Journal

~ OPTICAL

of the
SOCIETY

of AMERICA

Vorume 54, Numser |1

Novemper 1964

Wavefront Reconstruction with Diffused Illumination and Three-Dimensional Objects*

Esmmert No Lerrn anp Juris UPATNIEKS

Institwte of Seienc and Technology, The University of Michigan, Ann Arbor, Michigan 48107
(Received 12 June 1964)

Holograms of transp. “encies have been produced in diffused dight. The reconstructions are free from
tlaws and are of a quality comparable to pictures produced by conventional photography with incoherent
light. Holograms of three-dimensional scenes have been produced by reflected light. Such holograms pro-
cduce three-dimensional reconstructions having all the visual properties of the original scene: parallax be-
tween near and distant objects, a requirement to refocus the eyes when viewing objects in different parts of
the scene, and a stereo effect equal to that of ordinary stereo photography,

1. INTRODUCTION

;N the wavefront reconstruction process of Gabor,!
¢ the Presnel diffraction pattern of an object is re-
srded and subsequently used to produce an image of
e original object. Such a record is called a hologram.
 the recording process, the phase of the incident
umination is lost. However, it was shown by Gabor
al when the diffracted waves from the object are
tended by a strong coherent background, the loss
i phiise is of less importance and » © rly good image of
e original object can be recon Cirom the intensity
»ml'(| :IIIJHC.

Ina paper by the authors* it was shown that a two-
eam interferometric  process, whereby the object
ansparency is placed in o e beam and the two heams
o brought together to produce a Your:'s fringe
attern, yields a hologram from which a reconstruction
{high quality can be obtained.

The present paper discusses a number of subsequent
svelopments, the major ones being the diffused-il-
miniation hologram and the hologram of three-
mensional scenes,

A hologram made from a diffusely illuminated object
m vield a reconstruction which is entirely free from
¢ llaws that normally occur in reconstructions. Such

#This work was presented in part at the April 1964, Washing-
n, 1. €., Meeting of the Optical Society of America [J. Opt. Soc.
o 34, 379 (1964)).

D). Gabor, Nature 161, 777 (1948); Proc. Roy. Soc. (London)
197, 454 (1949),

1, Leith and J. Upatnieks, J. Opt. Soc. Am. 53, 1377 (1963).

flaws result from dust particles, etc., in the optical
system.

The two-beam technique, when adapted to the
photography of three-dimensional solid objects instead
of transparencies, produces reconstructions which
resemble to a high degree the original objects, e.g.,
they are three-dimensional and exhibit a parallax
hetween near and more distant objects.

2. THE BASIC PROCEDURE

Stnce the fundamentals of the two-beam process were
described at length in a previous paper,® they will be
given here in the most summary manner,

A conceptually simple way to produce a two-beam
hologram is shown in Fig. 1(a). An object transparency,
located at plane Py, is illuminated with monochromatic,
spatially coherent light, and a I'resnel difiraction pat-
tern of the object is formed at plane s Adjacent to the
object is a prism, which intercepts a portion of the
mcident beam and deviates it through an angle 8, so
that it becomes superimposed, at plane ., on the
object-bearing portion of the beam. The superposition
of the two beams creates a fringe pattern which is
superimposed on the Fresnel diffraction pattern of the
object. The illumination at Py is recorded by a photo-
graphic plate; this process produces a square-law
modulation, in which the amplitude portion of the
Fresnel diffraction pattern amplitude-modulates the
fringes, and the phase portion phase-modulates the
fringes. The fringe pattern thus becomes a modulated
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carrier, analogous to the femporal carrier wave used in
communication systems,

Alternatively, the hologram can be thought of as a
diffraction grating, and this viewpoint is a convenient
one for describing the reconstruction process. When
iluminated with monochromatic, spatially coherent
light, the hologram produces a zero-order spectrum and
a pair of first-order spectra, One of the first-order spectra
forms a rcal image, and the other a virtual image.
Whereas a conventional diffraction grating has only
inadvertently introduced irregularities, which give rise
to undesired ghast lines, the hologram diffraction grat-
ing has deliberately introduced irregularities, which
give rise to complete, well-defimed images.

