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SUMMARY

The overall objective of this project was to develop an ultrafast target recognition system using
holographic techniques, as well as spin-off technologies with other applications. We report here
a set of significant accomplishments towards this goal. These include: (1) demonstrations of
shared hardware operation of a super-parallel holographic correlator and RAM, (2)
demonstrations of a ultra-fast holographic stokesmeter for polarization imaging (3)
demonstrations of a coherent holographic beam combiner for imaging applications, (4)
demonstrations of off-axis transmission and reflection holographic lenses for use in the super-
parallel architecture, (5) demonstrations of a translation-invariant correlation of images stored
via holographic angle-multiplexing in a thick photopolymer material, (6) development of a large-
area, thick, optical quality holographic recording disc capable of storing up to 2 terabyte of data,
(7) demonstration of real-time, pico-second speed, translation-invariant correlation using a novel
photorefractive material, (8) demonstration of automatic target recognition of targets in a view
from arbitrary altitudes and orientations during the flight of a remote-controlled aerial vehicle,
(9) demonstration of a multi-spectral holographic stokesemetry based imaging system, (10)
demonstration of spatially-multiplexed holographic lenses with each lens having two separate
channels of distinct angular and spectral transmission properties, with applications to a
tristimulus filter for an eye-protection system, and (11) development of a holographic lenslet
array for use in the super-parallel architecture of holographic correlator and RAM. Section 1
contains a summary of journal and conference papers resulting from this project. We have
published 21 papers and made 24 conference presentation. Section 2 contains a brief description
of these accomplishments. Three students have received their Ph.D. degrees based on the work
reported here. Section 3 contains the conclusion, the status of technology transfer and outlook
for future work.
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SECTION 2: TECHNICAL DETAILS

In Part A, we describe our accomplishments in the following areas:

e Demonstration of shared hardware operation of a super-parallel holographic correlator
and RAM,

e Demonstration of a ultra-fast holographic stokesmeter for polarization imaging

e Demonstration of a coherent holographic beam combiner for imaging applications,

e Demonstration of off-axis transmission and reflection holographic lenses for use in the
super-parallel architecture

e Demonstration of a translation-invariant correlation of images stored via holographic
angle-multiplexing in a thick photopolymer material.

In Part B, we describe our accomplishments in the following areas:

e Development of a large-area, thick, optical quality holographic recording disc capable
of storing up to 2 terabyte of data,

e Demonstration of real-time, pico-second speed, translation-invariant correlation using a
novel photorefractive material,

e Demonstration of automatic target recognition of targets in a view from arbitrary
altitudes and orientations during the flight of a remote-controlled aerial vehicle,

e Demonstration of a multi-spectral holographic stokesemetry based imaging system,

e Demonstration of spatially-multiplexed holographic lenses with each lens having two
separate channels of distinct angular and spectral transmission properties, with
applications to a tristimulus filter for an eye-protection system

e Development of a holographic lenslet array for use in the super-parallel architecture of
holographic correlator and RAM.



A. DETAILS OF WORK DONE

A.l COMBINED OPERATION OF THE SUPER-PARALLEL HOLOGRAPHIC OPTICAL
CORRELATOR (SPHOC) AND THE SUPER-PARALLEL HOLOGRAPHIC RAM (SPHRAM)

For a practical missile recognition and tracking system, it is useful to have a high-speed
random access memory (RAM) to complement the Super-Parllalel Holographic Optical
Correlator (SPHOC) we have developed. For example, the RAM will be used to retrieve
the targeting information for intercepting a missile once it is indentified by the
holographic correlator. However, the speed of a conventional RAM, which accesses data
serially, is too slow for this application. Here, we show how a super-fast RAM can be
realized by simply operating the SPHOC in reverse. Called the super-parallel holographic
random access memory (SPHRAM), this device and the SPHOC can be operated
alternately using essentially the same hardware, and potentially the same data base. Thus,
the SPHRAM offers a solution to the problem of identifying a fast RAM for the targeting
application, without necessarily adding a separate device.

HOLOGRAPHIC
MULTIPLEXERDEMULTIPLEXER
IMAGE HOLOGRAPHIC
FLATTENING MEMORY UNIT REDUCING
TELESCOPL

Figure 1 Schematic illustration of the Super-Parallel Holographic RAM (SPHRAM)
architecture. A specificmemory page is read out by using the two coordinates. the
storage angle and spatial location. The storage angle is sent to the 2-D beam deflector
which deflects the read-laser to the appropriate angle. The beam is projected onto the
appropriate location on the holographic multiplexer which produces N copies which are
projected onto the holographic redirector. The redirector deflects each beam into the
appropriate position on the lenslet array, which converts the position information into an
angle. The angle generates an image from each spatial location of the HMU. The shutter
array allows only the desired data-page to pass. The data is directed through the de-
multiplexer, through the image- flattening beam expander and finally onto the imaging
CCD array.



The basic idea of the SPHRAM is illustrated in Figure 1. As stated above, the functioning
of this device is similar to an SPHOC operated in reverse. Briefly, the holographic
memory unit (HMU) is recorded with the database of interest, using multiple spatial
locations, each of which contains a set of images that are angularly multiplexing in two
dimensions. When operating the RAM, the user enters as coordinates the spatial position
and the angle of storage of the image of interest. The position coordinate is used to open
the corresponding element of a shutter array. The number of elements in the shutter array
is the same as the number of spatial locations in the HMU, and the locations are matched.
Shutter arrays of this type are available commercially, with individually addressable
ferroelectric liquid crystals, for example, with a very fast switching time. The extinction
ratio of these shutters can be as high as 10s. MEMS based microdeflectors can also be
used for this shutter array, which will have a virtually perfect extinction. (Alternatively,
the shutter array can be eliminated from this architecture if one uses a two photon
memory, where only the location of interest is illuminated by the activation laser
frequency.) '

3x3x8 HMU

Data Read-Out From Location 3X2

Figure 2: Examples of data pages retrieved through a simplified version of the SPHRAM architecture,
using a pair of galvo-mounted mirrors for deflections. For the database, we used an existing HMU
(holographic memory unit) which has 9 locations, in a 3X3 arrangement, each location containing 8
images multiplexed angularly. The redirectors and the splitter (multiplexer) used are the same as the ones
created before for demonstrating the SPHOC architecture. The bottom of the figure shows a typical set of
data retrieved using this setup. Similar data were also retrieved from the other locations (not shown).

The angular coordinate for the image is sent to a beam deflector (e.g., using a pair of
acousto-optic or electro-optic deflectors), which orients the read beam at the desired
angle, which in turn is translated to a specific position by the redirector. (Alternatively,
one could simply use an SLM, but it would reduce the amount of light available for read-



out). The combination of the reducing telescope, the multiplexer, the redirector, and the
lenslet array produces a copy of the read beam simultaneously at each of the locations;
this is the key feature of the SPHRAM. As such, the image stored at this angle will be
recalled from each location. The shutter array will block all but one of these images, and
the redirector and the demultiplexer will send the wanted image to the CCD camera. We
have recently demonstrated the feasibility of one part of this concept here, by using a pair
of galvo-mounted mirrors for deflections. The geometry used by us for the demonstration
is shown in figure 2. For the database, we used an existing HMU which has 9 locations,
in a 3X3 arrangement, each location containing 8 images multiplexed angularly. The
redirectors and the splitter (multiplexer) used are the same as the ones created before for
demonstrating the SPHOC architecture. The bottom of the figure shows a typical set of
data retrieved using this setup. Similar data were also retrieved from the other locations
(not shown).

