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Electron holography based on two electron biprisms was developed. The upper biprism was
installed just on the image plane of the objective lens, and the lower one was set between the
crossover point and image plane of the magnifying lens. This system was able to control two
important parameters of the hologram—fringe space and width of interference region—
independently. The system enabled us to perform electron holography and interferometry more
flexibly. We confirmed the good performance of the system and did preliminary applications using
a 1-MV field-emission electron microscope. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1715155#

Electron interferometry has been realized practically af-
ter the invention of electron biprism.1 For better control of
two important parameters of the interferogram, fringe spac-
ing s and width of the interference regionW, much effort has
been expended on developing electron optical system by us-
ing not only a single biprism but also double2 or triple3 bi-
prisms. However, independent control of the parameters still
remains difficult.

On the other hand, electron holography4 is ordinarily
performed by just installing a single biprism between the
objective and magnifying lenses, except for a few studies on
multiple-beam holography.5,6 The two parameterss and W
are also important for holography, becauses determines the
spatial resolution of a reconstructed image, andW relates to
the observable size of the specimen. An ordinary optical
setup of electron holography, however, is unable to control
the two parameters independently. Therefore, the electron
optical system must be modified every time for each experi-
ment, for instance, installing the biprism between the first
and second intermediate lenses for high-resolution
holography,7 whereas switching off the objective lens for ob-
serving superconducting vortices.8

The present letter introduces a method of holography
that uses two biprisms simultaneously to control the two pa-
rameterss and W independently. It also discusses prelimi-
nary application results obtained by using a 1-MV field-
emission electron microscope.9

The electron optical system is illustrated in Fig. 1. The
filament electrode of the upper biprism is installed just on the
image plane of the objective lens and the filament of the
lower biprism is set between the crossover point and image

plane of the magnifying lens. All the geometrical parameters
for the optical system are indicated in Fig. 1. Fringe spacing
sobj and the width of interference regionWobj projected on
the specimen plane are described by

sobj5
1

Ml

1

Mu

a2Dll

2@a la2~Dl2Ll !1aub2Du#
, ~1!

Wobj5
1

Ml

1

Mu
2a lL l2

1

Mu
du , ~2!

wherel is the wavelength of the electron beam,du is the
diameter of the upper filament, andau anda l are the deflec-
tion angles produced by each filament electrode. Here,Mu

andMl are the respective magnification factors for the speci-
men by the upper and lower lenses.

As Wobj is independent of upper deflection angleau ,
this leads tosobj and Wobj being independently controlled.
Furthermore, when the lower filament is located on the
crossover point of the magnifying lens,~i.e.,Dl2Ll50), sobj

also becomes independent of lower deflection anglea l from
Eq. ~1!. Consequently, both parameterssobj andWobj can be
controlled completely. We constructed the optical system,
Dl2Ll50, using the 1-MV electron microscope, but it might
be difficult to place the two biprisms in exact real and recip-
rocal spaces simultaneously in an ordinary electron micro-
scope. This is why we proposed the system in Fig. 1, which
makes it possible to construct in a practical machine.

Figure 2 shows examples in which interference on the
hologram is flexibly controlled. Sample specimen is magne-
sium oxide particles. Panels~a! and~b! in Fig. 2 are recorded
at different potentials for the upper biprism ofVf 15220 and
50 V, respectively, with a fixed potential for the lower bi-
prism of Vf 25190 V. Although sobj is controlled byVf 1 ,a!Electronic mail: harada@harl.hitachi.co.jp
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Wobj did not change. Minimizing ofWobj , which is directly
related to the spatial coherence of the beam, is an important
procedure in order to obtain a high-contrast hologram and a
precise phase reconstruction. Panels~d! and ~e! are also re-
corded at different potentials ofVf 1 (2200 and2250 V,
respectively!, and the potentialVf 2 is negative (2190 V).
These two series demonstrate that the present system is able
to control the two parameters (sobj andWobj), as well as the
angular relation between object and reference waves without
the specimen and/or the biprism having to be moved me-
chanically. This enables easy and precise phase amplification
by using the two holograms in the reconstruction process.
Panels~c! and ~f! are examples of the reconstructed phase
images from each series. The reversed contrast of the mag-
nesium oxide particles indicates the reverse angular relation
between object and reference waves.