While the prism method of producing the interference
fringes is tutorially attractive, it is not the optimum way
to achieve experimental results hecause a prism intro-
duces astigmatism unless the incident light is accurately
collimated. Any aberrations in the non-object-hearing
beam (1o which we have given the designation reference
heam) are incorporated onto the hologram and degrade
the reconstructed images, just as if the aberrating
elements were in the object-bearing beam. Mirrors are
preferable for deviating the referenve heam, and results
of the highest quality have been obtained in this way.
A single mirror, in the conventional Lloyd's mirror
arrangement, has produced good results. An even
hetter arrangement is to use a two-mirror system, as
shown in Iig. 1(h), which permits the light to be in-
cident on the mirrors at nearly normal incidence instead
of at nearly grazing incidence as in the Lloyd’s mirror
arrangement. This method also permits the mirrors
to be of a size comparable to the hologram-recording
plate, whercas the Lloyd’s mirror must, in general, be
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much larger than the area over which the fringes are
generated.

Another arrangement which is highly satisfactorn
is shown in Fig. 1{c). A prism is usced in combination
with a lens. This lens can be of extremely poor qualin
without affecting the in. ge quality. The lens causes
the reference beam to be brought to a focus at sonu
position between planes I’y and o This focused spaot -
the spread function for © e lens=prism combination el
will be degraded by the aberrations of these optical
elements. However, if a pinhole, with a diameter equad
to the resolution of the ideal or aberration free spread
function of the svstem, is placed at the position of the
point image, the aberration will be remaved, The pin
hole removes the aberrations by removing those hebi
rays whose position of intersection with the focal plane
has been altered by the aberrations. The resultinye
hologram and its reconstructions are free from the
aberrations of both the lens and the prism. However
the lens still exerts the effect of its focal power on the
reconstructed images, but it now acts like a perfeo
lens. The pinhole attenuates the reference heam by
whatever proportion of the light misses the pimhole,
but this loss is a small price to pay for what is achieved

3. DIFFUSE ILLUMINATION

Suppose that, in the optical system shown in g, 1.
a diffusing element such as opal glass is placed hetween
the source and the object, thus causing the ohject 1o e
illuminated with diffused coherent light. The hologram
made in this manner therehy acquires several interesting
and useful properties.

An objection which the reader may raise is that the
ditfuser destrovs the coherence of the light, therehy
making a reconstruction impossible. Indeed, the light
thus diffused behaves in some ways as if it were oo
herent, but it retains those properties which are essential
to the wavelront reconstruction process. The light
impinging on the object is no longer & well-detimed
waveiront, but instead has a phase and amplitude which
vary randomly from point to point. These phase and
amplitude relations, however, are time invariant, n
contradistinction to the case of incoherent lumination.

The two-heam hologram made in this manner re-
constructs, as before, to produce a real and a virtual
image in the first-order diffracted waves. The recon-
structed images have acquired an interesting property:
they can now be observed visually without an eyepicee
or other optical aids. The virtual image can be seen by
looking through the hologram as if it were a window,
and the real image can be seen suspended in front of
the hologram. Ii the diffuser had not been used in
making the hologram, the reconstructions could not he
thus observed. To explain why this is so, let us consider
what happens when one observes a transparency which
is illuminated from behind with a point source. Exeept
for some scattering, the observer receives light only
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from that part of the transparency which lies on the
line between the point source and the pupil of the eve;
s is usually a negligible portion of the transparency.
tHowever, if a ditfuser is placed between the source and
the transparency, then light from all points of the
transparency reaches the eye and the transparency is
seen i its entirety.

This argument readily applies to the hologram case
vase if one thinks of the hologram as reconstructing
not only the transparency, but also the diffusing plate.
Thus, the observer sees the reconstructed image as if
it were illuminated by a diffuse source.