Figure 3: Schematic illustration of an architecture that can be used as either an SPHOC
or an SPHRAM, using potentially the same database. During the operation as an
SPHOC, all the elements of the shutter array are open, shutter S1 is closed, and shutter
S2 is open. Beams reflected by the beam splitter BSI is used for location detection (see
the SPHOC architecture for details, suppressed here for simplicity), and the beams
reflected by the beam splitter BS2 is used for angle detection (again, see the SPHOC
architecture for details, suppressed here for simplicity). During the operation as an
SPHRAM, S1 is opened, S2 is closed, and the elements of the shutter array are opened
selectively according to the address of the data page to be retrieved.

Note that a simple modification of this architecture will allow one to operate the same
system as the SPHOC as well. This is illustrated in figure 3. During the operation as an

SPHOC, all the elements of the shutter array are open, shutter S1 is closed, and shutter S2
is open. Beams reflected by the beam splitter BS1 is used for location detection, and the
beams reflected by the beam splitter BS2 is used for angle detection. During the



operation as an SPHRAM, S1 is opened, S2 is closed, and the elements of the shutter
array is opened selectively according to the address of the data page to be retrieved.

A.2 A TRANSLATION-INVARIANT JOINT-TRANSFORM CORRELATOR FOR USE WITH
THE SPHRAM.

In order to compensate for scale and rotation variance in optical correlation, a huge
database of images may be used for reliable identification. Performing the correlations in
a translation-invariant manner greatly reduces the size of the required database and
speeds up the search process. A major disadvantage of the SPHOC in the present form is
that it is difficult to achieve translation-invariant correlation because the SPHOC utilizes
a thick holographic grating material to allow for two-dimensional angle- -multiplexing™'°.
Operating the SPHRAM with a translation-invariant joint-transform correlator JdTC)*
based on a dynamic material answers the challenge of fast correlation with large
databases. Images retrieved from the SPHRAM and used as the effective correlation
filters in the JTC can be updated at a high rate, and the query images can be correlated
with each filter in a translation-invariant manner. The schematics of the SPHRAM
architecture combined with the JTC are presented in Figure 1 (for a detailed description
of the SPHRAM operation see Reference 8).

INPUT IMAGE

READ LASER

Figure 1.. End goal architecture of SPHRAM combined with JTC

The input image is encoded on the laser beam using a spatial light modulator
(SLM) (not shown in the diagram). At the same time, a filter image is retrieved from the
SPHRAM. The Fourier transforms of the input and the filter images are recorded in the
dynamic holographic medium. During this process the shutter S1 is closed, while the
shutter S2 is open. For practical parameters, it will take about 1 ps to read an image from
the SPHRAM and about 1 ps to write the joint Fourier-transform onto the dynamic
recording medium. Next, the shutter S2 is closed and the shutter SI is open, thus

10



allowing the read beam to diffract from the grating and to produce a correlation beam.
The correlation spot is captured with a CCD camera, and the dynamic holographic
gratings containing the joint Fourier-transform is erased. Approximately 3 ps is needed
for the CCD camera recording, and about 10 ps is needed to erase the grating in a typical
high-speed material. This results in a total time of approximately 15 ps for a single
correlation, which corresponds to an operating rate of 67 kHz. Once the match is found,
the joint Fourier-transform grating does not need to be erased right away, allowing for
subsequent translation-invariant correlation of the target.

In order to implement the SPHRAM/JTC system we need to identify the
holographic material for high density and high quality permanent data storage needed to
construct the SPHRAM, as well as the fast-response dynamic holographic material
needed for JTC. We have already identified the photopolymer-based Memplex® thick
holographic material developed by Laser Photonics Technology Inc. (Ambherst, NY)11 as
the medium for high capacity and a high efficiency holographic memory. This material
can have a very high M# (>20), and holograms written in this material can survive at
room temperature for many years without noticeable degradation'z’13 . To the best of our
knowledge, the fastest dynamic material currently available in the visible wavelength
range is the photorefractive Sn;P;Se crystal'*" (abbreviated as SPS). Translation
invariant JTC in a thick medium such as an SPS crystal can be realized by making use of
the high angular bandwidth in the plane perpendicular to the plane of the object. Before
we proceed to construct the translation-invariant SPHRAM with a JTC, we have to verify
the ability of storing high quality angle-multiplexed holograms in a sample of the
Memplex” material that we will subsequently refer to as the holographic memory unit
(HMU), and performing a reliable translation-invariant correlation of the images
reconstructed from the HMU.

We present the results of an elementary demonstration of the key components of
the future SPHRAM/JTC system. In this experiment, the images were stored in the
Memplex® HMU via 1-D angle-multiplexing, and later retrieved from the HMU to
perform translation-invariant correlation with a static thin holographic filter in the
VanderLugt filter-correlator architecture*. The experimental setup is shown in Figure 2.

Thin

Holographic ) Memplex®
DC- Fourier- Holographic

Memory Unit
suppressed

filter E IN"O""‘“" Read
Beam
CCD \
camera
' Correlation
beam

Figure 2. Setup for the translation-invariant Vanderlugt filter-correlator for the images
retrieved from the HMU

Il



In the image writing stage (not shown in the diagram), the HMU is treated as a
3x3 matrix of spatial locations, with a mask exposing one spatial location at a time.
Different sets of about 20 images each are stored via angle-multiplexing in the horizontal
dimension at each of the nine spatial locations of the HMU using a frequency-doubled
ND:YAG laser operating at 532nm. Although we recorded images at nine spatial
locations on the HMU, we would use only one spatial location containing a set of 23
binary images of snapshots of a MiG-25 fighter jet linearly translated to different
locations on the frame for the translation-invariant correlation experiment. In Figure 3
one can see a sample of the original binary image.

:

Figure3. Original binary MiG-25 image.

A set of samples of the images reconstructed from the HMU and recorded with a
CCD camera is presented in Figure 4.

KN
:
N
aw
N

Figure 4. Samples of MiG-25 images moving in a loop pattern reconstructed from the
HMU.

We note that there was no cross talk between the angle-multiplexed images at the
same location or images at different spatial locations. The reconstructed images had a
very high quality, which is essential for building a reliable SPHRAM correlator system.



We stored only 23 images of the MiG-25 jet, but in principle, in a 2mm thick ?late, we
could store up to 1000 2-D angle multiplexed images at a single spatial location".

The thin holographic filter used in the VanderLugt architecture contains a DC-
suppressed Fourier transform of the MiG-25 jet image centered in the frame. This filter
was prepared with VRP-M thin holographic plates made by Slavich using the same laser
operating at the same wavelength as used for recording images in the HMU. We achieve
the DC-suppression of the recorded Fourier transform by employing the DC saturation
technique’. The edge-enhanced image reconstructed from the thin filter is shown in
Figure 5.

Figure5. Edge-enhanced image reconstructed from the thin holographic filter.

The DC-suppression of the Fourier transform is needed to eliminate the chance of
correlations with wrong objects'’. The thin filter was separately tested for its correlation
selectivity. Scanning the angle of the read beam incident on the same spatial location of
the HMU, the images of the MiG-25 jet translated to different locations in the frame in a
loop pattern are retrieved from the HMU. The correlation spot captured on the CCD
camera indicates the position of the jet on the frame plane. Superimposing the successive
correlation CCD frame grabs produces a trace of the trajectory of the jet, presented in
Figure 6a.

