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ABSTRACT

Real-time and reusable spatial light modulators are one of the key technolo-
gical components necessary in optical data processors. The purpose of this contract
i{s to investigate the test and evaluation procedures to be used with these new data
processing devices. Specific attention was devoted to the photo-DKDP and the liquid
crystal light valves.

From detailed experiments pertormed on the LCLV, a spatially varving sensito-
metry and contrast ratio and a voltage and frequency dependent sensitometry were
observed. These i{ssues were analvzed, modeled, and theoretically explained. Com-
plete sensitometry, resolution, and noise test data for the photo-DKDP were also
obtained. From these experiments, we tound a field dependent sensitometry of the
Se photo-conductor used in this SIM. This makes the dvnamic performance of the
device superior to its static performance but makes interframe operations such as
image addition and subtraction difficult. A theoretical analysis of this issue
was pertormed and a suggestion to decrease the tield dependence by proper
device doping was advanced. From these extensive experiments on individual devices,
a general test and evaluation procedure for SLMs was formulated. Issues addressed
were sensitometry, resolution, and noise. The appropriateness ot the various test
procedures for resolution and noise measurements to various specific applications
were also noted.

An extensive experimental program was also completed in which the photo=-DKDP
SLM was used as the real-time input transducer for an optical addition and subtrac-
tion system, two optical pattern recognition correlators for text and aerial
imagery, and two optical signal processors for ambiguity tunction computation.
Comparison of the performance of the real-time SLM svstems to similar systems
using film as the input material and comparisons to the theoretically expected
correlation output plane data were also included. In all cases, the real-time SLM
system performed most accurately.
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1. INTRODUCTION

In this final report, we address fiv. major areas of real-time and reusable
SLMs for optical data processing. The importance of these key technological
components in optical data processing systems is well known. As the discipline of
coherent optical data processing matures, it will be essential that all researchers
and customers understand the specifications of these components and that they are
able to properly specify the test and evaluation procedure to be used to obtain
such device data. This program should contribute initial assistance toward this
goal.

In Section 2, we present the first unified treatment of a general procedure
to be used for SLM test and evaluation. The SLM issues addressed in this discussion
include sensitometry, resolution, and noise. This general SLM test and evaluation
procedure emerged from extensive experiments on various SLMs, theoretical and basic
aspects of resolution, as well as detailed physics and materials aspects of SLM
fabrication and operation. The need for unnormalized MTF data with input modulation
and a full description of the experimental procedure used, the concern over differ-
ences between global and local data, and the importance of a rigorous and organized
phase error, noise, dynamic range, and contrast ratio experimental procedure were
noted. Acceptable resolution measurement techniques differ when the active SLM
thickness is large or the photo-conductive layer is thick.

In Section 3, we describe three detailed issues of SLM testing and device
physics and modeling for the LCLV. From extensive tests on this LCLV, we found a
spatially varying sensitometry and contrast ratio for the device and a strong
voltage and frequency dependence (and control) of these parameters. The spatially
varying device performance was analyzed and found to be due to thickness variations

in the liquid crystal layer. Analysis of a model for the LCLV device provided this




information and in addition was useful in obtaining theoretical agreement with our

experimentally observed voltage and frequency dependent device performance.

In Section 4, we present the results of our sensitometry, resolution, and
noise data for the photo-DKDP SLM. In these experiments, a field dependent photo-
sensitivity for the Se photo-conductor was observed. This was then theoretically
analyzed, the reasons for it were ascertained, and a method to reduce this depen-
dence by proper device doping was advanced. This field dependent sensitometry was
shown to make dynamic data superior to static data on this device, but to compli-
cate performing interframe operations, such as image addition and subtraction.

This field dependence may well occur in other SLMs and thus its presence should be
considered in the test and evaluation procedures for all SLMs. The appropriateness
of various SLM resolucion tests to different applications are discussed, as well as
the issues of cone angle, depth of focus of the lenses used and other photo-DKDP
test components.

An extensive application and operation oriented program using the photo-DKDP
SLM as the input transducer was then performed (Section 5). The seven experiments
included: (1-3) performing image contrast reversal, addition, and subtraction on
the SLM; (4-5) the use of the SLM as the input transducer to two optical pattern

recognition systems for text and aerial image pattern recognition and correlation;

and (6-7) the use of the photo-DKDP as the input transducer for two different optical

signal processing systems for ambiguity function synthesis. The results of these
experiments and comparison to off-line results obtained on the same data sets using

film as the input medium (for the optical pattern recognition experiments), as well

as to theoretically expected results (for the optical signal processing experiments)

were obtained with excellent agreement and results. This represented the first

comparison of the accuracy of real-time spatial light modulators in optical correla-

tor systems. These data are included in Chapter 5.
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In Chapter 6, we then summarize our findings and conclusions and recommenda-
tions for future work. The contents of Chapter 2 is an accepted journal paper,
whereas Chapters 3 and 5 involve three other submitted journal papers. A list of
those publications that have resulted from this ETL sponsored program are noted in
Chapter 7.

A firsthand experimental and theoretical test and evaluation program, such as
this one is most necessary. There is no substitute for such firsthand experience.
Also, in any such program, it is expected that many unforeseen and heretofore
unpublished SLM issues will emerge. This program was no exception in this regard.
Although a large quantity of published data existed on both SLMs considered, the
experiments previously reported on these SLMs were generally alwayvs so inadequately
documented or unreported that use of or interpretation of the results of others
was impossible.

A rigorous SLM test and evaluation program is necessary. In this, the measure-
ment and test procedures used and specifically the test system and all of its com-
ponents must be adequately documented. It is also necessary to state why each
component was chosen and why this specific test component chosen was used. Moreso
than just collecting data, the program should include an analysis of why the results
obtained are correct and why they did occur. This philosophy guided the experimen-
tal SLM test and evaluation program reported upon here. In one short vear, many
findings and four journal papers have been produced, plus this report. These are
initial steps that should aid the direction of future real-time SLM and optical

data processing research.




Performance evaluation of spatial light modulators

David Casasent

An experimental test procedure and associated theoretical formulations are described for the evaluation of
spatial light modulators (SLMs) for coherent optical computing. The experimental data included were ob-
tained by us on Hughes liquid crystal and photo DKDP SLMs among others. However, in this paper we ad-
dress only the general procedures to be used to evaluate SLM performance. The detailed aspects of these
tests and their relationships to specific SLMs will be covered in separate papers.

I. Introduction

Optical computing! offers the attractive features
of parallel processing in real time and thus has been of
considerable research interest. It has long been rec-
ognized that to realize these advantages of such systems,
real-time, reusable, 2-D input and often filter plane
transducers are essential. These components are re-
ferred to as spatial light modulators (SLMs).2# Our
present concern will be with the experimental proce-
dures we feel should be used in the evaluation of SLMs.
By this approacn we hope to clarify many of the mis-
conceptions present concerning the use of SLMs, in-
terpreting the published specifications for these SLMs,
devising appropriate acceptance tests for these SLMs,
and the procedures to be used to perform these tests.

The appropriateness of various tests depends on and
varies with the SLM used as well as the intended ap-
plication. Space does not permit an extensive discus-
sion of all SLMs2* or of all optical computing applica-
ticas,! and certainly not extensive discussions of when
each test is appropriate. The reader will thus have to
be content with general remarks (the purpose of this
paper). Experimental results of various test methods
applied to the Hughes hybrid field-effect l:quid crystal,3
photo KD*P (deuterated potassium dihydrogen phos-
phate),*-3 and the Prom? light valves will be included.
The discussions will be such that general conclusions
and procedures to be used emerge that are of use in
general SLM evaluation. Specific discussions of these
data for each individual SLM will be discussed in future
papers.

The author is with Carnegie-Mellon University, Department of
Electrical Engineering, Pittshurgh, Pennsylvania 15213.

Received 23 December 1978.

0003-6935/79/120000-09$00.50/0.

© 1979 Optical Society of America.

Brief descriptions of the three SLMs used are pro-
vided in Sec. II for completeness and to enable future
issues to be better understood. We divide SLM per-
formance criteria into three areas: sensitometry (Sec.
I1I); modulation transfer function (MTF) (Sec. IV); and

noise (Sec. V). This present paper concerns only op-’

tically addressed electrooptical SLMs. More detailed
extensions to electron beam addressed SLMs and to
phase modulated SLMs can be made and will be de-
tailed later.

Il Electrooptical Optically Addressed SLMs

The three major devices that are representative of
this class of SLM! are the LCLV (liquid crvstal light
valve),” photo KD*P,%-8 and the Prom.? The LCLV
consists of over twenty thin film and other layers. [t
basically consists of a photoconductor, mirror, light-
blocking, and LCLV active material layers between two
outer transparent electrodes. In operation, an ac
voltage is applied between the electrodes, and the pat-
tern to be recorded is incident on the photoconductor
at Aw, whereas readout is in reflection at Ap from the
LCLV side of the device.

The structure and operation of photo KD*P are
similar except no light blocking layer exists, and a dc
voltage is present across the electrodes. Other differ-
ences are that the polarity and value of this voltage are
changed during the write (W), read (R), and erase (E)
cycles. The major difference between the LCLV and
the other SLMs is the lack of long term storage in the
LCLV and the need for active erase mechanisms (apply
the proper voltage to-the electrodes and flooding the
photoconductor with light of the proper \) in the photo
KD*P and Prom. Normally Aw =~ 514 nm and A\ ~
633 nm. In all cases, rea:dout through crossed polarizers
is required.

The Prom differs from the prior SLMs in that the
electrooptic crystal is both electrooptical and photo-
conductive. Since no photoconductor layer is present,
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Fig. 1. Global sensitometry curves showing variation with voltage

applied across the SLM.

insulating parylene layers are used to produce the re-
quired spatial voltage division across the active material
proportional to the input Ay irradiance. It is generally
available only in the transmission rather than the re-
flection readout configuration. Even though no di-
electric mirror is present within the SLM structure, it
is still generally used in the reflex readout mode.

. Sensitometry

The representatives of the optically addressed class
of SLMs are all sensitive to either the input light irra-
diance (I) or the light energy (E). The first data re-
quired for any SLM is a sensitometry curve of [,y (in-
cident irradiance at Ayy) vs amplitude (t) or irradiance
(/) transmittance. The former curve (I, vs t) applies
when coherent light is used for readout, whereas the
latter curve (I\w vs 7) is of use in projection display or
similar applications when readout uses noncoherent
light. For the LCLV, both the voltage V applied be-
tween electrodes and its frequency f affect sensitometry.
Such data are shown in Fig. 1 for the LCLV. From
these data, we see that the linearity of response, the
dynamic range, the useful [\w exposure range, and the
I\w threshold at which the device responds all vary with
V and f. For the Prom and photo KD*P only V is
variable because a dc voltage is applied.

We have found that V and f also affect the SLM noise
and the spatial uniformity of the SLM’s response. We
have also found considerable difference between global
sensitometry data (Fig. 1) (obtained by illuminating and
reading a large SLM area) and local sensitometry data
(Fig. 2) (obtained over a small region of the SLM).
Response time, reciprocity data, and other information
on the SLM's dynamic response are also of concern and
often vary considerably from static data and vary also
with the Aw illumination range used and the address
time per point.

A schematic of the basic sensitometry measurement
system used is shown in Fig. 3. The vertically polarized
Ar light from a He-Ne laser incident on the polarizing
beam splitter (PBS) is reflected toward the SLM. With
Ixw = 0, the Ag light reflected from the SLM is also
vertically polarized and /g = 0. As [, increases, the

 elliptical polarization of the Ap light reflected from the

6

SLM increases and so does the reflected /,x component
that passes through the PBS. To obtain local sensi-
tometry data, the spatial variation of such data, and the
effect of V and f choices on noise, linearity, and dynamic
range, we used apertures A, and A, shown in Fig. 3.
For the LCLV, we illuminated the photoconductor side
of the LCLV through only one of the 3-mm? regions of
A, and measured [/, in all nine 3-mm regions of A, as
V. f, and [\ were varied. We denote [,z in the cor-
responding 3-mm? region of A, as signal and the /,;
value in all other regions of A, as noise.

A summary of our results for the LCLV follow. Less
noise was observed as [ was decreased and V was in-
creased. As f was lowered, the noise tracked the signal
at a lower rate. Most important were the large spatial
differences we found in the voltage Vr and irradiance
I\wr threshold differences (at which [,z changed).
Large differences in Vi and I, wr for signal and noise
are desirable. For the LCLV, we found V7 to be lower
at low f with larger signal and noise thresholds at f = 1
kHz than at 10 kHz and with noise tracking the signal
slower at lower f values. The local sensitometry data
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for a 3-mm? region of the LCLV were shown in Fig. 2.
The large 1500:1 contrast ratio and 30,000:1 dynamic
range shown tn Fig. 2 are misleading, since spatial sen-
sitometry variations make the global values (Fig. 1) for
such parameters much less. We have found these
spatial variations to be equivalent to horizontal shifts
of the sensitometry curve or effectively to changes in
[ wr due to spatial variations in the photoconductor,
CdTe/CdS heterojunction diode, and LC thickness
vanations. Thus only global sensitometry data should
be used, with local sensitometry data being of use in
determining the reasons for the obtained performance
and the spatial response uniformity of the device.

The importance of SLLM sensitometry data as a first
step in SLM testing and other aspects of such data can
be seen from Fig. 1. From Fig. 1, we see that the dy-
namic range of the SLM increases with V. For our
application, a large linear dynamic range was desirable,
thus V' = 4-6 Vand / = 10 kHz were chosen as the SLM
operating values. Other applications may require
emphasis of other SLM features. Previously pub-
hished'® LCLV sensitometry data exhibited a knee in
the curve (as in the 8-V curve in Fig. 1). However, as
shown, proper selection of V and / can result in a linear
t-£ curve. This feature by which the shape of the
SLM's sensitometry curve can be controlled is of po-
tential use in various applications such as 2-D optical
analog/digital conversion, halftone screening, homo-
morphic filtering, etc.

From Fig. 1, we find the global and hence useful linear
dynamic range (J\w max// vy min) of the SLM to be
about 1000:1, the contrast ratio /g wax/J & mia t0 be
70:1, and the desirable /\w bias level (center of the
linear portion of the curve) to be 70-100 uW/cm?.

The photodetector used to measure /5 places a lower
limit on these curves. For our case, [\ mia Was 70
nW/em?, t o was 0.78%, and 7, was 0.6%. The de-
tector used in such sensitometry tests and the /,y range
used should of course he compatible with the levels
present during the SLM’s intended application. The
22% transmission loss observed (¢ yax = 78%, Thax =
607%) was attributed to incomplete reflections from the
dielectric mirror within the LCLV structure, to nonideal
alignment of the LCLV molecules, and to the inability
of the device to rotate completely vertically polarized
input \g light into horizontally polarized Ay reflected
light. Lens and PBS losses have been compensated for
in the data of Figs. 1 and 2.

Because of the hybrid field effect used in the LCLV,
the \g wavelength used must be matched to the thick-
ness of the LC layer to optimize contrast ratio.\:12 For
other SLMs, Ag must be chosen to reduce the destruc-
tive effects of reading on a stored image. For other
SLMs operated with dc voltages, we have found the
dielectric mirrors to pass considerable \g light thus
degrading a stored pattern while it is being read. Al-
though readout through a crossed polarizer/analyzer or
PBS system is theoretically optimum,'''? we have
found the use of separate polarizers and analyzers ori-
ented slightly off from 90° to increase resuits and the
flexibility of the measurement system.

For integrating or storage mode SLMs such as
photo-DKDP, we have found that extra care should he
taken in acquinng sensitometry data. Specifically, in
the photo-DKDP light valve, we have observed a strong
dependence of the photosensitivity of the Se photo-
conductor to the potential gradient present across it.
As a result, when long exposure times and low / v light
levels are used, the SL.M's sensitivity to the initial and
later photocarriers differs considerably. In such cases,
one can obtain very different sensitometry data de-
pending upon the wnite light exposure time used. As
usual and here especially, the test conditions should
duplicate those present in the SLM's actual applica
tion.

IY. Modulation Transfer Funcllon_(MTF)

The MTF of an SLLM or any device used in an optical
processor i1s one of the most important but seemingly
least understood or most misused parameters. We have
analvtically and experimentally evaluated over eight
different MTF tests. Only the most useful ones are
discussed here. The appropriateness of various MTF
tests depends upon the specific SLM and its intended
system application. A discussion of MTF and defini-
tions might appear too tutorial, but is vital to provide
an adequate framework for the MTF data to follow.

A. Theoretical Formulation

We assume the pattern recorded on the SL.M to be a
sinusoid at spatial frequency u (in 1-D for simplicity).
We first clearly distinguish between amplitude m  and
irradiance m; modulation by describing the SL.M's
transmittance by

x) = (1 + my cosdru x), la)
) = (14 myocosdru n)’, (i

where ¢ and r denote amplitude and irradiance trans
mittance, respectively. If a reconstructed image of a
test pattern recorded on the SLLM is formed using the
SLM as a relay and the detected output pattern s
scanned, the measured modulation is

memy & (e = lamdiUnaa * L), )

where [, and /,,, are the measured quantities (the
maximum and minimum irradiances in the recon-
structed image). A binar mage such as the 3-bar Air
Force resolution chart is us d as the test pattern in such
a test,

If noncoherent illumination is used in the above
imaging modulation test, the detected pattern (that is
scanned to determine / . and /) 18 7. Il the image
reconstruction is performed in coherent light, the de-
tected pattern is [¢|% Since r = [¢|2 no difference
should result, and m, = m, defined by Eq. (2) is ab-
tained. In practice, the MTF and OTF of the associ-
ated imaging optics used affect the observed output
patterns in the coherent and noncoherent illumination
cases, respectively. Since the MTF of a svstem is su
perior to its OTF, coherent illumination is recom
mended for any such imaging test (when the modulation
of the SLM alone rather than of the entire svstem, in




cluding lenses, is desired). We have consistently ob-
tained higher modulation values when coherent rather
than noncoherent illumination was used.

Amplitude modulation m is the desired MTF pa-
rameter in coherent optical processing application. We
can relate m4 to m; as

A,‘u. - Al = 2m, h¢ @)
1L+mj
which follows directly from the definitions in Eqgs. (1)
and (2).

However, this relationship is valid only for monotone
inputs, and m; is best obtained in a coherent image re-
construction experiment. We can always obtain m;
from m, using Eq. (3).

It is also possible and often preferable to measure m
from the Fourier transform of Eq. (1). For this case, we
use ¢ in Eq. (1a) to describe the transmittance of the
SLM. The amplitude of the Fourier transform of Eq.
(la) is

T(u) = Ag[dlu) + (ma/2)é(u + u). 4)

The irradiances [ and [, of the dc and each first-order
term are easily measurable in the Fourier plane. From
Eqs. (1)-(4), these are related to m and the measurable
quantity [,/I, by

Io/l, = (m4)?/4, (5a)
my = 2(1,/I)"3, (5b)
= /)2 (5¢)

v ;

The classic MTF as defined is a plot of normalized
modulation m,,:

Mg lu'V/migu)
e
Mg 0)/m i, (0)

vs the input spatial frequency u’. The measurable
quantity in Eqs. (5) is m,,,. [t generally decreases as
u’ increases. One generally normalizes m by dividing
it by its maximum value m,,,(0), which occurs at low or
zero spatial frequency (for deformable SLMs with
bandpass MTFs, alternate normalizations are required).
Further normalization by m;,(u")/m,(0) is used when
the modulation m;,, of the recorded pattern is not 100%
and when m,, varies with the recorded spatial frequency
u'. Thus, for this classic MTF plot, m, varies from |
to 0 as u’ increases from 0 spatial frequency.

For reasons we amplify later, we have found the use
of an unnormalized m vs u’ plot to be preferable. We
thus plot m vs u’, where

(6)

Mg’ .
minlu’)/min(0)
For coherent optical systems, an unnormalized ampli-
tude MTF m, vs u’ is used. Generally, we advocate
that normalization by the input modulation not be used,
rather a plot of

(Ta)

m=m,(u) (T

vs spatial frequency u’ be provided and the constant
input modulation be specified. For imaging applica-

tions in noncoherent readout light, an unnormalized
irradiance MTF curve of m; vs u’ is appropriate. If m
is measured in an image plane, Eq. (2) is used; if the
measurement is made in a Fourier plane, Eq. (5) is used.
In practice, MTF as defined is really a contrast transfer
function (since the phase of the imagery is neglected).
However, the above definitions have become common
of late and relate directly to the intended device pa-
rameter we wish to describe and quantify. We will thus
still refer to a plot of m vs u as MTF.

For deformable SLMs and phase modulators, the
MTF has a bandpass response and m,,(0) = 0 and m
= 0if t is described by Eq. (1). Thus MTF as described
by Eq. (6) is not usable for such devices. Rather, the
diffraction efficiency n of these devices is specified. For
these SL.Ms, 7 is the product of the fraction of the input
light in one first-order usable for modulation and the
amount of average input light that can be dlffracted into

one first-order. Thus
m$/4 l#m‘/'. mi -
(
1+ min (l+mA)‘ L+ my?
1=l =mine :
S e . L oL -

[L+my+(1= mj)lf‘-‘]'*: 16
In Eq. (9), m, is defined by Eq. (6), and m;, = 1 and
mou(0) = 1 are assumed. The final approximation in
Eq. (9) is usually made. This is only valid for small m,,
and is not appropriate since n = Y4 when m, = 1.
However, Eq. (9) is still used to extrapolate MTF from
n data since low n values look more impressive when
expressed as an MTF.

B. Sensitometry Effects

Three aspects of SLM sensitometry affect MTF.
From Figs. 1 and 2, we see that the device's / \\y region
used should be linear if linear modulation is desired and
should cover a large range if optimum modulation is of
concern. Toachieve either result, control of the average
I\w avg write light and/or the input bias light level
I\W bias 18 needed. The recording mechanism used to
address the SLM in its intended actual application and
the type of input data to be processed affect the bias
level and contrast ratio that will actually be present in
the input data. For example, reflective aerial imagery
usually has a higher bias level and lower contrast than
other imagery, whereas signal processing applications
usually demand a large dynamic range and linear re-
cording.