Another consequence of the diffusing plate is that
the hologram acquires a different appearance. In the
conventional, single-heam hologram, each object is
comverted into a Fresnel diffraction pattern with definite
structure; for example, the Tetter o becomes aseries of
concentric circles. Also, coarse structure in the object
tends to persist rather than lose its identity. Similar
clicets occur in the two-heam holograms  described
previously® except that the ditffraction pattern of the
object is largely submerged by other effects produced
byt the reference heam. However, in the diffuse tvpe of
hologram, no recognizable Fresnel ditffraction patterns
or surviving coarse structures are discernible, The light
from the object, when it impinges on the hologram
plate, has a uniform, fine grain-like structure like the
arain of photographic film. This pattern is completely
homogencous and alwiys has the same appearance,
rrespective of the object. The observable structures

nin the hologram of g, 2 are ditfraction patterns
produced by dust particles, ete. in the reference heam.
They neither contribute to nor degrade the recon
structed images in any apparent way.,

Another interesting property of the diffuse-illumina
tion hologrim is that, since cach point on the ohject
Hluminates the entire hologram: recording plate, the
plate can e broken into small Tragments, and each

i1 2 Hologram of two transparencies which were illuminated
with diffused coherent light. The transparencies were placed 14
and 24 e fram the hologram recording plate, in such positions
that neither obscured the other when viewed from the position
“ere the hologram was recorded.
“

TTITON IN THREE DIMENSIONS 1297

e 3 Reconstruetions of two transparencies which were recorded
in the hologram shown in Fig. 2.

piece will reconstruct the entire object. As the fragments
become small, resolution is, of course, lost, since the
hologram constitutes the limiting aperture of the wave-
front-reconstruction iImaging process.

Possibly the most signilicant property of the diffused
umination hologram is that local imperfections in the
aptical elements no longer observably degrade the
process. It is well known to experimenters in this field
that any scratches, dust, pits, cte, on the hologram
recording plate or on other elements of the optical
system, cause annoying diffraction patterns that appear
in the reconstructed image. These can be minimized hy
carcful technique, but, in practice, never completely
climinated.® They can he observed, for example, in the
reconstructions in our previous paper They are not
products of the wavelront reconstruction process per se
hut arise from the use of coherent illumination. In the
diffused iHlumination holograms, such imperfections are,
to all appearances, completely removed from the re-
constructed image. Thus, not only is extremely careful

* A technique used by Kirkpatrick and El-Sum goes far toward
minimizing these laws by rotating in a continuous manner some
ol the optical clements about the optical system axis; J. Opt.
Soc. Am. 16, 825 (1956).
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F1c. 4. Fraunhofer diffraction method. Semi-diffusing ground
glass at Py causes, at Py, a bright spot on axis, surrounded by
diffused light. An opaque mask at P» has two openings: a pinhale
on axis which passes the focused spot of nondiffused light, and an
off-axis aperture in which the object transparency S(£,7) is placed.
The hologram is made at plane Ps.

technique no longer necessary, but the holograms can
be scratched, handled so as to receive fingerprints, and
otherwise abused without noticeable deterioration of
image quality. The reconstructions shown in Iig. 3,
for example, are entirely free of such imperfections.

The diffused-illumination hologram is, in fact, more
immune to defects of the recording plate than is a pic-
ture recorded by conventional photography. A scratch,
loss of a piece of the emulsion, etc., in the hologram case
does not entail a loss of a part of the picture, since each
point on the object spreads its effect over the entire
hologram plate. Gross portions of the hologram record
can be damaged or removed, yet no portion of the
reconstructed image suffers noticeable deterioration.

A further advantage of this type of hologram (and
this advantage applies also, to a lesser extent, to the
nondiffused-illumination helograms) is that the dy-
namic range of the photographic process is greatly
increased. Small, very bright arcas in the object have
their energy spread over the entire recording place,
and in reconstruction are restored to their proper level,
Intensity ratios of 104-10° hetween the brightest regions
and the smallest distinguishable intensity steps have
heen observed in the image; this represents a dynamic
range of 40 to 50 dB. Even greater ranges seem achiev-
able experimentally.

