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BACKGROUND OF THE INVENTION
1. Field of the Invention
The present invention relates generally to the field of holography. More particularly, the
present invention relates to a direct-to-digital hologram acquisition and replay system (i.e., no
20  film, no plates). In a preferred implementation of the present invention, the hologram acquisition
is based on a charge coupled device (CCD) camera. The present invention thus relates to a
holographic system.
2. Discussion of the Related Art
Traditional methods of holography have used film or holographic plates (glass plates
25  with a photographic emulsion optimized for holography) to record the hologram.(l) Replay has
only been possible using lasers (or in some cases white light) and the original recorded hologram
or a duplicate of it, in an analog method. These analog methods are slow, cumbersome, and
expensive.!). There is also no way to reduce them to electronic signals that can be transmitted
and replayed at another location. It is always necessary to send hard copy. Worse still, the time
30  delay involved in processing the film prevents the use of holography and its variants in many

situations. Even if the expense of the classical holographic system itself was tolerable, the time
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20  illustrating the state of the art.

SUMMARY OF THE INVENTION
Therefore, there is a particular need for a method for 1) recording holograms directly to a

CCD (charged coupled device) camera or any other suitable video camera with a digital

25 computer interface and then 2) storing the holograms to a digital storage medium (e.g., RAM,
hard drive, tape, recordable CD, etc.). Significant features of an apparatus for implementing this
method include the use of a very small angle between the reference beam and object beam and
focusing the hologram on the image plane to simplify the image. Additionally, the invention
includes 1) a method of displaying the hologram phase or amplitude on a two-dimensional

30  display and 2) a method of replaying the holograms completely using an optically active crystal
and lasers. In contrast, the prior art does not include a description of how to electronically

(digitally) record an optical hologram, much less replay, or broadcast an optical hologram.
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20  from an object; focusing said reference beam and said object beam at a focal plane of a digital
recorder to form an off-axis hologram; digitally recording said off-axis hologram; and
transforming said off-axis hologram in accordance with a Fourier transform to obtain a set of
results.
Another embodiment of the invention is based on an apparatus to write an off-axis
25  hologram, comprising: a laser; a spatial light modulator optically coupled to said laser; a lens
optically coupled to said spatial light modulator; and a photorefractive crystal optically coupled
to said lens, wherein a write beam is focused at a focal plane of said photorefractive crystal by
said lens to impose a holographic diffraction grating pattern on said photorefractive crystal.
Another embodiment of the invention is based on a method of writing an off-axis hologram,
30 comprising: passing a laser beam through a spatial light modulator; and focusing said laser beam

at a focal plane of a photorefractive crystal to impose a holographic diffraction grating pattern on

said photorefractive crystal.
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embodiments illustrated in the drawings accompanying and forming a part of this specification,
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FIG. 1 illustrates a schematic view of a classical (Leith & Upatnieks) sideband
holography system, appropriately labeled “PRIOR ART”;
FIG. 2 illustrates a schematic view of a simple direct-to-digital holography system,
representing an embodiment of the present invention;
25 FIG. 3a illustrates a perspective view of a “Michelson” geometry direct-to-digital
holography setup, representing an embodiment of the present invention;
FIG. 3b illustrates another perspective view of the direct-to-digital holography setup
shown in FIG. 3A;
FIG. 4 illustrates a digitally acquired hologram of a scratch in a mirror, representing an
30 embodiment of the present invention;

FIG. 5 illustrates a plot of a 2-D Fourier transform of FIG. 4;
FIG. 6 illustrates a replay of hologram phase data from the hologram of FIG. 4;
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FIG. 13 illustrates a modulus of extended Fourier transform of cos-pattern (original set of

display points was 32 as in FIG. 11; choosing parameter 7 to be 16, number of display points in
20  extended Fourier transform is 512 and shows same details as visible in analytic Fourier
transform), representing an embodiment of the present invention;

FIG. 14 illustrates the results of an extended Fourier algorithm which allows display of
conventional discrete Fourier transform but shifted by fraction of pixel (again, same cos-pattern
as for FIG. 11 is used; choosing true values for ak (and a1 in two dimensions), it is possible to

25  display at least one peak in Fourier space such that it falls directly on display point; in this case,
sidelobes disappear (see right peak)), representing an embodiment of the present invention;

FIG. 15 illustrates that reconstructing amplitude from a sideband that is not truly centered
causes artifacts in image (the worst situation is when center of the sideband falls exactly in
between display points in Fourier space), representing an embodiment of the present invention;

30 FIG. 16 illustrates a Mach-Zender layout schematic of a hologram acquisition system

with through-the-lens illumination, representing an embodiment of the invention;
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spatial light modulator pixel edge diffracted orders (the center bright spot is the zero order

diffracted image), representing an embodiment of the invention.
FIGS. 24A-24D illustrate polarizing beamsplitters combined with % wave plates,

20  representing embodiments of the invention.

DESCRIPTION OF PREFERRED EMBODIMENTS
The present invention and the various features and advantageous details thereof are
25  explained more fully with reference to the nonlimiting embodiments that are illustrated in the
accompanying drawings and detailed in the following description. Descriptions of well known
components and processing techniques are omitted so as to not unnecessarily obscure the present
invention in detail.
1. System Overview
30 The reason that digital holography has not been developed until now is that the resolution
of digital video cameras or cameras adaptable to digital media has, heretofore, not been good

enough to record the very high spatial frequencies inherent in classical holograms. The
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toward a focusing lens 270. This light then travels to a charged coupled device (CCD) camera
20  (not shown).
Meanwhile, that portion of the light from lens 230 that passes through beamsplitter 240

constitutes a reference beam 280. The reference beam 280 is reflected from a mirror 290 at a
small angle. The reflected reference beam from mirror 290 then travels toward the beamsplitter
240. That portion of the reflected reference beam that is reflected by the beamsplitter 240 then
25  travels toward the focusing lens 270. The reference beam from focusing lens 270 then travels
toward the CCD camera. Together, the object beam from the focusing lens 270 and the reference
beam from the focusing lens 270 constitute a plurality of simultaneous reference and object
waves 300.
Comparing FIG. 2 to FIG. 1, it can be seen that at least the following differences allow a
30  CCD camera to record the hologram, rather than using film or a photographic plate. 1) The
invention uses a high resolution CCD (e.g., 1.4 million pixels), (CCD’s with over 60 million