(@) ()

Figure 6. superimposed thresholded correlation spots showing a loop-pattern trace
produced when the image source is (a) HMU and (b) SLM

For comparison of the data quality, another VanderLugt correlator is constructed,
where instead of the HMU, the same images of the MiG-25 jet now come directly from
the SLM. The same thin holographic filter is used for correlation. As before, a tracing
trajectory of the jet is produced. The loop-pattern trajectory obtained with the images
coming from the SLM is presented in Figure 6b. We see that the trajectories produced
from the two experiments are essentially identical.

We have demonstrated that we can write high quality angle-multiplexed
holograms in the holographic memory unit (HMU) based on the Memplex® material. We
have also shown that we can perform a reliable translation-invariant correlation of the
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images retrieved from the HMU, presently using the VanderLugt filter-correlator
architecture. We will next proceed to implement the super-parallel holographic random
access memory (SPHRAM) with a high-density data storage and fast data retrieval, and
use it in conjunction with a joint-transform correlator (JTC) based on fast-response
photorefractive crystals.
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A3. PRISM-COUPLED LENSLET ARRAY FOR A SUPER-PARALLEL HOLOGRAPHIC
CORRELATOR

In many pattern-recognition and target tracking applications, the speed of the detection
system is of critical importance [1-3]. Optical correlation techniques in which the data
pages are compared in parallel can offer an improvement over electronic digital signal
processing methods that are serial in nature [4-8]. Volume holographic correlators can
have an even larger advantage when a multiplexing scheme is used so that all the data
pages stored in one location are queried simultaneously.

We have recently presented an initial demonstration of a super-parallel
holographic correlator that represents a further advancement of this parallelism [9-10].

This SPHOC uniquely identifies N images from a database using only O(\/ﬁ ) number of
detector elements, in a time scale that can be of the order of 1 i sec. The spatial location

and the reference beam angle for the matched image are identified by using a spatio-
angular decoupling architecture, consisting of a combination of a lenslet array, a
holographic redirector, a demultiplexer, and two CCD arrays. The key component in the
spatio-angular decoupling architecture is a lenslet array that redirects and collimates the
output correlation beams. We have derived the phase transformation that is required of
this device as well as estimate the necessary parameters and dimensions as well as
possible methods of construction. This prism-coupled lenslet array will also be used in
reverse in a super parallel holographic RAM [11].

The architecture for the SPHOC is shown in figure 1 [9,11]. First, rXs (r by s)
number of images are stored in each spatial location of the holographic memory unit
(HMU) via two-dimensional angular multiplexing, where r is the number of horizontally
multiplexed images, and s is the number of vertically multiplexed images. The process
starts by expanding the collimated beam from a read laser in order to match the size of
the SLM. The target image is gathered by a camera or by a SAR (synthetic aperture
radar) in a battle theater for example. (Alternatively, the target could represent an object-
to-image data map, which requires a much smaller amount of information to represent the
image, in a rotation invariant way). This image is sent to the SLM via a high-speed data
bus. The beam reflected from the face of the SLM carries this image. This reflected
beam is now passed through the image flattening beam reducer (IFBR), which is a
combination of two lenses. It reduces the image size by the ratio of the focal lengths of
the two lenses, and projects a very slowly diverging version of the SLM image at the face
of the next element: the holographic demultiplexer/multiplexer (HMDX). The HDMX is
a device that produces nXm copies (which is the number of spatial locations on the
HMU) of the input image, in as many angular directions. Such a device can be
constructed simply by writing nXm plain wave holograms over the entire volume.

The output beams from the HDMX are now passed through the holographic
redirector (HR). This role of this device is to redirect the output beams from the HMDX
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into nXm images propagating parallel to the axis. The nXm identical copies of flattened
images now impinge on the HMU, one at each spatial location. If the image matches one
in one of these locations, a diffracted beam proportional to the correlation will emanate
from that location at a particular angle. Here, we show all the possible diffraction beams
(in one dimension, for simplicity of drawing), keeping in mind that only one of these
beams (shown by the bold line) will be produced for a given image. The rest of the
architecture identifies the (a) spatial location, and (b) the angle beam corresponds to.
These two pieces of information will identify uniquely which image we have matched.
The beams coming out of the HMU need to be collimated in the direction normal to the
HMU. This can be achieved via the use of a prism-coupled lenslet array in which
different prisms can be coupled to the different elements of the lenslet array depending on
the angle of the beam emerging from the HMU i.e., each prism has a unique angle of
deflection to make the beam symmetrical to the corresponding lens optic axis. In this
manner, all emerging beams will be propagating parallel to the optic axis of the general
system.

The beams emerging from the lenslet array, are now split into two components by
a beam splitter. One component goes through another lenslet array and is focused onto
an nXm array of CCD elements (CCDA). Identifying the detector that sees the highest
signal yield the information about which spatial location the matched image is in. The
other part of the beam goes through another HR (Holographic Redirector). The HR
simply redirects all the incident batches to a central point, without focusing the beams
coming from the same spot with respect to one another, as shown. These beams are now
passed through another HMDX, which is identical to the one used at the input, but now
operating in reverse. However, the reverse operation has the potential problem that
additional beam patterns (weaker than the one generated along the axis) will also be
produced. An aperture can be used to eliminate these unwanted spots. After the filter,
we use a beam expander to match the size of the second CCD array, which contains rXs
number of elements, corresponding to the number of angles used in the two-dimensional
angular multiplexing during the writing stage. The element of the CCD that sees the
brightest signal yields the information about the angle of the matched image. Data
gathered from the detector array and the CCD array, properly thresholded, can be sent
through a digital logic circuit to yield the absolute identity of the image we have matched.
For practical parameters mentioned above, the whole process will take less than a u sec.

In the above description, we made the simplifying assumption that only one
image in a given spatial location will be matched for a certain query image. For the
practical system however, it is likely that there will be multiple correlation beams of
varying intensities diffracting from each spatial location. The angles between the
different images in the HMU must be small in order to provide the maximum storage
capacity, and thus the multiple correlation beams will be overlapping in addition to
traveling at different angles. The prism-coupled lenslet array is designed to separate the
correlation beams and redirect them so that they propagate in the same direction along the
optic axis of the system.

