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starting point for a detailed study of the efficiency 
and the image resolution of holograms. In color 
holography and other applications utilizing mul
tiple exposures with different sets of beams, often 
of different wavelength, the reconstruction may be 
degraded by the presence of spurious images due 
to the coupling of each reconstructing beam with 
each independent hologram encoded on the film 
plate. The degree of suppression of the spurious 
images can be measured from curves similar to that 
shown in Fig. 1. 
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The method of "white-light reflection holography" first described by Stroke and Labeyrie (Physics Letters 20, 368, 
March 1, 1966) and subsequently verified by a number of authors, has now been extended to the recording of 
volume holograms in 6-7-JL-thick Kodak 649F emulsions on sheet film, with a quality in the reconstructed images 
comparing favorably with the images reconstructed from the 17-JL-thick emulsions on glass plates used hereto
fore. The results presented have also permitted us to further verify a simple "crystallographic" theory of the 
method, first used by Stroke and Labeyrie (ibid.) and further described by G. W. Stroke in a subsequent paper. 

A great interest appears to have recently arisen 
in a method of "white-light color reflection holog
raphy" first described by Stroke and Labeyrie.1 

The method has now been verified by a number of 
authors2- 4 and permits one to reconstruct single
color and multicolor images upon illumination of 
black-and-white holograms with a source of ordi
nary white light, such as a flashlight, a zirconium 
arc, or the sun. "Volume holography" workl

-
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pears heretofore to have been carried out only on 
comparatively "thick" emulsions (on the order of 
17 /L for the Kodak 649F emulsions used) coated on 
glass-plate support. 

The "crystal-like" nature of the volume holo
grams, with "planes" parallel to the surface of the 
emulsions, as it appears in white-light holography 
applications was stressed by Stroke and Labeyrie.1 

It is clear that a sufficiently great number of "crys
tal-like planes" must be available throughout the 
thickness of the emulsion to give the hologram the 
desired crystal-like characteristics. It appeared 
therefore to be of a particular interest, also in view 
possibly of a wider and more ready use of this type 
of hologram (for instance to display molecular 

models in crystallography), to determine whether 
(if necessary) the white-light reflection volume 
holograms could be recorded in comparatively 
much thinner emulsions (on the order of 6 to 7 /L, 
the thickest available for the Kodak 649F sheet 
film used) than those used heretofore, and espe
cially whether good wavefront and image recon
structions could be obtained from a comparatively 
flexible sheet film, such as that which we have used 
in this work. 

Figure 1 shows one of the arrangements which we 
have been using to record white-light reflection 
holograms on 4" X 5" film. The film was exposed 
with the reference beam incident onto the emulsion 
through the anti-halation backing (used in the pro
duction of this film), and a suitable adjustment was 
made in the beam intensities, so that the reference 
beam and the beam scattered by the object both had 
the same intensity, as measured in polarized light 
in the emulsion plane. (The transmission of the anti
halation backing of this film in 6328 A in polarized 
light is approximately 13.3%). During the recording 
the film is seen to have been placed between two 
"micro-flat" glass plates (obtained by removing the 
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emulsion from photographic plates used in previous 
work). 

Figure 2 shows a photograph of the image recon
structed from the hologram recorded in the ar
rangement of Fig. 1. The reconstructed image was 
obtained by illuminating the sheet-film hologram 
with a 300-W zirconium arc, placed at a distance of 
about 20 in. from the hologram (that is, at the dis
tance of the point source producing the reference 
beam in the recording). Significantly it is seen that 
good images can be reconstructed from sheet film 
flattened down only on a piece of cardboard with 
no more than some "Scotch" tape. 

It may be of interest to recall that the "white
light" reconstruction of images from black-and
white reflection holograms is based on recording 
a crystal-like grating throughout the volume of the 
holographic emulsion.! The intensity distribution 
of the holograms, J(x, y, z), throughout the volume 
of the emulsion consists of a record (obtained in 
monochromatic light) of the standing-wave pattern 
formed by interference between the traveling waves 
Eo(x, y, z, t) scattered by the object, on the one hand, 
and the traveling "reference" wave (e.g., spherical 
or plane) ER(x, y, z, t), on the other. The two waves 
Eo and ER are made to be incident onto the photo
graphic emulsion from opposite sides of the emulsion 
(and generally with a direction nearly normal to 
the surfaces of the emulsion). In the reconstruction, 