pixels are already available). 2) The invention uses a “Michelson” geometry (the geometrical
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2t in tvgaevefén%’lch?ngirgi\fa?riy (gr\lle\o ob?ei:c)t( %a!tns bei: Qontqg]aei\reci( ‘Eoya like object to measure the deviations of
the second object from the first or master object, by subtracting their respective holograms. To
unambiguously measure phase changes greater than 27 in the z-plane over two pixels in the x-y
plane, holograms must be recorded at more than one wavelength (discussions of two-frequency
25  interferometry are well-known in the literature and will not be repeated here).
The invention combines the use of high resolution video cameras, very small angle
mixing of the holographic object and reference waves (mixing at an angle that results in at least
two pixels per fringe and at least two fringes per spatial feature to be resolved), imaging of the
object at the recording (camera) plane, and Fourier transform analysis of the spatially low-
30 frequency heterodyne (side-band) hologram to make it possible to record holographic images
(images with both the phase and amplitude recorded for every pixel). Additionally, an aperture

stop can be used in the back focal plane of one or more lenses involved in focusing the object, to
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whi ch cannot be anxvvh re reﬁol ved, by .a vi.deo camarlg. F.ocugi nl% t he object on
t he pattern, which cannot be anywhere resolved by a video camera. Focusing the object on the

recording plane eliminates these diffraction patterns, so that modern high-resolution video

cameras can record holograms with reasonable fidelity.
If the recording media resolves 100 lines/mm, the holographic resolution will be

25  approximately 16 lines/mm, or on the order of 50 microns, at unity magnification. This limit can
be increased by the use of a magnification lens. For a camera resolution of 100 lines/mm, the
hologram resolution will be approximately 160 lines/mm if a magnification of 10 is used.
Similarly, the spatial resolution will be decreased by any de-magnification of the original image
onto the recording camera.

30 The invention can also be embodied in a number of alternative approaches. For instance,
the invention can use phase shifting rather than heterodyne acquisition of the hologram phase

and amplitude for each pixel. Phase shifting interferometry is well documented in the literature.
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limti e scope of the present invention. FIG 3A is a perspective view
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the. bedign nplostipss 6 TRATL et ch Sumprarate brahtr ikt Saee JRATIHER 1 o
a f ocushPBednfpittd3HL0 travels to a semiconductor wafer mount 320 and then to a focusing lens 330.
20  Meanwhile, a reference beam from the beamsplitter 310 travels to a reference beam mirror that is
mounted on a piezoelectric reference beam mirror mount 340.

FIG. 3B is another perspective view of the exemplary recording “Michelson” geometry is
shown. In this view, the position of a direct-to-digital CCD camera 350 with regard to the other
subcomponents of the apparatus can be more readily appreciated. In this view, the position of an

25  object target mount 360 can also be more readily appreciated.

FIG. 4 is a heterodyne (sideband) hologram of a scratch in a mirror (the object in this
case). The hologram was made with the direct to digital holography system illustrated in FIGS.
3A-3B and described above. The fringes observable in the hologram are due to the interference
between the reference and object beams. The reference beam mirror was tilted slightly to create

30  these fringes. It is the presence of these fringes which allows Fourier transform analysis of the
hologram to calculate the phase and amplitude for the pixels of the hologram. The Fourier

transform analysis will be discussed in more detail below.
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angl € jiself, and are just noise from the hologram point of view), and then performing the inverse
Fourier transform. All of this analysis can be carried out on a digital computer and can be done
in real time. Real time analysis may require as many as 30 to 100 high performance parallel
processors (e.g., Pentium Pro or DEC Alpha) to achieve a frame rate of 30 frames per second.
25  Computer systems of this size are presently commonly used as large database servers and stock

market calculational engines. They are also suitable for short-term low resolution weather

forecasting, and image manipulation and creation for the film industry. It can be expected that

such systems will be desktop systems within 6 to 10 years.

FIG. 6 shows a replay of the phase data created by performing the described analysis on

30  the data (hologram) from FIG. 5. Replaying the data as an actual hologram will require the

creation of a diffraction grating in an optical crystal and illumination of the diffraction grating

with laser light (or appropriately treated white light) at the correct angle. The data to be actually
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11 9t) It can be appreciated that the hologram is written to the phase change or other optically active
crystal by intersecting two laser beams in a phase change crystal 710. Laser Beam 1 is passed
through a spatial light modulator 720 to modulate the hologram intensity pattern into it, created
mathematically from the original hologram as described above. SLM 720 is controlled by a
computer 740 via a data path 750. A focusing lens 730 focuses this pattern in the phase change
25  crystal 710 at the intersection of Laser Beam 1 with Laser Beam 3, where the combined intensity
of the two lasers is adequate to write the pattern to the crystal 710. After the pattern is written,
Laser Beam 2, incident on the crystal 710 at angle o replays the original hologram.
Introduction to lightwave holography
In order that the hologram processing steps described herein can be more easily
30  understood, it is useful briefly to review first the nature of off-axis holography. In an electron
microscope, equipped with a highly coherent electron source, e.g. one using a field-emission

electron gun, the electron beam that is incident on the specimen is, ideally, a plane wave. In



at the angle a, a 3-D notion picture or 3-D tel evision i nage can be
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then replaying 1t. FIG 7 depicts a ngjhod for generating a notion picture
or television using the invention. 20 It can be appreciated that the
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where the additional term yin! (f) takes the inelastically scattered photons into account. The term
‘ A ]El describes the spatial frequency of the holographic fringes. A(%) and @(t) describe the

20  image amplitude and phase, which are different from the object amplitude and phase due to the
aberrations of the objective lens (and other sources of disturbances). The term p describes the
contrast of the interference fringes if no object is used, i.e. A= 1, and [ and @ are zero.