A second effect of SLM sensitometry arises when
linear recording (a linear relationship between ¢ and
I\w) is of concern (e.g., as in many signal processing
applications). In these cases, use of the proper region
of the device's sensitometry curve is vital. The most
appropriate method we have found for obtaining linear
MTF data is interferometrically (Sec. IV.D) by mea-
suring the second-order Fourier term (/) as well as /
and /,. By adjusting the input bias and modulation
levels until /5 is 20 dB below /,, we can insure that in-
terharmonic distortion is below 1%; we then note that
a 1% linear MTF results. Other [,/]; ratios vield MTF
data with other degrees of linearity.




The effect of gamma v (the slope of the SLMs 7 —
[\w curve on log-log axes) on MTF is the final effect of
sensitometry on MTF that we consider. To include this
effect, we assume an irradiance transmittance for the
SLM of the form

1(x) = ro(]l + m; cos2ru'x)"". (10)

The Fourier transform of the binomial expansion of ¢
= 712 can be manipulated to relate /,//, to m; and ¥ by
Ref. 9:

myp = (4/y W\ /I3 (1

From Eq. (11), we see that an SLM with v = | vields
twice the irradiance MTF of an SLM withy = 2. In
most cases, it is inappropriate to separate Yy and MTF
effects, except when comparing theoretical and exper-
imental resolution data.

C. Imaging MTF

The most used and in some sense the simplest mea-
sure of SLM resolution and MTF is obtained by imaging
a resolution chart (such as the 3-bar Air Force test
chart) onto the SLM, reconstructing the image of the
test pattern using the SLM as a relay device, and then
scanning the reconstructed image with a photometric
microscope. We then measure [ ,;,, and [ 4« for each
group/element in the reconstructed image of the test
chart; m,(u) is thus obtained from Eq. (2), and an
MTTF curve defined by Eq. (7b) not Eq. (6) is plotted.
m4 or my is used depending upon the application.

Examples of several experimentally obtained un-
normalized imaging MTF curves for the LCLV at dif-
ferent voltages and frequencies are shown in Fig. 4.
The modulation of the imaging optics used was mea-
sured to be unity, whereas m;, for the test chart was
found to be 0.9 out to 80 cycles/mm. The MTF data
presented have been normalized for these values as in
Eq. (7b). These initial MTF curves serve to demon-
strate several vital aspects of MTF data. First and
foremost, unnormalized MTF data must be used since
m is then directly the fraction of the input light that is
usable for modulation. To demonstrate this, we select
the m = 0.4 point on both curves. This corresponds to
some given amount of usable output light. From Fig.
4(a), we find that we can obtain this amount of light for
an input spatial frequency of up to 19 cycles/mm;
whereas for the V and f settings used in the Fig. 4(b)
data, we can obtain this amount of light only up to 13
cycles/mm of input data. If both curves were normal-
ized, such comparative data would not be present.

Another obvious remark concerning data acquisition
is that the MTF data should be continued to low enough
spatial frequencies that three approximately equal and
constant modulation values result. This is of utmost
importance if the MTF curve is normalized. The third
issue concerns the SLM resolution one reads from such
data. The limiting SLM resolution at m = 0.05 is often
given but is rarely appropriate for use because of the
negligible light levels available at this low modulation.
Only a light budget analysis for the full actual system
can answer what SLM modalation is necessary. We

advocate the use of unnormalized MTF data and that
the resolution be given at the m = 0.5 or 50% modulation
point. In addition, we note that the input /,w bias
value and the true input modulation used be provided
if any MTF data are to be of use at the system level.
Examples of such data follow in Sec. IV.D.

Other peculiarities of MTF data depend on the spe-
cific SLM being tested. For the LCLV, we obtained
MTF curves for various control voltages and ac
frequencies and found the MTF to be better at higher
(10-kHz) frequencies. This appears to be due to the
increase in the ratio of the transverse-to-longitudinal
impedance of the LCLV with frequency. Another
specific feature of the LCLV is the effect that the Ay
choice has on the device's performance. To reduce the
off-state transmittance of the SLM, the thickness of the
LC layer must be properly adjusted, because the twisted
nematic effect determines the off state. The thickness
of the LC layer in the LCLV we used was optimized for
Ag =633 nm. We can partly attribute the lower mod-
ulation and resolution obtained in Fig. 4(b) compared
with Fig. 4(a) to the broadband Ay light used in the one
case. Other MTF tests performed on the LCLV with
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\g = 514 nm vielded even poorer modulation and res-
olution.

Qur objections to an imaging MTF test are many.
The test is subjective and plagued by operator attitude
and error.  This is due primarily to the degree to which
the input data can be focused onto the SLM. More
important, since the test patterns used (3-bar Air Force
chart) are binary, this type of test does not investigate
the gray scale resolution or linearity of the SLLM. Fi-
nally, the input bias light level and input modulation
are not easily variable in such MTF tests.

0. Interterometric MTF

For the reasons noted above, interferometric MTF
data are preferable to imaging MTF data for reasons of
both experimental ease and data content. The inter-
ferometric MTF data acquisition system used is shown
i Fig. 5. In this architecture, the interference pattern
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ol two plane waves of irradiances / 4 and /4 inclined at
an angle # is recorded. The subsequent amplitude
transmittance is

to ot lnt 20040 condnu v a

where u = dr(sint)/ \ is the spatial frequency of the
recorded fringe pattern in cveles, mm.  From Eqgs. (1),
(1D, and (2), we find

Wl 2RVE

My ® ————— W mem— amn
Y +ulydn) 1+R

From Eq. (13), we see that by varving the ratio £ of the
intensities of the two beams, we can control m. By
controlling g = [y + [x, we can vary the bias point
chosen on the SLM's sensitometry curve. By varving
! by changing the tilt angle of mirror M, the spatial
frequency u can be changed. The Fourier transtorm
of Eq. (13) can then be scanned by a (iber optic probe
(FP), photometric microscope, and photomultiplier
(PMT) system.

This system topology of Fig. 5 thus allows us to vary
easily the bias level, spatial frequency u , and modula
tion m of the input tringe pattern. Of further concern
is the fact that the sine wave pattern in Eq. (13) 1s au-
tomatically in focus over the entire thickness of the
SLM, thus completely overcoming any input focusing
errors that could arise in an imaging MTF system. To
obtain the MTF of the SLM, we can monitor /[y and /,
in the Fourier transform of Eq. (13) for different «
nput spatial trequencies and apply Eq. (5b) or Eq. (5¢)
to determine m. Equation (7b) is then used to obtan
the MTF plot of m vsw .

Two such MTF curves are shown in Fig. 6 with
shightly ditferent m, and /. levels. These two curves
vividly demonstrate many of the MTF remarks ad-
vanced earlier.  The effect of a slight 18% change in m
ot MTF is seen to be dramatic.  With a lower m,,, less
of the SLM's sensitometry curve is used and the reduced
m shown results. The need to specity MTF test con-
ditions ([ and m ;) s thus apparent.  Similarly, only
through unnormalized MTF data, as shown, do these
differences appear. In the lower curve in Fig. 6, we find
a lower peak m (due to the lower m \): but the resolution
(at 50% of the peak m value) is found to be larger (17
cveles/mm) for the lower m,, = 0.82 case than for the
larger m,, = 1.0 case (32 cveles mm). However, the
unnormalized MTF data of Fig 6 clearly convey the
point that more usable output light is always present
with the larger m,, value. Such results would not ap-
pear in MTF dataif the normalized MTF definition in
Eq. (6) were used. Similarly, the relevance of these data
would not be of use unless /4 and m, were specified
as done in Fig. 6. p

We refer to the data of Fig. 6 as a nonlinear MTF
curve. A linear M'TF curve tor the same LCLV SLM
is shown in Fig. 7. To obtain these latter data, /; was
monitored as well as [ 1. By keeping [; below 7, by
20 dB (by reducing m , and adjusting / ¢ accordinglyv),
we can ensure that the SLM's resultant MTF 1s linear
within 1% (i e., less than I% interharmonie distortion)
With [ adjusted to hie in the center of the hinear por
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tion of the SLM’s sensitometry curve of Fig. 1 and with
m,, reduced to 0.79, the curve of Fig. 7 results. The
resolution at m = 0.25 (50% of the peak m = 0.5 value)
1s seen to be 32 cycles/mm. The modulation at 32 cy-
cles/mm 1s below that obtainable for nonlinear SLM
operation in Fig. 6 as expected. Only such fully docu-
mented and unnormalized MTF data are of use in de-
ciding on the performance to be expected of an SLM in
a given application as well as in comparing the MTFs
of different SLMs.

The effect of modulation on the performance of an
optical correlator 1s rarely quantified, but is of major
concern in determining the usable SLM resolution in
a system scenario. For example, an irradiance modu-
lation of 10% is equivalent to an amplitude modulation
of 5%. The resultant peak intensity in one sidelobe in
the Fourier plane pattern 1s 32 dB below dc. This
represents an intolerable loss in most cases. Such light
level budget analyses are needed for each specific ap-
plication to determine the necessary svstem perfor-
mance. The output detector used greatly affects such
system data.

E. Depth of Focus

Interferometric MTF data are more reproducible
than imaging MTF data and include grav scale and
linearity information on the SLM. [t has thus become
the most used MTF data acquisition method. How-
ever, because of the infinite depth of tield of the re-
corded fringe pattern (the feature that makes this MTF
method easy to perform), this test mav vield different
results than one would obtain in the SLM's actual sys-
tem application. The actual depth of tocus of the in-
terferometric fringe pattern is etfectively the thickness
of the phetoconductor laver (10 um) for photo-KD*P
and the LCLV. However, the Prom crystal is thick
(500-900 um) and both electrooptic and photocon-
ductive. For such devices, the depth of focus of the
interferometric pattern s effectively the crystal's
thickness.

Interferometric MTF data will be valid only if the
SLM’s actual data recording system has a depth of focus
comparable with the thickness of the photoconductor
or crystal (depending upon the SLLM).  In addition, for
an SLM such as photo-KD* P with a 10-um thick pho-
toconductor layer, interferometric MTF data are only
valid up to 50-¢ycle/mm input spatial frequencies (the
reciprocal of 2 X 10 um) and only if the depth of focus
of the data recording system in the device's actual ap-
plication exceeds 10 um. When the SLM is used in the
frequency plane and interference patterns such as a
matched spatial filter' or joint transform'* are recorded
on it, the interferometric MTF is, of course, valid.
When the SLLM is used as an image plane transducer,
the infinite depth of focus assumption is not always
valid. If low f-number optics are used, care must be
taken that the thickness of the photoconductor does not
exceed the depth of focus of the actual recording optics
used. Nor f-number optics with a 10-um spot size, the
depth oi focus is

11

depth of focus = 2 (/- number)(spot size) = 80 um (14)

I the photoconductor’s thickness tor the active crystal
thickness for the case of the Prom) exceeds this 80-um
value, interferometnic MTY test data are not appro-
priate. In actual use, the MTF will decrease because
of overlap of the light cone away from focus. In sum-
mary, interferometric MTF data will yield the best
possible SLM resolution and modulation. Whether
such SLM performance 1s actually obtainable depends
upon the specific way the SLM 1s used in the actual
system application,

F. Alternate MTF Tests

The usefulness, ease of implementation, and repro-
ducibility of over eight MTF tests were evaluated
first-hand on over four different SLMs during this
program. MTF tests that required sine wave input
transparencies of various spatial frequencies and LFM
Sayce charts of linearly varying spatial frequency were
found to sutfer from lack of inputs of adequate preci-
sion. Correlation-based MTF tests'® were found to be
plagued by low light levels and diffraction efficiency
(i.e., the problem became one of measuring detector
accuracy rather than SLM performance).

One attractive MTF test that is appropriate for
evaluation of SLMs in system applications in which
data are written sequentially on the SLLM by a scanning
recording device 1s the edge or gradient MTF test
method.'8 '™ Insuch a test, an edge is imaged onto the
SLM, and its reconstructed image (using the SLM as
a relay device), is scanned. These data are then
smoothed and can be corrected tor the SLM's sensi-
tometry curve if appropriate. Diftferentiation of such
an edge image results in the SLLM's line spread function.
The Fourier transform of this line spread function is
then the SLM’s optical transfer function, whose mag-
nitude is the device’'s MTF. The operations of
smoothing, sensitometry correction, differentiation,
Fourier transformation, and magnitude calculation on
the edge image are generally performed in digital elec-
tronics. This results in a rather indirect MTF calcu-
lation.  Thus tact plus the requirement that the system
be space-invariant in the image analysis domain (optical
systems are in fact space-variant)' 2! tend to reduce
the potential appropriateness ot this MTF analvsis
method. [n time, dedicated hardware and software
advances may change this observation.

V. Noise

The third and final aspect of SLM evaluation to be
discussed is that of SLM noise. We distinguish four
types of noise: distortions; phase; and scatter and sig-
nal-dependent noise.

A.  Distortion

Distortion 1s of concern when linear recording is re-
quired. MTF data with control of the interharmonic
distortion level can be measured by the linear inter-
ferometric MTF technique described in Sec. IV.D
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Fig. 8. Interferograms of the OPD of an SLM:

kHz.

B. Phase Error

Phase errors are of utmost concern in coherent optical
correlators. Slowly varying phase errors or linear phase
errors are not of major concern except in optical corre-
lators. Such error sources in coherent optical com-
puters are best described by optical path difference
(OPD) maps.2-2¢  Such OPD plots must be provided
for all input spatial frequencies and aperture sizes to
characterize completely a coherent optical system.>?
To relate these phase errors to the accuracy of an optical
processor, 2-D spatial QPD maps are necessary.’!
Techniques for easily acquiring such data have been
previously reported.>*?4 Accurate analysis of such data
requires one to model the optical processor and its
components as a space-variant system.!9-2! Thus, to
obtain quantitatively meaningful SLM phase error data,
one must acquire spatial OPD data on the SLM rather
than the rms OPD data characteristically available for
such components. In summary, it is not the average
phase error that matters, but rather how this phase error
is distributed.

In obtaining any type of SLM data, even rms OPD,

the test should be performed with voltage applied to the |

SLM (Fig. 8(b)}, since often a considerably different
QPD phase error results than if no voltage is applied to
the device (Fig. 8(a)].

C. Scatter Level

The surface roughness and cosmetic imperfections
of the SLM generally manifest themselves as random
phase errors of high spatial frequency. These noise
sources predominantly contribute to the system's
background noise level or scatter level. We refer to this
as scatter level noise. It directly affects the maximum
obtainable system dynamic range. The extent of this
noise source is most easily measured by imaging a
square aperture onto the SLM and scanning its Fourier
transform pattern. Such a cross-sectional Fourier scan
is shown in Fig. 9(b). For comparison purposes, the
Fourier transform of an empty square aperture obtained
using the same lens system is scanned [Fig. 9(a)]. Care
should be taken to extend the Fourier plane scan out to
several hundred sidelobes until the pattern’s expo-
nential decrease stabilizes.

From Fig. 9(a), we find that the scatter level of the
optical system alone {Fig. 9(a)] exceeds 40dB atu = 4

cycles/mm and is within 1 dB of the theoretical value.
Comparing Figs. 9(a) and 9(b), we see that the presence
of the SLM (the LCLV for this data) results in an in-
creased scatter level 3-5 dB above the theoretical value
and above that of the optical system alone.

D. Signal-to-Noise Ratio (SNR)

Signal dependent noise or the ratio of signal to noise
level (in the same spatial frequency band) is often of
more concern.  We have found two methods to be of use
in obtaining such data. The first is to record a
square-wave pattern on the device by imaging an ac-
curate test pattern onto the SLM. A scan of the Fourier
transform of this input square wave is shown in Fig. 10
for a 5-cycle/mm square wave recorded on the LCLV.
This pattern shows Fourier components at both even
and odd harmonics of the fundamental frequency of the
square-wave grating. The amplitudes of these Fourier
components are all within 1 dB of the theoretical values
found from a Fourier series expansion of the input
pattern. Our present concern is with the measurable
null depth of this pattern. From Fig. 10, we see that the
system’s dynamic range, including all SLM noise, is a
maximum of 52 dB even with an input signal present.
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Fig. 9. Cross-sectional scan of the Fourier transform of a square
aperture for scatter-level noise tests: (a) empty aperture; (b) SLM
in aperture.
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transform of a square wave recorded on the SLM, (b) plot of SNR vs

spatial frequency obtained from Fourter plane data of interferome-
trically recorded sine waves.®

Since the amplitude of increasing Fourier orders of
the square wave decreases, whereas the noise level re-
mains essentially constant, true SNR is not obtainable
from such data. However, true SNR can be measured
by interferometrically recording a sine wave on the SLM
and investigating its Fourier transform pattern for
various input spatial frequencies «’. The maximum
obtainable [/[; ratio or the {, to scatter level ratio ob-
tainable in the Fourier plane will then provide us with
the SNR of the SLM vs spatial frequency «’. An ex-
ample of such data is shown® in Fig. 10(b) for the LCLV.
The increase in SNR with spatial frequency occurs be-
cause the system's scatter level decreases taster with u
than the SLM’'s MTF. Care should be taken to mea-
sure such [, [» and scatter levels with an area photo-
diode detector whose size equals the diffraction limited
spot size of the Fourier transform system used.

VI, Conclusions

As aptical computing and SLLM technology mature
and as more coherent optical processing systems are
fabricated and delivered, the specifications and testing
of the SLLM components (so vital to such syvstems) must
be standardized. We feel the procedure described in
this paper and demonstrated by experimental confir-
mation provide a necessary first step toward such
ends.

Many agencies contributed to the studies summa-
rized herein. These include the Ballistic Missile De-
fense Advanced Technology Center (contracts DASG-
60-77-C-034 and DASG-60-78-C-0054), the US. Army
Engineer Topographic Lab (contract DAAK 70-78-
C-0076), the Air Force Office of Scientific Research
(contract AFOSR 75-2851B), and the Otfice of Naval
Research (contract 366-005). The author recognizes
James Morns and Sanjiv Natu for obtaining the ex-
perimental data contained herein and Demetri Psaltis,
Thanh Luu, and B. V. K. Kumar for many valuable
technical discussions.
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3.1 SPATIAL VARIATIONS IN A HYBRID FIELD-EFFECT
LIQUID CRYSTAL LIGHT VALVE

Abstract

Spatial sensitometry variations in a liquid crystal light valve are studied,
as well as signal induced noise and differences in global and local contrast
ratio. The device's off-state is investigated and spatial variations in the
thickness of the LC layer are used to quantify the results obtained. Operation
with low frequency applied a.c. voltages appears preferable from noise consider-
ations, whereas operation at high frequency appears preferable for improved
uniformity.

PACS CODE NOS: 85.60.-q, 35.60.Pg

3,1.1 Introduction

The a.c. liquid crystal light valve (LCLV) [1] employing the hybrid field
effect [2] has received considerable attention as a real-time and reusable spatial
light modulator [3] for optical data processing [1]. In these applicationms,
uniform response and high contrast ratios are more important than in display
applications. In this paper we consider spatial variations in LCLV response
uniformity (Section 3.1.3), LCLV noise (Section 3.1.4) and distinguish between
global and local contrast ratio data (Section 3.1.5). In Section 3.1.6, we quan-
tify the experimental results found in Sections 3.1.4 and 3.1.5 with an analysis
of the device's off-state. We conclude that the observed spatial sensitometry
variations and differences in global and local contrast ratio values are due to
variations in the thickness of the LC layer and how these spatial variations can

be reduced.
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3.1.2 The LCLV

The LCLV we used [1,2] consisted of a CdS photo-conductor, CdTe light block-
ing layer, dielectric mirror, and 2.74pm thick LC layer all sandwiched between
transparent indium-tin-oxide electrodes. Initially, all LC molecules in this
device are parallel to the electrode faces and normal to the z axis (light propa-
gation direction). The LC molecules in successive layers exhibit a 45° contin=-
uous twist (in the plane of the entrance electrode) over the thickness d of the
LC layer. Data is written on the device by illuminating the CdS side of the LCLV

with A, = 5l4nm light of intensity wa. Readout is in linearly polarized A

W = 633nm

R
light in reflection from the opposite LC side of the device. The reflected read

light IXRO is measured through crossed output polarizers. The off-state (I 0

ARO
or transmittance t = 0) is determined by the twisted nematic effect.

When an a.c. voltage V at frequency f is applied across the electrodes and
some wa is present, the LC molecules tilt away from the plane of the entrance
electrode. The birefringence of the LC then determines the on-state transmittance

vS. IAW [1,4,5]. Our concern in this paper is with the off-state of this LCLV

device.

3.1.3 Spatial Sensitometry Data

One of our initial concerns were the spatial uniformity of sensitometry data
and contrast ratio values for this LCLV. To obtain such data, the test system of
Figure 3.1 was used. An Argon-ion and He-Ne laser served as the write (Aw) and
read (AR) sources, with readout in reflection through a polarizing beam splitter.
For local sensitometry and contrast ratio data, apertures Al and A2 with nine 3mm
diameter holes (arranged in three rows with three holes per row) were used in the
write and read beams. With only one 3mm diameter region of the LCLV illuminated

with I = light, the I

AW was read as

ARO light in the corresponding 3mm aperture in A2

I w vas varied. By varying the spatial location of the 3mm diameter region of the




LCLV on which data was written (and read), the device's local sensitometry curve

(transmittance 1 Vvs. I\w) resulted. Variations in these curves for different 3mm
LCLV regions provide the desired spatial uniformity data on sensitometry.

The results of such an experiment showed that the peak 1 ocr :rred at the same
I\w value for all 3mm LCLV regions. But for lower I\w values, differences of =30%
were found in v in various regions with the same I\w input write light. To in-

vestigate these spatial uniformity variations, several other experiments were

performed.