Some of the properties thus described can be more
fully understood by recognizing that the hologram
represents an encoding of the original object trans-
parency, or signal. There are, in fact, two distinct
encoding processes manifested in this hologram tech-
nique. The first is a simple dispersion, in which each
resolution element of the ohject is encoded into a
function which occupies the entire hologram plate.
Such dispersion-encoding is manifested by, and indeed
is fundamental to, all waveiront reconstruction tech-
niques. With diffused illumination, the dispersion is
much greater than is usual in previously described
methods. The second encoding process embodied in the
diffused-illumination technique involves increasing the
signal bandwidth by convolving the spatial-frequency
spectrum of the object with that of the diffused il-
lumination, which can be thought of as a noise-like
signal with a broad, uniform, spatial-frequency spec-
trum. When the object transparency is illuminated with
diffused coherent light and transformed into a holo-
gram, the spatial-frequency spectrum of the hologram
thus tends to he much greater than that of the object
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transparency. Such encoding introduces a redundancy
into the hologram m that more bandwidth is recorded
than is required for the information content of the
signal. This, philosophically, is the basis for the insensi-
tivity of the method to the above-mentioned imper-
fections, which may be designated noise.

A theoretical analysis of the diffused illumination
technique is necessary for any complete treatment, hut
is outside the scope of the present paper.

An interesting possibility is to superimpose the
diffraction patterns of two different transparencies onto
a single hologram.* This is demonstrated in Fig. 2. In
Fig. 3, both pictures have been recovered without any
trace of cross-modulation effects. Each picture is with-
out flaws.

The superposition can be achieved in various ways.
The object transparencies can expose the hologram
simultaneously, using a single reference beam. The two
object transparencies would be located at dilierent
positions in space and the reconstructed images would
similarly be separated. This method we call coherent
superposition, since the light from one transparency is
coherent with that from the other.

Other methods of superposition include  that of
multiple exposure, with one object at a time exposing
the plate. To provide a basis for separating the re-
constructed images of the two object transparencies,
the transparencies can occupy different, nonoverlapping
positions in space; alternatively, the reference heam
can be differently directed for each exposure. These
methods may be designated incoherent superpositions.
Both the coherent and the incoherent methods have
heen satisfactorily demonstrated.

4, FRAUN"TOFER DIFFRACTION HOLOGRAMS

Another type of ditffused-tlunination hologram s
produced by recording the Fraunhofer, rather than the
Fresnel, diffraction pattern. An interesting way 1o
produce such a hologram is shown in Fig. 4. A plate
of partially dilfusing or o glass is illuminated hy a
collimated beam of ni ochromatic spatially coherent
light., The plate diffuses only a portion of the trans
mitted light. A lens Ly brings the nondiffused portion
1o a point focus on axis at plane Pa. The diffused light
surrounds the point image. An object transparency is
placed at Py in the diffused light, to one side of the point
image. An opacue mask at s then blocks the remainder
of the diffused light, but contains a pinhole that allows
the point image to be transmitted. A second lens re-
images the ground glass at plane Py and at the same
time collimates the nondiffused light, which then s
used as the reference beam. A hologram is made by
photographically recording the illumination at plane P

As in other difTused-illumination holograms, the
reconstruction can be made visually by looking through
the hologram when it is placed in a coherent, mono-

¢ This idea is similar to the theta-modulation concept, as
described by A. Lohmann, J. Opt. Soc. Am, 53, 1351 (1963).
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chromatic beam of light. As before, two images are
recolstructed, but they can no longer be designated as
the real and virtual images, since both form at infinity.
They are symmetrically positioned about the zero-order
spectrum. A reconstruction from such a hologram is
shown in Fig. 5.

