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ABSTRA CT

Real—tim. and reusable spatial lig ht modulators .lre one ~‘t t h e  key technolo-

gical components necessary in optical data processors . The purpose of this contract

is to investigate the test and evaluation procedures to be used with these new data

process ing  devices . Specitic attention was devoted to the photo—DKDP and the liquid

c ry stal light valves.

From de tailed experiments per torme d on the LCLV , a s p a t i a l ly  v a ry i n g  se n s i t o—

net rv and con t ras t ra t io and a vo l t age and f r e q uency dependen t sensit ome t rv were

ob served, these issues w er e  analyz ed , modeled , and theoret i call y explained. Com-

plete s.nsi tome t rv , resol ut i on , and no ise t es t  data for the photo—D KD P we re also

ob tained. From these expe riment s , we tound a field dependent sensltt’metrv of  the

S. pho to—con ductor used in this SLM . T h i s  makes the dynami c performan ce of the

device sup erior to its sta tic p en o rtnance hut makes inter iram e operations such as

image additi on and subtra c tion dif~~i cu 1t. A theoret ic al .4nalcsis of this issue

was p e r f o r m e d mu a ~~~t 5 t  ion to  decre a se the f i e l d  dependence b~ p roper

device doping was adv a nced.  From these e x t e n s i v e  exper i me n t s  on individua l devices ,

a general test  and ev a l u a t i o n  pro cedure  for  SLMa was f o r m u l a t e d .  I ssues addressed

wer e s .n si to m etrv , res olut ion , and n o i se .  the app rop r i a t eness ot t h e  v.~rious t e s t

proc ed ure. f o r  r eso lu t ion  and noise measurements  to various speci fic applications

were also noted.

An extensive experimental  program was also completed In w h i c h  the photo—DKDP

SLM was used as the rea l—time input t ransduce r  f o r  an o p t i c a l  addition and subtrac—

t io n system , two opti cal  p at t e r n  r ecogn i t ion  co r r ela tor s  f o r  text  and aerial

imagery , and two optical signal p r ocesso r s f o r  amb igu i ty  fu n c t i o n  c o m p u t a t i o n .

Com parison of the performance of the r e a l — t i m e  St.M systems t o  s i m i lar  sys t ems

us ing tila as the input material and comparisons to the theore t i ca l ly  exp ected

correlation output plane data were als . ’ included. In a l l  cases , the real—time S L.M

sy stem per to r me d most accuratel y .
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1. iNTRODUCTiON

In t h i s  f I n a l  repo rt , we address :iv , major areas o t  r e a l — t i m e  m d  reusable

SL.Ms t o r  optical da ta  processing . The ~c:uportance o t  these KC V t e c h n o lo g i c a l

components in optical d a t u processing systems is well known . As the uisc ip l ine of

coherent optical data processing matures , it will be essentl.d that all researchers

and cus tomers  unde r s t and  the s p e c i f i c a t i o n s  of these componeats and that they are

~b le  to  p rope r l y s p e c i fy  t h e  t e s t  and e v a lu a t i o n  procedure to be used to  o~’t a in

such device data. i’his program should contribute initial assistance toward this

g oa l .

In Section 2 , we resent the first unitied treatment ot a gene ral procedure

to be used for SLM test and evaluation. The SLM issues addressed in this discuss ion

include sensitonet ry , resolution , and noise Ihis gene ral 5124 test and e v a l u a t i o n

procedure emerged from extensive experiments on various SL>Is . theoretical and basic

aspec ts o f resolut ion , as well as detailed phys ics and materials aspects of SLM

fab r ica t ion and operation. The need for unnormalized MTF data w~ th input modulation

and a full descrip tion of the experimental procedure used , t he  conce rn  ov e r  d i f f e r -

ences between global and 1o~ al data , and the importance of a r i g o rou s  d o’ inizod

phas e e r r o r , no i s e ,  dynamic range , and contrast ratio experimental procedure we re

noted .  Accep t ab l e  r e s o l u t i on  measu remen t techni ques di tt er when the active SI.~1

thickness is large or the photo—conductive layer is thick .

In Section 3, we describe three detailed issues of 5124 t e s t i n g  and dev ice

physics  and model ing fo r the LCLV. From extensive tests on this LCLV , we found  a

spa tially varying sensi tome t rv and contrast ratio for the device and a strong

voltage and f r equency  dependence land c on t r o l ~ of these parameters . The spatiall y

varying device pe r fo rmance  was anal yzed and f o u n d  to  be due t o  t h i c k n e s s  v a r ia t i on s

in the li quid cr-.’stal layer. Analysis of a model f o r  the LC LV device ~‘rovided t h i s

- —. -~~~~~ —-— ~~~~~~~~~~~~
--—— — - . - — . -  -- - —-~~- - . .——--~— --—--- - - - - -—~~~~- - -——— —~— -
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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 resolution tests to d i f f e r en t  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 sub traction 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 sane 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 accep ted jou rnal paper ,

whereas Chapi~ers 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 always so inadequate ly

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—

taj. 5124 test and evaluation program reported upon here . In one short year , many

findings and four journal papers have been produced , plus this report . These are

initial steps that should aid the direction of future real—tine SLM and optical

-j data processing research. 
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Performance evaluation of spatial light modulators

David Casasent

An experimenta l test proc edure and associated theoretical formulations are described for the evaluation of
spatial light modulators (SLMs) (or coherent optical computing. The experimenta l data included were oh-
tamed by us on Highes liquid crystal and photo DKIJP SLMs among others. However , in this  pape r we ad.
dress only the general procedures to he used to evaluate SLM perlormance . The detailed aspects f these
tests and their relatiiinships to speci1~c SLMs will he covered in separate papers.

I. Introduction Brief descriptions of the three SLMs used are pro.
Optical computing’ offers the attractive features vided in Sec. II for completeness and to enable future

of parallel process ing in real time and thus has been of issues to he better understood. We divide SLM per-
considerable research interest. It has long been rec- formance criteria into three areas: sensitometry Sec.
ognized that to realize these advantages of such systems, III); modulation transfer function (MTF) (Sec. IV) ; and
real-time, reusable, 2- D input and often filter plane noise (Sec. V). This present paper concerns only op-
transducers are essentia l. These components are re- tica lly addressed electrooptical SLMs. More detailed
ferred to as spatial light modulators (SLMs).2

~ Our extensions to electron beam addressed SLMs and to
present concern will be with the experimental proce- phase modulated SLMs can be made and will be de-
dures we feel should be used in the evaluation of SLMs. tailed later.
iiy this approach we hope to tdarify many of the mis-
conceptions present concerning the use of SLMs, in- 

~ Electroopt ical Optically Addressed SLMsterpreting the published specifications for these SLMs,
devising appropr iate acceptance tests for these SLMs, The three major devices that are representative of
and the procedures to be used to perform these tests. this class of SLM’ are the LCLV ( li quid crystal light
The appropriateness of various tests depends on and valve), 5 photo KD5 P ,~~ and the Prom.9 The LCLV

varies with the SLM used as well as the intended ap. consists of over twenty thin film and other layers. It
plication. Space does not permit an extensive discus- basically consists of a photoconductor , mirror , light.
sion of all SLMs2-4 or of all optical computing applica- blocking, and LCLV active material layers between two
tic is,’ and certainly not extensive discussions of when outer transparent electrodes. In operation, an ac
each test is appropriate. The reader will thus have to voltage is applied between the electrodes, and the pat-
he content with general remarks (the purpose of this tern to he recorded is incident on the photoconductor
paper ) . Experimental results of various test methods at A v whereas readout is in reflection at A n from the
applied to the Hughes hybrid field-effect L~uid crystal,~ 