In FIG. 8, a small area selected from a hologram of gold particles on an amorphous
carbon foil is displayed to show the interference fringes. They run from the top left to the

25  bottom right corner of the image. In order to extract the information about the (complex) image
wave, and from that the amplitude and phase, a Fourier transform (FT) of the image intensity
I(¥) is performed and we obtain
FT{I(D)} =FT{L+1I™ + A*(F)} +
5 (Ak—q)*FT{A®F) e} + ®)

8 (Ak +§) *FT{A(®F)-¢*®)}

where * denotes convolution.



the reference wave is a plane wave that does not go through any part of the
speci nen. This however, is not an exclusive requirenent and acceptable
results may @lsordt be obtained if the 15 reference wave goagtiiRoodgR2t he
specinmen or is deformed by nmagnetic of4 electric fields. In the inage plane
bel ow the biprismwe find the inmage intensity I(r) (VS kl & Lichte, 1990):
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aberrations, urier transformof the conplex image wave 10 correésponds
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images then becomes more 1ntult1ve

Besides the possible improvements of the point resolution of a microscope, another
important feature of lightwave holography is the direct accessibility of the image phase. In
20  contrast to the conventional contrast transfer function which is a sin-function (Reimer, 1989) and
displaced in FIG. 10A, the transfer function of the object phase into the image phase is described
by the cos-function. This transfer function is displayed in FIG. 10B. The advantage of the cos-
type transfer function is that the large area contrast (details of size > 1nm) is not decreased and,
apart from a slightly degraded point resolution, the total amount of information is higher in the
25  image phase than in the image intensity at Gabor focus (Weierstall, 1989; Lichte, 1991). This is
one of the reasons why a direct display of the image phase is preferable over the image intensity
in some cases.
The extended Fourier transform.
In order to evaluate holograms in a computer, discrete Fourier optics is conventionally
30 used. Although the discrete Fourier transform of an image contains the same information as the
original image, the conventional discrete Fourier transform is not the ideal tool to perform this

task.



(4) where the termz(q) describes the isoplanatic wave aberrations. Here, q
is a two-di nensional vector in the Fourier space (or reci procal space),
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It is not required that this number of pixels be an integer. The sampling theorem states that if the
image function I(x,y) is sampled such that no spatial frequency of the image is sampled below

20  the Nyquist limit"?, then the image function is uniquely defined within the area of the CCD
camera. In other words, if all the spatial frequencies of the image function I(x,y) are sampled
with s>2, then the information I, , on I(x,y) within the area of the CCD camera is complete.
Therefore, it should be a question of display only, if I(x,y) is displayed with, for example, 124 X
124 or 13789 X 13789 sampling points (i.e., display points), both in real space and in Fourier

25  space. The discrete Fourier transform FT¢ {...} is defined as: |

FTY(.)= ‘JIG i(. e 2mlmie) /N ©)]

m,n=1
where N/2 <k, 1I<N/2 -1. FIG. 11 shows the modulus of the Fourier transform of Eq.(7)
FT%{I,} in one dimension and N=32. The motivation for an extended Fourier algorithm

originally came from the surprising difference in the display between the modulus of FT{I,}
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transform of Eq. (6) FTa{I(x)} The ™&hal ytic Fourier transformFTa is

defipned as: FTa{...} =f f {. ..} g2@(ecamplpotundy f INd {...} e2ni (xu+yu)
dx dy. O
with -1 < Ak, Al <1; -N1/2 <k, 1<IN</2-1. The inverse extended Fourier transform is defined
as:
1 Nz/2-1
EFT'{.}= >4 (12)
T ki=—Nzl2

x e-2711'[(k+Ak)m+(1+A1)n]/(NT) ,

15  The new variables Ak, /A and T permit a change in the display in Fourier space as well as the

number of display points. Note that for Ak, A/=0 and © =1, EFT =FT".
The effect of ©
The effect of T can be seen from FIG. 13. Using T = 16 and Ak, Al = 0, there are now NA

= 512 points to display in Fourier space instead of N = 32 points as in FIG. 11. Obviously, the

20  details visible in the analytic Fourier transform (FIG. 12) appear in the discrete EFT too. But
again, both the EFT (for t> 1) and the F T9 contain the same information. There are still two
differences in the display of the modulus of the analytic and the modulus of the extended Fourier
transform. First the Nyquist limit still holds for the extended Fourier transform and no spatial
frequencies show up beyond the Nyquist limit. Second, the limited image area causes higher

25  frequencies in Fourier space, which are reflected back at the Nyquist limit and cause differences
such as the disappearance of the very fine details visible in the FT*

The effect of Ak
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V0 01/ 5%%)01}1 FF:)%-rrljerU sSp%gé BIAﬁgt?uzs caéLe7 the reconstructed amplitude is flat and shows a mean standard
deviation of effectively 0%. A slight change in the generation, i.e. decreasing the sampling rate
s, causes the center of the sideband to fall between the display points (k,1) and (k + 1,1+ 1).

15  Again, the mean standard deviation is computed, and we continue to decrease the sampling rate
until the center of the sideband falls on the display point (k + 1, 1+ 1). The result of this
simulation is displayed in FIG. 15. In the worst case, when the center of the sideband is found at
(k +1/2, 1 + 1/2), the mean standard deviation in the reconstructed amplitude reaches 10%.

Based on the above observations, the following reconstruction procedure can be
20  advantageous:
(1D Select area hologram that does not show object contributions (if possible).
2) Apply Hanning window to this area (or all of hologram).
3) Perform FT¢ and extract information about exact position of sideband. This defines Ak
and Al for the extended Fourier algorithm.
25 (4)  Apply EFT using the information on Ak and Al. Use t=1.
(5) Isolate sideband, which is now perfectly centered.
(6) Perform inverse FT¢.
(7)  Extract amplitude and phase.
Example. Apply Hanning window and perform FT9. Position of sideband is, lets say,
30 (134.62, 172.31), using W.J. de Ruigter et al. in Proc. 10™ Pfefferkorn Conf. Scanning Microsc.

Suppl. 6 (1992) 347, = Ak = 0.62 and Al = 0.31. Use these data together with T =1 and perform



The effect of Ak in EFT{I,,,} is displayed in FIG 14 for the special case
Ak = 0.133 and ti =1. In conparison to FIG 11, the right of the two peaks
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mirror 1675 is optically coupled to the beamsplitter 1665 via a reference objective lens 1680.

The beam combiner 1650 is optically coupled to the beamsplitter 1665 via another tube lens
20 1670.