3.1.4 LCLV Noise

With only the central 3mm hole in A1 of Figure 3.1 illuminated with constant
wa = 75uw/cm® write light intensity, the reflected readout from the central 3mm
hole 5 in Az (and hole 2 in A2 directly above the center of the LCLV aperture)
were measured as V across the entire device was varied. We denote the output

from hole 2 as noise. In Figure 3.2, we show I for these signal and noise

ARO
outputs as a function of total a.c. voltage V applied to the LCLV for two fre-
quencies (lkHz and 10kHz) and as a function of frequency for V = Sv. From these
data, we note that:

(a) The V threshold at which I\ starts to increase is larger for

RO
the noise than for the signal (see Figures 3.2a and 3.2b).

(b) The noise tracks the signal, but the noise appears to be inde-

pendent of f, whereas signal response improves as f is decreased.

A large difference in the V thresholds for signal and noise is desirable.
Similarly, it is desirable that the noise track the signal at a slower rate. Thus,
from these data, operation of the LCLV at lower a.c. frequencies and higher vol-
tages appears to result in superior overall SNR. Fraas, et.al., [6,7] noted that

increased a.c. frequency f results in a more spatially uniform t vs. I curve.

AW

This is expected since at higher a.c. frequencies, the capacitive rather than the

resistive effects of the layers in the LCLV dominate the device's performance.

{
|
4
|
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Since these capacitive terms are controlled by the thicknesses of the various
layers in the LCLV structure, and since these thicknesses can be well controlled
in thin film fabrication, more uniform response is expected at higher f. 1In
addition, the higher capacitive currents should dominate the sheet-resistivity
spreading currents at higher f, thus reducing charge spreading and improving
device resolution. These remarks may well apply to the CdS-CdTe layers as
analyzed by Fraas, et.al. But for the entire LCLV (including the LC layer), our
data of Figure 3.2 indicates that less charge spread coupling and an improved SNR |
results when the control voltage is operated at a lower a.c. frequency f. The

effects of V and f changes on Ix and 1t on the signal component noted in Figure

RO
3.2 were verified and explained earlier [8] by us, as well as the effects of V
and f on the shape of the LCLV's sensitometry curve and the observed shifts in the
curves with different V and f choices [8]. Thus the signal data in Figure 3.2

appears to be correct and explainable. Hence our experimental observation noted

above on LCLV noise appears to be valid.

3.1.5 Global and Local Contrast Ratio

For all local sensitometry data, I W and IA were measured with a fiber optic

A R

probe connected to a photo-metric microscope and PMT with the apertures A1 and A2

in place as in Figure 3.1. For all global sensitometry data, apertures A1 and A2

were removed and I measurements were obtained using a lem? LCLV area and

R
2

a lcm” photo-diode detector. A local sensitometry curve for a 3mm diameter area

AW and Ix

of the LCLV is shown in Figure 3.3. From the I axis of this curve, we find a

ARO

local contrast ratio of 1500:1; whereas from the horizontal axis we find a dynamic

range of 30,000:1. Clearly, obtaining such performance requires excellent detec-

tors and is only possible on a local basis (in isolated 3mm diameter areas of the
LCLV). The global sensitometry curve for the LCLV at the same (6v, 10kHz) operat-~

ing values showed only a 100:1 contrast ratio. Cauvtion should thus be made in all

[ spatial light modulatcr evaluations [9] to separate local device performance from
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global device specifications and to consider spatial variations or uniformity in

all device parameters.

3.1.6 Discussion

Many factors affect global and local LCLV data and the spatial uniformity of
the device. For the LCLV substrate, a uniform dark current is needed when V is
present. The capacitive impedance of the CdS dominates this at high f and its
uniformity is determined by the uniformity of the thickness of the CdS. As shown
in References 6 and 7 the thickness uniformity of the CdS appears to be excellent
and easily realized by control of the geometry of the sputter process. At low f,
the resistive impedance of the CdS and its stoichiometry and doping uniformity
dominate. The main source of non-uniform spatial response of the LCLV appears to
be spatial variations in the thickness of the LCLV layer. Such thickness varia-
tions result in spatial variations in the off-state transmittance of the LCLV.

The constancy of the I value at which 1 saturation was observed in the experi=-

AW
ments described in Section 3.1.3 lends further credence to this assumption.

To quantify the results obtained, we thus considered the off-state trans-
mission of an LCLV using a twisted nematic LC molecule arrangement. Many authors
have analyzed the transmission of a twisted nematic laver. Grinberg and Jacobson
[10] approached this problem by a recursive analysis in which discrete twist
angles were assumed for the various LC molecule layers throughout the crystal
thickness d. Mclntyre and Snyder [ll] assumed a continuous z axis twist and em-
ployed a more sophisticated coupled mode analysis to obtain a most general result.
A Poincare sphere analysis [12] likewise results in analogous results for t in the
off-state.

We denote the total twist angle for the LC layer by a and the total phase
introduced between the two birefringent components of the wave by 8 = 2w(idn)d/\,

where An is the total index of refraction difference. Then the general result in

Reference [11] reduces to

= AAMse;.JI‘




l -cosn
o = (1)
gt 2y2 + 1 + cos n

where n = (4u2 + 32)5 and y = (B8/2a). Eq. (1) represents a closed form solution.
i With appropriate approximations, this expression reduces to the result presented

in Reference [10].

2
e 2x él cos B) )
f 1-2x“(l-cos B8)
where x = Y%y. To obtain minimum t (in the off-state), we require (l-cos B) = 0
or 8 = 2rk, (where k is an integer which obviously determines the thickness d of

the LC layer. With t small (desirable) for small x and with x small, we apnroxi-

mate (2) as in Reference [10] by

T =- 2x2 (l-cos B) , (3)

off

from which we obtain the condition in References [10-12] that (l-cos B) = 0 is
desired.

Expanding (l-cos 8) for 8 = 2nk, we obtain

t .. = x2(p-2xk)T = a>(88%) /8" (%)

off

where (B8-2nk) is the error AR in B and a = 2(7m/4) is the total twist angle ¢ for our

LCLV. From these manipulations we can express the off-state transmittance Toff in

terms of the fractional percent variation Ad in the thickness d of the LC layer as
VT o= a(aB/B) = (n/2) (AB/B) = (n/2) (ad/d) (5

since 8 = 2rAnd/\. From (5), we see that a 5% spatial variation in the thickness

3

of the LC layer (i.e., Ad/d = 0.05) results in a minimum v = 6.16 x 10 ~ and

off
hence a maximum contrast ratio for the device (assuming as in (1] that Son 0.8 or
80% of the peak Tow. 1) of 130:1. Similarly, a 1% spatial thickness variation

( d/d = 0.01) results in a Toff ™ 0.2465 x 10‘3 and a maximum contrast ratio of

3250:1.
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From an interferometric optical path difference measurement of the LCLV in
reflection readout, we found a one-way optical path difference of A/4 for the
LCLV in reflection readout. This is equivalent to a 5.25% thickness variation,

a transmittance T £ 8.23 x 10—3 and a maximum contrast ratio of 97:1. This is

of
in excellent agreement with our observed 100:1 global contrast ratio for the LCLV.
The observed 1500:1 local contrast ratio (Figure 3.3) is equivalent to a thickness
variation of 1.48% over the 3mm diameter LC region used.

From these data, we conclude that the maximum global contrast ratio possible

on the LCLV has yet to be reached and that achieving such performance requires

fabrication of thin 2-3um liquid crystal layers of more uniform thickness. Al-

though devices with thicker LC layers will result in larger contrast ratios for a
given percent (Ad/d) tolerance, such thicker layers result in an LCLV with far
slower response. However, in cases when operation at 30 frames/sec is not required,
thicker LC layers are appropriate and far larger contrast ratios than the presently

obtainable 100:1 global values should easily be obtainable.
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3.2 SENSITOMETRY CONTROL OF A HYBRID FIELD-EFFECT
LIQUID CRYSTAL LIGHT VALVE

Abstract

Sensitometry data are presented and analyzed for a hybrid, a.c., field-effect,
liquid crystal light valve. The control voltage and its frequency are shown to
change the transmission threshold, sensitivity, linear dynamic range and the shape
of the device's sensitometry curve. These effects can be explained from an equiva-

lent circuit of the device.

3.2.1 Introduction

The hybrid, field-effect, a.c., liquid crystal light valve (LCLV), manufactured
by Hughes Research Corporation, has recentlyl emerged as one of the most viable
spatial light modulators? for optical data processing. In this paper, we consider
the results of a recent experimental investigation of the sensitometry of this LCLV.
The first steps in the use of the LCLV are: to select its operating voltage V and
a.c. frequency f, and to determine the bias level and useful range of input light
intensity. The device's sensitometry curve (transmission t vs. input write light
intensity wa) provides such data.

In Sections 3.2.2 and 3.2.3, we briefly review the model to be used for this
device and discuss its 1 expression. Experimental data on the effects that varying
V and f have on 1, with fixed wa, are included in Section 3.2.4. Sensitometry

curves for various V and f values follow in Section 3.2.5. e ———
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3.2.2 LCLV Model ¥

The LCLV consists of over 20 thin film layers. The major structural layers
are the CdS photo-conductor, CdTe light blocking layer, dielectric mirror, and thin

2.74im thick liquid crystal (LC) layer sandwiched between two transparent indium-tin=-

oxide electrodes. The device is written on in Aw light incident on the CdS side of
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the structure and read in reflection at AR from the opposite side of the device
with linearly polarized light and observed through a crossed analyzer.

The LCLV equivalent circuit we use was proposed by Fraas, et.al.3’“, and is
shown in Figure 3.4. The photo-activated CdS-CdTe charge storage diode3 is modeled

by R3, D, C3, and Ry- The input write light I)‘w controls R, and C3 (R, decreases

3 3

and C3 increases as I increases). Rl' Cl’ and C2 model the LC layer and dielec-

AW
tric mirror. At low applied frequencies f, the photo-current through the CdS/CdTe
layer is a series of high positive pulses (increasing in amplitude proportiomnal to
wa) alternating with low negative leakage currents (of longer time duration). At
very high frequencies, the photo-current approaches a sinewave. The effective

voltage VLc developed across the LC layer is proportional to the integrated current

passing CZ'

3.2.3 On-State Model

In this a.c. LCLV, the molecules are initially aligned parallel to the elec-
trode surfaces with a 45° twist present in the orientation of the LC molecules in
the layers throughout the LC's thickness d. When V is present across the structure

and write light I is incident on the CdS, the LC molecules tilt normal to the LC's

AW
large faces and the uniform twist across LC molecular layers can be modeled as broken
at the center of the LC layer. If we denote the polarization axis of the incident

AR light as x, then the twist angle ¢ is the angle between the axis and the projec-
tion of the optical axis of the LC molecules on the plane of the entrance electrode.
The tilt angle 0 (averaged over the thickness of the LC) is the angle between the z

axis (along which the inmput AR light propagates) and the optical axis of the LC

molecules. The transmission of this device is then given by5

T = sin2(24) sin2(6/2) % (1)
where

§ = (2nd/A)4n(9) (2)




is the phase difference introduced between the wave components. Only the second
half of the LC layer is of importance in on-state transmission analysis.

The difference An(8) between the two indices of refraction varies with 3,
which in turn varies with V. If oy and n, are the indices of refraction (parallel

and perpendicular) to the optic axis of the LC molecule, it can be shown that

An(8) = n /[sinze + (nz/nl)zcoszelLs . (3)

e

For small 4n = nl-nz, this reduces to

An(8) = An sinze(V) . (4)
from which the t expression given in Reference [6] results
2 2 2
T = 8in“(2¢) sin"[(ndAn/)) sin“(8(V))] . (5)

We use this on-state t vs. V expression and the LCLV equivalent circuit of Figure

3.4 to describe our sensitometry data.

3.2.4 V and f vs. t for Fixed wa

For our LCLV, ¢ = 45°, sin®(2¢) = 1, an = 0.25, d = 2.74um and \ = 633nm.
From these values, and 8 = 90° (for V=0) and 8 = 0° (for large V), we find t to
vary from sin2(194°) to sin2(0°). Assuming V to vary linearly with 8, the 1t vs. V
for the device should track the sinzw curve from y = 194° to 0° as V increases from
0. Close inspection will show that such a curve first decreased slightly (as 8
decreases from 194° to 180°) and then increases with a sin2 curve response. (Some

reserachers have observed such a small dip in the t-I curve for the LCLV at low

AW
V < 1 volt. These results are explainable from the above analysis.)

To obtain experimental data on the t vs. V and f performance of the entire
LCLV, the device was illuminated with a constant I\w = 75uw/cm2 level as V across
the entire structure was varied in 1 volt steps from 1 to 10 volts. For all V

settings, f was varied in 10 steps from 0.4 to 10kHz. For each of these 100 pairs
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of V and f settings, the relative reflected 1 reading (through crossed polarizers) |

ARO
was measured. This I\RO value is a measure of 1. These data are shown in Figure é
3.5. From these curves, we see that as f is increased, the t vs. V curves shift and
1 peaks at higher V values.

These results indicate that higher voltages are required across the LCLV at
increased f to obtain the same output light observed at lower f settings. In

addition, the slope of the t vs. V curve is seen to decrease as f is increased. |

These results follow directly from the equivalent circuit of Figure 3.4 in which

VLc (the integrated photo-current) was shown to decrease as f was increased, thus

indicating a poorer expected device sensitivity at higher f setting.

3.2.5 Sensitometry

In total, we produced over fifteen LCLV sensitometry curves at different V

b )
and f settings with I varied from 0.01 to 3000uw/cm”. Three such curves for the

AW
LCLV are shown in Figure 3.6 and for f = 10kHz and three different values of V
applied across the entire device. Similar data are shown in Figure 3.6b for three
different operating tfrequencies f with V = 4v. From the equivalent circuit of

Figure 3.4 and Eq. (5), we expect V to decrease as V is decreased or as f is

LC
increased. We thus anticipate poorer device sensitivity at low V levels (and high

f levels), since higher I levels will be required (at low V and high f settings)

AW
to achieve the same t output obtained at larger V or lower f choices. The results
shown in Figure 3.6a verify these results for the case of variations in V, whereas
the data in Figure 3.6b confirms the predictions for the case of f variation. Both
agree with the results obtained in Figure 3.5.

From Figure 3.6, we find considerable changes in the sensitometry curve for

the various V and f choices. The (8v, 10Kz) and (4v, lkHz) curves are similar to

the classic published sensitometry curved for this LCLV, which exhibits a knee at

low I\W values. From Figure 3.6, we see that operation at other V and f settings




result in a lower dynamic range for the device and at higher I

W levels (e.g., the
4v, 10kHz curve) or a larger and more linear device dynamic range (e.g., the 6v,
10kHz curve).

Fraas, et.al.3’“, have analyzed the response of the CdS/CdTe layer and have
observed no changes with f. However, they used much higher V levels than we did
(at low V levels, some variations may be present in their experimental data). Our
results (obtained for the entire LCLV device, not just the CdS-CdTe layers) show
clearly the ability to control the shape of the LCLV's sensitometry curve by proper
choice of V and f. Such control is of immense use: 1in adjusting the device's
sensitivity and wa threshold ‘or a given set of input data; in controlling the
dynamic range and linear response region of the device; and of course, in control-
ling the shape of the sensitometry curve. Such shape control is of use in optical

7 and other applications as well.

A/D converters
One of the more obvious applications of such control is the achievement of
contrast reversal of an image recorded on the LCLV by varying the voltage or fre-
quency across the device8. 1In Figure 3.7, we show the sensitometry curve for the
LCLV at 8V and 1lkHz. In this curve, lxw levels above luw/cm2 in the input image
will be contrast reversed. In practice, the control V across the device would be
varied to effect such response. However, for the LCLV unit we counsidered higher
voltages (of 20V or so) and low frequencies were needed tc effect a contrast

reversal over the same input I image range without the contrast ratio loss

AW

apparent in Figure 3.7. The use of higher voltages (for contrast reversal with

improved dynamic range) and lower frequencies (to enhance sensitivity) follow from

b
our sin“ analysis and extrapolation of the curves in Figure 3.6.
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Figure 3.4 Equivalent Circuit for the a.c. LCLV
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4. PHOTO-DKDP EXPERIMENTAL TEST PROGRAM

In this Section, we review our experimental test and evaluation program on the
photo-DKDP SLM. A wealth of experimental image reconstruction, contrast reversal,
addition, subtraction, plus real-time optical text and aerial image correlation data

obtained on this real-time optical transducer are included separately in Chapter 5.

4.1 Introduction

The photo-DKDP SLM [4.1-4.4] is manufactured by LEP in France. They have

purchashed the entire soft crystal growth facilities, equipment, and DKDP stock of

the two prime United States manufacturers of similar DKDP face plates. Many U.S.
companies and government facilities nave fabricated electron beam address DKDP SLMs
over recent years. However, none has reached the maturity of a product that the
French electron beam addressed DKDP SLM has. The photo-DKDP SLM that we have
investigated in the course of this program is similarly a most matured and engineered
SLM. There is no comparable U.S. SLM available. The photo-DKDP unit we have is (to
our knowledge) the only one in the U.S.. It is one of the most promising real-time
and reusable SLMs, and thus deserves far more extensive test and evaluation (as

well as the fabrication of a U.S. version of this device) than this present program
has permitted.

In Section 4.2, we describe the fabrication and detail the layers of the
device, the operation of the device, as well as the extensive electronic support
systems (voltage control, vacuum support system, Peltier cell cooling system, elec-
tronic write, read and erase light intensity and time duration systems, as well as
synchronization and control circuitry) that we had to fabricate to permit use of
and testing of this SLM. The four SLM parameters with which we were most concerned
were: sensitometry, write, read and erase operation; resolution; and noise. In
Section 4.3, we describe our sensitometry data collection system. In our analysis
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of this data, we conclude the write light A, sensitometry, the degradation effects

W

of readout light A he efficiency of erase light A_, and hence the entire write,

R’ ¢ E

read and erase sequential operation of the device. We include our observed field
dependent photo-sensitivity of the Se photo-conductor used in this device. We
also note why this observation means that the dynamic data for this SLM will be

superior to static data. We also note the effect that this field dependent photo-

sensitivity has on interframe operation, such as image addition and subtraction,
and we suggest and describe how this effect can be reduced by proper doping of the
SLM and controlling its ut product. In Section 4.4, we include our experimental
data on readout and erase light effects. Specifically, we consider the erasure
and image degradation effects of readout light AR’ as well as the efficiency and
operation of erasure with AE light itself.

In Section 4.5, we consider five resolution experiments performed on the
photo-DKDP SLM. These include; imaging, transmission and reflection MTF; linear
and non-linear interferometric MIF; as well as edge response MIF test data. The
interferometric MIF test procedure is clearly the most attractive and reproducible
MTF data acquisition technique. For the photo-DKDP (because of the thin photo-
conductor layer), it is also a valid experimental MTF test procedure. We then
compare the various MIF data to the theoretically predicted results. Excellent
agreement was obtained in this comparison of theory and experiment. In Section 4.6,
we discuss the issue of noise in this SLM with attention to the three types of
noise: scatter, interharmonic, and phase noise. Test procedures to be used to
obtain data on each of these noise sources, as well. as quantitative results obtained
for each on the photo-DKDP SLM, are included. Brief remarks are then advanced on
the relevance of these tests to various SLM applications, as well as on the test

equipment to be used.

|
|
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4.2 The Photo-DKDP

4.2.1 Device Construction

A schematic of the photo-DKDP SLM is shown in Figure 4.1. A photograph of
the device is included in Figure 4.2. Details of the various layers comprising

this SLM follow.

(a) The 5102 readout window has a three degree wedge angle. This
was included so that the reflections from the device will appear at |

six degrees, thus minimizing their effects.
(b) Electrode 1 is a gold electrode.

(¢) The Se photo-conductor is deposited with a thickness of about
12um (10-12um is normal) with n = 2.8 at 630nm and with ¢ = 6.

(d) The nine layer dielectric mirror M consists of A/4 layers of
CaF, and ZnS. It is deposited by vacuum techniques. Its measured
reflectance at 633nm is 0.985 with respect to air and 0.96 with
respect to Se. Its transmittance was likewise measured to be one

percent at 633nm and from 70-90 percent below 500nm.

(e) The DKDP crystal itself is wedged. Its thickness linearly
varies from 320um to Oum over its 35mm width. For T - Tg 2 0.5
degrees (where Tg is the Curie temperature of the crystal),

€c = 650 and V_lﬁ = 300v at the nominal readout wavelength of 630nm.

(f) The second electrode is In203 with a transmittance T = 0.98,

a reflectance R = 0.01 and an absorption A = 0.0l at 630nm.

(8) The CaF (florite) substrate is also wedged with a thickness
varying from 6um to 4.7um, This corresponds to a 1930 + 5°

wedge angle for this substrate.

Geographic differences and other related items have affected our test and

evaluation program on this SLM. Lack of adequate device documentation greatly

- |
affected our program, also and most especially the analysis of our resultant
data. However, this SLM appears to be so superior and well engineered (compared

to alternate U.S. SLMs), that the associated frustration of such a research

program appeared to be warranted. Once again, the importance of total and

S W—




Signal and Noise for the LCLV (a) vs. V for f = 10 kHz,

(b) vs. V for f = 1 kHz and (c) vs. f for V = 5y
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Figure 4.1 Schematic Diagram Showing the Layers of the Photo-DKDP SLM

Figure 4.2 Photograph of the Photo-DKDP SLM
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detailed documentation of device specifications and prior test performance on

such SLMs is vital. Otherwise, constant repetitive tests are necessary by all
researchers who choose to consider utilization of such a device. These latter

remarks apply in general to all SLMs and all U.S. or foreign SLMs.

4.2.2 Temperature and Electro-Optic Operation

This SLM is operated at the transition temperature T; of the active photo-
DKDP crystal media (about -52°C). A set of Peltier cells around the edges of the
structure provide the necessary cooling for the device. The entire device is
enclosed in a vacuum housing. The operation at approximately -52°C is necessary
so that a long storage time and improved device resolution with lower required
device voltages, as well as resolution and storage performance improvements result.
These results are most easily realized for this device when it is operated in

reflection readout from the DKDP side of the SLM with readout light at A\, = 633nm.

R
Linearly palarized readout light must be used with this device.