In addition to allowing the interference to be flexibly
controlled, the present system has another advantage ofa
priori eliminating of Fresnel fringes.10 When the lower fila-
ment stays inside the shaded area of the upper one, Fresnel
fringes are not generated. To satisfy the relation, we chose
metal-coated quartz fibers with diameters of 1.6 and 0.8mm
for the upper and lower filaments, respectively.

Being able to independently controlsobj andWobj led us
to apply the system to measure the spatial coherence11 at the
specimen position and to measure the modulation transfer
function ~MTF! of recording media. The experimental pro-
cedures were as follows; spatial coherence was evaluated by
fringe contrast, which was achieved by changing the inter-
ference distance with fixedsobj . MTF was also evaluated by
fringe contrast with changing the spatial frequency of the
fringes at a fixedWobj .

FIG. 1. Schematic diagram of optical system for double-biprism electron
holography.

FIG. 2. Electron holograms and their reconstruction phase images:~a! ho-
logram recorded byVf 15220 V andVf 25190 V, ~b! by Vf 1550 V and
Vf 25190 V, ~c! reconstructed phase images from~b!, ~d! hologram re-
corded byVf 152200 V andVf 252190 V, ~e! by Vf 152250 V andVf 2

52190 V, ~f! reconstructed phase images from~e!. The fringe space was
controlled by potentialVf 1 on the upper biprism. Both phase shift on the
holograms and reconstruction images were reversed in the left and right
panels. The entire holograms are free from Fresnel fringes.

FIG. 3. ~a! Fringe contrast versus interference distance as example of co-
herency measurement of electron beam. Open circles are experimental re-
sults and solid line is fitting curve by Gaussian function. Three solid circles
highlighted by letters correspond to the micrographs~b!, ~c!, and~d!.
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Figure 3~a! is an example of coherence function of the
1-MV field-emission electron beam at the specimen position.
The illumination condition was for electron holography and
the magnification was 10 0003. All the interference fringes
were set of 10 pixels/fringe and recorded by a CCD camera
of TVIPS F214. The micrographs in Figs. 3~b!–3~d! are ex-
amples of observed fringes corresponding to the solid circles.
The solid curve in Fig. 3~a!, Gaussian function, reveals that
we are able to retain an interference fringe with a contrast of
20%, even at about 20-mm distance under the optical condi-
tion. From the coherence function, the brightness of electron
sourceB can be calculated with Eq.~3!,12

B5pJ0S Wobj~1/e!1du /Mu

l D 2

, ~3!

whereJ0 is a current density on the specimen position and
Wobj(1/e) is the width of the interference region when fringe
contrast relatively reduced to 1/e. The calculated brightness

was about 1.631010 A/cm2 sr ~at 20mA total beam current!
which was in good agreement with our previous
measurements.9,13

Figure 4~a! is a measured MTF of the CCD camera sys-
tem under the same optical condition as in the experiment
just described. The micrographs in Figs. 4~b!–4~d! are also
examples of observed fringes. The MTF in Fig. 4~a! reveals
that a low-spatial-frequency signal of 0.1 1/pixel is trans-
ferred with high contrast. This is why we chose a fringe
spacing of 10 pixels/fringe for the coherence measurement in
Fig. 3.

To conclude, we proposed double-biprism electron ho-
lography, which enabled us to flexibly control fringe spacing
and width of interference region independently. We con-
firmed its flexibility by recording holograms and doing pre-
liminary application experiments. It should be applied to
multi-biprisms if they are available, because the present sys-
tem does not depend on the number of biprisms. We believe
that the system is feasible for advanced electron interferom-
etry, and can be developed for higher applications.
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Borkowski of the University of Cambridge and Dr. C. B.
Boothroyd of IMRE, Singapore for their support on numeri-
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FIG. 4. ~a! Fringe contrast versus spatial frequency of interference fringes as
example of MTF measurement. Open circles are experimental results and
solid line is fitting curve by Gaussian function. Three solid circles high-
lighted by letters correspond to the micrographs~b!, ~c!, and~d!.
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