Still referring to FIG. 16, an object beam 1620 from the variable beamsplitter 1615
passes through the assembly 1625, is reflected by illumination beamsplitter 1630 and then passes
through an object objective lens 1635. The object beam 1620 then interacts with an object 1640
of interest, passes back through lens 1635 and then passes through the illumination beamsplitter

25 1630 toward the beam combiner 1650 via the tube lens 1645. A reference beam 1685 passes
through the assembly 1660, is reflected by the reference beamsplitter 1665 and then passes
through the reference objective 1660. The reference beam 1685 then reflects from the reference
mirror 1675, passes back through lens 1680 and then passes through the reference beamsplitter
1665 toward the beam combiner 1650 via the tube lens 1670. The combined beams travel from

30  beam combiner 1650 to the CCD camera 1655 where digital data is collected. Of course, the

digital data can be recorded, transmitted and/or transformed.
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20  the spots from the reference and object beams to no longer overlap at the CCD camera. This
allows much finer control over the carrier frequency fringes. It is possible to vary the angle
between the two beams from zero up to the maximum angle allowed by the constraints of the
system without the spatial carrier frequency of the heterodyne hologram exceeding the Nyquist
frequency allowed by the CCD (i.e., the angle can be increased until there are only two CCD
25  pixels per fringe of the spatial carrier frequency—beyond this angle the spatial carrier frequency
is no longer correctly recorded by the CCD). With the Michelson geometry, the maximum
spatial carrier frequency of the hologram may not be reachable because the angle required may
be large enough that the reference and object beams would no longer overlap at the CCD camera
for some geometries.
30

Front Face Illumination of Beamsplitter/Beam-combiner for Object Beam

Eliminates Astigmatism
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% g Quaﬂer-wgve%late and Polarizer Beam Isoﬁmon uppresses Unwanted

Reflections

The invention can include the use of quarter-wave plate and polarizer beam isolation to
suppress unwanted reflections. Experiments have shown that spurious reflections from the lens
surfaces of the objective (or any other source) can be suppressed by more than an order of

25  magnitude with a quarter-wave plate isolator design. To use this technique, the illumination
beamsplitter is replaced with a polarizing beamsplitter, which passes p-polarization and reflects
s-polarization and a quarter-wave plate is placed between the objective and the object. The
quarter-wave plate is adjusted so that the incoming p-polarization is converted to circular
polarization when it strikes the object. The return from the object passes through the quarter-

30  wave plate once more and is converted to s-polarization. The s-polarization is now reflected
from the polarizing beamsplitter and passes down the optical path to the CCD camera. Spurious

reflections from the objective are now suppressed because they are still p-polarization and are
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Fourier Transform analysis. A varying carrier fringe frequency creates artifacts in the replay.

20 It can be appreciated from FIG. 16 that the object and reference beam paths in this design
are essentially identical. The point of this is to make the object and reference beam wave fronts
as nearly identical at the digital camera (CCD sensor) as possible. The semi-identical wavefronts
will interfere and produce linear carrier fringes with a constant spatial frequency. As discussed
in the original invention disclosure, Fourier Transform analysis is used to eliminate the

25  holographic spatial carrier frequency, and a digital filter is applied to leave only the object beam
phase and amplitude after the inverse FFT. If the holographic carrier frequency is not constant,
then this technique does not work because spurious artifacts are created in the inverse transform
by the presence of the additional frequency components of the carrier frequency. Semi-identical
object and reference beam paths results in a very constant spatial carrier frequency for the

30  heterodyne hologram. An alternative method would be to exactly calculate the object beam

wavefront characteristics at the digital camera and use simpler optics designed to reproduce the
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be appredofitias tfpicaly-brGhe béddrivdibne hdcrofycend. ahid iy Efricidmtyeudsfid fopstubtionn

this desjgn. are essentiall]y identical. The pojnt of this is t ke the
objlact e ress é%&%el%%ﬁtwéw% PUHSd ahguﬁ@iff frynPthFwﬁ (&g glﬂg?’&ﬁl%}bt al
camer a (£ LDnRERFRG ¢ pRaH Qhrfot a:ﬁi\fst ALy el 'cﬁalaréﬂﬁib o %ﬁurevueuimse of
interfere and produce finear carrier i nges th a constant spatia
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(object beam, replay beam) of the acquisition system. For example, the spatial filters could be
replaced with single-mode polarization preserving fibers. A fiber optic 2435 is shown in FIG.
24B. The use of fiber optics allows the laser system and acousto-optic modulators and other
beam conditioning components to be far from the acquisition system if desired, and eliminates
25  time-consuming and finicky alignment of the micron size pinholes of the spatial filter. The
single-mode optical fibers rapidly attenuate any laser light not in the allowed mode, thereby
“cleaning up” the beam profile.
It can be appreciated from FIG. 16 that if mirrors and lenses are used to couple the laser
to the object and reference legs of the “holocamera” that it would be inconvenient to have the
30 laser located far from the camera system. Remote location would require unobstructed beam
paths that might have to be enclosed for reasons of safety or to keep debris and artifacts out of

the path and off of the optics. On the other hand if single-mode polarization-preserving optical
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coupl e the
20  and then to a focal plane of a photorefractive crystal 1995. A replay beam 1915 passes from the

variable beamsplitter 1910 through a % waveplate 1920, through a shutter 1925, through a spatial
filter 1930, and through a collimating lens 1935 to a mirror 1940, to a beam combiner 1945 (e.g.,
beamsplitter), and then to a focal plane of a photorefractive crystal 1995. A set of viewing optics

1999 are optically coupled to the crystal 1995.

25 Still referring to FIG. 19, after being filtered and collimated to appropriate size, the write
beam 1950 passes through the SLM 1975 (spatial light modulator) where it is digitally
modulated (e.g., by an SLM driven by a computer) to impose the desired holographic diffraction
grating pattern. The tube lens 1980 and objective 1990 then focus the holographic grating down
to the appropriate size in the photorefractive crystal 1995 (lithium niobate in this case, although

30  barium titanate and other photorefractive crystals are available). The demagnification is such
that the holographic diffraction grating in the crystal 1995 will separate the zero order beam used

for replay and the replayed hologram. The entire replay beam train is superfluous to the writing
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FIGS. 21A and 21B show two SLM geometries suitable for implementation in a
holographic replay system. Note that a micro-mirror implementation would not require a
polarizer and would not rotate the polarization as the LCD implementations depicted do. FIG.
22 shows a photograph of the 800 pixels by 600 pixels transmissive SLM employed for the

25  holographic replay write beam set-up shown schematically in FIG. 19.

Eliminating the SLM Pixel Edge Diffraction Grating

The invention can include writing the hologram diffraction grating to photorefractive
crystal and replaying with the same beam by turning the SLM (spatial light modulator) signal on
30  to write and off to replay. With no signal to the SLM, the write beam becomes a plane wave

suitable for replay and no separate replay beam is required.
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with acousto-optic modulators for speed and convenience.

As discussed above in connection with the hologram acquisition system, and for the same
reasons, the attenuator, and variable beamsplitter shown in FIG. 19 can be replaced with acousto-
optic modulators (AOM’s). Similarly the laser and AOM’s can be remotely situated from the

25  hologram replay head (“Holovision” head) by connecting them to the replay optics with single-
mode polarization preserving optical fibers. Once more this serves the purpose of eliminating
mass and environmental effects (heat, vibration, ...) due to the laser and AOM’s from the
holovision head and makes it lightweight and mobile. The fibers also serve the purpose once
more of eliminating the spatial filters shown in FIG. 19.