The direction of polarization y of the readout light for this device is also
of concern. It should be polarized at 45° with respect to the crystal's induced
(x' and y') electro-optic axes for optimum results. A crossed output polarizer
(in the reflected AR beam) is used to achieve these performance results. In this

case, the output Ij and input I light intensities are related to the voltage V

across the photo-DKDP layer by [4.5]
Ig = Iy sin’[(V/V) (] . (4.1)

In Equation (4.1), the voltage VH is the crystal's half-wave voltage. Other modes
of operation are also possible for this SLM. If y is oriented along y' or x', and
if the crossed output polarizer is omitted, pure phase modulation results. With y
at *45° to x' and y', amplitude modulation occurs. If an optical bias is added

externally, it is possible to obtain a contrast reversed output plane pattern.




oxide electrodes. The device is written on in Xw light incident on the CdS side of

From Equation (4.1), we see that t = Ig/I; varies spatially with the voltage

V(x,y) applied gpatially across the DKDP layer. The spatially varying 1,y light
distribution incident on the Se photo-conductor produces a corresponding spatial

voltage distribution V(x,y) across the DKDP layer itself.

4.2.3 DKDP Support Systems

The value of the voltage present across the DKDP SLM and its polarity must be
controlled together with the wavelength of the write (Ay), read (AR) and erase (Ag)
light during cyclic operation of this device. This is especially true during image
addition and subtraction and contrast reversal operations on the device. The
actual voltage level and its polarity necessary are considered later. For now, we
simply note that a given voltage and polarity across the electrodes are necessary
and that these values must be applied simultaneously with the presence of write,
read, or erase light itself.

All DKDP support systems had to be fabricated separately. Funds for such
efforts were not available, thus many concessions were necessary in fabrication of
the support electronic system that was finally chosen. The five major support
systems that had to be fabricated before test and evaluation of this SLM could

proceed were:

(1) An electronic voltage and polarity control system.

(2) A light intensity level control system to permit control of

the intensities I,y, I)g, and I,g or the write, read, and erase

light beams respectively, as well as the durations Tys Tr, and

Tg of each of these mndes of operation.

(3) Synchronization and control of the voltage and light level

systems in (1) and (2), specifically the write, read, and erase

modes of operation.

(4) Fabrication of the vacuum support system for the device.

This included a one month search for and subsequent independent
fabrication of several flange and valve connections for the

device (no equivalent U.S. part could be located for this

European component).
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(5) Fabrication of an electronic drive system for the Peltier
cooling system. This included a temperature control, as well

as a temperature sensor and measurement system.

The support system for the photo-DKDP light valve is far more complex than the
simple AC voltage required for the LCLV. Operation of the device is complicated by
the need for separate write, read, and erase light sources and the need to cool the
device to about -52°C for optimum performance and to maintain the device ia a
vacuum.

The vacuum system used for the photo-DKDF consists of an absolute pump. This
system maintains an 8 m-torr pressure in the DKDP chamber. It requires monitoring
every hour and the addition of liquid nitrogen to the roughing pump every two
hours.

The cooling system used to maintain the DKDP at its operating temperature
congists of four dual Peltier cells (one on each of the large edges of the crystal)
and circulating water flow as a first stage cooling system and for the dissipation
of heat generated by the cells. The water flow should be at a steadv rate of
one liter/minute. A flow switch is on order and will be used to regulate this
water flow.

For now, the adjustment is manual and requires monitoring everv five minutes.
The present water flow is not steady and may be the cause of operations that cause
difficulty in interferometric tests on this SLM. A better crystal holder that
places less stress on the crystal housing, one that is more rigid and that has
adequate micrometer positioning controls should be designed and fabricated at a
later date. 1

The current for the Peltier cell cooling system originates from a 1Qamp/20v
supply. The present water flow system cannot dissipate the heat generated if the
Peltier cells are rapidly cooled. Thus, a slow cool-down rate 4amps/9v {s presently
being used. The DKDP crystal's temperature is presently monitored by a platinum

resistance thermometer i{n an open loop system. This system also had to be designed,

: -




the entire structure was varied in 1 volt steps from 1 to 10 volts. For all V

settings, f was varied in 10 steps from 0.4 to 10kHz. For each of these 100 pairs

fabricated, implemented, debugged, and calibrated. Because of the steep rate of

change of the longitudinal component of the dielectric constant with temperature
near the Curie point of the crystal, the crystal's temperature must be maintained
with 1°C of Tc- This requires almost constant manual monitoring and adjustment of
the Peltier cell cooling system. A closed loop feedback system for the unit
should be designed and fabricated if continuing tests are to be performed.

A mercury arc lamp (300watts) and an argon laser are used as the write light
sources during all experiments, a helium neon laser (50mW) is used as the read
source and a flash lamp assembly with a xenon flash tube (5watts) serves as the

erase source for our experiments. The control voltage across the crystal is

continuously variable from *#150v with electronic shutters S and S, in the Ay and
AR beams synchronized to the voltage control unit. When S; is opened, a voltage
is applied across the crystal. When S1 is closed, V = 0 is applied across the
crystal. The erase circuitry is controlled by a manual unit that allows one to
flood the crystal when V = 0 is present across the unit (in effect we write a

uniform Ov pattern across the crystal during erasure).

4.3 Sensitometry

4.3.1 Carrier Effects

The major layers in the photo-DKDP SLM are shown in Figure 4.3. The voltage
levels and polarities to be applied between electrodes (E1 and EZ) in the various
write (W), read (R), erase (E), and subtract (S) modes of operation are shown in
the figure. The Ay and \g beams and the polarization of the incident and reflected
AR lightwaves are also included. For simplicity, separate input (P;) and output (P3)
polarizers and a beam splitter (BS) are shown. In practice, a polarizing beam
splitter (PBS) cube is used on readout to provide the plane Ap incident polarization
and the crossed output polarization.
When Aw light is incident of the Se, hole and electrons pairs are generated l

in a thin layer of the Se near E;. If E; is positive during the iy exposure, the

bd
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photo-generated holes in the Se drift to the mirvor M interface and the photo-
generated electrons combine at El. The accumulated positive charge on M is pro-
portional to I,.. 5 I\w varies spatially, so does the charge density at M.
These charges are stored in surface traps at M. Thus, the L\w input light distri-
bution has been converted to a latent charge distribution on M. With E2 = Qv,
this charge distribution produces a spatial voltage distribution across the DKDP.
By the Pockels effect ([4.5], this voltage distribution can be converted to a
spatial modulation of the L g lishc. With crossed polarizers and the polariza-
tion of I\R chosen as described before, the output image is a positive version
(in A\p light) of the input pattern written on the Se (in )y light) if El is posi-
tive during writing.

If E; is negative during writing, the photo-generated electrons in the Se
determine conduction and the latent charge pattern. Thus, now electrons drift to
the mirror M where a negative charge distribution is produced. A combination of
positive writing with holes and negative writing with electrons can be used to

subtract one input image from the latent stored charge distribution of a prior

image.

4.3.2 Charge Carrier Discription

To analyze sensitometry, readout, and erase data, we found it necessary to
formulate a description of the photo-DKDP device operation in terms of charge
carriers. Such a description and discussion of this SILM has not been previously
provided and in fact the applied voltage polarities in many papers describing
this SLM are conflicting. Thus, in this one Subsection, we include a complete
charge carrier description of various write, read, and erase modes of operation of
this device.

In Figures 4.4 and 4.5, we show the voltage distribution (vertical) vs. dis.

tance (horizontal) across the various device lavers for the four different states

of device operation. Figure 4.4a shows the initial device state (with no \;; light).




In Figure 4.4b, we show the voltage distribution after writf g for both bright (BR)
and dark (DK) areas of the device (i.e., areas of the device illuminated and not
illuminated during writing). For readout, VO = 0 and the device is illuminated
from the right (DKDP side) with AR light (as in Figure 4.,4c). For erasure, the
device is illuminated from the left (Se side) with Ap light (as in Figure 4.4d).

Most of the applied Vg appears across the photo-conductor and little across
the DKDP for both the +Vy and -V writing cases. We consider the +Vy case first
(Figure 4.4). When the Se photo-conductor is illuminated with Ay light, hole and
electron charge carriers are generated. With Ej = +Vp, the holes conduct and move
to the mirror M. This increases the voltage at M and likewise increases the vol-
tage drop across the DKDP in the illuminated (BR) areas. The electrodes E; and
E2 are now shorted (Vg = Q). The voltage distributions shown in Figure C now
results and a large +V; is present across the DKDP (the mirror is positive with
respect to EZ) in bright areas. A smaller +V2 is present across the DKDP in dark
areas. Thus, the phase retardation (or polarization rotation) introduced into the
linearly polarized Agp light beam is larger in the bright areas than in the dark
areas. With crossed output polarizers, a positive output image results (areas
illuminated during writing are also bright upon readout). Because of M and since
Se is insensitive to AR light, no new photo-carriers are generated by the readout
process, and thus (to first-order) no degradation occurs due to readout. For
erasure, the Se side of the SLM is flooded with XE light (usually in the same
spectral range as the Ay light). This process generates holes and electrons in
the Se. The holes trapped at M can now migrate back to Ej, equivalently electroms
can migrate from Ej to M, reducing the positive voltage V; at M and removing the
positive charge stored at M.

Writing with -V, (Figure 4.5) present on E; is somewhat similar, except now
electrons migrate to M during writing. This reduces the voltage at M and during
readout M is negative. As before, a larger voltage is present across the DKDP in

illuminated regions compared to dark areas with M now negative with respect to Ejz.

M
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l In erasure (Figure d), the holes, photo-generated in the Se near E|, now migrate
to M to remove the negative voltage (charge) stored there. Equivalently, electrons
at M may now migrate to E, and recombine with holes. These processes result in a
reduction to O of the charge stored or trapped at M.
In subsequent Sections, we will use Figures 4.4 and 4.5 and similar ones to
describe our resultant data. For now, we only note that in positive writing (+Vg
i applied, Ey positive), writing is by hole conduction. Conversely, in negative

t writing, conduction is by electron flow. In erasure, electrons migrate from E; to

M for positive writing and holes migrate for negative writing. Our concern is with

the fact that the hole conduction i{s better than electron conduction in Se and that
the conduction efficiency i{s a function of the field across the Se. From Figures
4.4 and 4.5, we clearly see that these two issues will greatly effect the perfor-
mance of this SLM. These latter issues are described in greater detail in sub-

sequent Sections.

Because of the long storage time of this SLM, an active erase mechanism ie

needed to realize fast cycle times. Erasure of a latent charge image is accomplished

by flooding the Se with AE light with the electrodes E; and E; shorted as in curves
b of Figure 4.4. The \E {llumination (broadband or narrowband \y light) again
generates electron-hole pairs in the Se. This decreases the resistivity of the Se
which can increase the migration of the holes trapped at M. Recombination and
migration of the photo-generated carriers can also contribute to the erase process.

The photo-sensitivity of Se improves with larger voltages present across the Se and

e el

this implies that a non-zero E level is preferrable for erasure. However, as in

the discussion of optimum readout voltage conditions, attention to dark regions
indicates that zero voltage across the SLM {s preferrable. In practice, a situation

where a positive or negative voltage was applied for some fraction of the readout

or erase time may be optimum but would be too dependent on the recorded image

pattern to allow definitive conclusions to be made.
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In subsequent studies, we will consider the above carrier processes in more
depth. From these studies, new results have emerged concerning the photo-sensi-
tivity of the photo-DKDP SLM, the device's dark storage, erasure, and its ability
to add, subtract, and contrast reverse data.

From Figure 4.4, the storage of the latent charge image at M (in bright areas)
is generally better with positive or negative voltage present on Ey. However,
considering the entire SLM (specifically the dark regions, as well as coupling
between light and dark regions), major attention must be given to dark areas when

determining the optimum voltage polarity to be placed across the device during

readout. It may appear that Ej should be negative (for positive writing) or posi-
tive (for negative writing) and not Ov during readout to achieve best contrast
(i.e., Ov across the DKDP in the dark regions). However, changing the voltage
across the DKDP by a small amount requires a large voltage applied to Ep this will
result in a large voltage drop (field) across the Se (in dark regioms). Then,
during readout, the light leaking through M will be very efficient in carrier gen-
eration and photo-conduction in Se. This will result in an increase in the voltage
across the DKDP in dark regions. This will increase dark transmittance and de-
crease overall device contrast. Thus, with E; = 0 in readout, the reduced voltage
drop across the Se reduces degrading readout light effects in dark regions. Thus,
by devoting attention to dark regions and practical effects, such as M leakage of
AR light and the voltage dependent sensitometry of the Se, we find that By, = Oov
seem to be the preferrable readout operating condition, rather than E; positive or

negative.

4.3.3 Sensitometry Data

The test system used to determine the sensitometry curve for the photo-DKDP
light valve is shown in Figure 4.6. The components used are listed in Table &4.1.

The write and reflected readout light (through crossed polarizers) intensities were

measured by a photo-diode, connected to an operational amplifier and a digital
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Figure 4.6 Sensitometry Data Acquisition System

Table 4.1 Components used in the Sensitometry Data Acquisition System of
Figure 4.6

LSy:
LSp:
Mp &
CP:
0y:
03¢

PHI:

633nm laser
514nm laser
Mp: Metallized NRC "2" mirrors
Calcite polarizer
Jondon 20X objective
Jondon 5X objective

10 u pinhole

PHy: 5 u pinhole
E1Eg: Erasing tlashes
S1: Shutter for read light

Sy & T: Shutter with electronic
timer (Vincent Associates)

ND: 10% neutral density filter

PD: Photodiode (United Technology)

PBS: Polarizing beam splitter cube
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voltmeter. This raw voltage data is then converted into uw/cm2 using appropriate
amplifier gain and diode senistivity factors. During sensitometry data collectionm,
I,y was held constant at 18uW/cm? and the input write light exposure was controlled
by varying the exposure time Ty (using shutter Sp).

The Ag light was blocked until the Ay exposure was complete. This reduced the
degradation and decay of stored charge due to AR readout. Recall that the dielec-
tric mirror in the photo-DKDP structure of our unit blocks only about 50% of the
AR light. The remainder of this AR light hits the photo~conductor (which is sensi-
tive to 633nm) causing a degradation in the spatial voltage distribution across the
crystal. Because of this effect, the crystal must be erased after each exposure
and I,po measurement.

The sensitometry data for both +150v (Se electrode E] positive) and -150v
across the SLM with the DKDP side of the SLM assembly always at zero volts are
shown in Figures 4.7a and 4.7b. An I,p = 20uW light level was used to reduce any
degrading effects of Ap readout on the stored charge distribution.

From these data, we note that the sensitivity of the device is better for +150v
writing than for -150v writing (because of the higher efficiency, ut product and
photo-generation for holes than for electrons). The threshold EAWT at which the
device responds is about O.SuJ/cm2 for both polarities of applied voltage. However,
the write exposure required to reach 80% of saturation is Eyo.gs+ = 75ul/cm? for
+150v writing and a much larger Eyg,gs- = 290uJ/cm? value for -150v writing. The
write exposure required for full saturation in the two cases was similarly less

(Eys+ = 560uJ/cm?) for 150v writing than for -150v writing (Eyg_ = 1150uJ/cm?).

4.3.4 Se Photo-Conductor Considerations (E; Polarity)

The photo-conductor properties of the amorphous Se photo-conductor used in the
photo-DKDP SLM differ significantly from those of CdS and similar photo-conductors
used in the LCLV and other SLMs. CdS photo~conductors cannot be deposited on photo-

DKDP because of the high deposition or annealing temperature necessary in CdS to
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Figure 4.7a Photo-DKDP Sensitometry Data with +Vy Applied (E] Positive)
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Figure 4.7b Photo-DKDP Sensitometry Data with =Vo Applied (E; Negative)




reduce dark current and to increase sensitivity of the photo-conductor. In the
photo-DKDP SLM, the image is stored in the photo-conductor. This is contrary to
the case in the LCLV. The -52°C operating temperature of DKDP also effects the
choice of the photo-conductor used. In Se, the utr (p = mobility, t = lifetime)
product for holes and electrons are approximately equal and large, even at -50°C.
The sharp wavelength threshold of Se between the Ap and \y light used is the fifth
and final reason for the choice of a Se photo-conductor in this SLM.

We now extend our initial analysis of the photo-sensitivity of Se. This is
necessary to fully explain the results obtained. The current in a material of
mobility u and thickness L with a voltage V across it is given by

dq _ N(t)euV :
dt -—7;f~—— , (4.2)

where e is the charge of a carrier and N(t) is the number of drifting carriers. We

describe N(t) by

N(t) = Ny exp(-t/tg) , (4.3)

where Ny is the number of charge carriers produced by an incident pulse of light
and Ty is the mean free time before a charge carrier is trapped. The quantum
efficiency n with which photo-carriers in Se are generated depends upon the field

E across the Se as [4.6-4.7]

n = ng exp[-Eg/kT + BoES/dT] " (4.4)

where ny and by and Eg are constants and T is temperature. From (4.4), we see that
n varies with the field E across the Se. The initial field across the Se is approx-
imately 100v across a lOum layer or 105v/cm. At these large field levels, n is

initially approximately 20%. However, during exposure to the writing pattern, the

e R

voltage across the Se decreases and that across the DKDP layver increases. This

means that during long exposures, photo-electric conversion in Se will be better

¢Q iﬂﬂw1pL§ﬁhu@
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for the initial part of the exposure (a large field is present across the Se then)

than for the latter part of the exposure (when a lower field is now present across
the Se).
Next, we consider the efficiency with which a spatial charge pattern will be

transferred across the bulk of the Se layer. This efficiency is proportional to
R=r1/t,, {4.5)

where 1 is the lifetime and t,. is the transit time of the charge carriers. Since
transit time is proportional to the thickness d of the Se divided by the drift

velocity

v =uv/d , (4.6)
we find

t, = d?/uv . (4.7)

For d = 10um, we find o= 10usec for holes and a far larger 5Qusec value for
electrons. R and hence the transfer efficiency across the bulk of the Se layer

is thus
R = t/tp = ut(v/d?) . (4.8)

From (4.8), we see that R increases with V, decreases with d, and is proportional
to the ut product of the carrier.

For times larger than the transit time, then charge q is accumulated as
q= (NOeVuT/LZ) [1-exp(-t/1)] . (4.9)

The exponential term is O for large t and q is proportional to utr. This ut product
for holes is l.3x10‘6cm2/v, whereas, for electrons it is less (3.2x10~7cm?/V) by a

factor of 4.06. From this, we expect holes to be more efficient than electrons
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during writing. Thus, we expect positive writing (E1 = positive, Se positive) to

produce better results than negative writing. The data of Figures 4.7a and b con-
firm these results. In the low (0.3sec) exposure range, we find a difference of

4:1 in sensitivity between positive and negative writing. At longer exposures,

we find a lower difference factor (approximately 3). This indicates that the
quantum efficiency n and the ut product are simultaneously field, as well as carrier
dependent and that the difference in writing efficiency for holes (positive writing)
and electrons (negative writing) is less for longer exposures.

The consequences of these observations (that hole writing is more efficient
than electron writing and the field dependence of the photo-sensitivity of the Se
photo-conductor) are that dynamic writing (with low duration pulses) will vield
better sensitometry data than will long exposures. For applications such as image
addition or subtraction, the field dependent sensitometry of Se will require alter-
nate ut products than presently exist. This will enable addition and subtraction
operations to be readily performed.

Dumont, et.al., [4.8] imply that the sensitometrv for holes and electrons are
approximately equal. However, as our data of Figure 4.7 and the above analysis
demonstrats, hole writing (+V0) is approximately four times more efficient than
electron writing (-Vo). This factor of four differences in hole and electron
transport efficiency or ut product has been noted by others [4.6-4.7]. Our results
and these observations on this sensitivity difference in Se merit note, may be of
concern in other SLMs, certainly effect SLM test procedures, and mean that dynamic
sensitivity would be far better than static sensitometry data. In Figure 4.8, we
repeat Figure 9 in Reference [4.6]. The curves in this Figure indicate that for
certain ur ranges (3x10~7 - 10~3), utr variations by even a factor of 10 vield little
difference in tramsmittance. However, in the larger absolute utr ranges (3x10~7 -

10'8). small ur differences yield large differences in transmittance.
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Figure 4.8 Transmittance vs. Exposure Characteristics of DKDP for
Various ut Products (4.8]

It appears that the ut products in our photo-DKDP SLM are in the 10-8 range
and that by increasing them to Yo=7 = 106, we can achieve comparable response for
hole and electron writing. Thus, it is possible to control the sensitivity of
positive and negative writing in this SLM. The lower E,jq = 20uJ/cm? saturation

-

exposure given in Figure 4.8 compared to our Figure 4.7 data reflects the more
optimum Ay = 40lnm write light wavelength used in Reference [(4.8] than the \y =
Sl4nm write light intensity used in our experiments.

The low 18uW/cm? write light intensity available to us required long 10-100sec
exposures to achieve saturation. The voltage change across the Se during this long
exposure time made the voltage dependence of n quite important. Such effects may
well occur in other SLMs. In this particular device, better results are expected
at lower exposure times (dynamic).

Trapping of carriers within the bulk of the Se appears to be the origin of

the residual modulation and incomplete erasure noted by some researchers [4.9].
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4.3.5 Long Exposure Sensitometry Experiments

To more fully determine and verify the effect of long exposure times and the
sensitometry of this SLM and the voltage dependent photo-conductivity of the Se,
the exposure system of Figure 4.9 was used with the components listed in Table 4.2.
In these experiments, the voltage between electrodes E; and Ej was fixed at =50,
+10C, and *150V. For each of these initial voltage distributions, fixed I,w levels
(0.167mW/cm?) were used and Ty was increased to over 100sec. For each case, the
reflected L,r light was measured. The resultant data are shown in Figure 4.10. As
expected from our prior discussion, better sensitometry results when positive rather
than negative voltages were used (confirming the better sensitometry of hole than
electron conduction) and when larger voltages were used (confirming the increased
photo-carrier generation and transport efficiency at larger voltages).

