presence of the
Fraunhofer lines as orientational aids offered—at least in principle—a fairly
accurate way to determine the relative distances and positions of the respective
lines. Nevertheless, Miller cautioned against overestimating the precision of his
prints, which had a total width of 15 cm and thus an average dispersion of c. 200
A per cm: “No pretensions to accuracy are made in these sketches; they are
simply intended to convey an idea of the general position and grouping of the
lines. [...] the comparison, though not rigidly accurate, being still very nearly so,

and perfectly sufficient for my purpose”.’3
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As Miller divulged to his readers at the outset, the purpose of his research had
originally been to discover certain recurrent patterns in the “general
arrangement of lines” in spectra of different but chemically related materials.
Even though this aim, which is actually quite in line with the much later search
for ‘homologous spectra’ (cf. here pp. 308ff.), was not met, Miller decided to
publish his results anyway, if only to inform other researchers about which
classes of substances did not work for such a research program.’4 Interpretation
of his findings was thus relegated to the indefinite future—all the more reason at
least to provide a sufficiently accurate phenomenological description of them.
One indication that Miller did succeed in this much is the positive assessment of
commentators even in our century. Despite the acknowledged inaccuracies,
Miller’s plates were still “strikingly realistic pen and ink drawings”.”® The
London-based chemist was critized by his contemporaries, though, in particular
for the low-temperature spirit flame he used, which was unable to produce the
full spectrum of many of his samples, if at all. They were also disturbed by the
fact that the alcohol solution superimposed its own spectrum on the examined
spectra.’® Thus, (p.43) when John William Draper (1811-1882),”7 professor of
chemistry at the University of New York, published his report on the production
of light by chemical action in 1848, that is, three years after Miller’s paper, his
figure of the spectra of various flame spectra (with few exceptions) just makes
use of rectangular stripes to indicate the different extensions of these
continuous spectra mapped relative to the Fraunhofer lines in the solar
spectrum. However, we do still see a rather symbolic depiction of what we today
would identify as the two broad cyanogen band spectra (below G and between F
and G), as well as interruptions of the continuous spectrum at regularly
increasing intervals (in the spectral region B to E). In a blow-pipe spectrum,
generated when additional oxygen is blown into the flame, thereby substantially
increasing its temperature, Draper even noticed something that we would now
identify as emission lines: “the spectrum was divided into five well-marked
regions, separated from one another by inactive spaces; in short, I saw five
distinct images of the blue cone, one yellow, two greens, one blue, and one

violet.”78
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Altogether, a comparison of
Draper’s diagram (Fig. 2.16)
with Miller’s lithograph from
three years earlier (Fig. 2.15)
shows how far ahead of its time
Miller’s illustration was in the
(p.44) mid-1840s. This more
naturalistic visual
representation of emission and
absorption spectra, which
includes the specific positions

of dark and bright lines as well Fig. 2.15. W.A. Miller’s representation of
as a faithful depiction of their molecular flame spectra. No. 7: solar

relative distances and comparison spectrum with major

intensities, was taken up by Fraunhofer lines; no. 8: CuCly; no. 9:
several other researchers in the H3BO3; no. 10: StNO3; no. 11: CaCly: no.
succeeding years. In 1851, 12: BaCly. Lithograph by J. Basire. From
Antoine-Philibert Masson W.A. Miller [1845a] pl. II (cf. also here

(1806-1860), who taught
physics at the Lycée Louis-le-
Grand and at the Ecole Centrale
des Arts et Manufactures,
decided to embellish his description of metallic spark spectra with little black-
and-white sketches of about 7 cm length. They essentially consisted of
rectangular white boxes separated by stripes of different widths indicating the
positions, color range, and to some extent the strengths of the main lines.
Masson’s ‘tableau’ actually is a very detailed projection of the various spectra

Plate II (top) for the coloring of this plate
by iris printing.

recorded with the aid of a camera lucida.”® Compared with Alter’s table
Masson’s representation endeavors to provide more detailed information on the
positioning of various lines within each rectangular box. It is much more iconic
and less symbolic than its predecessor map. Had Masson followed up his
iconography, he might have ended up with equivalents of Bunsen'’s plates
displaying the characteristic spectrum lines of the (p.453) various chemical
elements. But the fact is: he didn't. Like several of his contemporary physicist
colleagues, he too was only interested in the nature of the electric spark, and not
in spectra per se, which were nothing more than a noteworthy side-effect.
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Masson’s), which then leads to Fig. 2.16. J.W. Draper’s diagram of

the more extensive maps of continuous flame spectra (nos. 2-9) and
larger spectral regions. Since of one discontinuous line spectrum of an
many individual researchers are oxygen enriched blow-pipe cone (no. 10),
involved, working within their all drawn relative to the solar spectrum
various ‘scientific communities’ with the main Fraunhofer lines (no. 1).

or in isolation in private Woodcut. From J.W. Draper [1848] p. 107.

laboratories, and in many

different national and local

contexts, it cannot be expected that this transition be governed by any strict
rules of the type ‘no iconic mapping before 1854’ or ‘no tabular arrangement
after 1851°. We are rather dealing with a gradual shift of preferences for one
representational style over another, with considerable overlapping and a certain
inertia especially with respect to the terminology used to denote them.8? While
in solar spectroscopy this transition to iconic depictions of the spectrum
occurred already in the early nineteenth century (to a large extent from the
immense impact of Fraunhofer’s map on his contemporaries), in terrestrial
spectroscopy a proper mapping of the relative distances between spectrum lines
only became common in the mid-1850s.

2.4 The tardy emergence of spectrum analysis

There is a reason for the relatively late emergence of a ‘mapping impulse’ (to
borrow a term coined by the art historian Svetlana Alpers) in the analysis of
flame, arc, and spark spectra. It is true that such pioneers as Fox Talbot and
Masson came quite close to discovering spectrochemical analysis. Talbot, for
instance, had already pointed out that the two red tints of lithia and strontia
flames, hardly distinguishable with the unassisted eye, could be readily kept
apart if one looked at their spectrum.
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The strontia flame exhibits a great number of red rays well separated from
each other by dark intervals, not to mention an orange and a very definite
bright blue ray. The lithia exhibits one single red ray. Hence I hesitate not
to say that optical analysis can distinguish the minutest portions of these
two substances from each other with as much certainty, if not more, than
any other known method.8!

But despite such farsighted prophesies, prior to the late 1850s it was far from
clear that each element had its own characteristic spectrum, and a lot of
evidence actually seemed to speak against this assumption at the time. For
instance, virtually all spectra exhibited a strong yellow line. Swan’s findings
seemed to suggest that different hydrocarbon compounds could not be
distinguished by their respective spectra. Likewise, Masson’s publications,
which superficially look so much like an anticipation of spectrum analysis,32
merely established (p.46) a set of four strong lines (which he called a, 3, y, and
6) as common to all eight spectra sketched in his ‘tableau’.83 To confuse things
even further, some elements displayed completely different spectra in the flame
than in the electric arc or spark. By no means all chemists had prisms at their
disposal. Such were a more frequent item in physical cabinets, but physicists
generally were not yet interested in problems of chemical analysis. Finally, even
if they had been, it was far from clear at the time what the fundamental unit
would be with which to correlate the various spectra. Chemistry was still
grappling with the question of atomic structure, and many alternative models of
the atom were intensely discussed throughout the nineteenth century.
Supporters of Prout’s hypothesis, according to which all atoms were composed
of packets of light hydrogen atoms, were pitted against people like Lockyer who

were looking for even smaller constituents of the chemical elements.?4
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The problem of too low flame temperatures was overcome in the middle of the

1850s with the invention of the Bunsen burner. The colorless flame produced by

this gas burner yielded temperatures of up to 1800°C.8° One of the first
scientists to use this new device for spectroscopic analysis of various
hydrocarbon compounds was the Scottish physico-chemist William Swan (18
1894). His result was that for all spectra related to substances of the chemic

18-

al

type CHs (e.g., wax, oil, tallow, turpentine) or of the form CH;O; (e.g., ether,

alcohol, and glycerine), the same five colored bands and half a dozen

characteristic bright lines appeared, once the slit was adjusted to the blue base
of their flames. Indeed, this spectrum was identical with the one from the blow-

pipe, “though that little instrument gives it more neatly, clearly, and without

the

swamping effect on its best characteristics of the dense continuous spectrum
derived from the more or less yellow light in the upper parts of most kinds of

simple lamp flame.”8% This surprising similarity in the spectra of dissimilar
chemical compounds made Swan curious about how their common lines
compare with those of sunlight. But his comparative plot (Fig. 2.17) showed

disappointingly few coincidences: only in the case of the line a could he verify a

precise coincidence.

(p.47) As disappointing as i

oo 4

Swan’s result of 1857 might | ; |' ]1 1‘
have been, methodologically it | ‘ .

was decisive. A systematic

application of a hypothetical
one-to-one correspondence
between each chemical element
and a characteristic spectrum

Fig. 2.17. Swan’s comparison of the solar
spectrum (top) with the common lines of
various hydrocarbon spectra (bottom).
Copper engraving, 1857. From Swan

generated in the high- [1853/57b] pl. L.

temperature flame of a Bunsen

burner triggered the sudden

breakthrough in 1859. It was born of a fruitful collaboration between an
analytical chemist, Robert Wilhelm Bunsen (1811-1899), who could prepare
unusually pure samples, and a physicist well-versed in optics, Gustav Robert

Kirchhoff (1824-1887), both of them at the university of Heidelberg.8”
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Bunsen’s celebrated color plate
of alkali metal and alkaline
earth spectra, which was
promptly supplemented in 1860
and 1861 by the newly
discovered elements of
rubidium and caesium (see
color plate II and Fig. 2.18 for a
later black-and-white version),
became a model of its kind: It
was reprinted repeatedly in
virtually every introductory text
on spectrum (p.48) analysis,
from the small-scale versions in
sales catalogues of instrument
makers to the wall-hanging
poster size. I would venture to
say, it was the most frequently
reprinted scientific illustration
in the second half of the
nineteenth century.
Thenceforward, the rapidly
growing community of
spectroscopists proliferated
representations of other spectra
not depicted in Bunsen’s
celebrated 1860 plate of
emission spectra. For instance,
Bunsen’s map inspired his pupil
Rudolph Theodor Sim[m]ler
(1833-1874) to search for
further applications of his

Fig. 2.18. The spectra of alkali metals
and alkaline earths, including the newly
discovered elements rubidium and
caesium, as depicted by Bunsen and
Kirchhoff, here reproduced in a later
black-and-white version wood-engraved
by Dulos and published in Secchi [1870]
p.- 230 (for the original color plate from
Bunsen [1860] pl. V, limited to Ka, Na, Li,
Sr, Ca, and Ba, see here Plate II). Only
the characteristic lines of each spectrum
are depicted, no scale is given, and the
solar spectrum is added at the top for
orientation.

teacher’s method, and to plot the spectra of copper salts, manganese, and boric

acid in a similar fashion.8® But, along with countless others who may have had
the same idea, he soon had to acknowledge that many metals (such as Mg, Al,
Fe, Mn, Co, Ni, Cr, U, and Zn) and their compounds did not exhibit distinctive

spectra when held in the Bunsen-burner flame or were dominated by much

stronger, already familiar lines.?° Bunsen’s map likewise clearly served as a
model for H.F. Brasack in Halle in his choice of the scale and mode of

representation for his map of 14 metals published in 1866.90
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Chemists like Alexander Mitscherlich in Berlin or Emile Jules Diacon (1827-
1893) in Montpellier, were skeptical of the universal validity of Kirchhoff’s and
Bunsen’s thesis that each element had its own unique spectrum.®! But even they
brought forward evidence to the contrary in a form that clearly followed the
standards set by Bunsen’s charts (see, e.g., Figs. 2.19 or 2.23). Spectra of
chemical compounds like metallic oxides, chlorides, bromides, or iodides, were
soon called band spectra to distinguish their channeled appearance from those
of the Bunsen and Kirchhoff type, called line spectra, with isolated lines lacking
obvious regularity in arrangement. Thereafter chemists continued to plot a
considerable number of absorption spectra with broader bands distinguishing
different absorbers.

2.5 Numerical scales in

It is important to point out,

though, that neither Bunsen’s Fig. 2.19. The copper chloride spectrum
chart nor other lithographed depicted by Diacon. This copper

maps of the early 1860s engraving by Dulos (cf. here p. 143)
provided any numerical scale: shows the several broad bands with

they simply offered the solar different ruling distances to indicate the
spectrum (p.49) as a gauge, or  various intensities. Its total length is 16.4
other arbitrary lines as cm. From Diacon [1865] pl. I, fig. 1.

orientational aids.?? In the

second publication of 1861 by

these two Heidelberg professors we learn more about how they had made their
original drawings: Bunsen had certainly used a numerical scale as a guide. Their
second spectroscope (cf. Fig. 2.20), which was a much improved design by the
Munich optician Carl August Steinheil®3 (1801-1870), projected a custom-made
transparent scale®® that was inserted in the slit of a third collimating tube onto
one face of the same prism that decomposed the light coming from the flame. By
reflection off the prism surface, the image of this scale could be seen together
with the flame spectrum. With this device two different spectra could easily be
compared in addition, by means of a reflecting prism placed in front of the
micrometric slit.?2 Thus instead of having to take angular measurements with
reference to a graduated circle (such as in Fraunhofer’s theodolite
arrangement), angles were simply read off this scale.
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But while such a scale was used
as an internal reference aid, it
was not considered
unreasonable to exclude it from
the published plate.?% First of
all, the choice of the origin for
this scale was purely
conventional. Bunsen happened
to choose the value 50 for
Fraunhofer’s (p.30) D line,
since this line was most easily
identifiable in almost every

spectrum.®’ The scale units, as
seen through the eye-piece of
the spectroscope, were even
more arbitrary, because they
were dependent not only on the
unit chosen for the transparent
scale p, but also on the
spectroscope’s focal distance.
Even if the scale y and all the
optical parameters could have
been reproduced perfectly by
other spectroscopes, two observers with different instruments would
nevertheless still have disagreed on the numerical values of certain lines,
because prismatic dispersion, and with it the relative distances between
spectrum lines, depends crucially on the specific type of prism glass used in the

Fig. 2.20. Bunsen and Kirchhoff’s second
spectroscope, built by C.A. Steinheil in
Munich. From Bunsen and Kirchhoff
[1860/61b] plate. The scale at 6 is
projected onto the prism at P, whence it is
reflected into the observing telescope B.
The observer thus sees the scale
superimposed onthe flame spectrum
passing through tube from slit €.

spectroscopes.

Flimglass

B C ] E 3 [H H

Crownglase

Fig. 2.21. Comparison of spectra
generated by flint and crown-glass
prisms. From Schellen [1870/72b] p. 229.
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As Fig. 2.21 demonstrates,?8 a prism of flint glass produces not only a broader
spectrum, but also relatively less red and more blue-violet than a prism made of
crown glass. Thus, essentially: “Every prism gives a different map of the
spectrum, nor when we find a band or line by the prism have we any means of
fixing the absolute place, except by a reference to the normal or wavelength
scale, or to one derived from it”.?% As Simon Schaffer has argued, this
“irrationality of dispersion” was quite instrumental in some of the debates on
Newton’s crucial experiments in the late seventeenth and early eighteenth
centuries. The continental scientists used different kinds of glass than the
British, which precluded unequivocal comparisons of the refraction spectra

obtained.100

There is another aspect to Bunsen’s chromolithographic representation of
emission spectra beyond the omission of a scale. A controversy between Bunsen
and two American chemists reveals particularly clearly how conscious Bunsen
was of deviating—

(p.51)

not without good reason[—]from the much more accurate means of
measurement used by physicists in the determination of the refractive
indices of transparent bodies, inasmuch as the chemist, for whom our
apparatus is specially designed, does not require so much an exact
knowledge of the absolute position of the single lines in the spectrum as he
needs to be able to observe quickly and easily, especially when lines have
to be recognized which only flash for a moment.!01

Late in 1862, the chemists S.W. Johnson and O.D. Allen from New Haven had
criticized Bunsen for incompletely and incorrectly mapping the spectrum of
caesium. The two Yale chemists reported having found “without difficulty seven
more lines” than the eleven depicted in the map published by Bunsen and
Kirchhoff in 1861 and they additionally disagreed about the precise placement of

some of the lines figured by their German colleagues.!9?
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In reply to these charges Bunsen argued as follows: While a physicist’s ultimate
aim is to work towards numerically accurate absolute measures and complete
catalogues of wavelengths, a chemist is interested in quite different information,
namely the characteristic Gestalt of the spectrum lines of a given element.
Therefore, in order to reduce the complexity of real spectra and to turn the
given illustrations into a more easily recognizable pattern distinct from those of
other elements, Bunsen had purposely omitted many of the weaker and less
remarkable features: “we did not endeavour to catalogue the lines completely,
but to represent as truly as possible the characteristic appearances of the
spectra of the several substances. Owing to the difficulty of accurately
distributing many shades of the same colour in chromolithographic printing, the
weaker lines have necessarily been omitted in our drawings.”193 This self-
imposed restriction to strong lines should not be understood as a defect, but as a
virtue of Bunsen’s mapping, because his goal was not comprehensive
inventorization but a fixing of each element’s most characteristic lines to allow
its unequivocal identification. Bunsen’s chart thus only depicted the basic
fingerprint, so to speak, of each chemical element.!%4

To the extent that the limitations of chromolithography had hampered Bunsen’s
visual representation, this was a call for an alternate way of depicting spectra.
Bunsen conceded this point by devising a quite different method of plotting the
relative distances and intensities of spectrum lines and continuous spectra in the
plate accompanying his rebuttal (cf. Fig. 2.22). The most prominent feature of
the whole graph was the scale, printed as on a centimeter ruler, and gauged, as
before, at Nap = 50, with the prism placed at the angle of minimum deviation for
all readings. Where Bunsen observed a spectrum line, band or, occasionally, a
continuous spectrum with his spectroscope, he drew a black blob of
proportionate breadth and length to symbolize the relative intensity of the
spectral feature.

(p.52)

------------ -

Tl

Fig. 2.22. Bunsen’s symbolic plot of
emission spectra and continuous spectra.
The scale indicates readings from
Bunsen’s spectroscope, gauged at Nap =
50 at the abscissae of the black spots;
their ordinates represent the intensity of
the features. Woodcut. From Bunsen
[1863d] pl. V, figs. 4-5.
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This partly iconic spectral coding was very simple to draw and, unlike
chromolithographic plates, was easy to print as well. A simple woodcut would do
the job (cf. here § 4.4), while otherwise several lithographic stages were
necessary. This symbolic technique was used widely since,1%° particularly by
chemists to render absorption spectra, which often exhibit broad absorption
bands and other extended features that are thus easily captured. As late as
1881, William Marshall Watts (1844-1919), an experienced spectroscopist
specialized in mapping the carbon spectrum and its various compounds, wrote:
“There is no better plan of noting the peculiarities of a spectrum than that
employed by Bunsen, in which each bright line is represented by a black mark
on the paper whose height represents the intensity of the line.”106

Even though Kirchhoff and Bunsen recognized that, for prism spectroscopes,
numerical scales were “arbitrary”, many others, especially chemists, were much
less aware of this. In a whole series of experimental investigations, Alexander
Mitscherlich (1836-1918), who had just submitted his dissertation to the
University of Berlin, where his father Eilhart Mitscherlich lectured on
chemistry, 197 corroborated his claim that the spectra of metallic compounds
differ from those of the pure metals. His lithographed maps display the spectra
directly above each other to drive home his point. His mode of charting the
spectra combined characteristics from both representational techniques
introduced by Bunsen: an iconic depiction of individual lines and their intervals,
and a condensed comparative chart focusing on the distinguishing features in

the spectra (cf. Fig. 2.23):

Mitscherlich’s spectrum charts are also a good illustration of the interplay
between techniques of representation and original research: these comparative
plots revealed recurring characteristic lines in the various compound spectra of
a single metal. For instance, Mitscherlich claimed that the distances between
the characteristic lines for barium varied with the atomic weights of the
compounds (cf. the shift to the right of the two prominent lines in the spectra of
BaF,, BaCl,, BaBr;, and BaJ,, with an increase in distance from 3 scale units to
3.9, 5.2, and 7.3 in the last four spectra of Fig. 2.23. According to their atomic
weights, the relation between BaCl,, BaBry, and BaJ; would have implied (p.53)
104/148.5 = 5.5 and 104/195.5 = 7.3, respectively). Mitscherlich also searched
for similar relations by comparing the spectra of various metallic oxides. He
found several local similarities but he eventually had to admit that his drawings

provided only weak support.108

Page 34 of 81



The Spectrum in Historical Context

Despite the failure of
Mitscherlich’s efforts to reveal
essential clues about the
structure and relationship of
various elements, his systematic : i
comparison of compound il iy e i ; ;}‘;;“ 4
spectra followed the trend away e e e T ST i

o e

MR

from a merely qualitative
depiction of the Gestalt of
spectra towards a more precise,
quantitative rendering of their
line distributions. Bunsen’s
comparative and scaled black-
and-white woodcut chart of
metallic spectra and Kirchhoff’s
famous map of the solar
spectrum, to which we now
turn, sparked the transition
toward representations of
chemical spectra with an
associated numerical scale, irrespective of whether or not it was deemed
arbitrary. In 1861, right after the birth of spectrum analysis, Kirchhoff undertook
to draw a map of the solar spectrum. The coincidence of bright emission lines
and dark absorption lines now permitted a reading of the dark Fraunhofer lines
as indicators of the presence of chemical elements in the solar atmosphere,
suddenly giving this endeavor new relevance. To obtain maximum resolution,
Kirchhoff used another Steinheil spectroscope with a four-prism chain designed
according to his own specifications (Fig. 2.24).

Fig. 2.23. The spectrum of barium oxide
compared with those of strontium and
calcium oxide, and with barium fluoride,
chloride, bromide, and iodide, according
to Mitscherlich. The numerical scale
underneath each spectrum is arbitrary,
whereas the letters D, E, F. and b indicate
the positions of strong Fraunhofer lines.
Stone engraving by A. Schiitze (Berlin).
From Mitscherlich [1864a] pl. VI.

How to convey the excitement he must have felt upon first seeing the solar
spectrum in such unprecedented detail and intensity? One Munich instrument
manufacturer exclaimed in 1862: “The splendor of Kirchhoff’s solar spectrum is
enthralling!”1%9 A small sample segment from Kirchhoff’s published map is
reproduced here as Fig. 4.10 (p. 125). It included (p.54) chemical identification
of some of the Fraunhofer lines that he could correlate with 463 emission lines
of laboratory-generated spark spectra, with a juxtaposed numerical scale that
ran from about 1000 (D) to 2250 (past F) in the map of 1861. The continuation of
the map in 1862 extended this scale down to 381 (near A) towards the red end,
and up to 2875 (near G)—note that Kirchhoff’s scale runs contrary to the later
wavelength scales. Why now include an arbitrary scale?
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Above the drawing of the
spectrum I have placed a
scale divided into
millimetres, and having an
arbitrary commencement.
This is, in the first place,
useful for the purpose of
obtaining an easy means of
nomenclature for the lines.
[...] By means of this scale
we are likewise enabled to
specify with a greater degree
of accuracy the positions in
the spectrum where no dark Fig. 2.24. Kirchhoff’s four-prism

lines occur. A relation Steinheil spectroscope. From Kirchhoff
between the numbers on the [1861/62a], pl. IIL

scale corresponding to the

individual lines and the

refractive indices of my prisms for these lines does not exist, because the

prisms were sometimes placed more exactly than at other times at the
110

angle of minimum deviation for the particular rays.

Thus Kirchhoff’s scale was nothing more than a convenient labeling system that
had to be used in conjunction with his spectrum map. Orientation within the
spectrum had been (p.33) made one step easier, but each observer still had to
assess visually the similarity between the mapped groups of lines and what he
saw in the ocular of his own spectroscope. A ‘subjective’ criterion still decided
on the identification of a given line instead of some ‘objective’ one, such as a
numerical coincidence of tabulated values with scale values read off the
instruments. Despite this drawback Kirchhoff’s scale was readily accepted by
the scientific community. As an anonymous referee put it in his review of the
English translation of Kirchhoff’s memoir by Henry Enfield Roscoe (1833-1915)
in 1862: “provisionally at least, Kirchhoff’s scale is certain to be adopted. The
whole science would be thrown into great confusion were different scales, each
with its own zero, adopted by different observers, like the several systems of

longitude; we earnestly deprecate such a proceeding.”!1!

2.6 Prisms versus diffraction gratings
Aside from the differences between various types of glass prisms and prism
spectroscopes, there was another “inherent defect in the prismatic spectrum”:
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in the same spectrum, from the very circumstance of their greater
refrangibility, those [rays] in the violet will be relatively more separated
from each other than those in the red. [...] The result of this increased
separation in the more refrangible regions is to give an apparent dilution
to them, while the lesser refrangible regions are concentrated. [...] When,
therefore, we obtain a prismatic impression on any sensitive surface, it is
very far from representing the true character of the phenomena. The
action which ought to be concentrated in a lesser space at the more
refrangible region is spread over a greater, and with that augmentation an
apparent diminution of the amount of action is perceived. This, of course,
should make the maximum point vary, spread out unduly the violet end,
and dilute the true effect. The different regions of the prismatic spectrum
cannot be fairly compared with one another.112

This graduated ‘dilution’ of the prismatic spectrum is illustrated in Fig. 2.25.
However, as Draper indicates here, there was an alternative way to assign a
numerical value to a specific spectrum line which promised to yield a material-
independent, ‘normal’ wavelength scale.
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In a paper published in 1823, Joseph Fraunhofer had shown mathematically that
a perfectly regular grid of lines would yield a spectrum by constructive
interference of wave-fronts differing by integral multiples of one wavelength. He
had even made some initial attempts to build such a diffraction grating, as they
came to be called. They were made of wire wound along finely tooled screw
threads to form a fine, regular grid. In a later design, closely parallel lines were
scratched with a diamond onto a gold-plated glass surface. But these primitive
gratings still could not compete against prisms.!13 Furthermore, the poor
intensity of the resulting spectrum precluded their application in stellar
spectroscopy; the (p.56) superposition of different orders of interference, and
the appearance of pseudolines (so-called ghosts) beside prominent ‘real’ lines
were further disadvantages of diffraction gratings. Nevertheless, improvements
in ruling technology in the 1860s and 1870s, achieved by the instrument makers
Friedrich Adolph Nobert (1806-81) in Pomerania, William A. Rogers (1832-98)
at Harvard, and Lewis M. Rutherfurd (1816-92) in New York, changed all that.
Diffraction gratings began to replace prism spectroscopes in metrological tasks
requiring instrument-independent information about the ‘normal’ position of
spectrum lines or other spectroscopic features. I cannot dwell here on the
history of the production of these diffraction gratings,!!4 but significant progress
was made in the evenness of line ruling, the equidistancing of adjacent lines and
the total width of a ruled surface S, which determines the resolution A/AA ~n - S/
€ (nis the order in which one observes, typically the second or third). The small
Nobert gratings in the late 1860s (used by Angstrém, van der Willigen, Mascart,
and Cornu) were replaced by Rutherfurd’s in the mid and late 1870s, followed by
Henry Augustus Rowland’s concave gratings invented in 1882. The latter
relieved the experimenter of collimator lenses or other optical components and
thus simplified spectroscopic measurement considerably. They reached a
theoretical resolution A/AA of up to 400 000, more than three times the
resolution of the best prism gratings available, marking the high point of
nineteenth-century diffraction grating technology.!!® Given certain preconditions
(such as correct mounting and adjustment and, for a reflection grating, proper
placement of the photographic plate opposite the grating, etc.), Rowland’s
concave gratings produced a normal spectrum at high dispersion and essentially
free of ghost lines. They even provided the additional feature of considerable
overlap among adjacent orders of the spectrum, which allowed internal
verification of wavelength measurements by the coincidence method: a
wavelength Aq in the order n 1 and a wavelength 2, in the order n , were
coincident in the photograph if n ! - A ; = n 2A,. Because of all of these features,
these concave gratings were widely hailed as a labor-saving device, and access
to one of these (p.37) precision instruments became an essential prerequisite
for spectrometric work at the research front. When Rowland reported on the
possibilities opened up by his new technology at the Physical Society in London,
James Dewar (1842-1923) commented:
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We have heard from _

Professor Rowland that he Frisrnen —.5/'0815’ frum

can do as much in an hour as -

has been done hitherto in 700 600 300 400
three years. I struggle with a i”ﬂ”ﬂ]ﬂ“l LT || I | RN | P l
very mixed feeling of elation

and depression. Elation for

the wonderful gain to science Girtter — Spgkf;’a 777
and depression for myself,

for I have been at work for 700 600 300 400
three years inmapping the | (11 [l bbbl

uitra viole Fig. 2.25. Comparison of the scales of a

diffraction gratings were not From Lowe [19254a] p. 7.

obtainable or not fully

applicable to the specific

spectral range under study, this normal spectrum had to be reconstructed from
the data using a graphical method of conversion.!17 Thus we see that the visual
mode of representation of spectra, in turn, generated a need for graphic modes
of data analysis. Once ‘normal’ spectrum maps such as Angstrém’s in 1868
became firmly established—“classically accurate and chemically expounded” as
one contemporary put it'18—older maps and spectral tables that had been
plotted to other scales were converted into the new wavelength system. In 1868,
for instance, both the Astronomer Royal George Bidell Airy in Greenwich and
Josiah Willard Gibbs at Yale published formulas and tables for converting the
‘old’ Kirchhoff scale into the ‘new’ Angstrém scale.!!® Likewise, in 1864 Leaner
Ditscheiner in Vienna transposed the ‘old’ Fraunhofer angular refraction values
into the new wavelength system and in 1869 Gibbs converted Huggins’s
arbitrary scale, strongly criticizing Airy’s conversion of Kirchhoff’s scale as
utterly useless for all scientific purposes.!?? The same procedure was later
reiterated when Rowland’s system of wavelength normals replaced the older
‘normal maps’ in the 1880s.
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It would be deceptive to think that with the introduction of the ‘normal’
wavelength system everything was stabilized: the half-life of each system of
wavelengths, often associated with its own form of visual representation, i.e., the
standard spectral map, remained incredibly short. To stay with the example of
solar spectrum maps: Angstrém’s map and wavelength values were superseded
by Rowland’s “preliminary” wavelength standards, obtained with the best of his
concave gratings. Rowland’s standards, in turn, were officially revised twice, the
first revision appearing in 1928, and the second as late as 1966, not to mention
the many minor corrections and alterations to his system under the aegis of the
International Union for Co-Operation in Solar Research from 1904 on, and then,
after World War I, under the guidance of the International Astronomical Union
(IAU).12! Closer examination (p.58) of Rowland’s laboratory notebooks in
Baltimore reveals the considerable part played by known wavelength values in
new measurements—if only as orientational markers and as an easy means of
checking the basic reliability of the measurements. 122

The emerging preference for maps generated by diffraction gratings displaying
the normal spectrum, and line positions measured in terms of wavelengths, went
hand in hand with a dispute over which unit to use for these wavelengths.
French authors pled for the metric system and quoted their data in fractions of a
millimeter, or equivalently, of one A (defined as 10~1%m), in commemoration of
the pioneering spectrum map published in 1868 by Anders Jonas Angstréom
(1814-1874).123 Angstréom’s access to a high-quality grating made by the
Pomeranian instrument maker Nobert (see above p. 56) meant that he did not
have to resort to prisms and could plot his spectrum directly from observation.
Consequently, his map was the first of the ‘normal’ spectrum with the interstices
between spectrum lines directly proportional to wavelength. He quoted
wavelengths in units of 10~/mm.'?* Angstrém’s publication consisted of two
volumes: the text volume included extensive wavelength tables, already
attaining an accuracy of two digits after the decimal point, combined with
detailed calculations concerning his wavelength standard as compared with a
meter standard.!2® In a separate plate volume, six plates displayed the solar
spectrum from B to H2 together with a wavelength scale in units of a ten-
millionth of a millimeter and chemical identification for an estimated 5 % of the
total 792 lines plotted on his map. At the time of publication, the accuracy of his
line-position measurements was such that he could often do without most post
decimal-point digits for rough identification. For instance, a wavelength of 5567
A still clearly designated an unfamiliar new line that Angstrém had observed in
the spectrum of the aurora borealis. 26 However, rapid spectroscopic advances
based on improved diffraction gratings soon required more decimal places to
describe a line adequately, which made this labeling convention somewhat
cumbersome. Simple inertia guaranteed the continued use of this unit by
spectroscopists, who all used Angstrém’s map and tables, as well as later ones
based on his standards, but occasionally alternatives were suggested.'?” The
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British inch, in particular, had some staunch advocates, who simply refused (p.
59) to quote “wavelengths in modern French terms, adopted by Angstrém in the
latter years of his life, vice the ‘inches’ of his renowned and heroic Scandinavian
forefathers”.128 But the British inch, measuring 2.54 cm, is considerably larger
than the millimeter and wavelengths quoted in inches would only lead to smaller
numbers with longer strings of post-decimal digits. On the other hand, it was
advantageous if one decided to plot spectra not according to wavelength A, but
according to frequency v = c¢/A, or equivalently, according to wave numbern — 1/
A, essentially indicating the number of waves per unit length. A prominent
spectrum line such as 5888.98 A for the sodium Dj line in Angstrém’s system
thus translated into 43 085 in Piazzi Smyth’s wave-number scale.!?? Note that
with the change from wavelengths to their inverse, the color sequence of the
spectrum maps was also inverted: Angstréom and his followers counted from
small to large wavelengths, i.e., from the violet (left) to the red (right), while
Charles Piazzi Smyth (1819-1900), Astronomer Royal for Scotland, plotted from
low to high wave numbers, i.e., from the red (left) to the violet (right), “exactly
suitable to Fraunhofer’s now expugnable order of lettering the chief lines of the
solar spectrum from Red A as the beginning to Violet H as the end.” While
prismatic spectra compressed the red end and diffraction spectra the opposite
end of the visible spectrum (cf. here Fig. 2.25), a frequency or wave-number plot
promised to achieve a “most desirable mean between the oppositely exaggerated
views of Prisms on the one side, and gratings on the other”.!3% The wave-number
(i.e., frequency) plot was particularly useful in the line-rich blue and violet
regions because there it amplified distances between spectrum lines and thus
decompressed line groups and bands “miserably cramped by the untoward
qualities” of the wavelength scale adopted by Angstrém.!3! Thus, all spectrum
maps made by this Astronomer Royal for Scotland were labeled in his
idiosyncratic scale of number of waves per British inch, despite repeated
cautions by friends that this scale would adversely affect the popularity of his
maps outside Great Britain.!32 Because of the prevalence of Angstrém -based
spectrum maps and the lack of fans of the British inch on the continent, (p.60)
Piazzi Smyth’s convention remained somewhat idiosyncratic but it had another
argument in its favor. The abscissa on his maps indicated wave numbers rather
than wavelengths, and since wave numbers were directly proportional to
frequency, his maps proved particularly useful to those more theoretically
inclined minds who were looking for overtone series or other regular patterns in
line and band spectra. (For more about this endeavor, which became quite
popular in the last quarter of the nineteenth century, see here § 8.5f.)
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Leaving aside these concerns about precision and theoretical adequacy of a
spectrum scale, practical considerations also played a role. At least until the
introduction of blazed gratings in the 1930s, whose grooves are cut in such a
way as to concentrate the diffracted light in one preferred direction, diffraction
gratings simply could not be used for many practical applications of
spectroscopy, either because the intensity of the resulting diffraction spectrum
was too low, or because the light source itself was too dim to allow examination
with the less handy grating spectrographs. As late as 1921, both the director
and the head of the research department of the Parisian municipal laboratory of
chemistry complained about the available ‘normal’ spectrum atlases:

Unfortunately, this spectrum comes from a grating and its appearance is
very different from the spectrum provided by a standard spectrograph; the
dissimilarity is so great that the operator is left in an inextricable dilemma,
finding it impossible to attribute wavelengths to the principal lines of its

spectrum.!33

Thus, despite the undisputed state of perfection of ‘normal’ spectrum
representations, a definite need for their prismatic counterparts remained,
which other spectroscopists soon hastened to satisfy.!3# Seen from this angle,
the story of spectrum representations is not a simple gradual replacement of one
outmoded form of representation (i.e., prismatic spectra) with a newer one (i.e.,
grating-generated ‘normal’ spectra). The coexistence of different spectroscopic
practices led to a parallelism in contemporary atlas types and plates. As the
foregoing quote also shows, translating between the different images was by no
means easy: considering the striking difference in appearance of a single line
group in the two types of representations, I think it is fair to speak here of
different ‘spectro-scopic domains’,!3° or different visual subcultures within a
broadly framed visual culture of spectroscopy.

2.7 Extension of the spectral range and its interpretation
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Thus far I have been discussing improvements in scientific instrumentation that
led to an increase in accuracy of spectroscopic measurements. Let us now turn
to another important research strand that is intertwined with the former:
exploration of the spectrum at and beyond the red and the violet. This agenda
dates back to the discovery around 1800 of new types of radiation in these
invisible spectral regions.!36 It must be pointed out that it was by no means
clear from the outset that, essentially, only one spectrum was involved, and a
convenient framing concept such as electromagnetic radiation was, of course,
only to emerge (p.61) with the work of Maxwell and Hertz in the second half of
the nineteenth century. Prior to that, researchers often believed they had found
a completely new type of radiation with its own spectrum, apparently
overlapping neighboring ones that were thought to be produced by different
entities. In the following I will concentrate on the exploration of what we now
call the infrared spectrum. The research on so-called chemical rays (nowadays
referred to as the ultraviolet spectrum) will be discussed in § 2.8 on the
phosphorogenic spectrum and in § 6.4 in the context of the development of
scientific photography.

2.7.1 William Herschel’s heat intensity curve

William Herschel!37 (1738-1822) is often hailed as the discoverer of infrared
radiation in 1800. He himself was divided about how to interpret his results. At
one point they seemed to suggest that the spectrum simply continued beyond
the red end of the visible spectrum, and at other times they rather suggested a
fundamentally new type of heat ray with qualities distinct from those of visible
light. After empirically confirming the validity of the laws of reflection and
refraction for these rays, Herschel initially opted in favor of a close similarity
between heat rays and light. But their totally different properties of transmission
and absorption in various media spoke against it: “we have a direct and simple
proof, in the case of the red glass, that the rays of light are transmitted, while
those of heat are stopped, and that thus they have nothing in common but a
certain equal degree of refrangibility”.!38 The red filter thus acted as an
auxiliary to separate the two types of rays present in natural radiation from the
Sun. In addition, the diffuse scattering of light from unpolished surfaces was
totally different from that of radiant heat: while thick black velvet scattered heat
rays very effectively, it absorbed light nearly completely; on the other hand,

gold-leaf paper scattered light rays very well, but ‘invisible light’ much less.139
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In another well-known experiment, Herschel took three blackened thermometers
and exposed one for five minutes each in different color zones of the spectrum,
the other two thermometers remaining just outside the illuminated area to test
for systematic errors. After recording the temperature readings systematically
as a function of position, he found that the maximum of the heat spectrum was
located outside the visible spectrum, beyond the red end (see Fig. 2.26). This
was the more surprising since it conflicted with earlier determinations of the
heating effect of various spectral colors.!49 Herschel’s finding also implied that
as the heat intensity curve rose against the refrangibility when moving, say, from
the yellow region to the red end of the spectrum, the corresponding curve of
visual intensity decreased in the same interval (see Fig. 2.27).141

This curve marks the transition from an earlier mode of inquiry into heat rays,
mostly by means of mirrors and somewhat analogous to geometrical optics, to a
research program (p.62) that could appropriately be called the spectroscopy of
radiant heat because of the emphasis on its prismatic decomposition. As John
Heilbron notes, this figure was also one of the first comparative visual displays
of the results of quantitative measurements ever published.!42 Herschel saw the
different placements of the maxima, but particularly the partially counterposing
tendencies of the photometric and thermometric curves, as indicative of a
fundamentally different entity, ‘invisible light,” giving rise to these thermal
effects.

(p.63)
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Now when these [two curves] Fig. 2.26. Herschel’s experimental setup
are compared, it appears with three thermometers, one on a

that those who would have projected solar spectrum and two placed
the rays of heat do also the beyond the spectral strip for comparison
office of light, must be measurements. Copper engraving by J.
obliged to maintain the Basire. From W. Herschel [1800b], plate
following arbitrary and xi, facing p. 292.

revolting propositions; viz,
that a set of rays conveying
heat, should all at once, in a
certain part of the spectrum,
begin to give a small degree
of light; that this newly
acquired power of
illumination should increase,
while the power of heating is
on the decline; that when the
illuminating principle is

come to a maximum, it I el il R ot
should in its turn also, Fig. 2.27. Herschel’s comparative plot of
decline very rapidly, and visual R and thermometric S intensity
vanish at the same time with curves of the spectrum. From W. Herschel
the power of heating. How [1800d] pi. xx, facing p. 538.

can effects that are so

opposite be ascribed to the

same cause? First of all, heat without light; next to this, decreasing heat
but increasing light, then again, decreasing heat and decreasing light.143

His contemporaries were also undecided: John Leslie (1766-1832) and Christian
Ernst Wiinsch (1744-1828) believed that it was only a question of inadequately
filtered optical rays, while Henry Charles Englefield (1752-1822), Thomas
Young, and later also Jacques Etienne Bérard (1789-1869) took Herschel’s view
that there is thermometric action beyond the red end of the spectrum, although
Bérard located the maximum within the visible part of the red.1%# The precise
location of the maximum of the red region became the (p.64) subject of heated
controversy,'4? which was only resolved in 1819 with Thomas Johann Seebeck’s
(1770-1831) demonstration that the maximum was dependent on the prism
material.146 Similarly, the heterogeneity of characteristic features and the
polarity in their respective physical actions were the main arguments inducing
researchers, John William Draper among them, to postulate yet another
independent agency, namely chemical rays, at the other end of the visible

spectrum.14”
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When Johann Wilhelm Ritter!4® (1776-1810) discovered the chemical action of
invisible light on silver salts in 1801, he interpreted his finding, true to the
Romantic natural philosophy then in vogue, as evidence of polarity in nature. He
thought he had found the counterpart to William Herschel’s heat rays at the red
end of the visible spectrum: aside from the diametrical opposition with respect
to its placement at the violet end, Ritter’s rays were also associated with cold
(vs. heat effects at the other extreme), with chemical reduction (or desoxydation,
as Ritter called their chemical action), and with a stiffening effect on solids (as
opposed to the loosening induced by heat rays).!4? Ritter’s interpretation of his
findings rapidly became known also in the English-speaking world via
translations and abstracts. Even though Herschel was not influenced by
Romantic natural philosophy, this argument nevertheless strengthened his own
conviction about the ontological distinctness of heat rays: Aside from the better-
known visible spectrum, we now had—or so it seemed to the majority of
Herschel’s and Ritter’s contemporaries—two new natural kinds: heat rays and
chemical rays.

2.7.2 John Herschel’s thermograph

In early 1840, William Herschel’s son, John William Frederick, developed what is
called the thermograph technique for rendering heat radiation visible.!5% He
thoroughly blackened one side of a very thin sheet of white tissue paper with the
smoke of a candle, then exposed the white surface to the solar spectrum
generated by a heliostat and two flint-glass prisms of 45° in the position of
minimum deviation. Moistening the tissue paper with alcohol, he could observe
that where thermic rays collected more intensely the paper dried more rapidly
than elsewhere. Heat spots formed as a result, or thermic images of the Sun that
“traced out their extent and the law of their distribution by a whiteness so
induced on the general blackness which the whole surface acquires by the
absorption of the liquid into (p.65) the pores of the paper.”1®! These
conspicuous and intense patches were only “transiently visible” with this
technique, but there was enough time to jot down a good drawing of their
features as they intensified and evolved over time, before the alcohol evaporated
completely away. Later Herschel succeeded in fixing the image by adding a dye
to the alcohol, residues of which remained on the paper in greater
concentrations where the alcohol had evaporated away more quickly.!>? A
photographic impression of the exposed spectrum intensifies just marginally
towards both ends. The ‘thermic spectrum’ in Fig. 2.28, by comparison, builds
up on one side only, in the infrared, with the exposure time increasing linearly
from nos. 1 to 5. The big spot Y widens towards B, followed by the spots y, 6, and
the barely visible spot € at the far left. Herschel’s series of sketches was
redrawn and published as a stipple engraving by James Basire for the
Philosophical Transactions of the Royal Society.

Page 46 of 81



The Spectrum in Historical Context

At first, the contemporaries
were unsure about how to
interpret these results. From
Herschel’s correspondence we
learn that he privately favored
regarding these “heat spots” as
evidencing a partial absorption
by the terrestrial atmosphere of
an otherwise unbroken (p.66)
thermic spectrum. He thus

v draplic fmpress ions Lhatograplie lpprevsionsy

imagined a continuous Fig. 2.28. ]. Herschel’s thermograph and
unabsorbed spectral range of photograph of the solar spectrum at five
radiant heat intermittently different exposure times. Stipple
registered as a series of isolated engraving by James Basire. From ]J.
spots. Herschel [1843a] pl. I, fig. 9.

I have made some very

curious thermographic experiments lately which lead me to think that not
much more than half the Sun’s radiant heat reaches the Earth’s surface,
being absorbed in the atmosphere[—]at least I interpret the insulation of
two heat spots at a great distance beyond the spectrum—thus [then follows
Fig. 2.29].153

Melloni suggested that

#
Hersc‘:hel hi?.d merely recorded R ___;_\) 4
the discontinuous thermal
absorption of his flint-glass L ;Y_r______J_______DE
pris.lrn.154 In March 1842, the - E

American chemist John William c L————‘?L_D

Draper confirmed this “want of <! O_O%—&jp
continuity” in the least &

refrangible part of the spectrum

using the daguerreotype recording technique. He found not five but three
strikingly dark zones beyond the red end of the visible spectrum which he called
a, B, and vy, respectively. This (p.67) he considered its extremity beyond which
no radiation could exist.1%° Later, these features were rediscovered and explored
further with the aid of sensitive alcohol thermometers, thermomultipliers,

phosphorescence techniques, and finally photography.!°6
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Allin all, interpretation of these Fig. 2.29. ]. Herschel’s interpretation of

findings was far less the thermograph, 1840: Y signifies the
straightforward than we may be

inclined to think. It is hardly
conceivable for us that these
newer lines might be anything
other than natural extensions of
the visible spectrum beyond the
red and violet. Some pioneer
researchers (e.g., W. Herschel
and J.W. Draper) did entertain

position of Fraunhofer’s line F in the
yellow, A is labeled as the luminous
spectrum, B the chemical spectrum,
extending further beyond the violet, C
“the complete or unabsorbed thermic
spectrum continuing past the red end of
the visible spectrum, and C' the thermic
spectrum incomplete, as it exhibits itself
to the eye in my experiments”. Letter to
this theoretical model for a J.W. Lubbock, 9 April 1849 (RS, HS
while, but from the available 22.43). By permission of the President

evidence of the physical action and Council of the Royal Society.
on thermal, optical, and

chemical detectors in the

different spectral regions, most chose another interpretation: They postulated
other types of radiation. According to both J. Herschel and J.W. Draper, solar
radiation and the radiation emitted from luminous terrestrial sources was a
heterogeneous mixture of visible, actinic, and calorific rays. The spectrum
generated by a prism or a diffraction grating and photographed or explored by
other means was understood as the superposition of three components: an
optical spectrum more or less within the confines of Fraunhofer’s lines A and
H,1%7 an actinic or chemical spectrum with its maximum beyond the violet
end of the visible spectrum,'®® and a thermic or calorific spectrum with its
maximum below Fraunhofer’s line A.1%% The experimental problem facing these
pioneers was how to disentangle these different components of normal radiation.
Herschel had demonstrated chemical action of the solar spectrum far beyond the
extreme red rays. Likewise Herschel and Melloni had both demonstrated the
generation of heat in the visible part of the spectrum.!69 Evidently no clear-cut
separation between the different ontological domains was feasible, because the
various effects of the different types of radiation were not bounded by well-
defined spectral limits but variant only in magnitude. In the following Fig. 2.30,
the three strips illustrate the spectra of light, heat, and actinism positioned
relative to the Fraunhofer lines in the optical spectrum. The middle strip is
actually a redrawing of Herschel’s thermograph of 1840 (cf. here Fig. 2.28), with
its discontinuous features marked (p.68) « to &, while the third, the actinic
spectrum, clearly exhibits the gap in the yellow-orange region so typical of
contemporaneous photographs. The dotted curved lines indicate the points of
maximum and minimum effect for the three spectral types: The curve with its
maximum at yellow refers to visible light, while the maximum at a refers to the
thermal spectrum. The actinic curve is split into two, with one broad maximum
in the violet region, and the other in the extreme red.
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Traces of this spectral
taxonomy so different from ours
are found in the writings of
well-informed and established

scientists up to the 1870s.161

2.8 The phosphorogenic

spectrum

Since the 1840s researchers

had been aware of another Fig. 2.30. The coexistence of three
spectral type in addition to the different types of spectra: luminous,
three distinguished in Fig. 2.30. thermal, and chemical. From Hunt

It is labeled at the top of the [1844b], unnumbered handcolored plate,
figure as ‘fluorescent rays’. This reproduced here in color on the dust
“spectre phosphorogenique” jacket.

was observed using substances
like Canton’s phosphorus or
Bolognian stone!%? as detectors. Although, like the chemical spectrum, the
resulting image initially could not be fixed permanently, it could be made visible
temporarily by projection onto a fluorescent fluid (such as quinine) in a flat glass
container or onto a specially prepared screen coated with a powdered
phosphorescent substance that was glued to the paper (p.69) with gum
arabic.163 Without magnification it was difficult to distinguish well-defined lines
from the diffuse bands, and even more difficult to obtain accurate angular
deflections while having to work in the dark. Consequently, the first published
drawings of the phos-phorogenic spectra of calcium sulphide and barium
sulphide published by Antoine César Becquerel (1788-1878) in the early 1840s
show only a few luminous bands of considerable extension from the Fraunhofer
line F onwards into the violet and beyond.!%4 But eventually his son, Alexandre
Edmond Becquerel (1820-1891), who succeeded him as director of the Parisian
Museum d'histoire naturelle, made some progress.1%° He and others in his
research tradition managed to “prove the existence of the same lines in the
[solar] spectrum formed by these [phosphorogenic] rays as in the luminous and
chemical spectra”.1% This coincidence was an important argument in favor of
the basic unity of the three—or four—different kinds of spectra, something
which had already been suspected by the elder Becquerel in 1823 but which
only became experimentally demonstrable around the mid-nineteenth

century. 167
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In 1852, Sir George Gabriel Stokes (1819-1903), Lucasian professor of
mathematics at Cambridge University, decided to follow up an idea of John
Herschel’s to substitute the fluorescent screen (prepared with quinine sulphate)
with a phosphorescent one. Using a spectroscope, which incorporated a chain of
three or four Fraunhofer prisms, he observed the action of the spectrum
projected onto this screen and plotted “fixed lines of the solar spectrum in the
extreme violet and in the invisible region beyond”. While waiting to deliver a
lecture at the Royal Institution in 1853, he was experimenting with electric light
discharged from their powerful Leyden jars and dispersed by high-quality quartz
apparatus when he made the chance discovery that quartz optics absorbs far
less light towards the violet end of the spectrum than conventional glass prisms
and lenses. These two innovations allowed Stokes to extend the known spectrum
considerably beyond the Fraunhofer line H into the region invisible to the
unaided eye. He found out that the extent of this new region amounted to no less
than six to eight times the length of the visible spectrum. Accordingly he coined
the term “long spectrum”. Figure 2.31 illustrates his attempt to form natural
groups of the many new lines observed. In continuing the labeling he was not at
all (p.70) sure how the lines detected with his new visual method related to the
lines and line-groups already spotted in earlier photographic work. So he
decided not to use the capital letters employed by Draper in 1843, choosing

instead lowercase letters, from k to p (in a later publication, up to s).168

This decision to resort to a new

nomenclature illustrates very ’ { : ! | ll I | 1
nicely the general problem of ] ( il ‘ { “” [i | }
gauging empirical findings £ 2

obtained with different types of Fig. 2.31. Stokes’s mapping of the

instruments. Although both extreme violet and the “invisible region
Draper and Stokes explored the beyond” the optical solar spectrum,
solar spectrum in the same ending at H. Steel engraving by J. Basire.
region of refrangibility, namely, From Stokes [1852a] pl. XXV. Cf. also
beyond its violet end, Stokes Jamin [1858-66a] vol. 3, p. 483 for a
simply did not recognize woodcut illustrating an observer’s visual
Draper’s spectrum in what he impression of these faintly luminescent
saw with his technique. And spectra seen in complete darkness.

who could guarantee that the

rays detectable with his visual

techniques really were the same as those that Draper had found with his
photochemical method? As long as interpretation of these different types of rays
remained unclear, there was no proof that the two types of spectra ought to be
identical. Thus first explorations into uncharted spectral regions often led to
incompatible, at best, untranslatable results, depending on the investigative
technique being employed.
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By a similar technique, Wilhelm Eisenlohr (1799-1872) traced the solar
spectrum further into the ultraviolet region, as it came to be called by the
mid-1850s. For wavelength measurements he used a diffraction grating which
had been ruled on smoked glass. And in 1862 Stokes mapped the ultraviolet
emission and absorption spectra of several substances recorded on screens
made of uranium glass or a coating of uranium phosphate powder, this time
reaching as far as the increasing opacity of air for shorter wavelengths would
allow.169 Three years later, E. Becquerel mapped the phosphorescence emission
bands in 15 different solids relative to the main Fraunhofer lines of the visible
spectrum with the aid of a standard spectroscope mounting.!”?

(p.71) Another important improvement was introduced in 1874 by the Genevan
physicist Jacques-Louis Soret, who thought of placing a fluorescent substance
like uranium glass in the focal plane of a standard spectroscope and observing
the thus generated phosphoro-genic spectrum with another telescope slightly
tilted with respect to the axis of the first.1”! In 1883 Henri Becquerel found out
how to modify this technique for the infrared region of the spectrum. This was
not so easy since infrared rays have the strange property of annihilating rather
than augmenting the phosphorescence of substances like Balmain’s pigment or
zinc sulphide. What he did was to expose the phosphorescent plate to intense
blue light for about 15-30 seconds, and immediately afterwards to the infrared
part of the spectrum for one to two minutes. Then for a brief time, he could see
traces of the infrared spectrum lines in the form of dark stripes on the green
phosphorescing screen. In this way he was able to draw a map of the near-
infrared spectrum of half a dozen elements and six other substances.!’? Even
though he could reach wavelengths up to 13 000 A, Becquerel’s ocular
measurements were very inaccurate because the light intensity of the zinc-
sulphide screens was very low. As a result, many of his readings could not be

verified by later researchers.!”3
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At roughly the same time, J.W. Draper finally succeeded in photographing
phosphoro-genic spectra. The basic idea was to bring the photographic plate
into direct contact with the phosphorescent screen after the latter had been
exposed to the spectrum for a while, typically a few minutes. This plate would
then record each phosphorescent area and allow more precise readings at a
later time. But the rapid dimming after exposure prevented Draper from
obtaining good results. Even the Fraunhofer lines of the solar spectrum did not
show clearly because of the inherent blurriness of his ‘phosphorographs’. His
explanation for this was a lateral spreading of the luminescence on the
photographic plate into the dark areas of the Fraunhofer lines. In 1888 Eugen
Lommel (1837-1899) at the University of Munich finally overcame this limitation
by following Henri Becquerel’s example and confining himself to working in the
regions where exposure to the spectrum counteracted the luminescence of the
phosphorescent screen.!’4 However, as a cursory inspection of Fig. 6.16 (on p.
228) will confirm, this technique of phosphoro-photography could not compete in
terms of line definition and sharpness with direct photography of other
segments of the spectrum. Nor are any permanent traces left in this incursion
into the ultraviolet region with Stokes’s fluorescent screens, which is but one
step more direct. It was not until the 1890s that Victor Schumann (1841-1913)
in Leipzig realized that the gelatine on the photographic plate was absorbing the
ultraviolet rays. By devising special plates (later called Schumann plates) with
virtually no gelatine content, he was able to remove one of the obstacles that
had prevented photography from reaching below 1850 A. Furthermore, he
eliminated the absorption in air by constructing a vacuum spectrograph with
lenses and prism made of white fluorspar. But it was a nerve-racking fight
against air leaks in his spectrograph and other hurdles, and it was at the
expense of his health that he obtained the first photographs of the hydrogen
spectrum in the region around 1620 A, which was later named (p.72) after him.
He eventually even attained wavelengths down to c. 1000 A.17% The only other
way to avoid the absorption of the ultraviolet part of the solar or stellar spectra
beyond the cut-off below 2900 A caused by atmospheric ozone was to
photograph it outside the terrestrial atmosphere. That became possible after
World War II with V-rockets.176

2.9 New instruments for exploring the heat spectrum
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With the development of better thermal detectors, good progress was made in
exploring the heat spectrum well beyond the red end of the visible spectrum.
The first such invention was the thermopile, designed by Leopoldo Nobili (1784-
1835) on the basis of the thermoelectric effect, which Thomas Johann Seebeck
had discovered two years earlier. Accordingly, the change in resistance caused
by a change in temperature of a pair of bars of antimony and bismuth effectively
converted radiant heat into electric signals, which could be amplified and
measured with a sensitive galvanometer.!”” In the hands of Macedonio
Mellonil”8 (1798-1854), who improved the sensitivity and reliability of this
instrument considerably, the thermopile became a powerful tool. With it Melloni
systematically measured the so-called ‘diathermancy’, or heat conductivity of
various substances.!”? Melloni was also the first explorer of the heat spectrum to
be thoroughly convinced that he was roaming in the outer fringes of the visible
spectrum rather than in completely alien ranges of another kind of ray, as most
of his contemporaries (in particular the two Herschels and J.W. Draper) had
come to assume.!80

In late 1871 a Russian physicist and physiologist also used the thermopile in
conjunction with various prisms made of flint glass, rock salt, or filled with fluid
carbon bisulphide, to map the heat intensity in the solar prismatic spectrum.
Sergei Iwanowitsch Lamansky (1841-?)181 was working in Heidelberg under
Hermann von Helmholtz’s guidance at the time. His plot (Fig. 2.32) of the heat
spectrum’s intensity as a function of frequency shows a (p.73) pretty smooth
curve coming to a maximum beyond the red end of the visible spectrum (labeled
‘Ende’ in the figure), and then three successive dips in an overall rapidly

decreasing intensity curve.!82

- i {

£l

Fig. 2.32. Lamansky’s plot of the energy
distribution in the solar prismatic
spectrum as registered by a thermopile.
From Lamansky [1872] pl. V. fig. 2.
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The second important innovation was the ‘actinic balance’ or bolometer as it
was soon called, which also made use of the sensitivity of electrical resistance to
thermal change. The bolometer consisted of two identical blackened strips of
thin metal and two identical bridge coils installed in a Wheatstone bridge (cf.
Fig. 2.33) with a connected galvanometer. For high temperature sensitivity (in
the order of magnitude of 107%°C per mm deflection of the galvanometer), one
usually chose platinum, which has a high resistance-temperature coefficient, a
small specific heat, and low heat conductivity. Besides having these suitable
physical characteristics, this material could also be transformed into strips of
the required thinness of 0.002 mm. This was done using so-called Wollaston wire
of 0.1 mm diameter made of a silver sleeve around a platinum core of 0.0125
mm. After hammering the wire fiat, the silver sleeve was etched off to expose an
extremely thin platinum strip.183

Briefly, measurement with such a bolometer proceeded as follows: By removing
a screen, one of the two platinum strips was exposed to the thermal radiation of
a predetermined part of the spectrum. Since the resistance of this arm changes,
the deflection of the sensitive galvanometer needle directly indicated variations
in the energy emitted by the relevant part of the spectrum. When a quartz prism
was used to disperse the solar radiation—or (p.74) better still, a rock-salt or
fluoride prism, which absorbs less of the incoming rays—and the spectrum was
slowly guided across the platinum strip, the corresponding deflections of the
galvanometer needle indicated the thermal energy as it was distributed
throughout the spectrum. For the bolometer’s inventor, Samuel Pierpont
Langley184 (1834-1906) it was thus possible to plot the spectral maxima and
minima of the solar heat radiation.!8>

This self-made man and, since

1890, head of the newly b : : !
founded Astrophysical @_‘ m
Observatory of the Smithsonian b ®

Institution in Washington, had

Fig. 2.33. Wiring diagram of Langley’s

at his (:hsposal very large ro§k- bolometer (L) [1881a,b], Snow [1892] and
salt prisms for the best possible  Agchkinass [1896] (S & A), and Julius (J)
dispersion. Most spectacular [1892/93]. From Coblentz [1908] p. 444.

among them was his large 60°
prism, which John Brashear in
Pittsburgh had cut from one of the biggest natural pieces of rock salt ever found.

Traditionally, to get from the directly observable prismatic angular deviation of a
certain spectral line to its wavelength A, one used so-called dispersion formulas
which describe the change of refractive index n with wavelength A.18% The
simplest and thus most widely used formula had been suggested by Cauchy
already in 1836:
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N b N ¢
n=a+—+ —,
22 24

with a, b, and ¢ constants calculated by the least squares method. Alternatively, one
could also use the so-called Redtenbacher formula:

the Briot formula:

I b n? n P I
—=ad+0—=+c— +k—,
n’ 22 P n?
(p.75) or the so-called Hartmann formula:

o

n=ng+-——=,
(A — Ap)™
with an additional adjustable constant a depending on the prism material. It was
usually defined at a= 1.2 for average crown and flint glass or even simply set equal to
1 for purposes of approximation. The Hartmann formula had the advantage of being

easily resolvable to compute the wavelength A:
pa
A=Ayt ————e, 2.1)
(n — ng)l/«

with Ag a constant for each spectroscope, which hence had to be measured only once.
Moreover, eqn (2.1), with 1 /a set equal to one, allowed replacing the refractive index n
by any directly observed quantity linearly dependent upon it, such as angular
deviations, or micrometer readings.!87

However, all these dispersion formulas were empirically derived from data taken
from the visible part of the spectrum. As soon as researchers such as Langley or
Schumann forged further into the infrared or ultraviolet, it was unclear to what
extent one could rely on a naive extrapolation into unknown spectral regions,
and which of these incompatible formulas beyond the visible spectrum one
should choose. While taking measurements of the solar heat spectrum on top of
Mount Whitney in September 1881, Langley “came upon a hitherto unknown
cold band whose [angular] deviation indicated a (probably) very great wave-
length.” Applying Cauchy’s formula to this band, subsequently designated Q,
Langley arrived at a troublesome result, “the formula declaring that no such
index of refraction as I had measured was possible in the prism in question.”188
No one knew the dispersion curves for prisms of rock salt, quartz, or glass in the
wavelength ranges that Langley eventually reached (up to 5 1 = 50 000 A).
Because simple extrapolation from the dispersion curves plotted according to
other dispersion formulas would not do either,18° Langley was forced to use the
only instrument that furnished a wavelength-scaled spectrum, a diffraction
grating. But as mentioned earlier (cf. p. 56), concave gratings partially
superimpose succeeding orders of interference: “overlapping spectra and feeble
heat make the use of the grating too difficult”.1°? That is why he devised the
following setup combining both prism and grating (cf. Fig. 2.34). As we shall see,
this gave him a definite wavelength value for crucial lines or bands,
independently of these interpolation formulas.
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The incoming radiation was focused by a mirror M to pass through a slit S; and
fall onto a small Rowland concave grating G. Depending on the adjustable
position of a second slit S,, a selected portion of the grating’s spectrum was
guided either by a flint-glass lens L or by suitably oriented mirrors onto a big
rock-salt prism P before reaching the bolometer B.