Figure 2 illustrates the possible correlation beam overlap for one spatial location.
A lens at each spatial location will be used to provide separation in the focal plane. The
result of the differing angles of the beams will be a 2D array of spots in the focal plane.
Figure 3 shows the geometry for one possible correlation beam. We will use the
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geometry in figure 4 and analyze the phase transformation using Fourier optics [12,13].
The beam will undergo a phase transformation

few (%) = exp(—i%(x+x0 )2) )

This can be expanded and viewed as the sum of three consecutive phase transformations:

ko, i ok
b (x)-exp(—zﬁx ]exp( 12f 2x0x)exp( l2f xo) ()

Thus the beam sees a constant phase shift, a linear phase shift, and a quadratic phase
shift. The linear phase shift acts in a manner analogous to that of a prism, redirecting the
beam, while the quadratic phase shift acts as a lens, focusing the beam. We can express a

plane wave traveling at angle@ by U =exp(i27v,x) where v, =sin#/A. Therefore, the
field directly after the separating lens is:

_ ; _ kxo _.L 2
Vi —exp(127r[v0 2ﬂf]x)exp( zzfx ) 3)

where we have dropped the constant phase factors. Using the Fresnel integral to
propagate this field to the z=f and z=f+L planes, we find that the field at z=f+L is:

Uﬁnal =exp(i-2k7x2)exp(_i2”{_(uo_/:Lx_o]x) (4)

This yields the information on the focal length lens we will need to cancel the quadratic
phase term, as well as the angle of the prism needed to cancel the linear phase term, thus
producing a plane wave traveling parallel to the optic axis. By keeping track of all the
constant phase terms added by the prisms, lenses, and free-space propagation, we can
also add a phase compensator plate to the lenslet array. The final array will consist of a
quadratic phase correction, a linear phase correction, and a phase plate, yielding at its
output collimated plane waves traveling along the optic axis, in phase. Figure 5
illustrates the layout of the full device. Figure 6 shows the device as part of a three
element SPHOC/SPHRAM.
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A.4. DEMONSTRATION OF A THICK HOLOGRAPHIC STOKESMETER FOR
POLARIZATION IMAGING IN CONJUNCTION WITH HOLOGRAPHIC
CORRELATION

Polarization imaging [1-3] can discriminate a target from its background in situations
where conventional imaging methods fail. Identifying the components of the polarization
of light reflected from a target allows one to construct an image that corresponds to the
target’s unique polarimetric signature. This is useful in applications ranging from target
recognition to vegetation mapping [4-7]. Identifying the Stokes vector of the scattered
light completely characterizes the polarization of light [8]. Current architectures for such
a Stokesmeter include mechanical quarter-wave plate/linear polarizer combinations,
photodetectors with polarization filtering gratings etched onto the pixels, and liquid
crystal variable retarders [9-14]. The mechanical system is limited by the fact that it must
rotate the angle between the wave-plate and polarizer before determining each Stokes
parameter. The etched photodetector systems cannot resolve the complete Stokes vector
at this time. The liquid crystal variable retarder system is similar to the mechanical sensor
but with a liquid-crystal display replacing the wave plates and polarizers. This method is
still sequential and the time required to reset the display limits the device operation to
~10 Hz. Systems based on the wave plate/polarizer architecture that split the beam into
four parts and calculate the parameters in parallel [15] require four times as many optical
components. Polarization gratings method that uses multiply diffracted and dispersed
orders[16] can measure all four Stokes parameters in parallel but always needs the order
blocking filters to prevent overlapping between the multiple diffraction orders of the
beam, which gives rise to the scattering problems. Thus, it is not suitable for a
polarimetric imaging system.

A holographic Stokesmeter can be used to resolve all four Stokes components in
parallel and at a high speed [17]. For a typical thick holographic grating, the response
time of the device can be on the order of 10 ps. This removes the device as the bottleneck
in the imaging system and instead the desired signal-to-noise ratio and detector
parameters set the upper limit on the imaging process. The holographic Stokesmeter [17]
consists of two sets of two multiplexed volume gratings in a combination with a quarter-
wave plate. The incoming beam is split and one half diffracts from the first set of
multiplexed gratings, while the second half passes through the quarter-wave plate before
diffracting from the second set of multiplexed gratings. Measurements of the four
diffracted intensities are used in a set of pre-weighted equations to determine the four
Stokes parameters. This architecture can be analyzed using a set of Mueller matrices for
each grating which then yields the measurement matrix of the system. This allows one to
take into account the Fresnel reflection and the grating diffraction and pre-determine the
weights for the system of equations that determines the Stokes vector.

The holographic Stokesmeter takes advantage of the fact that volume gratings are
polarization sensitive. This can be seen from a coupled-wave analysis of thick gratings
[18], and the recent papers about the holographic grating diffraction [19,20]. Separating
the diffraction efficiency into its s- and p- polarization components, one is able to analyze
the architecture with Mueller matrices and arrive at a compact measurement matrix for
the system:
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Iy A +B (4 -B))cos(2y1) (4 -B)sin(2y) 0 '
I Ay+By (Ay—By)cos(27;) (4 —By)sin(277) 0 0 (5)
In| |4+By (4-Bs)cos(2n) 0 ~(43 - B3)sin(2n) || U
T Ay +By  (Ay—By)cos(27) 0 —(A4 - By)sin(272) ||V

The values of 4 and B are specified by the grating itself. The Bragg angle and the slant of
the grating will determine the Fresnel coefficients while the angle and the slant plus the
index modulation depth, the thickness of the substrate, and the readout wavelength will
determine the s- and p- components of the diffraction efficiency. The

angles y; and y, denote the two different rotations of the substrate. I, Q, U, and V are

determined by measuring the diffracted intensities /,,_,and solving the matrix equation

(1). In order for the system to be well conditioned [21,22], the diffraction efficiencies of
the four gratings need to be chosen properly along with the other parameters.

We performed the measurements of the Stokes parameters using a holographic
Stokesmeter made from a 2mm thick Memplex [23] sample with a 532nm frequency
doubled Nd:YAG laser. We employed two sets of multiplexed gratings using rotation
angles of y,=-4° and y, = 4°. Both sets of the two multiplexed gratings were written at

external angles of 40° and 54° for the first and second gratings respectively, with the
reference beam at a 2° angle. Fig.1 displays the diffraction efficiencies of the holographic
samples. It shows the polarization-sensitive diffraction efficiencies of 0.242, 0.211,
0.235, and 0.202 for the s- polarized state, and 0.147, 0.133, 0.148, and 0.113 for the p-
polarized state. These diffraction efficiencies yield contrast ratios of 39.8%, 45.6%,
43.0%, and 45.5% respectively. Using the above parameters we constructed the
measurement matrix for our system.

The experimental readout setup for the holographic Stokesmeter is illustrated in
Fig.2 (a). We considered three different polarizations of the input beam: horizontal linear
[1,1,0,0], linear [1,-0.55,0.84,0], and elliptical [1, 0.9, -0.25, -0.36]. These polarizations
states can be realized by passing the laser beam through a half- wave and a quarter-wave
plates rotated by the appropriate angles. The intensity of each of the four diffracted
beams was measured, and used in the measurement matrix to determine the original
Stokes vector. These values were then compared to a conventional measurement of the
Stokes parameters.

For comparison, the values of the Stokes parameters describing the input
polarization states were measured with a quarter- wave plate and a linear polarizer. This
setup is illustrated in Figure 2 (b). In this conventional method, we need to measure the
four different intensities 1 (0,0), 1(45,0), [(45,90) and 1(90,0) by changing the angle of
the linear polarizer, and inserting the quarter wave plate. Here, 6 of I (6,®) is the angle of
the half wave plate, and @ of I (6,®) is the quarter wave plate retardation. The output
intensity for this method is given as:

[, (8,®@)=(1/2)* [I+ Q*cos(26) + U*cos(®)*sin(26) + V*sin(®)*sin(26)]  (6)
From these intensity measurements we can calculate the Stokes parameters:
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I = 1(0,0)+1(90,0)

Q= 1(0,0) - 1(90,0)

U=21(45,0) - 1(0,0) - 1(90,0)

V = (21(45,90) - 1(0,0) - 1(90,0) ) / P*
where P? is the absorption factor related to the quarter wave plate.