The differences in the various exposure curves are due to: the long exposure
times used, the change in voltage across Se with exposure time, the dependence of
the photo-sensitivity of the Se on the voltage across the layer, and the variatioms
in the time constant of the Se (photo-sensitivity increases with increased voltage,
and the time constant decreases with increasing exposures). The dark time constant
of Se (tge = 50sec) decreases to approximately Q.l-lsec or more with iy exposure
(due to the decreased resigtivity of the Se). At low exposure times (with respect
to rse), the resistance of the Se, M, and DKDP layers determines the voltage across
the device. Since the resistivity of Se decreases with increasing write light
exposure, so does Tg,. At low exposure times (Ty << Tge), we can consider Ty and
voltage transfer across the DKDP to be linear. However, at large Ty > Tge (as in
our experiments), the voltage division between layers of the device depends upon
the resistance of the different layers. At sufficiently long exposure times,
saturation is expected (and will be more pronounced at larger applied voltages).
The saturation of the *150v sensitometry curve exhibits this effect, whereas sat-

uration does not occur at lower initial applied voltages. From Figure 4.8, we see
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that a lower exposure threshold E, . or exposure time Ty is required as V is
increased (Ty < 0.5sec at V = +150v, Ty = 0.5-5sec at V = +100v, and Ty + 5-50sec

at V = +50v). At the long 50sec exposures used, the dark current of the Se in-
creases by itself simultaneous with the decrease in resistivity of the Se as light
increases. Thus, at both low and high exposures, multiple effects enter to deter-
mine the shape of the resultant sensitometry curves. In general, at long exposures,
the Tg, is more of a function of the voltage across the Se.

These observations of the dependence of the photo-sensitivity on the voltage
across the photo-conductor and on the long exposure times comparable to the time
constant of the Se, greatly effects sensitometry data that will result. In gen-
eral with an SLM such as photo-DKDP, in which an integrating and storage mode SLM
is used with a photo-conductor whose photo-sensitivity is voltage dependent, deserves
special attention in obtaining sensitometry data. Care should be taken that the
exposure times and write light intemsity levels I,y used in collecting sensitometry
data, are compatible to what one would expect in actual real-time practice. As the
data of Figure 4.10 shows, low I,y levels and long Ty times (comparable to the time
constant of the photo-conductor) cannot be used without an expected large difference
in the resultant sensitometry data. This effect is considerably different from the
teciprocity failure noted in other SLMs. Specifically, in the photo-DKDI', shorter
exposure times improved the device's performance. Since all photo-generated car-
riers then see a large initial voltage that results in excellent photo-sensitivity
and sensitometry. In future Sections, we consider other potential effects of this
voltage dependent sensitivity and different sensitometry for holes and electrons.
These applications include erasure (in which the voltage on the Se must be decreased
to zero) and image addition and subtraction (in which second exposures are used to
add or subtract a charge distribution from the latent charge distribution across the
DKDP). The data of Figure 4.10c are included to show that the voltage transferred

to the DKDP is approximately % of the initial voltage between the electrodes. For




Figure 4.9 Modified Sensitometry Data Acquisition Test System

Table 4.2 Components used in the Sensitometry Data Acquisition Test
System of Figure 4.9

LS;: 633nm laser

ND: ND filter

M{My: Mirrors to fold the beam
01: 5x objective

PHy: 10 u pinhole

Ly & Lp: 38lmm collimating lens
HA: Heat absorbing glass

GF: Green filter (5105 + 45%)

S & T: Vincent Associates
shutter timer

_V: Voltage controller

DKDP: P-DKDP assembly

PBS: NRC polarizing beam splitter
assembly

PD: United Technology wideband
photodiode

OA: Op. amp.
DVM: Digital voltmeter

R, M3, M4: Rail & mirrors for
erasure
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operation at -52°C, V% = 300v. With 150v initially applied between electrodes,
voltage transferred to the DKDP is % of this or 75v. This is equivalent to m/4
retardation. The linearity of I\R vs. Ly or V is thus expected to be quite good

over most of the input exposure range.

4.4 Erasure

In considering the erasure of a pattern stored on the DKDP, we isolate three
cases: (a) dark storage (no AR light) in which the stored pattern simply decays
with no external assistance, (b) destruction of a stored pattern under XR readout,
and (c) erasure by illumination of the Se with Ag (or broadband Ay light) with the

electrodes shorted.

4.4.1 Dark Storage

To analyze the state of the DKDP, we consider the RC equivalent circuit for
the device shown in Figure 4.11. This approach is novel and unique. K;Cj is the
time constant of the Se in the dark. Resistance Rp is the photo-controlled resis-
tance which depends upon I,y and \y used. The time constant RyCy of the mirror is
far less defined, but it appears that Ry is small and C; is large. We represent
the DKDP layer itself by am R3C3. From References [4.6-4.10], we find R C, = 50sec,
whereas the time constant under illumination decreases to 0.1 to lsec. Since the
DKDP crystal is wedged (Section 4.2), we use average R and C values to model the
DKDP crystal. The operating temperature TC of this SLM greatly effects the resis-

tivity p and dielectric constant & of the DKDP as below [4.1,4.3],

» 2740
- 300073 % ‘gi;Jsm (4.10a)

° DKDP

€ = 650 (4.10b)

DKDP

wher4 the clamped case is considered. The thicknesses of the device's layers are

[4.10]:




(s 2%

d = 160um

Se
For Se, we find [4.8,4.10]
- 124 -
Pga 1044Qm (dark)
€5e =6 .

From this, the t values for Se and DKDP are found to be

1 = 53.04sec
e

= 2 ~
rDKDP 2671sec .
To obtain the R and C values for our DKDP model, we use C = Acao/d and R = pd/A

where A = lcm? {s the area used.
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Figure 4.11 Equivalent RC Circuit Model for the Photo-DKDP SIM
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At the output, we monitor the intensity I which is proportional to sin2 (kV).

For low V, this is proportional to v2 and since the dark decay time constant is
tpgkpp = 2671, the measured dark decay time constant for output intenmsity is t/2.
From other data, we find the largest voltage across the DKDP to be approximately
75v, corresponding to a w/4 phase retardation. Thus, the above approximate results
appear adequate. We thus expect a measured intensity decay time constant of
1340sec. The system of Figure 4.12 was used for dark decay measurements. The
components used are listed in Table 4.3. To determine the exact effects of dark
decay and its effects on contrast ratio, modulation, and resolution of a recorded
image, a Scy/mm squarewave pattern was recorded on the photo-DKDP (rather than a
uniform pattern), and the intensity of the DC and first-order terms (Iy and I;) in
the Fourier transform of this input were monitored vs. time, for all three erase
mechanisms. For the dark storage measurements, a very low intensity readout light
level (IXR = 10uW/cm?) was used. It was pulsed on for Ssec everv 60sec for over
one hour. For each readout light pulse, Iy and I; were measured.

The resultant dark decay data for the DC or input bias level I, and the first-
order modulation term I] are shown in Figure 4.13. From this Figure, we find that
the DC and first-order modulation term decay at essentially the same rate. This
iwplies that the dark storage decay of this SLM results in a loss of charge and
thus output light without a loss of definition or modulation (measured as the L1j/lj
ratio). From the data of Figure 4.13, we find a dark decay time constant, 1y =
1680sec. This agrees well with the theoretical value calculated from (4.12) and

from the equivalent circuit of Figure 4.11.

4.4.2 AR Readout Decay

The above experiment was repeated with a constant S0uW/cme = I\R light level.
The data shown in Figure 4.14 indicates that \R readout light does degrade a

stored pattern, since the ty time constants for the DC and first-order terms are

tgo = 26min and 13 = 19min. From this, we see that the first-order intemsity or




used in the LCLV and other SLMs.
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Figure 4.12 Experimental Test System Used for Dark, Readout, and Erase Decay Tests

Table 4.3 Components Used in the Test System of Figure 4.12

LSl: 633nm laser

ND: ND filter

M),Mp: Mirrors to fold the beam
51,52: Vincent Associates shutters
01: 10x objective

PHy: 5 u pinhole

Lyt 762mm collimating lens

PBS: Polarizing beam splitter cube
Ly: 762mm FT lens

MS: Microscope with no objective
FP: 150u fiber probe

PMT & PM: Scientific Photomulti-

plier tube & photometer
HA: Heat absorbing glass
Lq: 831mm collimating lens
SH: Slide holder for the grating

S2,T: Vincent Associates shutter

& timer

V: Voltage control

R,: Rail

Rl'MB’MQ: Rail & mirrors for
erasure

DKDP: P-DKDP assembly
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Figure 4.13 Measured Output Light Intensit, vs. Time for Dark Storage Decay
of the DC and First-Order Terms in the FT of a Scy/mm Squarewave
Grating Recorded on the Photo-DKDP SLM
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50cy/mm Squarewave Grating Recorded on the Photo-DKDP SLM
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data modulation decays faster than the DC or bias level data (compared to the dark
storage decay experiment). Comparison of the data in Figures 4.12 and 4.13 indi-
cates that, in dark storage, image decay is uniform with no loss in definition;
whereas, under \p light, data modulation decreases with readout (although only
slightly, 11%) and with a long decay time comstant tor the first-order FT term of
19min.
| Any effects of \p readout light on degradation of a stored image should be
? minimal because of the high reflectance (0.98) of the mirror at the Ag = 633nm
readout wavelength used and the essentially zero or negligible photo-sensitivity of
the Se at this 633nm. The 1-2% of the readout light that leaks through M generates
photo-carriers at the M {nterface which could degrade the latent pattern stored
there. These carriers can destroy or degrade the stored charge pattern. However,
the efficiency of these \p = 633nm photo-carriers is far less than for those pro-
duced at the \p or Ay wavelength. It should be noted that the mirror in our photo-
DKDP SLM has a transmittance of 50% at \gR = 633nm and this could be the cause of

the \gr effects noted. Nonetheless, even with the large transmittance of the mirror

in our device, a very long 19min time constant was observed and although modulation

of the recorded image was degraded by the \p light, the decrease in modulation was
quite minimal (1l1% after 30min). This modulation loss appears to be due to lateral
carrier conduction due to increased photo-conductivity due to the readout light.
The repeatability of these experiments is also somewhat questionable (due to the

available equipment and funds).

4.4.3 )\g Erasure

To erase a latent image, electrodes E| and E; are shorted to ground and the Se
side of the device is flooded with \g light (broadband \yy light from an arc lamp).
The basic {dea in this induced erasure is that a zero volt or uniform dark light
pattern {s written on the device. However, the mechanism of erasure is far ditterent

trom writing of a uniform zero voltage pattern. Specificallv, when {lluminated with
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XE light (with a stored latent charge pattern on the mirror), photo-induced elec-
tron and hole pairs are generated at the surface (near Ej) and in the depth of the
Se (we believe). There are four mechanisms that enter into the active f erase
process. The purpose of erasure is to remove the positive charge (for positive
writing) or the negative (for negative voltage writing) charge trapped at the
mirror and to reduce the voltage across the Se and the DKDP to zero volts. The
mechanisms that occur during erasure include:

(a) Decrease in resistivity of the Se by charge carriers created at

the interface.
(b) Recombination without charge migration.

(c) Migration of charge carriers (electrons) to the mirror to

neutralize the pecsitive charge there.

(d) Migration of electrons and holes and their recombination with

other charge carriers within the volume of the DKDP.

Another factor that has a major effect on the erasure process is the voltage
dependence of the photo-sensitivity of the Se. In erasure, the voltage across the
Se (and likewise the DKDP) is initially large (75v from the data of Figure 4.10c)
and in the final state V is zero. Because of the voltage dependence of the photo-
sensitivity of Se, removal of residual charge on the mirror and the voltage across
the device layers is difficult. The exponential decay curves of Figures 4.13 and
4.14 verify this. Application of a positive voltage (for the mirror negative) or
a minus voltage (for the mirror positive) could improve the erase process in the
bright regions. However, in the dark regions this would result in a charge build-
up at the mirror (as occurs in writing). Application of a positive or negative
voltage for a fraction of the erased time may be advantageous in the overall erasure
process. This remains to be experimentally verified and quantified.

Erasure is clearly not the equivalent of writing, since the charge accumulated
while writing must be transported back to E;. This is not equivalent to creation

of an equal number of charge particles of opposite charge. Rather, erasure is

TR S -




e e

A ot AN e e e FUE R S -

achieved by modification of the transport properties of the Se (specifically an
increase in its conductivity). An order of magnitude verification of the erase
time (4-Ssec, with 8mW/cm? of broadband arc lamp \g light) is possible. From
[4.8]) and [4.10] we find a 102 - 103 difference between the maximum photo-
sensitivity and dark photo-sensitivity of the Se. The observed erase time con-
stant tg = 4sec in Figure 4.15 is in this range of 102 - 103 less than the
observed dark decay time constant.

The voltage dependence of the photo-sensitivity of Se and its wavelength
dependence complicates analysis of the erase time data. In the experiments of
Figure 4.10, 10mJ/cm? was required to saturate the SLM (at very long 60sec
exposures). The faster 4sec erase time constant is due in part to more efficient
broadband Ap light used (the peak of the photo-sensitivity of the Se is 400nm)

and the larger 8mW/cm? I used. The larger initial voltage (150v) present across

AE
the Se at the start of writing vs. the lower (75v) present across the Se at the
start of erasure makes writing more efficient than erasure (the initial write

light energy is more efficient than the initial erase light energy). If the same
\E and \w were used with comparable write and erase intensity and if the photo-
sensitivity and voltage dependence of the Se were not factors, comparable write

and erase times would result. In general, we find the write and erase speeds and
hence the cycle time of the DKDP to be limited by the transit times of holes and
electrons. With the efficiency and speed of writing or erasure with holes superior
to that of electrons, only one process (writing or erasure) can be optimized. With
equal ut products and further device work, erasure can be optimized also. However,
as in writing, large erase intensities and short erase times vield far better
results than lower intensities and longer erase (or write) times. As in writing,
we have found erasure by holes (corresponding to =Vo writing) to be superior to
erasure by electrons (corresponding to +Vg writing).

In all of the data in Figures 4.11 - 4.14, the Fourier transform spot size

\f;/d was 138um and the measuring fiber optic probe used was of diameter 150um.
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Figure 4.15 Measured Output Light vs. Time (for Continuous Erasure with a Broadband 8/ cm?
Erase Source) for the (a) DC and (b) First-Order Term in the FT of a Scy /mm
Squarewave Input Recorded on the Photo-DKDP
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uration does not occur at lower initial applied voltages. From Figure 4.8, we see

100 pv i
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Storage time 7, as a function of the intensity 4 of the
read-out light. The upper curve (r+-) 1S for a positive latent
image. the lower curve (rm—) for the negative one. 2’ is the resid-
ual intensity of the light that has passed through the diclectric
mirror and is absorbed by the selemum. Wavelength of the read-
out light 579 nm.

(¢c) Leakage Light

Figure 4.15 Continued (c) Storage Time as a Function of
I{g = V' Light Leaking Through the Mirror M
(Iyg = ¥ is the Read Light Intensity) [4.8].




DKDP). The data of Figure 4.10c are included to show that the voltage transferred

to the DKDP is approximately % of the initial voltage between the electrodes. For

- o — e ——-

This large probe size equal to the diffraction limited Fourier transform plane
spot size allows measurement of the total energy in the DC and first-order spots
and their change with time (compared to the time decay of only the peak of the DC
and first-order components of the input pattern). Attention to such measuring
and data acquisition techniques are necessary. The degradation of the charge
pattern at the mirror interface is limited by two processes: (a) thermal activa-
tion of charges from surface traps and (b) annihilation of trapped charges by
capture and recombination of free charges of opposite sign. In the first process,
the charges diffuse laterally resulting in progressive erasure and loss of defin-
ition. In the second process, the bias of the images decreased without any
degradation in its definition (sharpness of edges). As our data in Figures 4.12 -

4.14 show, the second process is dominant in practice.

Under AR readout, the efficiency with which the Ag light v' leaking through
the mirror M generates free carriers (some of which recombine with charges of the

latent image at M, thereby erasing the latent charge pattern at M) is low. In

Figure 4.15c, we show data on the storage time Tq as a function of the incident |
[\R = y and the \g light y' leaking through M (a 5% mirror transmittance is
assumed). From these data and a given application scenario, the I,g light level
that can be used for a given desired Ty can be determined. These data were
obtained from [4.8] and it is not known if they are theoretical or experimental.
But at the Ag = 579nm used in these data, the Se is far more photo-sensitive than
at the 633nm wavelength we used. In addition, as we noted earlier, the mirror in
our DKDP was found to have a 50% transmittance at 633nm. Thus, direct quantita-
tive data comparisons are not possible. From Figure 4.15, we see that \g destruc-
tive readout of a positive image is less than for a negative image. This is
explainable by assuming that some of the holes generated bv the \g light leaking
through M disappear by bimolecular recombination. This is clearly not the only

process, since if it were the carrier density would be proportional to the square
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Figure 4.16 Photo-DKDP Imaging MTF Data Acquisition Svstem

Table 4.4 Components Used in the Imaging MIF System of Figure 4.16

Ly: Read laser (633nm) by Spectra Physics AL: Arc lamp

CP: Calcite polarizer HG: Heat absorbing glass
Syt Shutter for read light GF: Green filter (51058 with
AX = 904)

MI,MQ,MB.MA: mirrors
. CLp: 38lmm lens
0q: 20x objective

ILy: Imaging lens (8%", F/4.5)
CLy: 762mm collimating lens
& T: Shutter with electronic

PBS: Polarizing beam splitter cube timer
Ly: 105mm relay lenms AFC: Air Force 3 bar resolution
chart

05: 10x objective

PMS: Photometric microscope
FP: 50 u Fibre optic probe
| PMT: Photo-multiplier tube
By & By: Black enclosures

Ey & E~: Erasing flashes
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Figure 4.10b Sensitometry for Photo-DKDP, Different Applied Negative Voltages
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root of the luminious intensity and the slope of the Ty vs. time curve in Figure
4.15 would be !. The faster decrease in Ty for a negative image seems to indicate
an additional recombination process due to holes injected into the Se from the
front electrode Ej. These photo-injected holes are attracted to the minus charge
latent image with a denmsity proportional to I,y resulting in a Ty inversely pro-

portional to Iig-

4.5 Resolution, Contrast, Modulation, and MIF

The resolution of an SLM is one of the most elusive parameters to measure and
quantify. The resolution test system and measurement test procedure used must be
well documented, as well as the equations used to reduce the data obtained to
resolution, contrast, modulation or MIF graphs. Particular attention must be
given to: the definitions of the terms used, distinguishing between amplitude and
intensity modulation, properly documenting test conditions, such as input modula-
tion levels used, and avoidance of normalized modulation and MTF data. In Chapter
2, these items were adequately addressed. Thus, in this Section we present the
results of only five MIF tests performed on the photo-DKDP: (a) imaging MIF
(Section 4.5.1), (b) interferometric MIF (Section 4.5.2), and two new mathods
(c) reflectance imaging MTF (Section 4.5.3) and (d) edge MIF (Section 4.5.4). In
Section 4.5.5, we quantify our resultant MIF data and compare it to the theoreti-
cally expected results. We conclude in Sections 4.5.6 and 4.5.7 with a discussion
of the appropriateness of the various MIF tests to diverse real-time optical data
processing applications and with several general remarks on the equipment, parti-

cularly the polarizers, beam splitters, and polarizing beam splitters to be used.

4.5.1. Imaging MIF

The imaging MIF test system used with the photo-DKDP is shown in Figure 4.16.

The components used are listed in Table 4.4. To obtain a better extinciton ratio,

a calcite polarizer (CP) was included. Enclosures By and By were used to shield
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the DKDI from the stray arc lamp light. To reduce the degrading effects of read
light, continuous readout was not used. Rather, the fiber optic readout probe w
focused on a single bar on the output image (using several repeated exposure and
erase cycles to obtain best focus). The shutter S; was then opened and the reco
structed image of one three-bar pattern was quickly scanned and the minimum or
maximum {ntensities were recorded. A low I,p = JuW/cm? light level was used. T
test was then repeated to ensure that no degradation in the recorded pattern had
occured.

A write intemsity I,y = 150uW/cm? was used to illuminate a 2cm?

region of t
crystal. Two exposures of 2.1 and 4.1 second duration were made of the various
bar element patterns in the test chart. Both of these exposures (315uJ/cm? and
615uJ/cm2) were repeated twice and were repeated again for both *150v across the
DKDP assembly. From the sensitometry data of Figures 4.7, we see that these ex-
posures lie near the saturation end of the sensitometry curve for #150v writing
and in a more linear region further from saturation for the -150v writing.

In Figures 4.17 and 4.18, we show the resultant MTF data (unnormalized) ob-
tained as described in Chapter 2 for Vg = *150v and using 2.1 and 4.1 second
exposures. Comparing these data, we note lower modulation for *150v writing tha
for =150v writing. This may be due to the sensitometry issues noted in Section
4.3. A superilor cooling system and better mounting of the crystal holder may be
sources of experimental error. However, as noted in Chapter 2, the repeatabilit
of imaging MTF data and {ts susceptibility to operator attitude, etc., are our
primary objections to such MIF data acquisition methods.