Fig. 1. Holographic arrangement used for the recording of 
"white-light reflection holograms" on sheet film. L, He-Ne 
laser; B, beam-splitting mirror; 0, object; H, hologram. The 
arrows indicate the light paths, showing notably that the refer
ence beam and the beam scattered by the object are incident 
onto the hologram from opposite sides of the emulsion accord
ing to ref. I with the E vectors of the beams normal to the plane 
formed by the propagation vectors of these beams (i.e. normal 
to the plane of the granite table in this figure). 
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illumination of the hologram from the reference 
beam side with waves now originating from a source 
of "white light" (e.g., flash light, zirconium arc, sun, 
etc.), but with the waves having a fieometrical shape 
equal to (or very similar to) the shape of the refer
ence wave ER (used in the recording) results in the 
diffraction of single-color waves Eo (x, y, z, t), quite 
in analogy with the behavior of a crystal when dif
fracting x rays under analogous circumstances.! 
(Multicolor reconstructions with white-light illumi
nation are obtained simply by superposing the in
tensity components J(x, y, zh corresponding to the 
number of desired color components in the waves 
scattered by the object).2.6 Because of the analogy 
of white-light reflection holograms with "x-ray" 
crystals,! and because the theory of crystallographic 
diffraction is well developed (see e.g., ref. 7) we 
have already previously stressed! that no special 
theory appears to be required to interpret the basic 
properties of these holograms, nor indeed to even 
qualitatively describe the white-light reconstruction, 
provided that one recognizes the intensity distribu
tion J(x, y, z) throughout the volume of the emulsion 
as corresponding to the electron-density distribu
tion p(x, y, z) in the case of crystals.8 

In analogy with x-ray crystallography, the single
color waves (or component waves) scattered by the 
hologram upon white-light illumination will be dif-

Fig. 2. Photograph of image reconstructed by illuminating 
the sheet-film hologram (recorded in the arrangement of Fig. 
I ) by a "white-light" zirconium arc (see text). H, hologram; 
C, supporting cardboard. Except for the use of sheet film, the 
method used is identical to the method of "white-light recon
struction of holographic images using the Lippmann-Bragg dif
fraction effect" first described by Stroke and Labeyrie in ref. 1. 
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fracted according to Bragg's law (2 sin i = Aid) so 
that the illuminating and reconstructed waves (of 
a particular wavelength A) form equal angles i with 
the "planes" of which the mean distance is d. (For 
the case of the multicolor holograms, the ratio Aid 
happens to remain the same in the recording so 
that all the component waves, of different wave
lengths, will be diffracted in the same direction upon 
white-light illumination from a given angle i in the 
reconstruction). 1.2 

We may recall in conclusion that certain analogies 
of the interferometric recording of wave fronts (as 
in holography), and the interferometric recording 
of color images (as in Lippmann photography9) 
were first stressed by Denisyuk lO in 1962, with a 
particular emphasis on the recording of optical 
wavefronts throughout the volume of the emulsion 
as an extension of the work of Dennis Gabor" first 
given in 1948. Subsequently, and apparently quite 
independently, Van Heerden12 discussed a theory 
of optical information storage in solids by inter
ferometric means, analogous to the holographic 
principles first given by Gabor. In a general way, 
it appears increasingly, as we have stressed many 
times before (see, for example, and also for general 
background, ref. 13), that all the methods of holog
raphy are indeed based on the work by Gabor. 
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ERRATA 

In "A Zone-Plate Aperture for Enhancing Resolution in Phase-Contrast Electron Microscopy," [Appl. 
Phys. Letters 8, 258 (1966)], c. B. Eisenhandler and B. M. Siegel, Dept. of Engineering Physics and Labora
tory of Atomic and Solid State Physics, Cornell University, Ithaca, New York, the following equations were 
incorrectly printed and should read: 

Eq. (2): Re [!/J(ri)] =217"(1- f32)-112 (MA)-l f rEsin (a/2)/A] . cos x(a)Jo(217"ari/A)ada 
aperture 

Eq. (4): Xmax = 17"(1/2 + flJ2/2CsA) = 1.2br 

Eq. (7): Xmax = 17"(1/2 + flJ2/2CsA) = (K + 0.21)17" 

Eq. (9): an = {fl//Cs - [flJ2/Cl - (n - I)A/Cs]1I2}I12 

K = 1, 3, 5 ... 

for n = 1, 5, 9 ... 2K - 1 (transparent); 
for n = 3, 7, 11 ... 2K - 3 (opaque). 
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