30 Many similar geometries are possible. Angles can be modified; reference and object
beam geometries can be modified. Write and replay beam geometries can be modified. Specific

components can be replaced with other kinds of components. Laser wavelengths used for
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Advantages of the Invention
A direct-to-digital hologram system, representing an embodiment of the invention is cost
effective and advantageous for at least the following reasons. The combination of high
resolution CCD, and optical techniques that reduce the density of the interference pattern
25  (fringes) to a density that the CCD can record, combined with the Fourier transform techniques
developed for interferometry and by Dr.Voelkl for electron holography, allow the electronic
recording and replay of holograms.
All the disclosed embodiments of the invention described herein can be realized and .
practiced without undue experimentation. Although the best mode contemplated by the
30 inventors of carrying out the present invention is disclosed above, practice of the present
invention is not limited thereto. It will be manifest that various additions, modifications and

rearrangements of the features of the present invention may be made without deviating from the
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An appar at ust tefrense beamaplitisr couplektongidlgidm conprising: 5 a laser; an

11y nat i on, ReatRRl:h £loeboGRiGALLI GOURh Bk R SRhd ARG an obj ective

| ens optically coupled to sal um nati on beansp ter! an object
optical | y caipdagtcdmbiged aptiobilecduplel théog said refdreneerteembelitns phd tdiér coupl ed
to said _|laser; 10 a reference mrror optically coupled to said reference
beans pllipatation beaasalklshsnAer optical Iy coupled to both said reference

beansplitter i i A ksu i PeammRbihtdflbinggnd a digital recorder
optically coau%gg%ﬁ?%oqggji d(ﬁ) 1%@3%%% ner gq)g ine?;
wherein a reference beam and an object beam are combined at a focal plane of said digital

15  recorder to form an off-axis hologram, and said object beam and said reference beam constitute a

plurality of substantially simultaneous reference and object waves.

2. The apparatus of claim 1, wherein said illumination beamsplitter, said objective
lens, said object, said reference beamsplitter, said reference mirror, said beam combiner and said

20  digital recorder define a Mach-Zender geometry.

3. The apparatus of claim 1, wherein an object beam from said object is reflected by
a front face of said illumination beamsplitter and a reference beam from said reference mirror is
reflected by a front face of said reference beamsplitter.
25
4. The apparatus of claim 1, wherein said illumination beamsplitter includes a
polarizing illumination beamsplitter and said reference beamsplitter includes a polarizing
reference beamsplitter, and,
further comprising, an illuminating quarter wave plate optically coupled between said
30  polarizing illumination beamsplitter and said object; and a reference quarter wave plate optically

coupled between said polarizing reference beamsplitter and said reference mirror.



wherein a reference beam and an obj ect beam are conbined at a focal plane
of said digital 15 recorder to forman off-axis hologram and said object
beam and §@ f/s0&fierence beam constitute a plurality of sylst@ibisfshy

si nul taneous reference and object wavgs. 2. The apparatus of claim1,
wherein said illum nation beansplitter, said objective I|ens, said object,
said reference b ] r i qch I Lngr and
Said 20 di gitel rosophurrSefrRihd, fELR SRR Bl paRlicky WATARATIRIS 2 or
cl ai m betwdearseidrillamirmabipa btarhgsditef armhsashbehnobyreltiher; and e f¢centl edlabiyer apticalbnt
face of said illumnation beansplitter and a reference beam from said
refere r?eépaiﬁg petgyeen §a13 refercase epmpliffen andrspick bram Gmbingry ref er ence
beansplitter. 25 4. The apparatus of claim 1, wherein said illumnation
beansplitter includes a polarizing illum nation beansplitter and said

ref &rence bennsplThetapparatslofidgnd, phb@in a1 slgect bedra pethde stiestamtiplly ideatical amd,
further conprising, an illumnating quarter wave plate optically coupled
bet weerf [SEFENC3HEHBIPAHY: zi ng i | | umi nation beansplitter and said object; and a
reference quarter wave plate optically coupled between said polarizing
reference beansplitter and said reference mrror. WO 01/50201

PCT/ USO0/ 34982 3Jhemppdiamisap primtlyfurthier coraprividg arf atoukteroptiomprdubitergopaichlly st
pol ari zer optically coupled  between said i]lumpation beangplitter and

sai d bEaHPIed REivYreR Saidfepenandehaih g2d dllypinatien Bi?mseﬁwrwndéa@ﬁﬁ 158t ween sai d
ref,gr erbggmggﬁ{’@p! itter and said beam conbiner. 5 6. The apparatus of claim
1, wherein an object beampath is substantially identical to a reference
beam path. 7. The apparatus of claim1, further conprising an acousto-optic

nodul at or optically coupled between said | aser and both said illum nation
beanspl i tt erS-and di%iaPpi@s 0 AREn 1o %ﬁwprﬂ%né%@%s‘ﬁ 2qpstORRGHOYHAISE ¢l ai m

1, fur tdi')ﬁf:algp A L}er%li B@:%@en@a%ﬁhe?%ﬁ&'%i&ﬂﬂﬁﬁ- gtiWhﬂ g{ter; ord & 6abhy aGRNRL ed

bet ween“sal and sal um nation beanspl it ; and a secon

acoust eptioptddulatmchtizbidy capldddadtweencaitplasa ahé taid ecfesatebdamssptittand sai d

r ef grence beansplitter. 15 9. The apparatus of claim11, further conprising
a flPr st optic fiber optically coupled between said |aser and said

i1 um nati ory beangpl 4hh & o#Rfid 1S REARAARbHSnS 4 BRE oBRe FE&! dpticRMRIupEd
between said laser and said illumination beamsplitter; and a second optic fiber optically coupled

between said laser and said reference beamsplitter.

20 10.  The apparatus of claim 9, whérein said first optic fiber includes a first single mode
polarization preserving optic fiber and said second optic fiber includes a second single mode

polarization preserving optic fiber.

11.  The apparatus of claim 1, further comprising a first tube lens optically coupled
25  between said illumination beamsplitter and said beam combiner and a second tube lens optically

coupled between said reference beamsplitter and said beam combiner.
12.  The apparatus of claim 1, further comprising a first beam expander/spatial filter
optically coupled between said laser and said illumination beamsplitter and a second beam

30  expander/spatial filter optically coupled between said laser and said reference beamsplitter.