The 10 - 12cy/mm resolution obtained at 50% of the peak modulation for this
SLM can be improved. This was done later by use of a better alignment technique
for the imaging system and the SLM in Figure 4.16. The readout system and DKDP
were aligned using a point beam in these advanced tests. Initially, the light

transmittance through the mirror was used to align the imaging system. However



~
~J
-

®
9
DKDP IMAGING MTF
8 |
V= ~150 VOLTS |

7t
z
s} V= +150 VOLTS EXPOSURE' 2.1 sec.
E 6 AT 150 Awam? f
2
8s
= @

4

2 4 6 8 10 12 1.
SPATIAL FREQUENCY (cycles/mm)

Figure 4.17 Imaging MIF for ¢150V for Photo-DKDP (2.1sec Exposure)

|
9+
|
[ @‘\\Q\
8. " e
] 5
O \.. V=150 VOLTS
T \\\ =
5 LA Vi 4150 VOLTS — EXPOSURE: 4.1 SEC
% | AT 150 4w/ (m2
< |
=
|
-
4t
| DKDP IMAGING MTF
v
L. e e —— —_— + fiashon -
2 4 6 8 1 12 14

SPATIAL FREQUENCY (cycles/mm)

Figure 4.18 Imaging MTF for +150V for Photo-DKDP (4.1sec Exposure)

ﬂ__________.._——-ﬁ-d




when it was determined that several layers in the photo-DKDP SLM were wedged, the

above technique was modified (the arc lamp light source itself was useless for
alignment purposes). The first change in the system was the change from 1:1
imaging. This allowed use of the Nikkor F/3.5, 55mm lens (depth-of-field above
1000pm). This lens and the entire system except for the DKDP was aligned using a
point beam from the 633nm laser readout source. The DKDP unit was then inserted
and aligned. The resultant system yielded observable resolutions bevond 20cy/mm.
We note at this point that the IL3 lens used in acquiring the test data ot
Figures 4.17 and 4.18 had a depth-of-focus of 200um or over 20 times the thickness
of the Se photo-conductor layer. Thus, any lens or imaging effects and differences
in imaging interferometric MIF data will not occur. The 2.1 and 4.1 second expo-
sures at 150uW/cm? correspond to exposure energies of 300 and 600uJ/cm<. From the
sensitometry data of Section 4.3, we see that these exposures correspond to the
saturation region of the device. Thus (as noted in Chapter 2), only ary MTF
data results from such an imaging MTF test. This is another objection we have to
such an experiment. The write light intensity is measured in a lem? all bright

area in front of the DXDP. For the longer 4.1 second exposures, the dark of 1

min
output levels clearly increase, thus making measurements of
-
M - L \~o.l.§\

out [+ 1

difficult. Input modulation was assumed to be unity in all tests (since a chromium

plated AF chart was used).

4.5.2 Interferometric MTF

Were sinewave pattern of adequate quality in various spatial frequencies avail-
able, they could be imaged onto the SLM, and hence the SIM's linear recording
tested. However, sinewave inputs of adequate quality are not easily obtainable,

especially at high spatial frequencies. These problems and the other disadvantages

present in an imaging MIF test can be avoided {f the input data i{s interferometri-




cally recorded as discussed in Chapter 2. The experimental system used to achieve

this is shown in Figure 4.19 and the components used for it are listed in Table
4.5. The recording system's operation is basically to interfere two plane waves

on the SLM. These beams are combined at the BS and the angle 8 between them (and
hence the spatial frequency of the recorded sinewave) is adjusted by tilting mirror
Mg. The intensity ratio of the two beams, and hence the modulation of the recorded
sinewave pattern is varied by the VBS. The average exposure for the SLM is ad-
justed by controlling the intensity of the laser using a timer and shutter in the
output laser beam. The sinewave pattern incident on the SIM is in focus over the
entire thickness of the device, thus reducing input tocusing errors. Since the
Fourier transform plane pattern is examined and since it contains only three spots
of light, output plane focusing problems are likewise greatly reduced.

The read system is similar to those described before. The Fourier transform
of the sinewave pattern recorded on the SLM is formed by the Fourier transform lens
of the Fourier transform plane (FP) where it is scanned with a photometric micro-
scope. For a pure recorded sinewave onlv a DC and tfirst-order FT plane spots
should appear. The presence of second-order spots indicates a non-linear input
recording, the amplitude of the second-order spots indicates the amount of the
non-linearity.

To measure the MIF from this test system, we simply measure Iy and 1) (the
intensity in the DC and one first-order spot in the FT plane) to obtain M (out).
The process is repeated for different tilts of the mirror Mg in Figure 4.19. This
results in different interference angles 6 and sinewave spatial frequencies a in
the recorded pattern. We distinguish two types of MTF data (linear and non-linear).
In the linear MIF test, we select the average input intensity to lie in the center
of the linear region of the device's sensitometry curve. We increase the input

modulation while monitoring 12 (the intensity in the second-order spot in the FT

plane pattern). We maintain I, at 20dB below the level of Lly. This setting ensures
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Figure 4.19 Photo-DKDP Interferometric MIF Data Acquisition System

Table 4.5 Components used in the MIF System of Figure 4.19

LS1: 633nm laser

LSp: 5l4nm laser

S1: Shutter for read light
CP: Calcite polarizer
Ml’MZ’M3’M6’M5’M6: Mirrors
0, & 04: 20x objectives

0, & 03: 5x objectives
PHy: 10 u pinhole

PHy & PH3: 5 u pinholes

Li: 762mm collimating lens

L4:  762mm FT lens

Ly & Lj: 381lmm collimating lenses
PBSC: Polarizing beam splitter cube
FP: 50 u Fibre optic probe

PMT: Photomultiplier tube

PBL: Periscopic beam filter

NDI: Neutral density filter for read
light

ND;: 10% ND filter
VBS: Variable beam splitter
BS: NRC beam splitter

DKDP: The crystal; Ej & Ep: Erasing
flashes




that the output sinewave is linear within 1%. Alternate ratios between 1, and I;

can be used and will result in even more linear interferometric sensitometry data.
We then recorded I1/Ip and from it calculated Moug- We plot unnormalized M,,, vs.
a and note the average exposure and input modulation on the corresponding Figure.

In our experiments, the average exposure I, + Iy was measured to be 80.37uw/cm2
and the input modulation to be 98.6% for these tests. With the 762mm focal length
transform lens used, each lmm displacement of an FT plane spot from DC was calcu-
lated to correspond to 2.074cy/mm of input spatial frequency. Locations of these
first-order FT plane spots were used to determine the input spatial frequency re-
corded. This technique was found to be far superior and more accurate than attempt-
ing to measure the small angle between the two interfering input beams.

With an 80uW/cm?® write average input light intensity and an 80msec exposure
time, the average write light intensity was calculated to be 6.50uJ/cm?. This
exposure level lies in the linear region of the t-E exposure curve for this SLM as
shown in the sensitometry data in Chapter 2. Thus, this MIF test i{s referred to
as a linear MIF test. For a non-linear interferometric MTF test, the exposure
time was increased to 750msec; the corresponding average exposure is now 60.3uJ /cm<.
This value is seen to lie toward the saturation region of the sensitometry curve in
a far more non-linear region of the t-E curve for the SIM. We thus refer to the
MTF test conducted with this bias exposure as a non-linear interferometric MTF test.

As described in Chapter 2, the sinewaves were interferometrically recorded on
the DKDP SLM and the resultant FT plane pattern was scanned. In all linear MIF
tests, no measurable second-order FT plane spot was visible. This implies a very
linear input recording exists. In addition, the dark field in the FT plane was
found to be unmeasurable, even using the scanning photometric detector. For the
non-linear interferometric tests, the exposure times used were varied until a

second-order FT plane spot was at least visible (it was still more than 20dB below

the intensity of the first-order FT plane spot). The modulation obtainable was
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calculated from the ratio I;/Ig of the intensities of the first-order and DC order
terms in the FT plane pattern. The resultant MIF curves for both linear and non-
linear bias exposure cases are shown in Figures 4.20 and 4.21.

From these data, we see that the resolution of the DKDP light valve at 50% of
the peak modulation was larger for the interferometric MIF tests (l4-15cy/mm) than
for the imaging MIF tests (10-1l2cy/mm). We attribute this to the focusing and
measurement ease present in the interferometric MIF tests compared to the imaging 1
MTF test.

The input modulation for all experiments was maintained at 98.6%. The output i
modulation my,+ {s defined as in Chapter 2 as 4

Mout e 4%1/20 . (4.14)

Equation (4.14) was used in assembling the data of Figures 4.20 and 4.21. We now
consider several other aspects of this interferometric MTF data. First, exposure

times in these MTF tests were only 0.75sec. The corresponding 60 J/cm? point on
sensitometry data in Section 4.3 for this SLM required exposures in excess of
S5sec. These observations and our sensitometry remarks are advanced in Sections
4.3 and 4.4. They can be used to explain the larger modulation (0.9) observed for
the linear MTF case than for the modulation (0.5) observed for the non-linear MTF

case. In practice, the actual sensitometry curve for the DKDP SLM is higher in

transmittance than is indicated and i{s shifted to the left more than is indicated
in the data of Sections 4.3 and 4.4. These phenomenon we refer to as long exposure
saturation. This effect occurs because of the long write times (long with respect
to the RC time constant of the SLM). Thus, the "non-linear" bias point used is
actually a linear bias point at the actual experimental conditions used. The
longer exposure necessary in the non-linear bias MIF experiment also increases the

dark light level. These effects combine to produce larger modulation for the

linear input data case. The low (75v) voltage present across the DKDP SLM and the
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lack of observed second-order terms within the 20dB level of I; tend to verify the
above remerks. Thus, the importance of sensitometry data of accuracy and compati-
bility with the actual experimental use of this device is again demonstrated to be

of paramount importance.

4.5.3 Reflectance Imaging MIF

An alternate imaging MIF test conducted involved illuminating a reflectance
(chromium) version of the Air Force 3-bar chart in reflectance and subsequently
focusing this reflected image onto the DKDP SLM. The reconstruction of this image
was then scanned and the MIF data was produced as before. This test system used
is shown in Figure 4.22. The components used in it are listed in Table &.6.

Since this system differs only slightly from the prior MIF ones, we do not repeat
our prior system description of it. Only the *150v positive writing case was
considered in these experiments. The write light intensity was set at 26. 1uW/cm?
and a 2.5sec exposure was used. This resulted in a 65.25uJ/cm? bias exposure level.

The resultant reflective MIF data is shown in Figure 4.23. Comparing it to

the other MTF data in Sections 4.5.1 and 4.5.2, we find a lower 7cy/mm resolution

at 50% of the peak modulation. Our purpose in this test system was primarily to
experimentally assess the use of this MTF technique. An extensive laboratory
session in which the system alignment, collimation, focusing, and the output detec-
tor system used were completely revised, would have resulted in improved MIF data
for this test. However, rather than attempting such a quantitative experimental

program on an MTF data acquisition system plagued by various other disadvantages,

we choose to merely comment on the use of such a reflectance MIF test system.

In such a reflective MTF experiment, there is significant scatter which
greatly increases the background noise level, thereby decreasing the output modul- !
ation. In a transmission imaging MTF test, one can increase the light as much as ]
possible and easily place it well into saturation. In this present test, the l

background noise rises as the input write light exposure is increased. One can {
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Figure 4.22 Photo-DKDP Reflective Imaging MTF Data Acquisition System

Table 4.6 Components used in the Reflective Imaging MIF System of Figure 4.22

LSl: 633nm laser PMT & PM: vy scientific photomultiplier
tube & photometer at 500V

0y1: 10x objective

HA: Heat absorbing glass
PHy: 10 u pinhole . R
GF: Green filter (5105 A with A\ = 90A)
Ly: 38lmm collimating lens

Lyt 38lmm collimating lens
M2 & M3: Mirrors

BS: 2" dielectric beam splitter
AP;: Aperture to cut extraneous

light Lp: 84" f£/4.5 imaging lens
PBS: Polarizing beam splitter cube S & T: Shutter & timer
L3: Nikon 105mm imaging lens FA: Flash assembly
0p: 5x objective DKDP: DKDP assembly
uS: Microscope SH: Slide holder w chrome AF chart
(negative)

FP: 50 u Fibre probe
fy: Focal length of Lj

Note: SH, Ly & DKDP form 1l:1 imaging system
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Figure 4.23 Reflective MTF for the Photo-DKDP

SCAN OF AN EDGE IMAGED ON DKDP

Imax =145 (oet ATIVE UNITS)
Imh =4

Figure 4.24 Edge MIF Output Data for the Photo-DKDP
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increase modulation at lower spatial frequencies by increasing the light level,

but the increased background noise level then greatly decreases the modulation at
higher spatial frequencies. This issue is closely connected to the procedure we
use to obtain the best MIF from such an imaging experiment. To obtain the best
resultant modulation, the input write light level and the readout light intensity
are increased until the minimum output light level is as low as possible. However,
this minimum output light level must be measurable and it must be above the system
and detector noise levels. In this reflective MIF experiment, the larger minimum
output reconstructed intensity (due to increased scatter) makes adjustment of the
system difficult. In conclusion, reflective imaging MTF should yield results

comparable to those of a transmission imaging MIF experiment. However, far

greater care and operator technique is necessary. This measure of MIF is useful
when the actual input data in the real system application is of low contrast and

has a large bias level (e.g., aerial imagery, imaging from a T.V. monitor or an

ambient scene). However, since the interferometric MIF system can achieve similar
control and is far easier to use and results in a far more reproducible output

data, it is again preferable.

4.5.4 Edge MIF

An alternate technique for obtaining the MTF of an SLM involves imaging an
edge onto the output detector using the SLM as a relay. A cross-sectional scan of
the reconstructed edge will not be a step function, but will have a finite slope

| together with overshoot and ringing. The post-processing required to extract MTF
information from such an output edge image is described in [4.11-4.13].

Theoretically a step response of a system should give the exact system trans-
fer function. [4.11-4.13 and 4.22] discuss how to obtain the MIF of a lens or a

photographic system from reconstructed images of an edge (or a step) through the

system. After considerable experimentation, we found out that it was very
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difficult to perform this test on SLMs. We outline a general approach to this
MTF acquisition method, and discuss the implementation and other problems we have
found.

The five steps involved in this MTF data acquisition method follow:

(a) An edge scan is obtained by sampling the reconstructed image of
an edge image recorded on the SLM. The sampling interval necessary
in the output detector is determined by the Nyquist criterion. The

actual edge spread function is related to these sampled values by

the sampling theorem
@
E(x) = £ E(ne) sinc(n(X - n))
n=- €

where ¢ is the sampling interval.

(b) Small errors in recording or measuring (due to the grain of

film) should be removed by smoothing. In case the scan or samples
are obtained using a non-linear recording or measuring instrument,
one must correct the edge spread function obtained above using the

sensitometry of the recording medium.

(c) MIF is defined as the modulus of the optical transfer function,
which in turn is the Fourier transform of the line spread function.

The edge spread function is related to the line spread function by
E(x) = J 2£(x)dx

The edge spread function is used because it is easily obtained by

imaging.
(d) As derived in [4.11], the OTF is given for f < f_ by

o

OTF(f) = T j27nf eE(ne) e
n-=

-j2nf(ne)

where ¢ is sampling interval and f. = %e.
The problems associated with using this test on SLMs were many. We used a
25um fiber probe with a 5x objective. This should theoretically give a sampling

interval of Sum. However, due to statistical errors associated with the scanning
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eyepiece and the chart recorder maximum achievable sampling interval was much
larger. Even when a good lens (which is highly spatially uniform) is
tested, the data analysis required to extract MIF information from an edge image,
requires the use of very complex computations [4.13]. In comparison to a good
lens, the SLM was found to be highly non-uniform in its response. Thus, the test
has to be repeated for a large number of points and one would have to literally
obtain a point-by-point MTF.

The scan we obtained is reproduced in Figure 4.24. As one can visually see,
it does not conform to what one would expect. We thus considered that pursuing

this test was unwarranted in our present effort.

4.5.5 Quantitative MTF Theoretical Comparison

In this Section, we consider a resolution model for the DKDP SLM and the
agreement between aur experimental MIF data and the theoretically predicted
results. Roach [4.14] and other [4.15-4.16] have adequately considered the resol-
ution of such SLMs. Assuming a DKDP thickness "a" and a dielectric mirror of
thickness 'b'", charge accumulation at the interface is considered and the €, and
€x dielectric constants for the DKDP and ep for the mirror are assumed. Laplace's
equations are then solved in the two media for the potentials at the various

interfaces using Maxwell's equations.

Dy, - Dpp = o, (4.15a)
for the mirror,
v2vy = 0 . (4.15b)
Similarly for DKDP,
a2y, 32v2 g, 5%,
—_—t —= = —= =0, (4.16)
g2 32 Ex 3,2
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These Equations are then solved with the boundary conditions of matching the

voltages between the two regions and assuming a surface charge density
g = gpcos2mvx (4.17)

to be of a single frequency v. The resultant voltage V across the DKDP is then

found to be
V= Vz(v)COSvax + Bias (4.18)

where

00/2wve°
Vy(v) = : (4.19)
(egey) Coth[(ex/ez) 2mva] + ep Coth(2mvb)

From (4.19), we see that as the spatial frequency v increases, Vy(v)/V2(0) decreases. ?
{
This V2/Vo vs. v Equation is the amplitude modulation mp or yields the amplitude MTF.

The resultant output MIF is then

2m' (4.20)

mos———
1+ m'?

Substituting values for our photo-DKDP SLM and the physical constants of the
various layers, we obtain the theoretical MIF plot shown in Figure 4.25. Comparing
it to the interferometric MIF data, we find excellent agreement between theory and
experiment. This agreement between theory and experiment, together with the close
agreement between the different MIF data (differences are due mainly to the ease
with which the various MIF tests can be performed and the precision required to
obtain the various MIF data) implies that our experimental procedure was most

accurate.

4.5.6 Application Relevance of MIF and Other Tests

In Chapter 2, we considered various noise tests that we feel should be per-

formed on SLMs. The FT of a square input aperture is of use in determining the

s : i\ e s -, nﬂi
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system's scatter level and the interharmonic distortion present in an input signal
due to the system's linear MIF. The detector noise level can also be isolated
from these experimental investigations by such a test. Use of a small input aper-
ture can alleviate many of these problems at the test and experimental level. The
importance of accurate SLM sensitometry data has been clearly demonstrated in our
prior tests. The need for spatial data of this type was also previously demon-
strated. Reciprocity and static and dynamic sensitometry data are necessary (as
well as spatial OPD information, as noted previously). Dark state minimum data
information is also necessary in MTF tests and is a primary issue of concemrn.

The need for unnormalized MIF information was clearly demonstrated in Chapter 2.

In the application oriented use of the SLMs, imaging MIF information is of
concern when a transparency of the input information is available and is imaged
onto the real-time SLM. In this case, the input SLM functions primarily as a
non-coherent to coherent optical converter.

We now consider the depth-of-focus of the lenses used (especially the imaging
lenses used in MIF tests and in imaging the input data onto an SLM). An ideal lens
focuses a plane wavefront to a point of zero dimensions. However, all lenses have
some aberrations and a non-infinite aperture. Thus, in practice, there are varia-
tions éx, 8y, 8§z in the focused spot. The depth-of-focus variation §z (along the
optical z axis) determines the accuracy with which the image plane (the SLM) must
be positioned. For an SLM this dz = §f; variation is related to the allowable
thickness of the photoconductor layer in the SLM. Conversely, if the SLM and its
photoconductor are fixed (as is usually the case), then the necessary depth-of-
flield §f; of the associated imaging lens is determined.

Specifically, if the photoconductor is d ym thick, then the associated imaging
lens must have a depth-of-focus §fy > d ym. Accordingly, the spatial frequency
limit to which such a system should be used isVmax = l6fL/D5chy/um. Conversely,

if the lens used has a §fy, = d;um, then the SLM's photoconductor should be less
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than d um thick and imaging MTF data beyond the same Vmax limit should not be
taken. The above values assume that the photoconductor is active throughout its

entire volume or thickness and ignores photoconductor response variations normal

to the optical axis.

In practice a lens with a §fp < d may be acceptable depending upon the mag-
nification used and the photo-carrier generation and charge distribution formu-
lation process. The best philosophy is to use a lens with &fy > d.

The depth-of-focus of a lens of focal length f, and aperture D used at wave-

length A in a 1:1 imaging system is [4.17]
d = §f; = 8A(f/D)? (4.21)

the uncertainty in the location of the focus in the plane perpendicular to the

optical axis 1s [4.17]
Sy = (\/4) (f/D) . (4.22)

The three major shortcomings of imaging MIF experiments are: the lack of gray
scale SLM information and the reliance on binary imagery, the lack of second
harmonic distortion information about the SLM, and primarily the dependence of
such an experiment on operator attitude and experimental error. In Section 4.5.7,
we discuss the depth-of-focus of the lens issues associated with such experiments
and ite relevance to the SLM thickness. These issues are of major concern in
SLMs such as the prom in which the SLM is itself both electro-optic and photo-
conductive and is thick. In the photo-DKDP SLM, the photo-conductive layer is
thin and determines the depth-of-focus requirement of the associated imaging
optics used.

In most practical applications, a transparency of the input data is not avail-
able for imaging onto the SLM and thus the results of such an MIF test are of little

practical use and actual applications in which the SLM will finally be used. In
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most practical imaging SLM applications, the input is an ambient scene, the image
from a TV Monitor or similar cases. In such instances, the bias level of the input
scene will be large and its contrast low. The reflective imaging MIF test was an
attempt to produce such a realistically equivalent MIF test system. High bias level,
scatter, and large background noise are the key features that characterize such an
input. Experimental component and output measurement system difficulties make the
practical use of such an MIF technique less attractive.

When the input data is recorded point-by-point on an SLM, the edge MIF test is
appropriate since it directly models the actual data recording situation. However,
experimental difficulties associated with this MTF technique add even more stringent
difficulties to an already unreproducible imaging MIF experimental procedure.

Interferometric MTF measurement techniques are clearly the most easily per-
formed and most reproducible ones. The major difficulty associated with such tests
is whether the lens system and data recording technique actually used has the ade-
quate depth-of-focus and focusing accuracy of the interferometric recording method.
The interferometric MIF technique yields the largest possible resolution for the
device. If the bias level of the recorded data and the input modulation in such a
test are properly chosen to model the actual case, the results of such a test are
appropriate. In Section 4.5.7, we discuss the depth-of-field issue associated with
the lenses in such an experiment. In SLMs with separate photo-conductor and electro-
optic layers, the thickness of the photo-conductor determines the depth-of-focus
necessary in the lens system. This MIF test method is appropriate for all interfero-
metric filter plane SLM applications. It is also appropriate for most signal pro-

cessing applications in which the input signal is recorded on a carrier.

4.5.7 Test Component Selection

The polarizers used in the SLM test system should have a contrast ratio ten
times larger than that of the SLM. The glass plate polarizers (dichroic polarizers)

from Miles Grinot have been found to be the best of this type. In most experiments,

" M
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beam splitter cubes were used. In the FT of the square aperture and in the square-
wave tests, a two inch metalized beam splitter was employed. When calculating rms

OPD and for similar DKDP interferogram tests, a six inch dielectric beam splitter

was used on the readout light side and a two inch dielectric beam splitter on the
write side.