(p.76)

At any given angle of deviation
off the Rowland grating, this
arrangement caused two or
three orders n;, of the solar
spectrum to be diffracted
toward the prism with their
wavelengths A; satisfying the

relation

Fig. 2.34. Langley’s experimental setup
with both a prism P and a grating G to
disentangle different orders of
interference in the heat spectrum. From
Langley [1883d] fig. 1.

AN =A2-NM2=A3-N3 ="+ - - {2-2)
This ‘coincidence method’, which Rowland had just introduced in conjunction

with the development of his concave gratings,!9! thus linked a known

wavelength, say, 63 in the third-order visible portion of the spectrum with
perhaps hitherto unknown wavelengths &; and 6, in the infrared.!92 However
convenient for wavelength measurements, concave gratings also had their
drawbacks. The bolometer could not simply be put near L1, because then it
would register the integrated heat intensity of all orders of the spectrum
diffracted in that particular direction. This is one of the main reasons why
gratings found so little application in the early explorations of the infrared. In
Langley’s clever arrangement, however, this composite of rays of various
diffractive orders is dispersed again by the prism into beams of radiation in
three distinctly separate spectral ranges (i.e., ultraviolet, visible, and infrared).
Only one of these is focused by the second lens L, and finally reaches the
bolometer B. By slowly changing the position of the slit Sy and scrutinizing the
visible portion of the spectrum formed by the rock-salt prism for certain
prominent features, such as the sodium D line, one can unequivocally identify
certain wavelengths 6, in the order n ,, which (by means of eqn 2.2) then allows
a precise gauging of unknown wavelengths 61 of the order n 1 in the infrared
part of the spectrum. When this procedure is followed for a sufficient number of
well-defined rays, an empirical dispersion curve can be drawn for the (p.77)
prism at hand, which allows determination of all other wavelengths by standard

methods of interpolation.193
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With this empirical dispersion curve, Langley was able to gauge the dispersive
powers of his rock-salt and fluor-spar prisms and thus to work with them
directly. This was essential for the fainter lines and bands because of the
generally weak intensity of spectra produced by gratings. But Langley had
another problem: what his bolometer recorded in conjunction with its sensitive
galvanometer was the heat intensity in a certain small section of the spectrum
decomposed by his rock-salt prism. However, the red region in this prismatic
spectrum was too compressed compared with a normal spectrum (i.e.,
proportionate to wavelength, cf. here Figs. 2.25 and 2.36). To get the proper
heat distribution, he had to convert this intensity curve into one plotted as a
function of the wavelength A. In order to do this correctly, he had to make sure
that the total amount of energy was the same in both representations overall as
well as for each spectral region. This constraint led him to a suitable graphical
conversion method that dates back to J.H.]. Miiller’s examination of the thermic
action of solar heat rays in 1858 (on the following cf. Fig. 2.35).

In a two-dimensional coordinate system, the directly measured thermal energy
distribution CD of the prism is plotted along the x axis. Straight above it is drawn
the empirical dispersion curve EF (obtained from the prism-grating combination
discussed above). Further to the left of the gauging curve, the x axis is divided
into an arbitrary number of equal units (just four in the left part of Fig. 2.35)
representing the normal wavelength scale. The corresponding points on the
prismatic plot are found by drawing a horizontal line from each of the
equidistant points on the y axis until it meets the gauging curve, and then
drawing a vertical line down from each of these intersecting points until it
reaches the x axis. Note that the nonlinearity of the gauging curve makes the
points corresponding to the wavelengths of 0.4, 1.0, 1.6, 2.2, and 2.8 p on the
prismatic scale no longer equidistant: the large interval between 0.4 and 1.0 p
on the x axis has shrunk, whereas the compressed portion in the infrared part of
the prismatic spectrum between 2.2 and 2.8 p has expanded.

If one follows this procedure for a larger set of equidistant points than the four
intervals depicted in the left part of Fig. 2.35, it is also possible to find the
height of the thermal energy curve AB. The right part of the figure shows how
the constraint of equal thermal energy for any two definite wavelengths is
implemented in Muller’s graphic conversion method. Several other persons were
also involved in Langley’s adaptation of this method, most notably Langley’s
assistant James Edward Keeler (1857-1900).194
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The thermal energy is the gray shaded area ab of the prismatic plot, bounded by
the two verticals at wavelengths A1 and Ay This surface area has to be equal to
the gray shaded area cd of its corresponding normal energy curve. In practice,
both a and c have to be (p.78) sufficiently small in order to get satisfactorily
smooth curves—in the infinitesimal limit, the ratio of d : b is equal to tan ¢, with
¢ being the angle formed by the tangent to EF at their point of intersection. It is
important to note that the maximum of the heat-intensity curve will also

‘shift’ (from 1.0 to 0.5 in the above example).

A comparison of Langley’s
prismatic spectrum from 1883
(Fig. 2.36, top) with the normal
spectrum constructed from it
(bottom) shows how much the
known optical spectrum was
extended into the infrared
region. The range that the
visible part occupied shrinks
from over 50 % of the prismatic
spectrum to less than a fifth of
the total range in the standard
wavelength plot (then ending at
28 000 A).

Fig. 2.35. Langley’s graphic procedure
for converting a prismatic spectrum into
a wavelength plot (for details cf. main
text). From Langley [1883d] figs. 3-4.

By comparing several such

infrared spectra taken from

solar light at various times of the day and thus through differing atmospheric
thicknesses, Langley could also demonstrate that the major troughs in the
spectrum, already indicated in Herschel’s thermograph (see above p. 65), were
due to absorption in the Earth’s atmosphere. Later research proved that
Langley’s intricate way of determining the wavelengths of solar spectrum lines
and bands was riddled with averaging uncertainties. Langley’s estimates in the
region 8500 to 11 000 A deviated by about 4 A, and for a few lines much
more.! 9> Nevertheless much territory had been gained since the first groping
explorations of the dark thermal fringe of the spectrum.

(».79)
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Notes:
(1) The colorful story about the f\'}.ﬂ

changing interpretations of the 5 & | | f 1 .
rainbow is told by Boyer [1959], - : L |
with references to primary o
texts. E: -

(2) The technology of glass- ‘,
making goes back to the third \'“‘-‘ 1
millennium BC. But the early | ,
Mesopotamian and Egyptian — P— — P— —
cultures only had opaque types ; o
of colored glass, which were
often used as imitation gem
stones.

Fig. 2.36. Langley’s graph of the solar
spectrum into the infrared, up to 28 000

A; above in the prismatic mode, and

(3) See Seneca’s Naturales below in the reconstructed ‘normal’
Quaestiones, book 1, part 7, § 1; mode. From Langley [1883a] pl. III.

book X of Witelo’s Perspectiva

(c. 1270, copied many times in

manuscript and later included in F. Risner’s Opticae Thesaurus Vitellonis of
1572); Roger Bacon’s Opus Majus (c. 1266/67); and Wiedemann [1912] on Kamal
al-Din.

(4) See, e.g., Rosen [1956].

(5) On the following see the manuscript (RCW, no. 19149 r); cf. also Richter
[1883], no. 288 for a translation of Leonardo’s commentary.

(6) Quoted from the OED, 2nd edn (1989), vol. 12, p. 510, original spelling.

(7) See Delia Porta [1558d] p. 954. The respective passage is omitted in an
English translation from 1658 of the same book (based on the second Latin
edition of 1589).

(8) The quote is given in OED from a translation of Johann Amos Comenius, The
Gate of the Latine Tongue Unlocked, London, 1656, §480, p. 139; Schaffer [1989]
p. 73 also quotes Thomas White (1654) and Kenelm Digby (1669) about “Fools
Paradises”.

(9) This Czech physician, mathematician, and natural philosopher on the medical
faculty of the University of Prague, was offered a chair at the University of
Oxford in 1662 and membership in the Royal Society soon after its official
founding; see, e.g., Kuba [1974], Marek [1998]. On Marci’s influence on Barrow
and Newton see also Rosenfeld [1932], Marek [1969] pp. 392ff., and Hall [1993]
pp. 21f.
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(10) See Marci [1648] p. 83 “Theorema XII: Lux non nisi refractione certa in
medio denso mutatur in colores: diversaeque colorum species sunt partus
refractionum” and p. 99 “Theorema XVIII: Neque idem color a diversa
refractione, neque ab eadem plures colores esse possunt.” As is pointed out in
Boyer [1959b] pp. 220f., Marci supposed the various colors were caused by
minute differences in the angle of incidence (owing to the finite size of the Sun),
whereas Newton demonstrated that they were due to small differences in the
angle of refraction (with identical angles of incidence).

(11) See Marci [1648] p. 98: “Theorema XVII: radius magis fractus in medio
denso plus potest radio minus fracto. Hoc est magis condensatur, magisque
degenerat in colores ... Radius magis fractus lucem continet magis defectuosam,
hoc est coloris magis perfectum.”

(12) See Marci [1648] pp. 18, 88, and 98. As Boyer [1959b] pp. 22If. points out,
he is thus one of the first theoreticians to conceive of white light as a composite,
albeit not of the various colors, in Newton’s theory, but of two types of rays:
photogenic vs. colorogenic. Apparently Marci came to this conclusion by
noticing the difference between transmitted and reflected light off goldleaf and
mica crystal.

(13) Substantial improvement had to await the early nineteenth century with
Guinand’s and Fraunhofer’s technique of stirring the molten glass. See below, p.
34.

(14) See Descartes’s Les Météores [1637] p. 216 or [1982] vol. 6, p. 331. Cf. also
Sabra [1967] chaps. I-4, Shapiro [1973] p. 190, and Hall [1993] pp. 5ff. for
further details and the context of Descartes’s understanding of light.

(15) On Hobbes’s passages about lumen pertubatum see his Tractatus opticus I
(first published by P. Mersenne in 1644), prop. Il1, corollary, p. 221 in the edition
of Hobbes’s Opera latina by Molesworth, vol. V; cf. also Bcrnhardt [1977] pp.
10f., 16f. on the parallels between Hobbes and Descartes. Mariottc [1681] vol. 1
pp. 224-6 and pi. VIII also discussed Descartes’s model but favored Newton’s
explanatory scheme (sec below).

Page 60 of 81



The Spectrum in Historical Context

(16) See Newton [1672a] p. 3075; cf. also his Lectiones Oplicae (1670-72). lect.
1, now republished with an excellent introduction in Newton [1984] vol. 1, esp.
p. 50. According to his first paper (idem, p. 3080), he had purchased his first
prism at a fair in Stourbridge, near Cambridge, in 1666 on returning home after
the Great Plague. However, a historical analysis of Newton’s early notebooks by
Hall [1947], or [1980] pp. 156-75 indicates 1664 or early 1665 as a more likely
date for his first experiments with a prism, whereas the central investigations of
the heterogeneity of light came in 1666, when he had already procured further
prisms: see also Cohen [1957], Schaffer [1989] pp. 76-9 on the prices of the
prisms, and Westfall [1980] pp. 156-8, who also thoroughly discusses Newton’s
life and work.

(17) On this contrast between Newton'’s inductivist presentation and the actual
development of his thoughts concerning light, see e.g., Lohne and Sticker [1969]
§ 5, Hall [1980], or the introduction to Newton [1984], As the many objections to
his conclusions raised in the years after 1672 showed, this ‘inevitability’ was far
off the mark.

(18) See Newton [1672a] p. 3076. He also continued to use synonyms, such as
the “Phenomena of Prismes and other refracting substances” in his reply to
Hooke (1672), reprinted in I.B. Cohen (ed.) [1958] p. 120. On the seventeenth-
century usage of the terms ‘spectre’ and ‘spectrum’ see Lohne and Sticker
[1969] pp. 18, 35, and Oxford English Dictionary, 2nd edn, 1989, vol. 16, pp.
167-70.

(19) For excerpts from Newton’s undated treatise ‘Of colours’, see Hall [1980]
pp. 164ff. and the facsimile in Schaffer [1989] p. 77 with a drawing showing the
oblong form, but no mention of the later term ‘spectrum’.

(20) Cf. also Marek [1969] p. 398 and Rosenfeld [1932] p. 330 on Marci [1648]
p.- 100 who had already stated explicitly but not grasped the full importance of
the fact that the color of a spectral ray cannot be changed further by prismatic
refraction: “Theorema XIX: Reflexio superveniens radio colorato non mutat
rationem coloris.”

(21) Newton [1672a] p. 3083.

(22) See, e.g., Newton’s Lectiones Opticae (1670-72), lect. 3 or [1984] pp. 94ff.;
[1672a] pp. 3078-9 and [1704b] vol. 1, part 1, prop. 2, exp. 6, pp. 45ff. Cf, e.g.,
Lohne [1968], Hall [1980] pp. 167f., Kaiser [1986] and Duhem [1906/08] chap.
10, § 3 on the concept of ‘crucial experiments’. Schaffer [1989] has argued that
difficulties in replication (lying in different types of glass used in England and on
the continent) caused this controversy and slow acceptance of Newton’s claims.
On the other hand, Shapiro [1996] p. 60 contends, “Schaffer exaggerates the
difficulty of replication and the unusual nature of prisms”, favoring instead
interpretational issues as the sticking point.
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(23) See Newton [1704b] book I, part ii, prop. IX. prob. IV, pp. 168-78; cf. also
Boyer [195%] p. 241.

(24) See Newton’s lectiones opticae, published in Newton [1984], esp. pp. 50f.
and 536ff. Newton [1675a] pp. 262f., and [1704b] pp. 125-8, where this division
into which the eye would group the continuum of colors in the rainbow, was
reportedly performed by an unidentified “Assistant, whose Eyes for
distinguishing Colours were more critical” than Newton’s. Cf. also the
commentaries on Newton’s optics and its context by Hall [1993]. esp. pp. 112ff,,
Gouk [1993], and Sepper [1994]. Precursors to this division of the rainbow into
seven primary colors (Ptolemy, Dante, and La Chambre) are discussed by Boyer
[1959b] pp. 62, 109, 227, 242. Most earlier authors had opted for three to five;
cf. esp. Sayili [1939] on Aristotle’s arguments for the three basic colors in the
rainbow: red, green, and violet.

(25) Quoted from Brewster [1836] p. 385.

(26) See Newton [1704b] pp. 65f. on the diminishing mixture of the rays with
decreasing diameter of the circles. His doctrine of seven primary colors was
restricted to a short discussion on pp. 126f. and some speculative queries (nos.
12-14) at the end of his book, pp. 345f.

(27) See Biot [1816a] p. 410: “One must only assume that there are an infinite
number of circles one after another, from the violet until the extreme red,
instead of just a small number as have been drawn.” Cf. also Lohne and Sticker
[1969] and Zehe [1992] pp. 294f. for a helpful discussion of the practical limits
of such homogenization which always depends on the spectral resolution of the
instrument.

(28) Erxleben [1772a-c] § 370.

(29) Cf. also Fries [1824] p. 184 for a perceptive commentary on Goethe’s
critique. In the commentary to the Leopoldina edition, Zehe [1992] pp. 295f.
agrees with Goethe’s criticism of Erxleben’s visual representation, but also
points out that if Goethe had only wanted to, he could have seen reasonably
good monochromatic solar images through colored media as observed by the
Jena astronomer Karl Dietrich von Minchow [1816] p. 454, and by Hassenfratz
[1808], whose experiments were known to Goethe. The aversion that this poet
and naturalist felt toward Newtonian optics is well known.

(30) See Hassenfratz [1808] pp. 155f., 306f. On the broader historical context of
color theory, and on Hassenfratz in particular, see Cantor [1983] and Shapiro
[1993] pp. 284f.; cf. also Birembaut [1973].
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(31) Wunsch [1792] opted for violet, green, and red, Young [1802] pleaded for a
blue-green-red base, while Brewster [1822/23], [1831d] pp. 68ff., [1831¢],
[1834], [1855] pp. 117-24 favored blue, yellow, and red instead: see, e.g.,
Saillard [1983/84] and the sources mentioned there.

(32) Leslie [1804] pp. 416 and 347, who found it “strange and mortifying to
observe the most objectionable part of that system” still in vogue 100 years after
its conception.

(33) See Hassenfratz [1807] pp. 138, 163, in the context of polemics against
Winsch [1792].

(34) See Listing [1866], [1867] and Gissing [1910] p. 4: beyond 7230 A, infrared;
7230-6470 A, red; 6470-5850 A, orange; 5850-5750 A, yellow; 5750-4920 A,
green; 4920-4550 A, blue; 4550-1240 A, indigo; 4240-3970 A, violet; and below
3970 A, ultraviolet. Cf. also here p. 124 about his iris-print plate. On Listing, a
son of a master brushmaker, cf., e.g., Tait [1883], Breitenberger [1993], and here
p. 429.

(35) This agrees with similar findings by Kaiser [2000] on the persistence of
Feynman diagrams in the period 1948-64; cf. here p. 440 for a more detailed
discussion of this point.

(36) Wollaston [1802] p. 378. On the quite utilitarian context of Wollaston’s
research see McGucken [1969] p. 2, Goodman [1976], Gee [1983] p. 140, Sutton
[1988] p. 28.

(37) See Wollaston [1802] pp. 378f.

(38) According to Wollaston [1802] the slit width was only about 1/20th of an
inch (as compared with Newton’s quarter of an inch hole), and its distance from
the flint glass prism, “free from veins”, was 10 to 12 feet. The use of a slit as
such was not a total novum, since Newton [1704] had already worked with a slit
in experiment 11: see proposition 4 of book I in his Opticks, but Newton’s most
famous optical experiments were done with a circular opening; cf. also Gee
[1983] p. 96 on the importance of the sharpness, size and parallelism of the slit.

(39) Fraunhofer had used a slit of 15” breadth 24 feet away from the prism (see
below). According to Jackson [2000] p. 225, Fraunhofer was unaware of
Wollaston’s research until John Herschel informed him of it in 1824.
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(40) Babbage [1830] pp. 210f., original emphasis; Jackson [2000] p. 127
indicates that Fraunhofer had demonstrated his technique to Herschel
personally during a visit in Benediktbeuern in 1824. This quote implies, however,
that Herschel had succeeded with his replication before that visit, albeit not
without difficulty. Some skills do travel by textual transmission, even though
they are of course always much more easily acquired by personal interaction and
deictic demonstration.

(41) The philosopher Schopenhauer is one famous example of such frustrated
attempts to ‘find’ the Fraunhofer lines in the solar spectrum.

(42) See in particular the table of contents in vol. 5 of the Munich Academy’s
Denkschriften, issued in 1817, which carefully distinguishes between copper
engraving (Kupferstich), gravure (Kupfertafel), and lithography (Steindruck), all
of which were used during this transition period in the printing of maps.

(43) For a while Fraunhofer even tried to make a living off printing visiting
cards, using the gravure technique: see, e.g., Preyfs [1989] P. 24 about this
episode in Fraunhofer’s life.

(44) A comparison of Fraunhofer’s map and Brewster’s sketch (with
commentary) suggests that Wollaston’s lines A, B, f, g, D, and E correspond to
Fraunhofer’s B, D, b, F, G, and H—Wollaston had missed Fraunhofer’s C
completely; cf. Brewster [1832a] p. 320.

(45) This curve was plotted from comparisons against an artificial light source
superimposed onto the field of view in the observing telescope. The distance r of
the reference flame image was variable, so according to Bouguer’s law, the
intensity I in the spectrum was inversely proportional to the square of the
distance of the comparison flame of constant intensity I gi.e.: I o~ I o/r 2 (see
here p. 265).

(46) Leitner [1975] has shown that Fraunhofer’s estimate for his relative error at
less than 0.1 % was correct for most of his measures (except for the line G).

(47) Two early reviews of Fraunhofer’s paper also emphasize this practical
application of his discovery: see Schweigger [1817] p. 78 and Arago [1817] p.
97.

(48) See, e.g., von Rohr [1929], Roth [1976], Sang [1987], Preyl8 [1989], and
Jebsen-Marwedel [1963].

(49) See Amann [1908], Jackson [1993], [1994], [2000] chaps. 2-3; cf. also
Turner [2000].
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(50) These employee numbers refer to the year 1811 and are drawn from entries
in a family register of the Benediktbeuern parish discovered by Seitz [1927] p.
314; cf. also Roth [1976b] p. 183, and Jackson [2000] pp. 55ff. for other details
about the labor force, and pp. 78ff. on the links to the tradition of secrecy and
the centuries-old labor practice of the Benedictine monks.

(51) Cf,, e.g., Herschel [1828] § 1117, 1121, Brewster [1832a] p. 319, [1836] p.
387, Powell [1839], Meyerstein [1856], [1861], J. Muller [1858], Mascart [1864c]
pp. 263ff., van der Willigen [1864], Roscoe [1865a] pp. 613-18, 626-31, Gibbs
[1870] pp. 45-50, [1875], and Chen [2000] pp. 49ff. on the details of the
theodolites Fraunhofer and Powell used to measure refractive indices.

(52) See Brewster [1822/23c] p. 123; on Brewster’s contributions to optics and
his ardent defense of the particle theory of light against the wave theory, see in
particular the pertinent papers in Morrison-Low and Christie (ed.) [1984], as
well as Anon. [1881], Hunt [1886], Cantor [1983], Buchwald [1989] pp. 254-60,
Shapiro [1993] pp. 331ff., and Chen [2000].

(53) See J. Herschel [1823], [1828a] p. 438, and Talbot [1826] p. 81: “In the
orange was one bright line, one in the yellow, three in the green, a very bright
one in the blue and several were fainter”. Equally vague descriptions were given
in John Herschel’s letter to A. Quetelet: “On the colors of different flames and on
the spectra they produce when they are analyzed by means of the prism”
published in J. Herschel [1829], p. 254, unfortunately undated, but written in
connection with his article on light for the Encyclopedia Metropolitana,
completed in December 1827 and published in 1828 (according to Cantor [1983]
p. 162).

(54) The context of absorption spectroscopy in Britain and the widely neglected
earlier debates on absorption spectra in France between 1791 and 1816—in
which visual representations play no significant role—are discussed in Shapiro
[1993] chaps. 8-9.

(55) Fraunhofer [1823c].

(56) See, e.g., Arago [1817] p. 97, Schweigger [1817] p. 80. Cf,, e.g., T. Young
[1803/04b] pp. 646f. who already spoke of “intervening dark spaces” in the light
of candles and various glasses, as “separated by a prism”.

(57) The first such diagrams appear in Herschel [1823] pl. xxviii (immediately
succeeding Brewster’s plate), also reproduced and commented upon in Shapiro
[1993] p. 333.

(58) Herschel [1828a] p. 431, § 490; cf. also Shapiro [1993] pp. 334f. on
Herschel’s mathematical reformulation of Bouguer’s law and dichroism.

Page 65 of 81



The Spectrum in Historical Context

(59) See J. Herschel [1830] parts III-IV, pp. 439-582, and Brewster [1831a],
[1832a] pp. 319f., [1833/34], as well as Shapiro [1993] pp. 339-54.

(60) See, e.g., Masson [1854] pp. 39, 44ff., 64ff., Esselbach [1856], Brewster and
Gladstone [1860] pp. 155f, Mascart [1864b] pp. 237ff., van der Willigen [1864].

(61) See, e.g. H. Draper [18736] p. 402 or also Lockyer [1881a] p. 570.
(62) C. Kuhn [1853] p. 611.

(63) See Ibid., pp. 611ff. The map compiled at the Royal Observatory at
Bogenhausen near Munich, where Carl Kuhn was staying on a leave of absence
from St. Petersburg in the summer months of 1837 and 1850, was never
published but only used for internal reference purposes.

(64) Alter had studied at the Reformed Medical College in New York City where
he graduated in 1821. See. e.g., Alter [1928], Hamor [1934/35], and Hodge
[1976].

(65) See Tyndall [1873a] pp. 153f. Compare also Herschel [1829] (his letter to
Quetelet) and W.H. Miller [1833] for early examples of such clumsy verbal
descriptions. Note the discrepancy with Alter’s inventory in Fig. 2.14.

(66) These shades of intensity, to which two further stages of “still more” are
added, is found in Smyth [1877c] p. 42, who quite categorically pointed out that
“drawings are infinitely more satisfactory records than verbal

descriptions” ([1877a] p. 33).

(67) According to Hamor [1934/35]: “for the first time it is clearly stated that
each element has a characteristic spectrum”; for criticism of this paper see, e.g.,
McGucken [1969] pp. 9, 13. Alter’s own priority claims appear in his letter to
Edward Stieren, cited in Stieren [1867] p. 469 and Lorscheid [1868a] pp. 31-2;
cf. Cowan [1894].

(68) See Brewster and Gladstone [1860] pl. IV, fig. 1; cf. also Schellen
[1870/72b] pp. 253-7.

(69) See Stokes [1852] § 24. According to H.W. Vogel [1877a] p. 47, light from
the blue sky only shows the spectrum clearly between B and h, while A is better
discernible in evening light.

(70) Wheatstone [1835/61a] p. 11, where it is merely stated that “a table
accompanied the paper”. Cf. the illustration in the 1861 ‘reprint’ of his paper:
Wheatstone [1835/61b] p. 199.

Page 66 of 81



The Spectrum in Historical Context

(71) Suchas Roscoe [1868a] p. 383, Dingle [1963], Saillard [1988] pp. 28f., or
Sutton [1972]. McGucken [1969] pp. 11-12 is the only one to note this
modification and its timing.

(72) Miller studied at King’s College, London. After graduation he worked for
some months in Liebig’s laboratory in GiefSen, and in 1841 was promoted to
assistant, and in 1845 succeeded ]J.F. Daniell as professor of chemistry. He was
elected Fellow of the London Royal Society in 1845 and served in its Council
1848-50 and 1855-70 and as treasurer since 1861. On Miller, see C.T. [1871],
Clerke [1897], Adams [1943], North [1974], and Becker [1994] pp. 85-98. On his
role as expositor of spectrum analysis after 1860, see here pp. 367, 399ff.; on his
collaboration with Huggins, pp. 344ff.

(73) W.A. Miller [1845a] pp. 85, 89; cf. also [1855] (3rdedn of his textbook in
1864), pp. 143ff. These color plates were actually not the first published
diagrams of flame spectra (as has been claimed by Clerke [1897] p. 429), but
certainly among the very earliest such representations.

(74) Ibid. Similar indications are also already found in W.H. Miller [1833] where
he reports on a “series of equidistant lines [in the absorption spectrum of
volatilized iodine] exactly resembling those produced by bromine;- a new and
unexpected analogy between two substances which have so many other
properties in common”.

(75) See Brand [1995] p. 167.

(76) See, in particular, Lorscheid [1868a] pp. 28f.: “The illustrations of the flame
spectra published by Miller are not very good. The inadequacy of his procedure
did not allow greater accuracy.” Roscoe [1868a] p. 383 explains this failure in
Miller’s use of luminous flames, which generate spectra not distinctive enough
to the particular substance for use “as characteristic tests” of the metals in
question.

(77) On J.W. Draper see, e.g., Anon. [1893], Fleming [1950], [1971], Hyde [1976],
Trombino [1980], and Hentschel [2001a].

(78) J.W. Draper [1848] p. 111; cf. here Fig. 6.3 for his daguerreotype of the
reference spectrum.
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(79) Masson [1845-55c] pp. 300f. See also Masson [1854] p. 37: “exact
drawings, taken in the camera lucida, of all the bright lines observed”. Cf. also
idem, pp. 33f.: “no one has defined the colors of electric light well until now”.
However, Masson reveals there that his focus lay less on the spectra themselves
than on the electrical machinery used to create these electric sparks (“étincelles
électriques”) in gases and fluids, and on the dependency of spark length (up to
several decimeters) and intensity on the total charge applied and on the
pressure of the gas or fluid.

(80) For instance, Simmler [1861] p. 8 still referred to an enlarged
chromolithographic version of Bunsen’s comparative table of the alkaline
spectra as a “chromatic wall chart” (“chromatische Wandtabelle”) even though
hy then the tabular format had long since been superseded.

(81) See Talbot [1834/36] (I) p. 114. Note the strangely indirect and carefully
worded conclusion, and also the fact that no drawing accompanied this
statement nor did any other work along this promising line follow.

(82) In this respect, compare the controversy between James [1985a], [1986b],
and Sutton [1986] about the prehistory of spectrum analysis, and footnote 87
below.

(83) See Masson [1845-55c] and [1854] p. 37: “In all the spectra one invariably
finds four or five familiar lines, differing sometimes in intensity, but never
absent”.

(84) Cf. Maier [1964/81], McGucken [1969], and Gors [1999] pp. 100ff., as well
as H.W. Vogel [1883], North [1969], Dingle [1973], Meadows [1972] chaps. 6-7,
and here p. 433 on Lockyer.

(85) See, e.g., Bunsen and Roscoe [1855-62a] part II, Bunsen [1859], Roscoe in
Bunsen [1904] vol. 1, p. LII, Fuchs [1929]. On patent and priority disputes with
the Berlin gas engineer R.W. Elsner see, e.g., Elsner [1856], Kisterner [1915],
Feldhaus [1927], and Biltz [1928].

(86) Smyth [1879b] p. 234.

(87) For historical accounts of spectrum analysis see, e.g., Diacon [1865] pp. 8-
10, [1867] chap. 3, H. Draper [1865], Kayser [1900] chap. 1, James [1983],
[1986]. McGucken [1969], Brand [1995] chaps. 2-4, Hentshel [1997d]. For
historiographic remarks on the tendency of Whiggish accounts to construct a
fictitious ‘prehistory’ of spectrum analysis, see in particular James [1985a]. As
Jochen Hennig (in prep.) has pointed out recently. Bunsen also knew how to
work with prisms because of his prior work (together with Roscoc) on
photochemistry.
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(88) See Simmler [1861] P. 8: “to repeat the Bunsen-Kirchhoff experiments and
to adapt their methods for other practical purposes”. See also idem, pl., rows 3-
6. Cf. here p. 127 for details on the printing of this color plate.

(89) See ibid., pp. 11ff. As was later realized, this had to do with the significantly
higher ionization potentials of other elements, requiring higher flame
temperatures to generate their spectra.

(90) Brasack [1866] (signed January 1864, but published only in 1866, probably
because of delays in the engraving of the color plate accompanying his paper), p.
3: “I have become sufficiently convinced of how difficult it is to obtain a proper
picture of the spectrum of a metal from such a drawing.”

(91) See, e.g., Mitscherlich [1862], [1863], Diacon [1863], [1865], [1867] pp.
62ff., 122ff. On A. Mitscherlich see here footnote 107.

(92) “um die Orientierung zu erleichtern”, according to Bunsen and Kirchhoff
[1860/61a] p. 161; cf. also Brasack [1866]. Simmler [1861] p. 14 explicitly states
that he used coincidences with known spectrum lines for fixing the position of
the new lines in his map and plotted several of the reference lines in row 2 of his
plate to provide his reader with the same guide.

(93) On Steinheil and his optical company, which was later continued by his sons
Eduard (1830-1878) and Hugo Adolph (1832-1893) see, e.g., Steinheil [1855],
Repsold [1916], Loher [1939], Knott [1893], Freiesleben [1976], and Brachner
[1986] pp. 268-312.

(94) It was basically an ordinary millimeter scale that was drawn onto a glass
plate blackened with soot and reduced photographically by a factor of about 15
and projected onto another glass plate by means of a camera obscura: see
Bunsen and Kirchhoff [1860/616] footnote 1.

(95) See Bunsen and Kirchhoff [1860/61b] p. 376. Cf. also Bennett [1984] p. 3 on
the considerable advances made with spectroscopes between 1860 and 1861,
and Brachner [1986] pp. 282ff. about cooperation between scientists and the
Steinheil company.

(96) Cf. also Kirchhoff and Bunsen’s justification for not doing so in [1862a] p. 2
([1862b] p. 295). The scale of fig. 2 in plate I of this publication does not refer to
the chromolithographed fig. 1 below it. but signifies an alternative way of
depicting the strontium spectrum, which became more important in subsequent
years.

(97) See ibid., p. 290. Cf. also Watts [1881] pp. 317f., 320 for further details on
the adjustments, and Lecoq de Boisbaudran [1874] or H.W. Vogel [1877a] p. 51
for different conventions: Lecoq set Nap = 50; Vogel set Nap = 0 and counted

positively towards the violet and negatively towards the red.
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(98) See also Brewster [1831d] pp. 70ff., Watts [1872] p. vi, H.W. Vogel [1877a]
pp. 49f., and Zehe [1996]. Cf. also Lecoq de Boisbaudran [1874] p. 4 or Watts
[1881] p. 325 for a comparison of the angular refraction of three flint-glass
prisms from the same instrument maker. Duboscq in Paris.

(99) Langley [1883] p. 149. According to H. Draper [1873b] p. 402, wavelengths
“as the proper indices for designating the Fraunhofer lines” were first actually
used by John William Draper [1844a]. The first wavelength measurements in the
ultraviolet were done by Esselbach [1856].

(100) See Schaffer [1989]; cf. Shapiro [1996], however, for a criticism of some of
Schaffer’s claims about the reception of Newton’s Opticks [1704] on the
continent. The expression ‘irrationality of dispersion’ is used in Preston [1890a]
p. 191; cf. also Sears [1933] p. 55 on ‘irrational’ spectra from prisms as opposed
to ‘rational’ ones generated by diffraction gratings.

(101) Bunsen [1863b] p. 246.

(102) Johnson and Allen [1863b] pp.] 99f.: “four red lines to the left of those
given by Kirchhoff and Bunsen, [...] a fine yellow line and two unimportant green
lines not mapped by them”; the other red lines reportedly were “too near each
other and too far to the right”.

(103) Bunsen [1863b] p. 247.

(104) See also Thalén [1868] p. 10 for another spectroscopist’s admission of
having omitted most weaker lines in his maps, and Watts’s [1881] p. 317
reiteration that for chemical analysis, often “very rough measurement only is
needed; indeed, in most cases, the colour of the line or the general appearance
of the spectrum is sufficient.” For further commentary on the interplay between
research goals and representational techniques in spectrum analysis, see here §
8.1, pp. 290ff.

(105) Cf,, e.g., J.H.J. Miller [1847a] p. 661, Roscoe [1868a] pl., Watts [1872] pls.
ITI-IX, H.W. Vogel [1877a] pp. 214ff. Cf. also p. 99 here, for Piazzi Smyth’s
development of symbolic techniques of spectrum representation.

(106) See Watts [1881] p. 318. Watts was assistant professor at the University of
Glasgow, from 1866 teacher of physics at the Grammar School in Manchester,
followed by the Giggleswick Grammar School in Settle, Yorkshire, where he
advanced to the position of Senior Physics School Master.

(107) On Alexander Mitscherlich see, e.g., McGucken [1969] pp. 49ff., 103ff.,
and Schmidt [1994].
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(108) See Mitscherlich [1864a] p. 485: “The spectra of barite and lead oxide are
likewise extraordinarily similar to each other in individual sections. This
similarity cannot be easily expressed in the drawings, whereas it is very
conspicuous during observation.”

(109) See Merz [1862] p. 655: “Die Pracht des Kirchhoffschen Sonnenspectrums
ist eine entziickende”. Cf. also Roscoe [1865a] p. 621 on Kirchhoff’s “very
elaborate map”.

(110) Kirchhoff [1861/62f] pp. 4-5. Cf. below on Kirchhoff’s reservations about
the quality of the lithograph.

(111) Anon. [1862] p. 54. Cf. also Roscoe [1868a] p. 386 on the discrepancy
between Kirchhoff’s and Huggins’s spectrum maps of 1864. Kirchhoff had
readjusted his prisms several times during the measurement to maintain the
position of minimum refraction, while Huggins had not.

(112) JJW. Draper [1844a] pp. 52f. Draper’s plea for the use of the wavelength
scale does not imply that he had also turned into an advocate of the wave theory,
as McRae [1969] p. 364 has wrongly inferred: See Hentschel [2001a] about
Draper’s late conversion in 1872.

(113) On Fraunhofer’s gratings, see in particular Glaser [1926b], Roth [1976] p.
190 for photographs of six Fraunhofer wire gratings, and Preyl3 [1989] p. 61 for
a photograph of a Fraunhofer glass grating.

(114) See, however, Woodward [1881], Turner [1967], Turner and Bradbury
[1966] on Nobert, Warner [1967], [1971], [1986] on Rogers and Rutherfurd; as
well as Hentschel [1998a] chap. 3, and further references there.

(115) See Tolansky [1947] p. 93 for a more detailed discussion of the resolution
of diffraction gratings, and Glaser [1926a] on the remaining defects in
Rowland’s gratings. On Rowland’s life and work see, e.g., Ames [1901], [1916],
[1935], Hentschel [1993b], [1999c¢], Sweetnam in Wise (ed.) [1995], [2000] and
further references there as well as here p. 432.

(116) Quoted from John Trowbridge’s personal account in a letter to President
Gilman of The Johns Hopkins University, dated 30 November 1882, and
published in Reingold (ed.) [1964] pp. 272-4.

(117) See Langley [1883d] pp. 159ff. and rigs. 3-4, reproduced here as Fig. 2.35
on p. 78. Cf. also J. Miuller [1859], H.W. Vogel [1877a] pp. 68f.

(118) A. Herschel [1900] p. 161 about Angstrém [1868al.
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(119) See Airy [1868], Gibbs [1867], as well as Stoney [1868] p. 17 where he
recommends: “mark with pencil-dots upon Kirchhoff’s arbitrary scale each of the
following positions of an absolute scale [...to] make a reference to these
exquisite maps much easier”. He used as a basis Angstrém’s determination of
the wavelength of 70 Fraunhofer lines published in Angstrém [1863/64].

(120) See Ditscheiner [1864], [1866a], [1871], Gibbs [1869]. For later conversion
tables in this tradition, cf. e.g. Stoney et at. [1878], Watts [1872] pp. xiii-xiv. and
his later supplements, the ‘catalogue of metallic spectra’ as revised by a
committee of the British Association for the Advancement of Science, and
published in its Reports 1885-1888.

(121) Sec St. John el at. [1928], Moore, Minnaert. and Houtgast [1966] as well
as. e.g. Kayser [1904], [1906]. Fabry and Pérot [1904], Eberhard [1903],
Hartmann [1916], and Hentschel [1997c].

(122) See Rowland’s laboratory notebook (JHUA, ms. 6, ser. 4, box 36) [undated,
circa 1885], showing averages of Rowland’s own measurements (left) and
comparison values from H.C. Vogel [1879] and Fievez [1883] fol. 4, for
wavelengths around 4900 A; or from Fievez [1883] and Angstrém [1866] fol. 9,
for wavelengths beyond 6500 A.

(123) From 1833 on, the son of a preacher studied mathematics, physics, and
astronomy at Uppsala University, with Fredric Rudberg (1800-1839) as his Ph.D.
advisor. After completing his thesis on conic refraction, Angstrém became
observer and assistant to Gustaf Svanberg in 1843, professor in astronomy in
1846, and in physics since 1858. On Anders Jonas [not Jons or Johan, as is
sometimes asserted] Angstrom see, e.g., Robinson [1870], Anon. [1874c], [1877],
Thalén [1878], K. Angstrém [1907], A. Beckman [1952], Maier [1970], and O.
Beckman [1997]. His teaching activities are mentioned here on p. 434.

(124) See Angstrém [1868al. The lithographic printing of the map is discussed
here on pp. 163ff. On Nobert, see Hentschel [1998] pp. 85ff. and other sources
mentioned there.

(125) Unfortunately, in 1872 it was discovered that the earlier calibration of the
Uppsala standard meter was incorrect, so that all of Angstrém’s wavelength
determinations were too small by about 0.013 %: see, e.g., Thalén [1885] pp. 18-
20, [1899], Hasselberg [1906] pp. 192-6, and Widmalm [1993] p. 48.

(126) See Angstrém [1869], [1875], A. Herschel [1875], Capron [1875], and
Beckman [1997] pp. 22f.
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(127) On the 1907 redefinition of the international Angstrém (I.A.) in terms of
the 6438.4696th part of the wavelength of the red spectrum of cadmium in dry
air at atmospheric pressure and a temperature of 15°C see, e.g., Hentschel
[1998a] § 5.4 and further references there. With the introduction of the SI
system, the Angstrém unit was replaced by the nanometer (1 nm = 10 A).

(128) See, e.g., Smyth [1887] p. 460: “the Inch ... is not only British, but nearly
Earth-commensurable in the best way; viz, as the 500 millionth of the length of
the Earth’s axis of Rotation; and it furnishes also a convenient series of numbers
for the memory.” Piazzi Smyth’s loyalty to the inch was so strong that he later
even tried to prove that various units of length of the Egyptian pyramids were
based on the inch, an endeavor quite detrimental to his reputation as a scientist.

(129) Piazzi Smyth had actually resolved the Djline into a close doublet with 43
085 and 43 088 waves per British inch—see Smyth [1880fc] p. 303.

(130) Quotes from Smyth [1887] p. 460 and [1880b] p. 288; cf. also Watts [1881]
p. 327 on wave-number (frequency) maps as an “intermediate between a
diffraction-spectrum and a dispersion-spectrum, the red end being less extended
when compared with the blue end than in Angstrém’s map, and more extended
than in Kirchhoff ‘s.” Watts also describes the practical graphical interpolation
procedures necessary to convert a wavelength-based map into a frequency or
wave-number map.

(131) Ibid.; cf. also Smyth [1879c] p. 781 for his complaints about wavelength
plots as “almost caricatures, rather than representations, of prism-observed
phenomena”. He continued: the first 30 inches of Angstrom’s wavelength map
depict only 98 solar lines, whereas the last 30 as many as 522 “so that they have
hardly any standing room”.

(132) See, e.g., WH.M. Christie to C.P. Smyth, 5 May 1880 (ROE, 14.64, folder
C): “I am afraid there may be a difficulty in getting foreigners to adopt the
British inch. The difficulty in introducing your scale will be that observations so
far have been expressed in wavelengths (tenth metres) + it will be necessary to
have a ready means of converting these into wavenumbers.” Concerning Piazzi
Smyth’s Winchester spectrum of 1884, a last minute intervention by James
Gordon, librarian of the Royal Society of Edinburgh, resulted in the somewhat
improvised addition of a wavelength scale in A. It was drawn by hand by Smyth’s
assistant Thomas Heath on the already finished lithographic plates: see H.A. and
M.T. Brick [1988] P. 234.

(133) Kling and Lassieur [1921] p. 761 or p. 249T. The atlas they used was
Buisson and Fabry’s [1908c] normal arc spectrum of iron.

(134) See, e.g., Lecoq de Boisbaudran and Gramont [1923] vol. 2 for an example
of a later prismatic atlas.
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(135) Cf. § 10.4 for an elaboration of the concept introduced in analogy to Martin
Jay’s [1988] ‘scopic regimes’.

(136) See W. Herschel [1800], [1801], and Ritter [1801], [1803]. For surveys see,
e.g., Kayser [1900] chaps. 1, 5, part 7, and chap. 6, part 2c-d; Barnes et al.
[1937/38], [1943/44], Barr [1960], [1976], Guiot [1985], Cesaro and Torracca
[1988].

(137) Born in Hannover. Germany, William became an oboist in the Royal
Hanoverian Foot-Guards, moving to England in 1757. Upon gaining international
recognition as a telescope maker, he was awarded the Copley Medal of the Royal
Society in 1781, elected a Fellow of the society in the same year, and finally
appointed Astronomer to the King in 1782. On his life and work see, e.g., Barr
[1961a], Millman [1980] part I. Ring [1987].

(138) W. Herschel [1800d] p. 522; cf. there pp. 509ft.
(139) See ibid. pp. 523, 533ff.

(140) Abbé Rochon [1783a] pp. 352ff., for instance, using sensitive
thermometers made by Reaumur, had come to the conclusion that the maximum
heating effect was in the orange-yellow color region, while Landriani [1776] pp.
43f. did not draw any definite conclusions.

(141) See W. Herschel [1800a-d]. On his struggle to find an interpretation, cf.
e.g., Lovcll [1968]. Hubert [1999].

(142) See Heilbron [1993] p. 128. For surveys of early graphs in the natural
sciences, see Shields [1937], [1938], Tilling [1975], and Hankins [1999],

(143) Herschel[1800d]p. 508.

(144) See [Berard] [1813] p. 315: “Mr Berard’s experiments confirmed Mr
Herschel’s results with regard to the progressive increase in the caloric property
from the violet to the red; but he found the heat maximum at the very extremity
of the spectrum and not beyond it”—cf. also Biot [1816b] pp. 287f. and Cornell
[1938] pp. 126ft.

(145) See, e.g., the heavy attacks by Leslie [1804] pp. 454ff., 559 on “a
celebrated and most successful astronomical observer, who sometimes indulges
a great latitude of fancy, and espouses opinions that are hardly consistent with
the sober pretensions of science.”

(146) See Seebeck [1819]. On Seebeck see also Poggendorff [1839/41], and
Nielsen [1989/91]; cf. also Cornell [1938] for further references and discussion.
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(147) See, e.g., Draper [1842a], [1844], [1845], and Hentschel [2001a] for
references.

(148) The son of a protestant priest had been trained as an apothecary. He
started studies in 1796 at the University of Jena, then one of the centers of
Romanticism, and remained there until his move to Munich in 1805, where he
had been nominated as a paid member of the Bavarian Academy of Sciences. On
Ritter, who also pioneered the study of electrochemistry, see McRae [1975],
Wetzels [1973], Kleinert [1984], and Guiot [1985].

(149) See esp. Ritter [1801/06] and the introduction to Ritter [1997] p. 36 for a
tabular summary of the polarity between chemical and heat rays.

(150) According to J.EW. Herschel’s letter to James David Forbes of 3 March
1840 (RS, HS 25.6.1), the chosen term reflected Herschel’s “absolute certainty
that the chemical rays although discoloring salts of silver etc.—are no way
conceived in the [effect?]” (remainder is cut off). On John F.W. Herschel see here
footnote 31, p. 182.

(151) Herschel [1840a] p. 210 (from the postscript, dated 3 March 1840), and
more fully described in note 1 of J. Herschel [1840c] pp. 51-9 and pl. II. As is
documented in Jackson [2000] p. 125, J. Herschel had obtained in 1827 “some
prisms from Utzschneider’s manufactory among which is a large one of flint
glass of the utmost perfection being like a piece of solidified water without a
trace of a vein or imperfection of any kind” (quote from a letter to Faraday, 27
August 1827).

(152) See J. Herschel [1840c] and the entries in Herschel’s diaries (RS, reel 28,
box 2, 00156) of 3 and 8 March 1840: “perfected method of thermographing the
spectrum”. Cf. also Herschel [1843c], Rayleigh [1877], and Putley [1982] for
early thermographs by Herschel and Tyndall.

(153) J.EW. Herschel to John William Lubbock, 9 March 1840 (RS, HS 22.43), p.
2, original emphasis. Cf. also Herschel to Forbes, four days later on 13 March
1840 (RS, HS 22.44), where he mentioned three isolated spots, which he drew
and labeled as in the publication of the same year, with the comment: “Of the
spots y and 6 which are circular and well insulated I am certain; of € there is
some small doubt but I have several times got the same measure of it.”
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(154) See Melloni [1840]; cf. also J.W. Draper [1877a] pp. 87f. for his later
criticism of these results based on the fact that Herschel apparently did not use
a slit. Likewise, Rayleigh [1877] p. 351 had great difficulty accepting them
because his attempts to replicate Herschel’s thermographic experiment failed
and his theoretical analysis based on Cauchy’s dispersion formula suggested
that “the heat spots 6 and € are decidedly beyond the position at which
dispersion should cease”. Abney’s [1880a] pp. 664f. replication, however, yielded
thermographs “very similar to those of Herschel with the exception of the spot
—a spot, it may be remarked, the existence of which Sir John Herschel himself
did not absolutely insist upon.” The reason for Rayleigh’s failure is obvious
today: he used a bisulphide-of-carbon prism with thick glass walls which
absorbed most of the infrared parts of the solar spectrum. Abney was aware of
this problem and used flint-glass, quartz, and later also rock-salt optics.

(155) See J.W. Draper [1843c] p. 363 and pl. Ill on this “new system of
Tithonographic spaces in the solar spectrum analogous to the Fixed Lines of
Fraunhofer”. See also J.W. Draper [1877a], [1881a] pp. 166ff. and his
correspondence with C.P. Smyth in 1876 (LOC, J.W. Draper family contingent,
gen. correspondence, folder Smyth) about his later priority claim. On Draper see
here p. 196.

(156) See Fizeau [1847], Fizeau and Foucault [1847/78a]l, [1847/78b] p. 377;
Lamansky [1872]: H. Becquerel [1883e] pl. I, and Abney [1880a] pp. 664ff.,
respectively. For Abney’s reinterpretation of Herschel’s findings in terms of
infrared absorption bands, see also p. 257 here.

(157) Herschel actually thought he had discovered that “beyond the extreme
violet rays there exist luminous rays affecting the eyes with a sensation not of
violet, or of any other of the recognized prismatic hues, but of a colour which
may be called lavender-grey”: J. Herschel [1839] p. 208, original emphasis; cf.
also [1840c] pp. 191f., [1843b] pp. 107ff. In Hunt’s [1844a] handcolored
frontispiece plate (cf. here Fig. 2.30) they were denoted as fluorescent rays and
rendered in light green.

(158) J.W. Draper preferred to speak of ‘Tithonic rays’; see, e.g., ]JW. Draper
[1843], [1844a] pp. 651f., app. 158ff., as well as ]J. Herschel [1843b] p. 131 for his
critique of this new and “most fanciful” name for “an old idea, [namely] the
notion of chemical rays as distinct from those both of light and heat [which are]
perfectly familiar to every photologist”. On Draper’s arguments for the existence
of an independent imponderable agent in the spectrum, see also Hentschel
[2001a].
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(159) The location of the maximum of the red part of the spectrum was the
subject of heated controversy between Herschel, Leslie, Englefield, and others,
which was only settled by Seebeck [1819] in demonstrating the dependency of
the maximum on the prism material; cf., e.g., Cornell [1938].

(160) See, e.g., ]J. Herschel [1840c] pp. 16f., § 50f., as well as his letters to J.D.
Forbes, 3 March 1840 (RS, HS 25.6.1) and to Talbot, 3 March 1840 (RS, HS
25.6.2).

(161) See, e.g., Smyth [1877c] p. 46, where he sets the ‘heat spectrum’ apart
from the “actinic, or photographed” optical ones, and distinguishes “strictly
optical, or eye-observed spectroscopy”. As is discussed further in Hentschel
[2001a], John William Draper also hesitated until 1872 before definitely
retracting his earlier views on the specificity of ‘“Tithonic rays’.

(162) I.e., calcium sulphuret (or sulphide) and barium sulphuret. On the
contemporary knowledge about such phosphorescent substances and their
chemical preparations see, e.g., the entry ‘phosphorus’ in Ure (ed.) [1868] vol. 2,
pp. 376-80 and E. Becquerel [1867/68] vol. I, part 1.

(163) For technical surveys of phosphorescence and fluorescence sec. e.g., J.
Miiller [1847d] pp. 641-55. Jamin [1858-66a] vol. 3. pp. 468-93, E. Becquerel
[1867/68] vol. I, chaps. 1, 6. and 7, Eder [1886¢] chap. 30, Kayser [1900] pp. 41-
5, 646-51, and Harvey [1957] pp. 2081f., 3521".

(164) See A.C. Becquerel [1842/44] vol. 2, pl. VIII, figs. 8-9, and pp. 168ff, E.
Becquerel [1842] § 111 and plate, figs. 11f., 23-4. Cf. also Henry [1843] and
Draper [1845], [1851].

(165) Researches of this type were later also taken up by the grandson, Henri
Becquerel, who discovered radioactivity in 1896 while examining the action of X
rays on fluorescent substances. See the entries on the three generations of
Becquerels in Dictionary of Scientific Biography, vol. I (1970), pp. 555-62. On
Edmond Becquerel, in particular, see Gough [1970], his Legion d'Honneur
records (ANP, Leonore L.OI6I075) and his personal dossier (AASP).

(166) See, e.g., E. Becquerel [1848c], [1866], and [1873] for his experiments on
phosphorescence.
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(167) See, e.g., A.C. Becquerel [1823] p. 139: “when one sees magnetism, caloric
heat, and light generated at the same time as electricity, one is impelled to
believe that all these effects are due to one and the same variously modified
cause”, quoted as late as 1874 by Elie de Beaumont during the celebration of
Becquerel’s 50th anniversary as a member of the Parisian Academy of Science:
see the transcript (ANP. Léonore L0161076) among the supporting documents
toward conferral of the rare title of Grand-officier de la Légion d'Honneur
(Becquerel had already received the distinctions of Chevalier de la Légion d
‘Honneurin 1812, Officierin 1831. and Commandeur in 1865).

(168) See Stokes [1852] § 21 f. On his methods of observation and the context of
his research see Stokes [1862] and his lecture on fluorescence in Stokes [1884b]
pp. 277ff. and Chen [2000] pp. 137-41. Stokes’s k actually coincides with the k
on Draper’s photographically recorded map. Stokes’s I cannot be found in
Draper’s daguerreotype but is identified by him with Becquerel’s 1. The
translation of Stokes’s original labeling into the subsequently adopted
nomenclature is not trivial: see, e.g., ]J. Muller [1847-] p. 642 and here Fig. 6.10:
Miiller’s O is Stokes’s p.

(169) See Eisenlohr [1856] (who reached wavelength 3540 A, in later
nomenclature), [1854] for his introduction of the term ‘ultraviolett’ into the
German literature, first cursorily used by Herschel [1840c] p. 20, but never
picked up again until the mid 1850s, and Stokes [1862], who reached c.1850 A.
Cf. also Caneva [2001] p. 16 on the terminology, and Tousey [1962] for a concise
survey of the succeeding steps into the extreme ultraviolet.

(170) See E. Becquerel [1842b] pp. 554f., [1859], [1866], [1867/68] vol. 1, pp.
2471f., vol. 2, pp. 79ff.

(171) See Soret [1874], [1877].
(172) See H. Becquerel [1883], [1884].
(173) Cf,, e.g., Bergmann [1908] p. 116.

(174) See J.W. Draper [1881], Lommel [1888/90], and Fomm [1890] for a Ph.D.
thesis prepared under Lommel’s guidance. On Lommel’s phosphoro-
photography, cf. here p. 228; Lommel’s vita is covered in Rechenberg [1987].
Similar phosphoro-photographic work in the near infrared is discussed by
Lehmann [1906] and Bergmann [1908].

(175) See Schumann [1889], [1893], [1901], and his moving letter to Ernst
Mach, dated 26 December 1898 (SUBG, Mach papers) which delineates his
unfortunate personal circumstances in pursuing this research. Cf. also Wiener
[1913], Duclaux and Jeantet [1921], and Lyman [1914b] and here p. 431 on
Schumann’s engineering training.
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(176) On the first successful flight in October 1946, the solar spectrum was
photographed down to 2100 A at 88 km altitude using a very compact grating
spectrograph: see, e.g., Baker & Smyth [1955] p. 45, and Tousey [1962] pp. 679f.
for further references on twentieth-century ultraviolet spectroscopy.

(177) See Nobili [1830]. On Nobili, who had resigned positions as artillery
captain in Modena and Brescia in order to become professor of physics in
Florence, see Buchwald [1974]. On the natural philosopher and experimentalist
Seebeck, see Poggendorff [1839/41], Frankel [1975]. Seebeck’s collaboration
with Goethe is discussed by Nielsen [1989/911. For further literature on later
optimizations of the thermopile seeCoblentz [1908] pp. 398ff. and [1949].

(178) Melloni fled Italy in 1831 conducting most of his research in Geneva in the
private laboratories of Auguste de la Rive, and in Paris. Upon his return to
Naples he became director of a Meteorological Observatory on Mount Vesuvius
and honorary professor of physics. See, e.g., de la Rive [1854], Guareschi [1909],
Todesco et al. [1955], Barr [19616], Schettino [1987].

(179) See, e.g., Melloni [1833], [1834], [1847], and [1850]; on the inherent
problem of the early thermopile, namely its too large heat capacity, and the
remedy, see Rubens [1898] and Coblentz [1908].

(180) On Melloni’s work and his conversion to the unitary concept of radiation in
1842 see, e.g., Cornell [1938], McRae [1969] chap. XI, Buchwald [1974],
Schettino [1989], and primary sources cited there.

(181) According to the entry in Poggendorff’s Handworterbuch, vol. 3 (1898), p.
767, Lamansky studied in Giessen, Gottingen, Breslau, and Heidelberg.
Following a research stay at von Helmholtz’s laboratory, he became lecturer at
the Academy in St. Petersburg, then taking a position in Warsaw. Around 1879
he worked in Mascart’s laboratory in Paris, and two years later was employed as
physicist at the St. Petersburg Central Observatory.

(182) On Lamansky [1872] and on other contemporaneous explorations of the
near infrared spectrum, see also the historical surveys in Langley [1900] pp. 7-
10, Kayser [1900] pp. 651ff., Barnes and Bonner [1937/38]. According to Brand
[1995] p. 83, Lamansky’s minima probably mark the 0.92. 1.1, and 1.4 pm
combination bands of water vapor. Note also that in many reprints of
Lamansky’s figure, such as in Langley [1883a] p. 169. his figure was inverted in
order to allow comparisons with the then more common wavelength plots.

(183) This procedure is described in Coblentz [1908] p. 417; cf. pp. 418ff. there,
and D. Hoffmann in Hoffmann and Lemmerich [2000] on later improvements by
Lummer and Kurlbaum, and others.
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(184) The autodidact Langley had trained as assistant to John Winlock at
Harvard Observatory in 1865, and became director of the Allegheny Observatory
near Pittsburgh as well as professor of physics and astronomy at Western
University in Pennsylvania in 1867. On Langley’s work in infrared spectroscopy
see, e.g., Barr [1961c], Kangro [1970] pp. 13-26, and Loettgers [2000].
Langley’s early experiments with the bolometer have recently been replicated by
Mahias Friedrich at the University of Oldenburg. For further biographical
remarks and sources on Langley see also footnote 42 on p. 430.

(185) For descriptions of the bolometer, see, e.g., Langley [1881b], [1900] pp.
471ff., Coblentz [1908] pp. 438ff., Abbot [1958], R.T.G. [1901] p. 352. On the
switch to autographic registration techniques, see here pp. 267f.

(186) On the following see Cauchy [1836] and Hartmann [1898]. Cf. also the
survey on dispersion formulas by Carvallo [1900], Kangro [1970] pp. 23-6, and
Chen [1998] for the contemporary theoretical and historical context.

(187) The latter property is proven in Hartmann [1898] p. 220. Langley [1883tf]
only tests the formulas by Cauchy, Redtenbacher, and Briot, rejecting outright
the first two as “impossible”, and finding error margins in the latter of up to 20
% for wavelengths around 2 1 (= 20 000 A).

(188) Quotes from Langley [1883d] p. 149. The Mt Whitney expedition also
features in Langley [1882], [1884b].

(189) Coblentz [1905/06a] p. 135 criticized Julius’s [1892/93] procedure for
linearizing Langley’s dispersion curve beyond 5 . This shows how essential
Langley’s gauging procedure for prism dispersion was.

(190) Langley [1883d]p. 150.

(191) See, e.g. Rowland [1882], [1883a], Ames [1889a], and Hentschel [1993b],
[1998a] chap. 3, pp. 151f. for further references.

(192) Langley [1883a] p. 153, gives a specific example, with A1 = 0.5890 p, Ay =
1.178 1, and A3z = 1.767 . Subsequent diffraction in the prism deviated these
three rays by the angles 47°41', 45°54', and 45°08', respectively, which were
thus clearly separated into three nearly homogenous beams.

(193) See Langley [1883d] pl. 2 or [1900] part II, pp. 217ff. and pl. XXVI-XXIX lor
the empirical dispersion curves thus determined from Langley’s large fluorite
and rock-salt prisms. This interplay of gauging measurements of a few reference
lines with a diffraction grating, and explorative measurements with prisms is
also characteristic of Mascart’s [1864] work in the ultraviolet, as well as of many
later studies in the infrared, such as, e.g., Bergmann [1908] pp. 145ff. On the
following see also J.H.J. Muller [1858b] pp. 41-3 and pl. II.
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(194) Keeler had studied in Heidelberg and Berlin under Quincke. Bunsen. and
von Helmholtz. and later succeeded Langley as director of the Allegheny
Observatory before becoming director of Lick Observatory in 1898. His
contributions are briefly mentioned in Langley [1883d] p. 161; cf. also Brashear
[1900], Campbell [1900], Hale [1900], Perrine [1900], Hastings [1905], and
Dieke [1973]. For details on the rather problematic bolometric measurements,
see also Langley [1900]. Loettgers [2000], and here pp. 267ff.

(195) See Babcock [1928b] p. 326, and here § 7.3 for the step-by-step
photographic exploration of the infrared spectrum in the twentieth century.
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This chapter analyses spectrum maps from the iconographic and semiotic point
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The conquest of spectra was ongoing not only in the grand scale of things but
also in the small. Along with the extension in range previously discussed, a step-
by-step increase in resolution was another prominent development in the history
of spectrum maps. This enlargement in scale affected representations of the full
solar spectrum as well as specific segments of it for detailed study. In the
following I will refer to these two modes of representation as ‘enlarging’ and
‘zooming’ (in § 3.1 and 3.2). For the sake of uniform discussion, I shall pick out a
few characteristic examples from the area of solar spectroscopy. Two other
modes of representation counteract these two trends; I have dubbed them
‘condensing’ and ‘distilling’ (see § 3.3 and 3.4). Because this chapter deals with
spectrum maps from a systematic angle, the reader may want to consult the
chronological summaries in Appendix 1 (on the solar spectrum) and Appendix 2
(on terrestrial spectra).

Page 1 of 44



The Interplay of Representational Form And Purpose

Before we start the discussion of the first of these ‘cartographic modes’—as they
might be called in conscious parallel to recent discussions of specific types of
map-making in the history of cartography,! I would like to caution against
misinterpreting the following as a progressive linearized account. As we shall
see in a moment, the transitions from Fraunhofer 1814/15 to Brewster 1833/62,
Kirchhoff 1861/62, Angstrom 1868, Vogel 1879, Fievez 1882/83, Thollon
1886/90, and Rowland 1886/88 certainly did imply a stepwise improvement in
the overall resolution. If we gauge the latter in terms of the fraction of spectral
range R over length L of the spectrum representation, then this range-per-length
indicator R/L (an inverse of the average dispersion) fell from approximately 100
A/cm for Fraunhofer’s map in 1814 to about 2.5 A/cm for Thollon’s map
(published in 1890). At first glance, this apparently relentless march of
technological progress (cf. Appendix 1) looks suspiciously like streamlined
history, stemming from a retrospective selection of suitable candidates out of a
much bigger pool of research papers. It should become clear from the discussion
of ‘Kuhnian losses’ accompanying each of these transitions (see pp. 84f.) that
this is not the case. The enormous differences in the technical production and
research goals associated with each of these different cartographic modes
supports this point. Far from intending to construe any such Whiggish
linearization of the complex history of spectrum maps, I would like to emphasize
that the researchers were fully aware of the solar spectrum maps predating
their own work. The fact that they cited and commented upon them in their
introductions shows that the traditions described here were perceived and in a
sense created by the historical actors themselves. Thus, the different
cartographic modes of enlarging, zooming, condensing, and distilling discussed
in this chapter are not just artefacts of my historical construction.