Fig.3 displays the measured average values and the standard deviations of I, Q, U
and V for the each method. Although the result for the holographic Stokesmeter has a
slightly larger error than the result for the QWP/linear polarizer, the average values are
approximately equal to the assumed values within the error range. Errors from the
holographic Stokesmeter result in the variation of the values of I and Q by a margin of
1% to 5%. Variations of the U and V values are in the range of 3% to 16%. For
comparison, all the Stokes parameters from the conventional method have a variation of
less than 4%. The reasons for the larger error range of the holographic Stokesmeter
compared with the conventional method can be seen from an analysis of the robustness of
this holographic Stokesmeter. Our Stokesmeter shows lower contrast ratio of 40% to
50%. According to our previous simulation results for the C/R versus error level, a higher
contrast ratio gives a lower error rate. We expect a Stokesmeter made using such gratings
to be more error tolerant.

As the next step in the development of the performance of the holographic
Stokesmeter, we suggest an improved architecture that consists of a single set of
multiplexed gratings and two electro-optic modulators (EOM), as shown in Fig.4(a). The
first EOM plays the same role as the quarter-wave plate in the current architecture,
namely to interchange the U and V parameters. In order to use only one holographic
optical element (HOE), we have to reverse the polarization states of the input beams ( s-
polarization into p-polarization and p-polarization into s-polarization) by rotating the fast
axis of the second EOM of 45° with respect to that of the first EOM. Fig.4 (a) also shows
the driving voltage scheme for the EOMs with the frequency of ~ 10GHz. This will
produce a well conditioned measurement matrix. Since there is 0V sent to the EOMs
during T), the input beam enters the HOE without changing the polarization state. Then,
the measured intensities from the diffracted beams will give us the information about the
first two rows of the measurement matrix in Eq(1). The intensity measurement for the
reversed polarization states of the input beams after interchanging U and V parameters
during T, yields the information about the third and fourth rows of the measurement
matrix in Eq(1). This new holographic Stokesmeter will be simpler and more reliable
than current one because it requires fewer optical elements. In addition, it only requires
splitting the incident power once, as opposed to twice in most architectures. Fig 4(b)
shows the entire polarimetric imaging system. The input image is diffracted by the HOE
and is directed and imaged onto the two FPAs using a 4f imaging system. After we gather
all four intensity measurements taken during the periods of T, and T for each pixel of the
FPA arrays, we can construct the polarimetric image by manipulating the signals with
precalibrated field programmable gate arrays (FPGA). We are currently in the process of
demonstrating the holographic Stokesmeter with the new architecture using high contrast
ratio samples.

(M
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Figure 1: Diffraction efficiencies vs. incident polarization of the two multiplexed
holographic Stokesmeter gratings
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Figure 2: Readout setup for (a) holographic Stokesmeter (b) Conventional method using QWP/ linear polarizer

(QWP: Quarter-Wave Plate, HWP: Half-Wave Plate, PBS: Polarization Beam Splitter)
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A.5. DEMONSTRATION OF A SIMPLE TECHNIQUE FOR DETERMINING THE M/# OF A
HOLOGRAPHIC SUBSTRATE USING A SINGLE EXPOSURE

The dynamic range of a holographic medium is an important parameter in determining
the storage density and diffraction efficiency for holographic memory systems and
holographic beam combiners (9 In these applications, many holographic gratings are
multiplexed in the medium at the same spatial location. The M/# is a parameter that
defines the dynamic range of the holographic medium; it is essentially m/2 times the ratio
of the maximum achievable index modulation and the index modulation corresponding to
a unity diffraction efficiency grating. The existing techniques ¥ to measure the M/#
require one to write many holograms on the material. We have developed a potentially
simpler technique to determine the M/# for a holographic recording material and we
present simulated and experimental results for a photopolymer-based holographic
recording medium.

Typically, illumination of a holographic substrate with a spatially periodic,
sinusoidal intensity pattern produces a periodic index modulation n(x) = n, + n' cos(K x)

where n, is the spatially averaged index of refraction of the medium, n’ is the index
modulation depth, and K represents the wave number of the grating. When a laser beam
of wavelength A illuminates this grating at the Bragg angle, the diffraction efficiency 1 is

given by 2
Ig . 2f(mn'ad
e SN | —— 1
il S it
where I, is the input intensity, Iq is the diffracted intensity, d is the thickness of the
substrate and a is the obliquity factor determined by(lhe orientation of the grating. A
characteristic scale for the index modulation is n_ = X/ (2ad) , so that | becomes

n=sin’ (g:—) : n=1 for n'=n, 2)

c

In many situations the modulation depth @ can be modeled as

n'=n_, [l - exp(—é)] (3a)
T

where t is the exposure time, % is a time constant that depends on the material sensitivity
and the intensity of the writing laser beams, and ny, is the maximum index modulation. A
convenient way to quantify the value of ny, is through the use of the M/#, which can be

defined as M/# = (nn,,) / (2n.). For notational convenience, we define a scaled version

of this expression

Q=2m 5o that M/#=(§)Q (3b)
When Q is an integer, it represents essentially the maximum number of orthogonal, unit
diffraction efficiency gratings that can ideally be written in a given spatial location.
Consider a situation where N equalized diffraction efficiency gratings are
multiplexed on a single substrate using the Bragg (angle or wavelength) orthogonality
condition. For N >>Q the diffraction efficiency for each grating can be approximated by
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n= (n% )(%) 43 More generally, if the diffraction efficiencies of the gratings are not

identical, it is possible to define and measure the M/# of the material from the relation 3

N
QY n,, mi<<l 4)
i=1

Although one can measure the M/# using one exposure for certain cases™, in general to
measure the M/# using this approach may require one to write many holograms. As an
alternative method, one can also use the fact that the diffraction efficiency of a single
grating in the small index modulation limit is a quadratic function (to a first order) of the
exposure time, described by

ool

which follows directly from eqns. 2, 3a, and 3b. The M/# can thus be determined from
the curve that defines the diffraction efficiency of a single hologram as a function of
exposure time. This method also requires recording many successive holograms with
different exposures on the holographic substrate.®)

We have developed a potentially simpler approach to determine the M/# from a
single recording on the holographic medium. To illustrate this method, we first combine
eqns. 2 and 3a in order to express the diffraction efficiency as a function of time:

n(t) = sin [gQ[] - exp(—%]D (6a)

Now, according to the generalized optical pumping model @ the saturation rate (')
g g P pumping

depends linearly on the intensity of the radiation for writing the grating: ' =B1 , where

B is the sensitivity of the medium, and T is the amplitude of the intensity modulation
defined as

[=1(1+cos(Kg x)) (6b)

with Kg being the grating vector. For typical values of T used, the value of B can be
assumed to be a constant. If the value of T depends on position 7 as well, then we can
write

n(t,?):sinz(%Q[l—exp(—Bi(?)t)]) (7

As a specific example, let us consider a situation when two equal intensity, coherent
Gaussian beams write a grating in the holographic medium. The intensity distribution

will be:
1(7) =21 exp(—ZV )[1+Cos(f( F)] K, =K, -K (8)
o (D; G ’ G 1 2
where K, and K, are the propagation wave vectors, I, is the intensity at the center of

each beam, and w, is the Gaussian beam radius of each writing beam. Comparing eqn. 8

with eqn 6b, we find: T=2I, exp(—z%z). When this expression is used in eqn. 7, the

o

resulting diffraction efficiency is given by

n(t,?):sinz(gQ[l—exp(—f(r)%)D; 0<f(r)<l 9
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where f(r)= exp(—z%z) ,and t= %BI . Across the spatial profile of the writing beams,

o

the value of f(r) varies from 1 in the center for r = 0 to a value of 0 forr> o, .