13. A method of recording an off-axis hologram, comprising:



bet ween said | aser and said reference beansplitter. 20 10. The apparatus of
claim9, wherein said first optic fiber includes a first single node

pol ari zatml%gﬁervi ng optic fiber and said second optic ﬁd%okmkudes a
second single node polarization presgyving optic fiber. 11. The apparatus

of claiml1, further conprising a first tube lens optically coupled 25

bet ween sai %Phjfd“#@%}bgﬁ?gﬁaﬁ%@i%@ﬂﬂf‘?%&% ombi ner and a second

tube | ens optica cou bet ween sa ef'erence beansplitter and said
beam conbi neefleclig sditi ecfarpnas bBeams fron ctef¢ramck, behmrmhimet; conpri sing a first

beam expander/spatial filter ptically, coupled between said | aser and said
i |1uninati oﬁeéfé&ﬁgémﬁpp@“gﬁ?&lgo@éé‘d}mmﬁé‘&ﬁ?@ Her/spatial filter

optically ¢ ‘d@i@%a@@&lﬁ@%ﬁeﬁﬁ%ﬂroﬁ%@?ﬁ oﬁfégti\ﬁ?iieﬂs'ref erence beansplitter. 13. A
0

met hod of recoraing a -axirs gram conprising: WO 01/50201
PCTAKUSO0/ 3438f2ectidd ssiflobject bepnafroasarotdj@am i nt o an obj ect beam and a

reference beam . ref]ecting said reference beamfroma reference bea
mrror; refipaisingsgidsgieensgibsan aaééﬁ%dfobmla%@mﬁt|%{99ﬁ]&1@rwf@edaﬁa§mw fo
passi ng 5L fRIEEh 010 .t hrough an objective lens; 5 reflecting said
obj ect Beam fron an o ] €6t; focusing said reference beam and sai d obj ect

beam at a f aligitallplredrediaf saiddifatiabologmar;ded to form an of f-axis hol ogram
digitally recording sajd off-axis hologram and transform ng said off-axis
hol ogr am i n EEslsrEmgsad fii-axig balngrana in dGcarianes Yith 8 Foprigy trangforqgo ohtainyp

resyl tssgt Jﬂesuge met hod of claim 13, further conprising conbining said
object beamand said reference beamw th a beam conbiner, before digitally
recording. 15 15. The nethod of claim 13, wherein i) reflecting said object

beamfromsaid illum pation beamspljtter include reflecting said ohject
beam from a ¥ ontThleafE@hﬁé Og%lﬁlﬁl ?17’41%3 I£QIPHISING SOTRPIRG 13 Oglg‘ft a Setdi ng

sai d ohj 6 Sale hiGSt bR dibdall §9idong said reference beam
from s%%grgpggﬂ?l%%egmﬁ%lgr ’Pnc%udgsa P@]f‘ei:ec%ﬂlghg said reference beam
froma front face of said reference reflector after reflecting said
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illumination beamsplitter include reflecting said object beam from a front face of said
illumination beamsplitter after reflecting said object beam from said object and ii) reflecting said
reference beam from said reference beamsplitter includes reflecting said reference beam from a

front face of said reference reflector after reflecting said reference beam from said reference

20  mirror.

16.  The method of claim 13, wherein i) reflecting said object beam from said
illumination beamsplitter includes reflecting said object beam from a polarizing illumination
beamsplitter and ii) reflecting said reference beam from said reference beamsplitter includes

25  reflecting said reference beam from a polarizing reference beamsplitter, and,

further comprising, a) passing said object beam through an illuminating quarter wave
plate both before and after reflecting said object beam from said object and b) passing said
reference beam through a reference quarter wave plate both before and after reflecting said
reference beam from said reference mirror.

30
17.  The method of claim 14, further comprising:



illum nation beansplitter includes reflecting said object beamfroma
polarizing illumnnation beansplitter and ii) reflecting said reference
beam f r omygaiosRf erence beamsplitter includes 25 reflectigg,s@bdydsef erence
beam from a polarizing reference beangplitter, and, further conprising, a)
passi ng said object beamthrough an illum nating quarter wave plate both
bef ore and aabafe Lk b RSl dho R E! pdbe 2 A QTR A2i3e AR ecRthnPdrom
passi ng sai ref 6f ence beam t rgugh a reference quartgr wave plate both
bef or e sandilamiretion etiragilitegasbbeforercebriring eaith ebjerf feam swl did refeeeren dbeam
mrror. 30 17. The met hod &)f claim14, further conprising: W 01/50201

PCT/ USOWitBsegd beamyoorghines: 38 sai d obj ect beam through a first polarizer after
reflecting i j: 0ol ) i |1 bef ore
Combi ni ng-s 38 B LE R Mo e e o B A e

consi n&deamaien paid s¢fegens@behnispligteenticdiea roimbinimiaidolsiectdrdmpal anidzeferaict er
reflecting said reference. 5 beamfromsaid reference beansplitter and

bef or e keamavith prid Beary coBPWEE: beam and said reference beamwith said beam
conbiner. 18. The method of claim 13, wherein an object beam path traced by
said object beam is substantially identical to a reference beam path
traced by saigd r eftenasthbed beenaim 18, viigreif e obethisdnopath hrated Hy3said olsjedideam
conpri si ngq assing said | aser beamt hrougﬁhﬁ%t acou%t 0-opti ¢ nodul at or

bef or e 1§ pastanfially Kleptcal io @ refersnes besmn pafhy a cRibreiernieReds. furt her
conprising: 15 passing said object beamthrough a first acousto-optic

nodul at or before reflecting said object beamwith said illumnation
beanspl i tt er19. andlrassthod ofdhin i &ffartharcentpeiame tpassinginidlasedsach through an
acoust o-opti c nodul ator before refle ﬁi n said reference beamw th said

r ef er erfCeUBeRREpModilsfor bs r?il?htﬁfﬁ%sadé R[HAPBM-cl ai m 13, further conprising
passi ng said object beamthrough a first optic fiber before reflecting said
object beam wth said illumnation beansplitter; and passing said

ref erence beHn t Hrleugéthad sEcaimd 1 dprtherfdobgrisingf ore refl ecting said

reflesr ence beam fraom said ref %;en%ea tti,)eamspl itter

passing said object beam throug rst acousto-optic modulator before reflecting said
object beam with said illumination beamsplitter; and
passing said reference beam through a second acousto-optic modulator before reflecting

said reference beam with said reference beamsplitter.