Since the mathematical description of two-beam
holograms given previously' is not entirely applicable
to this configuration, a separate analysis is presented
here. The  semidiffusing  plate has the amplitude
transmittance

Hax,y)=antnlx,y), (1)

where ag and n(x,y) give rise to the nonscattered and
scattered components of transmitted light, respectively;
n(x,v) can be thought of as a random or noise-like
quantity.The lens L, produces the Fourier transform
of . (1), producing at Py a distribution of light whose
vector amplitude represents the function.

T(E;’?}:Unﬂs(f‘?})‘{‘-\'(fﬂl)s (2)

where 6(&,m) is the Dirac delta function, N (&y) is the
Fourier transform of #(x,y), and &, n are spatial-fre-
quency variables, arising from the Fourier transforma-
Hion.

Since the object transparency s introduced at the
plane Po, which we have designated the Fourier trans-
form or spatial-frequency plane, the transparency will
be designated as S(¢,m). Thi. function is multiplied with
Vign), and the lens Ly takes a second Fourier trans-
formation, producing

X ()= agtna,y)*s(e,v), (3)

where s(x,y) 1s the Tourier transform of the object
transparency S(&,n), and the * indicates a convolution.

The recording process produces a square-law detec-
tion, resulting in

X (w3 |%= |aa!?4 5o,y 2
Fawsolv, ) Faws* (v v), )

where sy(x,y)=n(x,v)*s(x,y).

16, 5. Reconstruction of a Fraunhofer diffraction hologram.
th real and virtual images form at infinity and are thus located
the same plane, but in axially symmetric positions,

\

116, 6. System for
making a hologram

S
\
in reflected  light, S

T'he hologram record
ing  plate receives
light reflected from
the object and from
the mirror.

The reconstruction is then accomplished by placing
the hologram in a beam of coherent light and using a
lens to take the Fourier transform of the hologram,
producing the result shown in Fig. 5. This lens can be
that of the eye, if the observer looks through the co-
herently illuminated hologram. In the IFourier trans-
form plane, the term a¢® is just the attenuated image
of the Dirac delta function that produced the reference
beam. The term |sy/* produces the noise-like distribu-
tion of light around the source, and can readily be dis-
cerned in Fig. 5.

The two remaining terms have, respectively, the
Fourier transforms aoV(£,9)S0(&,n) and ayV*(— ¢, —7)
XS84*(—§,—n). The first is an image reconstructed just
as the original object appeared in the diffused illumi-
nation. The second is a similar image, but each point
on this image is reflected about the origin with respect
to the corresponding point in the first image. This is
the image that is generated by the square-law process
and corresponds to the real image in the case of the
Iresnel diffraction hologram.

5. THREE-DIMENSIONAL PHOTOGRAPHY

The basic concepts of wavefront reconstruction imply
that three-dimensional objects should reconstruct as
three-dimensional images, a fact recognized by Gabor.!
The two-beam method has proved effective with three-
dimensional objects. Holograms made from diffusely
reflecting objects have, by virtue of this diffuse reflec-
tion, all the properties of the diffused-illumination
hologram described in Sec. 3.

To photograph a solid, three-dimensional object
by the wavefront reconstruction method, an arrange-
ment like that shown in Fig. 6 is used; this is a fairly
obvious adaptation of the techniques shown in Fig. 1.
A monochromatic, spatially coherent source illuminates
the object to be photographed. Reflected light from
the object exposes the photographic plate, which is
placed at some convenient and noncritical distance from
the object. A high-quality mirror, located adjacent to
the object, intercepts a portion of the coherent il-
lumination and reflects it onto the plate. This provides
the reference beam against which the phase of the
object is compared. The mathematical description of
the process is identical with that given previously?
for making holograms from transparencies.