LCLV side of the device.
photo KD P (deuterated potassium dihydrogen phos- The structure and operation of photo KD P are
phate ) ,’ 8  and the Prom 9 light valves will be included, similar except no li ght blocking layer exists , and a dc
The discussions will be such that general conclLsions voltage is present across the electrodes. Other dif fer-
and procedures to be used emerge that are of use in ences are that the polarity and value of this voltage are
general SLM evaluation. Specific discussions of these changed during the write (W), read (R ) ,  and erase (E)
data for each individual SLM will be discussed in future cycles. The major difference between the LCLV and
papers. the other SLMs is the lack of long term storage in the

LCLV and the need for active erase mechanisms (app ly
the proper voltage to ’the electrodes and flooding the
photoconductor with li ght of the proper A) in the photo
K D P  and Prom. Nor mally A w 514 nm and A5 ~

The author is with Carne~ie- Mel1on University , Department ~ 
633 nm. In all cases, rea~1out through crossed polarizers

Electrical Engineering. Pittsburgh , Pennsylvania 15213. is required.
Received 23 December 1978. The Prom differs from the prior SLMs in that the
OOO3-~935/79/ 12OOOO.O9$oO.5O/O. electrooptic crystal is both electrooptical and photo.

-
~~ 1979 Optical Society o(Amer ica. conductive. Since no photoconductor layer is present.
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SLM increases and so does the retlected I~j ~ componentthat passes through the PBS. To obtain local sensi-

~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ effect of V and f choices on noise , linearity, and dynamic

tometry data, the spatial variation of such data , and the

7 ~~~~~
. / range , we used apertures A , and A~ shown in Fig. ‘I.

~1- For the LCLV , we illuminated the photoconductor side
of the LCLV through only one of the 3-mm 2 r egions iii4’ ‘1kHZ

~oe ~~~~~~~~~~~~~~~ A , and measured 1~~ in all nine 3-mm regions of A 2 as
V. 1~ and L~~ were varied. We denote ‘AR in the cor-

~~~ ~~~~~~~~~~ responding 3-mm 1 region of A 2 as signal and the ~~value in all other regions of .-t~ as noise.
Fig. I. Global sensitometrv curves showing vari4tion with vo lt age A summary of our results for the LCLV follow. Less

applied across the ‘il.M. noise was observed as I was decreased and V was in-
creased. As f was lowered , t he noise tracked the si gnal
at a lower rate. Most important were the large spatial
differences we found in the voltage VT and irradiance
1AW T threshold differences (at which ‘AR changed) .

insulating parylene layers are used to produce the re- Large differences in V~- and j
~ w-r for signal and noise

quired spatial voltage division across the active material are desirable. For the LCLV , we found Vr to be lower
proportional to the input X w  irradiance. It is generally at low ! with larger signal and noise thresholds at f =

available only in the transmission rather than the re- kHz than at 10 kHz and with  noise tracking the si gnal
tiection readout confi guration. Even though no di- slower a t lower I values. The local sensitometry data
electric mirror is present within the SLM structure , it
i s still generally used in the retlex readout mode.

a.
UI. Sensltom etry

The representatives of the optically addressed class
of SLMs are all sensitive to either the input li ght irra-
diance ( 1)  or the light energy ( E) .  The first data re-

/quired for any SLM is a sensitometry curve of I , ,  iv (in- -

cident irradiance at A w) vs amplitude (t) or irradiance ~
t I transiniuance. lhe tormer curve ) I s W vs t) applies ~ ‘~
when coherent light is used for readout, whereas the ~lat ter  curve (J A W  vs r )  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 ( 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 usefu l I s w exposure range, and the is. .a i.e a ‘~~ ii.

‘sw threshold at which the device responds all vary with ~~PUT WAI TE LIGHT iNT ENSITY i iN

V and I. For the Prom and photo KD 8P only V is
variable because a dc voltage is applied. Fig. 2. Representat ive local sensitometry curve.

We have found that V and I 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). ~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~ a a o T
I 666on the SLM’s dynamic response are also of concern and

Response time, reciprocity data, and other information 

~~~~~~~~~~~~~~ ~~~
often vary considerably from static data and vary also
with the X w illumination range used and the address - - 

__ 
~~~~~ —.W

time per point. c~, 
•

A schematic of the basic sensitometry measurement 
~~~~~~~~

,.. 
~~~~

. 
°

~~

‘ .
‘

~~

‘, 

~~~~~ ~~~~~~~~~~~~~~system used is shown in Fig. 3. The vertically polarized
A,~ light from a He—Ne laser incident on the polarizing

- : beam splitter (PBS) is reflected toward the SLM. With
= 0, the A5 light reflected from the SLM is also

vertically polarized and ~~ = 0. As ‘SW increases, the Fig. a . Schematic diagram .1 the SI.M cli.linl and local .‘.ensiloms.trv
elliptical polarization of the A5 light reflected from the data acquisition ‘~.s te m.