(p.81) 3.1 Enlarging comprehensive maps
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As mentioned before, Fraunhofer was the first to publish a detailed map of the
full visible spectrum of the Sun. His copper engraving was so exceptional that it
took more than 15 years for someone else to decide to undertake a redrawing of
the solar spectrum on a more detailed scale, and more than 45 years for
substantially improved representations of that spectrum finally to be published.
It was because of apparently unresolvable difficulties in correlating his own
observations of solar and gaseous nitrous-acid spectra with Fraun-hofer’s map
that impelled David Brewster in the early 1830s to “enter upon the Herculean
task of making a better map of the spectrum.”? Instead of using Fraunhofer’s
theodolite, Brewster took a separately mounted five-foot achromatic telescope
with an aperture nearly twice and a resolving power of about 200, i.e. roughly
four times that of his predecessor.3 In 1833 Brewster announced to the Royal
Society of Edinburgh that he had delineated the full visible solar spectrum “on a
scale four times greater than that employed in the beautiful map of Fraunhofer”.
Supplementarily to this five-foot-long drawing, some interesting portions were
depicted on a scale twelve times greater than Fraunhofer’s.? Brewster’s main
argument for this revision was a dramatic rise in the total number of dark lines
resolvable in his more powerful optical system. Fraunhofer had drawn only
about 354 lines (of the more than 560 lines observed by him), yet Brewster now
counted more than 2000 “more or less marked” lines. Pursuing similar
strategies several decades later, others raised this line total again: in 1862, Jules
Janssen, for instance, reached 3000. Thus, at least until the 1870s, a simple
counting of spectrum line totals remained a straightforward and quite common
way of comparing two different representations.®

In retrospect, though, what was more important than the quantitative rise in the
line totals was the qualitative identification of telluric absorption lines and bands
within Brewster’s solar spectrum. By carefully comparing the solar spectrum in
different seasons of the year (from 1833 on), under different weather conditions,
and with varying proximities of the Sun to the horizon, Brewster was able to
achieve, as one contemporary put it, the “majestically mapped separation from
the really solar dark lines in the sun’s spectrum, of its low-sun, or terrestrial
atmospheric lines.”® Lines whose origin lay in absorption by (p.82) the Earth’s
atmosphere became broader in the morning and late afternoon or were only
visible at these times. Such discrepancies between spectra caused by terrestrial
absorption or gaseous emission and the prismatic solar spectrum provided
additional motivation for Brewster to continue with his high-resolution inventory
of the solar lines. In 1834 he was happy to announce that “after a little practice
in the observation of the solar spectrum, I discovered most of the lines, which I
had in vain sought for in Fraunhofer’s map, as the counterpart of those in the
gaseous spectrum.”’ But there were many decades delay before Brewster
eventually finished his chart of the solar spectrum. When it was finally published
in 1860, collated and arranged by J.H. Gladstone, its impact was small.? As we
have already seen, just a year later, Kirchhoff published the first installment of
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his solar spectrum map, which bore the first numerical scale—arbitrary though
it was. It combined a better referencing system with higher dispersion and high-
quality printing.? The Kirchhoff scale soon served as the standard reference
system until Angstrém’s atlas was published in 1868, which marked a new step
forward in the overall scale of representation reached.!? While Kirchhoff
attained a range-to-length ratio of =12.5 A/cm with a total length of 264 cm,
Angstréom reached an R/L of 9.4 by expanding his atlas to 360 cm. The total
length had thus increased by 30 %, but the R/L did not decrease by more than 25
% because Angstrém had broadened the spectral range of his map at the same
time.1! Angstrom’s atlas, printed by the stone-engraving technique off a single
lithographic stone, “and therefore as certain and secure as if engraved on a
copper plate,” as one commentator wrote,'? had reached another stable plateau
that was not surpassed for another dozen years.!3 It took Hermann Carl Vogell*
(1841-1907) three years to complete his map of the solar spectrum. When this
observer at the Potsdam Astrophysical Observatory finally published his map in
1879 (p.83) as a tint-stone engraving, it measured nearly 5 meters in length
and had an R/L of 3.1. His painstaking measurements (visually, in the wavelength
interval 5400-4800 A, and partly photographically, below) gained added
reliability by the inclusion of absolute wavelength measurements taken at the
same site by two of Vogel’s colleagues.!® In 1883 the Belgian astronomer
Charles Fievez!6 (1844-1890) published a high-resolution stone-engraved map
with about 2400 lines in the wavelength range 6600-4600 A and a total length of
594 cm. Such a high dispersion was achieved with “two of the most powerful
spectroscopes yet heard of, a combination of a large Rutherfurd grating, having
17,296 lines to the inch, and two of the superlatively magnifo-dispersing
“Christie” half-prisms from the Royal Observatory Greenwich.”” Both maps had
an R/L in the order of magnitude above 3 A per cm, that is, nearly three times
the resolution of Angstrém’s map, which they intended to supersede. Vogel
covered the spectral range roughly from E to H, while Fievez concentrated his
efforts on the range C to F, so their results were somewhat complementary. H.C.
Vogel provided the motivations behind investing the considerable amount of time
necessary for this revision work on the solar spectrum map in the introduction to
his contribution. Spectroscopes had improved so considerably since Angstrém’s
and Kirchhoff’s time that by then even spectroscopes of medium dispersion
could generate spectra at a dispersion equaling that attained by earlier maps.
Added to that, the best instruments of the day revealed such an incredible
wealth of detail that orientation among the forest of lines had become difficult
with the available maps.!® Furthermore, the ongoing identification of known
chemical elements in the Sun’s atmosphere by matching the dark Fraunhofer
lines with the bright lines in terrestrial emission spectra also required the
highest possible resolution. Often this was the only way to discriminate between
neighboring or partially superimposed lines.!? Finally, Vogel also mentioned his
interest in slight temporal variations within the solar spectrum, and in
comparisons between the spectra of special regions in the Sun, all of which (p.
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84) required the sound basis of a ‘standard’ solar spectrum.2? The end point in
this sequence of lithographic maps of the visible part of the solar spectrum was
reached in 1890 with the posthumous publication of Thollon’s high-resolution
map of the region A to b. With an R/L of nearly 2 A/cm, this expanded segment of
the spectrum (from the red to the green) measured over 10 meters.2!

After the Angstrém unit had been established as an accepted standard of
wavelength measurement, not only spectral maps, but also the wavelength
values listed in the accompanying tables were scrupulously compared against
their forerunners. Consequently, each map was built on its predecessors. We
thus have a germane tradition of a certain mode of representation and not just a
historical retrospective projection. This does not, however, turn our story into a
linear path of continuous progress. First of all, the actors were painfully aware
of fairly abrupt breaks with measurement practice each time a fundamentally
new type of instrument was introduced.?? Second of all, ‘Kuhnian losses’, that is,
severe problems with translating lines in one map into those of its successor,
were quite common. As Baden Powell complained in 1839: “In the course of my
observations some doubt had arisen as to the exact identification of certain of
the standard rays, according to Fraunhofer’s designation of them, owing to the
very defective representations given of them in various optical treatises, which
fail to convey the peculiar characteristics which mark the different bands.”23 A
similar complaint was raised even two decades later by a Norwegian,
exasperated in his attempts to retrace the Fraunhofer lines in his own detailed
drawing of the solar spectrum. What confused him most was the change in
overall appearance when a cluster of closely neighboring lines is resolved by a
more powerful observing telescope.?4

At each scale of resolution, even something as familiar as the solar spectrum
took on a strikingly different Gestalt. Not just inexperienced eyes were confused
by this metamorphosis: When Kirchhoff prepared his map of the solar spectrum
in the early 1860s, he totally dismissed Brewster’s and Gladstone’s map,
intimating that it had no value because he could not identify any of their strange
bands and markings with his own lines. As others confirmed, their two pictures
are indeed, “at least for the red end of the spectrum, not even remotely alike”.2%
In this case, the marked incongruencies were caused by the different dispersive

powers of their instruments: (p.85)

Brewster and Gladstone worked with so small a prism or dispersion power,
—generally only one prism,—that bands were intensified, fine lines
invisible, to them. Kirchhoff on the contrary, used so many prisms, or such
large dispersion power, that bands were invisible or resolved into their
component fine lines to him, and the whole solar spectrum converted into

little but lines and groupings of lines.26
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Even worse problems arose when spectra generated by a prism spectroscope
had to be compared with normal spectra produced by a diffraction grating
because the line groups appear very differently in either case.?” These problems
were by no means confined to the early years. For instance, in a ‘Report on
Oscillation Frequencies of Solar Rays’ compiled in 1878 by a committee of the
British Association for the Advancement of Science, failures in the systematic
correlation between Kirchhoff’s and Angstrém’s maps were deemed quite
serious. In the area of the line A, it is dryly remarked: “Kirchhoff records 57 rays
less refrangible than 480.1, but none of them have been identified with these
rays of Angstrom ”.28 Likewise Piazzi Smyth complained that “in the violet
regions the lines appeared to me so very much clearer, blacker, stronger, and
both more numerous and more spread out than in [Angstrém’s] edition of them,
that it was on that account often embarrassingly difficult to identify his few, thin,
contracted lines and groups, amongst crowds of grander lines, all of them far
more notable.”2? The conversion from lithographic to photographic maps also
caused structural problems of comparison between both types of representation,
because photographs often rendered lines faint that were actually quite bold
when observed visually, and vice versa. Thus when H.W. Vogel needed a map to
identify spectrum lines in the ultraviolet range, Cornu’s lithographic map,
though clearly more detailed and at higher dispersion, was less suitable than
Henry Draper’s small-scale photographic map.3? While minutely comparing his
new photographic map of the solar spectrum in 1891 with earlier lithographs,
Charles Piazzi Smyth was worried about a strange change in the appearance of
little d’. Angstrom had drawn this line stronger and blacker than any other line
between it and ‘little e’. But later maps such as Vogel’s and Rowland’s (most of
them based on photography rather than on visual observation) depicted this
Fraunhofer line as much weaker, and in Piazzi Smyth’s own map, little d “is
either nonexistent now, or has become so faint and thin as no longer to deserve
the honour of being distinguished by a Solar-spectrum letter name.”3! Did this
imply that the solar spectrum had changed between 1863 and 1890? (p.86)
Piazzi Smyth was consternated and intrigued enough about this possibility to
urge all his readers to delve into the past history of representations of this
particular region in the solar spectrum in search of clues about possible
temporary variations in the solar spectrum, which was then generally conceived
as unchangeable.32 The endeavor to map the spectrum thus automatically
created a demand not only for ever more refined and detailed representations,
but also for systematic retention and cross-checking against older records. They
were thus to be ‘aufgehoben’ in the distinctly Hegelian triple-meaning of the
word: at once to be preserved, lifted to new heights, and superseded.
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What drove the dynamics of this enlargement by degrees? Why was it repeatedly
felt necessary—in the average, every ten years, between 1814 and 1890—to
invest one or more observer years in the meticulous registration of tens of
thousands of micrometer readings (with many an observer being forced to stop
because of the severe strain on the eyes)?33

The most important factor is technological progress in the spectroscopic
recording instrumentation, once we go, say, from a single-prism spectroscope to
a Steinheil four-prism spectroscope, and then on to a Browning multiple-prism
spectroscope with automatic adjustment for the position of minimum refraction,
or similarly from a Nobert grating to Rutherfurd gratings and finally to
Rowland’s concave gratings.3* At each new stage, the available maps were no
longer sufficient guides among the bewildering number of unfamiliar lines
revealed by the best instruments of the day. But this is only an intermediary
argument, because it does not explain why scientific instruments in turn were
constantly being improved. I argue that research imperatives drove the
dynamics towards spectrum maps of ever larger scale.

From 1860 onwards, spectrum analysis was a booming field. Growing numbers
of practitioners needed to know the precise localization of characteristic
spectrum lines of specific chemical elements (for more on this, see § 8.1, p. 290).
In many cases, however, spectrum lines seemed to be common to two or more
substances, or else they were too close together to be distinguished. In order to
clarify such ambiguities, one practitioner expressed a generally shared demand:
“the bright line spectra of the metals in question should be confronted with each
other and with the solar spectrum under enormous dispersive power, in order
that we may determine which of the components of each double line belongs to
one and which to the other element.”3% Thus higher dispersions reduced the
number of such ambiguous (p.87) cases of unresolved or merely accidental
coincidences. At the same time, this clarification provided material for empirical
verification of hypotheses about molecular or atomic structure. Some of the lines
might actually not relate to the chemical elements per se, but to some of their
hypostatized mutual building blocks, which would then explain why several
elements seemed to share certain spectral features.3® Likewise, the ongoing
research on element identification in the Sun’s atmosphere also required the
highest possible resolution in order to discriminate between neighboring or
partially superimposed lines. Thus after the substantial improvements induced
by Rowland’s concave gratings and substantially better sensitized photographic
emulsions, William Huggins admitted that
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the accuracy of the earlier determinations of the spectra of the terrestrial
elements is in most cases insufficient for modern work on the stars as well
as on the sun. [...] Increase in resolving power very frequently breaks up
into groups [...] the lines which had been regarded as single and their
supposed coincidence with terrestrial lines falls to the ground. For this
reason many of the early conclusions based on observations as good as it
was possible to make at the time with the less powerful spectroscopes then
in use, may not be found to be maintained under the much greater
resolving power of modern instruments.3”

To this ongoing endeavor of chemically identifying solar and stellar spectrum
lines by precise coincidence with terrestrial emission spectra of the known
elements was added another since the late 1870s that also required high-
resolution maps: The search for patterns in spectra (cf. here Chapter 8), whether
series lines or band spectra, or homologies between different spectra, demanded
most rigorous and precise determinations of wavelengths (or frequencies),
because numerical relations between these numbers were only as safe as the
data.38 Finally, particularly towards the end of the nineteenth century, growing
interest in slight temporal variations within the solar spectrum that were
possibly correlated with the solar spot cycle, and in surface features like the
solar spots themselves required a sound basis in the form of a high-dispersion
‘standard’ solar spectrum against which these deviations could be gauged.3? So
we have a strong interplay between specific research objectives in various flanks
of the spectroscopic research front on the one hand, and a recurrence of map
enlargement on the other.
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But the enlargement strand of representation discussed in this section ought not
to be seen in isolation. It is intertwined with the three others (extension,
zooming, and condensing) in a very significant way. I shall talk about this in the
next sections, but before we move on, let us glance back at the people who
undertook the arduous task of mapping the total visible spectrum in a resolution
none before had ever attempted. Fraunhofer is in many respects a special case,
an outsider with a very unusual upbringing: an autodidact, (p.88) in some
respects, who was barred from regular membership in the Bavarian Academy of
Science for many years because of social barriers. Kirchhoff, on the other hand,
was clearly a leading authority in the field. He occupied a chair at Heidelberg
University and in 1860 was a freshly elected member of the Prussian Academy of
Sciences. All the later scientists who ventured to improve upon Kirchhoff’s map,
Angstrém as well as Fievez and Thollon, were not leading authorities before
their publications—they all were working in peripheral institutions which, if by
no means unimportant, did not irradiate immediate influence on the scientific
community at large.%? Upon publication of his Atlas of the Normal Solar
Spectrum in 1868, Angstrém gained such authority, quite in contrast to
previously, when his priority claim (against Kirchhoff) concerning the discovery
of spectrum analysis had fallen on deaf ears. His atlas, together with his very
precise determinations of the spectrum lines in terms of wavelength, measured
in units of a ten-millionth of a millimeter (10~19 m), not only assured him a place
in the hall of fame (the wavelength unit was later renamed Angstrom in his
honor—and he numbers among the venerated scientists in the inner court-yard
of MIT’s main building), but also superiority over his former arch-rival Kirchhoff,
whose map became obsolete in direct proportion to the spread of Angstrém's.41
Similarly, both H.C. Vogel and H.A. Rowland won special acclaim for their
achievements in the measurement and mapping of spectra. While Rowland
already had reached the pinnacle of his career at The Johns Hopkins University
in Baltimore, H.C. Vogel was still a lowly observer at the newly founded
Astrophysikalisches Observatorium in Potsdam, with Kirchhoff and Auwers as
codirectors. By embarking on this extensive examination of the solar spectrum in
1876, which he finished three years later, he also put his name on the
disciplinary map with an achievement that was considered outstanding “with
regard to both exactitude and abundance of lines.”*2 In the year of its
completion, in 1879, he was named full professor at the Berlin University, and
three years later (after Kirchhoff’s death) acceded to the directorship of this first
German research institution devoted primarily to astrophysics.

Tab. 3.1 Interplay between research objective and
representational type.

Research objective — Representational type

general orientation condensed survey map
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Research objective — Representational type

chemical analysis display of characteristic lines
instrument resolution tests detailed zooming of interesting areas
survey of the full spectrum extensive map of the total spectrum

(p.89) 3.2 Magnifying interesting segments: zooming

David Brewster’s inventory of the solar spectrum also incorporated details of
“some portions which were more particularly studied” on a scale twelve times
Fraunhofer’s resolution. As Brewster himself wrote:

On a comparison with Fraunhofer’s large map, the principal lines and
features will be easily recognized; but it will be seen that every portion of
the spectrum contains lines wanting in the earlier drawing, and that parts
which Fraunhofer has marked by one line are resolved into groups of
bright spaces alternating with dark lines.*3

To facilitate comparison of the solar spectrum with terrestrial spectra, Brewster
presented in magnification several absorption spectra (e.g., of nitrous acid and
of strontium) observed under laboratory conditions.** When later observers
improved upon Brewster’s map, many focused on one specific feature in the
map, his discrimination of ‘atmospheric lines’, which are caused by the
absorption of light by water vapor in the Earth’s atmosphere. The so-called
rainband, around 5935 A, for instance, could not be resolved with the
instruments at Brewster’s disposal, so he simply rendered it as a diffuse shaded
area. Just six years later, Angstrém could distinguish 19 lines in this region, and
between 1879 and 1882, in his observations with a Rutherfurd grating at the
Ecole Polytechnique, Alfred Cornu was able to resolve it into 170 components.
Between 1887 and 1889 Ludwig Becker at the Royal Observatory in Edinburgh
eventually succeeded in more than doubling this score, dissecting the band into
376 components. A similar stepwise increase in resolution occurred with the 6
band, which Brewster had drawn as a big black area of about 2 cm width.4° This
conspicuous dark feature of his map must have challenged spectroscopists in the
same way that the white expanses on the charts of geographic explorers
intrigued cartographers from earlier centuries.
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As spectroscopes improved in the period between 1860 and 1886, there was a
dramatic evolution in the appearance of any given band spectrum. Let us look at
various drawings of the A group near 7600 A. What immediately strikes us in
Fig. 3.1 is the considerable increase in resolving power in the two decades after
Kirchhoff’s pioneering observations. Although Thollon was still working with
prisms (see here pp. 135ff.), all the later drawings included in this comparison
are normal spectra generated by diffraction gratings ruled by Rutherfurd (nos.
3-4) and Rowland (5-6). The figure also indicates the difference in quality of the
spectrum lines: notice the line splitting, first observed by Langley in 1878, as
well as the differences in line definition (particularly with some of the lines in
the middle of the group) and the overall shading (towards the head of the band).
It is also noteworthy that as the resolution increases, the relative distances
between the lines also keep changing, even when we restrict our comparison to
the four normal spectra (nos. 3-6).

(p.90)

There were various reasons for
wanting such selective
magnifications of specific
segments of the spectrum. Of
course, regular band structures
like the one in the foregoing
figure aroused hopes of
uncovering the causes behind
such ‘fluted’ or ‘channelled’
spectra. The standard

Fig. 3.1 Comparison of drawings of the A

historiography of spectroscopy group by (1) Kirchhoff [1861/62], (2)

has emphasized—in fact, I Thollon [1890] pl. 1, (3) Langley

would argue, exaggerated—this  11878/794] (4) Smyth [1882d], (5) Cornu
one aspect. I would like to [1886al, and (6) Lester [1904]. Compiled
stress here that several other and redrawn by Lester [1904] pl. VI.

motives were just as persuasive,

and just as valid. For, this hope

of deciphering nature’s spectral language was a deceptive one, as we shall see
in more detail in Chapter 8, when we return to this topic. The reason frequently
given was much more positivistic and more in line with the rather empiristic
attitude of spectroscopists of the nineteenth century. Like the geographer
systematically filling in blank spaces on an otherwise complete map,
spectroscopists also sought to rectify poor renderings of a particular section in
existing representations. Consequently they drew attention to the necessity for a
magnified representation of its immediate vicinity. In many earlier sketches,
certain segments were regarded as significantly less reliable than the rest of the
spectrum. For example, Brewster and Gladstone considered the blue interstice
between the lines F and G to be “the least trustworthy.”4® In others, zoomed
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sections allowed for interesting comparisons of seeing conditions over time or in
different parts of the world.#” And finally, the selected spectral range would
sometimes (p.91) be taken simply as a suitable area for testing a
spectroscope’s quality. For instance, Lewis M. Rutherfurd proudly announced
having resolved two red lines of potassium into double lines, and having
decomposed a grand number of fine orange lines in the strontium spectrum with
the aid of his six carbon-bisulphide prism chain. ]J.P. Gassiot found no less than
40 dark lines in the 6 A interval between the two sodium D lines with his
impressive chain of eleven such high-dispersion prisms.4® Testing the resolution
of his spectroscope was the declared motive also of William C. Winlock (at that
time still at Yale University under the guidance of W. Gibbs) when he published
his detailed ‘chart’ of the b group in 1880—independently, in fact, of Charles
Fievez at the Royal Belgian Observatory, who also prepared detailed sketches of
precisely this region in the same year.#% Winlock’s drawing gives us a good sense
of the actual amount of additional information contained in a high-resolution
drawing compared with the medium-scale standard maps of the total spectrum:
while Kirchhoff’s and Angstrém’s maps indicated 17 and 20 lines for that group,
Winlock delineated no less than 37 dark lines, numbered consecutively b, b2,
etc., somewhat like Brewster’s uppercase letters, to avoid confusion with
Angstréom’s lines bq-bs. Thus here too, an interdependency exists between
representational type and research goals, one that is quite similar to the
relations already described for enlarged representations (see Fig. 3.1).

Developments in the technology of ruling diffraction gratings made these strides
possible.?? Given the great progress, if it was so easy to improve upon earlier
representations of the spectrum with the available new Rutherfurd gratings, why
not do a thorough job of it and produce a map of the whole spectrum at an
improved resolution? Here is Winlock’s somewhat defensive response:

it would now be possible to enlarge Angstrém’s great chart almost as much
as he improved upon Fraunhofer’s first maps. But it would be an almost
endless undertaking for a single observer to attempt a map of the whole
spectrum, from the ultraviolet to the invisible red, brought to light by our
most powerful instruments, and accordingly most physicists who have paid
especial attention to solar spectroscopy have devoted themselves to a

careful study of detached portions which appear of unusual interest.>!
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If we look at the vast amount of work Winlock had to do just to finish his detailed
study of this minute portion of the spectrum, we see why, throughout the
nineteenth century, it took an average of a decade and a half to proceed from
one map of the entire solar spectrum to the next improved representation.
Winlock recorded the b group not just once but repeatedly in a series of 23
measurements between 17 November 1879 and 7 May 1880. He used altogether
eight different diffraction gratings (four by Rutherfurd, three by Rogers, and one
by Brunner), which were then carefully compared. In the end, Winlock decided
to base his published chart of the b group on five independent micrometer
readings taken (p.92) on the same day, because this would minimize the
discrepancies in the readings of lines whose intensity varied with the seeing
conditions.?? All the zooming discussed so far had been achieved by real
improvements in spectroscopic resolving power. In principle it was possible
simply to increase the size of the prism used. For single-prism spectroscopes the
resolution is directly proportional to the length of the prism’s base,’3 but large
and perfect pieces of optical glass were hard to come by. In the case of prism
spectroscopes, one strategy to circumvent this problem was to install a whole
sequence of prisms, such as in Steinheil’s precision spectrometer of 1861 or
Browning’s later prism chains that automatically adjusted to the position of
minimum refraction (cf. Fig. 3.2). It is notable that both these instrument
manufacturers were in regular contact with individuals at the forefront of
spectroscopic research during this innovative period of instrument design in the
early 1860s: Steinheil’s man was the physicist Gustav R. Kirchhoff, whereas John
Browning (1835-1925) in London cooperated with the astronomer Richard
Proctor (1837-1888) and with the chemist William Crookes (1832-1919).* Once
these basic innovations had been made, both Steinheil’s and Browning’s prism
spectroscopes were marketed for many decades with only minor alterations.

The other strategy for increasing resolving power was to use high-dispersion
fluid prisms. These were composed of five flat pieces of glass glued together
along the edges and filled with a fluid of a very high refractive index, such as
carbon bisulphide (CS;). The faces of a large one could well measure 5 inches in
width and 3 inches height, holding about a pint of liquid inside.?®> An additional
advantage of these fluid prisms was their much better transmission of light
compared to conventional prism chains.’® But they tended to leak slightly—and
thus inevitably gave off the foul odor of the liquid inside.?” Even so, they were
used often in research where minute shifts in wavelength mattered and where
conventional prism chains could not be used because the sought features were
too faint. Charles A. Young’s observations of the corona spectrum during solar
eclipses in the late 1860s are one (p.93) example; William Huggins’s early
research on Doppler shifts in stellar spectra since then or John Evershed’s work
on Zeeman splittings at Kodaikanal Observatory after the turn of the century are

others.%8
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There was always a price to pay,
however, for improved
resolution of a spectroscope. In
multiple-prism spectroscopes,
each prism in a chain reduced
the total intensity of
transmitted light by about 10 to
25 %. The biggest problem with
fluid prisms was that their
dispersion was highly sensitive
to slight changes in
temperature. This meant that
line positions could change by
as much as 0.1 A within a few
minutes if the temperature
changed by a single degree
Celsius. The attainable accuracy ~ Fig. 3.2 Browning’s multiple prism

of spectrometric measurements spectroscope with a six-prism chain

was thus limited. In the worst automatically adjustable to the position of
cases, sharp spectrum lines had minimum refraction. From Browning

a strange “woolly” appearance [1874] p. 7.

arising from local convection

currents in the glass shell.??

Another problem was the appearance of additional absorption bands caused by
the dispersive fluid within the prism.® In the case of diffraction gratings, finally,
a major portion of the light went into practically inaccessible (p.94) orders (at
least until the invention of blazed gratings) so that their application was
confined to fairly intense light sources.

Some spectroscopists, especially in France, resorted instead to a method of
image augmentation by lantern projection,®! which was somewhat similar to
modern-day slide projection onto a screen. This method had become feasible
with the availability of strong and stable sources of electric light, such as Léon
Foucault’s electric arc, which was regulated by an intricate feedback
mechanism.%2 This projection technique became quite popular in the mid-
nineteenth century and devices like the lanterne électrique were marketed by
the Parisian instrument maker Jules Duboscq®3 (1817-1886). Alternative light
sources included the common Argand petroleum lamp or the bright oxyhydrogen
flame, sold in France under the trade name lampe Debray.?*
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Using a bright projection lantern, such as the one seen on the far left of Fig. 3.3,
a spectrum photograph on a glass plate measuring approximately 10 to 15 cm
could be enlarged substantially on a screen. This projected image could then be
easily inspected or redrawn. During the second half of the nineteenth century,
this was a very widely used technique for increasing the scale of a spectroscopic
photograph.65 A somewhat related technique that was also quite popular
consisted in examining spectrum photographs under a microscope on glass
slides of about 5 x 1 cm.%% But the high dispersion gained by these methods of
optical augmentation had to be weighed against inherent disadvantages, which
were frequently mentioned in the literature of the time. Eugéne Anatole
Demarcay (1852-1904), for instance, employed the technique of lantern
projection in his spectral mapping of 20 atomic and molecular spark spectra. He
complained about the disproportionate widening of very faint lines and the
occasional loss of detail through overexposure:

Let me remark in this regard that the act of enlargement embellished the
faint lines, as is normal, very noticeably. In some cases, the appearance of
the spectrum was altered quite appreciably from what it is on the
unenlarged direct negative. Even some very clear details on the direct
negative occasionally disappeared (very distinct lines that are fused
together, etc.). Thus these plates should be considered as affording no
more than a quite accurate general idea, but a bit more boldly than the
negatives, which were much superior to them in sharpness.%’

(p.95) Henry Draper found the earlier work by Mascart and Alfred Cornu
similarly wanting, who had relied on this enlargement technique.®® Eleuthére
Mascart®? (1837-1908) had mapped the near-ultraviolet part of the spectrum
after replacing the conventional glass optics of his spectroscope with prisms and
lenses made of quartz or islandic spar, two substances with better transmission
in that wavelength range.”’% Because these rays were invisible, he also had to
attach a photographic plate to the observing telescope. “This kind of
photographic ocular makes very small and very precise images, from which
photographic enlargements can be taken or reproduced by sketching during
examination with a magnifying glass.”’! Thus, as Mascart himself implied, the
disadvantage of this method was that the resulting photographic plate contained
a dense concentration of many spectrum lines confined within a relatively small
space—that’s where the magnifying glass came in. In order to gauge the precise
location of each spectrum line, Mascart projected the spectrum together with a
reticle, a fine regularly spaced grid, which helped him to determine the
distances between the various lines on each plate. If even bigger dispersion was
sought, these photographic glass plates could be used like slides and projected
onto the wall in whatever magnification required. Mascart was conferred the
Prix Bordin de I’Académie des Sciences for this highly successful method in
1866. His 1863 atlas of the ultraviolet region of the spectrum contained nearly

10 times as many spectrum lines as its forerunners.’?
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Another variant of the projection method involved projecting an image from the
electric arc itself. As Fig. 3.3 illustrates, the electric arc, fed by a battery of 50-
60 Bunsen elements, was positioned in the focus of a condensor lens which
produced a parallel beam of light that passed through the slit onto a pair of 60°
carbon-bisulphide prisms. The resulting spectrum was projected onto a screen
12 feet away.73

Its fairly large scale of 10 feet length and 18 inches height meant that it was
well suited for demonstration purposes. But serious drawbacks arose when it
came to quantitative measurements (p.96) and precise mapping of the spectral
features: optical projection onto the screen involved unavoidable distortions of
the image, and the unsteadiness of the light sources created additional
problems. For these two reasons direct projection was mainly used for
exploratory orientation and for popular lectures about what spectra look like and

how they change when electrodes of different chemical composition are used.”*

Fig. 3.3 Left: Wood engraving of a typical
Duboscq lantern projection apparatus,
and right: arrangement of condensor lens
and prism. The electric arc is installed
inside the apparatus on the left, and the
various screws underneath are for
adjusting the distance and position of the
electric arc’s two electrodes. From Stein
[1887] pp. 298 and 294.
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If optical magnification by projection or by photographic enlargement does not
work so well for technical reasons, wouldn’t such a hand-drawn magnification
lead to better results? How this idea worked in practice is illustrated by the
following example. With his Madeira Spectroscopic published in 1882, Charles
Piazzi Smyth went beyond merely supplementing lithographic plates of the
spectrum, which he had observed during the preceding summer under the
excellent seeing conditions of that tropical climate. He had conducted this
“Revision of 21 Places in the Red Half of the Solar Visible Spectrum” with a
Rutherfurd diffraction grating. To facilitate for his readers comparison against
the results offered by his forerunners, he redrew the latter onto the same plate,
magnifying each spectrum to the same scale. Marked improvements in
spectroscopic resolving power since 1860 (cf. here Fig. 3.1, p. 90) made this
quite a tricky business, also because of the various conventions and drawing
techniques involved. Magnifying a spectrum map by a factor of ten or so meant
that the breadth of each line had to be increased correspondingly. But for a
strong line, rendered as a solid bold line in a medium-scale map like Brewster
and Gladstone’s, this magnification effected a “sometimes coarse, Cyclopean
look thus imparted” (cf. here Fig. 3.4 line 1), (p.97) which Piazzi Smyth felt
obliged to “palliate, or apologise for”.”> The Council of the Royal Astronomical
Society rejected publication on the justification that it was superfluous to
reproduce already existing published plates. They continued: The primary
objection felt to the publication was that in the process of enlargement the
breadth of the lines was so greatly increased that the character of the
representation was lost; and it was even thought that on this account the
reproduction was in some cases unfair to the author, as the change of scale
made so great a difference in the appearance of the representation.”’® Other
users of Piazzi Smyth’s publication, which was eventually printed by W. & A.K.
Johnston in Edinburgh, partly at his own expense,’” were irritated as well: “Your
microscope has rendered some of the lines so ponderous that all semblance of a
slit is lost and they look like gaps indeed—of course I see your purpose in
expanding their scale laterally”.”8

But the task of magnification implied more complications still, foremost
subtleties in interpreting the intentions of the original engraver or lithographer.
A good example is provided by Piazzi’s puzzlement over the fact that in the 1860
spectrum map by Brewster and Gladstone each line in the preliminary band of
‘Great A’ is represented by a tight pair of vertically parallel engraved lines.
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Wherefore comes the question, What did they mean by that? If they really
meant that they saw every one of those spectrum lines double, they would
have eclipsed all subsequent observers up to and including Prof. Langley,
of the Allegheny Observatory, in 1878, though he was the first of mortal
men really to see and publish the fact of the most transcendent duplicity of
those grand lines at the practical beginning of the spectrum. But the two
earlier observers have totally omitted so many other features far easier to
recognise, that I can only, in honesty as well as loyalty to science at large,
conclude that they saw the now confessed double lines of Professor
Langley as single ones; but saw them so pale, that they represented them
on the copper plate by two thin lines close together, rather than by one
thick, blacker and more decided one.”?

This difficulty of discriminating between intended and unintended features in
the representations of spectrum lines went to the heart of the matter of
distinguishing spectroscopic fact (p.98) from representational artefact. Piazzi
Smyth relied on contextual information, particularly the overall accuracy and
detail, to interpret the published maps. So in his redrawing, all pre-1878
representations exhibit bold single lines, while the later ones are resolved into
doublets (compare examples 1-4 with examples 5-7 in Fig. 3.4). But other
conventions are at play as well in Piazzi’s rerenderings: For instance, all the
heavy lines have wavy edges to symbolize the somewhat diffuse boundaries of
the dark Fraunhofer lines against their background. Another feature was
diagonally shaded areas that were meant to denote dark spectral regions where
individual lines could not be resolved. Taking up Bunsen’s drawing convention
for emission spectra (see here Fig. 2.22, p. 52), Piazzi also used different line
heights as a means of differentiating between line width (i.e., horizontal
extension) and intensity. The intensity of each spectrum line was represented as
proportional to its height. Some very thin, hazy lines at the very limit of visibility
were depicted as dashed or wavy vertical lines.
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Proceeding in this manner, Piazzi Smyth wished to relieve his readers of the
burden of going back to the original plates and “puzzling out every time de novo
with a magnifying glass or a compound microscope, the meaning of vanishing
traces of difficult lines and wrongly indicated shadows.”8% But however exactly
this systematic magnification in breadth may have treated the proportions of
original line width and intervals in-between, it nevertheless failed to convey the
most important quality of the earlier representations: resemblance with the
overall Gestalt of the line group when examined through the spectroscope
ocular. What Kirchhoff and his research student tried to convey in their 1861/62
map was not so much the precise width of each spectrum line in the A group, as
the general impression of that spectral region. In the original scale, this was
indeed successful. Given the technical and representational options, however, a
simple enlargement of this drawing transformed the fine image into a
monstrosity its fathers would have shuddered at seeing. At one point Piazzi
himself admitted: “on the large modern scale, the old drawings would look
rough, rude, and coarse”, but he pled for “physical truth’s sake rather than
pictorial effect”.8! Piazzi Smyth continued to use this technique in some of his
later publications but I do not know of any other spectroscopists adopting it.
While zooming in on certain sections of the spectrum was practiced throughout
the nineteenth and early twentieth centuries for the various reasons mentioned
at the beginning of this section, strict upscaling of older spectrum illustrations
remained an idiosyncratic oddity, resulting in Smyth’s most extravagant and
unmistakable set of spectrum representations.

What we gather from this is another Gestalt property of portraits: their non-
invariance against an increase or decrease in scale. A screened image of a face,
as in newspaper print, becomes unrecognizable when one comes too close to it
and thus only sees the many dots out of which it is composed. Likewise its
details can no longer be made out from too far away. This triviality explains why
with each substantial improvement in spectroscope resolution, new portraits of
the spectrum became necessary. A mere upscaling of the obsolete maps did not
suffice; less because of new substructures not resolvable in the earlier maps,
than because of the overall loss in Gestalt characteristics that enable
recognition.

(p.99)
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3.3 Abstracting spectra:
condensing
Thus far I have been discussing

approaches to spectral
representations that essentially
imply an increase in resolution
over time. But there is a third
strand that actually entails a
drop in resolving power against
foregoing maps. Since this
voluntary loss of information,
which I will call condensing,
may appear counterintuitive, let
me discuss two cases that
belong in this category (for a
third case see here § 8.4).

(p.100) (i) When Lieutenant
John Bobanau Nickerlieu
Hennessey (1829-1910),
employed by the Great
Trigonometrical Survey of India
at Mussoorie near Bangalore, 82
set out to study the solar
spectrum taken close to sunset,
he did not take any big,
cumbersome optical equipment
with him, only a comparatively
small spectroscope with three

Sussecr L—0r Great A, 75 PRELIMINARY BAND onLy,
o Hioe axp monzeaTecy mom Sux.
TEE SPECTRUM OOLOUR THEREABOUTS 4 Drzr Rep.
> > %

Fig. 3.4 Comparison of drawings of the A
group by (1) Brewster and Gladstone
[1860], (2) Kirchhoff [1861/62], (3)
Hennessey [1875], (4) Abney [1878b], (5)
Langley [1878/79a], (6-7) Piazzi Smyth (9
July 1881). Redrawn by Piazzi Smyth
according to new conventions and
magnified to the same wave-number scale
(oscillations per British inch).
Photolithograph by W. & A.K. Johnston.
From Smyth [1882d] pl. 1.

flint-glass prisms. Kirchhoff’s instrument had had a resolving power of 40;
Hennessey’s could not attain more than 17. As a result, his spectrum image had
only about three-tenths the extension of Kirchhoff’s. When he tried to compare
the spectra produced by his low-resolution spectroscope with Kirchhoff’s map,
he had trouble matching the two images:

The want of intensity generally in the spectrum sun high as Mussoorie
[6765 feet], combined with the smaller power of the instrument, made it
exceedingly difficult, and in most cases impossible, to identify individual
lines in Kirchhoff’s map with corresponding ones under view; so that, after
making every endeavour at identification, I was obliged to content myself
with adopting the positions (sun high) assigned by him to the strong lines
A, B, C, and D, and to place all the other lines of sensible intensity by
means of differential measures and interpolation. Practically speaking, this
amounted to the construction of a new map, so far as my wants were

concerned.83
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It might be argued that it was only to be expected that a comparatively
inexperienced amateur as Hennessey was, would have difficulties of the sort
expressed in the above quote; for he made spectroscopic observations on the
side, in his leisure. But such problems were, in fact, far more common than this
one example suggests. We find the same sentiment expressed repeatedly in
print. And consequently, at regular intervals someone would sit down, redraw
and publish a solar spectrum map at a lower resolution to fit precisely this need,
that is, ready identification of certain groups of lines as they actually appear in a
handy low-resolution spectroscope. For, the extraordinarily costly sensitive
instruments were available to only a few elite institutions and, importantly, were
not easily transportable and usually were left behind when observations were
made at interesting places like hill tops with good seeing, or the remoter sites of
solar eclipses. Hennessey’s aim was a more limited one. He wanted to identify
the differences in the spectrum of the high and the low Sun, for which purpose,

he felt, a rather simple engraving on stone in one printing was sufficient.?4

(ii) The sheer length of the big maps of the solar spectrum, especially those
attained in the 1880s, made it impossible to survey the spectrum at a glance,
and this apparently fed the need for more condensed representations. Gustav
Miller (1851-1925), observer at the Astrophysical Observatory at Potsdam near
Berlin, justified his medium-to-low dispersion (p.101) map of the solar
spectrum, published in 1881 (that is, just one year after the publication of H.C.
Vogel’s big map of the solar spectrum), as follows:

The charts of the Sun’s spectrum by Kirchhoff and Angstréom, as well as the
spectral plates recently published by Vogel on an even larger scale, make it
possible to orientate oneself from any line, even with the most powerful
spectral apparatus, and to find its associated wavelength to the desired
level of accuracy. It becomes more difficult to use these plates as a guide
when using smaller instruments of lower dispersion to observe the solar
spectrum. A considerable number of lines then vanish completely, groups
of lines, which with more powerful instruments are easily resolved, appear
fused into a single line, other lines unite into more or less blurry stripes.
The appearance of the spectrum as a whole is changed so considerably by
this that it occasionally takes some effort to determine a line correctly
right off with the aid of the comprehensive spectral charts. This problem
made itself repeatedly felt during spectral observation, namely during
investigations I undertook to determine the influence of temperature on
the refractive and dispersive conditions of various prisms. [...] Perhaps
other astronomers and physicists will also welcome such representations of
the solar spectrum, and thus publication of the plates from my drawings
may appear justified.®?
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Although Vogel’s stately spectral map, with a total length of nearly 5 meters,
was not easily surpassed and certainly was regarded as the more important
contribution, Miller’s smaller-scale representation of but 25 cm was also
perceived as useful and quoted in later publications. Looked upon in terms of
career investment, the 1881 publication had the advantage that Miiller could
figure as the only author. He is mentioned merely in passing in Vogel’s map and
is not listed as a coauthor there, even though he had contributed considerably to
the drawings and micrometric measurements of the photographic plates. After
Vogel’s retirement, Miller was one of the candidates for his replacement at the
Potsdam Astrophysikalisches Observatorium. The brilliant astrophysicist Karl
Schwarzschild was preferred over him in 1908, but he eventually became
director of Germany’s biggest astro-physical research institution after

Schwarzschild’s untimely death in 1916.86

3.4 Distilling out the metaphysical

On the face of it, Daston’s and Galison’s periodization of atlases (cf. here p. 452)
would rule out—or at least seriously question—anything like a metaphysical
image in late nineteenth-century atlases. By then the time of the metaphysical
supposedly had long since past. This is certainly true in the sense that we do not
find any totally construed representations. In another sense, though, this is far
less evident. Let me choose an example from the subclass of representations
conveying the difference between the solar spectrum at high noon and close to
sunset. In 1833 Sir David Brewster noticed that the solar spectrum looked
distinctly different when studied at different times of the day. As we now know,
he correctly inferred that these variations had to do with the effects of light
absorption in our terrestrial atmosphere. Since then, observers drew
comparative maps of the solar spectrum observed (p.102) at the meridian and
on the horizon, or as observed at different altitudes. Pierre Jules César Janssen
(1824-1907), for instance, published studies about the telluric rays in the solar
spectrum from 1862 on for more than twenty-five years.8” Long before he
became director of the Meudon Observatoire d’astronomie physique in 1877, he
had already examined the appearance of strong bands near the Fraunhofer lines
C and D, using a five-prism chain, and drawn the so-called C, C’, and D groups
for the plate accompanying his 1871 paper.88

His comparison revealed a

substantial strengthening of all e
the terrestrial lines in the ‘
horizon spectrum because of : ‘ |
the geometrically longer path ‘
taken by the Sun’s rays through
the Earth’s atmosphere. But optimal viewing conditions of very dry air and
observation of the meridian along the shortest line of sight could never
completely eliminate these dark lines caused by atmospheric absorption. Thus
Janssen concluded:

[ T
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The telluric lines are always Fig. 3.5 Excerpt (group D) from Janssen’s
visible in the spectrum. It is comparison of the solar spectrum

true that some lines seem to between Fraunhofer lines C and D as
disappear when the Sun is observed at the meridian (top) and on the
very high, but this is but an horizon (bottom). Copperplate engraved
apparent phenomenon thatis  py E Pérot. From Janssen [1871] pl. 1,
easily explained. In fact, the fig. 2.

intensity of a telluric line

observed on the horizon is

fifteen times greater than at the meridian. The result of this is that an
insufficiently intense line on the horizon becomes invisible around noon;
but this invisibility is only relative; it just occurs for lines at the limit of the
power of the instruments.89

Thus, strictly speaking, there is no such thing as a ‘pure’ solar spectrum on
Earth, since even at noon and under the best seeing conditions, a high-resolution
spectroscope would still detect superimposed atmospheric absorption lines. This
insight was taken particularly seriously by compilers of later solar maps at the
highest attainable resolution. The atlas published by Louis Thollon from the
Observatoire de Nice, in 1890 (already mentioned in § 3.1 in the context of
enlarged maps) is a prime example. It displayed the solar spectrum (p.103) in
four ways: (a) with the Sun at 106° above the horizon, (b) at 30° both in normal,
and (c) in dry weather, and (d) omitting the telluric lines. As we can infer from
the above quote by Janssen, the last row (d) does not represent anything actually
observable in a spectroscope, be it ever so good quality, because this last
representation is reached by elimination of all the lines shown to be of
atmospheric origin. Stage (d) thus does not represent any real observation but a
construed image of what an extraterrestrial observer should have seen. In our
age of satellite telescopes this may not sound very alien, but it certainly did to
Thollon’s contemporaries. In this sense, the last row of Thollon’s atlas is a
distillation. All real observations can never be more than mere approximations of
this ‘metaphysical’ image. If we take a closer look at an arbitrary section of his
atlas (Fig. 3.6), we see how carefully this stepwise elimination of all the
terrestrial impurities has been captured in the lithograph with delicate and fine
strokes to trace the faintest of lines. The etcher has executed a step-by-step
purification process leading us from the realistic spectrum of an observer
immersed in the Earth’s atmosphere to the realm of the sublime solar spectrum
per se, the closest counterpart to Kant’s Dinge an sich that I could find within my
miniature world of spectra.
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Once on this track it is hard to 7
leave it again, since suddenly TN R PR IS W B e n* A
we recognize similar features in [ |

other spectral representations l ‘
as well. For instance, it is _
scarcely possible to prepare an — l i
emission spectrum of any i il TR o i i
substance in the Bunsen burner
lacking any trace of the yellow
D lines. Their extreme
detectibility was celebrated. As
was already well known to

Fig. 3.6 Sample section of Thollon’s
comparative atlas of the solar spectrum
(region A-B). Steel etching by C. Legros.
The relatively dark scanning was
necessary in order to bring out some of
William Swan, only microscopic the faintest lines, which are barely visible

amounts of sodium are needed even on the original plates. From Thollon
for the yellow D lines to show [1890] pl. II.

up clearly. Other lines—some

originating from the air, as we

now know—were equally common to the spectra of different elements
considered pure in 1850.9° Thus, mapping (p.104) terrestrial emission spectra
not only entails careful plotting of all the lines belonging to the element or the
molecule under study, but also recognizing and consciously omitting trace
impurities that cannot be avoided in the chemical preparation of the sample. In
this sense, charts of emission spectra like Bunsen’s (Fig. 2.18) are also
metaphysical images of an ideal rather than depictions of something actually
seen in precisely that form. Hence, most of the hand-drawn representations of
emission spectra have a touch of the metaphysical. In spectroscopy the
‘metaphysical image’ only vanished with the advent of photomechanical
reproduction in the 1880s, when it was conceived as rendering typical spectra
with all their associated impurities and defects. This is not to say that these
photographs were not retouched, ‘cleaned up’, and otherwise manipulated, but
the idea of what they were supposed to represent had changed.

3.5 The phenomenology of the rainband
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There is a flip-side to this concatenation of the solar spectrum with atmospheric
absorption lines. It relates to attempts to use these bands as an indicator of
imminent rainfall. This meteorological application transgressed the strict
boundaries set by the specialists and left its mark in various periodicals and
even newspapers like the London Times. Many spectroscope advertisements and
introductions to rainband spectroscopy were published during the early 1880s,°!
and the associated debates provide many clues about the differing perceptions
of the spectrum among the general public. Such optical instruments were the
first that many farmers had ever laid their hands on. This context of more
popular usage of scientific instruments thus complements the previous section,
in which we limited our discussion of the perception of the spectrum to
scientists involved in more esoteric pursuits.

As mentioned in § 3.1 (on p. 82), Brewster’s work from the 1830s began the
discrimination between solar and terrestrial lines in the solar spectrum. His five-
foot-long map of the solar spectrum, which was only published years later in
1860, already made a clear distinction between solar and atmospheric lines,
although Brewster carefully picked his words to skirt any physical explanation:
“in calling them atmospheric, nothing more is meant to be expressed by the term
than the mere fact that these lines or bands become much more visible as the
Sun’s rays pass through an increasing amount of atmosphere”.?? Observations
by the Astronomer Royal for Scotland Charles Piazzi Smyth, during a stay on
Tenerife, further corroborated the possibility that absorption in the Earth’s
atmosphere might be responsible for the occurrence of these features and their
variability. The results indicated that atmospheric lines vary with the altitude of
the observing station (at sea level and on the peak of the Tenerife volcano). So
did the observations by Jules Janssen, who was the first to resolve the fairly
diffuse absorption bands on Brewster’s map into their constituent lines, which
he called ‘raies telluriques’ (cf. Fig. 3.5). In the mid-1860s, the Harvard chemist
Josiah Parsons Cooke93 (1827-1894) also placed himself in support of the
hypothesis that (p.105) these telluric lines were caused by water vapor. But it
took another decade before accumulated knowledge of these atmospheric lines
in the solar spectrum could be put to practical use.
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In the 1870s Piazzi Smyth and other observers noted striking variations in the
solar spectrum near the sodium D line, such as were observed at Palermo before
and after a sirocco in 1872, and shortly before heavy rainfall in Edinburgh in
July 1875 as well as in Toulouse in May 1876.%4 It occurred to them that these
variations might possibly be used to forecast rain, even in cases where the
standard barometric method failed. Both Piazzi Smyth and Janssen had used
small, easily portable direct-vision spectroscopes that looked like mini
telescopes. Although only 4 inches long, they contained a five-prism chain
mounted in such a way as to minimize the average deflection of rays while
maximizing the resulting dispersion (cf. Fig. 3.7). According to the instrument
historian Deborah Warner, the design of this type of instrument goes back to the
French optician Giovanni Battista Amici in 1856. But better known modifications
were proposed in the early 1860s by Jules Janssen as well as by the French

optician J.G. Hofmann, who was also the first to market them.?>

(p.106) The spectrum
generated in such a breast-
pocket spectroscope was about
an inch long and half an inch
wide. The Scottish
meteorologist Hugh Robert Mill
(1861-1950) described it as
follows:

Fig. 3.7 Top: Diagram of the prism
arrangement of a direct-vision
spectroscope designed by Janssen: the
sequence of three crown-glass and two
flint-glass prisms minimizes the total
deflection from the straight path, but the
dispersive power of all five prisms is
cumulative. Bottom: woodcut illustration
of a rainband spectroscope marketed
from the 1870s onward. Both from
Schellen [1870/72c] figs. 48f.

On one side a band of red,
apparently 3/16ths of an inch
wide, emerges from
blackness and shades into a
1/16th inch strip of yellow,
which merges into a quarter
inch space of green, passing
an equal area of blue which
dies away in hardly visible
violet. Two or, in favourable
circumstances, three black
lines (a, B, C) are seen in the
red, one (D) appears to separate the red from the yellow, a wide nebulous
line divides the yellow from the green, several very thin lines appear in the
green together with two thicker ones (E and b), and in the beginning of the
blue there is a still darker line (F); besides which a glimpse may sometimes
be had of other lines in the darker part of the spectrum beyond F. On
looking directly at the sun many of the lines are split up into a number of
very fine components, and the whole spectrum seems ruled with lines
intensely black and geometrically narrow, most of which are invisible in
diffused light.%6
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As cheaply made pocket spectroscopes flooded the market in the 1880s—often
without even an adjustable slit and of very modest dispersion—observation of
the telluric lines in the solar spectrum, and their variations with the seasons and
the weather, started to gain popularity. In 1877 Piazzi Smyth coined the term
‘rain band’ for a group of dark spectrum lines on the red side of the sodium D
line (that is, in the wavelength range 5895-5980 A), and soon afterwards more
calls to use the rainband for predicting impending rain were published in other
journals.?” By the middle of that decade several books had appeared to satisfy
the demand of a rapidly expanding market for so-called rainband
spectroscopes.?8 Instrument makers such as John Browning or Adam Hilger
were among the first and enthusiastic promoters of spectroscopic rneteorology‘,99
and a heated debate over its merits was ongoing in the Times and the
Scotsman.100

Capron illustrated his case for the rainband with a plate showing the variation in
the solar spectrum seen with a spectroscope of only small to moderate
dispersion. This plate is reproduced in Fig. 3.8 as a nice example of a technique
often used in teaching spectroscopy: multiple depiction of the same spectrum
under different observing conditions.

(p.107)
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Not unlike the representations
encountered in the previous
section (for instance, Thollon’s
map, Fig. 3.6), the sequence of
spectra given in the above plate
is ordered successively, from an
absence of the rainband in (1)
and (2) to a strong presence in
(5) and (6). The aim of this plate
is to illustrate the substantial
variation in appearance and
intensity of the rainband as
compared with the other solar
lines and bands under different
weather conditions.!%! The
viewer is instructed not to be
distracted by other features of
the spectra, such as the quite
prominent dark band to the
right of the sodium D lines,
which does not correlate with
an increase in the rainband’s
intensity.192 The user of
Capron’s manual had the task of
deciding which among the
several printed samples was
most similar to the real
spectrum (p.108) observed in his rainband spectroscope, that is, to match his
visual field against a whole array of categories provided by the manual’s author.
Even this was a daunting task for anyone lacking prior experience with spectra.
The difference between these black-and-white representations, naturalistic and
multifarious though they attempted to be, and the colored spectrum as seen in
the ocular of the little pocket instrument, devoid of any numerical scale, was still
too vast. An inevitably dirty slit produced superimposed horizontal stripes and
dust accumulating on the prism faces gave “a false obscurity to the

spectrum”.193 In fact, with a simple low-dispersion pocket spectroscope, it was
impossible to see the rain-band itself. Instead one sees an intensification and
apparent widening of the D line towards the red, which is actually a result of the
blurring of the sodium line from the hundreds of thin atmospheric absorption
lines caused by the water vapor in the air: “The D-line proper is thus replaced by
a brilliant yellow streak, and the rainband is seen as a black line clinging to its
red side”.194 But even Capron admitted having met “persons (scientific and
otherwise)”, who simply could never see a rainband at all, even if they used a
spectroscope with a higher dispersion. Yet others insisted that the horizontal
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dust lines were rainbands, and
“even well-practised observers
differ very widely in strength
estimates.”19% Capron advised
observers experiencing
difficulty in identifying the
rainband to vary the observing
angle, to distrust observations
made too close to the horizon,
and also to take into account
the appearance of the main
Fraunhofer lines: “when these
are bright, clear, and sharp,
rainband is usually absent;
when they are obscure and seen
faintly, rainband is generally
present.”106 Mill likewise
warned his reader not to expect
too much in the beginning: “He

Fig. 3.8 The solar spectrum with and
without the rainband (left of the sodium D
doublet) under various weather
conditions: (1) the solar spectrum in a
clear blue sky; (2) spectrum on a hazy
morning with a red sunrise, no rainband;
(3) moderate low-sun bands and lines,
rainband; (4) spectrum from a partly
clearing rainy and windy sky, moderate
rainband; spectrum observed with sun
shining through saturated clouds, low-sun
lines and strong rainband; (6) rainband
pervasive and exceptionally strong
between C and D, with the whole
spectrum darkened. Lithograph by
Stanford’s Geographical Establishment.
From Capron [1886] frontispiece.

need not look forward to ‘seeing the rainband’ at once; indeed the rainband has
been wickedly defined as ‘an optical illusion strengthened by long practice’. This
is not exactly true, as we shall soon see.”!9”7 The strong correlations promised by
Capron between rainband observations conducted with due precaution, and
actual rainfall were soon confirmed by Piazzi Smyth. He reported several
readings of the spectroscopic rainband, “the blackest and most intense of the
season”, or looking “like a black ribbon in the sky”, followed by “destructive
floods” and a “perfect abyss of rainfall with thunder and lightning too”.108
Despite Piazzi Smyth’s own proven success as a weather man, others disputed
the reliability of such observations (p.109) in forecasting.!%? The primary
reason for the persistent failure to use this indicator as an effective weather
vane is general inexperience in observing the spectrum with its many variations
unrelated to weather conditions. But another hotly debated question was how
best to classify the varying intensity and width of the rainband and the other
lines in the spectrum. The most common practice of simply judging it
subjectively by eye, and recording it on a scale of, say, one to five, was
problematic because it made reference to a “purely mental scale” without any
“guarantee of the intensity which is represented by a certain figure one day
being recognized as corresponding to that figure on another occasion.”!19 Thus
one early observer who endeavored to take daily spectroscopic observations of
the rainband wrote to Piazzi Smyth: “may I venture to say that, if a coloured
chart of the sky spectra, showing the different appearances of the rain-band
from 0 to 10 according to your estimate was published, it would be of infinite
assistance to observers, like myself, who have, at present, great doubts as to the
reliability of their own estimates, and of course, the value of observations for
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comparison would be greatly enhanced if some such tranquille[?] standard was
available.”11! Nearly every advocate of rainband prediction had his own advice
to offer on how to circumvent this problem: Mill recommended a comparative
scale in which the Fraunhofer lines E, b, and F were taken as reference
standards for increasing width. C.S. Cook devised a mechanism by which
diffraction fringes of variable intensity were projected onto the field of vision;
and Louis Bell resorted to an even more involved photometric method based on
the polarization of light after traversing five prisms.112

But what was most important was the practical skill acquired from routine
recordings of the sky spectrum: thus Piazzi and his wife Jessica demonstrated
the statistically significant success of the method of rainband observation in the
hands of a trained spectroscopist. For years they kept a meteorological journal
with daily, sometimes even more frequent readings of the rainband’s intensity
together with hygrometer readings and other weather indicators. However,
these methods were all far too complicated or too demanding for anyone with
just a passing interest in weather forecasting. It was no easy matter for a lay
observer even to distinguish “between the appearance of the rain-band as shown
by the whole atmosphere and by the layer fifty feet thick” between his or her
observation post and a nearby white wall!'13 Thus, rainband meteorology never
succeeded in gathering a stable group of adherents and the market for these
gadgets started to dry up again by 1890.114

(p.110) Looking back at the temporal evolution of representations of the solar
spectrum, we see a pattern of extension, enlarging, zooming, and then
condensing again or simplification. We certainly can distinguish between these
four trends, each with their own specific functions: the exploratory excursions
and enlarged atlases, the blown-up segments, and the condensed abstractions.
But it would be inadequate to confine a discussion of solar spectral maps to any
one of these four strands since, as I hope to have shown, they were inextricably
interwoven in the contemporaneous practices of scientific research and popular
exposition.!1® A similar complementarity of purpose and practice also governed
the development of the various types of spectrum representations; in fact, as I
will argue in one of the concluding sections (see here pp. 434ff.), this explains
why several competing spectro-scopic domains could emerge and evolve partly
synchronously.

Notes:

(1) See esp. Edney [1993] pp. 57f. for a fruitful approach incorporating
conceptual differences in the information content, design, technical production,
as well as broader social and cultural context of each of these cartographic
modes.
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(2) Brewster [1836] p. 389; see there p. 390, for the various prisms he used
(including, inter alia, a fine Fraunhofer glass prism obtained from Talbot). In
retrospect it is easy for us to understand why Brewster’s efforts to find
coincidences between the molecular absorption spectrum and the solar
spectrum were in vain: the Sun’s atmosphere is far too hot to contain any
molecular constituents.

(3) See Chen [2000] pp. 58ff. for further details about Brewster’s
instrumentation, and idem pp. 123f. on enlargement as a typical trait of the
visual tradition of optical measurements in the nineteenth century.

(4) See Brewster [1833/34b], [1836] pp. 389f. and Brewster and Gladstone
[1860] p. 149; thus Brewster’s efforts comprehended both enlarging and
zooming. For detailed praise of Fraunhofer’s map against later copies of it, see
here p. 116.

(5) See Brewster [1836] p. 391 and Janssen [1862/63]. Cf., e.g., C. Kuhn [1853]
who also estimated 3000 dark lines in the solar spectrum, about as many as then
appeared in Kirchhoff’s [1861/62] map. Cf. also Smyth [1880b] p. 286 on
Angstrém’s map containing the “places and physiognomies of about 1 400 lines”
while his own inventory of the full visible solar spectrum, compiled under
optimal weather conditions in Lisbon in 1877/78, came to 2016 lines. In the
ultraviolet, J. Miiller’s [1863] estimate of c. 80 lines was likewise soon surpassed
by Mascart’s [1864] count of more than 700.

(6) A. Herschel [1900] p. 161; cf. Brewster [1836] pp. 391f. In the late 1850s,
Charles Piazzi Smyth also contributed to the exploration of atmospheric
absorption bands by observing the solar spectrum at various altitudes (from 78°
to 1° below the horizon) and heights (between 50 and 8903 feet) at Tenerife: see
Smyth [1858c] pl. XXV, [1871b] p. Rl 16, as well as H.A. Briick [1983] pp. 29f.
The later work on ‘rainband’ spectroscopy is discussed here in § 3.5.

(7) Brewster [1833/34b] p. 527; cf. also Chen [2000] pp. 57-60 for the context of
Brewster’s research, and pp. 52ff., 65ff. about Brewster’s debate with Powell,
who had increased the dispersion, by using prisms filled with carbon bisulphide,
but not the resolving power.

(8) Among the noteworthy references to Brewster and Gladstone [1860] are
Valentin [1863] pp. 6-8, Smyth [1882d], Becker [1890] p. 131, and a few other
texts dealing specifically with telluric absorption lines and bands in the solar
spectrum: cf. footnote 45 below.

(9) On the last see below Fig. 4.10, p. 125; on the substantial gain in information
through higher dispersion see, e.g., Merz [1862]p. 655.
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(10) In some cases, such as the famous corona lines 1474 on the Kirchhoff scale,
this unit remained in use even after Kirchhoff’s scale became obsolete in 1868.

(11) See Kirchhoff [1861/62] and Angstrom [1868]. I use the ratio spectral range
R to length L (or R/L) in units of Angstrém per centimeter. The smaller the R/L,
the higher is the resolution of the respective atlas or map.

(12) See Smyth [1877c] p. 39; “Angstrém’s normal solar spectrum; printed from
stone also, but at one printing only [in contrast to Kirchhoff—see here p. 125],
and from lines incised through a thin gum coating on the prepared surface of the
stone, or rather into its very substance”.

(13) Piazzi Smyth’s Lisbon spectrum of higher resolution, mentioned in footnote
5 above, was only published in tabulated form. See, however, his notebook
‘Solar-Spectroscope, April 1878-July 29, 1878’ (ROE, 18.113) for his sketches of
22 segments between the preliminary band of Fraunhofer’s line little a in the far
red and some few lines beyond H;. For instance, the region up to H; comprised
15 lines in Angstrém’s map, but 93 in Smyth'’s.

(14) H.C. Vogel had studied at the Dresden Polytechnical School and at Leipzig
University (under Bruhns and Zollner). He accepted directorship of the
Bothkamp Observatory near Kiel in 1870 and changed to the newly founded
Potsdam Observatory in 1874. See, e.g., Fowler [1908], Lohse [1907], Miuller
[1907], Herrmann [1975], [1976], [1981], T. Shinn in Joerges and Shinn (ed.)
[2001] pp. 38f., and here p. 429.

(15) See H.C. Vogel [1879] (up to April 1877 the measurements were taken in
the old Berlin observatory, before its relocation to Potsdam) and Miller and
Kempf [1886].

(16) Fievez was trained at the Ecole Militaire, and earned his ‘diplome
d’ingénieur civil des Arts et Manufactures’ in Liége. He served in the Belgian
army from 1867 and worked in the chemical industry from 1870, entering the
Observatoire Royal de Bruxelles in 1877; see Folie]1889/91b], Swings [1936].
Because the Observatory’s director, Houzeau, wanted to establish a new
department for spectroscopy, Fievez was sent to Meudon and Potsdam to acquire
the necessary skills from experts like Janssen and H.C. Vogel. In 1885 he began
lecturing on astrophysics at the Faculté des Sciences de I’Université de Liége,
and in December 1888 was elected a corresponding member of the Académie
Royale de Belgique.