Reconstruction occurs when the hologram is placed
in a monochromatic coherent light heam. Either the
real or the virtual reconstructed image may be observed
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Holog ram 16, 7. Diagram
showing geometry of
objects in the real
and virtual images.

i 4 This diagram is pre-

a L] %
B B sented as an aid to
® Virwal Real @ the text in deseribing
tmage Trmage a curious property of

A gbserver  the real image.
visually. The virtual image is readily viewed by looking
into the hologram as if it were a window. This image
has all the appearance of the original object. A three-
dimensional effect exists which is equal to that pro-
duced by ordinary stereo photography, but here the
efiect is obtained without the need for a steren pair of
photographs. The reconstruction has some additional
properties not produced by ordinary stereo photog-
raphy. For example, if the observer moves his head
while viewing the reconstructed image of the scene, he
will obgerve a change in perspective in the image. There
is a parallax between near and far objects which is
exactly that which occurs when viewing the original
scene. If the observer finds, at one viewing position,
that an object in the foreground lics in front of and
obscures the viewing of another object, then he can by
changing position actually look around the obstructing
object and sce what les behined it, just as he could doif
viewing the original scene. The observer must refocus
his eyes when shifting his observation from near to far
objects in the reconstructed scene, Similarly, if the re-
construction is photographed with a camera, the of-
fects of finite focal depth are evident; it is necessary 1o
stop the camera lens if a reasonable depth of field is 1o
be achieved.

The real image forms in front of the plate and can be
readily photographed by placing a photographic plate
at some suitably chosen position, which, of necessity, is
4 compromise  position,  since the image is three
dimensional and thus cannot be imaged on a plane. For
visual observation, however, the virtual image is pre-
ferred. The real image can be observed visually, but the
observer may have some initial difficulty in coordimat-
ing his eyes when so doing, for reasons possibly having
their origin in physiological optics. If this difficulty is
overcome, the results are rewarding, for then one cin
see the entire reconstructed image suspended inospace
between himself and the hologram plate,

The real and virtual images are for the most part
identical ; however, the real image has a curious property
not possessed by the virtual image. This is deseribed
with reference to Iig. 7. When one observes the virtual
image, he will see object A in front of object B, and when
the two ohjects are in line, object A will obscure object
B, as indeed it should. To observe the real image, the
eye is placed at the position indicated in FFig., 7, in
which object B is closer to the eye than is object A,
As the observer moves his head, the parallax between
A and B is in accord with their positioning. The curious
feature is that when the objects A and B are brought
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into alignment, it is the object B rather than A which
is obscured. The near object disappears and one sees
the far object through the anole created by the dis
appearance of the near object.

In making a hologram of a scene in reflected Tight.
two conditions must be met which do not arise when the
object is a transparency. First, the coherence length of
the source must he greater than the maximum difer
ence in light path between the reference heam and the
object heam. Thus, the depth of the scene cannot he
greater than the colierence length of the light source
When a laser is used as the source, it should be carefully
adjusted so as to climinate nonaxial modes, otherwise
the coherence length is reduced to only a few inches.
An electronic spectrum analyzer has heen useful hath
as an aid in tuning the laser and as a laser maonitoring
device during the exposure.?

Second, the reflecting object must remain stationan
to less than about } the wavelength of the illuminating
light for the duration of the exposure. This restriction
is not severe for a pulsed laser. For example, if the pulse
duration of a laser operating at 6238 A is 3X10 7 s«
(30 nsec), an object moving at 2 m/sec will move only
5 the wavelength of the light during this exposurt.
and a good hologram can he made.

Examples of threedimensional reconstructions are
shown in Figs, 8 and 9. Figure 8 shows a reconstruction
of an HO gauge model rilroad engine and various
other objects. A hexagonal wrench was placed in the
foreground so as to introduce parallax effects. The pub-
lished print was made from the real image by pla ing A
photographic plate at the position of hest focus. To
obtain suflicient depth of focus so as to hring the greatt?
portion of the scene into focus, it was necessary 10 1€
strict the illumination to only a small portion {about
1.292) of the entire hologram, ie., the hologram was

. e e ¥ ‘ll
stopped just as if it were alens, The average Jovud

I16. 8. Photograph of a three-dimensional reconstruction of &
model train engine. This photograph was made from the real image
aflter stopping the hologram from its full f/4 aperture down 10
about f/48. Note that even at this aperture the fnre"rmmd 13
tnsharp.