I ‘
~

(y
~,

L -_ _ _ _ _ _ _ _ _ _ _  
-
~~~
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tot .i : t -  i,im region it the 1.1 ‘l.~
’ were shown in Fig. 2. For Integr al ing ir st i r a gt ’ mod e SI .M~ ‘~iic h .~ s

‘The large I ~it~U- I contrast r a t io  and 10. 1MM) : 1 dvnamk photo . I )KI)P, we have l in i n d  that extra t a r .  should 1w
range shown in Fig 2 are misleading, since WatiaI Sen. tak en in acquiring sensiton ,etrv Li ta  Specil c al l s , in
s.tome(rv variati ons make the glithal values I I”ig. 1) for the photo- DKI )I~ light valve , we have observed a strong
such parameters much less. We have tound these dependence i l l  t he  l)h I t i i~ ~i , si l  i v i t v of th e  Se phot o -
spatial variations to he equivalent to horizontal shifts t ’ I )n ducto r  to t h e  p otenti al  g r a d i en t  present . lcri ~~s it -

of t he sensttometrv curve or effective ,~ to changes in As ii result, when 1ong exposure times m d  low / a l ight
~~ ~ due to spatial vari at i on s in the photot-onductor . levels are used, the St,M .

~ sensitivity to the init ial aiid
.1 1’.. I. ‘~ IS bet ero ~tiflt— t ion d it~ le , ii nd I .C thick ness at er I ,hti (ocarr ier s ilil t I ~ N .‘ui il. ru hi v In such i is. ’— .

~s r1atl.i ns . t’hus unIv global sensitoinetrv data should ‘t i e  can obtain v e ry .litkrent st’iisuometrv ‘Lita d.’
lie u s ed, w it h Local sensltonset rs data being it use in pending upon the write light exposure time ius , ’ ,l ..\s

determini ng the reasons for the obtained pertormance usual and here t ’specialls , the tes t  conditions should
and the spatial response iinuformit~’ i t t  the device. dup lica te those’ preaeiii in t h e  SIMs actual uipp l~~uiThe Importance ot SLM sensitometrv data as a first l ion.
step in SLM testing and othe r aspects of such data can IV. Modulation Transfer Funct ion ( MTF
be seen from Fig. I . From Fig. I , we si’e that the dv- 

The MTF “I an SI.M iir any device used in an opticalntimic range of the Sl.M increases with V . For our
application , a large linear d~ namic range was desirable. processor is one itt the most important hut seemingly

least understood or most m isused parameters. We havethus U 4—45 V and : — U) kHz were chosen as the SLM
operating values. Other appl ic at ions may require analvt icallv and t’xpe’rimentall y evaluated over e i g h t
emphasis of’ oth er SLM leatures. I’reviouslv puti . different \l’l F’ t t ’ s t ~~. o n ly  the most useful iou’s .iru ’
li shed”t lA ’L \’ sensitometry data exhibit ed a knee in discu ssed here. The mj)prl)printcness i t t  v a rn i i i s  M’FF’

the curve tas in the S-V curve in Fi g. I ) .  However, as te stS  depends upon the specific Sl.M m d  its intended
shown, proper selection of V and I can result in a linear system application . . -t iliscuiss ion iii MTF m d  defini-

curve. This feature by which the shape u t  the itIflS might .if tjwilr to u t  t t i to r iu i l . but is v i t a l  ( i i  pr us it). ’
Sl.M’s sen sitometry curve t a n  be controlled is of p it -  tin adequate t r i smework  (or t he  MTV data t o  ludlow .
te ntial use in various app lications such as 21) optical A . Theoretical Formulationanalog/digital conversion, halftone screening, homo-

We ,ss i inme the pattern recorded on the  SI .N l t i  he imorphic t’iltering. etc
From Fig. 1 . we tind the global and heimce useful linear ~~~~~~~~~~~ it spat ia l  lr equencv :~ t i n  l - I) tiIr s imp Iic i t v i .

Vt ~‘ t’i Nt c lea rlv ii st I ugh is Ii lie’t weu’n amp lit t ide ‘ ‘ t anddynamic range I 
~~~ 

l st t  ,~,,,, ) ut the SI .M to be
a bout l0t~): 1. (he ciint rast ra liii / ~ •,,,,~ I IN ,, ,, to lip I rrio l Ia 04 1’ rn , mod u h it ion liv describ ing the  SI - ~ I
70: 1 , and the desiralile 1 ,,~~- bias level I center of the r ansmi t  t an t ~ by
linear portion of the curve) to he t )  100 uWi t - r n .  I — ~ * ~ , . i..
The photodetector used to measure I 

~~ 
places ii lower

l i m i t  on these curves. For our case . I \5 mu,, was 7t) - I. • ~I 4 ‘n -‘ -‘ su i -
. 1 1 . 1

nW, cnm- , t m n  was 0.78%, and r ,,,,, was 0.13%. The de- where ( ,mud r denote a m p l i t u d e  and irr ,id an t -p tr aits
tet-tor used in such sensitornetry teSts and the ~~~ range mit t ance. respect iv el v.  I t  ~ rectsnst ructed image • it
tised should of course he compatible with the levels test Pattern recorded oii the  SI \I is formed using t h e
present during the SL1~l’s intended app lication. The S1,M is a relay tend the d e t u t  t ed output pattern is
22% transmission h iss observed tt 

~~~ 
78%, T ma, scanned , the measured m odu ht i t  ion is

was attributed to incomplete reflections from the
dielectric mirror within the [,(‘LV structure , to I I  — — j )  ,~ +

alignment of the LCLV molecules, and to the inabilit y where I ,,,
~~, 

and i ,,, ,, are the ’ mt~asu i rcd quant i t ie s  t the
of the device to rotate completely vertically polarized inuixim uim i n t l  n h i , i m m t i m  u r r a d ium n c . -’u i n the retiu mi-
input \g light into horizontimllv polarized X~ retlecteel strticted image) . . -\ ltinu ir i l iage such as the  1-l iar .~ mr
light. Lens mmd PBS losses have been compensated (or Force resolution chart is us .1 is the test pa t t e rn in such
in the data of Figs. 1 and 2. a test.

Because of the hybrid field effect used in the LCI .V , If  noncoherent illumination is used in th e  above
the A wavelength used must be matched to the thick- imaging m od u ltm ti u ’n test, (he’ dete cted pattern t th u i t  is
ness of the LI,’ layer toe.pti mize contrast rat io. i i ,U For sca n ned to de t ermin e  / ,,,,, and / min ) is r If th e  image
t ither SLM s , A 5 must he chosen to reduce the destruc- recons truction us per t ’ormed in coherent l ight , the sly-
tive effects of reading on a stored image. For other tected pat tern is 

~~~
-‘. Since r I N ,  no difference

SLMs operated with dc voltages , we have found the should result , and m , — m 1 defined 1w Eq. 121 u s oh-
dielectric mirrors to pass considerable Xg light thus tam ed. In pra -t ice, the MTF and (‘)TF of the  mssoci•
degrading a stored pattern while it is being read. Al-  ated imaging optics used atfec -t the itlwervu ’d output
though readout through a crossed polarizer/anaIv7.er (Sr patterns in the  coherent n it ! i mtunt ’oherent i l h t i n m i n u i t ion
P135 system is theoretically op timum. tm1 - ’2 we have cases. respectively. Since the MTF ‘ i a  M v s t u ’ t i i  i~ ~m i
found the use of separate polarizers and analyzers on- perior to its (Y1’F . coherent mllmimi n imt ion  I’- r’-c ’nn
ented slightly off from 90e to increase results and the mended t~ r any such imaging te’-t twhen the muslui lumt i on
tiexibil ity of the measurement system. of the SI .M alone rat her t h, in iii the  emit ire sy s t em , in



chiding Ie’nses. is desired). We have consistentl y ub . ( ions in noncoherent readout lig ht, an unnormalized
tinned higher modulation values when coherent rather irrad iance MTF curve u ) l  rn~ ~~~ u - is appropriate. If in
than noncoherent illumination was used. is measured in an image it lane , Eq. ~2) itt used; if the

Amp litude modulation rn ,4 is the desired MTF pa- measurement is made in a Fourier plane, Eq. (5) is used.
rameter in coherent optical processing application. We In practice , MTF as defined is really a contrast transfe r
can relate rn 4 tu rn1 as function (since the phase of the imagery is neglected) .