20 21.  The method of claim 13, further comprising
passing said object beam through a first optic fiber before reflecting said object beam
with said illumination beamsplitter; and
passing said reference beam through a second optic fiber before reflecting said reference
beam from said reference beamsplitter.
25
22.  The method of claim 13, further comprising:
passing said object beam through a first tube lens after reflecting said object beam from
said illumination beamsplitter; and
passing said object beam through a second tube lens after reflecting said reference beam

30  from said reference beamsplitter.

23.  The method of claim 13, further comprising:



25 22. The method of claim 13, further conprising: passing said object beam
through a first tube lens after reflecting said object beamfrom said

i1l um nat{y@yRgs Bp! i tter; and passing said object beamt m@m A4szecond
tube lens after reflecting said refergnce beam 30 from sai re?erence
beanmsplitter. 23. The nmethod of claim 13, further conprising: W 01/50201
PCT/ US00/ 3498¢sin 331 PBEeEM R amehbudRlalilt REABxhIMRYGPtAI FilteShefOE 38R ct;
expander/sp%’?%é?gg%fc?té@r E%fuglre rugglaecti ng sglg% ob] ect 1bear% W th escalin%

i |1 um raidi objech beas plithtshil ijlumithtipa bsamsplstai;dndef er ence beam t hr ough second

beam expander/spatial filter before reflecting sajd ref nce .beam wi.t h
said refer em%ﬂ%%@fﬂf?r@wrbea@ throughisecapdiieait P eé{ﬁmtlfg?lﬁ?f Herelecting

conpri %hﬁ%\%ﬁ&%??ﬁ%ﬁ%ﬁ ﬁi‘{fe%gﬁ"e%?g‘?,ﬁ“%-as digital data. 25. The net hod

of claim conprising rep ng said off-axis hologram 10 26.
Thes5met hod of claim 13, further conprising transmtting said off-axis

hol ogram 27. An off - axi ql ogram prepared by the neth of .cJ]aim13. 15
28. The of f 2xi s-%@l%h%‘fr?’g‘flm& %:ﬁnﬁlﬁf CRMEFIENR Sozing Séll‘ifo%g%lé hﬂ%ﬁ@&? &nis

gener atcﬁétalﬂ%ﬂ.ang an extended Fourier transform 29. An apparatus to wite
an of f-axis hol ogram conprising: a laser; 20 a spatial |ight nodul ator

optically coupled to said laser; a lens optically coupled to said spatial

| i ght nodul ator; and a photorefractjve crystal qpt.ically_cou d to said
lens, wher ei’d-a viergethedet slaint bt e TéPmQHF%‘Sé?Pq%Yla&éalépfé%’ilgfw ogram.
phgporefractive crystal by said lens to inpose a hol ographic diffraction
grating pattern on said photorefractive crystal. 25 30. The apparatus of
clai m 29, whsr ei Mheanhethed 6f dxins 1 hdhnhgrammpaisingeranepltayeshid offraxis@logram.
hol ographic diffraction grating pattern inposed on said photorefractive
crystal by

27.  An off-axis hologram prepared by the method of claim 13.

15 28.  The off axis-hologram of claim 27, wherein said off-axis hologram is generated

using an extended Fourier transform.

29.  An apparatus to write an off-axis hologram, comprising:
a laser;
20 a spatial light modulator optically coupled to said laser;
a lens optically coupled to said spatial light modulator; and
a photorefractive crystal optically coupled to said lens,
wherein a write beam is focused at a focal plane of said photorefractive crystal by said

lens to impose a holographic diffraction grating pattern on said photorefractive crystal.

25
30.  The apparatus of claim 29, wherein said off-axis hologram can be replayed from
said holographic diffraction grating pattern imposed on said photorefractive crystal by
illuminating said holographic grating with a replay beam at a non-normal angle.
30 31.  The apparatus of claim 29, wherein said off-axis hologram can be replayed at a

non-normal angle from said holographic diffraction grating pattern imposed on said



illumnating said hol ographic grating wwth a replay beam at a non-nor nal
angle. 30 31. The apparatus of claim?29, wherein said off-axis hol ogram can
be repl ayge @lsosy non-normal angle from said hol ographi ¢ GicddfRekias
grating pattern i1 nmposed on said WO 01450201 PCT/ US00/ 34982 34
photorefractive crystal by passing substantially all of said wite beam

L r ougBrS e RFL blbial bOBhssidIRAB APy AN sk B3ELAANR LS sd10L O PRBC
diffrarcbthl on grat%n Sgat?g 8 sal yvvrlteS eam 32. hl%egaf)parg%us F
cl ai m 2B8pdulatot damirﬂlummrpatmglsang.hoﬁ)@amm difftictibn gottimg pottelmrwidlpsaid write logani.cal | y

coupl ed between said spatial |ight nodul ator and said photorefractive
crystal. 33. The apparatus of cl ai m 29 further conprising an acousto-optic
modul ator  opt i catY bR S Hﬁﬁ S86[s-and said spatial |ight

nodul ator. 10 34. F gﬁappgratcus |m éllé}ﬁ ?Hfrther conprising a

beadspl i tt era zpd drfﬁhdtyd cﬁaphlmiturdomtwebylcmmldi beaween saidlspméindlighp atodalatdri ght
nodul at or dareplay mrr optically coupled to said beamsplitter and,
a beamat‘?ér?ﬁ‘gd’élf)t% f"lcé‘é(FPVS@gupl ed to said replay mirror and said spati al
light nodulator. 15 35. The apparatus of claim 29, further conprising an
optic fiber optically coupled between said |aser and said spatial |ight
nodul ator. 33. Tﬁléleaappanaaisuﬁ claim @bafunth8iconvrésirey an aausto@ptic mdduberr i ncl udes

a first sji 20 pol ari zati on_preser.ving tic fiber. 37. The
appar at%’élcg? Y qUR er‘?‘nbé’éwe% ?Pr%?léal@ﬁ%aﬂag{lg}l‘“@?& #8dul ator i s sel ected

frqg the group consisting of reflective Iiquid crystal display,
transm ssive liquid crystal display, and mcro-mrror. 25 38. The
appar at us of34cl aiThe2@parahsrof ichim@@dﬁmﬁxaﬁ ¢ombprisirge beanebplitieroopticalty eopkeda

quuid crystal, displ ay,. . and, rthe r|S|n a linear polariz )
opt | calicieBl g andain sy é‘a fato g ﬁ%amlgpépp%ﬁ?@Y§ame§@a§ﬂd
combi ngy, itR2 d'%ﬁp W dpticA1S fio 3l Se RO SMAndGRIIRD LI
passi ng “awrite be ro&ﬁ’[%ln .gplatl al Ti gh? m)gtﬁl%% or; ! éi (rg 1%{5
PCT/ USGOsBAGBL
15
35.  The apparatus of claim 29, further comprising an optic fiber optically coupled

between said laser and said spatial light modulator.