Now, if %zs , for example, then at r=0, exp(—f (r)%) approaches zero. However,
for >>w,, f(r)«% and l—exp(—f(r)%) approaches unity. This argument holds for larger

value of % as well. Thus for% >5, the quantity l—exp(—f (r)%) varies monotonically

from one to zero. Therefore, the total number of circular fringes is on the order of Q/2
for%zs. Accordingly, we note that for the proper exposure time one can be sure to

observe the full number of fringes. To be more precise, let us express Q as follows:
Q=2m+n+a; a<l, n=0, or 1 (10)

In this notation,a is the fractional part of Q, while n determines if Q is odd or even.

Consider first the case where n=0, and a=0: In this case, for% >5, the number of full

circular fringes equals m with a null at the center. Consider next the situation where n=1,
and a=0. In this case, the number of full circular fringes will still be m, but there will be a
peak at the center. Finally, for a#0, the efficiency at the center will have a dip if n=1, and
a peak if n=0. The actual value of the efficiency at the center reveals the value of a.

We studied the phenomenon using simulations. Fig 1 shows the result for
exposure time dependence of the diffraction efficiency for an even Q value material with
a plane wave read-out. This result shows the expected dark center for an even Q material.
Fig 2 shows the simulation result for diffraction for a material with an odd Q value plus a
fractional part. As expected there is an intensity peak at the center of the diffraction
pattern and a dip due to the fractional part. The value at the center yields the value of the
fractional o as 0.2, resulting in a Q value of 11.2 which corresponds to an M/# value of
17.584.

To show the principle of operation experimentally, we used a dye-doped
polymeric Memplex ® (19 material. This material had a Q value of 6 as claimed by the
manufacturer. Fig 3 shows the combined setup for hologram writing, and readout.
Writing was done with a frequency doubled Nd:YAG laser (A=532 nm) and readout was
performed with a He-Ne laser operating at 632.8 nm. This material required baking after
holographic exposure. During the experiment, the exposure times were gradually
increased. After the exposure, the material was baked until the number of observable
interference fringes reached maximum. Table 1 shows the results for a series of
exposures for the holographic substrate. It shows that as we reach the optimum limit for
holographic exposure, the number of interference fringes visible in the diffracted beam
reach a maximum (3 in this case). Thus, the Q for our material is ~ 6. This value of Q
yields the M/# of the material as 9.42.
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Fig 1 Simulation result showing the evolution of diffracted pattern as a

t/=20

function of holographic exposure for an even Q (m=5, n=0, «=0 in eqn
10) value material with a plane wave read-out beam. Normalized

diffraction efficiency is plotted versus radial distance.

Fig. 2 Simulation result for the diffraction pattern for fractional Q with a plane wave

read-out beam (m=5, n=0, a=0.2 in eqn 10). Normalized diffraction efficiency is

plotted versus radial distance.
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Exp. ; Profile of the
S.N. Diffracted Image .
Time Diffracted Image

w’

1 26 sec

R RSN

2 32 sec

3 52 sec

4 64 sec

Table 1: Experimentally observed diffraction pattern for 4 different exposures. As one
reaches the optimum limit for holographic exposure, the number of interference fringes
visible in the diffracted beam each a maximum.
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A.6. DEMONSTRATION OF A COHERENT HOLOGRAPHIC BEAM COMBINER FOR
APPLICATIONS TO IMAGE MULTIPLEXING AND DEMULTIPLEXING

A holographic beam combiner (HBC) M has applications in combining the output from
multiple laser sources to a single output. It can alternately function as a beam splitter, or a
beam coupler “?. These functionalities can be achieved both coherently and
incoherently. Thick holographic materials are used in incoherent beam combination due
to narrow spectral selectivity of the gratings allowing one to multiplex a higher number
of gratings compared to a thin material.

The coupled wave theory for thick holographic gratings @ describes the diffraction
efficiency of a volume hologram and provides solutions for the amplitudes of the signal
and reference waves. Volume gratings cause an energy interchange between the
incoming reference wave and the outgoing signal wave at or near the Bragg angle. The
coupled-wave theory has been extended to verify the diffraction efficiencies of a
refractive index modulated holographic material with two sets of incoherently
superimposed gratings used for beam splitter and beam combiner modes @9 and to
consider multiple gratings recorded sequentially by one reference wave and object waves
in a lossless holographic material under Bragg-matching condition."®

We have investigated the influence of the variation of phase angle difference between
adjacent input waves on the intensity of the output wave for a case of N input waves
which have equally separated phase angles in an incoherent beam combiner. We use a
coupled-wave analysis to perform a simulation, which agrees with the experimental beam
combiner demonstrated here.

Figure 1 shows the schematic illustration of the reconstruction of object waves
illuminating N multiplexed gratings with a reference wave. The derivation of the
coupled-wave equations for multiple gratings is not shown here for brevity, but can be
seen in references ***). We assume that the recording material is infinite in the x and y
directions, and that all waves polarizations are in the y direction. Z is the propagation
direction. In addition, we neglect second derivatives assuming that there is no cross-talk
between different diffracted orders and consider the absorption to be zero, i.e., we
consider only the refractive index modulations. The coupled-wave equations can be
written as

N
CoS, = _JZ K,S),
=l

ChSlh + 78,8, =—JK,S,
The parameters Cy and Cj, are the obliquity factors defined asC, = p,./8, C, = p,,/ P

where S =nw)/cand the propagation vectors p, and p, are related to the grating vector K

®)

by p,=p,—K,, So and Sy are the amplitudes of the reference and hy, object waves
respectively, 9, is the dephasing constant given by 9, = (,B2 -p; )/ 23 =0, under Bragg
matching conditions. The parameter « is the coupling constant « = 7n,/A where nj, is
the amplitude of the refractive index modulation.
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The grating strength vy, for the hy, grating can be written as
m,d

= 2
ife -

where Cg and Cy are the obliquity factors for the reference and the h'" object wave
respectively.

N gratings can be incoherently multiplexed by recording sequential holograms with a
fixed reference wave and N angularly separated object waves 34 In a beam-combiner,
the N object waves illuminate the structure at their respective Bragg angles and
reconstruct the reference wave.

Vi, =

We study the influence of the variation of phase angle difference between adjacent input
waves on the intensity of the output wave for the case that N input waves have equally
separated phase angles in the beam combiner mode. We consider a constant phase angle
variation from one object wave to another. The boundary conditions at z=0 are So(0)=0,
S1(0)=1, Sy(0)=¢", S3(0)=e"™, ... Sn(0)=e¢/™"® where ¢ is the phase difference between
adjacent waves. The amplitude of Sy at z=d becomes

3)

k=1

N N
where the parameter y is defined as y = Z(H 84 )K,f / G
h=1

Intensity of the output wave can be written as

I=5,(d)s,(d) @)
In the analysis of intensity profiles of the output waves using simulation, it is assumed
that grating strengths for N holograms are equalized to the value at which the beam
combiner shows maximum diffraction efficiency. A holographic beam splitter with N
superimposed gratings divides an incident wave into N partial waves with equalized
maximum diffraction efficiencies when the N grating strengths satisfy the equation

T

1

N 2

v | =2 where v, =and/AJC.,C, **Y. By a time-reversal argument, the beam

h ) h h R“h y g
h=I1

combiner must show maximum efficiency at the same grating strength at which the
holographic beam splitter reaches maximum diffraction efficiency. Therefore the
equalized grating strength for N superimposed holograms is v, =v,=..