— ..~~,, 2m 4 
However, the above definitions have become common

In, — — —  — - (a) of late and relate directly to the intended device pa-
~~~~~~~~~ 1 + I f l~ rameter we wish to describe and quantify. We wilt thuswhich follows directly from the definitions in Eqs. ( 1)  still refe r to a plot of m vs u as MTF.

and t ’2). For delormable SLMs and phase modulators , theHowever , this relationship is valid only for monotone MTF has a band pass response and m ,,,,1(O) — 0 and ininputs , an d in 1 is best obtained in a coherent image re- ( l i f t  is described by Eq. U) . Thus MTF as describedconstruction experiment. We can always ohtain rn by Eq. (6) is not usable for such devices. Rather , thefrom in 4 using Eq. ~~ diffraction efficiency i~ of these devices is specified . ForIt is also possible and often preferable to measure in these SI Ms. i~ is the product of the fraction of the inputfrom the Fourier transform of Eq. ( I ) .  For this case, we light in one first-order usable for modulation and theuse t in Eq. ( Ia )  to describe the transmittance of the amount of average input light that can he diffracted intoSLM. The amplitude of the Fourier transform of Eq. one first-order. Thus -( l a )  is
mj:4  I + “ i~~ 2 

— 
rn~T(u) AoluSIiu ) + urn u , 2) u t tu  ± “ t I -  (4) ‘7 — ‘ (MI

t * ~ d1 -.~ ( t -u- rn~~
)tm 4 ) t + ~,~~0

The irradiances 1~ and I , of the dc and each first-order I — i i  — in ) i ,2~2

term are easily measurable in the Fourier plane. From + ,,,~ + ~ — ‘ - ‘~~~ m
Eqs. U)— (4 ) , these are related torn and the measurable In Eq. (9). ni~ is defined by Eq. (6) , and rn ,, — 1 andquantity j i/j o by m ,1~(O) I are assumed. The final approxim ation in

‘th u — rn~ (“4 . ti ,5) Eq. (9) is usually made. This is only valid for small m~and is not appropriate since t
~ ‘/i~ when m,, = I .

“ii 2) 1i/ 1nh i~ . (5b) However . Eq. 19) is still used to extrapolate MTF from
4I! il,~) i 2  i~ da ta since low r~ values look more impressive whenml- ‘ (Sc)

- - 
I + 4) ! ,/I,,~ - - -- 

expressed as an MTF.

The classic MTF as defined is a plot of normalized B. Sensitometry Etfects
modulation in ,,: Three aspects of SLM sensitometry affect MTF.

“l ,,,,u u )~~ u~~l~ I From Figs. I and 2 , we see t hat the device ’s I~ w region1S,~~— I C )
in ,,,,,lO)/rn , , u t ) )  used should he linear if linear modulation is desired tund

vs the input spatial frequency u’. The measurable should cover a large range if opt imum modulation is of
quantity in Eqs. (5) is rn,,,,~. It generally decreases as concern. To achieve either result , control of the ayerage
tm increases. One generally normalizes m by dividing h .ui as~ write l ight  nn d ,or the input bias l ight  level
it by its maximum value ~~~~~~ which occurs at low or bun , is needed. The recording mechanism used to
zero spatial frequency ( for deformable SLMs with address the SLM in Its intended actual app lication and
handpass MTFs, alternate normalizations are required) . the type of input data to be processed affect the bias
Further normalization by rn ,,tu ) / m ,,(0) is used when level and contrast ratio that  will actually he present in
the modulation rn ,1, of the recorded pattern is not i the input data. For example , re flective aerial imagery
and when in ,,, varies with the recorded spatial frequency usually has a higher bias level and lower contrast than
u .  Thus , for this classic MTF plot. in,, varies from other imagerY , w hereas signal processing applicat ions
to O as tm increases from 0 spatial frequency . usually demand a large dynamic range and linear re

For reasons we amplify later , we have found the use cording.
of an unnorma lized in vs u ’ plot to be preferable. We A second effect of SLM sensitometry arises when
thus plot m vs tm , where linear recording (a linear relationship between t and

!+w) is of concern (e.g., as in ma ny si gnal processing
-I — it ”

.)
— ‘ t~’~ applications ) . In these cases, use of the proper region

‘n,(a )/rn+,(O) of the device’s sensitometry curve is vital. The most
For coherent optical systems, an unnormalized ampli- appropriate method we have found for obtaining linear
tude MTF rn 4 vs u ’ is used. Generally, we advocate MTF data is interferometric ally (Sec. lV .D) by mea-
that normalization by the input modulation not be used. suring the second-order Fourier term (‘2 ) as well as
rather a plot of and I ,. By adjusting the input  bias and modulation

levels until  12 is 2 0 d B  below 1~, we can insure that  in-
In — rn ,,,1)u ) 

~~~ terharm onic distortion is below 1%; we then note that
vs spatial frequency u ’ be provided and the constant a 1% linear MTF results. Other 1 1 /1 2 ratios yield MTF
input modulation be specified. For imaging applica- data with other degrees of l in e ar i ty .  
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The effect of gammut ~ (the slope of the SLMs r — advocate the use of unnormal ized M’I’F data and that
I~ w curve on log-log axes) on MTF is the final effect of the resolution he given at the in = 0.5 or 541~ modulation
sensit.ometry on MTF that we consider. To include this point. In addi t ion , we note t hat the input  I~ w b ias
effect , we assume an irradiance transmittance for the value and the t rue input  modulat i on used be provided
SLM of the form if any MTF data are to be of use at the system level.

Examples of such data follow in Sec. l\’.D.T)x ) c,,(I + ‘S 1C052fZ4 r ) ~~~. ( l o t  - - -Other peculiarities of MTF data depend on the spe-
The Fourier transform of the binomial expansion o f t  cific SLM being tested. F’or the LCLV , we obtained

r 1 ’2 can be manipulated to relate I~/ l ,, to rnj and ‘y by MTF curves for var ious control voltages and ac
Ref. 9: frequencies and found the MTF to be better at hi g her

- - ( 1O-kHz ) frequencies. This appears to be due to the
— ( - 4 / y ) ( I ~, l , i ’’ ( i i  increase in the ratio of th e transverse-to-long itudinal

From Eq. ( I i ) ,  we see that an SLM w ith  y I yields impedance of the LCLV with frequency . Another
twice the irradiance MTF of an SLM with y = 2. In spe cil ic feature ui the Ik’L\ ’ is the effect that the ~e
most cases, it is inappropriate to separate ‘y and MTF choice has on the device s performance. To reduce the
effects, except when comparing theoretical and exper- off-state transmittance of the SLM. the thickness of the
imental resolution data. LC layer must be properl y adjusted , because the twisted

nematic effect determines the off state. The thickness
C. Imaging MTF of the LC layer in the LCLV we used was optimized for

The most used and in some sense the simplest mea- A 5 = 833 nm. We can part ly a t t r i bute  the lower mod -
sure ofSLM resolution and MTF is obtained by imag ing ulati on and resolution obtained in Fig. 4 (h )  compared
a resolution chart (such as the 3-bar Air Force test with Fig. 4(a) to the broadband A ,, lig ht used in the one
chart) onto the SLM , reconstructing the image of the case. Other ~~~ tests pertorme d on the LCLV with
test pattern using the SLM as a relay device, and then
scanning the reconstructed image with a photometric -

microscope. We then measure !
~~~

,,, and 1m~~I for each
group/element in the reconstructed image of the test
chart; m,,,it( u ’) is thus obtained from Eq. (2), and an
MTF curve defined by Eq. (7b ) not Eq. ( 6) is p lotted.
rn 4 or m1 is used depending upon the app lication. -.

Examples of several experimentall y obtained on-
normalized imag i u u t 2  MTF curves for ;he LCLV at dif- ,

ferent voltages and frequencies are shown in Fi g. 4 .
The modulation of the imaging optics used was mea- I
sured to be unity, whereas m ,,~ for the test chart was - -.

found to he 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- - •0

strate several vita l aspects of MTF data. First and
foremost , unnorma lized MTF data must be used since (5)

in is then directl y the fraction of the input li ght 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 lig ht.  Fr om Fi g.
4( a). we find that we can obtain this amount of li ght for - .

an input spatial frequency of up to 19 cycles/mm~whereas for the V and / settings used in the Fi g. 4( h)
data , we can obtain this amount of li ght 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 ifthe MTF curve is normalized . The third u ‘ ‘
issue concerns the SLM resolution one reads from such ‘~ “ 