holograms

5 The use of this technigoe as an aid Lo producing ;
', B. Rotz.

was suggested and demonstrated Lo the authors by I
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16, 9. Reconstruction of a three dimenzional sithouetted seene,
consisting of plastic letters about 1.5 in. high and two metal
gatues about 4 in. high, The virtual image was photographed
peing acamierit with the lens stop at f/8 for () and (h); these two
phant iphs were made with the camera at ditferent positions in
arder 1o show the parallay between near and far objects, Photo-
aritphs (o) and (d) were taken with the camera lens at f/2.3, which
Hecreasesd the focal depth. The camera was focused on different
planes in (¢) and (d). Note that in (c), only the word of is in sharp
focus, and in (), only the head and one arm are in sharp focus.

re

ength of this hologram is about 18 in, and its di
mensions are 460 in. Thus, the hologram is about
4, and was stopped 1o about /480 Even with this
setting, the foreground of the scene is unsharp. Further,
i was necessary to Ll the recording ilm plane so as to
orient its position with that of the train. It is apparent
that the reconstructed scene, for the hologram at full
aperture, extends through many hundreds of focal
depths. The quality of the image is good despite the
wvere restriction of the hologram aperture.

Figure 9 shows the reconstruction of a silhouette,
made by placing various objects in front of a sheet of
opal glass, which was then Uluminated from behind,
The letters U of M are attached to the surface of the
slass, wid the two metal statues are located 3 and 20
in. from the glass. The reference beam was introduced
by diverting a portion of the coherent illumination
around the scene by means of a Lloyd's mirror arcange
menl.

To demonstrate the three-dimensional properties of
the reconstruction, appropriate combinations of photo-
eraphs are shown in Figs. 9{) to 9(d). These were
made by photographing the virtual image with @ con-
cameria, which dhifferent
positions and set at various f-stops. Figures O(a) andd

ventonl was placed  at
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9(b) show the virtual image from two different po-
sitions; the parallax is evident. The camera lens was set
at f/8 in order to provide an adequate depth of focus
to encompass the entire scene, Figures 9(c) and 9(d)
show the same scene with the camera lens set at f/2.3.
Here, the depth of focus is small, so that when the
camera is focused on one part of the scene, other parts
are quite unsharp.

6. MULTICOLOR WAVEFRONT RECONSTRUCTION

Using the superposition technigues described at the
end of See. 3, it is possibie to produce reconstructions in
full color. We could, for example, illuminate a scene
with coherent light in cach of the three primary colors,
and the hologram would receive reflected light of cach
color.® Three mirrors could he placed at different loca-
tions about the periphery of the scene. Fach mirror
would receive light of only one color; thus, three ref-
erence heams, one for each color, would impinge on the
plate and produce the required interference effects with
light of the same color reflected from the scene. The
resulting hologram would comprise three incoherently
superimposed holograms. .

To reconstruct, we can place the hologram in the
same position that it occupied during the exposure, and
illuminate it with the three reference beams. Each
beam would interact with each of the three hologram
components, producing a total of nine virtual images
(as well as nine real images). Three of these images
would exactly coincide and produce, at the position
originally occupied by the object, a reconstructed
virtual image of the object in full color. The remaining
images, which are, for example, the red-light recon-
struction from the blue-light component of the holo-
eram, cte., would form in other angularly displaced
positions and would thus cause no problem. Hence, a
three dimensional image, in full color, can be obtained
from u black and white hologram record. This process
is related to the Lippman color process,” except that
the process described here does not require that the
emulsion be sufiiciently thick as to constitute a three-
dimensional storage medium.
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¢ [t has been pointed out, by an anonymous reviewer, that an
object itluminated by monochromatic light in three primary
colors may not prodice the same color rendition as would the
object if flluminated by ordinary white light. This could happen
i Lhe wavelength variation of object transmittance or reflectiance
were not a smooth, slowly varving Tunetion of wuvelength,
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