The available beam splitters are generally specified for a given direction of
polarization. We have found that all beam splitters are polarization dependent,
i.e., the ratio of the intensities of the two split beams changes with the polari-
zation of the input light. We have also found that the metalized beam splitter has
less polarization dependence (50/50 to 40/60) than the dielectric beam splitters

(50/50 to 30/70). The beam splitters we utilized have anti-reflective coatings on

one side and beam splitter coatings on the other. Care should be taken to orient
the beam splitter coatings to the input side to reduce spurious reflections. Thus
the corresponding spatial frequency at which one will encounter problems in the use

of such a lens is determined by &y as
Vmax = %8y . (4.23)

For three imaging lenses in our laboratory, we have tabulated the necessary lens

parameters in Table 4.7.

Table 4.7 Imaging Lens Parameters

fL(m) fL/D GfL(um) GY(\IFI) V. ax(cy/m)
e (min/max) (min/max) (min/max) "
NIKON
3 i MICRO-NIKKOR 55 3.5/32 62/5185 0.55/5 900/99
NIKON
MICRO-NIKKOR 105 4/32 81/5185 0.63/5 789/99
RAPTAR
COPY 206 4.5/32 102/5185 0.71/5 702/99

As we can see, there is no depth-of~field problem associated with the use of

any of these lenses for the photo-DKDP SLM. Thus, we prefer to use our best lens
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(Nikon, 55mm, F/3.5) since the above Table does not include other aberration effects
present in all lenses. Because of the thin 10um thickness of the Se photoconductor

in the photo-DKDP SLM and because the charge carriers are generated within a thin

(approximately lum for short exposures) layer of the Se, any imaging lens with a

depth-of-focus above 10um (or possibly lum) will be adequate and will yield equiva-

lent resolution data to that obtained from an interferometric MIF test. .
In our experiments, long exposures were used. So, let us assume that the

sensitive thickneas of the Se is 10um. We thus require an imaging lens with

SfL = 10um. f; is related only to the F- number f;/D of the lens and the wavelength

A\ of the light used. From (4.21)

¢ k)
L1 s S 5
£L/D < é\) 570.69) (197 = 1.4, (4.24)

or a lens with f number 1.4 will suffice and would let us reach a frequency limit

of

lb(fL/D)

W ——— D 3 / p 5
sax 5T, 2.26x10°cy/mm . (4.25)

Clearly, other aberrations will start dominating before we reach this limit since

our analysis has assumed diffraciton limited case only.

4.6 Noise Experiments

Our general approach to the evaluation of noise in an SLM was advanced in
Chapter 2. Here, we thus only highlight our experimental data and test systems for

the photo-DKDP SLM.

4.6.1 Interferometric OPD

The most common measure of noise in a SLM for coherent optical data processing
applications is the use of an interferometric system to obtain OPD data. As we have |
described elsewhere [4.18,4.19], spatial OPD maps as functions of the aperture and

spatial frequency are necessary. An automated spatial OPD data acquisition system
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[6.20] has also been described by us. Such data has been obtained by us [4.21]
for the LCLV. In this test and experimental program, only interferogram datz were

obtained. The test system used is shown in Figure 4.26. The components used are

included in Table 4.8. In the interferometer the photo-DKDP acts as a mirror in
one of the arms of the interferometer. This arrangement with the photo-DKDP oper-
ated in reflectance rather than transmission mode is in agreement with the actual
use of the device in practice. The surface quality of the Se layer is also not of
concern since it is usually written on with non-coherent light. The six inch beam

splitter used in this test system was employed because of the wide field of view !
it provides at the 45° angle at which it is operated. #

In Figure 4.27, we show the resultant fringe pattern obtained on the DKDP at

room temperature, at -20°C and -50°C. In each of these photographs, the fringe
pattern was allowed to stabilize before the photograph was Eaken. From these fringe
patterns, we see that the OPD of this SLM is poor by comparison to others (A to A/2
over tge full area, A to A/4 over the central 2x 2cm? region) and that the OPD
pattern changes with temperature. This change is due to stresses in the SLM, non-
uniform cooling, the vibration effects of coolant flow through the first stage
Peltier cell cooling system, and physical changes in the thickness of the DKDP layer

with temperature.

4.6.2 Scatter Level Tests

Another source of noise in the SLM besides phase or OPD errors is scatter level

noise. To measure this noise source and its effects, we form the FT of a square

aperture using the photo-DKDP SLM as a relay and without the photo-DKDP. The test
system used is shown in Figure 4.28 and the resultant output data in Figures 4.29a
and b. A 7x7mm? input aperture was used to better enable the full output FT plane
pattern to be scanned. A larger input SLM area should be used in practice and
alternate lens and detector scanning systems employed. The square input aperture

is reflected from a mirror in place of the photo-DKDP through the same lens system.
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Figure 4.26 Interferometric OPD System for the Photo-DKDP

Table 4.8 Components used in the Interferometric OPD System of Figure 4.26
LS: 633nm laser
Mj: Mirror
My: Dielectric mirror 4"
BS: NRC 6" dielectric beam splitter

DKDP: DKDP crystal assembly with read side towards the
beam splitter

FH: Polariod film holder
0: 20 x objective

PH: 5 u pinhole

L: 38lmm collimating lens
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This determines the maximum obtainable scatter level or system dynamic range due to !
the optics alone. Comparing the plots in Figure 4.29, we find that the photo-DKDP

adds an additionmal 2-4dB to the «:stem noise level and decreases the dynamic range

obtainable by the same amount. The optical system alone shows a 51dB dynamic range

or scatter level, whereas the photo-DKDP system exhibits rnearly a 50dB dynamic range

or scatter level.
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Figure 4.28 Scatter Level Data Acquisition Test System

4.6.3 Squarewave FT Tests

From the FT of a squarewave pattern imaged onto the SLM, we can (by analysis
of the presence of and magnitude of the various odd and even orders) determine the
interharmonic distortion and thickness variations in an SLM. This test is usually
most appropriate and is noted here. In the photo-DKDP SLM, the many wedged layers
in the device resulted in numerous spurious defracted orders in the FT pattern.
Thus, for this SLM, this test was not as useful as it has proven to be for other

SLMs.

4.6.4 Non-Linear Interferometric MIF Experiments

In Chapter 2, we very clearly demonstrated the usefullness of linear and non-

linear interferometric MIF data in determining interharmonic distortion and the
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linearity of the sensitometry and MIF data on the SLM under test. Our linear and
non~linear interferometric MIF data for the photo-DKDP SLM were far less impressive
in their difference because of the sensitometry test and data acquisition system
issues noted earlier. Nonetheless, the use of such techniques is a vital key SLM
test and evaluation issue. Likewise, SLM sensitometry is the first and most

important SLM parameter to be adequately and properly determined.

4.7 Bravais Compensator

In References [4.2] and [4.16], the use of a Bravais compensator in conjunc-
tion with the photo-DKDP SLM was noted. Initial concern with the importance of the
use of this accessary photo-DKDP component were not as necessary as first felt.
Specifically, this component is of use only in controlling the optical bias of the
SLM. A simple A/4 wave plate performs equally well and is far less expemnsive. The
purpose of this component is simply to introduce a uniform phase shift or retarda-
tion across the SLM. This technique is most attractive to produce contrast reversal
or positive to negative conversion and equiluminous contour generation. Such a
technique can be automated by the use of an electro-optic SLM to uniformly rotate

the polarization of an input wave under voltage control.

4.8 Cone Angle Considerations

In the experiments we have performed and discussed, collimated readout light
was used. Advantages of using collimated light are simplification of readout optics
and maximum contrast available from the crystal as we shall show later. However, in
practical applications one may need to use a converging readout beam. Obvious appli-
cations of this are: (1) use of an SLM in a filter plane, (2) magnification of an
image on the DKDP without sacrificing read light energy and (3) use of a converging
beam FT system to achieve scale change and reduce lens requirements.

The effect of operation of the DKDP in a converging light of a given cone

angle has been studied in [4.5] and [4.14]. It has been shown that the first-order




103

| effect 18 to produce output light in the off-state, even with crossed polarizers.
This reduces the total contrast available from the crystal. As we shall show, the
effect varies as the fourth power of the cone angle. DKDP is a uniaxial crystal

in the absence of an external voltage. In a readout scheme using collimated light,
linearly polarized light is incident along the optic axis ofter reflection from the
mirror, it emerges from the crystal without change and i{s thus cancelled by the
analyzer. Now consider the case when the incident light is incident at an angle to

the optic axis of the crystal.

The necessary geometry is shown in Figure 4.30. We consider the geometry
where: a is the DKDP crystal thickness = 160um; 8y is the half angle of the cone
of the converging light; 0, is the angle of refraction in DKDP; Z is the optic
axis of DKDP; ng = 1.4677 is the index of refraction along x and y; and n_, i{s the

index of refraction along the optic axes.

(DKDOP)

S =%,

Figure 4.30 Geometry for Cone Angle Calculations
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Light polarized normal to the plane of incidence of the crystal sees a refractive
index n,, whereas input light polarized in the plane of incidence of the crystal

sees a refractive index that depends on 8., n, and ng. As we showed [Chapter 3],

this index is

n 9
ng(8y) = . e - — (4.26)
/%in 8+ ng” Cos Op
e
0

This expression can be derived using Maxwell's equations and Fresnel's equations
for wavenormals. We are interested in the phase introduced between the two polar-
izations of the wave. This depends on An(Br) - no(er) - ng(8g). Using a samll
angle approximation, we obtain

n no L - ¢

(e = 5> | =52 Jein®e, . (4.27)

The observed phase shift is given by [2mAn(8.)d]/\, where d = 2a/(cos8,) is
the path travelled in the crystal. Approximating npsing by sinfy, we obtain an

expression for the phase shift given by

2 2\ , 2
n0 ne \..asin 01

[ = (4.28)
ne2n0 /ff\coser
For a pair of crossed polarizers, IL defined as the leakage light due to the
converging readout light can be described by
Lo r(og)
I =3 sin2¢ sinz(——ig— . (4.29)

In this expression, IO is the incident light, ¢ is the angle between the incident
polarization and the projection of the optic axis on a plane perpendicular wave-
normal. We must integrate over all possible ¢ and 9 values to consider all the

! rays within a cone. This integration and use of small 8, ap.roximations yields

the expression
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This expression shows that IL increases proportional to al (i.e., the fourth
power of the convergent beam angle 9 = a). The maximum light available from the
Ei DKDP light valve (with our specifications) is 10/2. Thus, the available contrast

is found to be

2 2 -
2 Ng "0Q A 2 Imax
Contrast(max) = 6 | = | ———— [ — (—) . —— (4.31)
n n02 - nel (2& a Lnin

For a = 1/10 rad. this contrast is = 103. In practical applications one would

have cone angles below 1/5 radians. Even in this worst case, converging light is

not a problem since one still has contrast of 75.
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5. PHOTO-DKDP LIGHT VALVE IN OPTICAL DATA PROCESSING

Abstract

Various real-time optical data processing experiments using the photo-DKDP
spatial light modulator are described. These include the performance of image
subtraction and contrast reversal directly on the light valve and their applica-

tion to practical pattern recognition situations in which the input and reference

objects differ. Examples of real-time optical correlation on coded waveforms for

signal processing are presented and the accuracy of the optically produced ambi-

guity functionm outputs are compared to the theoretically expected ones. Real-time
optical image pattern recognition experiments are also presented together with

comparative data obtained with off-line correlations performed using film.

5.1 Introduction

To fully utilize the advantages of an optical processor, real-time and re-
usable replacements for film are necessary in most data planes of an optical svstem.
The system components used to achieve this are known as spatial light modulators
(SLMs) [5.1,5.2]. 1In this paper, we consider the use of the photo-DKDP [5.3-=5.5]
SLM in various optical data processing applications. Following a brief description
of this SLM and {ts operation (Section 5.2), we describe its use in various real-
time optical data processing applications. Since this SLM is an integrating and
storage mode transducer, several special operations are possible with it. These
include image addition, subtraction, and contrast control, as noted earlier [5.6].
Several new examples of these operations are presented in Section 5.3 together with
a discussion of their use in several practical pattern recognition applications in
which the input and reference imagery differ. Since correlation i{s one of the most
powerful operations possible in an optical (or any) data processor, we emphasize

such applications in image pattern recognition (Section 5.4) and signal processing

- . Eon— IR—
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with coded waveforms for ambiguity function generation (Section 5.5). Included in
our study is a discussion in Section 5.6 of the accuracy of optically produced
ambiguity function outputs and a comparison of the optical pattern recognition

correlations obtained using the DKDP SLM to those obtained using film.

5.2 Photo-DKDP Spatial Light Modulator

The photo-DKDP SLM is manufactured by LEP in France. The unit we have
evaluated and experimented with is one of the first available outside of France
and the first one within the United States. It has been extensively described in
many papers [5.1-5.6] and thus the present description is brief. The device con-
sists of a 40 x 30mm? x 160;m thick potassium dideuterium phosphate (DKDP) cryvstal,
nine layer dielectric mirror (M) and 10um thick Selenium (Se) photoconductor sand-
wiched between two transparent outer electrodes (E; and E;). The SLM is housed
in a vacuum enclosure and is operated at the transition temperature (-~52°C) of the
DKDP .

Data is written on the device by exposing the Se side of the SLM to \ write
light (we used \y = 5l4nm, although the photo-sensitivity of the Se photoconductor
peaks at 400nm) with the front electrode E; positive or negative. With E; positive,
a positive latent charge image is produced on M and across the DKDP in the exposed
areas. With E; negative, a negative latent charge image results, with holes pro-
viding the charge transport when E; {s positive and electrons when E; {s negative.
For readout and storage, E; and E, are shorted to ground. The latent charge image
across the DKDP is readout in reflection from the DKDP gside of the SLM. By the
Pockels' effect [5.7], the spatial voltage distribution across the DKDP produces
a corresponding spatial variation in the reflected output light (we used \g = 633nm)
observed between crossed polarizers. Pure phase modulation {s also possible {f the
direction of polarization of the \p light and the crystallographic axes of the DKDP
are properly chosen. Erasure is achieved by flooding the Se side of the SLM with
\g erase light (either narrowband or broadband \y; light) with E) and E) shortened

to ground.
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The first SLM data necessary is its sensitometry. Because image addition and
subtraction applications were to be considered (in which the DKDP was subjected to
multiple exposures with the polarity of E; unchanged for addition or reversed for
subtraction), sensitometry data were obtained both with E, positive and with E,
negative., Because of the dependence of the photo-sensitivity of Se on the field
across it [5.5], the resultant sensitometry curves were found to differ, depending
on the polarity of E;. We found this difference to be more apparent when long
exposure times are used. Since such sensitometry data are necessary to determine
the input bias level and input exposure range to be used, attention must be given
to obtaining sensitometry data that adequately models the subsequent image and

| pattern recognition applications. We thus obtained sensitometry data on the photo-
DKDP SLM for both polarities of applied voltage at exposure times comparable to

those used in subsequent data processing applications.

5.3 Image Addition, Subtraction and Contrast Reversal

By successively exposing the photo-DKDP to two images with E; positive in both
cases, the latent charge patterns for each image are added across the DKDP. However,

because of the voltage dependent photo-sensitivity of the Se photoconductor, an exact

addition of the two images may not result. Short exposure times (as would be used in

most practical applications) can appreciably reduce such differences. To realize

image subtraction, the photo-DKDP is successively exposed to two images with the
polarities of writing (holes are the transport carriers when Ey is positive and
electrons when E; is negative) and without a voltage dependent photo-sensitivity for
Se, erasure should be feasible. By properly doping Se, ut (u is mobility and t {s
carrier transit time) and quantum efficiencies for holes and electrons can be ob-
tained in the proper ranges that equal sensitometry results for hole and electron
transport. Short exposure times can greatly decrease the field dependence of the
photo-sensitivity of the Se during i{nftial writing of one image. However, in image

addition and subtraction applications, when multiple exposures are used, a spatially
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varying latent charge pattern will exist across the DKDP due to the first exposure.
Thus the field dependence of the photo-sensitivity of Se must be considered and is
of concern in all image addition and subtraction applications.

A more detailed discussion of such device issues will be the subject of a
future paper. For now, we concentrate on the use of operations such as image addi-
tion and subtraction. In most practical image pattern recognition applicationms,
the input and reference imagery differ for many reasons. Two applications which
we have extensively considered involve the correlation of infrared and multi-sensor
imagery [5.8]. In such cases the dominant portions that are common between two
such images are the edges [5.9]. Thus, to correlate two such images, an obvious
preprocessing step is to differentiate one or both images prior to correlation.
This preprocessing operation can be realized in real-time directly on the photo-
DKDP SLM by exposing the device to one image with E, positive and then exposing the
SLM to a displaced or defocused version of the same image with E; negative. The

net result of two such exposures is the subtraction of the two images. The resul-

tant latent charge pattern across the DKDP {s the horizontal or vertical 1-D
derivative of the first image (if the second image is a displaced version of the
first image) or a 2-D derivative (if the second image is a defocused version of
the first image).

Dumont and other French researchers (5.5,5.6] have described such operations
in detail. However, their applications to the aforementioned optical pattern recog-
nition problems, the issues of voltage dependent photo-sensitometry, non-equal

sensitometry for holes and electrons and the issue of long exposure times are noted

here for the first time. In Figure 5.1, we show the reconstructed image of an Air
Force test chart recorded on the photo-DKDP with E; positive (Figure 5.la) and with
E) negative (Figure 5.1b) and the result of a double exposure with the image dis-
placed horizontally (Figure 5.1c) and then vertically (Figure 5.1d) between exposures.

In obtaining Figures 5.lc and 5.1d, the polarity of E; was reversed between the two




exposures. Because of the long exposure times involved in this experiment, its

use at present was restricted to binary imagery. It is also possible to realize

low-pass, band-pass or high-pass filtered versions of an image by conventional
Fourier transform plane spatial filtering. An example of such true real-time high-
pass filtering or image differentiation using photo-DKDP is shown in Figure 5.2.

In this experiment, the original input pattern was recorded on photo-DKDP (its
reconstruction is shown in Figure 5.2a). The reconstructed output image (with a
high-pass Fourier plane filter in place) is shown in Figure 5.2b. Such filtering

operations are also of use in image enhancement and restoratiom [5.11].

5.4 Real-Time Image Pattern Recognitiom

The schematic of the optical system used for all image pattern recognition
correlation experiments is shown in Figure 5.3. This basic optical system is a
frequency plane correlator {5.12]. Although many other optical patterm recognition
system architectures exist (5.13] (many of which are more appropriate for different
practical applications and for use with real-time SLMs), the frequency plane corre-

lator is most appropriate for cases in which the reference image is known in advance.

The conventional frequency plane correlator system has been extensively modified as
shown in Figure 5.3 to allow the use of the photo-DKDP SLM as the input transducer.
The input data to be processed is placed at Pjp; and imaged onto the photo-~DXDF at
Pgy in white light by lens IL (209mm focal length) with 1l:1 imaging. The Fourier
transform of the data recorded on the photo-DKDP is formed by lens FL, at P;. To
record the matched spatial filter to be used at the Fourier transform plamne P;, the
polarization of the signal and reference beams must be the same for interference to
occur. The pattern recorded on the photo-DKDP is thus readout in reflection using
a vertically polarized He-Ne laser beam. However, because of the cross polarizer
readout, the light leaving the polarizing beam splitter (PBS) in reflection from
the DKDP is horizontally polarized. The vertical polarization of the reference

beam was thus converted to horizontal polarization by the combination of the 1 &
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plate and linear polarizer (POI) as shown. The interference of these signal and l
reference beams are then formed at P;. The subsequent pattern at Pl is the desired
matched spatial filter of the reference pattern initially recorded on the photo-DKDP.
Once the matched spatial filter of the key or reference object to be located

has been recorded at Pl' the reference pattern on the photo-DKDP is erased and a i
new image (one that includes the key object) is placed at Pjp; and imaged onto the
photo-DKDP at POZ‘ When this input image on the photo-DKDP is read out and imaged
through the matched spatial filter at Pl(with the reference beam blocked), the

correlation of the input and reference images appears at PZ' In Figure 5.4a and

2 2

5.4b, we show the real-time reconstruction of a 23 x 25mm“ input and the 6 x 6mm
portion of this image used as the reference or key object to be located. In Figure
S.4c, a pseudo 3-D isometric view of the real-time optically produced output corre-
lation plane pattern is shown. A shorter 300mm focal length second Fourier trans-
form lens (FLy) was used to provide a more concentrated output plane P; intensity
pattern. Scans of this output correlation plane pattern obtained with a scanning
photometric microscope showed an output correlation plane SNR of 10:1.

In Figure 5.5, we show analogous results for an optical word recognition appli-
cation. In this case, the word PROFESSOR was recorded on the photo-DKDP SLM and a
matched spatial filter of it was recorded on Kodak high-speed holographic film plates
at Py as described above. When the input text of Figure 5.5a (with &4 occurrences of
the key work, PROFESSOR) was placed at P, imaged onto the photo-DKDP at Py,s and
read out in reflection (with the reference beam blocked), the output correlation
again appears at P,. A pseudo 3-D isometric view of the output P, correlation plane
pattern is shown in Figure 5.5b. From these data, we see that 4 output correlation
plane peaks occur and that their locations correspond to the four locations of the
key work PROFESSOR in the input text of Figure 5.5a. From cross-sectional scans of
the output correlation plane pattern, the peak intensities of the four output corre-

lation peaks corresponding to each key word in the input were found to be 30, 28,




; and 27 (in relative units) and the maximum cross-correlations were found to lie

between 6 and 7 units (same relative scale). In Section 5.6, we examine these

correlation plane outputs for this optical word recognition application in more
detail and include comparative data on analogous output correlations obtained using

film rather than the photo-DKDP as the input media.