~~~data. The limiting SLM resolution at in = 0.05 is often bgiven but is rarely appropriate for use because of the
neg ligible light levels availabl e at. this low modulation. f~g. I Imaging MTF cuir~-,’,: / a t *  V un d itt  k H z w i t h  - . (,, ‘ r , ,n ( A ,,
Only a light budget analysis for the full actual system — a:ta nm t igh t . (b t ( 5  V and t O h i-t i wi th  nuin cu ’h er ent lit t er ,,,) A 5 —
can answer what SLM modulation is necessary. We 1(20 ± 10-n,,, t i g h t

/
-
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~
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— 514 ion yielded even pssirer modul at io n and res • u I t~~ , p lane wut% es ,u l u r r oe l ian c es  / and i~4 incl in e d ~ii
ol ut Ion - .in .i uug Ic ~ is recorded - l’lue so hseq u t. 01 al it  ~li tu i de
Our objections to in imaging Mi ’F tu’sl .rc m any . t r a u u s i n u t t a n c e  us

The test is subjective and plagued h~’ uupt’ rui tuu r attitude -
out)  error. l’his us iltie prirnaril%- to the degree to which . — 1, • _ ul  ~~~~~~~~~~~~ 

,,
~. u u t _ u

the input data ~‘an he focused ,,nt ~ the  SLM. More where 4 ~ su ul ’ ( 
~t u s t h e  spa t ia l  t r equen t ’v 1 t h e

i mportant, since the test pat terns  used (3 bar A ir  F’uu r t t’ recorded t’ringe patt ern in cvclt ’s mm .  F’ru ’uu Eqs t t~ .
chart) are binary , this type ot test does not investigate ~~2) , ..uitl t~~

) , at’ fu n d
the gray ~t’ale resolution or line arit y of the SI .M Fu , ,u -

n allv . the input bias light  level ,. iu d input  modulat i on ,
~~, — ~— - - 

- — — --.

are not easily variable in such M’I’F test s . t ‘ l u  I • (1

o )nt erter ornetruc MTF From Eq - t 13) . we see tha t  b~ var y ing t he rat u~i R i t t  he
i f l t t ’nsities ol the two beams, we can cou ut  rol “i l(~

For the reasons noted above. interferometrit’ w1’F con t ro l l ing  ~~~ 1~ + 1,, a-c i -an ar ~’ the bias point
data are preferable t~~ imaging NIT)” data for reasons of chu u s en ~‘n th e  SI.NI 5 su ’ i u s u t  ‘met r s curve. By ,ur ~ in g
bot h experimental ease and data content. The inter - 

(t by chang ing the ti lt .i u gh ’ u u i  m i r r o r  ‘if ,, the sp at i a l
ferometruc NIT? data acquisition system useil is shu uwn I r equenc~ ~z t i i  be chai ugu ’ul I’ht ’ l” uuuirue r tr ansis urn i
in Fi g. 5. In thi* architecture, the interference pattern of Eq 13) can then he scanned by a fiber optic p r u u b , ’

Fl ’), photometric microscope, and photo multip luer
t l~N 1T) s~ st cut

- 
‘‘ ,‘ This sy stem ttupoiog ~ us i Fig ~u thus .ulI, uws us to i rs

,,‘asi lv t he bias level , pa liii I t quencv , and mod ii
ion “i of the input  fringe pattern 01 fort her concern

- ‘. ~ is the tact t ha t  the  sine aas  e p at te r t u  in Eq. 13( us iii
- ‘ ~~‘ - ‘\~~~~. t omat icallv in focu s ,u y t ’ r  the cot ire thickne ss ,u t  t he

- 

, 
- - SI .M . t bus completely u uv erctu nhut ug any input  focusing

erro~ t hat could arise un .un imagin g NI TF system. 1’ ’
- 

ob tain the NI’l’F , u i t h e ’  SI.N1 . we can moni to r  l u  .in i) I
1 / ‘c—.. ‘ . “-. . , - - r’ un the Fourier transt uurm u s t  Eq. 13j for d i f f e r en t

- .. inp ut  s ç u iu t  u I  I r eque ’ncut ’s a nd . i i u ; u lv  F.~1 ~~hi ~‘r Eq /

t o  dctt -rnu une ‘u E qu at i on  - ( i i  s ¶ h t ’n  used ;‘ ,‘h ’t aui u
min ion un  ~‘ I ‘ut  uui, ’rier ,unu,’i r u ,  ‘ut i-F Lu i. i  the Ni l’)” plot ‘I ‘u

au~l uul * uIuuun  ,~~~
,,, I’ w uu such Ni I’)” curv es are shown in Fig. t a it  h

sl igh t l y  different iu and /~~ levels. l’hese tat’ curves
viv id l y  demonstrate ’  man y u t t he  Nt’VF remarks ad-
vitnced earl ier The e’ffe’t-t u ut ’ .i slight l$’\. change in
on MTF’ us secut t~ be dramat ic  W i t h  a lower ‘,i ,,, ,

N •~ * ~~~~ ‘~~~~~ q,.. .u..~ - , . -
u ui the  s1.Nl s s t ’n s i tuun ue t r s  curve is used and the reduced

; t i  I h~~:n t h ~ t
differences .tppcar . In the l , un er ,-uin u’ in F ug t . at ’ t ind
.t lower peak ‘i (diii’ to the lower ‘u ,,~) but the r,’’.,ilut uon
at Sf)% ut t he peak iu vii liii’) us fuut i  uu d to hi’ lii rgt’r u -

ese It’s mm)  fo r t hi’ lower ‘u ,~ — ~ ~~ t’ast’ t h an  for th e
larger ‘n ,, — I ) case ~~ ~v, ht ’~ m n n t )  Hoaevt ’r , t he

- unn or mali ci ’d NIT)” d.ita of F’i g~ ~
; cls ’arls ~‘, u n i  es thel u g  s N uu nline *r int, r i,ft ’m,Irw \t ’l I ,‘uur ’po ii , tu t t ~ r rnt l’u*m 5,1,)

i nput miwiut a tui un point that  more usable ,u ii t  put light s alty av s present
wi th  the larger “i ~ value Soc It results would not au
pear in M’l’F data it ’ the normuil i~i’d NI1’F definition in
Eq. 6) were used. Similarly, the relevance itt’ t hese data

- 
would not he of use unless l .,,~ and ~~~~ a-crc specified

- N as done in Fig. 6.
We refer to the data ut ’ Fig 6 as u nonl ine ar  NI’FF’

curve. A linear NIT)” e’urvc for (he saint’ I ‘u ’) .\ SI .\l
is shown in Fi g - To obtain t best’ la t t e r  data,  1 was

Ii 

- monitored as well is 1~ l u .  lh keeping I : below 1 ,
201 B hr reducing ‘~u ,, and id (l i s t  i it~ l~~ ti - u - or,) in gl ’u