(17) See Smyth [1882d] p. 3, who applauded this map as “one of the most
advanced of the present day.”
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(18) See H.C. Vogel [1879] p. 135: “The larger and better instruments of modern
times show such a great abundance of lines in some parts of the spectrum that it
is only with effort that one can find one’s way in the mentioned plates.”

(19) For overviews on the increasing number of recorded chemical elements in
the Sun see, e.g., Stoney [1868] pp. 15ff., Lockyer [1878d] chap. X, or Young
[1881] pp. 87f. Kirchhoff [1861/62] had already identified iron, sodium, calcium,
magnesium, chromium, and nickel, but he was still not certain about cobalt,
barium, copper, and zinc. Angstrém [1868b] confirmed cobalt, added hydrogen,
manganese, and titanium; and many other elements such as cadmium, bismuth,
and platinum were later added by careful comparisons of the solar spectrum
with the arc spectra of these metals: see, e.g., Trowbridge and Hutchins [1887],
or Hutchins and Holden [1887]. Rowland [1891d] pp. 522f. already lists 36
elements as definite constituents of the Sun, 9 more as likely, and 15 as
definitely not in the solar spectrum.

(20) H.C. Vogel [1879]. Later, solar physicists and astrophysicists followed this
line of research quite intensively: cf., e.g., Hufbauer [1991], Hentschel [1998a]
and further references there.

(21) See here § 4.5, pp. 135ff., on Thollon’s map and his high-dispersion fluid-
prism spectroscopes, as well as the brief notes in Nature, 21 (1879) p. 236, 32
(1885), p. 519.

(22) Thus, according to Trowbridge and Sabine [1887] p. 289, “the use of
Rowland’s concave grating with its peculiar mounting must be characterized as
a new method and a new departure in measurements of wave-lengths”. See also
the quote in footnote 18 above.

(23) Powell [1839] p. 3. Cf. also Chen [1998] about Powell’s [1839], [1841]
controversy with Brewster [1840] on the ‘true’ position of Fraunhofer’s lines G
and H.

(24) See Broch [1853] pp. 313f.: “But since many lines that appear to the naked
eye as simple bold lines resolve, upon observation with a telescope, into a
number of closely lying weak lines and an innumerable quantity of hitherto
invisible lines emerge at the same time, comparison with such a drawing is not
easy.” Cf. also the commentary by Heusser [1854] who refuted Broch’s suspicion
of changes in the Fraunhofer spectrum with geographic location or
observational altitude.

(25) Compare Kirchhoff [1861/62] with Brewster and Gladstone [1860], based on
observations made in the 1840s; the quote is from Smyth [1877c] p. 45.

(26) Smyth [1877¢] p. 45.
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(27) See, e.g., Cornu [1874/80a] pp. 422f., where he complained about the lack
of similarity of his prism-based photographs with Mascart’s earlier atlas (a
normal A plot) of the same near-ultraviolet region: “it is very difficult to
reconcile the lines with the photographic proofs.”

(28) Stoney et al. [1878] p. 40, cf. also pp. 44, 47ff., 52, 57, 61. 64f., etc. Watts
[1872] made the most systematic effort to translate Kirchhoff’s scale into
wavelengths.

(29) Smyth [1880b] p. 287; cf. also, e.g., E.C. Pickering [1886] p. 224 for similar
losses in the transition from engraved to photographed maps. On the reasons for
producing such a table of inverse wavelengths, see here pp. 59 and 306.

(30) See H.W. Vogel [1880a] p. 196 footnote: “The comparison with Draper’s
photographic spectrum came more quickly to a finish, since in that one the lines
are displayed in exactly the same intensity relations as are obtained in the
spectral photographs. In Cornu’s spectrum, some of the lines that appear strong
in the photograph are weak, and vice versa; that [is] why a direct comparison is
often difficult.”

(31) Charles Piazzi Smyth: ‘On two series of enlarged photographs; one in the
visible, the other in the invisible of the violet of the solar spectrum; being an
appendix to the R.S.E.’s whole visual solar spectrum of 1884’ (RSE materials on
loan at ROE), 17-page handwritten mss. inside the album case with solar
spectra, sent to the Society on 9 May 1891, p. 15 and plate 49—cf. here also p.
235.

(32) Perhaps similar to those recorded after the volcanic eruption of Krakatao in
the Indian Ocean in 1883: see ibid., p. 3. Cf. also H.A. and M.T. Briick [1988] pp.
231ff., and Smyth [1877c] p. 46 for another such case: “Has the physiognomy of
the big B line of the solar spectrum radically altered in the course of the last 40
years?” because Brewster and Gladstone [1860] had mapped this area quite
differently, based on even earlier drawings.

(33) See, e.g., Kirchhoff [1861/62a] p. 63, or [1861/62f] p. 1. H.C. Vogel [1879] p.
136 also had to interrupt his observations because of the severe strain on his
eyes and leave the remainder to his assistant G. Miller. Cf. also Bridgman [1957]
p. 250 on Lyman: “He also suffered from a serious impairment of vision, which
he ascribed to overstrain in measuring his spectroscopic plates”.

(34) On the development of prism spectroscopes between 1860 and 1870 see
Bennett [1984]. On the interplay of improvements in the technology of ruling
gratings with advances in astrophysical and spectroscopic research see
Hentschel [1993b] and [1998a] chaps. 2-4, 11.
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(35) Quote from C.A. Young [1880] p. 353. Angstrém’s [1868] solar spectrum
map, for instance, listed 70 lines as ambiguous.

(36) See, e.g, Liveing and Dewar [1881] as an example of a study examining
such claims by Lockyer (cf. here footnote 90 on p. 314). They came to the
conclusion that “however probable this hypothesis may appear, a priori, it must
be acknowledged that the facts derived from the most powerful method of
analytical investigation yet devised give it scant support” (p. 230).

(37) Huggins [1891] pp. 75f. This condemnation of earlier measurements
included his own in [1864al].

(38) See, e.g., Schuster’s [1882] p. 140 caution with respect to speculations by
Lecoq de Boisbaudran and Stoney: “It requires a much more careful
experimental examination [...] to arrive at any proof of the reality of these
analogies.”

(39) See footnote 20 on p. 84 above.
(40) See in this respect, e.g., Lindqgvist (ed.) [1993] and Nye [1986].

(41) The copy in Munich at the Deutsches Museum, formerly owned by the
optical instrument manufacturer Siegmund Merz, carries the number 676a,
which suggests a printing run of around 1000 copies for the first edition in
Uppsala in 1868. One year later another edition was distributed from Berlin by
the same publisher Dimmler, who had also printed Kirchhoff’s map as a
separatum.

(42) See Herrmann [1976], p. 55.

(43) Brewster and Gladstone [1860] p. 149 (cf. also footnote 4 here on p. 81).
The succeeding text is mainly a detailed comparison of the two maps.

(44) Seeibid. pl. 1V, fig. 7, and fig. 11. Cf. also Valentin [1863] pp. 6-8 for a close-
up examination of small segments of solar and terrestrial spectra.

(45) See Brewster and Gladstone [1860] pl. 1V, fig. 7. Angstréom [1868] pl. H:
‘Raies atmosphériques’. Cornu [1884a], [1886a]; Smyth [1884a], Becker [1890]
pp. 101, 127ff. and his first plate. See also Janssen [1862/63], [1866], [1871],
Cooke [1866] as well as here § 3.5 on the meteorological applications of
‘rainband spectroscopy’. Cornu’s work on mapping the ultraviolet spectrum is
discussed on p. 133, and § 9.9 sketches his lectures in optics.

(46) See Brewster and Gladstone [1860] p. 151.
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(47) See, for instance, Cooke [1866] (also reprinted in Smyth [1882a) on the
striking differences among four different observations between 17 November
1865 and 5 January 1866, which according to Cooke “fully accounted for the
discrepancies in the representations which different observers have given of the
D line” (p. 342); or H.C. Russell [1877], H.C. Vogel [1879] pp. 138f., and Thollon
[1884] pl. 1, on the very different line counts between the two D lines from
observations conducted in London, Kew, Sydney, and Nice.

(48) See Rutherfurd [1863a] and Gassiot [1864b] p. 185; cf. Bennett [1984b] pp.
3f. on the first demonstration of long prism chains at the International Exhibition
held in London in 1862. Ditscheiner [1866b] describes the clever mechanical
system for automatic adjustment of the position of minimum deviation. On
Rutherfurd see here p. 209.

(49) See Winlock [1880] p. 399, and Fievez [1880]; cf. also Young [1880] on the
E group, Cornu [1883c] on the section around D, Cornu [1884a,b], [1886a] on
the bands near a, B, and A, and Smyth [1882d] on other bands.

(50) See, e.g., Hentschel [1993b], [1998a] chap. 3 and references there.

(51) Winlock [1880] p. 398. As mentioned above, however, both H.C. Vogel in
1879 and Fievez in 1882/83 took that trouble.

(52) See Winlock [1880] pp. 400f.

(53) See, e.g., Merz [1862] or Pickering [1868] on the comparative efficiency of
different prism shapes and Tolan-sky [1947] pp. 87ff. on the inverse relation
between resolving power and ‘resolving limit’, the latter defined as the power of
the instrument to separate close components.

(54) In Browning and Crookes [1861] they even issued a patent for an
“improvement in spectrum cameras”. Unfortunately, there seems to be no
further record of their patent application no. 1181, issued on 9 May 1861,
perhaps because it was too similar to an earlier design of a spectrum camera by
Crookes [1856]. On Steinheil see here footnote 93 on p. 49; on Browning, whose
instrument shop was located in The Minories no. 111, later at The Strand no. 63,
see Anon. [1930], Williams [1994] pp. 15f.,, and Lightman [2000] pp. 667f. For a
general survey of the development of spectroscope designs in the first ten years
of spectrum analysis, see Bennett f 1984b].
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(55) Such a prism was made for the chemist J.P. Cooke at Harvard in 1863 by
Alvan Clark: see Cooke [1863], and Warner [1968] p. 70. Cf. here Fig. 9.9 for a
simple fluid-glass prism construction, as well as p. 136 for Thollon’s variant
design. According to a letter by James Dewar to Charles P. Smyth, 3 June 1880
(ROE, 14.64, folder D), “the great secret of good fluid prisms is to use thick plate
glass for the sides instead of the thin rubbish generally employed therein
[which] invariably gets distorted.”

(56) See, e.g., [H. Draper] [1885] p. 273, where it is estimated that Thollon’s
carbon-bisulphide prism, “while giving seven-eighths as much dispersion as six
flint prisms, gives four times the light in the entire spectrum and eight times the
light in the region near G.”

(57) Cf. the anecdote reported by Mills and Brooke [1936] p. 25: “I remember
that for our first trials we had one of the hollow prisms filled with bisulfide of
carbon so much in use then, and which in consequence of a small leak smelt
abominably. To this day this pungent odour reminds me of star spectra!”

(58) See. e.g., Young [1869], [1870]. and Warner [1968] pp. 49, and 64; Huggins
[1868a-c], [1876] as well as here § 8.8, and Evershed [1909/10], [1913] and
Hentschel [1998a] § 7.4-7.5, 10.2 there.

(59) See, e.g., [H. Draper] [1885] pp. 272f. for a description of the problem and
Draper’s countermeasures: installing a small propeller wheel inside the fluid
prism to keep the liquid in constant agitation, and a thermostat to regulate the
temperature of the liquid within +0.1°C.

(60) See, e.g., Gibbs [1863], [1870] pp. 50-2, Gassiot [1863], Cooke [1865b]
(who had ordered a chain of nine such fluid prisms from Alvan Clark in 1863),
and Roscoe [1868a] p. 384.

(61) On the historical roots of this technique, going back to Abbé Nollet’s
‘microscope solaire et lanterne magique’ in the eighteenth century see, e.g.,
Grandeau [1863a] part III: ‘projections des spectres’, Niewenglowski [1910]
chap. 1; cf. also Bennett in Abney [1900] pp. 46-53 on how to make
photographic lantern slides. Use of these devices in teaching of spectroscopy is
discussed here on p. 397.

(62) See Foucault [1849], [1878] pp. 170-2 and Duboscq [1850]. A clear
illustration of Foucault’s regulator is also published in Schellen [1870/72b], p.
48.

Page 37 of 44



The Interplay of Representational Form And Purpose

(63) The son of a cobbler was an apprentice to the instrument maker J.B.F.
Soleil. Becoming his son-in-law, he later took over the shop in 1849, directing
one branch of Soleil up to 1883: see Brenni [1996]. Duboscq was awarded
medals for his scientific instruments at the International Exhibitions in London
1852, in Paris 1855, and a gold medal in 1856; he was an elected member of the
Légion d’'Honneur.

(64) See Debray [1862], [1869], Miller [1855a] p. 153, Roscoe [1868a] p. 387,
Queen [undated], Stein [1887] pp. 236-57, Welford and Sturmey [1888],
Syndicat [1901] pp. 189, 216, 218f., as well Warner [1992] for other
manufacturers esp. in the US.

(65) See, e.g., Browning [1874] pp. 14-15, 24f., [1878] pp. 34ff., E.C. Pickering
[1874/76c¢] vol. 11, pp. 250ff.

(66) The library of the Harvard/Smithsonian Center for Astrophysics, for
instance, has an—incomplete—set of Higgs’s photographic map of the solar
spectrum on such microscope slides.

(67) Demarcay [1895] vol. Texte, p. 1; cf., idem, pp. 11f.

(68) See H. Draper [1873b] p. 402. On Cornu’s use of the Oberhauser projection
method, see below, p. 134.

(69) After his baccalaureate in Douai in 1856, Mascart taught as maitre
répétiteur at a lycée in Lille and in Douai. In 1858 he entered the Ecole Normale
in 1858, where he earned his ‘docteur és sciences’ in 1864. From 1861 to 1864
he was préparateur at the Ecole Normale Supérieure, thereafter again teaching
at various secondary schools in Metz and Versailles. From 1878 on, he was
director of the Bureau centrale météorologique, and in 1872 he took the chair
formerly occupied by Regnault at the Collége de France, where he had already
been lecturing as professeur suppléant since 1868. He was furthermore a
member of the Paris Academy of Sciences since 1884 (succeeding Jamin),
becoming its vice president in 1903 and president in 1904. Cf,, e.g., [Mascart]
[1872], Janet [1909], Mascart’s personal dossier (AASP), and his file for various
promotions in the Légion d’Honneur (ANP. Léonore LI774034).

(70) For a contemporary survey of the spectral transmission of various types of
glass and other materials see Eder and Valenta[1895].

(71) See [Mascart] [1872] p. 4. Since gelatino-bromide plates were not yet
available, Mascart only had at his disposal dry collodion plates sensitized with
silver iodide.
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(72) See, ibid., p. 4: “The best drawings then available of this spectrum
accounted for less than 80 lines and their positions had not been determined
precisely.” Cf. the enclosure letter to his plate submission to the Paris Academy
on 9 November 1863 in his personal dossier (AASP), which is nearly identical in
wording to Mascart [1863c].

(73) See, e.g., Cooke [1865a], Lorscheid [1868b] pp. 105-10 as well as Grandeau
[1863a] pp. 60-70, or Novak [1905/06]. In Philadelphia, James W. Queen & Co.,
soon also provided a ‘spectroscope for projection’: see Queen [undated].
According to Smart [1962], James Q. Queen (1815-1890) is first listed in the
Philadelphia directory for 1839 as an optician. In 1860 he became associated
with Samuel L. Fox and the firm became James W. Queen & Co. For a number of
years there was a branch office in New York City. After his retirement, the
business was continued as James W. Queen & Co. until 1893, when it was
incorporated as Queen & Co.

(74) See, e.g., Lorscheid [1868b] p. 109: “The experiments just described, which
are interesting to the extent that they can be performed before a large audience,
are not to be compared, however, with the precise results one obtains with the
standard spectroscope. They give an adequate idea of the importance and
sensitivity of this method to those persons not intending to specialize in spectral
analysis.” Cf. also Cooke [1865a] p. 243: “a simple and efficient method of
exhibiting the phenomena to an audience”.

(75) See the ‘Notes explanatory and critical on the plates’ in Smyth [1882d] p. 7.

(76) See James W.L. Glaisher to C.P. Smyth, 22 May 1882 (ROE, 14.66, folder G).
Cf. Smyth’s draft replies to Glaisher, dated 23 May and 27 April 1882: “As to the
older authorities given in the plates & notes,- the prime object of the paper was
to ‘review’ them, and how is the result of revision to appear if they are to be
entirely left out; seeming to think they have never been brought together before;
and that in the places where they have separately appeared serve of their labour
under a vicious system of representation, which if excusable in their day, is not
so now, and which I have therefore corrected in principles that I think will be
found both true and easy for everyone to apply in future.”
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(77) All spectrum plates in Smyth [1882d] were reproduced as photolithographs,
but the title page bearing one of Smyth’s landscape pencil sketches was
‘woodbury-typed’ from the original drawing—cf. also J.B. Johnston to Smyth, 16
August 1882 on Woodbury-type as “certainly the best mode of reproducing a
drawing, where there are a number of shades.” For the “photo-like reproduction,
finishing paper and printing” of the 17 spectrum plates in 500 copies each,
Johnston estimated costs of £25, 18s; for 300 copies the price would have fallen
to £22, 9s and 9d. See the letter of 26 June 1882 (also in ROE, 14.66). For the
last chromolithographed plate, “Colours, on spectrum principles”, Smyth
engaged “Messrs Johnston at my private expense throughout last winter to
prepare the colour-system on them under my own eye [... until] after
immeasurable alterations I thought their work possible”; draft of Smyth to
Glaisher, 27 April 1882 (ROE, 14.66, folder G).

(78) See A. Hassen, Wainwright Brewery, St. Louis to C.P. Smyth, 30 December
1885 (ROE, 15.70, folder H).

(79) Smyth [1882d], pp. 6-7, original emphasis.
(80) Ibid., p.7.

(81) Ibid.; cf. here p. 127 for commentary on the drastic change in line width and
intensity of line 2 in Fig. 3.4.

(82) According to Brown [1912], Hennessey joined the Trigonometrical Survey in
1844, was designated its deputy superintendent in 1869, superintendent in
1874, and deputy surveyor-general in 1883. During a leave of absence in 1863-
65, he learned the new process of photozincography at the Ordnance Survey
Office in Southampton, and established this process at the Indian headquarters,
for rapid reproduction of their maps and survey sheets.

(83) Hennessey [1870] p. 4. Cf. also Hennessey [1875] p. 160 and pl. 25 for
another map by the same observer, which differed in some details in the extreme
red to D.

(84) Hennessey received three compound prisms made by the Dublin instrument
maker Howard Grubb, at the behest of the Secretary or Council of the Royal
Society. For a scathing criticism of the resulting plate which, nevertheless,
ultimately supports the substantial funding of Hennessey’s observations by the
Royal Society, see Smyth [1882d] pp. 3, and 7, where poor Hennessey is charged
with having missed “the true nature and construction of A’s preliminary band
[...] to a degree that can only be relegated to the days long before both Professor
Kirchhoff and Sir David Brewster, though really so much later.”

(85) G. Miller [1881] p. 85; cf. H.C. Vogel [1879] and here p. 82.
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(86) See, e.g., G. Miller [1916], Ludendorff [1925], R. Miller [1925], and
Hermann [1974]; cf. also Einstein’s letter to Hugo Andres Kriiss of 10 January
1918, in which he criticizes the Potsdam tradition of mediocre talents ultimately
achieving the highest positions in the institutional hierarchy of observers just by
sitting out at their posts: Collected Papers of Albert Einstein, vol. 8 (1998), doc.
435, p. 605 (Engl. trans. p. 441).

(87) See Janssen [1862/63], [1871], [1888]; cf. also Cornu [1879], [1880], [1890],
de la Baume Pluvinel [1908], Levy [1973] and Aubin (in prep.).

(88) See here Fig. 3.5, and compare it with the intentionally much cruder
reproduction of Brewster’s map by the same engraver, reproduced here on p.
114. Cf. also Smyth [1871b] p. R118 and [1877c] p. 44 on “M. Janssen’s copper-
plate engraved solar spectrum from C to D, one of the most carefully observed
and beautifully engraved spectral drawings ever produced”.

(89) Janssen [1871] p. 291. For similar statements, see Cornu [1883b] p. 61 and
Smyth [1884/87].

(90) See Swan [1853/57b] and Masson [1845-55¢], who actually concluded that
he had found four brilliant lines common to all eight metallic elements he had
analyzed spectroscopically. Cf. Gissing [1910] p. 21: “in all spark photographs of
spectra, the lines due to air will show, and in most cases the sodium lines also
will be present”.

(91) For a brief survey with emphasis on the instrument market for rainband
spectroscopes, see Austin [1993] and Peterson [1993].

(92) Brewster and Gladstone [1860], original emphasis, and their fig. 7 (also
reproduced in smaller scale in Schellen [1870/72b] p. 254). See also Brewster
[1833/34a], [1836] pp. 391f.,, Smyth [1871b] and Janssen [1882] pp. 885f. for
accounts of the various historical contributions to this strand of research.

(93) Cooke studied at Harvard College from 1845-48, spent one year in Europe,
especially in Regnault’s laboratory in Paris, and then became instructor of
mathematics. From 1850 he was professor of chemistry and mineralogy at his
alma mater, where he instituted the first practical laboratory course. See
Richards [1894]. Cf. also here p. 92 on his expertise in fluid prisms, and p. 377
on his great impact in teaching experimental methods.

(94) See Cooke [1866], Janssen [1866], [1862/63], [1865], CM. Smith [1875]. and
Smyth [1858c] pp. 503ff. pl. XXXV, [1877b] p. 29.
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(95) See Janssen [1862], Hofmann [1874], [1867] pp. 3, 208 where the date May
1863 is cited for Hofmann’s construction of the pocket spectroscope; for further
details about Hofmann’s workshop, which was located at Rue de Buci no. 3 in
Paris and later at Rue Bertrand no. 29, see Warner [1993] pp. 40f., Aubin (in
prep.) and a collection of materials at Boston Public Library, call no. 7920A.25.

(96) Mill [1883b] p. 48.

(97) See Smyth [1877b] p. 30, [1880a] p. 195; cf,, e.g., [1881], [1882] as well as
Capron [1881], Cory [1883b], written for the Royal Meteorological Society,
[1888], and Upton [1883], written for the US Signal Service.

(98) According to Capron [1886] p. 14 and his letter to C.P. Smyth, 2 January
1882 (ROE, 14.66, folder C), the London-based instrument maker John Browning
had asked to reprint Capron [1881] as a brochure that was to be sent to any
potential customer of his optical devices for four stamps. Other books include
Mill [1883b], commissioned by the instrument maker A. Hilger whose pocket
spectroscopes are recommended in it on p. 7, and Cory [1884], [1887].

(99) For instance, on 11 September 1877, Hilger in London, wrote an
enthusiastic letter to Smyth, reporting about his clients’ and his own progress in
recognizing the rainband, culminating in the hope that “every man shall have a
Pocket-Spectroscope (ought to be of me) and Barometers of quicksilver will be
out of use.” John Wood, optician and mathematical instrument manufacturer in
Liverpool, likewise consulted Smyth for more detailed instructions on technical
improvements, in response to numerous inquiries about the rainband
spectroscopes. Negretti & Zambra in London solicited permission to reprint
Smyth’s article in Nature to satisfy their clients’ interest in the matter (both
ROE, 15.67).

(100) See Smyth [1882a], [1882b] p. 552 vs. Abercromby [1882], and the
transcripts of the debates in Cory [1888] pp. 89-92, [1884] pp. 50-86, which is a
reprint of various letters to the London Times in September 1882, and Cory
[1883b] pp. 239-40.

(101) Cf. also Smyth [1858¢] pl. XXXV and [1877d] pl. i, [1878a] p. 95 for similar
examples of such a comparative map, and Smyth [1882b] p. 553 and Upton
[1883] pl. 1 for more detailed charts of the rainband region with and without the
bands. Further examples of this representational technique of comparative
mapping will be discussed in § 8.7-8.8 within the research contexts of
quantitative chemistry and stellar spectroscopy.
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(102) Because this other spectral band varied with the height of the Sun above
the horizon, Smyth [1880a] p. 195 called it the ‘low-sun band’. Likewise, Mill
[1883b] p. 48 notes that “the nebulous line between the yellow and green is
usually mistaken for the rainband at first, for it varies in intensity from time to
time.”

(103) Ibid. Cf. also Piazzi Smyth’s Notebook ‘Great Spectroscope of 1876 ...
employed at LISBON on Sun-spectroscopy, July 1877’ (ROE, 18.105), entry
under August and September 1877 for the astounding “variations of prism
power on the rain-band near D”. These comparative plots of a single spectrum
region under similar, optimal weather conditions, with just the prism exchanged,
show how important the quality of the spectroscope prism was in being able to
recognize the rainband. Smyth himself came to the conclusion that “in an
Observatory, these small non-measuring spectroscopes should not be used even
for the Meteorology of rain-bands; but a form of our present great spectroscopes
with a prism of white flint, with small dispersion angle, but large size.” Idem,
entry on 4 September 1876.

(104) Mill [1883b] pp. 48f.; cf. there pp. 10ff., and Smyth [1875a] p. 232 on the
“abnormal intensification of D (or rather of some peculiar telluric lines so very
near D as not to be separable from it in so small a spectroscope).”

(105) All quotes from Capron [1886] p. 11. He even conceded that his own
statistics might also be affected by this problem of correctly gauging intensities.

(106) Seeibid., p. 12.
(107) Mill [1883b] p. 9.

(108) See, for instance, Smyth [1877d] (i) for his most dramatic report of rainfall
forecasts during a steam-boat trip from Liverpool to Lisbon in 1877.

(109) See the letters to the London Times by Smyth [1882a], Abercrombie
[1882], and the Duke of Argyle, all of which are reprinted in Cory [1884]; cf. the
further literature mentioned in Mill [1883b] pp. 29ff., and Capron [1886] pp. 14-
16. Cf. also Capron to Smyth, 8 October 1880 (ROE, 14.64, folder C): “The 6th
[of October] gave a good example of the “rainband’. It was strong in the morning
and we had a regular downpour en suite.”

(110) Mill [1883b] p. 49; cf. also Cory [1884] p. 23: “the use of a mental scale
[...] cannot be considered infallible”.

(111) Colonel G.E. Bulger to C.P.Smyth, 11 October 1880 (ROE, 14.64. folder B).
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(112) See Mill [1883b] pp. 18ff., 50ff., Cook [1883], and Bell [1885]. Cook’s
method was inspired by the techniques used in Janssen [1871] to map the
atmospheric lines, while Bell’s developed the photometric methods of Gouy
[1879], [1880]. Another method is suggested by Cornu [1883b].

(113) Hazen [1884] p. 209; likewise, Upton [1883] p. 5 also emphasizes that
“satisfactory observations can be secured only by a skillful observer”.

(114) The observers Mill [1883b], Bell [1885], and Upton [1883] allegedly had a
75-80 % success rate in predicting rainfall and had similarly good results in
predicting dry spells from the absence of the rainband: see their respective
tables and correlation charts. On the decline of rainband spectroscopy around
1890 see Peterson [1993] p. 95.

(115) Cf. also Pang [1997a] p. 191 for a quote from James Keeler’s review of
several recent lunar atlases: “Each atlas has, therefore, its own special value.
The Paris atlas will be eminently useful for consultation in its place on the
library table; the Lick Observatory atlas will find its chief use in the hand of the
observer at the telescope.”
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A graphic representation inevitably emphasizes some features while neglecting
others as irrelevant or atypical. Spectral maps, however, are governed not only
by the observer’s purposes but also by the particular printing technique chosen
for such ‘line matter’—to borrow the lithographer’s term. Many competing
techniques were available in the late 1870s, for example. They can be classified
into three main categories:1

* relief printing (e.g., woodcuts),

* intaglio (e.g., copper or steel engraving and most early forms of
photomechanical techniques—see here § 5.2), and

* lithography or other types of planographic or surface printing.
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But the choice of any one of these techniques imposes certain constraints on the
resulting print. While each has its inherent advantages, its own “potentiality for
illusion”, it also has its specific limitations. Lithography, for instance, rendered
halftones far better than intaglio prints. In particular, it provided the option of
dispensing with the troublesome engraving techniques (such as cross-hatching)
so laden with their own ‘syntax’ that the original is essentially ‘translated’ into
their ‘language’.? Also, lithographs could be printed on dry paper and were
cheaper than steel engravings, but high runs of the order of 1000 copies usually
caused the stone to deteriorate perceptibly. Photomechanical reproduction
techniques, in turn, programmatically promised to dispense altogether with
intervention by artisans. But in reality, at that time the results were still far
inferior to either lithographs or engravings of better quality.2 In the following I
introduce and contrast the different available techniques as I discuss the specific
problem of adequately rendering spectral line intensities and band spectra.

4.1 Engraving and etching

In copper engraving, a technique known approximately since 1420, some
variation in line intensity is provided by applying different amounts of pressure
to the metallic burin or graver (cf. Fig. 4.1). It has its limits, though, because a
single thick and solid line can cause too much ink to collect at one spot and
make a mess during the intaglio printing process. Moreover, the lines in copper
engravings are easily recognizable from their irregular (p.112) outline, or
taille. Hence this technique is intrinsically inappropriate for spectral drawings
requiring lines of even width.4

Another technique that was
occasionally used in the early
years of the study of the
spectrum is metal relief

etching,® whereby a polished
metallic surface (usually a steel
plate) is evenly coated with a
mixture of heated wax, resin,
and tar. The actual drawing
involves scratching through the
coating with a sharp steel-
pointed needle to expose the
metal. The plate is then washed
in acid, which eats away at the
exposed metal without affecting the coated areas. The resulting plate may be
used for printing similar to a copper engraving. The lines on such a cold-needle
etching are symmetrically shaped, and their profiles are u-shaped rather than v-
shaped (cf. Fig. 4.2).

Fig. 4.1. Burin and its profile seen from
two sides; resulting lines, and hand
positioning for the ruling of lines in
copper engraving. From Diderot’s
Encyclopédic (1751) plates I, fig. 8, and
II1, figs. 4-5 of the section Gravure en
taille-douce.
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Because the waxed surface

offers little resistance and the — Y ] e—
hand does not have to push the Fig. 4.2. Comparison of line profiles in
needle forward but guides it engraving and etching. Left: engraved
like in ordinary writing and line and its profile, right: etched profile
drawing, it can render the and resulting line.

draughtsman’s intentions much
more spontaneously than a
copper engraving. Thus, according to one collector of imprints:

The etched line is the only really truly even one. When finely drawn, it
lends inimitable grace, matchless vitality. Broadly etched, it gains the
character of monumental importance, of weighty force, unrivalled by
anything else. The etched line is the line par excellence, and the etching is
the ideal of black-and-white art.%

(p.113) The much more regular lines in steel engraving made it unsuitable for
most artistic purposes. It was only chosen where this feature was either
irrelevant or specifically sought. Diagrams of scientific instruments, graphs of
mathematical functions, or schematic drawings of zoological specimens are
some examples. In other words, it was a suitable technique for the majority of
plates in the Philosophical Magazine or transactions of scientific societies of the
mid-nineteenth century.

As in copperplate engraving, though, a pattern of crossed lines must serve for
shading. The many how-to manuals I have seen usually recommend that such
‘cross-hatched’ lines not be at right angles. Its density determines the shade of
gray produced in the print. Another technique used is ‘stippling’, which is the
process of producing dots, either with what is called a ‘point’ (a sharp etching
needle) for individual dots, or with a ‘rocker’ (a toothed plate) as a means of
uniform shading. A ‘roulette’ is used to produce a series of short equal lines, or
unequal strokes (‘nibbling’) to depict rough surfaces like tree bark.’

When William Huggins published his survey of the spark spectra of 24 different
elements in 1864, the technique of steel engraving was chosen, presumably
because highest priority was attached to conveying the accurate relative
positions of the lines and bands in the spectra. But this choice had its
drawbacks, as Fig. 4.3 reveals:

In a note about the two plates — !
accompanying his paper, R | EET ,
Huggins admitted: P B i

i
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the spectra, as engraved, Fig. 4.3. Shading details of the Srand Mn
appear too faint. If great spectra. Steel engraving by J. Basire.
force had been given to the From Huggins [1864a] pl. X.

lines, by making them

broader, they would, in

several spectra, have occupied singly the space in which two or more lines
have to be laid down. This deficiency in strength of some of the lines is
more appreciated by the eye, in consequence of the shortness of the lines
of the spectra [...] In some of the spectra bands of unresolved light occur;
these, in the Plates, are crossed with lines that they may be distinguished
from groups of fine lines.?

Huggins’s choice of this traditional technique, despite its deficiencies, is
understandable when we consider that he and the chemist William A. Miller had
compiled this data on spark spectra merely in preparation for studying stellar
spectra, which is what they were really interested in.?

(p.114) The inherent limitations of shading by cross-hatching or stippling!? is
quite obvious in two other examples dating from 1851 and 1871: E. Wormser’s
drypoint engraving of Masson’s nine tableaus of metallic spark spectra shows
the dense line patterns used to depict the CO and CN bands in the blue and
green regions—but this way of drawing them, all parallel to each other,
inadvertently also makes these bands look much more intense than all the other
lines in the spectrum. You can try to avoid this effect by choosing a constant tiny
line interstice for all shaded areas supposed to signify unresolvable regions of
high line density, adding another system of crossed lines with variable line
distances to produce different shades of gray in the bands. However, as the area
marked 6 in the following redrawing of Brewster and Gladstone’s map of 1860
shows (Fig. 4.4), the resulting pattern looks somewhat uneven and improvised:

Compared with Fig. 3.5 (on p.
102) by the same engraver,
Ernest Jules Pérot!!, Fig. 4.4 is
coarsely cross-hatched to
signify the relatively primitive
character of Brewster and

Gladstone’s map. In Fig. 4.4. Technique of cross-hatching to
juxtaposition, Janssen’s 1871 render different shades of gray. Steel
high-resolution map is engraved engraving by E. Pérot. From Janssen
almost microscopically finely, [1871] pl. I, fig. 1.

with very frugal use of cross-
hatching.
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One could, of course, dispense with this second system of crossed lines
altogether and just use very close vertical lines. But that representational
convention inhered another ambiguity: did the map imply separate lines,
perhaps just barely resolvable ones, or did it just mean to represent a relatively
dark area of a very broad spectrum line? When Charles Piazzi Smyth examined
various published spectrum maps in the early 1880s before undertaking to map
the solar spectrum himself, he became increasingly irritated by the way in which
engraver shading techniques broke his self-imposed rule that vertical lines be
used exclusively to represent spectrum lines:

Every modern spectrum being represented with its length horizontal, the
important dark and so-called Fraunhofer lines therein are all necessarily
vertical. When they are thick, black lines, they can, or should, be mistaken
for nothing else; but when (p.115) they are sometimes thin, pale, and
close together, they may very often be confounded with certain other
vertically ruled lines, wherewith engravers so generally like to express
shaded surface. Or, again, the latter kind of mechanical lines may be
mistaken for the former optical ones, so as to be often misinterpreted, for
an intention by the observer concerned, to assert that he had actually
resolved what was, to other spectro-scopists, a single, into a double or
treble, line; or a mere cloudy, shaded space, into many distinct, sharp,
independent Fraunhofer lines: a falsity of the most reprehensible and
mischievous kind.!?

He likewise criticized the way in which Fraunhofer’s line ‘little ¢’ had been
engraved in the solar spectrum map by the Brussels astronomer Charles Fievez,
as a “rare example with M Fievez of the bad method of vertical ruled thin lines
to exprep mere haze.”13 Consequently, Piazzi Smyth decided to adopt the
following conventions for his own Winchester spectrum map, the first of which
was specifically directed at eliminating this ambiguity of vertical lines, once and
for all:14

1. A vertical line always stands for a veritable, seen and measured
spectroscopic line or image of the slit, and for nothing else under the
Sun.

2. Lines in any other direction than vertical, whether horizontal, or
slanting at any angle and from either side are to be interpreted as
nebulous shade only in vertical bars or bands at the place.

3. Greater or less [sic] height or depth, either of lines or of shaded bands,
is intended to typify greater or less intensity of darkness and visibility of
such lines or bands.

4. Cones of shade arranged on a vertical central axis indicate nebulous
bands shaded off towards either side very gradually and delicately.
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The last convention was especially needed at either end of the visible spectrum
where the bright continuous background fades away, so the Fraunhofer lines no
longer stand out as clear dark lines as they do in the middle range of the
spectrum.

One of Piazzi Smyth’s American correspondents concurred emphatically. His
letter reveals the frustration caused by these ambiguities in line engraved
spectrum maps:

I am entirely with you (and can hardly understand that anyone can be
otherwise) in your denunciation of the old-fashioned way of publishing
spectral maps. I have myself often come across places where a doubt as to
the nature of an apparent close aggregation of lines entered my mind -
leaving one unsettled as to whether the author intended these parallel
rulings for a dense band or merely to simulate the appearance of a gradual
darkening of the space on either side of a thick line as the same is

approached [...] to the eye when viewed at a moderate distance.!®

(p.116)

Page 6 of 42



Line Matters

Unfortunately, Piazzi Smyth’s symbolic techniques of representation never
quite became common practice among spectroscopists of his time, and so
the uncertainties in interpreting spectra engraved in the second half of the
nineteenth century persisted. Looking back at the beginning of that
century, we appreciate even more the incredible skill with which the
‘amateur’ Fraunhofer had chosen a much less ambiguous mode of
representation for his famous map of the solar spectrum in 1814 discussed
above on p. 34ff. Not even its later revisions, made between 1823 and
1831, could reproduce the intricate way in which Fraunhofer managed to
convey the brilliance of the yellow-green region of the spectrum against its
violet and red ends. Fraunhofer had carefully etched the map, timing the
corrosion of each trace in proportion to the intensity of the respective
spectrum line. A bill that I found among the Fraunhofer papers in Berlin
(see here Table 5.4 on p. 170, last line), reveals that for the black-and-white
version of his map, to be published in the Memoirs of the Bavarian
academy of sciences, he asked an unnamed printer to superimpose an
Indian-ink wash on this etching to intensify the impression of darkness
towards both ends of the visible spectrum (cf. Fig. 4.5); I have not seen this
done in such sophistication on any other nineteenth-century spectrum
plate. The resulting intensity gradient in Fraunhofer’s map is so even that
more than one print expert consulted mistook it for an aquatint. In that
technique, named for its ability to imitate watercolor wash, powdered resin
is dusted onto the polished plate in an amount appropriate for the halftone
desired. Once a sufficiently smooth gradient has been achieved, the grains
are fixed to the plate by careful heating. The fine dusting produces an
exquisite chiaroscuro. This technique had been known already in the mid-
seventeenth century but fell into obscurity again until its revival between
1770 and 1830, when it became particularly popular for landscape
motifs.16

A contemporary of Fraunhofer,
Baden Powell, confirms this
unique quality of Fraunhofer’s
plate in a side remark to his
report on refractions of the
solar spectrum for the British
Association for the
Advancement of Science in
1839:

Fig. 4.5. Detail of Fraunhofer’s spectrum

map. Etching with an ink wash for the
background shading. The text at the
(.117) bottom right corner means ‘drawn and
etched by Fraunhofer’. From Fraunhofer
[1815a] pl. 2.
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Among the larger maps of the spectrum, that in the Edinburgh
Encyclopaedia [...] is professionally copied from Fraunhofer’s, which is
given in Schumacher’s Journal [...], and this, taken from that in the Munich
Transactions [...] This last appears to me superior in delicacy of
representation, conveying by shading (which is by no means so good in
Schumacher’s print) an idea of the relative intensity of the different parts
of the spectrum. Both preserve admirably the varied characters of the
several groups of lines, and present a faithful picture of the actual object.
All this, however, is almost entirely lost in the plate in the Edinburgh
Encyclopadia, the execution of which is coarse, and the characters of the
different bands ill preserved.l”

In addition, a few handcolored versions of Fraunhofer’s plate have been
preserved.!8 But unlike the published plate of 1814, these color versions lack the
Indian-ink wash of the shaded areas into the red and violet extremes of the
spectrum, displaying instead the full range of colors in exquisitely subtle
gradation: see color plate I. Whether or not this hand-coloring was done by
Fraunhofer himself: These color plates indirectly also let us infer that the
original illustration for the Munich memoirs was produced in a two-stage
process: first a copper-etching of all the line matter such as labels, caption, and
the curve, as well as the spectrum lines inside the box. Microscopic inspection of
the spectrum lines with their different widths and intensities confirms that they
were etched rather than engraved to guarantee evenness of line width as well as
consistent variation in line intensity (i.e., depth of etched groove—cf. here Fig.
4.2 on p. 112 for a comparison with the taille-douce line profile). After this first
printing stage was complete, the Indian-ink wash was added by hand. This
involved two-stage procedure also explains the strange black frame enclosing
Fraunhofer’s solar spectrum—a feature absent in other spectrum
representations. The fairly thick frame gave the printer a few millimeters leeway
in positioning a screen protecting the areas outside it, so that he could then
apply the Indian-ink liberally to guarantee a smoother gradient in the spectrum
strip itself at the center. The ink-wash stage, which made the final result more
expensive, was omitted for the few sheets destined to be hand-colored, as well
as in the later reprinting for the Astronomische Nachrichten, where a French
translation of Fraunhofer’s paper appeared in 1823. The size, labels, and overall
print quality reveal that it was printed off the same plate as the original version.
The only difference to the Munich version is French translations of the color
designations, which were added in parentheses.
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Another quite efficient method for obtaining shadings is the roulette
technique. The roulette was often used to make regular patterns with a distinct
dark termination at one end that loses intensity towards the other end, such as
occur in band spectra. The little metal wheel attached to a handle has evenly
spaced grooves of the desired width and fineness along its rim (cf. Fig. 4.6 left).
Fine examples of this technique are found in Lecoq de (p.118) Boisbaudran’s
atlas of luminous spectra from 1874.19 The right half of Fig. 4.6 details one plate
with the typical regular imprint produced by a roulette drawn along a ruler
positioned parallel to the spectrum line.

Because Lecoq de Boisbaudran
applied for the 1872 Prix Bordin
awarded by the Paris Académie
des Sciences, a gold medal
worth 3000 francs, we are
fortunate to have more
complete documentation of the
pre-publication versions of his
atlas. Lecoq de Boisbaudran
submitted seven 18-cm-long
pencil sketches of each
spectrum, as observed with his
low-dispersion single-prism
spectroscope. Figure 4.7 shows
that he drew the spectrum lines and bands against a preprinted millimeter scale,
carefully representing the width of the spectral features with the flat side of the
pencil lead and varying the amount of pressure exerted to produce various
shades of gray.

L
WE WNmE

Fig. 4.6. Engraver’s roulette (left) and
sample use of the roulette technique in
an atlas of band spectra (right).

Engraving by Dulos. From Lecoq de
Boisbaudran [1874] pl. 1.

(p.119) As will be further
discussed on p. 309, unlike the
published version, many of
these drawings include

¢'4“”’,‘“‘"‘ff' f""""",/'\‘
L
comparisons of his observations = e i = ’ Fnliasts '_‘.
against spectral bands
calculated under the
assumption of an harmonic
overtone structure. For, the
Bordin prize had been offered
for “analytical or experimental
research that will have
contributed the most toward
establishing the theory of spectral lines”, not for simple observation. However,
as his accompanying text specified,

Fig.4.7. Lecoq de Boisbaudran’s pencil
sketch of the band spectrum of air and
nitrogen, near the positive pole. From
AASP file ‘Prix Bordin 1872’, sketch no.
6, reproduced by permission.
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the present work is solely observation and experimentation, it is
completely independent of my theoretical researches on the constitution of
luminous spectra. [...] My goal being to facilitate for chemists the spectral
analysis of principle mineral substances, [...] I likewise sought to
reproduce as exactly as possible the various spectral features: sharp or
diffuse lines, shaded bands to the right or left, etc., etc. The lines are not
represented as simple strokes except in a secondary scale graduated
proportionally to wavelength and designed to facilitate rapid comparisons
between spectroscopes of different dispersions.2°

In the same letter, Lecoq claimed that the engraving of his drawings had been
started five years previously, but it is not clear whether we may believe this,
notwithstanding the conscientious effort invested in his spectroscopic
portraiture (cf. also § 4.5 below).

4.2 Lithography

Lithography (literally: writing on stone, Steindruck as it was called shortly after
its invention, or polyautography, as it was sometimes called in the Anglosaxon
world) was invented in the closing years of the eighteenth century by Aloys
Senefelder (1771-1834) in Munich.2! In the earliest phase it was mostly praised
as a cheap and comfortable technique for reproducing documents and prints
generated by other techniques.?2 But with the appearance of detailed and
practical technical guides around 1818, it became more generally accepted as a
full-fledged alternative to copper engraving and etching.?3 Lithography freed
engravers from earlier laborious shading techniques—although it did not
eliminate them completely—and eventually replaced copper engraving as the
favorite technique of nineteenth-century graphic artists. Paradoxically, early
technical expositions, such as (p.120) Charles Joseph Hullmandel’s (1789-
1850) The Art of Drawing on Stone,** expose the extent to which techniques
from copper and drypoint engraving like cross-hatching and stippling were also
used in early lithography, even though the new technique offered quite different
options. In one of the first publications on lithographic printing, the author
praised not only its efficiency but also its ability to imitate other printing
techniques such as woodcut or copper engraving.2> As one historian of
lithography put it:

While lithography was setting itself up as a rival process to copper-
engraving it was only natural that it should borrow some of its techniques
from the established medium, but this influence probably lasted longer
than it might otherwise have done owing to the technical limitations of the
new process. When it was first invented lithography was hailed as a
method of multiplying the pen or chalk drawing of any amateur. This was

later found to be true only with certain reservations.26

Page 10 of 42



Line Matters

Despite the greater simplicity of the new technique, one and a half decades
elapsed before it was first applied to scientific illustration (foremost in anatomy
and medicine). One reason for this shy debut was its reputation as a cheap
medium in which the individual artisan’s style and temper found greater
expression. Copper engraving, by contrast, was regarded as ‘incorruptible’.?” In
1822 the editor of the American Journal of Science still considered lithography
merely as an auxiliary, not a rival technique. He could not imagine it ever
replacing the well-established and refined copper engraving, which “must still
retain the preeminence which it possesses.”%8

In relief and intaglio methods, the physical contours of the printing face produce
the motif. Lithography, however, is the first and most important method of
planographic printing. It is essentially based on the mutual repulsion of water
and grease and on the attraction of either of the two substances to their like or
to a common porous ground, which is why lithography was sometimes also
called ‘chemical printing’ (chemische Druckerey). The drawing is made by
tracing grease onto the polished surface of a very fine-grained slab of
argillaceous limestone.2? Diluted ink is painted on with a brush, or drawn with a
lithographic pen or crow-quill.3? Alternatively, special crayons are used, as long
as the color contains enough grease to repel water from the drawing surface.
When the drawing is finished, the stone is washed with a mixture of twenty parts
water and one part nitric acid to clean the remaining surfaces and to remove
residual traces of grease. After a series of additional preparatory steps that
involve gum arabic to prevent the grease from spreading, (p.121) the actual
print is achieved by applying printer’s ink, which is also greasy, to the whole
surface—all parts impregnated with grease during the drawing stage soak in the
ink, the other water-saturated parts do not. Thus it is possible to draw on a stone
like on a piece of paper and then reproduce this drawing several hundred, even
a couple of thousand times over. After the printing on a specially designed
extrusion press is completed, the lithographic stone is repolished in preparation
for the next drawing. Repeated use of the same slab is limited only by its overall
thickness, which may not be less than about an inch in order to withstand the
high pressures of the printing process.

The draughtsman could choose to use pen and ink, crayon or chalk, or other
implements of variable width and hardness. The finely grained surface of the
lithographic stone effects a microscopic pattern of dots of the appropriate width
and density (see Fig. 4.8).31
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Strictly speaking, it was not even necessary to write or draw on the stone
directly. One could choose to draw on paper with any of the above-mentioned
greasy inks, and then transfer the drawing onto the stone by contact pressure.
This transfer method was rarely used for spectroscopic maps, though, because
of the inevitable loss in overall intensity.32 One straightforward procedure (as
described by H.C. Vogel in 1879) is to take pens of different nib thickness or
crayons of different hardness for each class of line intensity. Traditionally,
lithographic draughtsmen used three different crayons, which allowed them to
distinguish between at least three degrees of intensity. All observed details, fixed
on a scale of visually estimated intensity and gauged in terms of line width,
consequently had to be reduced to the finite number of lithographic intensity
grades available.33

The spectroscopist’s requirements for variation in line width and strength often
well exceeded such a simple tripartite division, however. The intensity scales
typically ranged between 1 and 6, but sometimes they could go as high as 9 or
even 14 as, for instance, in the case of the solar map at medium and low
altitudes made at the Edinburgh Royal Observatory in 1890 (cf. here p. 266). But
when this map was finally printed photolithographically at about one-fourth the
size of the original drawings, problems arose because the faintest lines came out
as only intermittent traces: “It will be noticed that the faintest lines are far from
continuous in the lithographs, but as it was found impracticable to make good
this defect without altering the breadth of the lines, they are left untouched.”34

Others experimented with pens specially designed to draw virtually continuously
variable widths (cf. Fig. 4.9). Two pointed blades of metal joined by a milled-
head screw form a double nib that holds the ink by capillary attraction. The
separation of the two blades can be finely adjusted to produce lines of different
breadths.

(p.122)
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H.C. Vogel was one
spectroscopist who preferred
the flexibility such pens
afforded over a fixed set of nib
widths: “The lines were drawn
in accordance with the breadth
estimates using a ruling pen
that had a regulating screw
equipped with a scale. Weak
lines have been drawn 2/3 the
width of the spectral stripe,
very faint ones 1/3.”3° But there
was also contemporary
grumbling about the faultiness
of drawing pens: “the nibs
being so fine and weak that
they partially close, and
produce uneven lines by the
pressure necessary to be (p.
123) used against the guiding
edge.”3% A ‘Mathematical
Instrument Maker to H.M.
Government, Science and Art
Department’ described the
gestural knowledge needed to
draw with pens:

PR T
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R

Fig. 4.8. Lithographic line patterns
drawn with various implements. Counting
from the top, 1: five-pronged pen, 2:
waverly pen, 3: crow-quill pen, 4: relief
nib, 5: waterman fountain pen, 6: hair
watercolor brush, 7: conté crayon, 8:
negro pencil. From Havinden [1933] p.
19.

Fig. 4.9. Two different types of drawing
pens. Top: Simple fine drawing pen seen
from above and from the side; bottom:
improved model with lifting-nib made
entirely of steel, and forming a lifting-
spring in itself. From Stanley [1866b] pp.
7, 9.
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In using a drawing pen of any kind, it should be held very nearly upright,
between the thumb and first and second fingers, the knuckles being bent,
so that it may be held at right angles with the length of the hand. The
handle should incline only a very little—say ten degrees. No ink should be
used except Indian ink, which should be rubbed up fresh every day upon a
clean palette [...] The ink should be moderately thick, so that the pen when
slightly shaken, will retain it a fifth of an inch up the nibs. The pen is
supplied by breathing between the nibs before immersion in the ink, or by
means of a small camel-hair brush; the nibs will afterwards require to be
wiped, to prevent the ink going upon the edge of the instrument to be
drawing against. [...] Before putting the pen away, it should be carefully
wiped between the nibs by drawing a piece of folded paper through them
until they are dry and clean.3”

Irrespective of the amount of effort spent on the drawings, the published plates
were generally pale and did not adequately reproduce the very fine visual
differentiation in spectrum line intensity. Thus, within the scope of
monochromatic prints, the observer’s wishes were rather crossed than met at
the printing stage.

In principle it was, of course, possible to color in black-and-white prints by hand.
We have already mentioned Fraunhofer’s plate, where this was done for a few
choice copies (cf. here p. 117). For more than a handful of spectrum
representations, however, following this procedure would have been practically
impossible. In the early nineteenth century, coloring in by hand was a relatively
frequent—albeit quite expensive—practice in higher-end artisan production.38
Unless one was satisfied with a coarse indication such as on Hunt’s plate from
1844 (see here Fig. 2.30, p. 68 and the dust-jacket illustration), for spectrum
illustration it would normally not suffice simply to fill in clearly designated areas
with a (p.124) few colors (somewhat like painting sets still popular today,
where the hobbyist fills in the motif by matching color to preprinted number).
The illusion of smooth transitions between the rainbow of colors had to be
created while strictly respecting the color regions of the various spectrum lines.
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Listing chose another option for his illustration from 1867 of the boundaries
between the seven primary colors in the spectrum: Irisdruck, or iris printing.
This technique produces a plate in full color from just two stones: one for the
black-and-white line matter, and one called the tone plate. First the color imprint
was made. Using the leather pad, the printer applied the different color inks in
place directly on the stone, producing a sequence of stripes on the sheet, which
the press would fuse into relatively smooth continuous color transitions. The
black contour lines were then printed on top. Because the location and intensity
of each color depended entirely on the printer’s initial distribution of the various
inks (typically blue, yellow, and red) on the tone plate, and on the exact amount
of pressure exerted during the printing, Listing had to supervise the printing of
every single sheet personally. Among the inherent limitations of this method was
that the color boundaries were often not precisely aligned with the spectrum
lines, but slightly askew (a good example for this defect is shown in color plate
II-top). Nevertheless, Listing seems to have been quite pleased with the result:
“I think that representing spectra chromatically truer to Nature by means of this
iridotype affords a better result than has been achieved by earlier, in part quite
costly reproductions.”39 But evidently, this was not a practicable procedure for
higher runs. I was unable to track down a copy of the original plate, one of
which Listing submitted to the Gottingen Academy of Sciences. But a smaller-
scale version of it appeared in the Annalen der Physik in the following year,*°
printed at the Lithographisches Institut in Berlin. Since the Annalen were
normally printed by Barth in Leipzig, this shows that iris printing was a highly
specialized procedure. This plate was executed in Berlin by the “academic artist
Albert Schiitze*! (1827-1908), who had also stone engraved Mitscherlich’s plate

of various composite spectra in 1864 (see here Fig. 2.23 on p. 53) and the color
2'42

”

plates in the German translation of Secchi’s Le Soleil in 187

4.3 Prints on more than one stone
Greater variation in line intensity and appearance as well as a more reliable

rendering of the spectral colors could only be gained by printing the plate in a
number of successive (p.125) runs off more than two stones.
Chromolithography, as this process was called, became a specialty of German
printers.*3 It played a considerable role in successfully disseminating knowledge
in various other scientific disciplines as well, particularly in pathological
anatomy.** Each plate of Gustav Kirchhoff’s map of 1861 underwent six different
impressions in different inks to render six intensity grades and seven different
line widths. This degree of involvement approached the “printing in many
plates”, in eight or more layers, of turn-of-the-century chromolithography.>
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Small segments of Kirchhoff’s
spectrum map are reproduced ot
in Fig. 4.10 in black and white, | [ il
and in Plate III (bottom) in |
color. The first stone, with the |
faintest, barely visible lines, {E

was assigned a very pale ocre, - ’“'jf'- g
and the last stone, on which el e
only the most prominent lines = L £l
were drawn, was inked with jet
black. In-between were
different shades of green, olive,
brown, and violet. This
sequence of printing from
bright to dark tones was
important because the latter
fully covered the former, thus
conforming to a viewer’s
expectations, who (p.126) is
accustomed to seeing color as
coloration, that is, as a filler of a circumscribed area. An inverted sequence

Fig. 4.10. Sample section of Kirchhoff’s
map of the solar spectrum from 1861,
printed on six different stones using
various inks from green and violet to
black, and distinguishing seven different
line widths. Chromolithograph by C.
Laue. From Kirchhoff [1861/62a] pl. II,
enlarged segment around Fraunhofer’s
line F.

would have reduced the vibrancy of the darker inks.4 Another important
element of the lithographer’s trade was making a suitable choice of inks, which
added significantly to the aesthetic appeal of the final result.#” Kirchhoff’s
finished map certainly presents a much broader variation in line intensity and
width, which is the main reason why it remained in use long after his arbitrary
scale had become obsolete.*8 The lithograph was of such high quality that when
an English translation of Kirchhoff’s memoir appeared in 1862, the editor
decided to reprint the maps from the same stones used for the original
publication: “Impressions of the same maps, which are exact copies of Professor
Kirchhoff’s drawings, and masterpieces of lithographic art, have been secured
for the English edition, and this will, therefore, resemble in every detail the
German text.”49 These original stones were not available for the French
translation, however. The editors of the Annales de Chimie et de Physique
consequently had to take great pains to assure an adequate re-rendering of the
fine gradations between the different line intensities. They commissioned one of
their most specialized technical engravers, Pierre E.S. Dulos, to reproduce the
plates with his recently invented procédé Dulos. This chemical printing
technique did not have to resort to the usual engraving syntax for shading, such
as cross-hatching, or closely lying parallel lines—which are so easily mistaken
for unresolved spectrum bands.”°
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It was owing to the great care taken in the printing of Kirchhoff’s plates that
Dulos’s map was received with such enthusiasm: as one reviewer wrote in 1862:
“Just as the astronomer must have his charts and catalogues of stars in order
that he may identify objects known to former observers, and interpolate his own
discoveries, so the spectrum-observer must have this map of the spectrum at his

elbow.”?1

This intricate sequence of printings on a single sheet to produce the spectral
strips had its disadvantages, though. For one, Kirchhoff had to admit that the
printed copies were not uniform; nor was the positioning of all the lines always
totally accurate—all too often, one or several of the stones were slightly shifted
relative to the others during printing. “The plates [...] are printed with ink of six
different tints from six different stones. Owing to mechanical difficulties it was
found to be impossible to effect a complete coincidence between the separate
copies and the original.”®? Slight displacements are also clearly visible in the
color prints of Bunsen’s map of terrestrial emission spectra. The dark
background was printed on top of the colored layers—sometimes this black
stripe was slightly off, so (p.127) that the colored layers beneath protrude at
the margin. Not that this minor fault damaged the overall effect or hampered
use of these maps in any way,’3 since one could always refer to the associated
tables to get the precise wavelengths. But it shows once more the inherent
limitations of the contemporary printing technology. Another disadvantage was
less striking to the normal contemporary user of Kirchhoff’s map but became
bothersome much later in comparisons against spectrum maps drawn at a much
higher dispersion (cf. here § 3.2). When Piazzi Smyth tried to magnify
Kirchhoff’s map to the scale of the most advanced spectrum representations of
the early 1880s (see here Fig. 3.4, esp. line 2), he noticed that its depiction of
the fine structure of spectral band Great A was “sadly disfigured and perverted
out of its rhythmical symmetry by the abrupt steps of gradation from one tint-
stone to another.”>* Hence this attempt at a naturalistic representation of the
general aspect of the spectrum came at the cost of line-width accuracy.
Consequently, for precision spectroscopy, there was a considerable advantage to
printing off a single stone and in one run. Neither artificial relative
displacements of some lines nor unintended changes in their relative line
intensities could occur during the duplication stage. So spectroscopists were
faced with difficult choices.
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In close parallel to this Bunsen-Kirchhoff paradigm, one student of Bunsen in
Heidelberg, the Swiss chemist Rudolph Theodor Simmler also opted for a
multiple-stone printing for the plate in his dissertation of 1861. In illustrating
the color characteristics of the spectra of various metals, the spectrum of
copper, with its three different shades of green, proved particularly problematic
to represent. To bring out the different tints in the print Simmler chose so-called
Schweinfurt green as the basic color for the middle range of the spectrum and
superimposed blue on the one side to get blue-green, and yellow on the other to
get yellowish green. He also needed a stone for the red region, so there were
four in all. But even after all this fuss, he had to admit that the result was but a
poor approximation of the original’s brilliance.?®

Similar disappointment with the depiction of certain “peculiar bright lines” was
expressed a few years later by Julius Plucker (1801-1868) in a paper about the
spectra of ignited gases and vapors.°® This was despite the fact that the
lithographer had been of his own careful choosing, namely Aimé (Constant
Fidele) Henry57 (1801-1875) in Bonn. Well-known for his botanical illustrations
of fungi, buds, and poisonous plants, some of (p.128) Henry’s work appeared
with his own descriptions and comments as separate books at his lithographic
publishing house Henry & Cohen. Many other illustrations of his were published
in the reputed Acta of the German Academy of Natural Sciences, the
Leopoldina.®® His vital role in the production of the Academy’s publications
eventually led to his nomination as honorary member and librarian. He was also
an active member of the Botanischer Verein am Mittel- und Niederrhein and the
Naturhistorischer Verein der Preu?Fischen Rhein-lande und Westfalens, and
recipient of honors by various other naturalist organizations—he was thus
clearly an illustrator of distinction.

This reputed expert in chromolithography used ten lithographic stones for a
single color plate, in an attempt to convey the impressive range of colors in the
various band spectra under examination.’® When the German lithographer
submitted his estimate for these plates, Stokes apparently tried to negotiate a
cost reduction by limiting the number of stones for the colored plate, but the
printing expert remained firm. Plicker then had to tell Stokes: “With respect to
the reduction of price I have seen Henry on the subject who says, he cannot use
a smaller number of stones (after all I saw in his laboratory I think he is right)
and indeed as an artist and a merchant he would not like to have an incomplete

or ill done work published in England.”6°
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Aside from monetary considerations, a master lithographer such as was Aimé
Henry, evidently also had to guard his reputation: He may well have considered
this order for 1025 color plates, plus another two normal black-and-white
engravings, as a golden opportunity to expand his printing and publishing
business into the affluent London market. In that case he would not want to
compromise on quality.®! Other chromolithographed plates by A. Henry (mostly
of botanical subjects) suggest that this amount of work was nothing unusual for
him: he specialized in color plates, for which many inks were needed for but a
single detail.52 Not surprisingly, it also took much longer than estimated to
complete the printing: In December 1864, Pliicker and Stokes seemed to have
thought the whole thing would be (p.129) over within three months. The
exchange of the proofs and then the actual printing both took longer than
expected, however, and in late March 1865 Pliicker still had to beg Stokes to be
patient for two or three more months.63

In a highly interesting article on ‘Astronomical Drawing’, Lady Margaret Lindsay
Huggins admitted that “increased sensitiveness to variations in colour is no
doubt promoted by the use of the spectroscope.”* The epitome of this fixation
on color is a contemporary chromolithography for Charles Piazzi Smyth’s paper
on ‘Colour, in Practical Astronomy, Spectroscopically Examined’. Its third plate
presents “25 very distinct and recoverable colours, with seven variations in
degree of each”. The 25 main colors were each printed off a separate stone, and
screens of different densities were used to apply the seven tints: “lightest,
lighter, light colour, full colour, dark colour, darker, darkest”, which range from
dilute to full color with black added to render the darker shades. The color terms
Piazzi assigned to his 15 “pure, natural and original solar-spectrum colours” also
reflect the subtlety of his palette: “ultra-red, crimson-red, red, scarlet, orange”
in the Red group, “amber, yellow, citron, green, glaucous” in the Middle group,
and “blue, indigo, violet, lavender, grey” in the Violet.®® To these ‘single-
spectrum colours’ were supplemented five color samples obtained by
superposing two of the elementary prismatic colors, and another five examples
of a “triple spectrum, very impure or artificially much mixed colours”, all again
in seven different degrees of intensity.
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The process involving successive prints off different stones had to be carefully
supervised, particularly to assure the precise positioning of the sheet on each
stone. Usually marker pinholes were made at its four corners immediately
before printing off the first stone. It then had to be taken out of the frame to let
the ink dry. When it was remounted for the next impression, the pins affixed to
the wooden frame of the printing press were fed through the same holes.%6
Despite such precautions, the number of misprints during the production of
chromolithographed plates must have been considerable. Furthermore, as the
Plucker example has just shown, unforeseeable delays must have been endemic
to the process, so less costly and faster alternatives were sought. Piazzi Smyth
opted for the following compromise: His three series of spectrum observations
made at Winchester in 1884 were printed on paper with a preprinted stripe in
one of 12 lithographic tints representing the various color regions of the solar
spectrum. These 60 double-quarto plates for the Transactions of the Royal
Society of Edinburgh were conventional photolithographs originally drawn with
the help of assistants at the Edinburgh Royal Observatory, most notably (p.130)
Thomas Heath.%” Even though these charts could not portray the continuous
change in spectral colors, each range was able to give at least an approximation
of how the region might look when observed through the spectroscope. Symbolic
recording of a spectral region against an associated scale could not capture the
uniqueness of each spectrum, however. Piazzi Smyth avers: “no matter what
strange, artificial and human devised scale any one may have been using he
must also, if an observer, have had Nature’s inimitably beautiful and effective
general indexing of the spectrum placed by colour before his eyes again and
again; till those colours must, if he has a soul, have been impressed involuntarily
and indelibly, on the tablets of his heart in thankful admiration of God’s glorious

Creation.”%8

4.4 Woodcuts and symbolic representations of spectra
Another possibility was to sacrifice color altogether and employ other means of

representation. As we have already seen (on p. 52), Bunsen suggested a more
symbolic coding of comparative line intensities, using the second (vertical)
dimension on spectral plates. The length of a spectral line symbolized its
intensity, while the shape of its tip (sharp or rounded) indicated the line’s
profile.59

This technique became widespread, particularly for the mapping of laboratory
absorption spectra at low-to-medium dispersions. A related intensity notation
was developed by H.W. Vogel and other photochemists in their search for
sensitizers of orthochromatic emulsions. Their relative sensitivities in a specific
spectral region were symbolized by different degrees of shading superimposed
on a numerical scale running from 2000 to 7000 A.70
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Piazzi Smyth also deviated from spectrum representation “in the literal method”,
which attempts to mimic in black and white what can be seen in the
spectroscope’s viewing field. He resorted to “a symbolic manner, wherein
degrees of light are represented, not by degrees of black shade, but by height or
quantity of a uniform shading—a far easier, more accurate, and practical method
than the literal one, though not so acceptable to the public in general.”’! As
Piazzi Smyth describes, at both extremities of his Winchester spectrum of 1884,
he drew diagonally dashed shaded areas

running along the lower side of the otherwise white horizontal strip, and
gradually rising in it as the spectral light falls; until, when that ceases any
longer to be visible, the black shade has risen to the top of the horizontal
white strip, and eclipses it from that place onwards. Hence at any
intervening point between the full height of the white (p.131) strip near
the middle of the spectrum, and its final extinction at either end, readers
may judge of the degradation of the light, by the comparative heights of
the black shade below and the white paper above it; or they may imag[in]e
the sort of grey that would be produced over the full height of the strip, by
smearing upwards, though but approximately, the amount of black
contained in that part which is so coloured by the shade below.”?

