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A new type of hologram that combines computer-generated holograms with volume holograms is described.
This hologram allows arbitrary selection of the location and color of a computer-generated image when white
light illumination is used. Potential applications include optical information processing, holographic opti-
cal elements, multicolor displays, and lens testing. Calculations are made to determine the range of wave-
lengths possible for image reconstruction. Experimental results are given and discussed.

Introduction

Computer-generated holograms (CGH) can be used
to generate arbitrary optical wavefronts and to create
images of objects that never physically existed. 1 2

However, images from these holograms must usually be
produced with monochromatic light to avoid chromatic
dispersion.

Volume holograms, on the other hand, are capable of
reproducing optical wavefronts with great precision and
high efficiency but are generally not used for the gen-
eration of arbitrary wavefronts. They can, however, be
constructed to exhibit good wavelength selectivity and,
consequently, produce monochrome images when illu-
minated by a white light source. 3 4

These two types of holograms are seen to have com-
plementary properties. By combining a computer-
generated hologram and a volume hologram, a new type
of hologram, the computer-generated volume hologram
(CGVH), can be constructed. The CGVH has advan-
tages inherent to both CGHs and to volume holo-
grams.

CGVH Construction

Although several techniques might be envisioned to
produce a CGVH,5 one specific construction method is
described here that combines a binary Fraunhofer CGH
and a volume holographic reflection grating. The basic
reflection grating is produced by exposing a plate of
holographic film with collimated laser beams 1 and 2
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impinging from opposite sides of the film as in Fig. 1.
Before the exposure, a CGH is placed in close contact
with one side of the holographic film so that the inten-
sity of one of the exposure beams is modulated in ac-
cordance with the transmittance of the CGH mask.
After processing the film, the resulting reflection ho-
logram has a transverse spatial modulation that is a
replica of the CGH mask and a longitudinal modulation
(in depth through the emulsion) corresponding to a
reflection grating, as shown in Fig. 2. Thus, the process
is equivalent to replacing each of the elementary cells
of the original CGH with a tiny reflection grating. Each
cell of the resulting reflection hologram can have a high
diffraction efficiency and the ability to Bragg diffract
(reflect) only a narrowband of wavelengths.

For viewing, the CGVH is illuminated with a beam
of spatially coherent collimated light, which can even
be white light. The monochromatic light diffracted
from the CGVH, as shown in Fig. 2, is then Fourier
transformed by a simple lens to produce a single color
computer-generated image. Because the CGVH is
constructed with plane waves, the Bragg angle of each
cell in the hologram is the same. Thus, if white light
readout is used, the color of the reconstructed image can
be selected by merely rotating the CGVH relative to the
readout beam. Unfortunately, the position of the image
will rotate as the holographic plate is rotated. Size
changes in the image associated with a given readout
angle or a wavelength shift between the hologram con-
struction wavelength and the intended readout wave-
length can easily be compensated for by an appropriate
scaling of the CGH before exposure.

An important feature of the CGVH should be noted.
Recall that, at the Bragg angle of a reflection grating,
the position (angle) of the diffracted wave can be de-
termined from the readout angle and the tilt of the in-
terference fringes. Once the output angle is deter-
mined, the wavelength of the diffracted light can then
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Fig. 4. Construction geometry for a reflection grating. All angles
are measured inside the emulsion.

be determined from the spacing between the fringes.
Thus, in designing an optical system which uses a
CGVH, the position of the image can be specified by the

anerated volume fringe tilt and then the color of the image by the fringe
spacing.6 By a proper choice of incidence angle for the
two laser beams used to construct the CGVH, the tilt
and the spacing of the interference fringes within the
volume of the hologram can be independently selected.
This is possible because the tilt of the fringes depends
on the sum of the incidence angles of the exposure

COMPUTER
GENERATED beams [see Eq. (1)], while the spacing between the
VOLGENEAE incdene o
HOLOGRAM fringes depends on the difference in incidence angles of

the two beams [Eq. (3)]. Thus, by properly adjusting
the construction beams, the tilt and spacing of the
fringes and hence the position and color of the recon-
structed image can be independently selected.