• I ~ • 
- we i’an l’nsu irc t ha t  t hi’ SI NUs resultant Ni l’)” us l inear

5fl5T~~L F~~ QLIN~~ ~~~~~~ wit  hu n 1% t t’ , lu ’ss t bai t  1% nt,’rharnounic u4.ust u ’rtu,’nt
I . i nesr unu.ti ~~~’I netrle ‘u t ri- ~~~~ w i t h  i- i. S t M  t un ~ *tu ~~ \V itt s 1 ~~ 

,i ,Itt usted to lii’ to 11w , en ( e r  of the l ine ar  pur

~~~ 

s _I

_
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tion of tIle SL.N1’s senuiltoinetrs- curse ut Fig I and wit It uI,piIi of (u ueu* — ~ uf ,iuu,u),. ’ r t i ~pot ‘s. ’,’ u — Sit urn  u 141
‘n ,, red u~- t’d to 0.~9. the curve u t  Fig 7 results . The If the photoconductiur ’s t hi~~iu~-~s u , i r  the act ive crystalresolution at m — 0.2S S&~~ ot the peak ‘i — 0.5 value ) t t u u c k i ~ ’ss for t h e  case u i  t h e  Prom ) exceeds this S t ~~ uit
is sCt’fl to h~ .12 c~ cli’s mm. ‘i’1ie modulation at .12 t.v - yalui . ustecteronsetruc Mi’)” test data art’ not appro-t ies nuni is b~Iow th at  obtain abl e t , u r  non l inea r  Sl.M pr iat e In actual  use , the NI’!’)” a-ill  decrease becauseope ratio n in F ig.  ii .is expected. Onl y such fu l ly  u locu . ,q. overlap of the light cone ia iv front locus, In s t un t  -oteutteti and unnorma luzed N)’ l ’F ,Li ta ,ire iii use in dc mary  interferometrut- N il ’)” data a-ill y ield the bestcudi ng ,un the per formance to he expected of an SLM in 

~t ,tssi~~l~ SI,\I re s o l u u t i t u n  uuutd m u i d u l u i t i t u u t .  \Vhether
~i given application as well as in comparing the MTFs suc h SI N ) lk ’r t ~ rmance ’ is ,iuiua l ly obta inable ult’pt’ itulsof di fferent sLMs. upon t he sluecu t  it - w ,tv the SI .M us used in the act ui~ulThe effec t of modulation on the performance u i f  an 

‘-vstem app l ica t ionup tical correlator is rarel y quant i t ied ,  but is iii major
concern in determining the usable SI.M resolution in F Alternate MTF Tests
a sy stem scenario. For ex ample , an irri ie iiane -e’ modu- ‘che usefulness. e lse ut i rnpl eme ’nt auon . ,u n(l repro .lat mit ot I t~~ us eciu ivak ’nt to an ii itt it l i t  ude modulation ii uc u hi lit v , u  i over e glut NI ’) ’ F’ tests were eva t u a t  i’ds i t  ~~~~~ I’he resultant peak intensity in one sudelobe in t’irst hand tin u uver  tour  different SI_ M s dur ing  thust he Fourier p la ne p iute rn u s , 12 dB below dc. This program. Nt ’I ’F t est s  that  required sine wave ’ i npu trepresent s .in i ntolerable li~s in most eases. Such light tr anspulr en -ies i f  various spa ial frequenc ies and.LFMlet-el budget analyses art ’ needed t,ur each specific ap- Sa’u’ce chart.s of linearly vary ing spatial t’reqoenc v werep l i - a t i o n  to determine the  nei’e’ss,irv system perfor ’ found to suffer 1 m m  lack if i npu t s  of adequate preci-nuance The output  detee’tor used greatly ,iftects such sion. (‘orr elation .based MTF tests 1

~ were found to bestste’flt data. plagued hv low light levels uind diffraction eff icienc y
ui.e . ,  the problem became um e of measuring detector
accuracy rather than SI . M  performance)E Depth of Focus 
One attractus e MTF ~t’st that  is appropriate for

Iuiterferomet nc NIl’)” data i re  more reproducible evalua t ion  of SI.M~ in ~v s ten t  ap p l u t ’ations ifl which
tha n im a g i n g  N I’!’)” dat , ,  .ind u i t c b u i d e  g r I t ’  su ’. i )u ’  ,i nd dat a art’ w r i t t e n  seq uent u _ i l l s  on the SI .N1 by a scanning
linearity unl ’ormati iu it on the SI N I .  I t  h.us thus become ret’or ( ling des-ice is the edge or gradient NI’)’)” test
the mu~ t used NI’!’)” data is / l i i i s i t  on met hod . How- met hod ‘ In such .t test , an edge is imaged onto the
ever, because suf the infinite depth  of h eld 5 t the re- SI.M, ,intj its reconstruct ed irnuugt ’ using the  SLNI .is Jcorded fringe pat tern t the  teat t ire t h at  ntuik.’s t his NIT )” , u r e l ay  device ’ I , is scanned I’lw”t ’ dat .u ,tre then
method east -  to p e r t or m ) . thus tt’st may ~t~’(d different sm&s ’t ) ie r l  . i ii t ~ - a u lie cuu rre ctu ’d  t u i r  the ’  S l .NI ’ s ~ensi-
results than tune would o b t a i n  in the SLNI ’ 5 _ u ctua l  SVS t u u r n i ~t rv curve if . lppr supr ua t t ’ . D i f t e r e n t i at i o n  uu f such
tern  app lication The actual depth 5st focus u st the fl5 ,u ru edge image resuil t~s in (hi’ SI , N l ’ s l ine spread lund ion.
Iente’rometnie fringe pattern us effectively the th ickn e ss  flie F our i e r  t r a i t s t ’u u r m u t  t his line spread tu n ct i on  is
if the ph.’toconductor layer 10 um~ l for  ph oto .KI) P then  the  SI .Nl ’ s opt ica l  transfe r t , in , ’ tto n . a-hose mu g-

ui nd the Li.’! V However, t he  Prom c ry s t a l  us thick utitud e us the device ’s NI’!’F l’he tup erut tluun s of
u ~uOi t -~~l0 urn) and both electroo çu t t c and photiscon- smoothing. sensut om etr v s’uu rr ecl i is n , d i f f e ren t i a t ion .
diuc tive For such des’uces, the depth  u t (  t u u c u s  s i t ’ the F’uuii ri er tr .incfuurm ation , ,uuut f magnitude t’ali ’uul ati iu n on
unterf eruunuetric pattern is i’ t t t ’ ,’t is t’ls the t-r ~ stal’ s the  edge int.lgt ’ ire u~eneruul ls- pert’usrmt’tl in dig ital i’lec-
th ickut . ’s s t ronics . ‘l ’his r e suu t s in a r a t  her indi re ct  NIl ’F calcu-

In te r ferom etr u c  NIT )” data will be dud un Iv if the latutun . ‘l’hus tact plus the’ requirement t h a t  the systt ’m
SI - Ni ’s ,u ct ui sil data recording ss~ t ern has .i depth i t tis’us ~ it t ’ t u uv a r i.uuut in the image .u t , i ivsis ii snisui n t u i p t  u t - i l
coniparab le w t t h  the thickn e ss  sf t hi’ p hist s,’ssuud uct ur  

~s s tems  ire in  I i t t  ~)i .uce- varu .unt ) ‘ ~i t end  f i t  ru ’ uluct ’
sir  crv~t ii l tdepending upo n the  SI N ) ) . In . i d d ut ui i n , for ~he pote n t i a l  . t pp r u p r u , i t u .n u ss of t h u s  NI’!’)” a n a l s s u s
an Sl.M such as photiu ’KD P with  .u l O- ~s m I hick pho- t~ t’t h uid ,  In t title , dedic at ed ha r u lw .tr e ,ind s u u i t ’ a  ar t ’
t u co ,tdu ctor layer. unte rferuime truc NI lE dat..  ,I re onl~’ advances nas’ change th i s  ,shserv , it ion ,
s- alid up to ~0-cvcIe/mm input spat ual  frequenc ies u t h e
reciprocal of 2 ‘~ 10 urn ) nd only if the  depth  it focus
of the data recording syst em in the devi e’s actua l  up .

V. Noiseplicatu m exceeds Ii.) urn, When the S1,M us used in the
frequent-v plane and interference p at te rns  such as a The th i rd  and f ina l  u ’-pect ut SI N ! e v a luuu t iuu n  to he
matched spatial tilter i t  iurjoun ( t ra nsfu trn u t4 are recorded discussed is that  if Sl.NI floise We d i s t i n g u i s h  Isuo r
on it , t he int erferometr ic NIT? i~, st course , val id, types of rtoise: s)usto rt lui it s; phase; and scatter and sug
When the S1.NI is used us .in image plane’ transducer. nal.dependent noise.
the infinite depth of focu s assumption us t t t t t  ilwav s

A Distortionvalid. If low f-number optics ire used, care must he
taken that the thickness of the photoconductor dues not D t s t i u r t i i u n  us of cort u ’e ’rn a-h . ’iu incu r r ecordin g is r e
exceed the depth uq ’ focus ut ’ the let u ial  re cording u i p t u t ’s u t u i r e d  NI ’ !’)” s l u t . ,  with control st the uit terhar nuu unic
used “ sr f -numbe r optics with a I t ) .u m sp u i t  s i~’t’ . the distortion level can be measured by th e  h u n e . i r  j i l t e r
depth u~ focu s is fc’romet ru t - NI’!’)” t i’ ’ ho uq ue di’~,’r i l ieu )  in Su’t’ I N’ I)

/ ) 
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cycles/mm and is w i t h i n  I dB of the theoretical value.
Comparing Figs , 9(a) and 9(h ) ,  a~e see that the presence
of the SLM (the LCLV for this data) results in an in-
creased scatter level 3—5 d13 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
Ia) (b) more concern. We have found two methods to be of use

in obtaining such data. The first is to record aFig. B. liner ferograms of the OPO of an SLM: at  0 \~; Ib) ~i V . 6
kH z. square-wave pattern on the device by imag ing 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 .

B. Phase Error This pattern shows Fourier components at both even
Phase errors are of utmost concern in coherent opt i~~ 

and odd harmonics of the fundamental frequency of the
correlators. Slowly varying phase errors or linear phase square-wave grating. The amplitudes of these Fourier
errors are not of major concern except in optical corre- components are all within I dB of the theoretical values
latot’s. Such error sources in coherent optica l corn- found from a Fourier series expansion of the input
puters are best described by optical path difference pattern. Our present concern is with the measurable
(OPD) maps.21 24 Such OPD plots must be provided null depth of this pattern. From Fig. 10, we see that the
for all input spatial frequencies and aperture sizes to sy stem ’s dynamic range, inc luding all SLM noise, us a
characterize completely a coherent optical system.~ 

maximum of 52 dB even with an input signal p resent.
To relate these phase errors to the accuracy of an optical
processor , 2-D spatial OPD maps are necessary.~t
Techniques for easily acquiring such data have been strv~survuaei
previously reported.~~’24 Accurate analysis of such data

0
requires one to model the optical processor and its Acomponents as a space-variant system. iS~2t Thus, to
obtain quantitatively meaningfu l SLM phase error data , ‘° S

one must acquire spatial OPD data on the SLM rather / / S
than the rms OF’D data characteristically availab le for ~° S

such components . In summary , it is not the average ‘ 
-

phase error that matters, but rather how this phase error 3° 

-. 
~~~ e ”’ - 