A loose sheet found in one of

Piazzi Smyth’s notebooks nicely

summarizes his main ideas. It ; S = T
was probably written for his L :
assistant Thomas Heath, who
actually prepared the final = e
version of his spectrum maps

for publication, to explain the 3 :
convention of using the length ] H e = [ R I ' I
of the spectrum line to -
represent its intensity on a
scale ranging from 0.1 to 10.
Lines greater than intensity 4
were drawn in full length but
differing in thickness, lines
between intensity 1 and 4 were
shortened by up to one third,
and lines below 1, lost up to two
thirds of their length. Bands
were always drawn in halftone, with diagonal shading lines (never vertical ones!)
added where necessary.

Fig.4.11. A symbolic notation for the
spectral sensitivity of three collodion
emulsions, sensitized with (1) eosine, (2)
erythrosine, and (3) rose bengal; capital
letters at the top signify the positions of
the main Fraunhofer lines. From H.O.
Klein [1910] pl. III.
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(p.132) A graphic device

. J N
opposite to the ones seen thus bkt g g i
. . Loat o 1 & fstlbosntos S ARy
far was introduced in the et bt g o T | (2
W bt ey gl ”‘

mid-1860s. For a series of i
metallic emission spectra, white
emission lines were depicted on
a black background. Simply
scratching away a uniform
coating of printer’s ink on the
stone surface, in the manner of

a scraped lithograph

Fig. 4.12. Piazzi Smyth’s conventions for
the representation of spectral line
intensity. From C. Piazzi Smyth’s
notebook (ROE, 18.113), loose sheet;
undated, but post 1878, because it is
drawn on a sheet presumably printed in
preparation for the final drawing of the
Lisbon spectrum map of 1877-78. By
permission of the ROE Library and
Archive.

(lithographe a maniére noire),”3

created an adequate result. The
even more basic traditional
woodcut or its refined variant
wood engraving—which made it
possible to render textures and tonal values—were another alternative.’# Given
the comparative ease with which the printing block could be made and inserted
into text, it is surprising that this format was not used more often, but I could
track down only a few isolated examples of such woodcut diagrams.’>® More
challenging than line intensity were other special features like the occasional
emission line among the dark Fraunhofer lines or variations in the background
continuous spectrum.

On good, correctly exposed negative plates, the space between the bright
(in reality dark) lines does not appear uniformly black at all but displays
striking differences in intensity. Some places give the impression that
bright series of lines of exceptional fineness were weakening the darkness
of the spectral base; other places, however, do not give even the slightest
hint of line series and distinct, dark lines appear to be lying on the matt
dark base. I had already noticed these dark lines, which would correspond
to bright lines in the solar spectrum, on the more successful first
exposures, and have been giving them special attention from the
beginning. On the plates, spots in the spectrum that appeared
conspicuously dark, and at the same time stripy, have been specially
marked with dotted lines and little rings.”®

Unobtrusive use of special symbols outside the general codex of representation

can be found in other spectral atlases as well:”” e.g., pointers in X-ray
photographs or indices to capture special features that can only be inferred, for
want of adequate iconographic means.

4.5 Spectroscopic portraiture
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What representational techniques were used and which features were
emphasized in first attempts to map new spectral regions? The case of the
experimentalist Marie Alfred Cornu (1841-1902), professor at the Ecole
Polytechnique in Paris,”® is of interest in this regard. When he published his
ultraviolet extensions of Angstrém’s normal solar spectrum in 1874 and 1880, he
was quite explicit about his objectives: to map the ultraviolet region up to the
(p.133) limit of atmospheric absorption, that is, well into the uncharted range,
in a mode of representation and at a resolution similar to Angstrém’s map of the
visible spectrum.’? Unlike Angstrém, Cornu could not simply rely on micrometric
measurements of directly observed line intervals, because the part of the
spectrum he was studying was not in the visible range. He was compelled to use
bromo-iodized collodion plates as a means of detection,8? even though the
resulting photographs were much inferior in quality to his final lithographed
map. Because his predecessor, E. Mascart, had been working with glass optics,
he had not advanced further than the line W at 3441.1 A. Taking this into
consideration, Cornu employed quartz and Iceland spar prisms and could thus
extend his results up to line W at 2948.4 A. His best photographs were made
with a prism of Iceland spar, but unfortunately the dispersion n[A] for prisms of
this material was not known for this wavelength region. So Cornu had to gauge
the photographs, as well as those obtained with a flint-glass prism, by means of
a Nobert grating. Although the grating could not approach the resolution
reached in Angstrém’s map, Cornu was able to determine the normal
wavelength of 36 strong lines in the ultraviolet range. This set of reference lines
then served as a gauging scale for the other lines in-between, which were
determined by graphical interpolation. The actual drawing of the plate, at a
scale of 1 centimeter = 1 millionth of a millimeter, proceeded as follows.8! First,
using a dividing engine, Cornu drew a fine grid of millimeter lines onto a piece
of Bristol cardboard—the standard millimeter graph paper available was
presumably too coarse for his purposes. Next he drew onto this grid the 36
strong lines determined with the Nobert grating. The other lines detected with
the quartz- and islandic spar prism-spectroscope were then entered in-between
these reference lines by interpolation. Cornu admitted that initially he had
planned to determine all line positions on the photographs micrometrically but
had abandoned this idea for two reasons: (i) The number of lines to be drawn
was so great that it was not possible to identify them all unequivocally.8? (ii)
Even if this had been possible, the resulting precision would have been illusory:
one cannot expect an accuracy of more than 0.05 A of absolute wavelength,
because it was a matter of no more than half a millimeter in a drawing on this
scale. Instead he concentrated on accurately depicting the general appearance
of each segment as could be inspected without strain after a magnification of 25
x to 100 x. He thought that
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it was much more worthwhile to devote all my attention to reproducing the
aspect or effect of each group of lines rather than to the absolute
positioning of each individual one of them: in a word, that an error in the
relative intervals within a group was much more detrimental than an equal
displacement of the group as a whole.?3

(p.134) This scale of enlargement for such ‘close-ups’ was obtained either by
using a microscope with a magnification factor of 25-100 and a micrometrically
ruled platform, or by employing Oberhauser’s projection method,?* whereby the
photographic image is magnified by projection onto a white sheet of paper,
somewhat similar to a modern slide projector. For the finest details Cornu first
enlarged the photographic negative 12-25 times, and then repeated the above
steps of microscopic and projective magnification. He ended up with a total
length for his spectrum region between h and O of up to 3 meters, yielding an
impressive 12 cm for the 35 A interval between the H and K lines, and thus an
average dispersion R/L of 3 A/cm. Evidently, as already mentioned, the relative
line distances seen on the correspondingly huge projection screens could not be
transferred immediately to a sketch of the normal spectrum, because they had
been generated by prisms of various refractions. Cornu drew an empirical
dispersion curve for both prisms by comparing the positions of the 36 strong
lines in the prismatic spectra with their positions in the normal diffraction-
grating spectrum. An average curve between these points on a two-dimensional
graph (nprism type @s a function of the wavelength 1) then gave the gauging curve
for interpolation of all the spectrum lines between the 36 markers.

In his drawings Cornu could use various inks to differentiate the line intensities,
as well as fainter washes of Indian ink to indicate diffuser line contours or
general darkening of the continous background spectrum. For the printed map,
however, the engravers had to resort to the full arsenal of devices available to
their colorless medium to render these intensity variations.8% The result was one
of the finest maps of the solar spectrum ever published in the nineteenth
century.8% Despite the high density of lines, this copper engraving brings out the
microscopic spacing variations, shading of the continuous background, and
many different grades of line intensity, ranging from the very bold to the barely
visible (Fig. 4.13).
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(p.135) Cornu’s map is thus a

good example of a 39
representation aimed at

reproducing the overall aspect,

the Gestalt (i.e., first and g
foremost, the collective
appearance of the relative line
groupings) rather than attaining
the highest accuracy in the
absolute placement of each
individual line. The argument in
favor of this preference of the
subjective effet over objective
précision constitutes the
purpose of Cornu’s map: it was
primarily intended as a visual

guide, as a means of orientation Fig. 4.13. Small section from Cornu’s

for other researchers who, like map of the near-ultraviolet region of the
Hartley and Adeney in Dublin, solar spectrum around 3900 A with the

or Liveing and Dewar in calcium K line to the right. The circles
Cambridge, were merely indicate brilliant lines which decreased in
interested in the approximate intensity between 1871 and 1872. Copper
positions of prominent lines in engraving by Dulos and Legros. From
metallic ultraviolet spectra for Cornu [1874/80a] pl. L.

purposes of chemical

identification. With a research

objective tuned to Gestalt recognition, Cornu’s focus in the following quote on
the general aspect or likeness of spectroscopic lines and their groupings is by no
means surprising:

Apart from looking for the most reasonable classification of the lines, I
sought to represent the general aspect of the groups as faithfully as I
possibly could, in order to help physicists establish this concordance,
which is of such capital importance in spectroscopic investigations. [...]

I began with the initial task of conveying the effect of the groups, either by

intensifying the color of the ink, or by using a wash to represent blurred

lines or regions with a darker background.8”
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Now one might argue that this spectroscopic ‘portraiture’, as this mode of
representing the idiosyncratic features of each line might be called, is an
exaggerated aberration. However, such a ‘feel’ for individual spectrum lines was
evidently quite widespread and it was only consistent to search for subtle means
of capturing such hardly quantifiable features. As a case in point, this is what
Arthur Schuster wrote to a fellow spectroscopist about a particular blue line in
the oxygen spectrum: “I have been often puzzled about that blue line. As you no
doubt also have noticed there is an individuality about lines of a spectrum, which
makes you feel, even without proof, which do and which do not belong
together.”88 The recipient of this letter himself had earlier lavished praise on
certain “gigantic, as well as numerous thinner lines, all of them sharp-edged and
well-defined, [...] with almost a personality, in their most marked
physiognomies”.89 As we shall see in § 8.2, this perceptiveness toward line
physiognomies and family resemblances among line groupings actually proved
to be quite important in the search for series formulas, because it provided a
selection criterion for matching groups of lines for incorporation into numerical
or geometrical algorithms linking their respective wave numbers or
wavelengths.%0

As Angstrom’s map served as a templet for Cornu, so did Cornu’s serve as a
model for Louis Thollon.?! (1829-1887). Thollon too proposed to sketch, with the
best possible likeness, (p.136) the “physiognomy” of each group of spectral
lines.?? For his lithograph portrait—for which he was awarded the Prix Lalande
in 1885 by the Parisian Académie des Sciences?3—an increase in the
spectroscope’s resolving power was crucial. In the late 1870s Thollon worked on
fine-tuning his direct-vision spectroscope accordingly by means of an intricate
multi-prism arrangement for minimizing the total angle of deviation while
maximizing the dispersion.%* His first arrangement from 1878, which employed
eight glass prisms, attained an angle of 30° between the Fraunhofer lines B and
H. After six-fold enlargement of this spectrum, it had a length of over one
meter.%° In the following year Thollon switched to a combination of two crown-
glass prisms p and p 1 (index of refraction: 1.55, 80°) and one fluid prism p ,,
filled with a mixture of ether and carbon bisulphide carefully prepared to have
the same index of refraction as the glass prisms, and mounted as in Fig. 4.14:

a b

o (i
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Because the prisms were Fig. 4.14. Thollon’s second prism setup
positioned face to face without for his spectrograph: block arrangement
any air gap and were of the of two crown-glass prisms and one fluid

same index of refraction, this prism. From Thollon [1880b] p. 751.
arrangement had considerably

less loss of light from reflection.

Reflection losses were now limited to the two sides ad and bc.?® These new types
of composite prisms thus had a clear advantage over both simple-prism and
conventional direct-vision spectroscopes by generating less total angular
deviation than the former and more dispersion than the latter. Translated into
figures, while a conventional 60° flint-glass prism produces an angular distance
of c. 20" between the two sodium D lines, and a single carbon-bisulphide prism
perhaps 45", his new composite prism attained no less than 2’. When his Parisian
optician and precision instrument maker Léon Louis Laurent®’ (* 1840)
assembled (p.137) two such block prisms into a prototype direct-vision
spectroscope, Thollon first realized what enormous dispersions were now within
grasp: 12" between the two D lines, equivalent to a prism chain of 16 carbon-
bisulphide prisms or 30 glass prisms with a refractive index of 1.63.98

Thollon also developed a device that allowed him to record the details of the
thus generated spectra far more efficiently. As shown in the foreground of Fig.
4.16, the entire prism block could be reoriented by turning a micrometric screw
that was coupled to a rotatable platen carrying a long scroll of paper. While the
observer focused on a spectral line by turning the micrometer screw V with his
left hand, he could let a pencil trace a line on the paper by releasing lever M
with his right hand whenever the line was coincident with a reference line in the
center of his field of view in telescope O. Working from one end of the spectrum
to the other, all the line intervals could be registered sequentially on the paper
scroll, according to a scale chosen by means of the transmission gears between
the micrometer and the scroll.%®
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Thus far, all of Thollon’s developmental work on the spectroscope had been
conducted in Paris in the physical laboratories of the Sorbonne, the Ecole
Normale, and the College de France. The next stage of his research project, a
mapping of the full visible portion of the solar spectrum at this unprecedented
dispersion, could not be carried out in the French capital, however, for the
simple reason of weather conditions. For the greater part of 1879 Thollon
worked in the private observatory of Prince Nicolas d’Oldenbourg in San Remo,
Italy. “Aided, it is true, by the fine Italian Sun,” as well as by his ingeniously
contrived apparatus, he finished within less than three months a 10-15 meter-
long drawing of the solar spectrum with approximately 4000 spectrum lines
between A and H.190 This map was presented to the Paris Academy of Sciences
in late 1879 but was never published because, meanwhile, Thollon had
embarked on an even more ambitious mapping project at the newly founded
Observatoire de Nice.'?! Thollon had already had some dealings with that
observatory as scientific consultant for its spectroscopic equipment. This
prestigious site, with which France hoped to compete against the new
observatories in Potsdam and Strasbourg, was where Thollon set his four prisms,
two of them high-dispersion carbon-bisulphide prisms, in a special mounting that
guided the light twice through each prism.

This arrangement yielded a dispersion of 700" (or 30 mm on the map) between
the two yellow sodium D lines, the optimum attainable with prism chains
because of the significant loss in light intensity to each prism along the optical
path. Only the big Rowland concave gratings (and later interferometric
measurements) could achieve even higher resolutions.102 (p.138) Because of
the strong temperature dependency of his bisulphide-of-carbon fluid prisms,
Thollon secured a constant ambient temperature by having water circulate
within the table on which the spectroscope was mounted, and additionally by
enclosing the whole instrumental setup (shown in Fig. 4.16) within a double-

walled metal box suspended from the ceiling.193
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In a half-decade of assiduous Fig. 4.15. Thollon’s final spectroscope
labor, Thollon mapped 3448 design: prism chain with four semi-prisms
lines in roughly one half of the A, B, A’, and B’, and two normal prisms P
optical part of the spectrum and P’, forming the light path: A’B - P -
from the visible red to the BoA—>A->B P 2B — A" From
middle green (from 7600 A to Guébhard [1879] p. 225.

5100 A), “with all possible
fidelity, so that when looking
alternately at the spectrum and
at my drawings it is everywhere
very easy to orientate oneself
and to find all the details.”104

(p.139) Unfortunately, he died
before his opus magnum was
finished, which was eventually
published in 1890 at the
expense of Raphaél
Bischoffsheim, the financier of

Fig.4.16. Thollon’s final experimental
setup: prism chain with four semi-prisms
(cf. the previous diagram) and two normal
prisms, which reverse the path of the
light coming from the collimator C at the
far left; the observation telescope O can
be seen to the far right. Turning the
micrometer screw V changes the total
dispersion while automatically

the Nice Observatory.1%° One
decade later, Eugéne Spée, who
tried to continue along this vein
by publishing an extension of
Thollon’s map from b to f,

remarked:
readjusting all prisms in the position of
Thollon was both scholar and minimum deflection. On the registering
artist. [...] An observer of device in the foreground, see the main
rare precision and endowed text. Engraving by Pérot. From Guebhard
with a remarkably skilled [1879] p. 224.

hand, he could reproduce the

results of his observations

with the truest accuracy. Struck, as he himself said, by the gaps revealed in
the spectra published by his predecessors and contemporaries, and
convinced of the importance and utility of a fine solar map, Thollon had
conceived the grand project of doing, for the benefit of spectral analysis of
the Sun, that which Argelander had realized for the study of the Sky, that is
to say, of drawing a scaled spectrum in which, by the accuracy of their
positionings and reliable reproduction of their external characteristics, all
the lines would constitute secure enough fact that all those engaged in

astrophysics could place upon it the greatest confidence.1%6
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The increased resolution of his map was not the only feature with which Thollon
tried to improve upon his forerunners. He gave a fourfold representation of the
solar spectrum, with the Sun near the horizon; at 30°; in a normal and dry
atmosphere; and finally, omitting the atmospheric lines altogether.!9” It was this
feature that resulted in the continued use of his map, well after Rowland’s
photographic maps of the normal spectrum of 1886 and 1888 became available.
The latter had dispersions of between 4.8 and 2.4 A per cm, depicted nearly 20
000 Fraunhofer lines and were generally considered to be far superior to all
foregoing lithographs.198

It is significant that both Cornu and Thollon were praised by their colleagues for
their unique combination of scientific and artistic talent: “un savant doublé d’un
artiste,” as Spée put it. Thollon’s beautiful drawings of the spectrum, which cost
him six years of labor, plus another three for his engraver to transfer onto steel
plates, marks the climax of the tradition of spectrum portraiture, which sought
not only to plot the precise location of each spectral line, but also to portray “its

thickness and blackness, and the character of its nebulous edges”.199

Notes:

(1) See, e.g., Gascoigne [1986] § 1. Cf. also the critique of this standard
taxonomy by Harris [1968]. who pleads for an alternative classification based on
pairs of contrasting qualities used in forming the image (such as grease vs.
water as the basis for all lithographic prints, light-sensitive vs. insensitive bases
for all photographic processes).

(2) See, e.g., Hadon [1883] pp. 718f. According to Blanc [1874] p. 245, a good
engraver ceases “to be a copyist to become a translator” who “translates truly
into chiaro ‘scuro the colouring of the picture”: cf. idem, chap. II, and Jussim
[1974] pp. 11 and 27ff. on a comparison of the ‘syntax’ of the major ‘codes of
prephotography’.

(3) See also Pang [1994/95] pp. 255ff. on the difficulty of choosing the right
printing technique, for example, for representations of the solar corona during
the transition period of the 1870s.

(4) On engraving (gravure en taille-douce in French, Kupferstich in German) see,
e.g., Koschatzky [1975], pp. 96-8. On the history of engraving and etching in
general see, e.g., Blanc [1874] chap. 2, Hind [1923] chaps. 1-2, 4-5, 7. The
specific techniques of intaglio prints are explained, e.g., in Ripley and Dana
[1871], Ziegler [1912a] vol. 1, pp. 130ff., Hill [1915] pp. 1-14, Gascoigne [1986]
§9-17.

(5) On the history of etching (Radierung in German, gravure a I’eau forte in
French) see, e.g., Hind [1923] chaps. 3, 6, and 8, or Ziegler [1912b], vol. 1, pp.
130ff. For typical results see also Gascoigne [1986] § 10.
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(6) Singer [1922] pp. 60f., quoted in Koschatzky [1975] p. 130.

(7) For examples see. e.g. Blanc [1874] part II, Ostroff [1969a] pp. 69ff. Jussim
[1974] chap. 2. and here Fig. 4.6, p. 118.

(8) Huggins [1864a]p. 160.

(9) Huggins [1864a] p. 139: “for the purpose of accurately determining the
position of the stellar lines, and their possible coincidences with some of the
bright lines of the terrestrial elements”. Cf. here § 8.8.

(10) See, e.g., Hullmandel’s translation of Raucourt [1821], Smyth [1843/46b],
pp. 71f., Ivins [1953a] pp. 51-70. Cf. also Goss [1993] pp. 222ff. on the use of
hachures. parallel lines to indicate hill slopes, and three-dimensional effects in
topographical maps.

(11) Unlike the unusually well-documented case of Dulos, I could find out only a
few facts about Pérot: his address, Rue de Nesle no. 10, is listed in the Parisian
Didot-Bottins for the 1870s and 1880s. See here footnote 35 on p. 147 in
Chapter 5.

(12) Smyth [1882d] p. 6. On the transition from the vertical to the horizontal
arrangement see here p. 45.

(13) See the box entitled “Fievez’ sun spectrum” (RSE material on loan to ROE)
with 21 mounted spectral segments, cut out of Fievez’s [1883] plates by Charles
Piazzi Smyth, with occasional marginalia. Quote from strip 17. On Fievez cf. here
p. 83.

(14) These ‘general rules for the method of representation’ were printed
verbatim under each of the 60 spectrum charts published in Smyth [1884/87].
For examples and further discussion of Smyth’s innovative, more symbolic
techniques of representation, see here p. 99 and Fig. 4.12, p. 131 about the third
convention.

(15) A. Hassen, Wainwright Brewery to C.P. Smyth, St. Louis, 30 December 1885
(ROE, 15.70).

(16) See Ostroff [1969] p. 69, Gascoigne [1986] § 17, and Ziegler [1912] pp. 190-
201 for the most detailed description of the practical procedures, and Smyth
[1841/46] for his praise of aquatint for astronomical illustrations (of comets). I
am particularly grateful to the curator of prints at the Fogg Art Museum at
Harvard, Marjorie Cohn, for having examined Fraunhofer’s original plate and
discussing its various aspects with me in May 1997.
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(17) Powell [1839] pp. 3-4. The three maps are Fraunhofer [1815a] pl. 2, fig. 5.
[1823] pl. 2. fig. 6. and Brewster [1831d], pl. 433, fig. 16. Other reprints of
Fraunhofer’s map are to be found in E. Becquerel’s [1842] plate, fig. 1. and in
van der Willigen [1866], pl., fig. 1, the latter being the best redrawn reprint I
have seen so I'ar.

(18) One of them is kept in the Goethe-Museum at Weimar (call no. GN 149F). It
was sent to Goethe by Samuel Thomas von Soemmering in mid-March 1827 and
is reproduced in Zehe [1990] p. 369. Cf. idem, p. 24 for an excerpt from
Soemmering’s letter: “So as not to appear with empty hands. I am enclosing a
fully colored-in version of Fraunhofer’s prismatic spectrum, because the prints
found in the Munich Memoirs had been but ink-washed [ausgetuscht]” Another
two hand-colored versions are kept at the DMM, map collection, and NL 14
(Fraunhofer), folder 52, obtained from the optical instrument company
Sigismund Merz in the mid-1920s: see here color plate I.

(19) For contemporary applause of this atlas, which was printed by one of the
outstanding engravers of the time see, e.g., Watts [1881] p. 318: “Very beautiful
drawings of many of the ordinary spectra are given in Lecoq de Boisbaudran’s
Spectres Lumineux”, or Twyman [1951] p. 34: “a series of twenty-eight
beautifully reproduced plates”.

(20) Lecoq de Boisbaudran, undated letter—before 1 June 1872 (AASP, file ‘1872
Prix Bordin’).

(21) On the history of the terms, cf. Twyman [1970] pp. 3, 88, and Menz [1955]
p. 12. According to the latter the term ‘Lithographie’ was introduced by the art
and craft educator Joseph Mitterer (1764-1829) in 1805. According to more
recent secondary literature, the discovery of lithography happened at the turn of
the year 1798/99, whereas older literature still assumes 1796 or 1797. On its
early history see, e.g., Senefelder [1818], Silliman [1822], Anon. [1874b], E.R.
and J. Pennell [1898] (esp. on France and England prior to 1890); Blum [1993]
pp. 49ff. and 162ff. on the US, Gandy [1940] (in particular on the later
development in the US around 1900). Twyman [1970] focuses on Germany,
France, and England up to 1850, Lemercier [1900] on France, Menz [1955] on
Germany, and Graul (ed.) [1903], Schwarz [1988] on Austria.

(22) Cf,, e.g., Menz [1955] p. 7 and pl. 2, or Soulier [1997] p. 162 or pp. 167f. for
examples of early lithographic facsimiles of precious documents such as
incunabula or Direr drawings.
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(23) See Senefelder [1818], Raucourt [1821], Engelmann [1822], Hullmandel
[1824], and Jomard [1826]; cf. also Twyman [1970] part II. The rare and much
less detailed earlier literature, such as W. Nicholson’s ‘Das Geheimnis der
Lithographik (1809) or H. Rapp’s Das Geheimnis des Steindrucks (1810) indicate
that lithography was a closely guarded secret, and at best an only partially
understood novelty. For later but clearer descriptions of its techniques, see also
Fritz [1901], Ziegler [1912] pp. 46-80, Hill [1915] pp. 15-22, Wengenroth
[1936], Dehn and Barrett [1950], and Gascoigne [1986] § 19-20.

(24) First published in 1824, reprinted in 1833. See in particular pl. II and V, fig.
1, also reproduced in Twyman [1970] pl. 43-44; cf. also Anon. [1874b] for a
critique of this “primitive style” adopted in early lithographs.

(25) See De Serres [1809], in the German version edited and commented upon
by Gilbert in 1810: “The advantages of this type of printing are: that it has a
character of its own, that it cannot be copied by the other types of engraving
and printing, whilst all earlier modes can be imitated quite well by it; and above
all, that it proceeds much faster than all the others.”

(26) Twyman [1970] p. 119; cf. idem, p. 89, Mumford [1972] p. 31, Dyson [1984]
p. 32, Gascoigne [1986] § 19.

(27) See in particular Soulier [1997] for a survey of early usage of lithography
within the sciences, esp. p. 164.

(28) Silliman [1822] p. 170; cf. also Blum [1993] p. 52.

(29) Such limestone is found in Solnhofen and Kelheim near Munich in the
Jurassic Alps (belonging to the upper oolite) which for a long time was the main
source. A suitable quarry in Kentucky was discovered in 1819; see Blum [1993]
pp. 49f. Raucourt [1821] pp. 29ff. also mentions some quarries in France, but
according to Hill [1915] p. 15 stones from localities other than Solnhofen are all
inferior in quality.

(30) On the latter two instruments, see, e.g., Stanley [1866b] pp. 8, 12.

(31) Cf,, e.g., Engelmann [1822] pl. II. Hullmandel [1824] pl. I, and Twyman
[1970]. pl. 38f. for early illustrations of the microscopic patterns on the stone
surface. Raucourt [1821] pp. 28ff., 93ff. discussed the consequences of this
texture for the printer’s handling of ink, and Stanley [1866a] chap. II, various
types of contemporary drawing pens.

(32) See e.g., Twyman [1970] p. 10 about the discovery of this transfer process.
A plate by Alphonse Legros exemplifies such a transfer-print of a drawing on
paper, in E.R. and J. Pennell [1898] between pp. 90 and 91. Blum [1993] pp. 183-
5 illustrates a rare zoological application of this technique that yielded around
7000 copies.
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(33) The advice about using three different crayon or pen nib thicknesses,
respectively for the background, middistance, and foreground is given, e.g., by
Twyman [1970] p. 89.

(34) Becker [1890] p. 135 footnote.
(35) H.C. Vogel [1879a] p. 143.

(36) Stanley [1866b] p. 10; the improved pen of Fig. 4.9 (bottom) being an effort
to cope with this problem; cf. also Feldhaus [1959] p. 88.

(37) Ibid., p. 11. I am grateful to Geoffrey Cantor for kindly providing me with a
copy of these pages; the University of L.eeds has one of the very few library
copies of this text.

(38) According to contemporary price estimates, coloring by hand more than
doubled the price of the finished product even though it was done for a low wage
almost exclusively by female workers: see, e.g., Nickelson [2000] pp. 71-3 on
widows of engravers employed as illuminators by the Prussian Academy of
Sciences in the late 18th century. See also Winkler [1975] p. 429, no. 415 for an
example manufactured in 48 copies: fully illuminated, it was sold for 14 guilders;
with less hand-coloring, its price was 10 guilders, and with none at all, 6
guilders, with 1 Bavarian guilder (Gulden, abbreviated fl) around 1805 worth
about 3 kg of beef, idem, p. 436.

(39) See Listing [1866] pp. 171 and 175 on producing the plates by the iris
printing method, “under my direct supervision at the local Lithographic Agency
of Mr Honig.” According to the Gottingen Adressbuch for 1865, pp. 15, 44, G.
Honig’s Lithographische Anstalt was located at Weender Strasse no. 6 in a house
owned by him and his siblings.

(40) See Listing [1867] pl. V.

(41) The son of a master tailor had studied at the Academies of Arts in Berlin
and Copenhagen. After initially working as portrait and genre painter, he turned
to reproduction engraving and lithography. Entered in the Berliner Adressbuch
as “Akademischer Kiinstler”, he was a well-known illustrator, being chiefly
responsible, for instance, for the plates of the Berichte der Akademie der
Wissenschaften between 1855 and 1882, and for the plates in various
archeological publications by Carl Richard Lepsius (1810-84) and Eduard
Gerhard (1795-1867). Anon. [1908], an obituary in Vossische Zeitung, and a
necrology in Biographisches Jahrbuch of 1908 (p. 86) identify Schiitze as the
“main representative of scientific, esp. medical lithography”. In 1872 he also
printed Rutherfurd’s photographic map of the solar map in a photomechanical
reprint for Schellen [1870/72].
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(42) See Secci [1870c]. Cf. J. Basire’s chromolithograph for WA. Miller
reproduced here as Fig. 2.15 on p. 43.

(43) See Hullmandel [1824b] pp. 81f. Cf. here below p. 127 for an example of
one Bonn-based lithographer executing a color plate for the London
Philosophical Transactions, and Booth [1895] PP. 206f. on the possible reasons
for this superiority of colored matter ‘Printed in Germany’. Blum [1993] p. 263
mentions instances of color lithographs being produced more cheaply by
draughtsmen in Frankfurt, Germany, for an American publication around 1890.

(44) On the latter cf., e.g., Putscher [1972] p. 54 who goes so far as to claim
that, without chromolithography such as used extensively in the 230-plate atlas
by Jean Cruveilhier (1781-1874), pathological anatomy would not have attained
its central place in nineteenth-century medicine.

(45) See Gandy [1940] p. 5. On military topographical maps printed in four
colors, cf. Goss [1993] pp. 221ff. R611 [1939] pp. 110, 113, mentions
chromolithography off 15-20 stones.

(46) See, e.g., Winkler [1975] p. 432.

(47) See in particular Raucourt [1821] pp. xiii, 94ff., who developed what he
called a “theory of the inks” covering the many different procedures and the
constraints (such as room temperature) that the printer has to comply with.

(48) A desperate user of one copy of Kirchhoff’s map at the Harvard Widener
library tried to modernize it by entering the wavelengths in pencil in increments
of 100 A, to allow approximate interpolation of the intermediary lines; cf. also
footnote 119 on p. 57.

(49) Henry Enfield Roscoe in the introduction to the English translation of
Kirchhoff [1861/62f] p. iv. The lithographer C. Laue, is discussed here on p. 151.

(50) See Kirchhoff [1861/62g]. These 35 cm-long plates had to be folded twice to
accommodate the octavo format of the Annales, so mere size does not explain
why the French did not use the same stones, because the original plates are of
the same length. On Dulos see here p. 143. A contemporary lament about the
ambiguity between spectrum lines and the standard print syntax is found here
on p. 97.

(51) Anon. [1862] p. 53.
(52) Kirchhoff [1861/62f] p. 4 footnote.

(53) When similar discrepancies between plate imprints for Kirchhoff and
Bunsen [1860/61a] part II, were noted, Bunsen stated bluntly: “That does not
substantially impair the use of these plates”. Bunsen [1904], vol. III, p. 291.
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(54) See Smyth [1882d] p. 7. He used Roscoe’s reprint of Kirchhoff and
Hofmann'’s plates made in 1869, but since it had been run off the original stones,
the result ought not to have been too different—it is conceded, though, that
these printers may not have been as versed in the technique.

(55) See Simmler [1861] p. 15: “At printing, Schweinfurt green unfortunately
loses exceptionally much of its vibrancy and the illustration of the copper
spectrum can give only a vague idea of the true brilliancy of this optical
phenomenon.”

(56) See Plucker and Hittorf [1865] p. 27, referring to the part of plate I
displaying the cyanogen band spectrum.

(57) This son of a member of the French revolutionary army, Charles Albert
Joseph Henry (1773-1816), and Anna Rebekka Mayer from Kleinbroich, was
born in Douali, received practical training in graphic arts at the Lithographic
Publishing House Arnz & Co. in Dusseldorf from 1817 on, and was then
employed by them. In 1829 he moved to Bonn, where he founded the
Lithographische Anstalt Henry & Cohen, which seems to have existed between
1833 and 1862, and was later renamed A. Henry & Co. Marrying Maria Anna
Josepha Eiler, daughter of the district secretary Joseph Eiler, in 1842, he had
three sons, Joseph (1843-1907), the bookdealer and municipal councillor Karl
Johann Hubert (1844-1931), and the architect Albert (1846-73).

(58) A more detailed study on the joint venture publishing house, co-directed
with M. Cohen and his son, “Verlag des lithographischen Instituts der
Rheinischen Friedrich-Wilhelms-Universitat und der Leopoldinisch-Carolinischen
Akademie der Naturforscher, Henry und Cohen” in Bonn, is in preparation.
According to the Dictionary of Scientific Biography, 10, p. 12, the high quality of
the Nova Acta Academiae Caesarae Leopoldino Carolinae germanicae naturae
curiosorum was “partly the result of Nees von Esenbeck’s bringing the artist
Aimé Henry to Bonn.” A bibliographic check yielded more than 40 publications
appearing in this printing house between 1837 and 1861.

(59) This astonishingly high number of lithographic stones for a single plate can
be inferred from a letter by Plucker to Stokes, dated 21 March 1865 (CUL,
Stokes collection, Mss.Add. 7656, no. P 399). I owe many thanks to Dipl.phys.
Falk Muller (Oldenburg) for calling my attention to these letters.

(60) Plucker to Stokes, undated letter (ibid. no. RS 2379; transcribed by Falk
Muller).
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(61) Ibid.; the mentioned total suggests that the Philosophical Transactions of
the Royal Society, London, where the paper and its plates appeared in 1865, had
a print run of about 1000 at the time. The remaining 25 copies were for
Pliicker’s private use. Unfortunately, Henry’s estimate for the elaborate color
plate I is not documentable, but his estimate for the two normal engravings,
plates II and III in a run of 1025 each was £10: see Plucker to Stokes, 2
September 1864 (no. P 398). According to May [1987] pp. 201-3, around 1850 a
minimum middle-class income was around £300 a year, ranging between £1000
and £100; a great number of clerks and elementary schoolteachers received as
little £60 per annum; at the same time a London townhouse might be let out for
£45 a year.

(62) For instance, pl. 9 in Henry’s set of plates for vol. 1 of Nees von Esenbeck’s
System der Pilze, Bonn (1837), had the following palette: yellow, dark orange,
rust, hazel, dusty dark brown, grass green, bottle green, mossy green, pink, and
slate gray besides the black contours on a white base.

(63) See esp. Pliicker to Stokes, 2 September 1864 (opcit., no. P 398) about the
proofs: “they are much better than the former ones and may be still improved”,
and 21 March 1865 (no. P 399): “I have called at Henry’s. Five stones are
printed; there remain five the printing of which will require two or three months,
as some colour[s] need a longer time. I was quite satisfied with what I saw. The
stones will be preserved until the safe arriv[al] of the plates is announced.”

(64) M. Huggins [1882] p. 359. I thank Mary T. Bruck for having drawn my
attention to this article.

(65) For these terms see Smyth [1879c¢] pp. 790-2 and pl. XXVIII, “printed by
Messrs W. & A.K. Johnston, the [Royal Edinburgh] Society’s able engravers,
[having] kindly taken a deal of trouble and much anxious interest.” His paper
also contains interesting results concerning colors observed through colored
media and on color blindness.

(66) This trick of the trade is described in a number of later printing manuals:
see, e.g., Winkler [1975] pp. 429-31, entries ‘Passer’ and ‘Nadeln’. Usually the
perforations at the margins were carefully cut off prior to distribution or
binding.

(67) See Smyth [1884/87] pp. 531f. and pl. 83 for the wavelength regions
corresponding to the designated colors ultra-red, deep red, red, orange, yellow,
citron, green, glaucous, blue, deep blue, violet, and ultra-violet; cf. also his
notebook (ROE, 18.114), entry 3 for the period Oct. 1884-Febr. 1885, p. 168, and
entry 4 of March/April 1885, noting that 53 of the 60 plates were finished, but
“progress now slower on account of resumption of Star Catalogue Printing.”
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(68) Smyth [1884/87] p. 531; cf. also H.A. and M.T. Bruck [1988] p. 236 for
Ralph Copeland’s encouraging response in a letter to Smyth (ROE) upon receipt
of the printed Winchester spectrum; “I for one am very obliged to you for the
colour, for it makes me feel quite at home with the spectra.”

(69) See Bunsen [1863b] p. 247: “the ordinates of the edges of the small
blackened surfaces [...] represent the intensity of the several lines with their
characteristic gradations of shade. [...] For the sake of perspicuity, the
continuous spectra which some bodies exhibit are specially represented on the
upper edge of the scale.”

(70) See, for instance, H.W. Vogel [1877a] pp. 214, 238, 262ff., Eder [1884],
[1886], and here Fig. 7.5, p. 263 for Mees’s photographic wedge spectrograms.

(71) Smyth [1877b] p. 33 and [1877a] pp. 28f.
(72) Smyth [1884/87] p. 529.
(73) See, e.g., Koschatzky [1975] pp. 179f.

(74) See, e.g., H.W. Vogel [1877a] pp. 122f., 166 for simple woodcuts, and
Kainen [1959] on Thomas Bewick’s (1753-1828) crucial role in the technical
development and popularization of wood engraving.

(75) See, for instance, the representation in Huggins [1864a], the plates in
Roscoe [1868a], H.W. Vogel [1877al].

(76) H.C. Vogel [1879] p. 169.
(77) E.g., small circles in Thollon [1890], triangles in Spée [1899].

(78) Cornu had studied at the Ecole Polytechnique from 1860, entering the Ecole
des Mines two years later. He became répétiteur and professeur d’Ecole
Polytechnique in 1864 and 1867, respectively, furthermore member of the Paris
Academy of Sciences in 1878, of the Bureau des Longitudes in 1886, and
corresponding member of seven other scientific academies. A specialist in
optics, Cornu was most famous for his precision measurements of the velocity of
light, for which he also received the Prix Lacaze of the Paris Academy of
Sciences. Cf,, e.g., Burgess [1902], Mascart [1902], Anon. [1902], Bassot and
Poincaré [1903], Poincaré et al. [1904], S.P.T. [1905], Anon. [1904], Herivel
[1971], his personal dossiers (at AASP and AEP), and his file concerning
promotions by the Légion d’Honneur (ANP, L0593033). His teaching at the Ecole
Polytechnique is discussed here in § 9.9.
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(79) See, e.g., Cornu’s letter of 15 April 1878 to the Paris Academy of Sciences,
quoted in the ‘pochette de la séance du 19 Avril 1878’ (AASP), enclosing his
submission of a corrected version of the first plate of 1874, together with the
second plate, finally published in 1880.

(80) See Cornu’s [1889] detailed recipe for sensitizing the plates with his ferrous
sulphate developer. It also mentions various technical tricks which Cornu did not
make public at the time of his experimentation. The paper was only published
because Victor Schumann translated some notes Cornu had sent to him
personally.

(81) See Cornu [1874/80a] pp. 432f.; for the interpolation formula, see Cornu
[1874/80b] appendix; and Cornu [1883a] for a description of his custom-
designed high-dispersion spectroscope, built by J. Duboscq.

(82) See Cornu [1874/80a] p. 433: “one no longer knows how to assign them
from the experimental record without mixing them up and without making
errors in the finer details.”

(83) Cornu [1874/80a] p. 433, original emphasis.

(84) Cf,, e.g., Stein [1877] pp. 449ff. According to A. Brachner in DeClercq (ed.)
[1985] pp. 120 and 146, the German instrument maker Georg Oberhauser
(1798-1868) moved to Paris in 1822 in reaction to a depressed market in
scientific instruments.

(85) See Cornu [1874/80a] p. 433: “effort to render the effect of the groups,
either by intensifying the color of the ink or by applying a wash to represent
blurred lines or regions with a darker background: amplified positives were a
great help to me as a guide.” On the engravers of his map, Dulos and Legros, see
here pp. 143f.

(86) Cf., e.g., the praise in Hartley and Adeney [1884] p. 63: “splendid map”, and
here p. 147 about the engravers.

(87) Cornu [1874/80a] pp. 422 and 433, original emphasis.
(88) A. Schuster to C.P. Smyth, 16 January 1882 (ROE, 15.67, folder S).
(89) Smyth [1880b] p. 289.

(90) See here pp. 293ff. It was only with the discovery of the Zeeman effect in
1896 and the subsequent finding that series lines usually exhibited the same
type of Zeeman splitting in magnetic fields, that a stricter criterion for series
attribution had been found, but by then the series formulas had already been
figured out empirically.
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(91) This specialist in high-dispersion spectroscopy provided in 1879
experimental verification for the Doppler-Fizeau shift caused by solar rotation;
see Janssen [1887], Anon, [1887b], Levy [1976].

(92) See Thollon [1879c] p. 1305: “I applied myself toward reproducing with the
utmost care the physiognomy that my instrument’s enormous dispersion lends to
each line”. Cf. here p. 102 for a comparison of the dispersion of Thollon’s map
with other spectrum maps.

(93) Although conferral of this prize (worth 540 francs) to Thollon by a
commission composed of Faye, Leewy, Mouchez, Wolf, and Tisserand
(rapporteur), is mentioned in the Proceedings of the Paris Academy, no records
of any submitted material have been preserved (AASP, folders Prix Lalande,
1885 and 1886).

(94) See Thollon [1878] pp. 595ff. for his geometrical proof that each ‘prism
couple,’ joined at their bases, was positioned at minimum deviation once the
angles i and e of the light were equal to the normals of the outer prism faces.

(95) See Thollon [1878] p. 331.

(96) Thollon [1880b] pp. 750-2 compared the light loss in an Amici prism and in
Thollon’s block arrangement: 57 % loss for the former, and 37 % for the latter.
On the temperature dependency of these fluid prism dispersions, see here p. 93.

(97) Laurent had worked in the optical instrument shop of G. Frommet for 14
years before joining his father-in-law Duboscq’s instrument shop in 1870 and
taking over the central position of ‘constructeur d’instruments d’optique et de
précision’ there in 1872. See, e.g., Poggendorff, vols. III and IV. On his
spectroscopes for Thollon, see esp. Guébhard [1879] p. 223, Laurent [1879],
Thollon [1879a] p. 81.

(98) See Thollon [1879a] p. 81 which includes small drawings of the B, b, and D
groups of the solar spectrum, illustrating the apparent distance of approximately
18 mm between the two D lines and the many other lines seen in-between (cf.
here p. 91).

(99) See Thollon [1879c] p. 1307 for a brief description (unfortunately without a
diagram) of this “registering procedure, which has extraordinarily shortened
and facilitated my work” and Guébhard [1879] p. 224 for the drawing
reproduced above.

(100) See, e.g., Guébhard [1879] p. 223 who mentions a total length of 15 m,
while other abstracts mention 10 m.
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(101) According to Miller [1992] pp. 131-6, the Nice Observatory was
constructed between 1879 and 1886. Its dome of 26 m diameter was the largest
in Europe, and its main refractor with an objective lens 76 cm in diameter was
for a time the largest in the world. According to Levy [1976], the spectroscope
was completed in 1883.

(102) See Spée [1899] pp. viii-ix. According to Guébhard [1879] p. 224, three
such fluid prisms twice traversed by the light had a dispersion equivalent to 31
ordinary flint-glass prisms with a 60° refractive angle and a refraction index of
1.63. Cf. also Thollon [1883] pp. 108-11 and the illustration of Thollon’s high
dispersion direct-vision spectroscope manufactured by A. Jobin in Syndicat
[1901] p. 137.

(103) According to Ranyard [1890] p. 211. For contemporary praise of Thollon’s
spectroscope see, e.g., A. Schuster to C.P. Smyth, 14 July 1882 (ROE, 15.67,
folder S).

(104) Thollon [1879c] p. 1305.

(105) See, e.g., Janssen [1887] p. 1048 on Thollon’s own ambitions for his solar
map: “with it he had wanted to make a towering monument to Science. But
towards the end he sensed that it would be difficult for him to realize this
project completely.”

(106) Spée [1899] text vol., p. vii.

(107) Of the 3202 dark spectral lines listed in Thollon’s accompanying table,
2090 were of purely solar origin, 866 of atmospheric absorption lines, and 246
were labeled ‘mixtes’. See Thollon [1886/90] text vol. cf. also Spée [1899] text
vol., p. X, and here § 3.4.

(108) See Spée [1899] p. xiii: “a quite large number of lines seen as single with
Thollon’s spectroscope were found to resolve into two, even into three, in
Rowland’s tables”; cf., idem, p. xvii: “Mr. George Higgs of Liverpool, while
working with a concave grating of four-inch diameter and a degree of curvature
of ten feet, has obtained photographs of the D group numbering 25 to 30 lines.
Thollon’s drawing bears only fifteen.” See also Kayser [1936], typescript p. 132,
where he cursorily sums up Thollon’s work as follows: “[... in] Nice, where I
looked up the astronomer Thollon, who at that time was occupied with the large
atlas of the solar spectrum,—a very creditable enterprise, had it not immediately
been surpassed, by a wide margin, by Rowland’s photographic atlas.”

(109) Ranyard [1890] p. 211 praises Thollon’s work as “portrayed with
conscientious accuracy.”
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Let’s go back some two decades to the period 1860-75, that is, safely before the
‘intrusion’ of photography into the business of spectral map production on a
larger scale, and reconstruct the whole sequence of tasks involved, from the first
visual observations to the distribution of a finished spectral map. The scrupulous
visual examinations of the spectrum, and the micrometric determinations of
relative line distances were mostly made by observers, whom we would today
call ‘scientists’.! They were often wealthy, highly motivated amateurs like Joseph
Lockyer, whom we associate with these maps today. I say ‘mostly’, since there
were limits, some of them physiological. Gustav Kirchhoff, for instance,
confessed in a footnote to his ‘Examinations’ that the first installment of his map
of the spectrum was not complete, “as the remainder requires a revision, which I
am unfortunately unable to undertake, owing to my eyes being weakened by the
continual observations which the subject rendered necessary”.>

I am not certain what he meant by ‘revision’, whether he was referring to new
observations or just to recalculation and rescaling of his observations in
preparation for the drawing. Either way, the second part of his map
acknowledges observations by Karl Hofmann (1839-1891), one of Kirchhoff’s
students.® Hofmann also signed Kirchhoff’s map with ‘del.’ (delineavit), which
signifies that he actually drew the figure that was printed. While Hofmann had
majored in mineralogy and later became a noted geologist in Hungary,
Angstrém’s assistant Robert Thalén (1827-1905) remained in the field. He was
not only the coauthor of some of Angstrém’s maps, starting with the
continuation of Kirchhoff’s (p.141) map into the violet published in 1865, but
later published independently as well. Several other examples of such
collaborations between unequal partners also spring to mind, such as the one
between Sir William and Lady Huggins and between this gentleman scientist
and the chemist William A. Miller. Especially in the Kirchhoff/Hofmann case,
where the collaborator has sunk into total oblivion, we are not far removed from
Stephen Shapin’s ‘invisible technician’ for the earliest prototypes of air pumps,
whose operation certainly could not have been assured solely by a single heroic
experimentalist.®

But in our case, even more people are involved. With the observations already in
hand, the research results must first be sketched and then engraved. As we have
already seen with the example of Cornu, the first drawing of the spectral map
was frequently done by the observer himself, although sometimes this task was
delegated to an assistant: Angstrém’s famous map bears Robert Thalén’s
signature in the lower left-hand corner even though it was not a co-authored
publication (unlike their later map of 1875 of the band spectra of metalloids).5
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The next stage in mapping the spectrum, however, the actual engraving of the
map on a copper plate or drawing it on stone, was usually not done by the
observer, as only very few among them were skilled in this manual art.” The
preparation of the plate was done by a professional copper engraver or
lithographic draughtsman, and in many cases the printing process involved yet
another person or institution, although for low runs the same lithographer could
be engaged for this.? Far from seeing themselves as mere executors, at the end
of the production line, engravers and lithographers considered themselves
interpreters, translators of the scientists’ sketches and drawings into printable

material for the ensuing reproduction process.?

As Alex Soojung-Kim Pang has shown in his study on Victorian representations of
the solar corona, “engravers had to be monitored and corrected, especially when
working at one or more removes from original pictures, but the engraver’s skills
had to be allowed to operate if copying was to be successful.”!? The same
applies to representations of spectra. The commissioned engraver or
lithographer virtually never observed the object directly and (p.142) thus had
to rely fully on the sketches, drawings, and accompanying lists, tables, and other
notes provided by the spectroscopist. Obviously, friction at this interface in the
traditional division of labor was inevitable, and complaints from both sides
abound (see here p. 227, for instance). This friction was the main source of a
scientist’s distrust in ‘translations’ of such drawings and depictions into
engravings and lithographs. Despite repeated efforts by the experts to inform
their readers about the various drawing techniques, along with their associated
strengths and weaknesses in the final print,!! knowledge about these “essentials
of illustrations” was not as widespread among professional scientists as one
would have liked. This is set against the all-too-frequent circumstance that the
draughtsmen had never laid eyes on the object of study. Compounding this
ignorance was their tendency to fall back on the conventions and customs they
had acquired during their training—as one contemporary put it: their “hand
lapses voluntarily and unavoidably into accustomed modes of action.”!? The
historian of photography Larry Schaaf recently gave the nice example of the
Dragon Tree of Oratava. A pencil sketch by M. Ozone from an expedition to
Tenerife is compared with an illustration in Alexander von Humboldt’s Atlas
Pittoresque (1810), with later reprints of it (1832) that make the tree resemble
the Central European elm, and finally with photographs by Charles Piazzi Smyth
(1858). The latter sarcastically noted:
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On comparing this [pencil] drawing with my Teneriffe photographs, the
editors of the MacGillivray edition [1832] must surely have assumed that I
had put up the camera before an altogether erroneous tree. [...] It is
instructive, as connected with the language of drawing, to trace the
gradual growth of error and conventionality as man copies from man.
Errors are always copied, and magnified as they go; seldom are
excellences reproduced. After a few removes, the alleged portrait of nature

is only a caricature of the idiosyncrasies of the first artist.!3

Throughout the nineteenth century, independent lithographers and lithographic
printing agencies (Lithographische Anstalten) competed for customers in a quite
large market, with the trend moving away from the family or small-scale
enterprise towards bigger commercial firms.!4 Institutions that needed large
numbers of illustrations on a regular basis for their publications often hired their
own engraver or lithographer on a full-time basis or else maintained stable
business relations with outside contractors. Their printing context in eighteenth-
century France has already been looked at: The business relations between
engravers and the Académie Royale de Peinture et de Sculpture is described
quite well in Francois Courboin’s study, which was awarded the Prix Bordin by
the Académie des (p.143) Beaux-Arts for 1914. But nothing similar has yet
been done for their scientific sister institutions.!® The Parisian Académie des
Sciences, for instance, was also a regular patron of a variety of artisans; yet in
this case often the only documentation of them is an inconspicuous signature on
a plate in the Mémoires or another publication partially funded by France’s
central institution of science.!® Any personal dossiers on these craftsmen were
not considered worth keeping for posterity, and the internal records of the
institution’s financial and administrative committees contain only scant
information about pecuniary compensation for individual plates, apparently
limited to cases beyond the normal course of business.!” Thus, even though the
high repute of the Academy’s publications rested to no small degree on the skill
of their engravers and lithographers, these professionals remained in obscurity.
Being specialists in scientific illustration, their names are not even listed in the
many reference dictionaries of engravers and printers compiled by historians of
art and art collectors.!® For unlike their colleagues from the fine arts, they were
classified as ‘artisans’, not ‘artists’.
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Let us take a closer look at a specific case. The Paris Académie des Sciences
engaged a certain Monsieur Dulos as one of their engravers around 1850 and he
remained in their employ until his death. Yet there are few institutional traces
left of him apart from a few vague mentions in the Academy’s administrative
files.19 According to the Didot-Bottin, the Parisian city almanach, Dulos’s address
in the 1860s was “Rue des Mathurins-St.-Jacques, no. 11.” A Paris map of 1867
indicates that this road is now called rue du Sommerard (in today’s 5th
‘arrondissement’ or municipal district) quite close to the College de France in
St.-Germain—at that time the 15th arrondissement). By 1870, he had moved to
nearby “Rue de Seine, no. 34” in the same district (in today’s 6th
arrondissement), very close to the Académie des Sciences on Quai de Conti.2?
Strangely enough, none of these city address entries divulged this expert’s given
names, not even publications about his path-breaking innovations in printing
technique (see below) were forthcoming in this regard. So I had to hunt them
down in the Parisian marriage registry. Between 1795 and 1862, only one male
person surnamed ‘Dulos’ was married in Paris, namely Pierre Edel[e]stand
Stanislas Dulos, son of Jean Dulos, who married Lucie Legrand in the Catholic
church of St. Sulpice (in the neighboring 6th district) on 26 January 1850. The
groom’s address was 15, rue Pavée St.-André-des-Arts (which was a small and
narrow street in the old 1lth arrondissement on (p.144) the left bank). Further
hunting in the Parisian death registry revealed that he was born on 1 June 1820
in Dax, Landes, and died on 15 April 1874 in his apartment in Paris.?! He died a
widower, leaving two children: Jenny Louise, born in 1852 and married to the
civil engineer Pierre-Valéri Dalbouze; and Pierre Emile, born in 1857 and thus
still a minor at his father’s death so that he was placed under the guardianship
of his older sister and her husband.?? Dulos’s middle name ‘Edelestand’ hints at
a Jewish background, although the church where he was married, the second
biggest in Paris, suggests that he was fully assimilated and a baptized Roman
Catholic. Furthermore, the surname indicates eastern European origins: Dulos is
a fairly common name among Czechs. Its rarity in France meant that, unlike
many of his fellow tradesmen, our engraver could afford to dispense altogether
with his initials. Pierre Dulos had at least one sibling, an elder brother Pascal
(born 1818). Both brothers received the same professional training in the
industrial arts at the local Ecole Nationale des Arts et Metiérs in Angers,
Département des Landes. Pascal Dulos was matriculated there between 1834-
37, and a detailed listing of his grades still exists. For Pierre, who entered the
same college one year later in 1835 and graduated in 1838, the same document
is unfortunately missing, but we can assume that, like his brother, Pierre too
received instruction in the applied crafts as well as in mathematics, mechanics,
physics and chemistry, technical and architectural drawing, calligraphy, and
some courses in French and English.?3
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The assumption that this Pierre Dulos is our man is further corraborated by an
inventory of his estate taken six days after his death at his home in St. Germain
des Pres.?* Aside from a set of the Mémoires de I' Académie des Sciences, the
deceased also owned copies of Cosmos, Annales de Chimie et Physique, Bulletin
de la Société de Photographie, Société des Anciens Eléves des Ecoles Nationales
d'Arts et Métiers, and various other books on chemistry, mineralogy, physics,
electricity, and mechanics. Many if not all of these c. 150 books were presumably
illustrated with engravings by his own hand.?®> Among his clients (listed by name
in one of his accounting journals) we find the physicists Fizeau and Pouillet, the
chemist and gerontologist Michel Eugene Chevreul, and the mining engineer
and mineralogist Désiré Pierre Baudin.

(p.145) According to the legally certified inventory of Dulos’s property and
estate, drawn up on 21 April 1874, his furniture and household effects were
valued at 12 956.50 francs. Bills for finished engravings totaling 1862.20 francs
were still outstanding. Additionally, the notary priced Dulos’s finished or almost
finished engravings and other prints at 12 673.31 francs, quite a substantial sum
at the time, being about ten times the annual salary of a low-level employee.2%
Interestingly, two years before his death, Dulos had taken out a loan in the
amount of 30 000 francs in order to start work on engravings commissioned out
to him by the Ministry of Public Works (see below p. 169). This sum was most
likely at least twice Dulos’s yearly income and more than the annual salary at 25
000 francs that the star engraver Alphonse Legros earned as professor at

University College, London.2”

This little excursion into the social history of an engraver and lithographer
reveals that despite enjoying a good reputation for his engravings in
spectroscopy and related scientific topics, Dulos did not work exclusively on
scientific illustrations. His reputation was based on an innovation in printing
technique. Dulos developed a refined process based on the properties of
capillarity for transforming drawings or lithographs into line engravings
(gravures en taille douce). A drawing with lithographic ink, for example, is
traced onto a silver surface, usually a silver-coated copper plate. Then a layer of
iron is electrolytically deposited on top and the ink is washed off with turpentine
or benzine to expose the silver along the traces. A film of liquid mercury is
subsequently spread onto the printing face, which is attracted to the silver and
collects in the slight depressions, where it beads to form convex protrusions.
Thus a relief is obtained. Once the excess mercury has been removed with a fine
brush, it is possible to print from this plate using a plaster or wax cast. Copper
galvanization of this cast fixes the contours originally delineated by the mercury,
to yield a resistent matrix for intaglio engraving (gravure en creux). By
experimenting further with this technique, Dulos found that the cliché metal
could be replaced with a more practical fusible alloy of “métal Darcet”?® and
only a small part of the highly toxic mercury, or alternatively with a copper
amalgam.
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Relying on the property of silver to attract mercury more easily than copper and
to attach itself more firmly there, Dulos adapted his technique to tackle bolder
outlines, such as those made with a blunt lithographic crayon: After the crayon
drawing on a copper plate is complete, the plate is silvered and the drawing
removed to leave the copper exposed only along the lines. The plate is then
dipped into a mercury sulphate solution, and the sulphuric acid in the sulphate
combines with the copper to form copper sulphate, leaving the mercury to bond
with the silver plating. After some minutes of reaction, the mercury’s passage
away from the exposed copper areas toward the silver preserves the lateral
walls of the cavities created by this process.2? Sample plates produced by this
procédé Dulos show how exquisitely Dulos’s technique handled various shades of
darkness, so perfectly, indeed, that plates with certain gravures en relief, printed
by Dulos’s techniques, were not (p.146) infrequently mistaken for line
engravings, even by the local experts.3? It also came in handy for the most
difficult jobs, such as for the French translation of Kirchhoff’s paper on the solar
spectrum in 1863/64.3! Unlike the English translation, the French version did
not have the original chromolithographed plates available (cf. here Fig. 4.10). So
with its ability to reproduce fine gradations of line intensity, the ‘procédé Dulos’
was just the right technique to use for black-and-white reproduction of the
exquisitely colored originals (see Fig. 5.1).

e
[o——

Fig. 5.1 Section of a reprint of
Kirchhoff’s 1861/62 plates of the solar
spectrum around Fraunhofer line G.
Printed by the ‘procédé Dulos'. No cross-
hatching or screening was used to
produce the many different shades of
gray. From the Annales de Chimie et de
Physique, 4th ser. 1 (1864), pl. III.
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Dulos’s capilligraphie, as his technique de gravure chimique was also called,3?
definitely profited from the unusually close link between this ‘graveur de
I'Académie des Sciences’ and the science of his day. Capillarity was a big topic in
France dating back to Laplace’s interest, along with electrochemical techniques
such as electroplating. The procédé Dulos brought fame to its inventor, who held
the title of ‘Ancien Eléve des Arts et Métiers’ besides that of ‘chevalier de la
Légion d'Honneur’, most likely for his longstanding employment as cartographer
for the French War Ministry.33 The estate listings of (p.147) unfinished
copperplates for regional maps of France reveal more than their monetary value.
These estimates varied according to the state of completion of the plates. One
bearing the black contour lines was priced at c. 100 francs. If those for the blue,
red, and yellow impressions were also ready, the estimates rose accordingly. The

maximum value of a virtually finished map was 700 francs.3*

Ernest Jules Pérot3° continued Dulos’s cartographic work on the French seaports
around 1874, while Charles Désiré Antoine Legros assumed some of his other
scientific illustration work into the next decade.3® The latter, a son of a ‘maitre
de construction’ was born in 1843 about 200 km south of Paris in Nevers. He
received a thorough training in calligraphy and orthography, drawing,
mathematics, and practical skills in the ‘atelier d'ajustage’ or workshop at the
Ecole Nationale d'Arts et Métiers in Aix-en-Provence, where he was enrolled in
1859. Graduating in 1862, he was ranked 28th in a class that had shrunk from
101 at the beginning of the school year to 79.37 He first started work as an
independent draughtsman (‘dessinateur’) in Lyon.3® When Pierre Dulos died, the
transition was evidently a smooth one, since Dulos and Legros had already
collaborated together on one of their finest spectrum plates: the first plate of
Cornu’s near-ultraviolet spectra, which appeared in 1874. It was based on
Cornu’s data, tables, photographs, and possibly also a final drawing. The fact
that the joint signatures on this superb copperplate do not appear in
alphabetical order signifies a somewhat greater share of Legros in this effort
(possibly owing to Dulos’s failing health, who died in April of that year).3% A few
other names crop up besides Dulos and (p.148) Legros in the administrative
records of the Académie des Sciences, but it was Dulos who had the lion’s share

of its illustration work between 1852 and 1874.40
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Like Dulos, Legros also had links to architecture: both were always listed in the
professional directory under the subcategory of ‘graveur en architecture’,
among only some 20 other names. For comparison, the category ‘graveurs sur
métaux’ lists about 500 names and ‘graveurs sur acier et en taille-douce’ has
145. Thus in the 1880s, Legros was responsible for engraving various other
spectrum maps, including the second part of Cornu’s near-ultraviolet spectrum
which appeared in 1880 and those that Henri Becquerel obtained in the infrared
by means of phosphorescence.*! Engravers like Dulos, Legros, and Pérot had
carved out a very specialized niche in the huge printing market: Pérot, for
instance, was listed under three separate categories in the 1875 Didot-Bottin:
‘sur acier et en taille-douce’, ‘sur bois’, and ‘en architecture’, and generally
described his expertise as “pour les sciences, les arts et 'industrie”. But because
of the technical and scientific nature of most of their illustrations, neither Legros
nor Pérot are listed in any of the many dictionaries and reference works on
nineteenth-century lithographers. So it was considerably more difficult to
identify them at all.