As an example, the coherent construction waves in
Fig. 3(a) expose a piece of film symmetrically so that the
resulting holographic fringes in Fig. 3(b) are parallel to
the film surface. Thus, the angle of the incident and

READOUT diffracted waves in Fig. 3(b) are equal with respect to
the film normal. Assume that the readout wave is
polychromatic and the light selectively diffracted by the
grating is red. Now suppose that it is desired to retain
the same readout geometry (incidence and diffraction
angles) and yet have the diffracted wave be of shorter
wavelength. This is accomplished by constructing
another hologram, as shown in Fig. 3(c), with the con-
struction waves symmetrically rotated such that they
are both more normal to the film. The resulting holo-
graphic fringes will again be parallel to the film plane

READOUT b) but will have a smaller spacing. In Fig. 3(d), readout
exactly as in Fig. 3(b) will produce a diffracted wave at
the same angle as before but with shorter wavelength
(blue). Thus, independent control of the position andU l the color of the diffracted wave is possible.

READOUT (d)

Fig. 3. Wavelength selection. Coherent recording beams (a) form
a reflection grating that reads out in red (b). The same two recording
beams symmetrically rotated to form a different recording geometry
(c) construct a reflection grating with smaller grating spacing (d).
Readout of this grating at the same incidence angle as in (b) produces
a blue diffracted wave (d). The diffracted wavelength can be chosen

independently from the diffraction angle.

Analysis
The image positions and colors obtainable with this

CGVH construction method can be calculated. Figure
4 shows the construction of a reflection grating such as
that in each cell of the CGVH. All angles are measured
inside the emulsion. The interference fringes bisect the
angle between incident beams 1 and 2 so that

Of = (1 + 02)/2. (1)

Waves 1 and 2 are at the Bragg angles OB of the grat-
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Fig. 5. Diffracted wavelength vs construction parameters. The
wavelength Xr is measured in free space. The grating construction
angles 01 and 02 and the readout incidence angle Oi are measured inside
the emulsion. Wavelengths and angles shown are those that can be
obtained without the use of prisms for construction and/or readout.

ing that they create and, therefore, obey the Bragg
equation

2d Sin0BEonlrLUcti.O = c, (2)

where Xc is the construction wavelength. The spacing
between the fringes is, therefore given by

d c . (3)
2 sin[(0 2 - 01)/21

Equations (1) and (3) show that the tilt and spacing of
the fringes depend on the sum and the difference of the
construction angles, respectively.

For readout, broadband spatially coherent collimated
illumination at angle Oi is assumed, where the angle is
again measured from the z axis as in Fig. 4. To simplify
the analysis, it is assumed that only the wave exactly
satisfying the Bragg condition will have appreciable
energy and need be considered. To find the wavelength
of the diffracted wave Xr, the Bragg equation

2d sinOBRdut = Xr (4)

must be satisfied. At readout
0Broadout =Of i- O = 1/2(01 + 02) - Oi. (5)

Combining Eqs. (3), (4), and (5) yields the diffracted
wavelength

X = X sinj[(01 + 02)21 - Oi (6)

sin[(0 2 - 01)/21

Emulsion shrinkage or expansion during film pro-
cessing must also be accounted for. If the emulsion has
thickness z during exposure, it will have thickness z' =
az after development.7 For Of 0 900 and a = 0.82 (a
typical value for Kodak 649-F film with conventional

processing in D-19), the spacing and tilt of the fringes
become d' a ad and 0 Of. Therefore, the readout
wavelength is modified to yield

,= aX, sinj[(01+ 02)/2] il
sin[(02 - 01)/2]

(7)

To compensate for emulsion shrinkage or expansion,
the fringes can be initially exposed to having a spacing
1/aX as large as the desired final spacing, or else
chemical swelling agents can be used. 8

The output angle 0,. can be most easily found by
considering reflection of the readout wave from the in- -
terference fringes. 9 This gives

Or = 20f - Oi = 1 + 02 - O. (8)

Using Eqs. (7) and (8), the output from the CGVH
is calculated. Assume Xc = 6328 A, a = 0.82, and 01 +
02 = 1850 so that the fringes are tilted by 2.50 relative
to the film plane (to separate angularly the diffracted
image from the specular reflection from the film plate).
Figure 5 shows the reconstruction wavelength from the
CGVH (measured outside the emulsion) as a function
of construction variables. The readout angle Oi is given
as a parameter.