-

is distributed. 
1

In obtaining any type of SLM data, even rms OPD, ‘4° 5T’ -
the test should be performed with voltageapplied to the - 

sh l ,t l ; sL u

SLM (Fig. 8(b)1, since often a considerably different ‘

~~~~ 
&
~~L ~~~~ ~~ ~~

OPD phase error results than if no voltage is applied to — - - - 
‘a~ r~ ’~~~

the device (Fig. 8(a)j, ‘ ‘ 
~~(a)

C. Scatter Level silENsirsiudsi uQuio ccsvsts.u.
The surface roughness and cosmetic imperfections o

of the SLM generally manife~ themselves as random
phase errors of high spatial freqLutn cy. These noise o

background noise level or scatter level. We refer to this ~~ ~~~~~~~~~~~~~~~ 

‘ ~~~~~~~~EORt ’Tu CA L
sources predominantly contribute to the system’s

as scatter level noise. It directly affects the maximum

noise source is most easily measured by imaging a
obtainable system dynamic range. The extent of this -30

square aperture onto the SLM and scanning its Fourier -~o
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 ‘fl’ ‘~~ 
(Si’

using the same lens system is scanned [Fi g. 9(a)) . Care ‘s us a 1i~ u4~cømsa’~~
should be taken to extend the Fourier plane scan out to
several hundred sidelobes until  the pattern ’s expo-
nen tial decrease stabilizes. Fig. 9 Cru s.seuai un a l  scan ui th e Fu ssu r ier t r an sisurm ui a squ are
From Fig. 9(a), we find that the scatter level of the aperture for sca t t er -tevet nui,se test s : ( a)  empty aperture; tO S1.M

optical system alone (Fig. 9(a)) exceeds 40 dB at u 4 in aperture

~~~
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Vi. Conc lusions
As s i l l  i uca I ci imp s  i t t  ng and SI ~uI t echnologv mat or ,’

~~~~ 
.uiul .is muir,’ u ’sili erent sipucal pru i~’essing systems are
tab r icated .~~sd deli vered , the specitications and t e s t ing

S s i t  the Sl.M s’onup iun en ls tso v u i j i  to such svciu ’i ns S must

* he st andar t lu ,ed .  We (eel the procedure sler.s rihed in
I) / this paper and demonsi r ated Isv e xp e r i m e n ta l  contir-

~~ 
- mation provide .t necessary )irst step tuuward such

-
~~ 5

, 
ends.

~ -i 
-~ .(. ~~- — ‘ 

- 
~~. ~

_
~ -L

_ L Many agencies con t r ibu ted  to the  stu dies summa-
rized herein.  1’hes, ’ inc lud e  he Ual l i s t  ic ~s lis~ile 1) e-

—s —~~ —is —s —~~ —. —s a is ~s tense Ast vanu ’t’d ‘l’es’hns s( ogv (‘e n t e r  (contracts  D.ASt -

~~~1’iAL çtgHcv ~~~~~~~~~~~~~ 
tS (( -~~~ -( -i ~~L S-t  i t u t u f  I )AS( - t~