In Britain, the printing agency West Newman & Co. made most of the engravings
for the London Philosophical Transactions of the Royal Society during the 1880s,
succeeding the companies of W.H. Wesley and W. West & Co. lith., who had
performed this task in the preceding decade. The central figure in both
organizations was William Henry Wesley (1841-1922), one of London’s best-
known scientific engravers. Wesley, who was also scientific bookseller, publisher,
and sales agent for the Smithsonian Institution, the United States Government
Departments, and various scientists, who distributed their privately produced
atlases via his publishing house, advanced to the position of Assistant Secretary
of the Royal Astronomical Society and held this position from 1875 until his
death in 1922.42 Between approximately 1800 and 1864, the same prestigious
commission had been firmly in the hands the Basire family, for four
generations..43

Competition among printers was fierce and the choice bewildering. The various
editions of the Berliner Adressbuch are a good indicator of the makeup of the
market in Germany. Its 1836 edition, the first to include professional categories
in addition to the alphabetical address listings, names about 70 independent
engravers and 38 independent lithographers, (p.149) in addition to half as
many lithographic and copperplate printing agencies (cf. Table 5.1). The number
of listed artisans and presses increased during the following decades, with the
peak for copperplate experts around 1860, and for lithographers, between 1875
and 1890 (depending on whether one focuses on the agencies or independent
professionals). The nascent field of photography was another factor in the
market of illustration reproduction. Photographers first appeared in the Berlin
directory during the early 1850s, and their numbers rose quickly, overtaking
engravers around 1865.
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Tab. 5.1 Statistics on Berlin lithographers, copper engravers, and photographers according to the Berliner
Adressbuch, 1836-1905. The dash signifies the absence of that category in the relevant year.
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The distribution is similar but the totals are considerably higher in France.
Parisian ‘graveurs’ fill 20 columns of the Didot-Bottin of 1860, each containing
about 50 entries, and the 1888 edition carries 28 columns of about 40 listings
each. Both these Parisian directories also identify roughly 100 lithographers in 8
1/2 columns and fill 11 1/3 with photographers, respectively. From a handbook
on Victorian book illustration, we may infer that in London alone there were 367
registered printers in 1852; 1086 in 1876; and 1511 in 1900.4* The following
table (5.2) indicates that the number of Londoner lithographers rose sharply in
the early 1860s and reached a plateau of some 400 in the mid-1870s. Thereafter
it continued to inch upwards to its peak level of 474 in 1893, followed by a
gradual decline due to the entry of techniques of photomechanical reproduction.
The jump in the number of persons working in the printing trade between 1862
and 1876 is mainly explained by the lithographer figures during this period.
Based on British census statistics and studies by social historians we know that
about half of the artists, dealers, and engravers lived in that English metropolis
in the early nineteenth century. In 1871, no less than 46% of all printers
registered in the census for England and Wales were resident in London; by
1891, their percentage had fallen to 40%, but because of the general expansion
their total number (including letter press printing, of course), had risen from 23
000 to 40 000 during these twenty years. In the heavily centralized countries of
France and Austria, this proportion may be even higher. Germany and the US
probably had somewhat less dramatic concentrations.*®> Nonetheless, in his
comparative survey of photolithographic establishments in (p.150) Central
Europe, Lieutenant James Waterhouse (1842-1922) reported: “there are several
exceedingly clever photo-lithographers in Berlin and I found more established

there than in any other city I visited.”46
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Tab. 5.2 Statistical survey of various printers and engravers in London between 1852 and 1900 (the figure in
parentheses actually relates to 1872). From Wakeman [1973] p. 15.
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lithographer 123 156
S

photolithogr (5)
aphers

collotype
printers

Photoengra
vers

Photozincog
raphers

Totals 178 225

1876

126

398

14

540

1880
90

425

22

545

1885

83

420

29

13

545

1889
75

449

35

36

595

1893

73

474

67

619

1896
68

453

33

89

656

1900
66

429

29

14

94

636

Page 13 of 59



The Material Culture of Printing

Despite their considerable numbers, practicing lithographers—in contrast to
woodcut and copperplate engravers of the eighteenth century—did not enjoy the
privileges of a guilded craft.#” This explains the so much lower average wage of
lithographers against that of their guild-protected competition. But between
1786 and 1855 even engravers (as opposed to etchers and artists) were not
admitted into the Royal Academy of Arts. They were perceived as “mere
copyists, lacking originality and thus excluded from the highest honors”.48 To
counter this common misconception of lithography, manuals like Charles
Hullmandel’s went out of their way to emphasize the necessity for a good
aesthetic sense and artistic skill in the manufacture of a print:

a lithographic printer [...] may be compared to an artist who is giving the
last finishing touch to an Indian ink or sepia drawing; like the painter, the
printer must study the effect of his drawings, and distribute his ink
accordingly. If the light and delicate parts have taken too much ink, he
must barely touch them with his roller, while the darker parts must be
passed over several times.%?

When Kirchhoff submitted his map to the Prussian Academy of Sciences in 1861,
there was, nominally speaking, quite an ample choice of lithographers and
engravers. In practice, (p.151) though, many lithographers concentrated on
their own specialties. Nor did it escape the notice of their clients that
lithographers “vary greatly in their capabilities”, and the best among them were
in as high demand as any top-class engraver.°? The lithographer chosen for the
first imprint of Kirchhoff’s maps of 1861/1862, C. Laue, first appears in the
Berliner Adressbuch for 1866 at the address Alte Jakobsstrasse no. 1. Between
1871 and 1885, he resided at Oranienstrasse no. 145 in Berlin (in the municipal
district of Kreuzberg), around 1890 on the nearby Brandenburgerstr. at no. 25,
and around 1895 at Prinzenstr. no. 23, a parallel street leading up to
Moritzplatz.51
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When looking for an engraver for his map of the solar spectrum in 1881, the
observer at the Potsdam Astrophysical Observatory, Gustav Miiller did not pick
at random either. He chose Wilhelm Friedrich August Grohmann (1835-1918),
who was already quite well known as a scientific illustrator for the Imperial
Office of Public Health (kaiserliches Gesundheitsamt) in Berlin, for instance. In
the early 1860s, Grohmann had lived at Se-bastianstr. no. 13—not far from C.
Laue’s first address. In 1865, he moved to Dragonerstr. no. 43, three blocks
north of Alexanderplatz, in 1872 further north to Wortherstr. 8, and in 1884 to
Linienstr. 110 where he remained until his name vanished from the directory a
year after his death in 1918.%2 The relatively prominent medical illustrator
Albert Schiitze resided at Zimmerstr. no. 21, and is listed in the Berlin directory
with the gloss “lithographisch-naturhistorisches Atelier” but later seems to have
cooperated with a larger (chromo)lithographic institute.?3 Shortly before his
death, he had advanced to co-ownership of a publishing house that specialized in
printing and distributing brochures, located at Jostystr. 10. His private address
was Breslauer Str. 33 in an artisanal neighborhood of central Berlin.>* With one
exception, the professional directory lists third-floor apartments for Laue and
Grohmann—obviously not the bel étage. In the proverbial dinginess of Berlin
tenament housing, the lighting was generally better on the upper floors.>> Both
competed for commissions as independent professionals against the many
agencies, or Lithographische Anstalten. By 1872, in Berlin alone, there were 200
independent lithographers listed, along with 192 lithographic printing agencies
and five shops specializing in (p.152) lithographic prints.’® Contemporary
statistics for 1875 give us a better picture of the percentages of large and small
enterprises in the relatively new trade of photography, and the more traditional
businesses of engravers, draughtsmen, and sculptors: As Table 5.3 shows, a total
of 372 people working in photographic establishments was still a minority
against the grand total of 2214 staff members in “artisanal enterprises for
commercial purposes”. Not more than approximately 7 % of the commercial
establishments in either sector had more than five employees. Only 30
photographers, and about 123 other artisans were female; thus women
comprised roughly 8 % and 5.5 % of these two fields, respectively, with an even
lower representation at the managerial level.>” By 1895 the total number of
photographic establishments in the German Reich has risen to 3086 small firms
(one or two persons), 1316 medium size, and 87 large establishments (with 11 to
100 employees).?8
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Tab. 5.3 Statistics on photographic agencies and the workshops of sculptors, engravers, and draughtsmen in Berlin.
Managerial staff, employees and, finally, amanuenses, apprentices, and laborers, are categorized by gender, with their
respective totals. The reference date is 1 December 1875. From Veroffentlichungen des Statistischen Bureaus der

Stadt Berlin 1876, vol. LXXI, pp. 105-8. For similar statistics on Munich, also referring to the date of the business
census of 1 December 1875, see Ranke [1977], p. 110.

Type of Staff size  No. of Managers Employees Other Total
enterprise enterprises

m f m f m f m f
photograp =5 7 11 0 11 0 60 15 82 15
hic <5 141 153 4 - - 107 11 260 15
agencies
artisal =5 47 50 1 21 1 598 51 669 53

workshops <5 747 745 27 - - 707 13 1452 40
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Thanks to Prussian pedantry, we can check the social setting of all these
professionals by consulting the street index in the Berlin Adressbuch, which lists
house-by-house the businesses on all the major streets of Berlin. Thence we
learn, for example, that all three of our print experts lived in the midst of other
artisans: C. Laue’s neighbors included a carpenter, a hatter, a physician, a
salesman, an insurance agent, two pensioners, and the owner of a dyeworks. A.
Schotze lived nextdoor to a book dealer, four salesmen, a plumber, a turner, a
shoemaker, a bookkeeper, and an actress. W. Grohmann initially shared the same
building with a carpenter, a shoemaker, a tailor, a former wheelwright, an ex-
captain, a policeman, a salesman, a cathedral chorister, another retiree, and a
widow. Between 1872 and 1883 he resided near two tailors, a metal turner, a
milkman, a butcher, a nuncio, and a designer, moving upwards socially when he
entered a neighborhood of real estate agents, managers, owners of grain and
wine businesses, and schoolmasters in 1884.°?

(p.153) Grohmann’s case is particularly interesting because it was possible to
find out a bit more about his professional career. This son of a university
employee had received his training as an engraver and draughtsman at the
Royal Academy of Arts in Berlin; he entered the Academy’s preparatory classes
(Vorschule) in 1850 and graduated in 1856. In later years, he regularly provided
engravings for its annual exhibitions.®? Both in engraving and etching, he seems
to have favored the roulette technique. In 1882/83 he prepared a large number
of color drawings for the first publication of the public health office in Berlin, at
the instigation of its director, the Privy Councillor and pioneer bacteriologist
Robert Koch (1843-1910).%! When the position of head librarian at the Berlin
Royal Academy of Arts became vacant in 1883, the historical painter and
director of this institution, Anton Alexander von Werner (1843-1915), arranged
to have his close friend Grohmann fill the position, at first as an interim solution
but later with a fixed appointment. Thus, in 1883 Grohmann returned to his alma
mater of thirty years.%2 Considering that he did not have any professional
training in library science, his service as honorary librarian for the Association
of Berlin Artists probably helped further his candidacy at the Kunstakademie.53
A year after this promotion, the directory listing of our engraver, known in
particular for his works using the roulette technique and for medical book
illustration, indicated the new address. Linienstr. no. 110 (third floor) and the
modified professional designation: “Kupferst[echer] u. Zeichner, Bibliothekar der
kgl. Akad. d. Konste’, which is the way it remained until 1918. According to a
short obituary by the art historian Willy Kurth (1881-1963), who gave a vivid
description of this odd character, Grohmann, a widower since 1886 (he had
married Luise Hary from Stettin), bore a striking resemblance to types featured
in paintings by Johann Peter Hasenclever (1810-1853):
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With Wilhelm Grohmann, whom many of his friends accompanied to his
final resting place this Wednesday, traditional Berlin has lost one of its last
originals. Born in Berlin in 1835, he became a copper engraver during the
grand decades when reproduction engravings were still so celebrated,
without it carrying him along to its heights. Only as librarian of the
Academic institution [was he] able to shine as the marvelous original with
whom younger generations might get a taste of post-revolutionary Berlin.
He managed his office with all the virtues only he who considers a library a
fine collection to be admired, not read, can cherish. He would call out
scoffingly to the younger scholars: “Do you really want to read that book,
well then, take it, there are pictures (p.134) in it too”. This banter may
well have hit the mark. He had no need for reading. Two generations he
had seen go by, a friend of Menzel and of Skarbina. And when dictionaries
[...] failed; one could rest assured of obtaining information from him about
any Berlin artist—but it was a hard climb to his apartment.54

In acknowledgment of his “many years of loyal service” in managing the library,
Grohmann was awarded the Royal Crown Medal 4th class in 1902, and the Royal
Prussian Red Eagle Medal 4th class in 1909, both Prussian decorations usually
awarded to civil servants and military men.%® Grohmann'’s career exemplifies the
considerable social advancement open to print experts within their own
educational institutions or through connections made during this formative
period of their life. The engraver Pierre Dulos in Paris exhibits similar career
traits, and the previously mentioned Aimé Henry was likewise promoted to a
position as librarian, in his case at the German Academy of Scientists

Leopoldina.®6

It is remarkable that Kirchhoff submitted his spectral map to the Berlin Academy
and not to the local Academy in Heidelberg, even though his Worttemberg
colleagues certainly would have done anything to accommodate their local hero.
Was he merely attempting to express his thanks in this way for having been
elected corresponding member of the Prussian Academy of Sciences in June
1861?67 Or was he making use of this opportunity to gain access to the superior
lithographers at the Prussian capital and to pass the considerable engraving and
printing expenses on to the generously funded Academy? (Cf. here § 5.4 and the
quote about Berlin lithographers on p. 150.) And why was a different printing
agency, the Lith. Anstalt F[erdinand]. Barm in Berlin, chosen for the first
reprinting of Kirchhoff’s map in book form?68 The paper and print quality®®
clearly indicate that the remake is far inferior to the original—C. Laue’s work
marks one of the high points in lithographic printing of nineteenth-century
spectrum maps. Were independent lithographers unable to cope with the higher
runs needed for commercial impressions?
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In any event, the attractive pull of large urban centers was by no means less
powerful than it is now. His Heidelberg colleague and collaborator Robert W.
Bunsen chose lithographers far away from that southern German university
town, namely, the Lithographische Anstalt of E.A. Funke in Leipzig and the
Topographisch-literarisch-artistische Anstalt of L.C. Zamarski & C. Dittmarsch in
Vienna,’? respectively, for the engraving of his famous (p.155) maps of
terrestrial spectra, which soon became icons of spectroanalysis.’! Similarly,
spec-troscopists at the Observatoire de Nice chose the established publishing
house Gauthier-Villars which openly advertised its close connection to the Ecole
Polytechnique and the Bureau des Longitudes, two world-renowned institutions
of precision measurement.’? After some unsuccessful trials with photographic
techniques, they turned to the lithographer C. Legros, who had done a beautiful
job with maps of the ultraviolet region of the solar spectrum for Cornu in 1874
and 1880.73 A Swedish instance of the attraction of big cities is Angstréom’s and
Thalén’s choice of Stockholm over Uppsala for the printing of their maps; their
case is discussed in § 5.3. But beforehand, I would like to discuss the changes in
the trade elicited by the rise of photomechanical printing techniques in the
1870s.

5.2 Photomechanical printing techniques
The aspiration to circumvent lithographic draughtsmen, engravers, or other

fallible intermediaries between the observer’s original representational device
and the final print harks back to the very beginnings of photography (see here §
6.1). Yet the earliest photographs were not suitable for journal and book
illustrations with higher runs. As Table 5.4 shows, between 1852 and the 1880s,
some 10 different techniques were developed, a few of which managed to enter
the rapidly expanding market, while others never quite made it past the
experimental stage.’# In the following, I comment particularly on the techniques
that were used in the reproduction of photographic spectra, in the order of their
chronological introduction into the production process.”® Thereby I consciously
bracket out the photographic processes used in generating the pictures in the
first place, which is legitimate, I think, because the focus here is on printing
technologies in their economic context. The interesting and complex science
behind photographic techniques as such, and their impact on the research in
spectroscopy, is postponed to the next chapter.

(p.156)

Tab. 5.4 Survey of photomechanical printing techniques in the
order of their invention (for refs. see note 75).
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Trade name

photoglyphic print

photogalvanography
(heliotypography)

photolithography

photozincography

photoglyphic
engraving

carbon print

autotype

collotype
(photogelatine
process)

Inventor

Talbot

Pretsch

Poitevin

H. James

Talbot

Pouncy

Poitevin
Window

Year

1852

1854

1855

1855

1858

1858

1860s

1859/1869

Essentials of the procedure

Light-sensitive bichromated
gelatine first exposed through
silk screen, then to sunlight
through photographic positive

Bichromated gelatine relief
coated with graphite and then
electrotyped to create copper-
plated block

Mixture of gelatine, albumen,
gum arabic, and potassium
bichromate is transformed by
light into a relief, then inked,
and this image is transferred
onto stone

Mixture of gelatine and
bichromate of potash is
exposed to light through
photograph, the inked relief
soaked in warm water, and
then transferred onto zinc
plate

Etched copperplate coated
with gelatino-bichromate
relief and melted resin
dusting

Carbon-based asphaltum ink
hardens on paper upon
exposure; turpentine removes
soft residue

Nongeneric term used by the
Autotype Co. to signify both
collotype and Albertype in the
1870s

Tanning of photosensitive
surface hardened by exposure
through negative which then
absorbs greasy ink in
proportion to exposure
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Trade name Inventor Year Essentials of the procedure

carbon transfer print Swan 1864 Sandwiching of two layers
(collodion and bichromated
gelatine) stripped from its
glass support after exposure;
relief image allows
continuous-tone development
in copperplate press

Woodburytype Woodbury 1866 Gelatine relief is cast in soft
lead then colored with
pigmented gelatine ink

Albertype Albert 1869 Collotype replacing
lithographic stone with glass
plate coated with bichromated
gelatine film

heliotype Edwards 1871 Albertype with detachable
thin gelatine film to substitute
thick glass plate

platinotype Willis 1873 Handprinted image is formed
from photosensitive metal
grain within the paper fiber

photogravure Kli¢ 1879 Application of aquatint base

(heliogravure) to photoglyphic engraving for
costly high-quality intaglio
engravings

halftone Kli¢ et al. 1890s Photogravure using halftone
screen

These photomechanical processes may be categorized in different ways. One
way is to sort them according to the traditional taxonomy of prints: relief,
intaglio, planographic, and serigraphic. Thus all varieties of photoengraving are
examples of the relief process, since the prints are taken off raised surfaces on a
metal plate after the blank areas have been etched away. Photogravure
techniques, on the other hand, are intaglio because the image is printed from
the recesses etched into the metal plate. Photolithography along with its many
variants of autotype and collotype are planographic techniques, because the
printing face is chemically treated to gain lithographic qualities. Finally, the
photographic stencil technique is serigraphic because it forces pigments
through a stencil or screen.
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(p.157) Another classification is by the various chemical processes involved.
The first might be called the bichromated gelatine group, since the
photogalvanograph, collotype, photogravure, Woodburytype, and carbon transfer
print all rely on the action of light hardening a film of gelatine containing
bichromate of potash as first used in Talbot’s photoglyphic print. A warm-water
bath then exposes a relief that is transformed into the printing block for printing
continuous tones in various ways. The more prominent techniques forming
separate groups of their own are the original carbon print and the platinotype
print. Another categorization might be based on what role light exposure plays
in the printing, whether it is applied for each individual copy or whether
exposure to light is needed only once to create the printing matrix from which a
large number of imprints can be run off by mechanical means. Strictly speaking,
only the last category falls under the definition of photomechanical printing, as
opposed to a photomanual one (such as the carbon print or the
photolithograph).”® Moreover, several of the earlier techniques may have been
polyau-tographic in allowing multiple reproductions of the originals. But for
most of the above-mentioned techniques, apart from the autotype class and
photogravure, the technically feasible runs before the printing block begins to
disintegrate from repeated subjection to pressure and friction remained
disappointingly low. Consequently the originator of the carbon transfer print, for
instance, never considered his technique a rival to the economically viable
“printing press processes” but only an alternative to the usual photographic
“silver printing” processes, which yield soft, halftone prints not subject to the
fading suffered by the silver-based photographic print. Likewise the term
‘autotype’, initially proposed by the art critic Tom Taylor to designate all types of
“reproduction of the artist’s work in monochrome without the action of another
hand or eye”, should be reserved for photographic pictures individually formed
on a gelatine film that has been acted upon by light.””
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The Scot Mungo Ponton (1801-1880) noticed a discoloring of bichromated paper
as early as 1839 but it was only a dozen years later, in 1852, that Talbot
discovered the photosensitivity of a mixture of potassium bichromate and
gelatine and was able to devise a workable technique with it, the photoglyphic
print.’® Talbot placed a transparent photographic positive onto a polished
metallic surface coated with a layer of bichromated gelatine and exposed it to
sunlight, causing the gelatine to harden in direct proportion to the incident light.
Thus the image was reproduced in inverse proportion to the transparency of the
photograph, which effectively served as a negative. The unexposed soft gelatine
parts, protected by the darker areas of the image, could be washed away to yield
a relief. This was then used as an ‘etching resist’, shielding the metallic plate
against the corrosive action of the acid in direct proportion to its thickness. The
result was that the darker areas of the photograph had thinner layers of gelatine
which allowed the acid to attack the metal more (p.158) aggressively. For large
areas of darker shades, though, the printer’s ink needed a textured foundation to
prevent smudging. To achieve this Talbot hit upon the idea of first exposing the
bichromated gelatine surface to light through a dense mesh of muslin or silk. So
Talbot’s photoglyphic printing already contained the key elements of many of
its later modifications, borrowing the basic idea of the cross-hatch in traditional
copperplate engraving and foreshadowing the later use of the halftone screen.
Then this surface was exposed through the photograph. Photolithography, for
example, emerged from Alphonse-Louis Poitevin’s (1819-1882) discovery in
1855 that mixtures of gelatine, albumen, gum arabic, and potassium bichromate
retain their ability to absorb greasy printer’s ink even after exposure to light
while remaining repellent to water-based solutions. Bichromated potash is the
key chemical ingredient for the formation of the relief by exposure to light,
which is then used for transferring an ink image onto a lithographic stone.”?
Because these stones were quite cumbersome, especially in cartographic
applications, lighter and cheaper surfaces like specially prepared zinc plates
were also used, but the resulting prints never produced quite as delicate or
sharp clean lines as lithographs off stone.8°

Another variant, called collotype, can also be traced back to Poitevin, although
this process became practical only toward the end of the following decade. The
bichromated gelatine and albumen-gum mixtures shared the property of
absorbing greasy lithographic ink in an amount proportional to exposure to light
while repelling the ink on unexposed areas. This made it possible to print from
the gelatine coating directly. But Poitevin himself and a few other printers
encountered problems with the fragility of the thin gelatine film. It could
tolerate only very low runs before disintegrating or coming off the printer’s
block. Furthermore, the manual production of collotype prints was slow before
rotary lithographic processes were adopted in the 1870s. A modified form called
Albertype was then developed by the Munich court photographer Joseph Albert

(1825-1886) and patented in November 1868.81
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Bavarian patents were valid for only two years in a row, requiring regular
applications for extension. Because Albert missed a deadline, his German patent
ceased in November 1874. Edward Bierstadt’s New York-based Photo-Plate
Printing Company initially was the sole proprietor of the American patent, but in
1872 it was bought by the Albertype Printing Company in Boston.?? By 1875 it
had been acquired by the Forbes Lithograph Company (p.159) in the same
town, which retained the trademark Albertype until the turn of the century,
although closely related printing techniques were also practiced under different
trade names (such as artotype, autotype, heliotype, indotint, or phototype) by

other companies. 83

Fig. 5.2 Photograph of the interior of
Joseph Albert’s Munich Printing House
(Lichtdruck-Anstalt), Atelier Briennerstr.
38, circa 1869/70, showing various ink
rollers on lithographic stones ready for
printing on the rolling press in the center.
To the left directly against the wall we
see the stands for the thick glass plates
needed for Albertype prints, and a
storage area for more ink rollers and
various photographic chemicals, some of
which have to be stored in the light-proof
cupboard in the back. Notice how well
the workshop is illuminated by the huge
windows opening northwards. Albertype
reproduction. From Stein 11877] pl. II.
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Instead of working with a thin gelatine relief on a metal surface, Albert used a
thick glass plate coated with two layers of bichromated gelatine, the first of
which had been pre-exposed, to ensure adhesion. After exposing such a plate to
light from behind through a negative, and subsequent rinsing in cold water in
order to wash out any superfluous chro-mate salts, the glass plate with its firmly
affixed gelatine layer could then be used as a printing block, replacing the
normal lithographic stone. The fully exposed parts of the layer, corresponding to
the darkest shadows in the original, were totally water repellent and would thus
take most of the greasy lithographic ink: those areas not hit by light during the
exposure, i.e., the darkest ones on the negative, would absorb more water and
thus repel (p.160) the ink. The intermediary exposed parts absorbed the ink in
direct proportion to the degree of exposure, so Albert was able to obtain high-
quality prints with subtle halftones and without any grain. And—unlike
photographs on a silver basis—they did not fade over time. As a contemporary
printer assessed in 1872: “Some of the results produced by Herr Albert are most
beautifully soft and delicate, but the whole are wanting in strength and
robustness, and the process seems unsuited for the production of lines or

subjects where firmness and strength are required.”8*
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Because the glass plates tended to fracture during the Albertype process, the
London printer Ernest Edwards (1837-1903) developed a variant called
heliotype. In this process the gelatine’s pores are closed by means of a chrome
alum mixture, which transforms it into a “tough, tawny, insoluble substance, like
leather or parchment, capable of standing an apparently unlimited amount of
rough usage” without thereby losing its photosensitivity, provided that
bichromate of potash is admixed. A thin film of this ‘waterproofed’ gelatine was
produced by pouring it over a carefully leveled waxed surface, which allowed
easy removal once the film had dried. Formerly, it had been difficult to close the
gap between the gelatine-coated glass plate and the negative completely. These
films “of the thickness of stout paper”, on the other hand, adhered perfectly to
photographic negatives and could thus be exposed to the light without any loss
of definition. In the next step, the exposed film was brought into contact with a
metal plate (usually zinc or pewter) while immersed in water; the remaining
water pockets between the film and the metal were squeezed out by mechanical
pressure and the superfluous bichromate was washed off in warm water. Now
the plate with its attached relief film was ready for the press which, according to
Edwards, could produce runs of up to 1000 or even 1500 copies “without the
least loss of quality”.8? As the heliotype process yielded a daily rate of 100-500
impressions per printer, it was a competitive alternative to lithography,
particularly for low runs. One could save on the costs of a lithographic
draughtsman, although it would “probably not be so cheap for large numbers”.
The comparatively simple sequence of mechanical manipulations needed to
produce the printing relief prompted Edwards’s praise as “of course, infinitely
cheaper than any photographic or carbon process, or any other photomechanical
process.”86 Towards the end of the century, before the advent of the halftone
process and offset lithography, the various versions of collotype prints were most
widely used for the reproduction of photographs.8”
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Another branch in photomechanical printing utilized the electrolytic process to
galvanize the relief surface. The relief is composed of chromated glue or gelatine
chromate and is formed by the methods already discussed. The idea of first
treating the relief surface with tannin or another astringent to cause a
corrugation or crinkling of the ink-carrying surface before fixing it with a
galvanic deposit—which at the time was already a common procedure in the
electrotyping of hand-drawn engravings—was first employed by the Viennese
(p.161) printer Paul Pretsch (1808-1873) for the reproduction of
photographs.88 He had left a lifetime position at the Viennese Imperial and
Government Printing Office in 1854 to work independently in England on
developing his ideas. There he patented the process called
photogalvanography in the same year and founded his own company a year
later. Despite bad luck, economically speaking, which led to the bankruptcy of
the Photo-Galvanographic Company and to the loss of his patents, his ‘photo-
electrotypes’ held their place especially for ‘line matter’ and in map production,
which is of central interest to us.8? Pretsch’s case is noteworthy because he
established contacts with one of the leading scientific photographers of the time,
Warren De la Rue (1815-1889). In 1862 De la Rue published a brief note on
‘heliotypography’ in the Monthly Notices, which he illustrated with a plate
reproducing his photograph from 1861 of two groups of sunspots, printed—as
the caption informs us:??

“at the ordinary typographical press from an electro-copper block,
obtained from the original negative by means of light and electro-
metallurgy. Absolutely untouched by the Graver”.

A slightly enlarged detail from
this plate in Fig. 5.3 shows that
the reproduction does set off
the dark umbra in the center
from the less dark penumbra,
and the much brighter solar
surface around the spots.
However, it also shows
superimposed structures
related not to the photographed
object but to the reproduction
technique itself. De la Rue
commented:
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On observing the impression Fig. 5.3 Detail of a sunspot photograph
at a little distance from the taken by De la Rue in 1861, printed by
eye, a sort of mottling will be Pretsch’s technique of
perceived on the bright parts photogalvanography. From De la Rue
of the picture; this is a true [1862] plate verso p. 278.
representation of the sun’s

surface; on the other hand,

an examination of the picture by means of a magnifier will show a
vermicelli sort of granulation, which does not belong to the sun, but results
from the process and arises from the change which takes place in the
gelatine film passing as it were from the gelatinous or dynamic condition
to the cristalline or static condition of matter.?!

(p.162) De la Rue tried to downplay this shortfall in the new printing
technique’s rendition of the photograph, by pointing out that “the grain may be
made coarser or finer and need in no way interfere with a picture more than the
lines of a steel plate or the grain of a lithographic stone interferes with pictures
engraved on the first or drawn on the second”.%? But this plate was quite
certainly the best that could be achieved by Pretsch’s photogalvanog-raphy at
the time. Two years later, another photomechanically reproduced plate appeared
in the Monthly Notices, showing the lunar surface. Again printed by Pretsch, this
time it was done by a slightly modified technique known as photoengraving.
Whereas photogal-vanography creates a relief image from which the print is
made, here, as in typography, an intaglio process is obtained by printing “from
the recesses, as in ordinary copper-plate printing (taille-douce).”?3 The minute
mottling of the surface did not disappear, however, and new drawbacks
emerged, such as a nearly total loss of halftones. Finally, this plate exhibited
many areas (e.g., along the Moon’s rim, but also in the dark background) where
an engraver had obviously manually retouched the printing block. As another
practitioner wrote in 1872, “it was found, in practice, that so much work was
necessary to prepare the electrotype-plate for printing, that it became almost
equivalent to an entirely new engraving.”94
Pretsch’s version of photoengraving as well as Fox Talbot’s description of photo-
glyphic engraving from 1858 are early examples of efforts to find printing
processes “wedding engraving to photography".95 Talbot etched a copper plate
coated with the usual solution of gelatine and bichromate, treated chemically to
bring out the relief. It was then dusted with a thin layer of resinous powder and
heated to distribute it evenly over the gelatine surface (somewhat analogous to
the aquatint grounding in lithography). This is followed by an application of the
etching liquid, such as iron chloride, which attacks the metal plate in proportion
to the thickness of the complex coating.?%
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Talbot’s technique was particularly suitable for representations of landscapes
and architectural motifs, owing to its soft gradations of shade. However, it only
gained popularity with the improvements introduced by the Czech Karl Kli¢
(1841-1926), occasionally spellt Klietsch), which made it more reliable and
efficient and better suited for extended inked areas. Kli¢’s method of
photogravure consisted in applying an aquatint ground of powdered resin to a
copper plate coated with photographically prepared bichromated gelatine.
Microscopically examined, the etched plate thus exhibited an irregular surface
of tiny spots whose physical depth correlated with the degree of darkness in the
original. The image was then developed in warm water to set the relief, and
finally the surface was etched with iron chloride solutions of varying
concentrations, so that the various halftones of the original were translated into
layers of different depth in the printing block.?” The resulting rich (p.163)
halftones soon won it praise as “the most beautiful of all photomechanical
processes”, but until the 1890s photogravure was also the most expensive, since
the production of “one photogravure plate cost as much as the printing of a
whole edition of the same picture by one of the other reproduction processes.”%8
The competitiveness of this reproduction technique improved when, around
1890, Kli¢ introduced the rapid method of rotogravure printing from cylinders
and also implemented cross-line screens similar to those now still in use for the

production of halftone prints.%?

In the improved halftone engraving process, %0 a finely ruled cross-line

halftone screen is interposed between the photographed object and the camera.
The dots into which each picture is decomposed falls below the threshold of
vision at normal distances and can be seen only by very close or microscopic
inspection of the print. Consequently, this technique has been hailed as “the
most valuable” of all photomechanical reproduction techniques dispensing with
the traditional engraving ‘syntax’ (such as cross-hatching, stippling, etc.).1°! But
even at this sophisticated level of photomechanical reproduction, towards the
close of the nineteenth century the constraints on photoengraving had by no
means completely disappeared. According to a letter by George Ellery Hale,
editor of the Astwphysical Journal, not just any photograph submitted by authors
for publication conjointly with their papers could be printed: “The photo-
engravers always ask us to send highly finished prints, as in this case there is
practically specular reflection of the light from the surface of the print, while in
the case of dull surfaces the light is uniformly diffused and part of it enters the
copying camera. If you can send hereafter “squeegeed” prints, I shall be glad to

use them whenever possible.”102

5.3 Transfer of skills from topographic to spectrographic maps
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Angstrém and Thalén in Uppsala chose the lithographers Schlachter & Seedorff
in Stockholm for several of their spectral maps between 1865 and 1875. The
famous Angstréom map of 1868, however, bears the insigne: “Gen.stab.Lith.Inr.”
This indicates that it was engraved at the ‘Generalstabens litografiska
inrattning’ in Stockholm, the topographic mapmakers for the Swedish military.
This institution had its origin in the litografiska tryckeri, the lithographic
printing agency founded in 1827 by G.L. Dreyer. After 1833, it was upgraded
with Swedish state funds and in 1834 was converted into the state-controlled
Litografiska tryck-eriet vid Generaladjutantens for armén, and renamed in 1837
Generalstabens litografiska (p.164) inrattning. When in 1874 all official
mapping activities in Sweden were reorganized under the guidance of the
General Staff Topographical Division with its headquarters in the capital
Stockholm, the Generalstabens litografiska anstalt became Sweden’s main
lithographic printing house.1%3 So Angstrém was able to tap into the resources
of the military, whose specialists had developed lithographic skills for ‘mapping’
in a much more literal sense than our spectral plates. These draughtsmen came
from the Topographical Corps that had been set up in Sweden in 1831 as a
specialized unit within the Corps of Engineers formed in 1811.194 In the 1860s
this transfer of resources to civilians did not present the problem it would have
four decades earlier when the military kept all the processes used in engraving
and printing its 1 : 100 000 topographic map series strictly secret.!9> Whereas
this particular Swedish map series was still printed from engraved copper
plates, the British Military Depot of the Quarter-Master General’s Office were
already emersed in the rival technology of lithographic printing: between 1808
and 1825, the number of copies of maps, schedules, circulars, and miscellaneous
forms printed lithographically by a single draughtsman, four printers, and one
laborer, came to nearly 170 000.196 I don't know of any historical study on the
training of these cartographers, draughtsmen, engravers, and printers, but a
glimpse at the curricula of contemporary training schools and academies for the
graphic arts confirms my thesis that these skills came in a package that made
transferral from cartography to spectroscopy conspicuously easy. Wilhelm
Grohmann, for instance, whom we have met above as one of the Berlin
specialists for spectrum maps, had been trained at the Berlin Royal Academy of
Arts and Mechanical Sciences. Its curriculum included sketching, reproduction
of oils by drawing and painting, geometry and perspectival drawing, sculpting of
statues from Antiquity, and most significantly, projection drawing and
copperplate engraving of maps.'%7 The skills of drawing and engraving learnt at
these institutions with such exercises as topographic maps and various artisanal
motifs were easily applied to the new topic of spectra.
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(p.165) In a later period, the astrophysicist J.N. Lockyer asked his friends at
the Chatham School of Military Engineering,'%8 where Captain W. de W. Abney
had been teaching since 1869 and was Assistant Director of Science from 1877-
1899, to help him with photographic enlargement of his spectrum photographs
and reproduction of the finished maps. These friends in turn had good
connections to the headquarters of the Ordnance Survey, originally established
in the Tower of London but relocated to Southampton since the great fire of
1842.199 The local experts of the Corps of Royal Engineers were well-versed in
photography, engraving, and in particular in zincography and electrotype
processes regularly used in the production of topographic maps.!1? They were
also particularly well equipped with special apparatus normally used for
distortion-free enlargement and reproduction of topographic maps. Thus another
link between mapping the spectrum and cartography is established. In 1880
Corporals Murray and Ewing at the School of Military Engineering in
Chatham!!! did most of the photographic enlargements and the final
photographic reduction of Lockyer’s hand-drawn map, to a scale appropriate for
replication in the Philosophical Transactions of the Royal Society, in which plates
only very rarely exceeded the format of two quarto pages.

The following Fig. 5.4 shows a cartographic camera that could be moved along
rails on its massive steel support to adjust the distance between the
photographic plate at the left end of the camera and the original map to the
right on the easel. Usually installed indoors to shield the camera against the

weather, daylight was guided onto the map from above, in some cases also from
112

below with the aid of additional mirrors.

Fig. 5.4 Cartographic camera in use at
the Vienna Military-Geographic Institute.
From Volkmer [1885] fig. 1.
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(p.166) With the aid of such cartographic cameras, a master copy of the map in
question, very often a lithographed map, was duplicated much faster than was
possible by traditional methods. It had the additional advantage that
enlargements of critical sections or selections of certain relevant parts of a
bigger map could also be done with the same apparatus and the same master
copy after only a few minutes of refocusing. A new enlarged lithograph would
have taken weeks or months to prepare, depending on the size and quality
needed. As historians of cartography have pointed out, “the first applications of
repro-cameras to map reproduction was the production of photographs of maps
and not the production of photographically obtained master plates or stones
from which to print them.”!13 But the next transition towards photolithographic
reproduction of maps in large numbers was already underway, pioneered by the
Austro-Hungarian ordnance survey map comprising 715 plates printed as
heliogravures. 114
This instance of Lockyer’s map being reproduced at such an establishment
shows that the ‘spectrum mappers’ simply tapped into existing resources and
skills, and adapted them accordingly. The earliest link between spectroscopists
and cartographers that I am aware of is the friendship between Fraunhofer and
Pater Udalricus Riesch, who had been a map-maker at the Benediktbeuern
monastery in southern Germany and later became Fraunhofer’s co-worker at the
Optical Institute.11 We know of various other scientists working in spectroscopy
who had a strong interest in cartography, mineralogy, and geology, and actually
took part in geological excursions, 16 but hitherto no connection has been made
between these side activities and their spectroscopic work—or their visual style
of thinking.

Among my spectroscopists, Karl Hofmann personifies the strongest link to the
geosciences and the centuries-old tradition of mapping terrain. As a student
Hofmann assisted Kirchhoff in plotting the map of the solar spectrum. A son of a
mine owner, Hofmann had focused his studies on the geosciences from the very
beginning, not on physics or chemistry. After his Ph.D. in Heidelberg, Hofmann
accepted a professorship for mineralogy and geognosy at the Ofner Polytechnic
in 1864. Five years later he was hired as second geologist at the newly founded
Royal Hungarian Geological Institution, advancing to chief geologist in 1872,
which position he retained until his death in 1891.117 Hofmann was responsible
for the geological mapping of various regions in Greater Hungary and published
prolifically during the 1870s and 1880s. Many of his publications include folio-
size plates—several of them even chromolithographs—with topographic maps,
profiles, or drawings of mineralogical or paleological specimens. In a way,
Hofmann’s trajectory thus illustrates the feedback (p.167) to other sciences of
the visual culture of spectroscopy, in which he was trained.118
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Another compulsive map maker bridging the gap between geography and
astronomy was the Victorian astronomer and science popularizer Richard
Proctor. Proctor has recently been described as “the most widely read
astronomical author in the English-speaking world” in his time. His popular
books, bearing titles like Other Worlds than Ours (1870), included maps of
various astronomical objects. The surface of Mars was one, based on earlier
drawings by the astronomer William Dawes (1799-1868). But Proctor’s rendition
went into much greater detail, identifying continents—Ilabeled, incidentally, with
the names of famous astronomers, not statesmen—and applying the familiar
representational modes from geographic maps of the Earth, that is, drawn both
in the stereographic manner and in Mercator’s projection. Proctor argued that
his designation of various Martian regions as land, water, or ice was supported
by Huggins’s recent examinations of the spectrum of Mars. Huggins had shown
that the Martian atmosphere contained gases and vapors similar to those
present on Earth.!19 This visual rhetoric was bolstered by a three-dimensional
model. The London instrument maker John Browning, whom we had met earlier
as the supplier of the finest spectroscopes in Britain during the 1860s, built a
globe of the red planet that emulated a terrestrial globe. When it was exhibited
at a meeting of the Royal Astronomical Society in 1868, small numbers of them
were sold, along with many more, comparatively cheap stereoscopic
photographs. The results of stellar spectroscopy thus began to leave their

imprint on public perception.!2°
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The business relationship between the Astronomer Royal for Scotland, Charles
Piazzi Smyth, and the printing house W. & A.K. Johnston in Edinburgh
constitutes one more example of strong ties between spectroscopy and the
geosciences. This printing establishment, founded in 1826, not only prepared
Smyth’s many lithographic plates of solar and gaseous spectra for the Edinburgh
Philosophical Transactions, but also drew up most of the official atlases of the
Great Kingdom, such as the National Atlases of 1843, Humboldt’s Physical Atlas
of 1848, the Royal Atlas of 48 maps sized at 19.25 x 24 inch in 1861, and its
sequel the Handy Royal Atlas. All these maps were destined for the American
edition of the Encyclopcedia Britannica in 1898, and there were many more. In
fact, soon after the company’s establishment in 1826, geographic map
production had become the “main concern” of Alexander Keith Johnston (1804-
1871) who personally engraved most of the 45 maps of the National Atlas of
1843. Eventually he was elevated to the status of “Geographer at Edinburgh in
Ordinary to Her Majesty”, and the firm was appointed “Geographers to the
Queen”. His brother William Johnston (1802-1888) was appointed “Engraver and
Copperplate Printer to the Queen” in 1837.121 In quantitative terms, therefore,
the occasional spectroscopic map printed for the Edinburgh Philosophical
Transactions was only a marginal affair for this printing house. It is
inconceivable that they would not, as a matter (p.168) of course, transfer the
techniques used in their routine printing of geographical maps to this other task
as well. The same is true of Stanford’s Geographical Establishment, which were
also responsible for lithographing Capron’s map of the rainband (cf. here p.
107).

From a practical point of view such a transfer was straightforward, since both
topographic maps and spectrum maps consisted to a large extent of ‘line
matter’. The machine depicted in Fig. 5.5 had been designed for the ruling of
parallel and equidistant lines onto a lithographic stone,?2 but it could just as
well have been used for spectroscopic line patterns. Their interstices could be
precisely mapped onto the stone through adjustment of the micrometric screw
(on the right side of the figure), which sets the position of the ruling head over
the lithographic stone.
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Another way to transfer a final Fig. 5.5 Ruling machine for precision
drawing to a plate of the same drawing of parallel line patterns, as used
size was to affix the drawing in cartography. From a contemporary
firmly onto the copper plate and advertisement.

then pierce markings through

the paper for each line. We have

descriptions of this procedure for some of the older geographic maps, and at
least one such perforated manuscript seems to have survived, %3 but I have
never seen a similarly perforated spectrum drawing.

At least two of the engravers whose names are familiar from our discussion of
the printing of spectrum maps, namely P.E.S. Dulos and J. Basire, made such
maps literally alongside their geographic and topographic projects.!?4 The
Parisian engraver Dulos will exemplify this link in more detail. Aside from his
mappings of the French waterways, irrigation systems, and hydraulic plants for
the Ministere des Travaux Publics, Dulos also had running contracts with the
Commission des Ports de France concerning copperplate engravings of
topographic maps for the Atlas des Ports de France; with the French Ministry of
War for topographic maps of the French Départements; and with a London-
based (p.169) Company concerning the preparation of plates for bond
securities by the Ottoman Railway.!?° The final maps were published in the large
folio-size (A2) atlases for the Ministry of Public Works: Atlas statistique des cours
d'eau, usines et irrigations, printed in Paris by the Imprimerie Nationale in 1878;
and Atlas des Ports de France printed by the Parisian Imprimerie de Sarazin,
between 1873-1897.126 Presumably it was in acknowledgment of his
involvement in the production of topographic maps, which certainly were of
prime importance to the French military, that Dulos received the distinction of
‘Chevalier de la Légion d’Honneur’ on 30 June 1867.1%27 Dulos’s relationship with
the French Ministry of War and the harbor commission for topographic work is
as good an instance as it can get for my general argument of a close link
between cartography and spectroscopy, as far as the production of spectroscopic
atlases is concerned. This transfer was facilitated by the fact that when signing
contracts, many of these engravers, lithographers, and print experts did not
confine themselves strictly to their specialties. The Johnston brothers in
Edinburgh had their supporting leg firmly planted on topographic map making,
others like Aimé Henry in Bonn lent on natural history, while others like Dulos
readily changed their sujets with their clients. Such flexibility provided an
inventory of patterns commonly found in fields as diverse as architecture,
perspectival drawing, artisanry, commercial advertisement, cartography, etc.,
making a transfer of representational techniques—along with their visual
analogies (cf. here § 10.6)—from one domain to another considerably easier.

5.4 The economy of the printing trade
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Historians of cartography have occasionally unearthed documents allowing
inferences about the wages and average productivity of engravers and printers
of cartographic maps between the seventeenth and the nineteenth centuries.!28
A first rule of thumb is that anyone commissioning a larger topographic map,
usually the sovereign, had to expect to pay at least half as much again of what
had already been spent on the surveying in order to have it printed. Aside from
intentional secrecy surrounding many older maps, this financial aspect was one
of the main reasons why so many maps were never printed. Given the case that a
copperplate engraving was what was wanted, one had to be prepared to pay
compensation (p.170) four times the average income of an employee in the
book trade. This wage was unusually high for most other artisans and a lot of
time was needed for such a map as well. Usually a small group of engravers
worked on one or more plates simultaneously: one specialized in the captions
and lettering, others concentrated on topographic features, relief, or outlines,
yet others on ornamentation, etc. The level of productivity depended, of course,
on the complexity of each map, with averages between 15 and 150 cm? per day.
A map of a densely populated city, for instance, has a complex relief requiring
many more hachures than a marine or desert region. Even under extreme time
pressure (such as in times of war) a more complex large map could scarcely be
engraved and printed in less than two weeks, with several months being a more
likely average.!2? The relation between the price of a map and an engraver’s fee
likewise fluctuated between 1 : 60 and 1 : 435, with more expensive maps
needing higher print runs of 500 or more just to cover the engraving costs. From
a bill by an academy geographer for a map made in 1793 we can infer the
relative expenses incurred by the production of such a map around the end of
the eighteenth century.

Tab. 5.5 The various expenses connected with the production of a
geographic map in 1793. The expenses are given in Thaler (Th)
and Groschen (Gr). For comparison: the annual income of a
Prussian professor was between 1000 and 1500 Thaler, and
approximately 200 Thaler for a skilled map engraver. From Jager
[1980] p. 125.

type of work expense %
1 drawing 153 Th 11 %
2 engraving 690 Th 49 %
3 paper 114 Th 8 %
4 printing 56 Th 6 Gr 4 %
1500 copies of 6 sheets @ 35 X 25 cm
5 flattening 26 Th 6 Gr 2%

(7 Gr @ 100 sheets)
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7

type of work expense %

hand coloring 250 Th 18 %
(1500 sheets 4 Gr.)

shipping and storage 125 Th 9 %

Table 5.5 shows that the actual copper engraving constituted nearly 50% of the
total production costs. Lower print runs added to the percentage taken by the
paper. The three plates accompanying Fraunhofer’s famous paper from 1815 on
the determination of refractive indices are an example. The optician forwarded

the following bill to the Academy:130
Paper for 412 copies of copper prints and 824 copies of plain 50 fl 17
prints, as per invoice kr
printer’s wage for 412 copies of copper prints, as per invoice 12 f1 28
kr
printer’s wage for 824 copies of plain prints, as per invoice 22 fl 39
kr
Indian-ink wash [Tuschen] of 412 copies copper prints, as per 26 1147
invoice kr
112 fl
4Kkr

(p.171) This bill did not include charges for the actual engraving of the copper
plates, because Fraunhofer had done that himself. With such high engraving and

hand-painting costs, it is no wonder that new techniques were sought. As

discussed above, lithography was the first real alternative to copper etching and

engraving. Apart from the greater range of drawing techniques available to
lithography, it also enjoyed some commercial advantages:

* It took far less time to prepare the engraving (just one or two days

for a normal lithograph in contrast to five or six days for a copper

engraving).13!

* Printing was about three times faster (owing to the time-consuming
removal of surplus ink after each copper-engraved impression).132

* The stone could withstand considerably higher runs than a copper
plate. It had an average maximum of about 1000 copies,!33 whereas
“a copperplate with a moderately fine ground will furnish 150 good
impressions, and may be made to give 500, by alternately touching up
and printing by fifties.”!34 Higher runs could be achieved by
hardening the plate electrochemically by means of a galvanic process,

but this was at the expense of the finer details on the plate.!3°
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» The average wage of a lithographer was c. one fourth less than that

of an engraver.136

Because of the substantial reduction in working time and hence wages,
lithography could also be used for printing specialized material for which there
was only low demand. For instance, in the 1850s a large-scale Irish topographic
survey of many thousand sheets, for which only a few takers could be expected,
could be printed in lithographed form. According to contemporary calculations,
the sale of only 30 copies already covered the production costs. An engraved
map would certainly not have been able to make itself profitable.!3”

For the early nineteenth century we have reliable information about engraving
costs within the American, German, and British contexts. To start with the
United States: At the beginning of the nineteenth century a copper plate cost
$5.66 each, the engraving work anywhere from $50 to $80, depending on the
engraver’s reputation, and hand-coloring would add another 25 cents per
printed sheet. Nevertheless, 542 copper plates were included in the first
American edition of the Encyclopcedia Britannica, printed in Philadelphia
between 1790 and 1797.138 The substantial risk involved in such a great
investment may well be (p.172) reasonable for a general reference work, but it
was out of the question for more specialized publications, which were
consequently less generously illustrated.

One might expect that the introduction of steel plates as a substitute for copper
would cause the plate prices to fall, but this is not so. In the mid-nineteenth
century, steel of sufficient purity and homogeneity to be suitable for polishing
and engraving was quite difficult to manufacture so that, unlike today, steel
plates were actually more expensive. We have comparative costs of both types in
1861 in Scotland (cf. Table 5.6): Steel plates were about four to five times as
expensive as copper plates.!3% They were thus only feasible for very high
printing runs that a copper plate would not have managed without a substantial
loss in quality. Hence the cost of reengraving or restoring the copper plate
would be saved.

Tab. 5.6 Cost comparison (in pounds sterling, shillings, and
pence) for copper and steel plates of various sizes (in inches),
based on Scottish values in 1861.

Quantity and type Size Cost
1 doz. copper plates 5x4 13s
1 doz. copper plates 4x3 8s

2 doz. steel plates 5%x4 £3

repolishing 3 copper plates 4x5 1s, 8d
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Quantity and type Size Cost

repolishing 1 steel plate 4x5 1s, 3d

Lithographic stones, on the other hand, were cost effective from the very outset
because they just had to be broken into manageable slabs at the quarry,
transported to the printing center, and then polished on site. Their considerable
thickness of over an inch meant that they could be reused many times over
before becoming too worn to withstand the high pressures in the press.149 In the
New American Cyclopedia of 1875, the cost of lithographic plates is estimated to
be less than 1/3 of that of copperplate engraving, and it is claimed that from one
stone 10 000-12 000 impressions may be taken without loss in quality. Further
down in the same article the average run estimates are specified in more detail:

the number of perfect copies obtainable from crayon drawings upon stone
is from 500 to 1,500. Fine ink drawings furnish about 6,000, and those in
coarse lines have afforded as many as 80,000 without deterioration.
Transfers from steel and copper plates and engraved stone to plane stone
yield from 1,000 to 5,000 prints, varying with the quality of the drawing.14!
An exchange of letters between a British engraver and an astronomer
concerning the production of plates taken during a solar eclipse expedition
reveals that around 1870 the manufacture of 1000 prints from a steel-engraved
plate cost about £46: between £25 and 30 for the engraving, compared with £7
for a lithographed plate, and £10 for the actual printing run of 1000 copies. This
is compared to about 30 shillings for a small wood engraving that could be
inserted directly as an in-text illustration.'4? Anthony Dyson provides (p.173)
the most detailed documentation of the various expenses involved in nineteenth-
century engraving and printing. He based his fascinating account, Pictures to
Print, on the surviving ledgers, delivery books, day-books, wage books, and
correspondence of the London printing houses McQueens and Dixon & Ross,
copper and steel-plate printers since 1833.143 Charles Booth'’s study Life and
Labour of the People in London provides supplementary data particularly on
wages, based on the census of 1891. His statistics indicate a broad income range
between roughly 20 shillings a week (only 4 % of adult men earned incomes
lower than that) and 45s (with 18 % even higher), with the highest percentage of
printers (27 %) in the bracket between 35 and 40s a week. Unfortunately, his
statistics are averages for printers of widely different specialties and
qualifications, but those working on spectrum representations were most likely
in the two or three uppermost wage categories. This would correspond to social
living conditions with typically 1 person per room (or less), an average of more
than 4 rooms per family, 4 or more persons to a servant, and preferential living
areas spread throughout the outskirts of London, South-East London, with
Walworth being the favored district.!44
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As already discussed in considerable detail in § 5.2, the rise of photomechanical
printing techniques, in particular various types of collotypes, from about 1870
on, fundamentally changed not only the aesthetics, but also the economy of the
printing trade. Focusing on the latter, Helena E. Wright has stated that “in the
1870s and 1880s, before the development of rotary gravure printing and the
halftone screen, collotype provided the fastest and cheapest continuous-tone
reproductions for small editions. [...] Photogravure plates, although equal to
collotype in image quality, cost more to produce and did not become competitive
economically until the edition size reached several thousand”.14® This was, of
course, hardly the case for representations of spectra. Most of this efficiency
stemmed from the fact that collotype plates could be produced in an hour or so
and still be far better at rendering halftones than, say, wood engravings which
took hours if not days to carve, while copper and steel engravings took even
longer with the associated higher compensation costs in addition. The one
serious disadvantage that each plate could produce only a limited number of
impressions, between 1500 and 2000, could be circumvented by printing from
secondary negatives which also made it feasible to work with duplicate plates at

the same time to speed up the printing of higher runs.146

I discovered reliable figures for American production costs of photographic
plates from the early 1870s into the late 1880s. In 1873 the New York printer
Edward Bierstadt agreed a price of 5 cents per 9.5 x 12-inch sheet at an
estimated run of 5000 copies.!#” Over the next fifteen years, the price seems not
to have changed very much. When in 1888 Edward Charles Pickering ordered
from the Artotype Printing Company in New York 1000 copies of a plate in the
quarto format of 10 x 12 inches for the second report of the Draper memorial,
he had to pay $48 for this photomechanical reproduction of one photograph (p.
174) (that is, nearly 5 cents a copy), even though the glass plate with the stellar
spectra had been prepared at the Observatory “ready for reproduction on paper
by some of the modern processes of photographic printing”.148 Prices of the
same order of magnitude are also charged by Frederick Gutekunst in an
advertisement from the year 1881.149
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These economic factors, along with the constraints of the minimum quality
required to fulfill the purpose of a particular illustration, heavily influenced or
ultimately determined the choice between lithography and one of the many rival
printing techniques. I know of only one area in which statistics have been
compiled on the relative preferences among the various techniques, and that is
Geoffrey Wakeman'’s illustration count from 1200 art books at the Bodleian
Library for the years 1850-1900.1%0 Accordingly, woodcut and wood engraving
ranked number one until c. 1880 with nearly 30 % in the decade 1850-1860,
decreasing to roughly 25 % in the period 1871-1880; but throughout these years
it was followed by lithography as a close second. This reproduction technique
occupied c. 25 % in the 1850s and c. 15 % in the 1870s, rising to a maximum of
25 % in the period 1881-1890 only to fall back to less than 10 % in the 1890s.
Because of substantially higher costs, chromolithography always took a minor
place among reproductions, covering not more than roughly 10 % of the total
production in the 1850s, and then steadily declining to roughly 3 % in the 1880s.

According to the historian Ian Mumford, “a great deal of work remains to be
done on the trade directories of the period to establish who were the
lithographers and lithographic printers, as a basis for searching ‘author’ or other
‘name’ catalogues in map collections to see if they were responsible for any
maps at all. Lithographers considered as printers do not always get mentioned
in map catalogues, even if their name appears somewhere on the map.”1511
could not agree more: for the purpose of research on visual representations in
the history of science we need a systematic prosopographic study of the print
experts engaged in the production of maps, atlases, and other types of

illustrations appearing in the contemporary scientific literature.

Although I was able to trace a few of the lithographers, in general we lack
information about their vita and backgrounds, and in a more general sense
about the social history of their trade in the nineteenth century. Astonishingly
many of these specialists for scientific illustrations have virtually no traceable
biographical information whatsoever. It only reflects the sad current state of
research into these matters, but also the surprising neglect by archivists and
scientific institutions throughout the ages to preserve the memory of a social
group that contributed significantly to the fame and the persuasive power of
their institutions' proceedings. The Académie des Sciences in Paris is but one
example. As already mentioned previously, their archive has kept virtually
nothing on their lithographers C. Legros and Dulos, whose masterful maps of
solar and terrestrial spectra are repeatedly (p.175) admired in this monograph.
So I had to rummage through the records of the Paris City Archives and other
holdings far off the beaten track of historians of science.
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Concerning the issue of distribution of these works, we also lack studies
paralleling the marvelous research by Robert Darnton on the dissemination of
Diderot’s Encyclopédie in the eighteenth century.!®? From a variety of accidental
mentionings in the private correspondence and laboratory notebooks scrutinized
for my purposes, I can reconstruct a few print runs of some major journals:
Towards the beginning of the nineteenth century, the proceedings of the
Bavarian Academy of Sciences were also only printed in a relatively low run of
412 copies.!®3 In the mid-1860s, the Philosophical Transactions of the Royal
Society of London issued 1000 copies;'°* by 1873 the American Journal of
Science and Arts was printed in 1650 copies, the London, Edinburgh and Dublin
Philosophical Magazine ran 1000 copies, a minor journal such as the Memorie
della Societd Spettroscopisti italiani had a run as low as 300 copies. In contrast
to these impressions averaging 1000 copies for a typical well-known scientific
journal, Lockyer’s weekly semi-popular journal Nature was distributed in 7000
copies. This high profile had its price, though: unlike the other periodicals,
Nature was issued without any plates, limiting illustrations to relatively coarse
woodcuts or wood engravings integrated into the text. Some of Lockyer’s own
publications in Nature demonstrate his ability to stretch this constraint to its
limits.15® But for most other authors this simply meant sending in only short
notices to that journal, and publishing the more extensive reports with
illustrations elsewhere.

What can be said about the receiving end, especially with regard to the more
specialized publications of high-quality maps and atlases? As we shall see in the
following chapter, I was lucky enough to find among Rowland’s papers a list of
advance-order customers for the first edition of his photographic map of the
normal solar spectrum (cf. here p. 234). It is to this application of photographic
reproduction that we now turn.

Notes:

(1) A term (homomorphic and in contrast to the term ‘artist’) coined by William
Whewell in 1833 to describe those present at that year’s meeting of the British
Association for the Advancement of Science: see, e.g., Bynum et al. (ed.) [1984]
p. 381.

(2) Kirchhoff [1861/62f] p. 1; cf. also footnote 33 on p. 86 for other examples.
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(3) According to the Matrikel der Universitdt Heidelberg. Teil 6: von 1846 bis
1870, edited by Paul Hintzelmann, Heidelberg: Winter, 1907, at that time the
only immatriculated student of that surname and first initial was a Karl
Hofmann, who enrolled himself there on 29 October 1860 to study the natural
sciences. He was born in Ruszkberg (then in Hungary, now called Ruszka-
Montana in Rumania); his father was a mine owner in Paulis, Hungary, and a
Catholic by faith (p. 392). According to his file at Heidelberg University (UAH, H-
IV-102/61), Hofmann had attended lectures by Bunsen and Kirchhoff on
chemistry and physics, by the mineralogist Johann Reinhard Blum (1802-83),
and by Heinrich Georg Bronn in geology. His dissertation was accepted on 28
January 1863 after oral examinations, but without submission of any written
Ph.D. thesis. In the curriculum vitae Hofmann submitted to the University of
Heidelberg, he specifies that he had worked in Bunsen’s chemical laboratory for
two terms, but his joint work with Kirchhoff is not mentioned. The obituary of
Hofmann by his brother-in-law Bockh [1892] p. 4 mentions this privilege of
working in Kirchhoff’s private laboratory. On Hofmann’s prior education and
later activities as a geologist see also pp. 430 and 166.

(4) See Angstrém and Thalén [1865/66]: Thalén’s collaboration is mentioned in
the foreword to Angstrom [1868]. Thalén took up studies in Uppsala in 1849,
becoming amanuensis, then adjunct for physics and mechanics in 1860,
professor of mechanics in 1873, and succeeding Angstrém as professor of
physics at Uppsala University after the latter’s death in 1874; see Hasselberg
[1906], Beckman and Ohlin [1965] pp. 22f. (with a photograph of their
spectrometer manufactured by Schmidt & Hacnsch in Berlin), Widmalm [1993]
pp- 39, 46ff., and Beckman [1997] pp. 18, 38-40).

(5) See Shapin [1989] and [1994] chap. 8.

(6) Sec Angstréom [1868a] atlas vol. One of the few commentators to
acknowledge Thalén’s involved participation in the production of this map was
A. Herschel [1869] p. 157.

(7) The most famous exception is, of course, Josef Fraunhofer (cf. footnote 43 on
p. 34), another is S.P. Langley, who (according to Jones [1965] p. 106) had
studied architecture and hence was considerably experienced in
draughtsmanship before entering astrophysics; cf., here § 10.2, pp. 429ff.

(8) Such a terminological distinction between lithographers as printers and
lithographic draughtsmen—although useful in principle—was rarely made in
contemporary discourse.