=vN_,=vN=v=7r/2«/ﬁ.

Fig 2a shows the output intensity of a six- beam combiner as a function of equalized
grating strength for the case when all the input waves are in phase. Fig 2b shows the
output intensity as a function of phase angle between adjacent waves when the equalized
grating strength is set to three different values of v: two, four, and six (similar to that
shown in fig 2a). The output beam intensity reaches a value equal to the sum of the
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intensities of individual input beams when all the input beams are in phase. From fig 2b
we see that the finesse corresponds to the number of input waves. The finesses of the six-
and nine- beam combiners are double and triple of that of a three- beam combiner. The
height of peak decreases as the grating strength reduces to the value of 0.2500. The
finesses of three peaks have the same value of 6.

Figure 3 shows the experimental setup for hologram writing and readout. A frequency-
doubled Nd:YAG laser (A=532nm) was used both for writing and reading the holograms.
The material used in the study was a dye-doped polymer Memplex ® (19 we recorded
four holograms in the first sample and six holograms in the second sample using angular
multiplexing and exposure schedule. The incident reference beam Sy was fixed for all
exposures. The angle difference between consecutive object waves is kept constant.

In the readout, a beam illuminates the holograms at the common Bragg angle for the
reference beam which reconstructs beams S;-Sy simultaneously. Tables 1 shows the
transmitted and diffracted images of the 4 and 6 superimposed holograms, exposure
schedules, and simulation results. In Table 1, the diffraction image of S, shows low
efficiency as compared with that of S, S3, S4 and a fringe in the bright region inside the
ring because of mode hopping of the laser during the 2nd exposure.

The combination of six waves was performed with the 2" sample. Figure 4 describes the
experimental set-up using a plano-convex lens. The input wave from Nd-YAG laser
illuminates holograms in the direction of reference Sy and is split into 6 waves. The
waves represented by solid lines are propagating in the beam splitter mode. The flat
surface of the lens faces the holograms which is the point source of the split six waves.
Therefore both surfaces contribute to refractions to minimize spherical aberrations. The
six waves are paralleled by the lens and reflected by mirror. The incident angle
displacement between adjacent object waves is constant during hologram recording. The
phase angles of six diffracted waves can be distributed with equal separation ¢. The six
reflected waves illuminate the hologram in the beam combiner mode. The combined
beam is partially reflected by a beamsplitter. The partially reflected beam is monitored by
a photo detector while the mirror is adjusted to vary the phase difference. The waves
represented by dashed lines are propagating in the beam combiner mode.

The sum of the intensity of individual split beam defined as 6]p measured as 760mV after
the splitter but before the lens in Fig. 4. Iy notes the average intensity of each individual
beam. At this point, the undeflected beam was measured as 20mV. It was determined
from the simulation that the maximum height of peak which can be theoretically obtained
by our holographic beam combiner is 734 mV. Figure 5 shows the intensity of the
partially reflected combined beam measured by photodetector. It is noted from the 3rd
and 4th peak on the left that the half width covers 0.7 fractional divisions in one
rectangular box and the distance between peaks is 4 fractional divisions. The
measurement yields the finesse of 6 beam combiner as 5.7 which is approximately equal
to the value theoretically estimated. We can confirm all 6 input waves contribute to beam
combining. The height of the highest peak is measured as 265mV at the detector in Fig 6.
The beamsplitter in Fig. 4 reflects 61.54% of the incoming light. Therefore the intensity
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of the combined beam is calculated as 475.6mV corrected for reflection from hologram
surface. The experimental output is lower than the theoretically expected output of
734mV.

The degradation of the efficiency of holographic beam combiner can be caused by the
following reasons. There may be a loss of coupling into the reconstructed wave because
of partial diffraction back into the 6 objective waves (S;-S¢). The input wave may also
illuminate a location which is deviated from the center of a hologram. The grating
strength degenerates along the radius of the hologram showing the Gaussian distribution
of the writing beam. Therefore, illumination with the center of reading beam on the
center of the hologram without deviation results in high diffraction efficiency. The error
of angle displacement during holographic recording can bring about phase angle
difference variation between adjacent beams. Because of this, phase angle mismatch
always exists to a certain degree. All input beams can neither be in-phase simultaneously
nor fully combined.
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B. DETAILS OF WORK DONE

B.1 Shift-Invariant Real-Time Edge-Enhanced VanderLugt Correlator
Using Video-Rate Compatible Photorefractive Polymer

Optical data storage continues to attract significant interest because it offers the
possibility of creating large image databases that can be searched at a high speed because
of the parallelism in optics. A massive optical memory system can be realized by dense
holographic storage achievable with multiplexing techniques, of which spatio-angular
multiplexing (SAM) is the most straightforward and effective one'”. The super-parallel
holographic ROM (SPHROM) is the architecture proposed by our group to implement
dense SAM with fast retrieval, capable of storing up to 2TB of data®”. Search of the
holographic memory is typically accomplished with a shift-invariant Fourier Transform
(FT) based correlator®. The two types of a simple correlator are the joint transform (JTC)
and matched spatial filter or VanderLugt (VLC) correlators, either of which can be
implemented in real-time by degenerate four wave-mixing in a photorefractive
material"®. Physical implementation of any mathematically shift-invariant correlator
requires that the holographic material possesses sufficient angular bandwidth. This
requirement can be fulfilled by using a thin photorefractive (PR) material.

The diagram in Figure 1 shows our proposed system, consisting of the SPHROM
coupled with a shift-invariant real-time VLC. The correlation is performed in the VLC
architecture to achieve a much higher image recognition system operational speed than
what a JTC architecture would allow®’. The PR grating is written by the FT of the query
image and a reference plane wave at the speed limited by*the response of the PR material.
However, once the grating for a particular query image has been written, the rest of the
searching process happens at the speed with which the probe beam, carrying the FT of the
images retrieved from the SPHROM, diffracts from the grating.

Here we describe our demonstration of 2-D (horizontal and vertical) shift
invariant correlation'® using recently invented bis-triarylamine side-chain polymer
matrix'"'? 37um thick PR polymer composites operating at 532nm. The gratings in our
experiment were written by beams intersecting in the horizontal plane. The material
samples for our experiment were provided by Nitto Denko Technical Corp. (NDT). We
consider this PR polymer material to be the prime candidate for the implementation of a
shift-invariant search of the SPHROM, because this material has a demonstrated
capability of stable dynamic video-rate operation and a long shelf lifetime at room
temperature''. A previously reported PR polymer VLC was constructed from PVK-based
PR polymer’, a material in which deterioration of PR properties was observed after
prolonged use'’. In addition, the experiment reported in [9] relied on a cross-hairs filter to
perform edge-enhanced correlation. In our experiment, edge-enhancement was achieved
in real time by adjusting the intensities of the writing beams'>'*. Our experiment was
performed with a PR polymer sample with a large transverse area of 1.5” in diameter,
using an ND:YAG frequency doubled solid-state pumped Verdi laser, operating at
532nm.