The graph shows that, for a chosen readout angle Oi,
a large range of output wavelengths can be achieved by
varying the construction parameter 02 - 01. Note
particularly that, for Oi 0 25°, it is possible to construct
the CGVH such that its output could range anywhere
from red to blue covering nearly the entire visible
spectrum. The graph carn also be used to find the range
of output colors available by varying the incidence angle
0i if the construction parameter 02 - 01 is fixed.

Only angles are shown that can be achieved without
the use of prisms (or other means) to overcome the
critical angle of the film. If prisms are used during the
construction and/or readout process such that beams
may be incident into the film at internal angles up to 800
(a practical limit), the calculated readout wavelength
ranges from 1125 A < X. < 23,000 A. Thus computer-
generated optical elements can easily be generated for
use with ir or other optical systems.

Experimental Results

.A binary CGH of the letter 0 was made for use as the
construction mask for the CGVH. A CGVH was con-
structed with X = 6328 A, 01 = 330, and 02 = 1500.
Xylene or oil is used as an index matching liquid be-
tween the CGH and the Kodak 649-F holographic
film.

For readout, the CGVH is illuminated from the
substrate side of the film so that emulsion distortions
involved with processing will have a minimal effect on
the diffracted wave.10 With O = 110 and white light
illumination, the image in Fig. 6 is obtained. The bright
area on the left is the specular reflection from the film
substrate. The image of the letters is centered 30 to the
right of the specular reflection. The image is slightly
above the specular reflection because the hologram
construction waves were not precisely coplanar. With
the given readout conditions, the letters are orange (X'r
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Fig. 6. Monochrome image obtained from a CGVH.

- 6000 A). The line between the letters is a dispersed
spectrum, which is strongly peaked at A' = 6000 A.

Although this CGVH is an absorption reflection ho-
logram and has fairly low diffraction efficiency, con-
structing the CGVH in a volume phase material such
as dichromated gelatin could improve the efficiency up
to the level of the original CGH. That is, the elemental
cells of the CGVH could diffract 100% of the desired
light just as the open cells of the binary CGH transmit
100% of the incident light. The curves in Fig. 5 would
be quite similar if dichromated gelatin were used, since
the exposure wavelength is shorter but the emulsion
does not shrink during processing." Methods, such as
that of Lowenthal and Chavel,12 to copy only one order
of the CGH onto a second hologram might also be
adopted to improve the efficiency of the CGVH.

Applications

With the CGVH, it is possible to produce arbitrarily
shaped monochrome wavefronts using temporally in-
coherent illumination. Because the position and color
of a CGVH generated image can be independently se-
lected and the size of the image adjusted by a suitable
scaling of the CGH mask, it is also possible to produce
multicolor images using only a single color laser to
construct the required CGVH. To achieve this, mul-
tiple-exposure techniques must be used, and one CGH
mask must be prepared for each primary color in the
image.

Although the above discussion describes the use of
CGVHs to produce images, the technique could also be
used to produce color-coded spatial filters for optical
information processing. Using this method, for in-
stance, two or more spatial filters could be color multi-
plexed onto one piece of film. If such a filter were used
in an optical pattern recognition system, different
objects could be recognized by correlation peaks of
different color. The third dimension of the film (depth)
is thus used to increase the information storage capacity
of the spatial filter.

CGVHs could be useful in the generation of multi-
color wavefronts for the testing of aspheric lenses. In
addition, the volume hologram construction technique,
which allows arbitrary color selection for readout, can
be used to record high efficiency holograms for readout
at wavelengths for which there are no suitable laser re-
cording sources or photosensitive films.
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