(9) See here footnote 2 on p. 111. On the occasionally difficult negotiations
between scientists and their draughtsmen on contract terms acceptable to both
parties, cf. also Blum [1993] pp. 3, 279, 287. and Pang [1994/95] p. 255. 258,
and 271, whence I borrow this reference.
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(10) Pang [1994/95] p- 258. Ranyard’s correspondence concerning the
production of vol. xli of the Royal Astronomical Society’s Memoirs is a telling
source for reconstructing this process.

(11) See, for instance, Smyth [1843/46a] p. 71: “Astronomical Drawing has been
so little followed up and [...] will fall entirely within the province of amateurs”,
M. Huggins [1882], and Hill [1915] on the “essentials of illustration [...] for the
use of scientists”.

(12) G. Fritsch in his article on anthropology in Wolf-Czapek [1911] part IV, p. 19
(quoted by Krauss [1978] p. 298); cf. also Jussim [1974] chap. 8, pp. 237f., 254.

(13) For the above quote, see Schaaf [1980/81b] pp. 32ff., 48. We know of similar
examples from eighteenth-century expeditions. On contemporary discussions
about the virtues and pitfalls of photography, see here § 6.8, and on C.P. Smyth
see here pp. 314f.,, 425f.

(14) For examples from Philadelphia, where, by 1850, circa 95 % of all
employees in the printing trade were working for firms with six of more
employees, nearly half of these in firms with more than 50 employees, see Blum
[1993] p. 122. Statistics reflecting a faster growth in the number of agencies
over proprietorships in Berlin are given here in Tables 5.1 (on p. 149) and 5.3
(on p. 152).

(15) See Courboin [1914], esp. pp. 156f. on the election of an engraver and the
issuance of a ‘brevet de Graveur du Roi’ very similar in style to the ‘Brevet
d'Academicien’, or pp. 158ff. on their pensions, lodgings, and titles.

(16) See, e.g., Fox [1973] and further references there.

(17) See. e.g., the protocols of the ‘Commission Administrative 1829-

1877’ (AASP) for December 1872 and February 1873 on Dulos; 2 October 1881
on M Pierre, graveur; and 7 July 1884 on M Debray. graveur—all relating to
payments for engravings and prints. Brian and Demeulenaere (ed.) [1996]
discuss the various types of holdings in Parisian archives (particularly the
AASP).

(18) Examples are Boetticher [1891-1901], Bryan [1849], Heller [1850], [1885],
Ottley [1831], Singer [1922].

(19) See the records of the ‘Commission administrative 1829-1877’ (AASP),
entries of 30 December 1872 and 24 February 1873, where Dulos is granted a
sum of 551 francs for a plate supplementing a paper by Mr Becquerel. Cf. e.g.,
Barre [1862], [1864] for reports “drawn up [...] in the name of the Committee for
the Applied Fine Arts in Industry on the processes of relief and line engraving by
Mr Dulos, engraver of the Academy of Sciences”. On the case of Dulos, cf. also
K. and A. Hentschel [2001].
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(20) See the Didot-Bottin. Annuaire-Almanach du commerce et de l'industrie, un
Almanach des 500,000 adresses. Paris, Didot-Freres, Fils et Cie, vol. 63 (1860),
p. 753, vol. 65 (1862), pp. 243, 836, and vol. 73 (1870).

(21) See Fichier des marriages Parisiennes 1795-1862 (AdP) and the liste
électorate dressée en 1871 (AdP, D1M2 art. 175).

(22) See the Parisian ‘déclarations des mutations par déces’, premiere partie, no.
6 (1878), dated 2 June 1879 (AdP, D Q7, art. (1582).

(23) See the lists of ‘entrées et sorties’, and Pascal’s grade sheet at the Archives
Départementales de Maine-et-Loire (cote 1 ETP 630 and 1 ETP 697, my copy by
courtesy of Mme Brigitte Pipon), where the old school files of the Ecole des Arts
et Métiers in Angers have been transferred.

(24) On the proceedings after his death, see also the records of the ‘Commission
administrative 1829-1877’ (AASP), entry of 27 April 1874, which deals with
matters relating to “la Situation de 1'Académie, vis-a-vis des héritiers de M
Dulos, son graveur”, and designates an estate lawyer, “M Lesage, avoué, de
prendre [...] toutes les mesures usitees au pareil cas.” Unfortunately, I could find
no more traces of Dulos in the files at the AASP.

(25) See, e.g., Dulos’s plates for Diacon [1865], Salet [1873], or Cornu
[1874/80a]. Particularly outstanding are his 129 in-text figures and three tipped-
in plates (two of them in color) for Secchi [1870a], and a set of 14 color plates
for the atlas accompanying M.E. Chevreul’s Résumé d'une histoire de la matiére
depuis les philosophes Grecs, published by Firmin Didot in 1878 as vol. 39 of the
Paris Academy’s Memoires. Samples of Dulos’s technique of ‘capilligraphie’ (see
main text below for details of the ‘procédé Dulos’) are printed in vol. XI of the
63rd annee of the Bulletin de la Société d’ Encouragement pour I’ Industrie
Nationale in 1864.

(26) See the Annuaire Statistique de la France 1 (1878), pp. 384-5, 388 and
Chevalier [1950] p. 99, who also quotes figures from the Journal de la Société
statistique de Paris, July (1884). p. 281.

(27) On the salary of A. Legros (cf. here footnote 36), see Bénézit (ed.) [1976].
vol. 6. p. 546.

(28) According to Pierre Larousse, Grand Dictionnaire universel du XIXe siécle,
reprinted by Slatkine, Geneva. 1982, vol. XI, p. 129, “métal de Darcet” is a
fusible alloy of bismuth, tin, and lead.

(29) On the preceding, see Barre [1864] pp. 6-7 or the reprint of this description
in Motteroz [1871] pp. 38-40, Monet [1888] pp. 203-6, and Adeline [1893] pp.
142ff.
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(30) According to Motteroz [1871] p. 42: “many times I gave a plating to proofs
taken from certain relief engravings by Mr Dulos, and once they had thus
obtained the distinctive mark of the line engraving, I showed them to specialists
in the field, who more often than not were deceived by them”.

(31) See Kirchhoff [1861/62g] (1863), pl. I-III and (1864) pl. III. The text was
translated by the French spectroscopist L. Grandeau.

(32) See, e.g., Perrot [1865] p. 315, Adeline [1893] p. 148: “the Dulos process is
[...] one that justifies and explains the term ‘chemical engraving’ most
completely”.

(33) On this title see footnote 127 on p. 169 below. Dulos’s employment for the
Ministére de la Guerre is evidenced by the inventory of his unfinished
engravings (referenced in footnote 125 on p. 169 below). On p. 9, it itemizes 21
‘planches des cartes de départements’.

(34) Ibid., pp. 9-10. The full price of 700 francs is of the same order of
magnitude as the amount paid for a plate in one of Becquerel’.s Mémoires for
the Académie des Sciences: see footnote 19 above, as well as ‘Commission
administrative 1829-1877’ (AASP), entry for the meeting on 3 October 1881.

(35) Pérot was identifiable only by his address: Rue de Nesle, no. 10, as listed in
the Didot-Bottins for the late 1870s and early 1880s. The city cadastre files (at
ArP) for this house number in 1876 then provided his given names and described
the apartment in which he lived between 1873 and 1883 (3rd étage of a four-
story building, seven windows plus an atelier with three windows towards the
rear facing north, and a total annual rent of 800 francs). The profession under
which he was entered, along with three of his five successor tenants by 1903,
was: metal engraver of city matters (‘graveur sur métaux objets dit de ville”).
Other tenants included a beer saleswoman, a café owner, a florist, an
independent accountant, a bookseller, and a painter. Pérot also contributed pl.
46 to the 60 (A2-size) plates accompanying Ferdinand de Dartein’s Etude sur
I'architecture lombarde, Dunod, Paris, 1870. On his production of topographic
maps, see also p. 169 below.

(36) It is not clear whether this lithographer is related to the famous art
engraver Alphonse Legros (1837-1911), born in Dijon, who migrated to England
and became professor in South Kensington; the available biographical literature
on the latter does not indicate any links. From the unpublished Dictionnaire
Biographique, a draft manuscript compiled by Jules Jouvin, we learn that in 1879
“Legros d'Amisy” hit upon the idea of transferring copperplate proofs to stone
and also first applied the lithographic reproduction process to ceramics. (I am
grateful to the archivist at the Bibliothéque des arts graphiques in Paris, where
the book manuscript is preserved, for pointing out this source.)
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(37) See the two pages of ‘notes relatives & 1'éleve Legros’, provided by courtesy
of Monique Turover, Centre de documentation of the Ecole Nationale d'Arts et
Métiers, Aix-en-Provence. Dulos received his training in a similar technical
school in Landes.

(38) According to the Bulletin Mensuelle de la Société des Anciens Eléves des
Ecoles des Arts et Metiers, annee 1875, 2eme série, p. CXXXIV, Monsieur C.
Legros, of the above profession lived on rue de Crémieux a la Guillotiére near
Lyon.

(39) See Cornu [1874/80a] pl. I and here Fig. 4.13. This plate is signed ‘A. Cornu
del.” on the lower left-hand corner, and ‘Legros et Dulos, sc.” on the lower right.
In the main text Cornu mentions a regrettable delay in the completion of the
engraving for his memoir due to circumstances beyond his control—Dulos’s
declining health may well have necessitated this unusual exchange of engravers.

(40) For a more detailed account of Dulos’s life, social setting and work, see K.
and A. Hentschel [2001].

(41) See Cornu [1874/806] pl. II, H. Becquerel [1883e] and the plates for Thollon
[1890], commented upon here in more detail on pp. 135ff.

(42) On Wesley see, e.g., Knobel [1922], Turner [1923], and Pang [1994/95] pp.
259ff. Becker [2000] pp. 227-9 discusses Wesley’s lithographs of the solar
corona as observed during a solar eclipse. See also McClean et al. [1908] pp. 9-
12 and pl. 11, as well as here pp. 238 and 241 on Wesley as sales agent for
Higgs’s 1894 photographic atlas.

(43) Since three of the four engravers in this family were christened James, it is
not easy to assign “with assurance to each member of the family his proper
share in labour or reputation”, as Wedmore [1885] puts it in their collective
entry in the Dictionary of National Biography. However, mere chronology
identifies James Basire (1796-1869) as the one to have engraved the maps by J.
Herschel [1840c], J.W. Draper [1843c], and Brewster and Gladstone [1860]. The
sketch for Wollaston [1802], however, may have been engraved by James Basire
(1769-1822) or his father (1730-1802), who was appointed engraver to the
Royal Society in 1770. For a full listing of plates of the latter in the Philosophical
Transactions between 1772-1778, comprising astronomical, physical,
technological, mathematical, biological, geological, and geographic motifs, see
Doxey [1968].
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(44) See Wakeman [1973] p. 15. For comparison purposes: the 1862 Parisian
Didot-Bottin has the following sub-categories for engravers: “graveurs sur bois,
sur metaux, en architecture, sur cristaux et verres, en ériture, en ge'ographie et
topographic héraldiques, pour impressions, en lettres. en médailles, de musique,
pour fleuristes. paniconographes, sur pierres lithographes”. It lists in addition
“lithographes, imprimeurs lithographes, en taille-douce, en couleur”, and
“photographies (artistes)”. A table listing the various statistics on independent
print professionals in Paris between 1764 and 1915 is provided in K. and A.
Hentschel [2001]. For the figures on printing agencies, see the table in
Hentschel [2001b].

(45) Fox [1976] covers the situation in London between 1830 and 1850: on the
1871, 1881 and 1891 census data see Booth [1895] p. 185-90, according to
whom “except bookbinding no other important trade is so distinctly metropolitan
in its character” than printing. On Austria see, e.g., Schwarz [1988]. The main
centers for printing in the US were New York City, Philadelphia, and Boston; see,
e.g., Blum [1993].

(46) Waterhouse [1870c] p. 83. While working for the Royal Cartographic
Service in Calcutta, Waterhouse advanced to the level of major general.
Returned to London, he became the president of the Royal Photographic Society:
cf. Eder [1945] pp. 464f.

(47) See Twyman [1970] p. 3. Much of the impetus in the lithography movement
came from the rhetoric of free access for ‘everyman’ to the technique, as
reflected in treatises like Every Man His Own Printer; or Lithography Made
Easy, Waterlow and Sons, London, 1859. However, as Twyman also argues (on p.
65), “the artist did not immediately realize this freedom. He was bewildered by
the apparent lack of discipline and so, in the first place, borrowed his syntax
from a wide variety of processes.”

(48) On the engraver’s “battle for recognition”, see Anon. [1884b], Fox [1976]
pp. 4ff. and Dyson [1984] pp. 57ff. Fox (pp. 11ff.) also discusses early efforts to
form union-like associations, as later described in Booth [1895] pp. 211-25,
Moller [1917], Leese [1929], Munson [1963], Strauss [1967], and Mayer [1971];
Dyson (chap. 3) and Dorflinger [1983] address earnings by engravers. Cf. also
Hadon [1883] pp. 718f. for one of the many unsuccessful pleas for change, in
begging a distinction between a translator-engraver and an interpretative one.

(49) Hullmandel [1824c] p. 71; cf. also Dyson [1984] pp. 46ff. on similar
enhancement techniques in engraving.

(50) Quoted from Hill [1915] p. 19; cf. also Dyson [1984] p. 13. Nickelsen [2000]
pp. 67-78 documents the careful choice of draughtsmen and engravers by the
Prussian Academy of Sciences in the 18th century.
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(51) Brandenburgerstrasse was renamed Lobeckstrasse in 1929; Alte
Jakobsstrasse is two blocks East of Spittelmarkt. Two other lithographers with
the same family name, G. and E. Laué. were listed under addresses close-by at
Lindenstr. 115, and Prinzenstr. 101. Later, one even shared the same building at
Oranienstr. 145. In the 1900 directory, the Prinzenstrasse address was
specifically advertised as a “lithographic atelier for scientific work”. This clutch
of Laues exemplifies the still strong familial ties within the printing trade.

(52) Independent sources confirm that Grohmann died in that year. This
indicates that entries in the Berlin professional directory were updated promptly,
hence we may approximate the date of C. Laue’s death at about 1895.
Dragonerstr. was renamed Max-Beer-Str. in 1902.

(53) See the Allgemeiner Wohnungsanzeiger nebst Adrep- und
Geschaftshandbuch for Berlin, dessert Umgebun-gen und Charlottenburg 12
(1867) part I, p. 567, part II, p. 219, part III, p. 281. The Mittheilungen aus dem
kaiserlichen Gesundheitsamte 2 (1884), for instance, contain 13 plates printed at
“Alb. Schotze Chromolith. Inst. Berlin”, ten of which had been drawn in color by
W. Grohmann. We have encountered Schotze on p. 124.

(54) See Berliner Adressbuch (1907), part I, p. 2255; his neighbors included a
silversmith, a master butcher, a book binder, a mason, a locksmith; a
manufacturer of driving belts, a cigar maker, and a retired policeman. Schotze’s
fellow proprietor of the publishing house was a businessman, Emil Leipold, who
lived at StralSurger Str. no. 2.

(55) In his obituary Kurth [1918] describes Grohmann’s home as a dark
apartment: “He lived in a dusky room in old Berlin, on Linienstrasse.”

(56) According to the Berliner Adressbuch 4 (1872), part IV, pp. 85f. For
comparison against other branches: 8 shops specialized in maps, 19 in
photographs; there were 55 copper engravers and 174 photographic ateliers.

(57) These findings for Berlin may be compared with Ranke’s [1977] p. 110,
based on the business censuses (Gewerbezahlungen) in Munich for the years
1875 and 1895. According to Ranke, the number of female photographers in
Munich rose from 32 to 121, comprising always around one fifth of the
respective employee totals of 161 and 554. The number of photographic
establishments in the Southern capital rose from 50 large and five small
undertakings in 1875 to 101 large establishments by 1895, to be set against
1330 registered artisanal enterprises.

(58) Hoerner [1989] pp. 36f., who also describes typical working conditions of
professional photographers.
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(59) Berliner Adressbuch (1872) part II, pp. 251, 65, and (1867) part II, pp. 190,
219, and (1885). A similar picture emerges from an analysis of London
engravers’ living quarters in Fox [1976], and Dyson [1984] pp. xxiii ff. The
previously cited case study on a Parisian engraver also contains details about his
urban neighborhoods and his social milieu; see K. and A. Hentschel [2001].

(60) See Thieme and Becker (ed.) [1907ff.] vol. 15 (1922) p. 77, according to
whom the alumnus was a regular participant of the Academy’s exhibitions
between 1870 to 1890. Boetticher [1891/1901] vol. 1. no. 1, p. 413 specifies the
four engravings on natural motifs exhibited there annually between 1886 and
1890.

(61) See pl. 8-9 of Arbeiten aus dem kaiserlichen Gesundheitsamte 1 (1886), and
pl. I—X in Mitteilnngen 2 (1884).

(62) See Dobbert and Grohmann [1893] p. XII, Anon. [1898], Kurth [1918]:
protocol of Senat meeting of 11 July 1883 (SAdK, file PrAdK no. 247, sheet no.
199) on the interim appointment, and Senat meeting of 27 April 1887 (PrAdK no.
248) on the fixed appointment; and his personal file (PrAdK I/I6I fol. 15).
Unfortunately, neither the archivist of the Berlin Academy of Arts, Mrs Gudrun
Schneider, who was so kind as to provide me with copies of the above
unpublished documents, nor the archivist of the Hochschule der Konste Berlin.
Dr Dietmar Schenk. could find any records from his period of training.
Nevertheless we can get a good idea of what was offered to aspiring
draughtsmen and engravers from the memoirs of von Werner [1994] pp. 39-52.
who also studied at the Berlin Academy of Arts shortly after Grohmann, from
1859 to 1862. and even met him at the affiliated athletic club; cf. also Wefeld
[1988] pp. 29. 54-7.

(63) According to Anon. [1898] p. 247, Grohmann was a member of the Verein
Berliner Konstler as well as of the Berlinische Konstlerverein and the Deutsche
Kunstgenossenschaft.

(64) Kurtz [1918] col. 356.

(65) On these awards of the ‘kgl. Kronenorden’ and ‘kgl. Roter Adlerorden 4.
Klasse’, see Geheimes Staatsarchiv PreulSischer Kulturbesitz (I HA Rep. 90
Staatsministerium, jongere Registratur, no. 2124 (D)). As Dr Marcus from that
archive has pointed out to me, however, on 18 January 1909 over 1000 others
received the same distinction: Grohmann was no. 23 of a list comprising roughly
100 names, submitted by the Prussian Ministry of Education.

(66) For detailed documentation of Dulos’s case, see here pp. 143ff. On Henry
see here pp. 127f.
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(67) Cf. Ernst Kummer’s ‘Wahlvorschlag for Gustav Robert Kirchhoff’, dated 24
June 1861, in Kirsten and Korber (ed.) [1975] pp. 75-6. The nomination
emphasizes his contributions to mathematical physics and mentions only in
passing his contributions to ‘Optics’ since 1859.

(68) See Kirchhoff [1861/62c¢,d]. The subsequent reprints were done by the well-
known publishing house Ferd[inand]. Démmler in Berlin, then owned by Dr phil.
Julius Harrwitz and J. GoSmann, and located at Wil-helmstr. 86 just south of the
city center. Ferdinand Barth’s lithographic printing agency was located at
Branden-burgstr. 44 on the ground floor. Barth is entered in the Berliner
Adressbuch of 1872, part I, p. 29, as “Steindruck-ereibesitzer und akademischer
Konstler.”

(69) The 1866 reprint has messy blotches of printer’s ink and appears to have
been printed altogether too heavily.

(70) The latter was established in 1856. Around 1868 its main office was located
at Schauflergasse no. 6 in the center of Vienna, whereas the bookprinting,
lithographic, and xylographic printing was done at Windmohlenweg in the
Viennese district no. VI; cf. the half-page advertisement inserted into Adolph
Lehmann’s allgemeiner Wohnungs-Anzeiger for Wien 7 (1868) p. vii for a
detailed listing of their specialities and printing equipment. One of its
proprietors, (K)Carl Dittmarsch (1819-1893), had started out as a writer.
Opening a printing house in Triest in 1849, he later moved to Vienna, living at
Am Graben, no. 1 in 1868. Between 1879 and 1890, he was the main editor of
the Osterreichisch-ungarische Buchdruckerzeitung. Ludwig Johann Karl
Zamarski (1824-?) was a book-dealer’s apprentice in Tarnow, Lemberg, Vienna,
and Leipzig. In 1854 he bought the printing house of Sollinger in Vienna and
modernized its operations to incorporate such graphic techniques as lithography,
chromolithography, and galvanography.

(71) As already mentioned (on pp. 47f), Kirchhoff and Bunsen’s map was
repeatedly reprinted elsewhere.

(72) See the title page of Thollon [1890], where Gauthier-Villars is described as
the “Imprimeurs-Libraires de 1'Ecole polytechnique, du bureau des longitudes”.
According to employees of its successor company in 1997, the business papers
of this important publishing house unfortunately have not been kept.

(73) See Thollon [1890] text vol., p. A17: “As for the reproduction, I tried out
some photographic processes that did not yield any good results. Happily, Mr
Legros, the eminent craftsman, who has already provided so much evidence of
his skill, kindly agreed to assume this task.” Cf. above p. 133 on Cornu’s map.
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(74) Dyson [1984] p. 32 also reminds us that the introduction of
photomechanical techniques was by no means a “clear-cut infiltration” but often
led to interesting cross-fertilizations, providing the engraver with intriguing and
novel tools.

(75) For surveys of photomechanical printing techniques and their history see,
e.g., Levy [1915], Eder [1922], [1945] chaps. 79-81, 88-93, H. and A. Gernsheim
[1955] chap. 23, Ostroff [1969], Jussim [1974] chap. 8, Crawford [1979] pp. 235-
89, Naef [1980] pp. 38ff., Hammond [1989]. Specific references are provided
along with a discussion of the individual techniques.

(76) On this distinction, see in particular Edwards [1872] p. 1, Hammond (1989)
pp. 172f. Lietze [1888] P. 1 calls all processes in which semitransparent objects
like photographic negatives, leaves, drawings, etc., are copied on the same scale
as the original ‘heliography or solar printing’.

(77) This is the way it is defined, for instance, by Edwards [1876] p. L; cf. also
Hammond [1989] p. 172.

(78) See Ponton [1839] and Talbot [1853]. Cf. in particular Ostroff [1969M pp.
102ff., and Abney et al. [1896] p. 254. Eder [1891] p. 151, [1945] pp. 553 and
793, repeatedly defended Talbot’s claim against those who attributed this
discovery to Ponton, such as, e.g., Edwards [1887] pp. 367, 369 or Schiendl
[1891] pp. 78, 89. Talbot’s earlier work on photogenic drawing and calotypes is
discussed here on pp. 181 ff. See also the account by C.H. Talbot, Talbot’s son,
about his photoglyphic print for Tissandier [1878] app. A, pp. 368ff., where
Talbot’s two relevant patents registered in 1852 and 1858 are also quoted.

(79) On photolithography, which seems to have been comparatively unimportant
in the printing of spectra, see, e.g., Osborne [1862], Waterhouse [1870c], who
gives a comparative survey of photolithographic establishments in Europe,
Poitevin [1862/83b] pp. 94ff., Lietze [1888] pp. 106, 112ff., with excerpts of
Poitevin’s English patent of 1855, and Eder [1945] chap. 91.

(80) On the use of photozincography particularly for topographic map-printing
see, e.g., James [1860], [1862], Osborne [1862], Crookes [1865] p. 4 and pl. 1,
Fortier [1876] pp. 22ff., 65ff., Waterhouse [1877/78b] pp. 2ff. and chap. 5,
[1890], in particular on the various photographic procedures and on the
preparation of the drawings; Sampson [1957], and Wakeman [1970] chap. 4.
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(81) In German-speaking countries it is also called Albertotypie or Lichtdruck,
while in English-speaking countries often the less specific term ‘collotype’ was
used to denote Albert’s variant of it. About this method see, e.g., Scamoni [1872]
pp. 28-31, Towler [1872], Anon. [1870-73], Stein [1877] pp. 126-9; Poitevin
[1862/83b] p. 264 (which is a reprint of his priority claim in November 1869);
Eder [1945] chap. 92, Mayer (ed.) [1965], Ranke [1977] p. 97f., Krauss [1978]
pp. 296-8, and H.E. Wright [1988]. On Albert see Ranke [1977] pp. 7-68.

(82) According to Ranke [1977] p. 97, Anon. [1870-73] p. 159; see also H.
Draper [1873b] p. 401, Taft [1938] pp. 431ff., 513, footnote 455, Blum [1993] pp.
194, 274-6, and here p. 219 for Bierstadt’s print of H. Draper’s spectrum
photograph.

(83) See Wright [1988] an unpaginated brochure with a portrait of Joseph Albert
as frontispiece. Cf. Waterhouse [1877/78a] p. 38 and Engen [1979] p. 228 on the
London-based Autotype Co., the British patent owner of Joseph Wilson Swan’s
double transfer system of the carbon print process since 1869. For a comparison
of Albert’s French patent (1869) and Poitevin’s British patent of 1856 see
Simpson [1869].

(84) Edwards [1872] p. 3. However, according to Anon. [1870-73], up to 4000
impressions could be obtained from a single plate, at least 1000 of them “good
impressions”. The last figure is also quoted as the maximum number of prints by
Simpson [1869] p. 106; according to Ripley and Dana [1875] p. 572 one operator
could produce about 200 prints a day.

(85) Edwards [1872] p. 3; on heliotype cf. also Edwards [1876] with 28
illustrations, Tissandier [1878] pp. 385f., Jussim [1974] pp. 52-6, Wright [1988].

(86) Edwards [1872] p. 4.
(87) See Hill [1915] p. 23.

(88) On photogalvanography see, e.g., Pretsch [1856], [1859], Hunt [1856],
Smyth [1861] pp. 87f., Crookes [1865] p. 3, Stein [1877] pp. 130ff., Edwards
[1887] p. 400, Eder [1922] chaps. 29-30, [1945] chap. 88, H. and A. Gernsheim
LI955] pp. 359-61.

(89) See, in particular, Eder [1945] pp. 583f., and Glotz [1922] on work at the
Viennese Government Printing Office and at the Military Geographic Institute,
respectively.

(90) De la Rue [1862] pl. verso p. 278; on the issue of intervention by the
engraver, see also the quote under footnote 94 below as well as here p. 218.

(91) De la Rue [1862] p. 279.
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(92) Ibid.
(93) De La Rue [1865] p. 171; emphasis original.

(94) Edwards [1872] p. 2; cf. also De la Rue [1862] p. 279 where he admits that
despite runs of many thousand prints from these plates, it was “however
necessary from time to time to clear the block, which is liable to become clogged
on account of the want of depth in the light parts.”

(95) This expression is used by Crookes [1865] p. 5.

(96) See Talbot [1858], as well as Eder [1945] pp. 593-5, Buckland [1980] pp.
112f.

(97) On photogravure, sometimes also called photo-aquatint or heliogravure,
see, e.g., K. Albert [1927], Eder [1922] chap. 4, [1945] pp. 596ff., Jussim [1974]
pp. 56f., Naef [1980] pp. 40ff., and Hammond [1989] p. 177 esp. on the
similarities to mezzotints.

(98) Ivins [1953a] p. 180.

(99) On later modifications of the photoengraving process, which included, for
instance steel-facing of the plates to draw from a single plate up to 20 000
impressions see, e.g., Edwards [1887] pp. 401-3, 430-2, Nemethy [1891], and
Jenkins [1902]. On the halftone process see, e.g. Hill [1915] pp. 37ff., Eder
[1945] pp. 601ff., 621ff,; pp. 626ff. on its invention and pp. 632ff. on the
introduction of cross-line screens on glass by Frederic Eugene Ives in the US.

(100) See, e.g., Jenkins [1902] for an early manual that already contains an
appendix on three-color halftone work.

(101) See, e.g., Ivins [1953a] pp. 51-70 on cross-hatching as the ‘net of
rationality’, representing a projection of the Cartesian grid onto nature, and
idem, pp. 113 and 128 on halftone engraving and photography as a ‘pictorial
statement without syntax’; for a critique of this interpretation see Jussim [1974]
p. 11.

(102) Hale to C.E. Pickering, 15 March 1898 (HUA, UAV 630.17.7. box 2). A
‘squeegee’ is an instrument used in heliotype print to squeeze out the water
between the gelatine film and the metal support before printing, consisting of a
blade of india-rubber set into a strip of wood (cf., e.g., Edwards [1872] p. 3).

(103) See the dictionary Svensk Uppslagsbok 11 (1950) p. 463, and 29 pp.
630ff., Bratt [1958] pp. 71-80, and Goss [1993] pp. 22If.
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(104) On the preceding organization as well as on its precursor in the
Fortifikationens-Corps which merged with the Field Survey Corps in 1809, see
Goos [1993] p. 221.

(105) According to Goss [1993] p. 221, before the 1820s, the maps were not
printed at all but kept in manuscript as secret documents.

(106) See Twyman [1970] pp. 33f., and Mumford [1972] p. 31 who asserts that in
this early period “the principal output of the original Senefelder press was the
printing of maps and forms for the military and not for sale”.

(107) See von Werner [1984] chap. 2 and Wefeld [1988] p. 29; even though these
two texts refer to the years 1860-62 and 1806, it does not seem that the
curriculum changed substantially within this time span. For a similar curriculum
at the Berlin Akademische Zeichenschule and the Berlin Royal Academy of the
Vocational Trades (Gewerbeakademie) see Wefeld [1988], pp. 57, 102.

(108) Founded in 1812 under the name Royal Engineer Establishment, it added
to its curriculum practical architecture in 1826, surveying in 1833, and
chemistry, photography, electricity, and telegraphy in 1865: see Porter [1889]
vol. 2, pp. 169-254 in particular pp. 172, 176f., 183ff., and vol. 3(1915), p. 234.

(109) On the history of the Ordnance Survey, founded in 1791: Seymour [1980],
Owen and Pilbeam [1992].

(110) See, e.g., Porter [1889] vol. 2, pp. 243ff. according to whom around 1885 a
total of 3240 persons, both military and civilian, but excluding temporary hires,
were employed for this purpose, and 453 000 maps was supplied to the
Boundary Commission by 1885; on the applications of zincography to map
printing, see here p. 158.

(111) GH. Murray was superintendent of the photographic department of the
Surrey Photographic Company—presumably this is the same person mentioned
in the introduction to Capron [1877] p. 1.

(112) See, e.g., Versteeg [1879] or Woodward (ed.) [1975] p. 141 for a
photograph of the cartographic camera in use at the Military Topographic
Surveys of the Netherlands about 1880.

(113) C. Koeman in Woodward (ed.) [1975] pp. 140, 145.

(114) According to Petermann [1878] p. 205, the working time needed for a
plate was reduced from as much as five years in copper engraving to four weeks
for a heliogravure; cf. also Volkmer [1885], Glotz [1922], Versteeg [1879], and
the interesting comparative report on cartographic applications of photography
in Europe and India by Waterhouse [1870al].
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(115) Cf. Jackson [2000] p. 78; cf. idem pp. 49ff., 235 on Fraunhofer’s
connections to the ordnance surveyor Johann von Soldner.

(116) J.B. Listing, for instance, together with Sartorius von Waltershausen took
part in a three-year excursion to Italy and Sicily to study Mount Etna and to
perform geomagnetic measurements for Gauss’s Atlas; Bunsen, who had also
studied mineralogy, traveled to Iceland to study minerals and geysers; John
Herschel took part in many sessions and discussions of the Royal Geological
Society.

(117) See Hofmann'’s obituaries by Bockh [1892] and Roth von Telegd [1892].
For the documentation concerning Hofmann’s Ph.D., see here footnote 3 on p.
140.

(118) On the emergence of a visual language for geological phenomena, and its
further development in the nineteenth century, see Rudwick [1976].

(119) See Proctor’s [1870] chapter on ‘Mars, the Miniature of our Earth’; cf. also
Huggins [1867] and Lightman [2000] pp. 661-71.

(120) See Lightman [2000] p. 667 and references given there. On Browning see
here p. 92.

(121) The foregoing information according to Rigg [1892] and Johnston [c.
1926]. On the House of Bartholomew, a local competitor, and on the school of
map engraving in Edinburgh, for which it was famed from the eighteenth
century, see Bartholomew [1998].

(122) For more about these ‘ruling machines’ see, e.g., Nicholson [1795], Heath
[1838], Anon. [1841], Warner [1843], Hunt [1848b] and Swan [1853].

(123) See Stone [1993] p. 3, who also provides an interesting comparison of the
map content and accuracy between engravings and preparatory drawings.

(124) On Dulos see here pp. 143ff., on Basire see Doxey [1968].

(125) On the foregoing, see the assessment of the copperplates and plates,
articles 5, 6. 8, and 13 (ANP, Minutes des études notaires: notaire Denis-Edmond
Pourcelt, étude LX, liasse 932).
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(126) From the waterway atlas, two plates displaying the regions of Ariége and
Haute-Garonne are dated 1878 and signed by E. Hellé (in the sizes of A2 and Al,
at BNT, LF 262-67). Concerning the latter atlas, Dulos had a running contract
totaling 15 000 francs with Dartein (cf. here p. 147). A complete set of these
maps can he examined in the Bibliothéque Nationale de France. Dépt. des cartes
et plans, rue de Richelieu (BNC, GeDD 23. nos. 1-166). Another nearly complete
set (nos. 1-78 and 80-166) is a part of the Pusey Library map collection at
Harvard University (map LC G 1841.P55 F73 1871 Pf). Cf. also the Catalogue
des notices, cartes et plans composant I’ atlas des Ports de France, idem,
1891ff.,, based on engravings made between 1869 and 1906. The 22 maps
completed by Dulos, dating between 1872 and posthumously to 1881, are (BNC,
GeDD 23) nos. 2-11, 16. 18, 20-1, 23, 28, 63, 111-12: the larger scale coastline
maps were generally unsigned or attributed to E[ugeene]. Hellé (e.g., nos. 1, 15,
and 31)—the same Hellé, who also took over Dulos’s atelier at Rue de Seine no.
34 three years after his death, but resided at Rue Royer-Collard, no. 4. The
‘inventaire aprés déces’ compiled after Dulos’s death lists a debt to Mr Sarazin,
printer, of 1099.80 francs, very likely for the printing of some of these maps.

(127) A file on his nomination exists (ANP. Léonore, L.0841004), but unlike most
cases this dossier only consists of one document (dated 1872) retrospectively
confirming the conferral of the title to Dulos, and thus does not indicate why he
got it or who had nominated him.

(128) On the following sec Jager [1980] and Dorflinger [1983].

(129) Dorflinger [1985] p. 219 quotes the extremes of five weeks fora smaller
map of Vienna, and ten months for complex maps of Styria and Illyria, and daily
averages of 50 and 15 cm?, respectively. Jager [1980] p. 126 refers to the
example of Napoleon’s army occupying Danzig in 1807: Despite Napoleon’s
order to produce a city map within three days for the exorbitant sum of 1500
francs, the three copper engravers only completed their task after 16 days of
uninterrupted labor.

(130) The prices are quoted in Bavarian guilders (abbreviated fl) and kreutzers,
at 1 fl = 60 kr. See the draft of Fraunhofer’s letter dated 28 December 1817
(SPK, Fraunhofer papers, folder 3,3).

(131) See, e.g., De Serres [1809b] p. 127: “A drawing that a copper engraver
could not transfer onto a copper plate even in five or six days can now be
applied to the stone in one or two days.”

(132) Ibid.: “and in the same time that a copper engraver makes 600 to 700
prints, 2000 copies are produced with the chemical press”; cf. also Hill [1915].
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(133) De Serres [1809b] pp. 127f. writes somewhat overenthusiastically: “A
copper plate bearly tolerates 1000 prints, the stone easily affords many
thousands, of which the last is just as fine as the first.”

(134) See Smyth [1843/46e] p. 78. According to Koschatzky [1975] pp. 101,
130f., a typical copper engraving can issue 300-400 prints, maximally about
1000, while etchings are limited to no more than 100 or 200 copies before the
print quality begins to deteriorate rapidly.

(135) For more about the actual printing process as well as the average runs off
a single stone see, e.g., Twyman [1970] chap. 6, esp. p. 81; cf. also Pang
[1994/95] p. 266 about James Tennant’s caution that a lithographic stone “will
not give 1000 copies without sensible deterioration”. See here § 4.2.

(136) This refers to the 1820s according to Twyman [1970] p. 113. Pang
[1994/95] p. 265 reports steel engraving was still three times as expensive as
lithography in the early 1870s. The introduction of lithography about 1865 had
the “result of greatly cheapening the cost of production of maps”: Johnston
[1926] p. 10.

(137) See Mumford [1972] p. 32.
(138) Blum [1993]p. 38.

(139) See Ostroff [196%] p. 112 (based on a bill to Fox Talbot, issued by David &
John Greig, Edinburgh).

(140) A complete price list from 1830 for all available stone formats is reprinted
in Winkler [1975] p. 433.

(141) Ripley and Dana [1875] p. 571. According to Winkler [1975] pp. 425f., the
lithographic print runs in the earliest period (1796-1821) were more limited for
lack of experience or from the use of inappropriate tools.

(142) See the correspondence between A.C. Ranyard, Daniel J. Pound and G.B.
Airy from December 1872, Royal Greenwich Observatory Archive, as quoted in
Pang [1994/95] pp. 266, 274. For roughly contemporary consumer prices and
middle-class standards of living, see May [1987] pp. 201ff.

(143) See Dyson [1984], particularly app. I, pp. 173ff. with annotated transcripts
of documents between 1833 and 1887.

(144) See Booth [1895] vol. 6, pp. 225-9.
(145) Wright [1988] (unpaginated).

(146) Ibid. One example of such a procedure is given here on p. 227.
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(147) See Henry Draper’s notebook no. 11 (further specified in footnote 164, p.
213), p. 48, as well as here § 6.7. On Bierstadt’s printing house and the
Albertype technique used, see here footnote 166, p. 213.

(148) See E.C. Pickering to E. Bierstadt, 6 and 16 March 1888 (HUA, UAV
680.14, box A7, nos. 709, 729); cf. also Pickering’s correspondence with
Lithotype Printing in Gardner, Massachusetts, of 11 and 25 March and 24 April
1900 about the third installment.

(149) See the table reprinted in Wright [1988] (unpaginated) with prices ranging
between $35 for a print 4 x 6 inches, $60 for 9 x 11 inches, and $200 for 16 X
20 inches.

(150) On the following, see Wakeman [1973], pp. 161-3.
(151) Mumford [1972] p. 31.
(152) See Darnton [1979].

(153) See the bill forwarded by Fraunhofer to the Koniglich-Bayerische
Akademie der Wissenschaften for the printing of the plates for his 1815 paper in
the Academy’s Denkschriften (SPK, Fraunhofer papers, folder 3,3), draft of
Fraunhofer’s letter dated 28 December 1817. The bill is translated above on p.
170.

(154) See the letter by Plocker to Stockes, undated [late 1864] (RS, 2379),
mentioning a cost estimate for 1025 copies, 25 of which were most likely
author’s private offprints. On the following see here p. 217 for references
relating to Henry Draper’s correspondence in 1872/73.

(155) See, e.g., Lockyer [1872/73].
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This chapter relates the emergence of early photographic techniques, such as
the Daguerreotype and calotype, with spectrum research, most notably through
Fox Talbot and John Herschel. Early photographs of the solar spectrum and of
stellar spectra are scrutinized. The beginnings of colour photography and
scientific applications since 1860 are also retraced. Draper's diffraction
spectrum photograph and its Albertype reproduction in 1873 is dealt with in
depth as well as various photographic maps of the normal solar spectrum from
1885-1900. The virtues and pitfalls of spectrum photography are presented.
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to do it beautifully is an art to be learned, & many and curious minutiee will
have to be discovered and reduced into practice before either of us can
arrive at that perfection which I am confident the thing is capable of. (J.
Herschel to Talbot, February 1839, original emphasis)
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The advent of photographic recording marks a pivotal point in the history of
representation. Technical constraints, however, obfuscate the actual entry of
photography into the different scientific disciplines and this temporal ambiguity
has repercussions on the cross-disciplinary claims about the transition from a
‘truth-to-nature’ to a ‘mechanical’ mode of representation. This chapter opens
with a brief historical survey of the most important early photographic
techniques. In § 6.3, I turn to the interpretative issue of how these “photogenic
drawings” were understood by their makers, that is, how the images were seen
in relation to the depicted objects. Following this introductory overview, I step
back in time to the year 1839 and trace photography's tortuous path into
spectroscopy (§ 6.4), the early efforts at color rendition (§ 6.5), and further
improvements in scientific photography after the mid-1860s (§ 6.6). In § 6.7 the
earliest successful photomechanical reproduction of a spectrum photograph is
discussed in greater detail. Since its invention, photography's relative merits
over traditional printing techniques, such as lithography, were a recurrent point
of contention. The growing importance of photomechanical reproduction in
spectroscopy fueled new controversies between advocates of the new technique
and defenders of the more traditional means of representing spectra, to which I
turn in § 6.8. The chapter closes with what might be conceived as the final
victory of photographic techniques in our context, namely the emergence of
photographic maps of the full solar spectrum towards the end of the nineteenth
century (§ 6.9).

6.1 Early techniques

The early history of photography is an often retold story.! So I may confine
myself here to a brief outline of the four main periods: daguerreotype and
calotype (1839-1850s), wet collodion-plate photography (1855-1870), gelatine
dry-plate photography (1871-1906), with its use of dyes for green since 1873
and orthochrome for blue and green since 1882, and panchromatic film (since
1906).

(p.177)
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Tab.6.1 Main photographic processes between 1839 and 1879 (exposures times are estimates for brightly illuminated

objects).For further literature cf. crawford[1979] or Mike Ware’s alternative photography homepage.

Year

1822

1834-39

1839

1839

1840

1841

1842

Inventor

Niépce

Talbot

Daguerre

M. Ponton

J. Herschel

Talbot

J. Herschel

Designation

niépceotype, heliography

photogenic drawing

daguerreotype

bichromate salt

thermograph

calotype

chrysotype also known as
chripotype

Light-sensitive surface

Asphaltum-coated glass
plate

Silver nitrate solution
spread on salt-saturated

paper

Silver iodide on silvered
copper

Paper soaked in
bichromate of potash
solution

Smoked paper soaked in
alcohol solution

Iodized paper permeated
with solution of gallic
acid, silver nitrate, and
acetic acid

Paper permeated with
solution of ferric
ammonium citrate, wash
with gold or nitrate of
silver solution

Exposure

6 hours

3-15 min

5-30 min

c.10 min

1-3 min

several min.
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Year

1842

1847 onwards

1850 onwards

1851

1853

1854

Inventor

J. Herschel

Niépce de Saint-Victor

Blanquart-Evrard

F.S. Archer

Talbot

Spiller and Crookes

Designation

cyanotype “blue-print”

albumen process

albumen paper print

wet collodion

photoglyphy
(bichromated gelatine)

moist collodion

Light-sensitive surface

Paper coated with above

and potassium
ferricyanide

Mixture of egg-white and

iodide of potassium on
glass

Modification of albumen
process suitable for paper

prints

Collodion and chemical
mixture on glass

Copper plate coated with

potassium bichromate,
exposed under negative,

later etching of the plate

with acid

Mixture of wet collodion,

silver, and zinc or

magnesium nitrate (plates

kept moist for a week)

Exposure

15-30 min.

5-15 min

10 sec/1 min

several min.

10 sec/1 min
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Year

1854

1862

1864

1871

1871 onwards

Inventor

Gaudin, Taupenot

C. Russell

Bolton and Sayce

Maddox

H. Cooper, Wortley et al.

Designation

dry collodion

dry collodion, tannin
process

collodion emulsion dry
plates

dry gelatine emulsion

collodiobromide process

Light-sensitive surface

Collodion plate coated
with albumen, sensitized
in silver-nitrate bath,
acidified, and developed
with pyrogallic acid and
silver

Dry plates with silver
bromide and chloride,
tannin treatment, alkaline
developer

Collodio-bromide of silver
emulsion dispensing with
sensitizing nitrate of
silver bath

Gelatino-bromide of silver
emulsion on glass

Collodio-bromide
emulsion with slight
excess of silver nitrate,
pyrogallic acid as
developer

Exposure

1-5 min

c. 1 min

15-30 sec

initially 30 sec

varying
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Year Inventor Designation Light-sensitive surface Exposure

1874 Abney albumen beer process Very porous collodion on several min.
glass, sensitized with
silver nitrate and layer of
albumen-beer mixture

1879 Monckhoven et al. improved gelatine Silver nitrate added to = 1 sec
emulsions gelatinous solution of
ammonium bromide
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(p.178) Some older histories of photography erroneously assert that the
ancient Egyptians and the alchemists had observed silver salts darkening under
the action of light.2 It is certain, though, that Georgius Fabricius (1516-1571)
experimented with various compounds of silver, including the semi-opaque
mineral horn silver (luna corned), which occurs as an ore in the silver mines of
Germany and is also easily prepared artificially by adding common salt to a
solution of silver nitrate (AgNO3 in modern nomenclature).3 In the eighteenth
century naturalists like the professor of anatomy at the University of Altdorf,
Johann Heinrich Schulze* (1687-1744), and the Swedish apothecary Carl
Wilhelm Scheele® (1742-1786) expanded our knowledge about this reaction.
Schulze would amuse himself and his friends by copying letters onto the surface
of a mixture of calcium carbonate and silver nitrate inside a sealed bottle
through exposure to light. He conceived this entertainment as ‘natural magic’.%
Fifty years later Scheele analyzed the chemical reaction and established that
photo-reduction of silver chloride to metallic silver was caused by the blue
rather than the green or red components of solar light.” In 1782 the botanist
Jean Senebier (1742-1809) quantified the chemical action of different parts of
the spectrum by measuring the time needed to blacken a silver-coated surface:
while violet light needed no more than 15 seconds, purple light required 23, blue
light 29, and green light 37 seconds; yellow light took 5 1/2 minutes, orange
light 12, and red rays 20 minutes.? Shortly after 1800, Humphry Davy (1778-
1829), the newly elected director of the chemical laboratory at the Royal
Institution in London, and his friend Thomas Wedgwood (1771-1805), also
experimented with silver salts. They succeeded in obtaining a temporary image
of a painting on a white leather surface coated with silver nitrate. But their
efforts to fix their ‘shadowgrams’ of leaves and other flat objects, so as to
prevent further light exposure from destroying the imprints, utterly failed.? This
problem of fixing the image after exposure was not solved until the 1820s. At
that time the amateur lithographer Josph Nicéphore Niépce (1765-1833) in
Chalon-sur-Saone, France, tried out a substance often used as a varnish for
lithographic stones. He coated a glass plate with a thin layer of asphaltum, then
placed a drawing on top (p.179) and exposed it to intense sunlight. After
several hours, an imprint of the drawing became visible on the asphaltum
surface because the sunlight selectively bleached and hardened the parts not
shielded by the traces on the page. The unexposed areas remained soft and
soluble and with care could be washed away with a mixture of lavendar and
petroleum. Niépce thus obtained a permanently fixed positive image in a process

that he dubbed heliography.!°
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Although he even succeeded in 1822 in fixing a camera image of his house onto
an asphaltum plate positioned in the focal plane, his experiments with
heliographic etching on metals in the following years did not make much
progress: the images remained diffuse and coarse-grained and could not nearly
compete with drawings or conventional prints. Niépce died shortly after signing
an agreement with the graphic artist and panorama painter Louis Jacques
Mande Daguerre (1789-1851), who had recently experimented with related
techniques. In a letter written shortly after his first meeting with Daguerre in
Paris in the middle of August 1827, Niépce reported that Daguerre explicitly
referred to the solar spectrum as an ideal test for the sensitivity of his various
plates. But as the following quote suggests, instead of decomposing the light
prismatically, he had simply used colored glass filters. Daguerre thus proceeded
similarly to the botanist Senebier in his explorations of the ‘spectral’ sensitivity
of plant leaves. And like many of his predecessors, he was confused by the
experimental results, which revealed insufficient separation by these absorptive
media of Newton's seven primary colors, as well as opposite chemical actions at
the red and violet ends of the spectrum:!1

M. Daguerre has succeeded in fixing on his chemical substance some of
the prismatic colours; he has already fixed four and is working to fix the
three others, in order to have the seven colours of the spectrum. But the
difficulties which he encounters constantly grow in proportion to the
modifications which this same substance has to undergo in order to retain
several colours at the same time; what frustrates and completely baffles
him is the fact that from these various combinations entirely opposite
effects result. For instance, a blue glass which throws on the said
substance a darker tone, produces a tint lighter than that on the part
submitted to direct [sun]light. On the other hand, this retention of the
elementary colours is limited to fugitive tints so feeble that one cannot
perceive them at all in full daylight: they are only visible in the dark, and
for this reason: the substance in question is of the nature of Bologna stone
and Pyrophore.!?2
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The inherent problems with asphaltum led Daguerre to try many other
substances, including phosphorus and ‘pyrophore’ (potassium sulphide) until he
finally hit upon iodized silver. Plates silvered with that compound were
developed with mercury vapor (1835) and a salt (p.180) solution served as the
fixing agent (1837).13 When their scheme to sell their new discovery by
subscription in 1838 fell through, Daguerre and Niépce's son Isidore decided to
offer it to the government. The response by the official whom they had
approached, Dominique Francois Jean Arago (1786-1853), was enthusiastic. The
report by this director of the Paris Observatory and secretary of the Paris
Academy was made public in January 1839. After the negotiations about a state
pension for Daguerre came to a close, Arago was able to announce the hitherto
secret process at a meeting specially arranged for the purpose at the French

Academy of Sciences on 19 August 1839.14

The daguerreotype process'® “burst upon the public like meteors” and

“startled the public mind by [its] novelty and grandeur”.16 A silvered copper
plate was sensitized to light by means of iodine vapor. It was placed in a vapor-
filled box at room temperature for 5-30 minutes; when the surface had become
golden yellow (observed by red-lantern light in the dark room), the plate was
slipped into a light-proof envelope for subsequent insertion in the camera.
Exposure in the camera lasted between 5 and 30 minutes, depending on how
well the object was illuminated, but direct sunlight was absolutely
indispensable.17 In June 1841, Antoine Claudet (1797-1867), a Frenchman living
in London, realized that the sensitivity of the iodine film could be augmented by
passing it over the mouth of a bottle containing chlorine, iodine, or bromine: the
exposure time was thus shortened to a few seconds.!® After exposure, the latent
image was ‘brought out’ by subjecting it face downwards to mercury fumes
heated to 75°C. The photosensitive salts were reduced to a silver amalgam
wherever the plate had been exposed to light. The remainder were washed off in
a bath of hyposulphite of sodal? followed by a rinse in distilled water, after
which the plate was dried and finished. The combination of stronger scattering
by the silver-mercury amalgam and reflection off the silver surface created an
image of fairly high resolution with a metallic sheen. The quite long exposure
times required by this technique made it especially well-suited for stationary
subjects like still-lifes and architectural motifs. Live portraiture, on the other
hand, was a trying affair. Improved Voigtlander cameras with Petz-val lenses and
advances in photochemistry in 1841, however, unleashed a veritable craze for
daguerreotype ‘likenesses’, as they were called, to set them apart from
conventional (p.181) painted or drawn ‘portraits’. As a result, roof-top studios,
shops selling cameras, equipment, and sensitizing chemicals cropped up
everywhere, and photographic societies and exhibitions featuring the new form
of representation were organized in all the major cities, in particular in France
and America where no patents protected Daguerre's invention.2? The main
disadvantages of daguerreotype were that it could only provide originals that
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were not easily duplicated. Additionally, each daguerreotype plate was quite
heavy, and the equipment was bulky as well.2! Other problems with the new
technique, namely, the susceptibility of the silver plates because the mercury
adhered so lightly to the surface, as well as the tendency of the image to oxidize
after a while, remained. When Hippolyte Louis Fizeau (1819-1896) toned the
image with chloride of gold after fixing, the additional layer not only protected
the image from abrasion but also increased the contrast and effectively
prevented its oxidation.?? Not long afterwards, the druggist and self-taught
photochemist Robert Hunt?3 (1807-1887) and the Resident Chemist of the
Polytechnic Institution on Regent Street, London, John Thomas Cooper (1790-
1854) managed to make a daguerreotype on sensitized paper carefully selected
for its homogeneity and smoothness.?4 Nevertheless, the main disadvantages
remained and both factors prevented daguerreotypes from being included in
books and impeded the expansion of this technique into domains of printing and

illustration beyond architecture and portrait photography.2°
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In Scotland another technique was flourishing, developed independently by the
English chemist, physicist, inventor, and archeologist William Henry Fox Talbot
(1800-1877). Tal-bot had started out with the same aim as Daguerre of finding a
new way to fix the contours of landscapes and other interesting objects on a
plane surface.% Talbot, however, tried from the outset to sensitize paper as
opposed to a metallic or glass backing. In an extended series of experiments
initiated in early 1834 he first tried a solution of silver nitrate, then silver (p.
182) chloride. Finally, that spring he found that an “imperfect chloride” or
“subchloride” of silver was more sensitive to light.2” But he got no further than a
few contact prints of flat objects such as leaves, laid on a sensitized sheet of
paper and covered with a sheet of glass before exposure to intense sunlight. He
did not follow this up because he had difficulty protecting these photogenic
drawings, as he called them, against further exposure. They were also limited in
size because of the paper's tendency to be “acted on irregularly”. However, the
announcement of Daguerre's invention in January 1839 reminded Talbot of his
earlier experiments on ‘sciagraphy’, as he also called his method—the art of
depicting objects by means of their shadows. Even though a priority dispute with
Daguerre was ultimately not resolved in his favor,28 this incident at least put him
back on track in the ‘black art’,?? which he had temporarily abandoned in 1835.
His perfected method of photogenic drawing entailed the following: fine writing
paper was first dipped in a weak solution of common salt, then dried,
impregnated on one side only with a dilute solution of nitrate of silver, and then
dried again at the fire (the last two steps only by candlelight). After the thus
sensitized paper had been exposed for several minutes, the image was fixed in a
dilute bath of iodide of potassium, which transformed the unreduced silver salts
into silver iodide. Talbot deemed the result “absolutely unalterable by
sunshine.”3% One month later, after informing Talbot privately in February 1839,
John Frederick William Herschel3! (1792-1871) publicly announced in the
Proceedings of the Royal Society his suggestion of using hyposulphite of soda as
an alternative fixing chemical,3? which greatly improved the process and
eventually became the norm in Talbot's own photographic work as well.33
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In September 1840, Talbot arrived at another method, this time making
negatives, which he decided to christen calotype (from the Greek kalos,
meaning beautiful). In this process, (p.183) fine writing paper of exceptionally
high wet strength3# was soaked in a sodium chloride solution, and then painted
with an “exciting fluid”, essentially a solution of gallic acid and silver nitrate,
just before exposure. The dried paper was exposed for approximately 1-3
minutes, 3 then developed with a more dilute form of Talbot's sensitizing fluid.
The image was then fixed in a potassium or sodium halide solution (later
replaced with hyposulphite of soda), and finally dipped in a bath and allowed to
dry.3% The process differed from Talbot's earlier technique of photogenic drawing
insofar as the image on the sensitized paper remained “latent” or “sleeping” (as
Talbot put it) during the initial exposure to light, only becoming visible after
subsequent coating with a dilute solution of gallic acid and silver nitrate. This
had the advantage that the light did not have to reduce the silver salts fully in
the exposed areas of the image but just transform them enough to make them
sensitive to the developing agent. As a consequence, the exposure times were
drastically reduced from a matter of hours to a minute or less.3”

Neither Talbot's calotypes—sometimes also referred to as talbotypes—nor his
photogenic drawings constitute what we would call a positive image, but contact
prints depicting the objects by means of their silhouettes.38 This is one reason
why some of the earliest commentators vehemently attacked Talbot's method.3?
‘Positives’ could, however, be printed from these ‘negatives’ using a contact
print procedure in which the negative was put on top of another sensitized sheet
and exposed to intense sunlight, repeating the same developing and fixing
procedure as for the positive print. A terminological remark: The terms “positive’
and ‘negative’ as well as the term ‘photography’ were first used in 1839 by John
Herschel, who preferred the latter over Talbot's more cumbersome description
‘photogenic’.#? However, (p.184) it was not before the 1850s that the word
‘Photography’ came into more general use.

Calotype had many advantages: more than one positive print could be made
from each exposure, they were easier to send, and cheaper and easier to use,
the final image was not reversed, and the tones were warmer and richer in
contrast. A disadvantage was that paper usually could not retain as much detail
as a polished metallic surface. It was often uneven as well and had a tendency to
fade with time. Talbot's patent restrictions in France, America, and England (but
not Scotland) presented the main obstacle to widespread use of this first
negative-to-positive technique, however. Thus daguerreotype soon dominated
internationally, with calotype remaining the hobby-horse of a few enthusiasts.*!
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The situation only changed in the early 1850s, when a new process called wet
collodion or ‘wet plate’ photography conquered the world. Invented by the
sculptor and photographer Frederick Scott Archer (1813-1857) in 1851, it was
essentially an improved version of the calotype but using a glass plate coated
with collodion, which was a mixture of nitrated cotton (gun cotton), dissolved in
ether and alcohol, and potassium iodide. The iodide-rich acetate film was
sensitized (in the dark) by a 2-3 minute soaking in a silver-nitrate solution. After
draining, it was ready for exposure, which lasted typically between 10 sec and 2
min. A developing solution of pyrogallic acid was then poured over the plate
until the image looked fully developed, rinsed in water, fixed in hyposulphite of
soda, rinsed off, dried, and varnished. From this negative a positive contact print
was made either on paper or on glass coated with albumen (raw eggwhite)
mixed with common salt and sensitized with silver nitrate.*? Spectrum
photography used either glass plates or photographic paper, whereas stellar
photography usually preferred albumenized glass plates, which guaranteed
greater mechanical stability for later micrometric measurement.43 The glass
plate could be used for projection onto a bigger screen using a ‘magic lantern’,
or for examination under the microscope and translation into wavelength
measurements using a micrometer. Though glass-plate photographs were usually
preferred because of their better image definition, improvements in albumenized
paper ultimately afforded good-quality images less prone to fading than Talbot's

salt paper.#*
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The main strengths of wet plates were a high definition of the photographic
negatives, a potentially unlimited number of permanent positives, and a fairly
reasonable price per paper print, at about 1/10 of the cost of a daguerreotype.
The handling involved was awkward, though, because the plates had to be
coated, exposed, and processed, all within minutes. (p.185) Otherwise the
excess silver nitrate in the acetate film would crystallize and the emulsion would
become strangely mottled. Many faint objects could not be photographed at all
because the exposure time depended on the evaporation rate of the wet
emulsion. For experimental work with spark spectra conducted in a confined
space, another problem presented itself: the chemically aggressive ozone
generated by the electric discharge rapidly covered the wet collodion with a
thick deposit of silver.#> Considerable skill was needed just for pouring the
viscous collodion evenly over the glass surface, and most of the tedious
preparatory steps for the photographic plates had to be done in the darkroom.
That necessitated improvisations on the field with tents or other portable
equipment. By the mid-1850s it was established that, when treated with silver
and zinc- or magnesium nitrate, the wet emulsion's duration of sensitivity was
considerably extended, by up to a week.*6 But the other inconveniences proved
intractable.*” Even when dry collodion plates became commercially available a
decade later, they did not gain much popularity because they were only a fourth
as sensitive as wet plates, which meant four times as long exposure times,
suitable only for inert subjects.

In the third phase of development, after 1871, these serious drawbacks were
finally overcome with the development of gelatine-based dry plates. This
technology originated from “somewhat careless experiments tried at first on an
exceedingly dull afternoon” by an English physician, Richard Leach Maddox
(1816-1902).#8 Maddox tested other materials to replace commonly used
collodion to carry the silver halides. This idea had occurred to others too but
gelatine (as used in jellies) had not yet been tried as a substitute. He found a
way to prepare a milky emulsion of slightly acidic gelatine, to which first a
soluble bromide and then silver nitrate was added. While still warm, this
emulsion was coated directly on one side of a carefully cleaned and polished
glass plate. As the gelatine emulsion was drying, the chemicals did not
crystallize out as in collodion. The plates had a “thin, opalescent appearance,
and the deposit of bromide seemed to be very evenly spread.”4? Development of
the plates was achieved as before in a series of baths in solutions of pyrogallic
acid and water, and the fixing was done with a solution of hyposulphite of soda.
The resulting prints were “very delicate in detail, of a colour varying between a

bistre and olive tint, and after washing dried with a brilliant surface.”>?
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(p.186) The necessary exposure times still remained between 30 and 90
seconds, so Maddox's plates were slower than contemporary collodion plates.
Further optimization of the chemical ingredients and their concentrations,
however, as well as the discovery that the sensitivity of the plates could be
greatly enhanced by prolonged heating (called ‘ripening’) during preparation,
reduced the necessary exposure times to under a second. By 1880 commercial
gelatino-bromide dry plates were more sensitive still, by about a factor 20 as
compared with their collodion-based forerunners, and tripods could be
dispensed with for normal applications. Underexposed negatives could be
enhanced subsequently by chemically enlarging the individual silver

agglomerates suspended in the silver-bromide emulsion.>!