36.  The apparatus of claim 35, wherein said optic fiber includes a first single mode

20  polarization preserving optic fiber.

37.  The apparatus of claim 29, wherein said spatial light modulator is selected from
the group consisting of reflective liquid crystal display, transmissive liquid crystal display, and

micro-mirror.

25
38.  The apparatus of claim 29, wherein said spatial light modulator includes a liquid
crystal display, and, further comprising a linear polarizer optically coupled between said spatial
light modulator and said beam combiner.
30 39. A method of writing an off-axis hologram, comprising:

passing a write beam through a spatial light modulator; and



35 focusing said wite beamat a focal plane of a photorefractive crystal
to inpose a holographic diffraction grating pattern on said

phot or ef r QS d1%825F ystal . 40. The nmethod of claim 39, furt idssi Ng
repl ayi ng sa(% cf%odf?lf -axi s hologram 5 fgpm sai d hol ographic iT{@g@t ison

grating pattern inposed on said photorefractive crystal by closing a wite
beam shutter i ] I | i - 1 : ay beam
a3 mon- na e B BB P BpheR &Y g

r epl ayibotpgsaihic difffraction gradtimigggttenm et saal phborafractivercngstalangl e from sai d

hol ographic diffraction grating pattern inposed on said photorefractive
crystal by passing substantially all of said wite beamthrough said

spatial lig I 1 i [ [ W ' ith
o d write Dam TH R B A0SR B ah g AN ARt A S e ng
sai 6 wfidne sdiéologtuphiegliffeactivb gratiap patdgrhiimpodeyd oncapl Eovtdrefrasivn ceatal bgpat i al

Il i ght nodul ator and sai d phaotorefractive crystal; passi said wite beam
t hr oug¥1es1Bect WriEh ferratider %@m&g@rxg aélé%ebtgradoérq %raﬁ%mtﬁg repRY Reehalsyi d
tube | ; il photorefractive crystal; and passing said wite beam

t hr ougﬁlragr{%g%?%%tg%\?e | ens optically coupled between said zero 20
diffracted order aperture and said photorefractive crystal. 43. The nethod
of claim 39, further corrcgr' si.ng ssing sai.d | aser beam t hrough an
acoust o- opt id- nodieanssho W{‘il?}gﬁfg CemPHEngeay2Eag spif Qaishijogramgt a

phator ef ract ' | s - b conprisin
pagES)i ng{Oé gﬁghéﬁn%é’@%%nsqag[dﬁ?)(l)cf%?h;@&Fﬁ%{&ﬁ%éﬁangﬂgﬁgﬁ I fsr%)dé(lg}f %ﬁ)r og}t) i call 3
coupl egphbetrefeanivs atydtal by passanpdubstamtiadiyatli cdlsaidivglite beandmoaglosaid pehtiphlkglitng

said repl beam t hr ough a second acousto-optic nodul ator optically
coupl edn%g{%%??@iimlq %nsalaﬁae?%a% 1°p$f8?’%ﬁ‘é(ft£‘§€1fii%te(}??§f§t al. 30 45. The
nmet hod of claim 39, further conprising passing said wite beamthrough a

first optic fiber optically coupled to said spatial |ight nodul ator. 46. An
appar at us t ot eplTay methed 6f dxins3 N dludigeranmpdeimgr i si ng: WO 01/ 50201
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modulator and said photorefractive crystal;
passing said write beam through a zero diffracted order aperture optically coupled
between said tube lens and said photorefractive crystal; and
passing said write beam through an objective lens optically coupled between said zero

20  diffracted order aperture and said photorefractive crystal.

43.  The method of claim 39, further comprising passing said laser beam through an

acousto-optic modulator optically coupled between said laser and said photorefractive crystal.

25 44.  The method of claim 40, further comprising passing said write beam through a
first acousto-optic modulator optically coupled between said laser and said spatial light
modulator and passing said replay beam through a second acousto-optic modulator optically

coupled between said laser and said photorefractive crystal.

30 45.  The method of claim 39, further comprising passing said write beam through a
first optic fiber optically coupled to said spatial light modulator.

46.  An apparatus to replay an off-axis hologram, comprising:



5 viewing optics optically coupled to said photorefractive crystal. 48. The
apparatus of claim46, wherein said off-axis hologramis replayed at a non-
nor mal anglgyy2ds! | um nating said photorefractive crystal peddodzi®ap! ay
beam 10 49. The apparatus of claim4g wherein said off-axis hologramis

replayed by illumnating said photorefractive crystal with a replay beam
at a non-nornal..apgl e. 50. A nethod of replaying an off-axis hol ogram
conprising: ilTumnating a photorefractive crystal having a hol ographic

di f fracti on agphatdrafgactive leryatal eptieallylmeaphed 1dbsdd lasdhhe met hod of cl ai m 50,
wherein said off-axis hologramis replayed at a non- normal angle by a
illumnating said photorefractive crystal with said replay beam at a nornal

angle. 20 5% Thefh%%ﬁ%ﬁgﬁg@f%’;‘%%%hg\p&{“géf&i@ai d off-axis hologramis

repl ayed at a nornal I'I'TUum nating said photorefractive crystal
W th said rejdwing betes @iticallnoouphat tveshidephgk@efractive crystal.

48.  The apparatus of claim 46, wherein said off-axis hologram is replayed at a non-

normal angle by illuminating said photorefractive crystal with a replay beam.

10 49.  The apparatus of claim 46, wherein said off-axis hologram is replayed by

illuminating said photorefractive crystal with-a replay beam at a non-normal angle.

50. A method of replaying an off-axis hologram, comprising: illuminating a

photorefractive crystal having a holographic diffraction grating with a replay beam.

15
51.  The method of claim 50, wherein said off-axis hologram is replayed at a non-
normal angle by a illuminating said photorefractive crystal with said replay beam at a normal
angle.
20 52.  The method of claim 50, wherein said off-axis hologram is replayed at a normal

angle by illuminating said photorefractive crystal with said replay beam at a non-normal angle.