5.5 Real-Time Optical Signal Processing Applications
Many diverse optical correlator systems have been used to process coded
signal waveforms [5.14]. 1In the most sophisticated cases, the desired signal pro-
5 cessing system output is the ambiguity function [5.15] (a plot of range vs. Doppler :

using the received signal and the coded reference waveform). In this Section, we

discuss two new optical ambiguity function generation systems and include examples
of their realization in real-time using the photo-DKDP SLM as the real-time input
transducer.

One of the simplest and thus one of the most attractive optical ambiguity
function processors was first described by Said, et.al. [5.16] and more recently by
Marks [5.17]). In this optical ambiguity function processor, a 1-D coded signal f(x) =
f(t) is first replicated in the vertical or y direction, vielding a 2-D function
f(x,y). If this input pattern is then rotated by an angle 3, the resultant function
becomes f(x cos 8 + y sin 8). For the particular case when 8 = +45° or -45%, we
find that the input pattern reduces to f[(x:y)/viﬁ. Superimposing these +45°
replicated and rotated versions of the original pattern, we find the resultant input

plane function to be described by
[ (ety) VIV E[ (x-y) /¥2) . (5.1)

For a simple single pulse input signal of width T, the resultant superposition
of these two functions is a diamond-shaped pattern. The 1-D horizontal Fourier

transform of Equation (5.1) is

i.h"""""""""'-"'"--l--Iil-----*-linl--- : P S —
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Uz(v.y) :“f 13 §;l £ §§X exp(-j2mvx)dx , (5.2a)

| where v is the frequency variable associated with x. With the variable substitu-

tions x' = (x+y)/¥5-and y = 1, we obtained

Unp(v,t) = vi'expkj2ovt)_z fix')YE(x! - VE}) exp[-§27(v2v)x"' Jdx'
- V2 x(/ib,/f}) exp(j2mvr) . (5.2b)

The observed output plane intensity distribution is thus

a2

Uy (v, |2 = 2| x (V20 T0) |2 (5.3)

This output plane pattern is a scaled version of the radar ambiguity function x
defined by

+x

x(v,7) =_[ £(x) f(x-1) exp(-j2mvx)dx . (5.4)

The waveform used to experimentally produce the ambiguity function described
in Equation (5.3) was a double pulse signal with pulse width T and separation T

between pulses. This waveform is described mathematically by

e

£{t) = (1/vV2T) rect [(c2T)/T] . (5sa)

After replacing this function in the y direction and superimposing *45° rotated
versions of it, the resultant input plane pattern consists of & diamond-shaped

subpatterns as shown in Figure 5.7a. To produce the desired ambiguity functiom for

such a double pulse input, we form the 1-D horizontal Fourier transform of this

pattern as required in Equation (5.2a). This is accomplished by the system shown j
in Figure 5.6. In this system the pattern at Py; (Figure 5.7a) is imaged onto the

photo-DKDP SLM at Phyy. Cylindrical lens L. and Fourier Transform lens FL in Figure

5.6 image vertically and form the Fourier transform horizontally. The 1-D horizon-

tal Fourier transform of Equation (5.5) thus appears at P;. It consists of 3 terms:
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(1/T) (T=|t|)sinc(v(T- |t|)]cos (2nvT) exp (-jmwvt) {ti< T
(1/2T)(T=| t|)sinc[v(T= |t|)]exp (=jmvr) R
x(v,T) = (5.6)
(1/2T) (3T | )sinc[v(3T-|t|) Jexp (=jmvr) 28 = |zie 3n
0 [t|2 3T

Each of these items is located in a different region of Py and Py is zero
elsewhere. As before, 1t is the range shift parameter and v is the Fourier trans-
form spatial frequency variable. The resultant ambiguity function, optically
produced in real-time at P, using the photo-DKDP SLM at Pp,, is shown in Figure
5.7b. An isometric pseudo 3-D output display is used to better convey the output
plane pattern. To analyze this pattern in more detail, we consider the theoreti-

cal cross-sectional scan of Equation (5.6) along the Doppler (v) axis

]x(v,O)‘2 = (1/nvT) [cos(2mvT) sin(mvT)]? G

and along the range or t axis

[ {(-[<])? lt] <1
]x(O,r)iz'J [(T-|t])2T)? T < |t]| < 2T b
((31-|t|)/21)2 2T < |1] < 3T
0 [t] = 3T

\

Extensions of this system to complex functions are described in [17].

The A-scope cross-sectional scans of the optically produced ambiguity func-
tion in Figure 5.7b are shown in Figure 5.7c and Figure 5.7d. In Section 5.6, we
consider the accuracy of these real-time optically produced outputs, compared to
the expected shapes predicted by Equations (5.7) and (5.8). For now, we note that
along the v axis we expect a sinc function distribution with a cosine carrier as in
Equation (5.7) and as shown in Figure 5.7c. Along the t axis we expect 3 peaks (as
predicted by Equations (5.6) and (5.8) and as shown in Figure 5.7b with amplitudes

predicted by Equation (5.8) and as shown in the cross-sectional scan in Figure 5.7d.
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The second optical signal processing ambiguity function processor to be
considered addresses a very different application. In this scenario [5.18], th
input signals (whose ambiguity function is desired) are narrow-band, basebanded
complex time-histories of the passive signals received form a single source at
two separated detectors. The objective of the required processing is to deter-
mine the differential range (rl-rz) and Doppler (vl-vz) of the source from the
passive, narrow-band, received signals. The resultant real-time version of the
optical signal processor used in the analysis of such data is shown schematical
in Figure 5.8. 1In this case, a modified image plane correlator optical system
architecture (first described by Cutropna, et.al. [5.19] and modified as shown)
for real-time application to produce complex correlations by single sideband
filtering and input preprocessing is used. In this system, the basebanded narr
band signals received at the two detectors are converted to real and positive
signals (s and sy) by quadrature modulation and addition of a bias term (this
is achieved by digital and electronic preprocessing). The signals, received at
one detector is replicated on all N lines at Pyj in Figure 5.8 and subsequently

imaged onto the photo-DKDP light valve at P of Figure 5.8. When readout with

02
the XR = 633nm light shown, this POZ pattern is imaged onto P, in Figure 5.8.
P, the quadrature modulated and biased version of the second received signals
are recorded on N lines with a T or range shift introduced on successive vertic
lines. At P;, single sideband filtering is applied to produce a complex signal
pattern incident omn Pj.

In more mathematical terms, we describe the original basebanded received

signals as
s(x) = sRx) + jsI(x) .
and the preprocessed input signals (real and positive) by

s'(x) = sN(x) cos wex + sI(x) sin w.x + B ,

e

ly

ow-

At

al

(5.9)

(5.10)
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where . is che spatial frequency carrier used to achieve quadrature modulation and
B is the bias term used to ensure that the input is positive. The signal recorded

at PO1 and subsequently imaged onto the photo-DKDP light valve at POZ can be re-

written as

si(x) = [s}(x)-js{(x)] exp (Ju.x) + [s?(x)+jsi(x)] exp(-ju.x) + B . (5.11)

This same signal is recorded on all N lines at POl'

Incident on Pz after single sideband filtering at P;, we find the signal to be

described by

sI(x) = [s%(x) + js{(x)] exp (-jw.x) . (5.12)

With the transmittance of P2 analogous to Equation (5.11) for Sp, we find the

light distribution leaving P, to be
S (0830 = (100 + 18]G 11s5(0-383 ()]
+ 1880 + 3510 118 0+183 (0 ] exp(-320.%)
+ BlsR0) + 3810 exp(-jucw) . (5.13)

The 1-D horizontal Fourier transform of Equation (5.13) obtained at P53 of Figure

5.8 is then (along the T = 0 axis in the central Xq = 0 region of Pq):
Uy(xy) -ﬁ[s‘{(x) + 3810010850 - 353001
-T[slsZ*] = x(0,v) . (5.14)
Considering the signal on all vertical lines, we obtain at Pj:

Ug(x3,y3) 'X[sl(x)sg(xﬁ)] = x(t,v) , 5 15)
which is the desired passive ambiguity function. The coordinates (x3,y3) of the
output ambiguity plane are proportional respectively to the differential range

(rl = 1,) and Doppler (vi = vp) of the source emitting the radiation 15.18)
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In Figure 5.9, we show the real-time optically produced output ambiguity
function obtained using the photo-DKDP light valve for a linear FM input signal
test pattern. The location and shape of the optically produced passive ambiguity
function shown are in excellent agreement with the theoretical result (5.18], both
in terms of the angle at which the ridge of the ambiguity function occurs and in

terms of its shape and width in range and Doppler [5.18].

5.6 Accuracy Comparisons

We now consider the accuracy of the optically produced output signal and
image correlation patterns presented in Sections 5.4 and 5.5. We first consider
the signal processing ambiguity function outputs (Figure 5.7), since the resultant
output pattern is easy to describe mathematically for such cases. From Equation

(5.7) for the lmm wide pulses used, we find a theoretically predicted width in

Doppler of
Au = AfFL/Z/Z-- 0.170mm . (5.16)

From Figure 5.7c, we find a measured output correlation for the central lobe of
0.173mm in excellent agreement with theoretically predicted value from Equation
(5.16). In the range or t direction, Equation (5.8) predicts a central pulse

width of
At = 22 B/t ™ Y2 (762/300) = 7.2mm . (5.17)

From Figure 5.7d, we find a measured central pulse-width of 7.25mm, as before, in
excellent agreement with the theoretical correlation pulse width predicted by
Equation (5.17).

In Figure 5.7b, we see three correlation peaks in range. The theoretical peak-
to-sidelobe ratio expected for these peaks should be four. The measured values of
peak~-to-sidelobe levels in Figure 5.7d show this ratio to be 4.3. These values are

again in good agreement with those predicted by theory. In general, the accuracy
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of the measured optically produced output patterns are limited by: (a) the 50um
probe size used to scan the output correlation plane patterns, (b) the accuracy
with which the input patterns are recorded and (c) the degree to which the system
was aligned {n the correlation experiments.

We next consider the accuracy of the real-time optical word recognition
application (Figure 5.5). Specifically, we compare the optically produced corre-
lation outputs using photo-DKDP as the real-time input transducer to the analogous
results obtained using film as the input medium. An analysis of the input text
pattern showed that the input character stroke-width was 80um. The expected width

of the corresponding correlation plane peaks is thus 160um. Considering the

{FLl/fFLZ = 762/300 = 2.54 reduction factor introduced into the output correlation
plane, the expected correlation peak widths are 63um. To scan an entire line of
the output correlation plane P, pattern, a 50um fiber-optic point probe with a

2.5 X objective lens was interfaced to a scanning photometric microscope and X-Y
chart recorder, resulting in an effective output correlation plane scanning probe
size of only 20um. From an analysis of these cross-sectional scans of the output
correlation plane patterns, correlation peak i{ntensities Ip of 30, 28, 28, and 27
(relative units) were measured from the real-time optical correlation outputs.

When the entire experiment was repeated with a film fnput, correlation peak
intensities of 37, 34, 32, and 29 (relative units) were obtained (in excellent
agreement with the results found using photo-DKDP as the real-time {nput trans-
ducer, considering the different system topologies and P; media used). To compare
the experimentally obtained correlation peak widths obtained using the photo-DKDP
light valve and film as the input media, attention must be given to the spatial
frequency u' at which the beam balance ratio K (ratifo of signal-to-reterence {nteun-
sity) is set equal to 1 (see Reference [5.20] for a more detailed description of

this experimental procedure). With K set equal to one at x = dmm (8. 3cy/mm) in

both the photo-DKDP and film cases (note that the spatial frequency corresponding




to the stroke width of the character in the optical word recognition input is

% x 30 m = 6.25cy/mm, which is close to the chosen u' value), the output correla-
tion peak widths obtained were 90um for the case of an input recorded on photo-
DKDP and 60um for the case of a film input. We attribute this 30X difference in
experimentally measured correlation peak widths to the lower gamma (slope of the
transmittance vs. linear exposure curve), resolution, and modulation found for
our photo-DKDP SLM as compared to film. For the photo-DKDP, we found a peak
modulation of 30% and a resolution of 1l2cy/mm at 50% of this peak modulation

value.

5.7 Conclusion and Summary

The use of the photo-DKDP SLM in various optical data processing applications
has been experimentally demonstrated. In the image addition and subtraction appli-
cations, the appropriateness of image subtraction in real-time directly on the SLM
has been noted to be a viable method for correlating imagery from different sensors
or infrared imagery taken at different times. Two new optical pattern recognition
applications of this SLM in image (gray scale) and text (binary image) optical
pattern recognition have been demonstrated. From the comparative data obtained
using film inputs, the effect of optical path difference errors in the SLM and
anticipated space-variant SLM defects were found experimentally to be of minimum
concern. The correlation peak values for all four occurences of the key word were
experimentally verified to be comparable to the corresponding values obtained
using the film inputs. Correlation width differences in these two data sets were
found to be due to the limited resolution, modulation, and gamma of the photo-DKDP
SLM. Finally, from two optical signal processing correlation function applications
in which an optically generated ambiguity function was produced, the agreement
between the theoretically predicted and experimentally obtained outputs were found
to be excellent. Although the input patterns were imaged onto the DKDP light valve

in all described experiments (this was done to better allow comparison data from




which the degrading effects of the DKDP SLM could be determined), real-time

l scanners and imaging methods would be utilized in practice in all applications

considered.
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(b) High~Pass Filtered Reconstructed Output Image

Figure 5.2 Real-Time Reconstructed Aerial Image High-Pass Filtering Using Photo-DKDP
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Figure 5.4

(¢) ILsometric Pseudo 3-D Output

Real-Time Aerial Image Correlation Using Photo-DKDF
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6. SUMMARY AND CONCLUSIONS

6.1 Summary

Real-time SLMs will remain the critical technology component in coherent
optical data processors. As the discipline of optical data processing continues
to mature, there is an urgent need for contractors and government agencies to
adequately and fully specify the test, evaluation, and performance of these SLMs.
The purpose of this present contract was to develop as unified of an SLM test and
evaluation program as one can and to pursue experiments on the photo-DKDP SLM and

analysis of prior experimental data on the LCLV SLM.

6.1.1 SLM Test and Evaluation

As the three major SLM parameters of concern, we have chosen: sensitometry,
resolution, and noise.

The general SLM test and evaluation procedure we recommend was described in
Section 2. In the area of sensitometry, we caution researchers to consider spatial
variations and variations in the shape of the curve with control parameters, as
well as field dependence (if static sensitometry data is used).

For resolution measurements we recommend use of unnormalized MTF data, careful
distinguishing between amplitude and intensity modulation, and between linear and
non-linear MIF. Above all, an accurate and complete description of the test pro-
cedure used is imperative. Interferometric MIF data is preferable whenever
possible. The depth-of-focus of the lens system used in the SLM's actual applica-
tion will determine whether interferometric MIF data are permissible.

In the area of SLM noise, we have distinguished three types of noise: scatter,
phase, and amplitude linearity. We have described test systems for each, and

obtained experimental test data on each.
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Scatter level noise is a measure of the system's dynamic range, the SNR
obtainable and the SNR loss due to the SLM. This data is most easily obtained
from the FT of a square input aperture. This test should be performed in the
same system with and without an SLM present.

Phase or OPD noise errors in an SLM are normally specified as rms values.
However, as we have shown, spatial OPD maps are necessary to adequately describe
the source and effect of such a noise source. Thus, attention should be given
to how such phase errors are distributed and their spatial frequency (high or
low), rather than to their rms values. A simple system using two input slits of
fixed separation and variable location can be used to directly acquire such OPD
data.

The third noise source we distinguish consists of non-linear amplitude
response or equivalently interharmonic distortion. This noise source is best
measured from the magnitude of the second-order term in the FT of an interfero-
metrically recorded sinewave. We recommend that the "linear interferometric MTF"
measurement technique (maintaining the intensity of the second harmonic 20dB below

the fundamental) be used to obtain device resolution data as well.

6.1.2 LCLV

All SLMs are significantly different that a general test and evaluation
procedure appropriate for all real-time transducers is difficult to devise. This
point is best seen by specific SLM case studies. We consider the LCLV first,
since it has been extensively studied and is well documented and fairly well
understood. In our test and evaluation of this SLM, its sensitometry, as well as
its contrast ratio were found to vary spatially. In addition, the shape of the
sensitometry curve was found to change as the magnitude and frequency of the
voltage applied across the device is varied.

The origin of these LCLV features were theoretically analyzed and described

using an off-gstate model for the entire LCLV. Extended modifications of this




model were advanced and a complete device description using this model was
presented. From this analysis, variations in the thickness of the LC layer
appear to be the major reason for the spatial response variations; whereas the
variations in the shape of the device's sensitometry curve were explained
directly from the RC time constants in the LCLV model.

We thus recommend that device research on the LCLV be directed toward
maintaining a more uniform LC thickness. We also hasten to note that if thicker
LC layers (and resultant slower device speeds can be tolerated in the specific
application) that the effect of these LC layer thickness variations on contrast
ratio and dynamic range can be greatly reduced. From our local LCLV sensitometry
data, we note that the potential capabilities of the LCLV are a contrast ratio in

excess of 10,000:1 and a dynamic range of 30,000:1.

6.1.3 Photo-DKDP

The major portion of our experimental program was devoted to the test and
evaluation of the photo-DKDP SLM. This SLM is manufactured in France and has no
U.S. equivalent. It thus merits far more attention and more extensive test and
evaluation than we were able to provide. Available funds provided support for
ouly one student with no telephone, Xerox or equipment support. As a result, many
concessions had to be made in the test and evaluation program of this device.
Nonetheless, a wealth of new informaticn, an in depth description of prior infor-
mation, and chsidcrable first hand experience with this device resulted from
this one year study.

Sensitometry, resolution, and noise tests on this SLM were all successfully
performed. The optical quality of the device was measured at 1\/2 - 1/4 over the
central 2 x 2cm? device area. This should be improved to better use the device
in coherent optical processing, although other U.S. SLMs have similar true rms
OPD. We note that use of this SLM introduces only 3dB of added scatter level noise
and that it still permits fabrication of a 53dB dynamic range SNR optical processor

and that these are admirable specifications.




An extensive electronic, vacuum, and cooling support system had to be fabri-

cated to allow this device to be tested. An improved version of such a system
(as well as a better optical 3-axis mount for the SLM) should be fabricated {if
extensive tests are to be performed on it. The device's resolution at 50% of the
peak modulation is lécy/mm with a limiting resolution of about 40cy/mm or more.
Its dark storage time and storage time under readout were found to be excellent.
A new and extensive analysis of the device including a carrier description
of its operation was performed. This provided considerable new information and
allowed analysis of our observed results. The major new tinding on the physics
of this SLM was the voltage dependent photo-sensitivity of the Selenium photo-

conductor used. The photo-sensitivity was found to vary as a function of the

field across the photoconductor layer. This same effect may well occur in other
storage mode SLMs, such as the Prom and should be considered in any SLM sensi-
tometry experimental test and evaluation program. We also verified the known
superior transport efficiency of holes over electrons in this SLM. The effect
of these two SLM features are that the device performs poorer for long exposures
than for short exposures.

Thus, sensitometry data acquired statistically with long exposures will
not apply during shorter exposure dynamic tests in actual device operation.
This aspect of SLM performance affects the test and evaluation, as well as the
measurement procedure to be used. The only disadvantage of these effects is
that linear addition and subtraction of gray scale imagery on this SLM is not
possible. However, as we have shown, use of alternate dopings with different ut
products than our unit appears to exhibit can aleviate this situation if such
interferometric operations are desirable. In essence, these remarks are most
attractive, since they indicate that the dynamic performance of this SLM will be

superior to its static performance (that we measured).
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6.1.4 Real-Time Application Demonstrations

We have demonstrated the real-time reconstruction of binary imagery text
resolution charts, as well as gray scale scenes on this SIM. We have also
demonstrated contrast reversed imagery image addition and subtraction, plus 1-D
and 2~D horizontal and vertical differentiation on this SLM.

We have used the device as the input transducer for four different image
and signal pattern recognition systems for: word correlation, missile guidance
image correlation, and for ambiguity function computation using a crossed input
and image plane correlator topologies. In the former two image pattern recogni-
tion systems, we duplicated the experiments with film inputs and compared the
real-time results (using the SLM input) to those using the film (off-line) inputs.
In the latter two optical pattern recognition systems, the accuracy of the opti-
cally produced ambiguity function outputs were compared to the theoretically
expected ones. In all instances, the real-time optically generated output
correlation patterns were very accurate and agreed with the off~line film inputs

and the theoretically predicted results.

6.2 Conclusions

The photo-DKDP SLM was found to be .. most attractive and viable real-time
and reusable SLM for coherent optical data processing. Its sensitivity is excellent,
however improvements in its optical quality and assessment of its limiting resolution

are needed.

6.3 Future Work

The unforeseen and unexpected experimental results obtained in our LCLV and
photo-DKDP SLM test and evaluation work have clearly influenced the general SLM
test and evaluation procedure we have advanced. Further experiments on both of
these SLMs (especially with attention to dynamic tests) and a complete battery of

tests on the prom and CCD addressed LCLV, plus attention to filter plane uses of
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all of these SIMs will unquestionably refine the general test and evaluation
procedure to be used even further. Since all SLMs are considerably different and

all have their unique quirks, firsthand experience and a one vear test and evalua-
tion program on each device appears necessary. Adequate documentation and uniformity
of test procedures used will make the various independent and similar programs of
this type of more use.

The application, as well as the associated optical data processing system
architecture must be considered in all cases. The optical system architectures
should be chosen to suit the SLM with its deficiencies, rather than insisting on
the use of one system architecture and then requiring the existance of a perfect
SIM. Specific mission oriented programs with extensive SLM usage, are felt to
be necessary and must completely assess this i{ssue, as well as the test and
evaluation procedure to be used in a given application and the appropriateness of
various tests.

Since SIMs have large resolution (above 100cy/mm in many cases) but this

resolution is only available at greatly decreased modulation, we feel that: a

system light level budget analysis, input recording accuracy and fidelity, lens
requirements, and most important, a detector test and evaluation program are
necessary. These programs should be mission oriented ones with the reasons

advanced above,

o .
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