Fig. 6.1 Microphotograph of a silver-
bromide emulsion enlarged by a factor of
900. Left: A normal Perutz plate,
developed with Rodinal. Right: Enlarged
grain with a metallic core and (yellow-
brown) envelope after uranium nitrate
enhancement. From Kaiserling [1898] pp.
32, 188.
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By 1880, the production of gelatino-bromide dry plates was no longer in the
hands of the photographer, who would do little more than emerse his plates in a
bath containing a sensitizer solution (in cases where such special sensitivity was
needed) shortly before exposure. True, photographic experts and scientists
requiring plates sensitive to very special frequency ranges might still go through
this ‘bath’ procedure, but the vast majority of customers preferred ready-made
plates with the sensitizer forming a part of the emulsion.’? A specialized
industry in photographic supplies catered to the demands of the rapidly growing
market. The Liverpool Dry Plate Company was one notable supplier as well as
the firms Kennett and Wratten & Wainwright, Ltd.>3 The photographic gelatine
was made from calf (p.187) skin (generally facial clippings and ears because
these parts had little value as leather). The clippings were washed and treated
with lime to remove the fat and hair. The lime was later removed with a weak
acid followed by a rinse in water. The resulting mass was cooked in a steam
kettle until the gelatine could be extracted, concentrated if necessary and
allowed to set into blocks of jelly, which were cut into thin slices and stretched
out on a net to dry.”* The industrially manufactured plates were much improved
in quality over the custom-made kinds in terms of emulsion homogeneity and
reliability of sensitivity. By the mid-1870s paper coated with a gelatine emulsion
was available for sale for making enlargements from smaller negatives using a
gas-lit enlarger. Formerly, albumen-paper enlargers needed strong sunlight and
outdoor mirror installations.®® Easy-to-use handheld cameras with magazines of
several plates, and later cellulose-based transparent roll film eventually made
photography accessible to amateurs.’® George Eastman of Rochester, New York
and other entrepreneurs in the late 1880s thus transformed photography into
today's mass technology, epitomized by Eastman's slogan “You press the button,
we do the rest”.%’

6.2 The dry-plate spectrum
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The late 1870s were a time of change not only in commercial photography. As
soon as these new plates arrived in the laboratory, scientific practice was
likewise drastically altered. Substitution of ‘wet’ collodion for ‘dry’ gelatino-
bromide plates very much depended on the specific application, the time
constraints,?® the wavelength range under study, and the regional availability of
the various commercial plates. In Potsdam the astronomer Hermann Carl Vogel
still preferred wet plates for the task of mapping the solar spectrum even as late
as 1879. His reason was the very limited sensitivity of the dry plates available to
him, which essentially confined him to the spectral range between 4270-4340 A.
Exposures of the spectrum near G were clear, but those above and below it were
hardly visible on the plate. Alternatively, upon longer exposure, the other parts
of the spectrum came out clearly, but then the region around G was totally
overexposed, and consequently, solarized.?® In the early stages of their
photographic explorations of the solar spectrum, Vogel and his assistant Wilhelm
Oswald Lohse (1845-1915), a trained chemist, even mistakenly interpreted (p.
188) similar inversion effects beyond the line A as indicative of unwanted
reflection of light from other spectral regions within the 60° crown-glass prism.
The unfamiliar appearance of spectral lines in the infrared regions led them to
dismiss their records as artefacts of the instrument and prematurely conclude
that, contrary to contemporary claims, photography was not suitable for

recording any infrared spectra at all.??
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Just a few dozen kilometers away, however, another spectroscopist of almost the
same name made a quite different assessment. Hermann Wilhelm Vogel®! (1834-
1898) at the newly founded Charlottenburg Polytechnic®? adopted the new
commercial dry plates early in 1879 for his examination of spectra of various
gases generated in a Geissler tube.®3 Wet plates had dried out too fast for the
long exposure times (which could easily fill several hours) needed for these very
faint spectra. Aside from this, wet plates were particularly insensitive in the
more refrangible ends of the ultraviolet, that is, precisely in the region that
depended on photography as the only available detector for the spectrum lines.
Finally, as mentioned above, the ozone produced by the electric discharge
generating the spark or light arc spectra acted chemically on the wet collodion
plates, causing them to become coated with a thick deposit of silver after the
developing solution had been applied.?* With the new gelatine-based dry plates
H.W. Vogel found the sensitivity increased overall by a factor of 15. As a result,
he was able to photograph very faint spectral structures that had never before
been recordable photographically, and some had never yet been observed
visually either. For instance, Vogel found several new lines in spectra generated
in a Geissler tube containing very pure hydrogen. Thus the hydrogen series,
which until then was thought to consist of only four lines, could be extended into
the far violet and ultraviolet.®® Meanwhile, in England, the gentleman scientist
William Huggins had also discovered the usefulness of dry gelatine plates for the
purposes of spectroscopy—in his case stellar spectroscopy—which likewise dealt
with very faint luminous objects whose spectra had to be recorded for hours at a
time before they could be examined under a microscope. Initially (p.189)

I used wet collodion, but I soon found how great would be the advantages
of using dry plates. Dry plates are not only more convenient for
astronomical work, being always ready for use, but they possess the great
superiority of not being liable to stain from draining and partial drying of
the plates during the long exposures which are necessary even with the
most sensitive plates. I then tried various forms of collodion emulsion, but
finally gave up in favour of gelatine plates, which can be made more
sensitive.56

Because Huggins was using quartz, he advanced further into the ultraviolet than
H.W. Vo-gel had with his flint-glass prism spectrograph. Huggins's spectra of
certain white stars then showed striking coincidences with four of the newly
discovered lines in H.W. Vogel's hydrogen emission gas spectra from the
laboratory. It became exceedingly plausible that Huggins's stellar spectrum lines
were attributable to hydrogen in the stellar atmospheres. Moreover, the very
regular distribution of these lines, with the interval between any two adjacent
lines differing in size by a constant amount, provided a decisive clue for the
contemporary search for patterns in spectral line series (to which we shall
return on pp. 295ff.). The use of gelatine dry plates in spectroscopy thus led to
progress on more than one front.
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6.3 The photographer's self-image
From today's point of view, the earliest photographs by Niépce, Daguerre, and

the other pioneers are scarcely naturalistic renderings of the objects originally
observed through the camera view-finder. But how were these early photographs
‘seen’, that is to say, ‘interpreted’ by their makers? Did they comprehend their
products as truthful depictions of reality or only as short-hand memory aids,
black-and-white guides for subsequent artistic translation by means of
engraving? And what kind of arguments did the proponents of the new
technology use against its conventional competitors? To answer these questions
we must return to the annus mirabilis of photography: 1839, before taking note
of conceptual changes in the following decades.
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After some experimentation with silver-salt mixtures which ended in a reduction
of the exposure time to ten minutes for a landscape, “though faint” yet suitable
to “serve as a traveller's sketch”, John Herschel felt the time had come to
declare in a letter to Fox Talbot: “that the process of photography is now placed
within the reach of every body -is quicker than copperplate engraving (i.e. than
the more elaborate sorts) -is susceptible of quite as great delicacy as the most
finished copper plate work —and is quite available for self-registry of all sorts.”5”
This verbalizes the already intense competition between photography and other
available printing techniques. One of the most popular applications of early
photography was reproduction of engravings and lithographs, both as negatives
and as positives—as if the new technology had first and foremost to demonstrate
its ability to reproduce what the senior mechanical arts already mastered. As
with lithography, the radically new features it offered were appreciated only
later. Talbot's assertion expressed early on, in 1839, is a case in point: “There is
not the smallest doubt that the finest engravings can be imitated [...] I am so
confident about the success of copying engravings judging by those which I have
already made, that I should like very much to prepare a fine collection (p.190)
of them, to be shown at the Scientific Meeting at Birmingham or sooner.”%8 John
Herschel was similarly fascinated with the idea of applying photography to “the
art of Copying Engravings, lithographs, mezzotints, or original drawings of every
description” and assessed his trials positively in a note in March 1839 about
applications of the art of photography to the purposes of pictorial representation
by pointing precisely to its ability to reiterate faithfully all the intricate details of
the original plates: “Many of these [sample photographs] are copies from very
elaborate and highly finished ornamental steel-plate engravings and when
examined with a powerful magnifier, will be found to render every stroke and
dot with a fidelity quite equal to that of a printed impression.”%? As the historian
of photography Graham Smith remarks, these intricate patterns “would have
challenged the most patient and skillful draftsman,””? and it is certainly possible
that these motifs were chosen for precisely that reason. I suspect, though, that
they also appealed to Talbot's aesthetic sense, especially when you consider that
he had embarked on his gentle excursions into science in the field of botany.”! It
would not be long before the “multitude of minute details” that Talbot
documented in leaves, ferns, flowers, and haystacks reappeared in the graphic
representations of spectra, which were no less intricate in structure and design.
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The parallel with lithography continues, for during its introductory period, it too
was praised for its ability to imitate copperplate engravings. Photographers too
extolled the new autonomy won from the dictate of mindless draughtsmen,
employing the rhetoric of ‘self-recording’ features of the new technology. Upon
becoming aware of Daguerre's achievement in early 1839, Talbot decided to
exhibit ninety-three of his ‘photogenic drawings’ from years past at the Royal
Institution, essentially contact prints on paper of flat objects including plant
leaves, copperplate engravings, and other intricate patterns. Both the term
‘photogenic drawing’ and the somewhat unusual activity of ‘exhibiting’ the
results of research gain meaning when we place them within the contemporary
context of recording and printing techniques which all derived from the arts.

In a letter to John Herschel, Talbot spoke of his early photogenic drawings as
“the possibility of fixing upon paper the image formed by a Camera Obscura, or
rather, I should say, causing it to fix itself”.”? For instance, an image of Lacock
Abbey taken in May 1839 was labeled “self-represented in the Camera Obscura”
by Talbot. According to his conceptualization, the house “had painted its own
portrait”, so to speak.’3 The option of applying photography to tiny filigree
objects such as flies' wings was appreciated, “to let Nature substitute her own
inimitable pencil, for the imperfect, tedious, and almost hopeless attempt (p.
191) of copying a subject so intricate.”’4 When in the years 1844-46 he later
published a selection of his calotypes under the title The Pencil of Nature, Talbot
found it necessary to assure the public that the illustrations were indeed
photographs. In some copies he inserted a “Notice to the Reader” which
reaffirmed: “the plates of the present work are impressed by the agency of the
light alone, without any aid whatever from the artist's pencil. They are the sun-
pictures themselves, and not, as some persons have imagined, engravings in
imitation.””® The six fascicles included various motifs, each with a commentary
of at least a page. A haystack was chosen, for instance, to demonstrate that “the
photographic art will enable us to introduce into our pictures a multitude of
minute details which add to the truth and reality of the representation, but
which no artist would take the trouble to copy faithfully from nature.”’® Nomen
est omen: The Pencil of Nature was a program: it suggested that no longer was
any more-or-less skilled human draughtsman at work, but Nature herself, using
the inscription device conveniently provided by camera and photographic plate.
Talbot failed to mention, however, that in order to meet the demand for the
calotype prints (1440 alone for the first installment printed between June and
November 1844), he had established a separate factory in Reading, the first
mass-production facility for photographs, where many by no means unskilled
hands aided in the delivery of nature's inspirations.””’

In a similar vein, Arago described Daguerre's method in terms of a self-
recording mechanism, rigorously mapping colored objects in black and white:
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everything that the image contains is reproduced, down to the minutest
detail, with incredible accuracy and sharpness. [...] light itself reproduces
the shapes and proportions of the external objects with almost
mathematical precision; the photometric relations between the various
white, black, and gray parts are exactly retained; but the half-tones
represent red, yellow, green, etc., for the method creates drawings, not
color paintings.’8

When summarizing the recent progress in photography for The Edinburgh
Review in 1843, Sir David Brewster used the metaphor of a mirror to describe
the “incalculable advantages” of photography over the arts of painting and
sculpture. And he left no doubt that in his opinion it was superior to the
“travelling artists” with their “hurried sketches” and their “false and ridiculous
illustrations, which are equal mockeries of nature and art":

when the photographer has prepared his truthful tablet, and ‘held his
mirror up to nature’, she is taken captive in all her sublimity and beauty;
and faithful images of her grandest, her loveliest, and her minutest
features, are transferred to her most distant worshippers, and become the
objects of a new and pleasing idolatry.”?

(p.192) The rhetoric of photography as a faithful, precise, and complete
rendering of objects was by no means confined to these scientific circles. Even
the Art Union applauded some of Talbot's calotypes as “truly wonderful
representations [...], a transfer to paper of the masses and tracery of light and
shade by a means utterly inimitable by the ordinary resources of Art [...] there is
nothing inharmonious in nature, therefore the closest imitation of nature is the
nearest approach to the beautiful”.89 This technique was praised in a similar
spirit by the publisher of another book containing photographic illustrations,
which appeared at the end of the 1850s, with the words: “[photography] sees

anything, omits nothing, is never negligent, does not tire [...] the sun dictates”.8!
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But not everyone was swept up by this enthusiasm. Lithographic draftsmen,
printers, and artists alike felt threatened by this new rival, and they had
legitimate doubts about whether photography really was all it was trumped up to
be. Assuming a more tempered tone, Hunt's subsequent article assigned a much
more subservient role to photography of providing a kind of “skeleton map” to
the artist “which saves him some rough work, and sets him free to supply the
deficiencies in truth, in life, and in spirit. [...] there is no reason to fear that
either [talbotype or daguerreotype] will supersede the labors of the artist; in
spite of all the chemical and optical aid we can afford him, the Sun will continue
to be a very bad painter, too literal in his details, and at the same time too false
in his proportions. But solar pictures offer valuable materials on which the artist
can work.”82 This moderation was the more opportune since Talbot's pictures of
the Sun were not only far less brilliant and clear than daguerreotypes but they
also faded rapidly: today, hardly more than a ghostly greenish shadow remains
of the first calotypes that were mounted into the June 1846 issue of The Art
Union.

This did not put an end to the debate about photography versus conventional art
forms, however. On the contrary, it intensified with each new improvement in
photographic technique. An essay on the relation between photography and
painting written by the art historian and critic Philip Gilbert Hamerton (1834-
1894) in 1860 shows how tense these ‘relations’ still were 15 years after Talbot's
pioneering publications. By pointing to the serious problems contemporary
photography encountered in representing immense variations in light intensity,
rapidly moving objects, and sudden changes in light conditions, besides
rendering the subconscious human focusing of foreground and background
alike, etc., he attempted to debunk systematically the many myths that
photographers had been spreading about their trade. For this critic, “painting is
a great intellectual art; an art of compensation, and compromise, and contrast;
an art capable of moderation, and subject to mastery. [...] photography is not a
fine art, but an art science; narrow in range, emphatic in assertion, telling one
truth for ten falsehoods, but telling always distinctly the one truth that it is able
to perceive.”83 The same literalness, directness, and lack of moderation which
Talbot and other photographic pioneers had presented as a virtue was here
turned into a deplorable (p.193) deficiency stripping photography of its aspired
status as a ‘fine art’ and degrading it to a “useful and curious invention”, to a
mere craft.84 Time and again, this qualification made by advocates of the
traditional arts of genius (in the emphatic sense) in the sphere of the liberal and
fine arts (artes) against the—at best—‘ingenious’ mechanical and chemical
manipulations involved in photography (technes), was disputed by some of the
more aggressive spokesmen of the new field.

6.4 Early photographs of the solar spectrum, 1839-1846
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The possibility of applying Daguerre's method of fixing “images that form on the
focal plane of a camera obscura”, in order to check whether the optically
manifest black lines in the solar spectrum were also “effets photogéniques”, had
already been raised by Arago in his official report to the Paris Academy.?> Just a
few weeks later, Arago's colleague Jean Baptiste Biot presented a follow-up
report on his efforts to use this new technique as a tool for scientific studies of
optical problems, not as the object of study itself, as had been the case with
other publications on daguerreotype up till then. Indeed, daguerreotype was
well-suited for the study of solar radiation. Unlike the human retina, which is
just sensitive to radiation within the visible range, surfaces sensitized with
Daguerre's silver salts proved to be sensitive to actinic and caloric rays (or, as
we would say today, the ultraviolet and infrared spectrum) which had both been
discovered shortly after 1800. Biot claimed that sensitized paper first dipped in a
solution of hydrochloric acid, then sensitized with silver nitrate, was at least as
sensitive to heat radiation as Melloni's thermopile, which had been used up to
that time for detection of radiation beyond the visible red end of the spectrum.86
Biot and his assistant systematically tested the effect of sunlight on silver salts,
collecting it with the aid of a heliostat, guiding it through various color filters,
and projecting it onto sensitized paper in an otherwise sealed container. By
changing the light absorbers, the degree of polarization, and the exposure times,
they established, for instance, that a blue filter caused the most serious
weakening of the resulting image, which suggested that the blue part of the
spectrum was instrumental in forming the photographic image.

In close parallel to developments in flame analysis, where color filters were used
in the earliest exploratory experiments, the next step was decomposing the light
prismatically and examining the sensitivity of the photographically sensitized
surface to various parts of the spectrum. Biot did not do this himself. In the
following years he was assisted by “an aid, as intelligent as he is zealous”.
Edmond Becquerel (1820-1891), the son of one of Biot's colleagues in the Paris
Academy,®” took up this photochemical analysis of prismatically decomposed
light from the Sun as well as from various artificial sources.
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Becquerel's initial idea was to cover chemically sensitized paper with glass of
various colors in order to see how their different absorptions influenced the
chemical reactions. He noticed that after a few minutes exposure to the Sun
through red and yellow glass, no action (p.194) was observable on the surface,
while it was soon blackened through blue glass. When he first exposed the
surface to violet rays for a very short time, and then placed the paper under red
glass, the chemical action continued nearly as intensively as it did under blue
glass. In 1839 Edmond Becquerel reached the conclusion that radiation from
these light sources contained at least two different classes of rays: (1) “rayons
excitateurs” which were able to initiate chemical action in sensitized surfaces
such as paper soaked with silver bromide; and (2) “rayons continuateurs”, which
only became chemically active once these surfaces had been exposed to the first
class of rays. The first class seemed to be confined to the spectral region
between blue and violet and beyond. The second class was active between red
and blue. This dual divisioning also held for surfaces sensitized with chloride or
iodide of silver; further corroboration derived from the ease in screening out
either one of the two classes by means of color filters.88 The mysterious
strengthening of latent pictures by extended exposure to longwave radiation was
also confirmed in later studies, long after Becquerel's dichotomy of rays had
broken down. It is now known as the Becquerel effect.??

Three years later, Edmond Becquerel had advanced to the position of assistant
at the Paris Muséum d'histoire naturelle, where his father had been occupying
the chair for physics since 1837. In June 1842, Becquerel junior utilized both
processes by Daguerre and Talbot for the first permanent recordings of a
chemical spectrum extending substantially beyond the violet end of the optical
spectrum.?? By varying the exposure time between two minutes (the minimum
time needed for a trace of the spectrum to appear on the plates) and an hour,
Becquerel soon revealed that the extension of the chemical spectrum beyond the
violet depended upon how long it was exposed. Along the same vein, Becquerel
investigated the sensitivity to the chemical spectrum of specific preparations
and chemical compositions of the sensitive layer on a photographic plate (see
Fig. 6.2). He experimented with Daguerre's standard recipe of silver iodide as
well as with silver chloride and bromide, and gold halides. To this list he added
several phosphorescent substances that also formed an image of the incident
radiation (see here § 2.8 on phosphorogenic spectra). Furthermore, he worked
with several kinds of filters that altered the extension and intensity of the
registered spectra as well as the location of their respective maxima.
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By careful adjustment of the exposure time of his daguerreotypes, Becquerel
was the first to show that the Fraunhofer lines were zones of chemical inactivity
within the spectrum. Because of the absence of radiation at any of these dark
lines, the photographic paper simply was not darkened along their traces.
Although the relatively low dispersion of his prism (generating a visible
spectrum of only about 15 cm total breadth on the photographic plate) allowed
registration of only the strongest lines, their positions coincided exactly with
those of the Fraunhofer lines (e.g., F and H) in the optical spectrum. However, a
virtually “infinite number” of finer lines could be recorded by augmenting the
total length of the (p.195) spectrum or parts of it up to a factor of ten with the
aid of lenses, and by optimizing the aperture of the shutter.?! This coincidence of
dark lines in overlapping spectral regions in the optical, phosphorogenic, and
chemical spectra (cf. Fig. 2.30) convinced Becquerel of the essential identity of
the three kinds.?? Thus he felt justified in plotting the newly discovered dark
rays beyond the violet end of the spectrum as a natural extension of the
Fraunhofer spectrum, with a continuation of Fraunhofer's labels from H to Z.

It is true that by 1843
Becquerel was still talking
about ‘rayons excitateurs’ and

‘continua-teurs’,3 but he
understood this distinction—just Fig. 6.2 Edmond Becquerel's extended

like the standard ones between spectrum including many newly
chemical, calorific, and optical discovered dark lines beyond the violet
rays—merely as convenient end of the visible spectrum. Copper
terminological demarcations of engraving by Dulos. From E. Becquerel
different classes of phenomena [1842a] plate, fig. 2 (note: the symbolic
without any ontological or labels are not identical to the ones later
epistemological implications. In adopted; cf. also Fig. 6.4).

that year he explicitly argued

against any premature

postulation of different entities.? Becquerel then attributed the differences in
the chemical, phosphorescent, and optical effects of solar radiation to the
different media used for detection and recording, and no longer saw them as
indicating any fundamental differences in the efficacious entities:

Page 26 of 109



The Rise of Photography

among this mass of remarkable phenomena which the action of solar rays
engenders, the various observable effects thus originate merely from the
differences existing between sensitive materials and not from an alteration
of the producing agent. All the facts known thus far depend on this
observational approach. These differences between impressionable bodies
are such that on the retina, the optical sensation is of but short duration;
on a sensitive chemical material, the solar rays destroy the equilibrium of
the particles in such a way as to effect a new molecular arrangement and
on a phosphorescent substance the rays disturb the equilibrium of the
molecules only momentarily.??

(p.196) Thus the chemical differences counted less for Becquerel than a
homogeneity among chemical, phosphorescent, optical, and calorific rays with
respect to reflection, refraction, polarization, and interference. The presence of
all these properties was essential for unification under Fresnel's mathematical
wave theory of light.%6

As we shall see in a moment, the special target of Becquerel's critique of
premature generalizations in interpreting these photochemical findings was the
American chemist and physiologist John William Draper?’ (1811-1882),
professor of chemistry and natural philosophy at the University of the City of
New York since 1839. Draper was one of the pioneers of photography on the
American continent. He was among the earliest to set up a photographic studio
on the roof of his house on 4th Street, right across from the campus.?® Draper
was possibly the very first photographer to adopt daguerreotype successfully at
the early date of 1839 for portrait photography. Hitherto it had mostly been used
for landscapes and buildings. And he was quite certainly the first scientist to
succeed in photographing the Moon, in 1840.99 To reduce the exposure times to
the required minute or less for live portraiture,'%? Draper improved the camera
design as well as his technique of illuminating objects and persons. But above all
he optimized the sensitivity of the silver-halide photographic plates. In mid-1842
he experimented with different fixing methods. At that time, and hence nearly
concomitantly with—and quite certainly independently of—Edmond Becquerel,
Draper also succeeded in recording a daguerreotype of the solar spectrum (or as
he preferred to call it, a “tithonographic representation”). Soon thereafter he
produced daguerreotypes of flame spectra, and by 1845, Draper was the first
experimenter to have recorded a diffraction grating spectrum.!?! Because
spectra generated by reflective interference of a metal grating were much
weaker than prismatic spectra, he had to expose it twice as long as before (30
min). Regrettably, in 1865 most of Draper's photographs were destroyed in a
fire. At least one of Draper's earliest daguerreotypes of the solar spectrum (p.
197) has survived, however. It is one dated 27 July 1842 that he had sent to Sir
John Herschel in England!9? (cf. Fig. 6.3).
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(p.198) This photograph
shows that, unlike Becquerel,
Draper did not succeed in
recording any trace of the
Fraunhofer lines in the yellow,
orange, and green parts of the
spectrum. He explained to John
Herschel in September 1842:

You will see, Sir, that the
darkening action ends at the
termination of the blue ray,
and then after a fringe of
certain width & of a white
colour is passed, a powerful
protective action takes place,
wholly arresting the action of
diffused daylight. This goes
down beyond the extreme
red, and if you look very
narrowly, there is within this
protected space a faint white
ray that in certain lights
exhibits a play of colours. [...]
At the other end, beyond the
rays you have termed
lavender, the same kind of

negative action reappears,—

Fig. 6.3 ]J.W. Draper's daguerreotype of
the solar spectrum, with his handwritten
commentary on the right margin. 27 July
1842. The original, sized 9 x 7.5 cm. is
now a part of the Herschel collection of
the National Museum of Photography,
Film, and Television, Bradford.

it is therefore entirely independent of refrangibility. This upper negative
ray I cannot obtain in New York, though operating under circumstances

[temporally?] similar.193
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As did other pioneers of spectrum photography, Becquerel and J.W. Draper
compared their photographs against Fraunhofer's map of the solar spectrum. A
clear coincidence of the strongest among Fraunhofer's dark lines revealed that
daguerreotypes recovered parts of the spectrum not visible to the eye. It was
also apparent that the chemical action of the spectrum on a photographic plate
was minimal precisely in those areas of the spectrum where the eye gauged a
maximum intensity. Further experimentation eventually led Draper to find,
independently of Becquerel, distinct spectrum lines beyond the violet and red
ends of the spectrum. These he labeled a, B, and y, because they appeared
before Fraunhofer's line A.194 Draper drew a conclusion about these findings
that was at odds with Edmond Becquerel's (see above) and John Herschel's. The
latter tended to regard such a variation in the effects that the spectrum had on
different media and different chemicals as “a different form of expression, and
so to speak a different language [of a single entity], each having its own peculiar
idiom.”19% The dazzling effect of the spectrum on the eye and its aggressiveness
on the silver salts seemed to Draper evidence of two completely separate
physical entities: an optical spectrum and a chemical one, which he drew side by
side (see here Fig. 6.4).196 Draper suggested calling the latter “Tithonic rays”, to
distinguish it more clearly. Other names were also proposed, such as
‘helioplaston’, ‘actinicity’, ‘metamorphia’, or eveiryeia. But none were accepted
by the scientific community, which continued to refer to the ‘chemical

spectrum’.lo7

(p.199)

TR -

Fig. 6.4 ]J.W. Draper's dual representation
of the optical and the tithonic solar
spectrum, 1843. Note the features a, f3,
and y beyond the red end of the
spectrum, and the line groups M, N, O,
and P beyond the violet, which are quite
distinct from the way they are drawn in
Becquerel's graph of 1842 (Fig. 6.2).
Engraving by J. Basire. From J.W. Draper
[1843c] pl. III.
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John Herschel had pointed out in 1839 that diffraction gratings would be better
suited for “minute examination of the chemical actions of all the parts of a pure
spectrum”, because prisms absorbed part of the light. The weak spectra
produced by gratings presented a serious drawback, however. Nor were these
instruments easy to obtain: Draper eventually convinced the highly skilled
mechanician Joseph Saxton at The US Mint in Philadelphia to make one for him.
Initially using this glass grating (sized 5/8 of an inch by 1 inch) in transmission,
Draper was able to take the photograph, later obtaining even better results after
coating the ruled surface with a tin amalgam.!08

The following will focus on the photographic exploration of what we would
nowadays call the near-ultraviolet section of the solar spectrum. The
experimental strategy chosen by the early ‘photologists’, as John Herschel
referred to this handful of fellow photochemical researchers, was variation.
They explored the sensitivity of as many different substances, in as many
combinations and concentrations as possible, to the different types of radiation.
Obviously thermometers and thermo-multipliers were more sensitive to heat
radiation than to visible light. Light-sensitive chemicals, on the other hand,
reacted most strongly with the chemical spectrum in the indigo—violet region of
the spectrum and beyond. But most substances exhibited characteristic gaps in
sensitivity in the yellow-green region of refran-gibility. Photographic plates and
paper differed considerably in sensitivity to different parts of the spectrum,
depending on the precise chemical constitution of their sensitized surfaces, and
to some degree also on their concentration.!99 As if this wasn't complicated
enough, the sensitivity also seemed to depend on the precise physical conditions
experienced prior to exposure. For instance, Herschel discovered that his plates
became more sensitive if previously (p.200) subjected to heat. This effect was
later routinely used to optimize the sensitivity of photographic plates.!1? The
options were virtually endless, ranging from silver halides, gold, platinum, and
mercury compounds, to organic sensitizers, such as various dyes and even
bacteria. Exploration of this experimental space was—and still is—an immensely
complex affair. Since an all-inclusive overview is beyond the scope of this book, I
would just like to point out the exploratory character of this early work, which
was devoid of any theoretical guidelines or understanding of the complex

chemical processes involved.!!!
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(p.201) Fig. 6.5, taken from
Robert Hunt's 1844 survey of
experiments, summarizes the

at the time. The relative

sensitivities of 29 chemicals to
different parts of the spectrum

are indicated by the lengths and
positions of the enumerated
vertical lines. The respective I
maxima of sensitivity are

main research strands pursued ‘
|
|
k)

dotted line. |

indicated by the intersecting | '

Fig. 6.5 Hunt's survey of contemporary
photochemical experiments, 1844. The
numbers 1-13 stand for “salts of silver”,
with 1: nitrate, 2: chloride, 3: iodide, 4:
iodide and ferrocyanide, 5: darkened
silver and iodide, 6: daguerreotype plate,
7: bromide, 8: fluoride, 9: phosphate, 10:
tartrate, 11: benzoate, 12:
formobenzoate, 13: benzoate hyd
benzule. Nos. 14-18 represent “salts of
gold”, with 14: chloride, 15: protocyanide
of potassium, 16: protocyanide of
potassium and formobenzoate, 17: the
same and ammonia, 18: percyanide of
gold and ammonia; 19: platinum chloride,
20: mercury carbonate, 21: ferrocyanide
of potassium, 22: the same and
perchlorate of iron, 23: chromate of
copper, 24: bichromate of potash. Nos.
25-29 reflect various “vegetable
compounds”, 25: gum guaiacum 26:
corchorus japonica, 27: ten week stocks,
28: wallflowers, and 29: green of leaves
(chlorophyll). From Hunt [1844b] tipped-
in oversized plate.

Page 31 of 109



The Rise of Photography

Organic extracts and vegetable dyes were also tested, such as the brilliant
orange pa-paver orientale, chryseis californica, and bulbine bisulcata, the bright
yellow cheiranthus cheiri (wallflower), the dark brown ferranea undulata, the
violet viola odorata, or the intensely blue viola tricolor (commonly known as
heartsease).!12 John Herschel's first experiments in early 1839 included tests of
the effect of exposure to a spectrum, on such organic substances, most
prominently on gum guaiacum, a resin from the West-Indian gua-iacum tree. The
sensitivity of pulverized gum guaiacum to light was already known to the
eighteenth-century Bremen pharmacist A. Hagemann, who noticed a blue
coloration on its surface after a few weeks of exposure to light in a sealed glass
vessel; the powder underneath kept its natural color. He interpreted this finding
on the basis of the phlogiston theory, assuming that the gum guaiacum extracts
the phlogiston from the light and turns blue, but loses this color as soon as it is
in contact with the “fiery air’ which withdraws the combustible parts from the
gum.!13 When Herschel took up these experiments on the effect of rays in
“discharging vegetable colours”, the age of phlogiston had, of course,
irretrievably passed. To him what was most important was finding out which
rays were most “efficacious” in such discoloration. Overcast skies initially
inhibited the spectral work, but more complete reports about the results of his
experiments with extracts from these exotic flowers appeared in the following
years.!14 The various “vegetable juices” exhibited dramatically different
responses to light exposure lasting between one hour and two months. The
following features were listed by Herschel as being “almost universal” to all the
observations:

1. If exposure to the spectrum had any impact at all, it essentially
annihilated the surface color by bleaching, although in some cases a
residual color differing from the initial one remained.!!®

2. The action seemed confined to the visible part of the spectrum. In
particular the calorific rays seemed not to have any impact at all and the
actinic rays apparently were “for the most part ineffective” as well.116
(p.202)

3. Color complementarity seemed to be of special importance. Yellow-
orange vegetable colors, for instance, tended to be destroyed
predominantly by the blue rays, “blues by the red, orange and yellow

rays; purples and pinks by yellow and green rays”, etc!l’
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The inquiries into the action of solar rays on vegetable juices by Mary Fairfax
Somerville (1780-1872) is another example of research along these lines.
Already known as a scientific expositor,!18 she originally chose her research
topic within photochemistry at John Herschel's suggestion.!19 In these analyses,
thick white paper moistened with the liquids to be examined was exposed to the
solar spectrum. She recorded the transformations on the paper surface and
found a “peculiarly strong influence of the rays of mean refrangibility in
darkening vegetable juices”, quite in contrast to the silver salts whose maximum
sensitivity occurred in the part of the spectrum beyond the violet. She also
noticed a “very frequent recurrence of two insulated dark spots” (see here Fig.
6.6 lower end), which reminded her of the isolated spots a to € observed in J.

Herschel's thermograph in the same spectral region (see Fig. 2.28).

Since these distinct spots

concurred so often with the $o |

parts of the paper darkened by \ | v : =
the yellow-green rays of the il . 9 5
spectrum, she inferred “a : : : i &
similarity, possibly identity, in s i i
the nature of the agent Fig. 6.6 Visual representation of the
producing these action of the solar spectrum on paper
phenomena”.'20 Hers is a moistened with vegetable dyes.

strange visual representation Lithograph by J. Basire. From Somerville

(p.203) of the spectrum, quite [1846] pl. 111, first row.
different from the many other

forms discussed in this

monograph.
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These experiments were neither a mere curiosity for eccentric gentleman
scientists nor were they an odd side-product of skewed activities by a new breed
of self-educated female investigators.'2! They were typical of the type of
research practiced at the time. John Herschel, who presented Somerville's paper
to the Royal Society in 1845, had worked on the effect of the solar spectrum on
vegetable dyes, following a similar pattern; and further parallels may be seen
with Robert Hunt's and John William Draper's research on plant physiology in
general.!22 This research strand dates back to the botanist Jean Senebier (1742-
1809), whose Mémoires physico-chymiques of 1782 must be regarded as
fundamental of what the historian of optics Alan Shapiro has aptly called the
‘chemistry of light’.123 It reflects a chemist's or pharmacist's perspective on
optical problems. Forgotten in the physics literature of the 1820s, it remained
alive in a small interdisciplinary research tradition to which disparate
individuals like the chemist Michel E. Chevreul, the exploratory photographer
Robert Hunt, the botanist Charles G.B. Daubeny, and others in the old school of
natural history contributed.!24 It would be worthwhile to examine the full extent
to which photochemical investigation was connected with research in botany,
plant physiology, and chemistry during this period. We, however, must continue
on with the work on color photography, which was not far removed from the
above-mentioned systematic analyses of photochemically sensitive substances.

6.5 Early work in color
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The above list of responses by organic dyes evidences the optimism of early
“photologists' not only about improving photochemical sensitivity, in general, but
also about developing color photography—or as Herschel explained: “in short
that the spectrum photographs its own colours.”12% John Herschel's recording of
a solar spectrum in 1839, generated with a high-quality Fraunhofer crown-glass
prism and imprinted on silver-chloride-coated paper in “sombre, but unequivocal
tints, imitating those of the spectrum itself” proved not to be preservable unless
it was shielded from further exposure to light.}26 Nonetheless, his variants of
Talbot's calotype process, known as chrysotype and cyanotype, which had
emerged (p.204) from his photochemical study of the action of the solar
spectrum on vegetable colors, intensified the resulting images.!%” These
temporary photographs did allow him to explore the action of spectral colors on
specific chemical preparations of the photographic paper. He determined, for
instance, the variation in length of the photographically recorded spectrum: for
silver-nitrate paper it was 1.57 times as long as the visual spectrum, for almost
colorless silver-chloride paper 1.8 times as long, and for pale yellow silver-
bromide paper even 2.16 fold.!?8 Herschel was also the first to note the
following strange effect: He projected the image of a spectrum onto silver-
chloride paper which was simultaneously exposed to diffuse daylight. The latter
discolored the paper by forming print-out silver, but this discoloration was
annihilated just where the red part of the spectrum had fallen. Instead of the
latent silver image, a “full and fiery red” could be seen for a short while. This
meant that red light had an inverse action to violet light, bleaching rather than
darkening silver-chloride paper. He then checked the combined action of red and
violet radiation on photographic paper with a special combination of prisms and
lenses, which confirmed the strange destructive action induced by the red rays,

now known as the Herschel effect.!2°

Other experimenters did succeed in producing a stable photographic image in
color that corresponded at least partially to the continuous range of spectral
colors. One prominent example is the solar spectrum recorded by Hunt on paper
first dipped into nitrate of silver, and then into sodium fluoride, obtaining thus a
thin coating of silver fluoride. The result was a spectrum photograph “not in
shadows merely, but in colours, which have the peculiar appearance of the down
upon the nectarine”. As Fig. 6.7 illustrates, the green part of the spectrum was
represented nearly in “its true colour”, while the yellow rays remained “without
action”, and the red region was mapped into a sequence of rose hues followed by
white with a shade of green and a black band, which reminded the American
amateur photographer of “the effect produced by the interference of coloured

media on some photographic drawings”.13°

Hunt too had “no means of fixing the colours which the Spectrum impresses.”131

But he didn't give up. Between 1840 and 1843, he experimented with many
other chemical preparations for sensitive paper, including washes of ferro-
cyanate of potash, bichromate (p.205) of potash, or muriate of barytes,132 all
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combined with nitrate of silver which, after exposure to diffuse light under
different glass filters, “became red under the red glass, a dirty yellow under the
yellow glass, a dark green under the green, and a light olive under the blue”.133
He, and John Herschel too, with whom he frequently exchanged letters during
this period, also experimentally substituted the silver with other metals, such as
mercury, copper, gold, or platinum.!3% Edmond Becquerel likewise jumped onto
the bandwagon, en route since Herschel's well-known experiments of 1839, and
made a series of color photographs of the solar spectrum in the mid-1840s.
Unlike his predecessors, Becquerel took special care to produce a very uniform
and smooth coating of chloride of silver. He repeatedly immersed the polished
silver plate in chlorine water until the silver assumed a rose tint, or dipped it
into a solution of cupric or ferric chloride. The best results, however, were
obtained by an electrochemical method: the silver plate and a platinum plate
were emersed in a solution of hydrochloric acid and the silver plate was
connected to the positive pole, and the platinum one to the negative pole of a
voltaic battery. The electrically induced decomposition of the hydrochloric acid
released chlorine molecules which were electrically attracted to the silver plate.
Combining with it chemically, a surface of silver chloride of great purity was
formed. Careful observation of this electrolytic process under dim light revealed
changes (p.206) in the surface color of the silver plate from gray to yellow to
violet to blue as its coating thickened. Continuing the action, these colors
reappeared in the same sequence. The best photographic results and the
greatest sensitivity were obtained if the silver plate was taken out of the
electrolytic bath once it had acquired a violet tint for the second time. It was
then washed, dried, and carefully heated until it exhibited a pink hue. Another
improvement in the results was gained by exposing this plate to diffuse light for
a short time and then projecting the solar spectrum onto the intricately
sensitized plate for just a few minutes: “again it takes on a bluish tint, distinctly
registered within prismatic blue, discolors slowly toward yellow, and turns into
pink within red.”!3° One of the best specimens of Becquerel's color photographs
of the spectrum is actually preserved inside an ornamental box in the archives of
the Conservatoire national des arts et métiers in Paris.!3% The gap in the yellow
region of the spectrum, which mysteriously left no imprint on the usual silver
salts, was soon closed by Abel Niépce de Saint-Victor, a nephew of the inventor
of the asphalt process, who generated what he called “images héliographiques
colorées par la lumiére”. According to him, intense yellows could be obtained by
chlorides of uranium, sodium, or potassium, and by hypochloride of soda, and
the color orange by calcium chloride, green by boric acid, nickel chloride, and
copper salts, etc.!37 However, neither Becquerel, Niépce de Saint-Victor, nor A.
Poitevin, J. Trail Taylor, William de W. Abney, and other experimenters who
picked up this thread in the 1860s and 1870s, found a working method for fixing
the resulting ‘heliochrome’ images, which had to be kept shut away in light-

proof drawers to preserve the spectral images.138
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The problem was that no one
could point to any theoretically
successful avenue towards
obtaining permanent color
photographs. All they could do
was experimentally probe the
immense range of possibilities
in chemical and physical
preparations of silver salts. As
William Jerome Harrison (1845-

1909) put it in 1887, himself a e

dedicated photographer and Fig. 6.7 Hunt's color photograph from
one of the first historians of 1840 of the solar spectrum. Reproduced
photography, after nearly 40 as a wood engraving with explanatory
years of such exploratory work,  text. From Hunt [1840b] p. 273.

with no sign of a tractable way,

There is probably only one thing which it is safe to predict about the
problem of obtaining permanent photographs which shall represent objects
in their natural colors, and that is that the discovery, if it is ever made, will
not be the result of an accident. The question must be studied and the
conditions mastered before the attempt can be made with even the least

chance of success.!39

E. Becquerel and Abney did offer ad hoc hypotheses on different molecular
reconfigurations of the silver salts to explain their results but these were just
vague post-facto rationalizations without any predictive force.149 It is only with
hindsight that we know why (p.207) the early daguerreotype silver images
exhibit their tints while the later developer-paper images, such as calotypes,
generally appear neutral. Colloidally suspended silver particles in the plate
emulsion, formed by the reduction of the silver salts and subsequent
development in mercury vapor, are extremely small, in the nanometer range, in
fact, and hence are smaller than the wavelength of visible light. In the latter
case, the silver filaments produced by the developer process are much larger.141
The solution seemed to be so near at hand, yet the problem of color photography
was far larger than many of the early photochemists had anticipated. Allow me
to interrupt for the remainder of this section the chronological line we have been
following, to list the most important stepping stones in this quest:142
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* In a lecture demonstration in 1861 James Clark Maxwell (1837-
1879) showed that a color image could be generated by first taking
three lantern slides of the same object through a red, a green, and a
blue filter, and then projecting the superimposed image onto a
screen. In order to obtain the right mixture of primary colors on the
screen, each slide had to be illuminated with white light that was
filtered by the same color filter (then typically fluids) originally used
for taking the negative.

* By 1869, Louis Ducos du Hauron (1837-1920), and independently of
him Charles Cros (1842-1888) also succeeded in transforming this
idea into a practicable technique of three-color photography. The
‘héliochromie’ of Ducos du Hauron produced three negatives
exposed through the back of the sensitive layer in a camera, that is,
with the blue, green, and orange filter layer towards the lens. After
development and a reversal process, monochrome complementary
red, yellow, and blue pigment prints were made, either by
chromolithography, Woodburytype, or another toning process. When
superimposed, these transparent positives yielded a polychrome
irnage.143 Both inventors also developed special cameras to obtain the
three monochromatic negatives.

* In 1891 Gabriel Lippmann (1845-1921) presented a report on his
‘photochromie’ to the Paris Academy of Sciences. In this method the
colors are generated by interference of standing waves within the
very fine-grained sensitized layer of the film. In this case, albumen
containing 0.5-0.6 % potassium bromide is sensitized in a silver bath,
then washed off with a cyanine solution to make its spectral
sensitivity as uniform as possible, and dried. The back of the color-
sensitive film is then coated with totally reflective mercury, so that
the light rays entering from the front are reflected back again into
the emulsion. For each color, constructive and destructive
interference will occur at different levels of the sensitive layer,
depending on the wavelength of each color. But only the zones of
constructive interference at regularly spaced intervals will react
chemically. This ‘interference photograph’ is then developed and
viewed in light reflected at the same angle as during the recording.
The same standing waves pass through the plate at the spots where
each color had originally hit the sensitized emulsion. The others are
impeded and absorbed. In this way, Lippman succeeded in recording
solar and electric arc (p.208) spectra in brilliant colors from the
blue to the red.#4 The extremely low light-sensitivity of his albumen
plates compelled Lippmann to confine his subject matter to the most
luminous spectra, and the practical difficulties of this photographic
technique were so inhibiting that it never was widely used.
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* In 1893, the Irish physicist and photographer John Joly (1857-1933)
obtained a patent for what he termed color screens. The idea behind
this procedure had already been published by Ducos de Hauron in
1868, but Joly's achievement lay in making it practicable. Rather than
obtaining three separately colored negatives, he exposed a
panchromatic emulsion through a fine three-color line screen,
consisting of a regular sequence of parallel red, green, and blue lines
(each of Joly's lines being 0.12 mm wide). The negative thus obtained
was illuminated with white light from behind and viewed through
such a color screen: where blue had hit the panchromatic emulsion,
blue light would then be transmitted to the viewer while impeding red
and green, and correspondingly so for the other colors.

The disadvantage of Joly's screen plates was that the filter pattern of finely ruled
lines in colored ink produced a noticeably coarse grain in the photograph. A
finer grain was obtained with the Autochrome plates of the Lumiére Company
available in France from 1904 on, which replaced the ruled lines with dyed
grains of rice starch scattered over the whole plate surface. However, all these
systems needed careful handling, both during exposure and during subsequent
projection and their use was consequently limited to a few expert commercial
photographers. Color photography as we know it today only became possible
once black-and-white photography could register the whole spectral range and
dye research had produced sensitizers that did not bleed into adjacent layers,
enabling one negative to carry three layers of differently sensitized emulsion.
Two distinguished musicians earning their bread in the Kodak Research
Laboratories since 1930, Leopold D. Mannes (1899-1964) and Leo Godowski
(1900-1983),143 hit upon the right combination of sensitizers, couplers, and
developers, and made color pictures feasible by means of multiple coatings.
Modern color film like Kodachrome or Agfacolor, both placed on the market in
the mid-1930s, are based on three separate layers of emulsion, each selectively
sensitive to blue, green, or red light. Thus was Maxwell's vision realized of
composing a color picture by a superpositioning of monochromatic images in the
three primary colors.'4® But this side remark has taken us far ahead of the
roughly chronological path and we must pick up the narrative about black-and-
white photography where we left off.

6.6 Scientific applications since 1860
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In his experiments with the sparks of various metals taken in air, W. A. Miller
recorded their spectra, after absorption in other media, on a film of plain iodized
collodion followed by a nitrate of silver bath, occasionally also using a bromo-
iodized collodion with pyrogallic acid as developer. At the time, no technique
was yet known with which he could have published these photographic results
directly. So he had to resort to other techniques of (p.209) graphical
reproduction for the plates accompanying his paper in the Philosophical
Transactions. The engraver J. Basire took great pains to reproduce faithfully the
overall appearance of Miller's plates. The dominance of black with only
intermittent, somewhat diffuse bright lines led to his choice of mezzotint
engraving. Figure 6.8 shows what an appropriate choice this was: even the
effects of overexposure in the few bright patches of light, and the overall
diffuseness, caused by a general lack of focus of Miller's camera in the
ultraviolet, are well captured. The most notable deficiency is the coarse
appearance of the gray areas, which are much coarser in grain than the original
photograph.147

Fig. 6.8 Ultraviolet spark spectra of zinc
and magnesium recorded
photographically by WA. Miller in 1862.
Mezzotint engraving by J. Basire. From
Miller [1862¢e] pl. XXXIX.
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But this figure also shows that in the early 1860s spectrum photography in this
region was still hopelessly inferior with respect to precision, definition, and
focus, to the traditional techniques of engraving or lithography for illustrating
such results as obtained by Mascart or Cornu.'#® The 78.7 cm-long photograph
of the solar spectrum taken by the wealthy New York amateur astronomer and
photographer Lewis Morris Rutherfurd!4? (1816-1892) was the first of its kind
able to compete with existing drawings and published lithographic maps (see
Fig. 6.9 for a sample segment). In 1864, Rutherfurd presented one copy of his
set of photographs to the newly founded National Academy of Sciences as well
as to a few other pertinent institutions.1°% At the meeting of the Literary and
Philosophical Society of Manchester in January 1865, a pupil of Bunsen's, Henry
Enfield Roscoe, proclaimed Rutherfurd's map “a most valuable confirmation of
the accuracy of Kirchhoff's map. Each line in these maps can be easily and
distinctly traced in the photograph, while many bands (p.210) drawn as single
ones by Kirchhoff are seen in the magnified photograph to consist of bundles of
fine lines.”1>! Despite having at his disposal a grating of his own design,
Rutherfurd used a high-resolution prism spectroscope to make these
photographs. This instrument incorporated three to six 60° bisulphide of carbon
prisms that were automatically adjustable to the angle of least deviation. The
numerical values attached to his map were consequently not wavelengths but
Kirchhoff's prismatic scale. Kirchhoff's and Hofmann's map covered almost the
entire visible spectrum (the region A-G) apart from the extreme violet.
Rutherfurd, on the other hand, had to confine his map's range to between the
line b in the green and the line H in the violet, because the wet collodion plates
available to him were not sensitive in the red and yellow regions.
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Fig. 6.9 Segment of Rutherfurd's
photograph of the solar spectrum, c.
1864. Lithographic reproduction by A.
Schiitze. From Secchi [1870c] pl. VI.
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The obvious disadvantage of Rutherfurd's photographic map was that for several
years it was accessible only to a few lucky individuals or institutions who, like
Roscoe in Manchester or the Royal Astronomical Society in London, had
obtained photographic prints from Rutherfurd personally. No technique had yet
been devised that would have allowed a replication of this map as it was.
Consequently, whereas Rutherfurd's stereoscopic photographs of the Moon's
surface, for instance, were widely appreciated at the time and frequently
reprinted even much later in popular books on astronomy and photographic
handbooks,? a decade had to pass before his efforts in spectrum photography
were carried forward. For the German translation of Secchi's standard work on
spectroscopy, which appeared in 1872, the editor decided to make Rutherfurd's
map generally available in a lithographed rendidon (p.211) of the photograph,
measuring 210 cm in length.!?3 One year later, the New York book dealer A.
Mason started distributing an enlarged set, measuring a total of 3.5 m.!°%

Photography could not compete with visual observations in registering spectra,
nor could it even approach the performance of lithography in duplication. In
fact, wet collodion photography was in many respects not suited to the needs of
experimenters, who were busy enough as it was with conducting their
experiments without having to fuss with the finicky plate preparations necessary
immediately before exposure. Also, many spectra were simply not ‘photogenic’.
Stellar spectra, for instance, or the spectra generated in very fine Geissler tubes
were too faint for the available exposure times, which revolved around the rate
of evaporation of the wet organic emulsion. As a result, many spectroscopists
avoided photography altogether. One research branch had no choice, however:
no other detector was available that produced a permanent record of the
ultraviolet region. But even there, photography posed a host of serious
problems. Unequal sensitivity of the wet collodion in the spectral range under
examination, for example, forced experimenters to do a piecemeal analysis of
small intervals at a time, which subsequently had to be assembled as an artificial
composite before an integral ‘view’ of the spectrum was possible.1?° The
collodion coating also tended to shrink, during evaporation, depending on its
precise chemical consistency and various environmental factors.!°® When
emulsions sensitive to different regions were combined on a single plate, there
was always the danger of overexposure in the more sensitive parts of the
photograph. Strange effects were the result, like solarization, which is a
transformation of the centers of very bright areas on the photograph into dark
spots.1>7 For strong spectrum lines this could cause confusing reversals. An
overexposed line (i.e., a broad dark stripe on the negative) that turned into a
bright line center with dark fringes was hard to distinguish from ‘real’ line

reversals that occur under special physical conditions.1%8
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Thus around 1860 wet-plate photography could not be used without recourse to
the traditional representational modes of drawing and lithographic printing. The
following excerpt from a physics textbook (the 1862 edition) by the Freiburg
professor of physics, Johann Heinrich Jacob Miiller!®? (1809-1875) illustrates
this:

(p.212)

Since, based on the above remarks, it is impossible to produce a directly
photographed spectrum, displaying all bands from G to R equally distinctly,
I have produced with utmost accuracy an ink-wash drawing of the
spectrum, copying it line by line on a large scale; and PI. IV is therefore a
reduced photographic copy of it. That is why in spectrum photograph PI.
IV, all the dark lines from G to R appear sharply as well, whereas in the
directly photographed spectrum, only the bands between G and H
distinguish themselves upon brief exposure to light; as the exposure time
was progressively extended, however, the various sections emerged,

between H and M, or between M and O, O and Q, or finally, between Q and
R.lGO

His representation of the broad range in the solar spectrum between G and R is
thus by no means based on a single exposure, but on a whole series of
photographs of shorter spectral ranges, taken at increasing exposure times. The
best segments were then selected and carefully assembled in their proper places
in the full spectrum.
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We thus find the same kind of
“symbiotic relationship”
between direct observation,

Fig. 6.10 The violet and ultraviolet solar
spectrum from Fraunhofer line G to the
line complex R. Contradictory to the label
photographs taken with given in J. Milller's 1862 edition, plate IV:
different exposure settings, and “Das photographische Spectrum”, this is
drawings, as has been found in not a directly photographed spectrum,
other scientific applications in but rather a photograph of a composite
the early 1860s.1%! In the drawing, based on a series of

context of spectroscopic photographs produced at different
research in this period, exposure times to accommodate the wet
photography was undoubtedly a collodion's varying sensitivities in the
useful detector for invisible different spectral regions. Mounted
radiation; but in the later stages photograph on albumen paper in the 6th
of the research practice and and 7th German editions of Pouillet's

subsequent replication in textbook on physics and meteorology,
publications, it was little more Miiller [1847d,e].

than an auxiliary tool. Only with

the invention of dry-plate

photography, particularly the gelatinous silver-bromide dry emulsion in 1871 and
the first modern negative emulsion for chemical development in 1874,62 do we
find more than scattered attempts at producing (p.213) photographic maps of
the spectrum or parts thereof. Unlike collodion wet plates with their silver-
nitrate base, silver-bromide gelatines did not crystallize as they dried and, as a
result, they could be prepared well in advance of exposure. They became
commercially available and could be stored by the user. Being sensitive enough
to allow exposure times of less than one second, they eliminated the need for
tripods and for the first time made feasible photography of rapidly moving
objects, high-speed processes, and the faint lines in stellar spectra.
Consequently from the mid-1880s on, advances in dry-plate technology, which
became increasingly prevalent in industry, went hand-in-hand with an expansion

of photography into major areas of solar and stellar spectroscopy.!%3

6.7 Henry Draper's diffraction spectrum photograph and Albertype in 1873
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As we have already seen in § 5.2, pictorial representations used in publications
were revolutionized when photographs could be transferred directly into print,
thus removing intermediary translation into a lithograph or engraving. Let us
look at one example in more detail. A scientific notebook, covering the period
June 1872 to April 1876,1%4 records the development of wet-collodion spectrum
photographs taken by Henry Draper!6° (1837-1882) and their subsequent
reproduction as Albertype in 1873 by the New York printer Edward Bier-stadt!66
(1824-1906). It consequently affords a particularly well documented case. These
some 400 pages cover every stage in Draper's experiments with spectrum
photography between mid-1872 and late December 1873, when Draper finally
sent out Bierstadt's Albertype prints. They also contain many fragile collodion
photographs, which had been stripped off their glass backings, as well as
various print samples from Bierstadt. Altogether, these materials document
closely the development of the final Albertype print, including the intricate
negotiations between photographer and printer about what was feasible and
what still needed improvement.

(p.214) We meet Henry Draper in his private observatory in Hastings-on-
Hudson, in the summer of 1872, experimenting with various types of
spectroscopes for recording solar and stellar spectra. The first instrument, of
Draper's own construction, incorporated five prisms arranged as in Hofmann's
direct-vision spectroscope and fed by a condensing mirror. It generated a
spectrum 1/32 inches wide and about 1/2 an inch long.!6” Because visual
observation of the indigo-violet region of the spectrum yielded no useful results,
Draper turned to wet bromo-iodized collodion photography, which was most
sensitive to that range. From previous experiments in photomicrography, he also
had experience in intensifying negatives by applying a solution of chloride of
palladium or other chemicals to the collodion before it had dried.1®8 As he noted
in July 1872: “in the photographed spectrum a cumulative effect can be reached
+ atmospheric tremor will count for nothing because it is not magnified. In
addition the upper [blue-violet] parts of the spectrum contain the most
characteristic lines.”169 Dissatisfied with the considerable loss in light intensity,
Draper soon abandoned this setup for his stellar applications and reverted to an
arrangement with a quartz prism positioned in the light path just at the focal
plane of a small mirror, which threw the image onto the photographic plate. With
this setup Draper obtained the spectrum of Vega “at once”, discerning at least
three groups of spectrum lines, “the lowest I think somewhere about G, though I
have not used a reference spectrum yet to be certain.”!’? He also built himself
an automatic prism chain spectroscope with six heavy glass prisms, “combining
the ideas of Browning and Clark” with his own design improvements.!”! The
quality of this instrument was tested by checking the resolution of the Nap lines
and the b group against Kirchhoff's atlas. In October 1872, Draper described his
agenda, which combined chemical spectrum analysis with solar, terrestrial, and
stellar spectroscopy:
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my intention is to get the spectra of all the metals that I can procure in a
pure state together with the gases and non-metallic elements as far as
possible. Then I mean to compare these with the violet, ultra-violet end of
the spectrum of the sun (from ([I] to P) and ascertain the substances
represented by the great groups M, N, O, P. Subsequently I hope to extend
comparison of the spectra of the fixed stars, for I have already
photographed the spectrum of Vega.l”?

Among the problems still to be solved, he listed “how to get a more intense
deflagrating spark and more dispersion of magnifying of the spectrum”.173 One
way to achieve the latter (p.215) was to switch to diffraction spectra because
they could be photographed in higher orders where the distances between the
lines get progressively larger. This was on the condition that the light source
was intense enough, as was the case with a spark and the Sun. To this end he
obtained several Rutherfurd gratings!’#4 which he carefully compared,
particularly for uniformity in the ruling.!”® After ranking his gratings and
picking out the best one,!7% he took his first diffraction spectrum photograph of
the most refrangible end of the solar spectrum (cf. Fig. 6.11).
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(p.216) The minute imprint on
a very thin and transparent
collodion surface was just the
very start of long labors by this
spectroscopist in diffraction-
spectrum photography. The
fragile film first had to be
carefully removed from its glass
backing with the aid of gelatine
and glycerine and placed under
a microscope. The spectrum
was observed visually under
sixfold magnification and then
drawn by hand.!”” This latter
stage still very much resembles
the common procedure for
direct mapping of eye
observations of spectra, so
perhaps the new advance lay in
the temporal integration on the
photosensitive surface. The
chemical action of very faint
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Fig. 6.11 Above: Henry Draper's wet
collodion photograph of the violet and
near-ultraviolet segment of a solar
diffraction spectrum, from the line H; to
the line group O, dated by him, 27
October 1872. The exposed part is about
2 cm long. The photograph was stripped
from its glass support and glued into his
notebook. Below: Draper's pencil
drawing, based on a 30-fold microscopic
magnification of a six-fold enlarged

lines not visible to the naked
eye was thereby able to become
concentrated during the 10 to
30 minutes of exposure.

negative. Both from Draper's notebook
XI, p. 21 verso; courtesy of Deborah
Warner. NMAH.

The next months were spent on improving the quality of his diffraction
photographs. In recording the third order, Draper managed to extend the length
of the spectra significantly, first to 2 inches, then to 7.5 inches from G to about
O. Further photographic enlargement brought them to a total length of about 12
inches. By photographing different regions of the spectrum with exposure times
ranging between 10 and 15 minutes (in the ultraviolet region around O) and 2
and 2 1/2 minutes (near G), Draper circumvented the problem of varying
photosensitivity in his silver-bromide and iodide collodion surface. The choice of
a very narrow slit width of 1/100 of an inch (0.00023 m), carefully adjusted to be
perfectly parallel to the lines of the ruled grating, improved the definition of the
lines further.!”8 Another problem he attacked at that time involved the drying
stains on his long narrow plates “arising,” as he explained, “from the fact that
the superfluous nitrate of silver while draining to the lower edge leaves irregular
lines of concentrated fluid near that edge.”!”? But in January 1873 Draper felt
confident enough to contact his friend Bierstadt about having these diffraction
spectrum photographs reproduced by the Albertype process (see here p. 158).
As it turned out, the negatives were “not intense enough so that the effect is not
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as good as I had hoped—still they are almost good enough for my purpose.”18°

But from earlier research, Draper already knew how to intensify his photographs
by applying a solution of protochloride of palladium to the still wet collodion
image.181 Upon Bierstadt's requesting even more intensity and contrast, Draper
used pyro followed by bichloride of mercury in the developing, “till they were
black + finally Schlippe's salt which they say is sulphanti-monate of potash”. The
results were indeed markedly improved, as the samples appended to his
notebook confirm.!82 In late February 1873, after also solving the problem of
how to integrate a numerical scale of precisely the right extension into his
picture, Draper felt ready for publication. “There is little left to be desired after
this one for the purpose of publication; (p.217) the Albertype has done
wonders.” 183 Despite this successful trial, several proof versions were rejected
by Draper for one reason or another, and more than once he had to furnish
Bierstadt with a negative showing better contrast.!8* Furthermore, the variation
in spectral sensitivity of the collodion required a difference in exposure times by
a factor of ten between the region near G and near O. It is only in the more
technical article, though, written for the journal of the Italian association of
spectroscopists—the audience most likely to attempt replication of his
photograph—that Draper admitted using diaphragms “to reduce this excess of
action.”!®> Nor was the actual printing process for such high runs by any means
standardized enough to guarantee uniform results. The fragile collodion
negatives transferred onto thick glass plates for use in the printing press in
place of a lithographic stone rarely withstood the printing for long before
deteriorating. Consequently, Draper had to supply Bierstadt repeatedly with
fresh negatives made from the same master and had to control the quality of
each newly printed set.!8% Eventually 1650 copies were made for the American
Journal of Science and Arts,'87 where Draper's spectrum photograph was first
published in December 1873. Another 1000 copies were sent to the
Philosophical Magazine, 300 to the Memorie delta Societd Spettroscopisti
italiani, and finally no less than 7000 for a republication in Lockyer's weekly
journal Nature.188 As a courtesy to the New York printer, for whom this was a
unique chance to advertise in one of the major scientific journals, a footnote was
added emphasizing the feasibility of such high runs in the Albertype process:
“From the original negative of the spectrum 12 000 copies have up to the
present been printed, and it is not in the slightest degree injured as yet”.189 But
this printing process using more than one working photograph yields a variation
in quality. The plate in Silliman_s Journal or in the Philosophical Magazine, for
instance, is much fainter, with far less contrast, than the plate in the copy of
Nature at Harvard's Widener Library. Nonetheless, the editor of the
Philosophical Magazine, where the plate appeared in the December 1873 issue,
thanked Draper for having provided the journal with “the impressions of the
beautiful photograph” which was as close to the original photograph as possible
with contemporary means.!90 Later reprints in Secci's Soleil and in the Report of
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the British Association were made on the basis of steel-plate printing and
lithography.191

(p.218) In this first article ever to be illustrated with a photomechanically
reproduced spectrum, Henry Draper argued along three lines for the superiority
of photographic recording in conjunction with photomechanical reproduction by
the Albertype process. First of all, this representation was based on a recording
technique that allowed extension of the spectrum into regions beyond the visual
range. Secondly, the published segment contained more recorded lines than
comparable hand-drawn maps, such as Angstréom's, even in the optical range.
And thirdly, it qualitatively improved representational accuracy of features like
line strength, width, and satellites.

The value of such a map depends on the fact that it not only represents
parts of the spectrum which are with difficulty perceived by the eye [...],
but also that even in the visible regions there is obtained a far more
correct delineation in those portions which can be photographed. In the
finest maps drawn by hand [...], the relative intensity and shading of the
lines can be but partially represented by the artist, and a most laborious
and painstaking series of observations and calculations on the part of the
physicist is necessary to secure approximately correct positions of the
multitude of Fraunhofer lines. Between wave-lengths 3925 and 4205,
Angstrom shows 118 lines, while my original negative has at least 293. [...]
The eye is not able to see all the fine lines, or even if it does, the observer
cannot map them with precision, nor in their relative strength and breadth.
For example, in Angstrom's justly celebrated chart [...], in the construction
of which the greatest pains were taken by him, many regions are defective
to a certain extent. The region from 4101 to 4118 is without lines, yet the
photograph shows in the enlarged copy seventeen that can easily be
counted, and the original negative shows more yet. [...] As an illustration of
the difficulty of depicting the relative intensity of lines, we may examine
3998, which in Angstrém's chart is shown of equal intensity with 4004,
while in reality it is much fainter, and instead of being simple, is triple, as
is well seen in the enlarged spectrum.!92

This enlarged section of his photograph (cf. Fig. 6.12 below) had been carefully
chosen. The unenlarged upper half of his illustration (Fig. 6.12 above) reveals
that this was the most problematic segment of Angstrém's map (at the extreme
violet end of the visible spectrum). Here Angstrém's optics selectively absorbed
all but the strongest lines.
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Draper was well aware that if he had picked other regions (such as around the
scale values 41.4 or 42.5 (i.e., 4140 and 4250 A, respectively), the comparison
would have been far less advantageous for his photograph.193 Overall, Draper's
rhetoric contrasts man-made representations with natural imprints, and
suggests that the latter was created essentially without human intervention:
“The spectrum is absolutely untouched. It represents therefore the work of the
sun itself, and is not a drawing either made or corrected by hand.”'?* A more
blatant call for ‘mechanical objectivity’ could not be made. Instead of a ‘mere’
representation of line 3998, “in reality,” as Draper states, “it is much fainter,” as
if the photograph (p.219) were a faithful one-to-one mapping of reality in a
surrogate black-and-white world. When Cornu's contemporary engraving was
compared with Rowland's photographic map thirteen years later, the way that
the spectrum line profiles were represented and even their absolute positionings
did not agree. Improved apparatus and enlarged scale revealed systematic
differences even between the photographs by Draper and by Rowland. Draper's
wavelength values were too large for lines of short wavelength as well as for
lines at the other end of the spectrum. But these discrepancies were always
lower than 0.6 A and averaged to a mean difference of only 0.12 A. A similar
comparison with Cornu's engraved map yielded a considerably larger average
deviation of 0.25 A. This was turned into one more victory for the “accuracy
attainable from a record obtained