Prior to the correlation experiment, we measured the angular bandwidth of the
PR polymer sample by performing incoherent phase conjugation readout in a degenerate



four-wave mixing configuration. The diagram illustrating the experimental setup is
presented in Figure 2. The sample consisted of the PR polymer composite with an
average refractive index ny=1.6 sandwiched between Indium Tin Oxide (ITO) electrode-
coated glass plates. An external DC field was applied across the sample. We determined
experimentally that the maximum diffraction efficiency was obtained at a 3kV bias. The
grating was written by two s-polarized, collimated gaussian beams 4, and 4, incident on
the hologram at 60° and 30° to normal in the air, respectively. The writing beams were
each SmW in power, with spot diameters of Smm. Because of the Fresnel refraction in
glass, the actual angles of incidence of the beams 4, and 4; in the material were 35° and
20°, respectively. An asymmetric writing beams arrangement was needed so that the
gratings K-vector would make an angle with the poling field direction. The p-polarized
probe beam 4; at 2mW power with a Smm spot size was incident on the grating, aligned
to be exactly counter-propagating to the writing beam 4,. The phase-conjugated beam
A, was reconstructed with p-polarization. A diffraction efficiency of about 1% was
observed (when reading the grating with a He-Ne laser at 633nm, a diffraction efficiency
close to 40% was observed). After passing through the half-wave plate, A, became s-
polarized, and subsequently it was reflected by the polarizing beam splitter (PBS) cube.
Note that all the PBS cubes mentioned in this paper transmit p-polarized beams and
reflect s-polarized beams.

In order to measure the angular bandwidth of the PR polymer sample, the probe
beam was scanned with the help of computer-controlled galvo mirrors (see Figure 2). The
two-mirror galvo system, sweeping at an average rate of 15rad/s, was designed to keep
the probe beam at a fixed spot on the hologram, while changing the angle of incidence.

Since the beam A, was also sweeping through a large angle, a 2-f to 2-f single lens

imaging system was set up to keep A, on the detector. The signal was detected with a
Thorlabs PDAS5 10MHz bandwidth photodetector. One can see from Figure 3 that the
angular bandwidth in the air measured between the first nulls of the sinc function for our
sample is about ten degrees.

The theory plot was obtained from the coupled wave equations for lossless
transmission dielectric gratings'’. Since the range of angular deviations from the Bragg
angle was quite large during the experiment, we did not follow the usual approach of
Taylor series expansion in the small parameter A@ . Instead, all the relevant parameters
were recalculated using the defining equations each time the incident angle was changed.
Under the stated experimental conditions we observed Bragg diffraction. To confirm that
diffraction in our samples was in the Bragg regime, we calculated the values of
0 =274d/n,A’ (Klein-Cook) and p = 42/ A’nyn, (Raman-Nath) parameters'®'”. Here d
is the sample thickness, »; is the amplitude of the refractive index modulation and A is
the grating periodicity. We determined that n, 3x10™ by measuring the diffraction
efficiency at the Bragg angle. We obtained Q =36and p ~300, which satisfy the
conditions for the Bragg regime that both Q>>1 (thick grating) and p>>1 (weak
modulation).

The diagram detailing the experimental setup of the shift-invariant VLC
demonstration is shown in Figure 4. Expanded laser beams with spot sizes of 1" diameter
were used in the correlation experiment. The query image of a MIG-25 jet (Figure 5(a))



was encoded on the expanded laser beam wit the help of a Boulder Nonlinear Systems
512x512 pixel reflective FLC SLM with a é)ixel size 15x15um. The filter image of a
MIG-25 jet was retrieved from the Memplex~ photopolymer-based holographic memory.
A CCD capture of the retrieved image is shown in Figures 6(a) and 7(a). A real-time
grating in the PR polymer was written with an s-polarized FT query image beam and an
s-polarized plane wave. The probe beam carrying the FT of the filter image was p-
polarized. The writing beams carried about SmW of optical power each, while the probe
beam was about 0.5mW. A quarter-wave plate and the mirror shown in the diagram in
Figure 4 by dashed lines were installed on flip mounts. The purpose of these two
components was to monitor the power ratio of the signal and reference beams in order to
produce an edge-enhanced hologram. This technique is based on the fact that most optical
power of a typical image spectrum resides in the low frequencies. If the intensity of high
frequencies matches the intensity of the reference beam, the intensity of the DC
component significantly exceeds the intensity of the reference. Hence, the modulation
depth (m) of the DC part of the spectrum is low, and the DC is not recorded well in the
hologramI3 . DC suppression could be observed in real-time by retro-reflecting the
reference beam with the flipping mirror through the quarter wave plate. Double passing
of the s-polarized reference beam through the quarter-wave plate resulted in converting it
to a p-polarized beam. The retro-reflected reference, now acting as a probe beam,
diffracted from the grating, producing a phase conjugated beam carrying an edge-
enhanced image that could be observed with a CCD camera. A CCD capture of the edge-
enhanced SLM query image is shown in Figure 5(b). The image appears inverted with
respect to the original because the phase-conjugating system acts as a 4-f system. In our
experiment the SLM query image was edge-enhanced; however for a practical system a
better alternative might be to store edge-enhanced images in the large optical memory
database.

Once the desired level of edge-enhancement was achieved, the quarter-wave plate
and the mirror were lowered so that the cross-correlation signal could be observed on the
CCD camera. The CCD capture of the probe beam is shown in Figures 6(a) and 7(a). We
demonstrated shift-invariance of correlation by projecting query images consisting of two
MIG-25 jets, horizontally translated to the left and to the right by about 100 pixels from
the center in the SLM frame (Figure 6(b)). In the experimental setup with a 250mm FT
lens, this shift corresponded to | A@ | =0.34° angular deviation from the Bragg angle of the

DC part of the image. The correlation signal is shown in Figure 6(c). Vertical
displacement of the image by 100 pixels up and down in the SLM plane is shown in
Figure 7(b) and the corresponding correlation signal is Figure 7(c). We observed a
considerable amount of speckle noise in the correlation, possibly because of scattering in
the PR polymer. Nevertheless, the correlation signal from the PR polymer could be
thresholded to produce an unambiguous spot identifying the location of the query image.
It should be noted that the spatial frequency components in the Fourier plane of
the probe beam might be distributed over a large area, depending on the features of the
image, the beam diameter and the focal length of the FT lens. For example, the Fourier
spectrum of the MIG-25 jet image obtained from a 100x150-pixels size SLM image with
a 250mm lens covers an area of about 4mm in diameter. The real-time VLC architecture
is quasi-phase matched, because only the mean k-vector of the probe beam (essentially
only the DC part of the spectrum) is counter-propagating to the reference beam. Higher



spatial frequencies that carry the information about the image contours are incident at
Bragg-mismatched angles. Thus, the high spatial frequencies will not diffract from the
grating unless their angle of incidence is within the allowed angular bandwidth.
Therefore, it is advantageous to have a real-time material that is both thin and has a large
aperture to capture the entire Fourier spectrum of an image, such as the material that we
used.

In summary, we have demonstrated a real-time shift-invariant VLC with real-time
edge enhancement. The VLC was implemented with a 37p thick triarylamine-based PR
polymer composite operating at 532nm wavelength. A high degree of shift-invariance in
this material is possible because of the material thinness. Large values of the Q and p
parameters indicate that coupled-wave theory is applicable to describing the diffraction
process in this material. The angular bandwidth of this material was measured
experimentally in degenerate four-wave mixing setup. The experimental data agrees with
coupled-wave theory results.
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