) 7 S- ‘ iX) .~s4) , t he I S. .-\rx n% -
Engin eer Topuug r aphsc l, .ih (contr act  l)AAK ‘~O.7S-
C -~~~~7t ; , th e .\lr Fuircu ’ t ) l  l ic ,’  if Scient i f i t ’ Resear ch
(cont ra c t  AFOSR u~~~~~~l U) , and the O t ( i i t ’ st N,sval 

- .._ -- - . . - - Research / s ’us i u l r ;u - t ~t~ t ; . 5 / ( ( ~~( The au thor  recognizes
.lames Morris and ~:~ti~iv N .ut u for obta in ing the ex-
perimen tal tints conta ined herein and Demetr i  Psa lt us ,

- \ ‘rhanh Luu. .snd H. V . K . Kurna r  fo r  many va lu ab le
\. technical disu-ussions,
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3.1 SPATIAL VARIATIONS IN A HYBRI D FIELD—EFFE CT
LIQUID CRYSTAL LIGHT VAL VE

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

th ickness 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 applications,

uniform response and high contrast ratios are more important than in display

applications. In this paper we consider spatial variations in I.CLV 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-

t i fy  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 var iations can

be reduced.

PHE-~ED1X’~G F~~k hL~~C
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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 axi s (light propa-

gation direction) . The LC molecules in successive layers exhibit a 450 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 ‘.
~~ 

514mm light of intensity 
~~~ 

Readout is in linearly polarized A
~ 

633nm

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

light is measured through crossed output polarizers . The off—state —

or transmittance -r 0) is determined by the twisted nematic effect.

When an a.c. voltage V at frequency f is applied across the electrodes and

some ~~~ is present , the LC molecules tilt away from the plane of the entrance

electrode . The birefr ingence of the LC then determines the on—state transmittance

vs. I~~ [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 sensitome t rv data

and contrast ratio values for this LCLV . To obtain such data, the test system of

Figure 3.1 was used. ~n Argon—ion and He—Ne laser served as the write (A w) and

read (A
R) sources , with readout in reflection through a polarizing beam splitter.

For local senaitome t ry and contrast ratio data , apertures A1 and A2 with nine 3imn

diameter holes (arranged in three rows with threta holes per row) were used in the

write and read beams. With only one 3mm diameter region of the LCLV illuminated

with 1AW light , the ‘ARO light in the corresponding 3mm aperture in A2 was read as

was varied. By varying the spatial location of the 3mm diameter region of the

_ _ _ _ _ _ _ _ _ _ _ _ _  — . - .
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LCLV on which  data was w r i t t e n  (and r e a d ) , the  device ’ s local sen s it o met r v  curve

( t ransmi t tance  r vs. 1 .~ ,) r e s u l t e d .  V a r i a t ion s  in these cu r v e s  f o r  djtferent 3mm

LCLV regions provide the  d e s i r e d  sp a t i a l  u n i f o rm i ty  da ta  on sensitometr\- .

The results ot such an experiment showed that the peak t oc~ :rred at the same

. ., value for all 3mm LCLV regions. But ~or lower l -~~ values , d i f f e r e n c e s  of ~3O~

were foun d in in vaLious regions with the same L . input write light. To in—

~‘es:igate these spatial u n i f o r m i ty  variations , several other experiments were

per fo rmed .

3.1.4 LCLV Noise

Wi th onl y the cen tral 3mm hole in A
1 of Figure 3.1 illuminated with constant

— 75iaw/cm2 write light intensity , the reflected readout from the central 3mm

hole 5 in A., (and hoLe 2 in A di r e c t ly  above the c e n t e r  or  the  LCLV aper t ure)

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 for these signal and noise

outputs as a function of total a.c. voltage V applied to the LCLV for two fre-

quencies (1kH z and 10kHz) and as a function of frequency for V — 5v. From these

data, we note that:

(a) The V th reshold  at which  ‘\R O 
s t a r t s  to  incre . lse  is ir g e r  f o L

the noise than for the signal (see Figures 3..~a and i . . h) .

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

pendent of f , whereas si gnal 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 highe r vol-

tages appears to result in superior overall SNR. Fraas , et.al., [6,fl notCi that

increased a.c.  frequency f results  in a mo re spa tially un if orm r vs .  1\W curve .

This is expected since at higher a .c .  frequencies , the capaci t ive  rather  than the

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

_ _ _ _ _ _  _ _ _
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Since these capacitive terms are controlled by the thicknesses of the various

layers in the LCLV s t ructure, and since these thicknesses can be well controlled

in thin f i lm fabr ica t ion, more uniform response is expected at higher f. In

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

e f f e c t s  of V and f changes on ~~~ and -r on the signal component noted in Figure

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, and ‘A R were measured with a fiber optic

probe connected to a p hoto—metr ic  microscope and PMT with the aper tures A
1 
and A

2

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

were removed and ~~~ and 1XR measurements were obtained using a 1cm
2 LCLV area and

a 1cm2 photo—diode detector. A local sensitometry curve for a 3mm diameter area

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

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—

tars 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. Caution should thus be made in all

spatial light modulator evaluations [9] to separate local device performance from

- ~~~~~~~~~~~~~~~~~~~~~~~ ;
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globa l  dev ice  speci f ica tions and to con s i de r  s p a t i a l  va r i a t i ons  or  u n i f o r m i ty  in

all  device  parameters .

3.1.b Discussion

Many factors atfe ct global and local LCL~’ data and the spatial uniformity of

the device. For th e LCLV substrate , a u n i f o r m  da rk  cur r en t is needed when V is

present . The capacitive impedance of the CdS dominates this at hign I and its

uni formity 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 b y cont ro l of the geometry of the s p u t t e r  p roces s .  At low f ,

the resistive impedance of the CdS and i ts  stoichiomet ry and dop ing u n i f o r m i ty

~~ dominate. The main source of n o n — u n i f o r m  spa t i a l  response of the LCLV appears to

H be spat ia l  var ia t ions  in the thickness of the  LCLV layer. Such thickness varia-

tions result in spatial variations in the o f f — s t a t e  t r ansmi t t ance  of the LCLV .

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

ments described in Section 3 . 1. 3  lends further credence to this assumption .

0 To quantif y the resul ts ob tained , we thus considered the off—state trans-

mission of an LCLV using a twisted neniatic LC molecule arrangement. Many authors

hove  analyzed the  t r a nsm i s s i o n  of a t w i s t e d  nema t i c  ~,iver. ‘~rinberg and Jacobson

[10] approached this problem by a recursive analysis in which discrete twist

angles we re assumed for the various LC molecule layers throughout the or v s t a l

thickness d. McIntyre and Sny der [Ill assumed a continuous z axi’, twist and em-

ployed a more sophisticated coup led mode analysis to obtain a most general result.

A Poincare sphere analysis (L2] likewise results in analogous results for in the

o f f — s t a t e .

We denote the total twist angle for the LC layer by a and the  total phase

introduced between the two bireir ingent components of the wave by ~ •

where ~n is t he  total index of refraction difference. Then the general result in

Refe rence [11] reduces to  

- -“ --~~~~~~~~~ ~
-
~~~~~~

.
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1 — cos n
off 

— 
2 

(1)
2 y + 1 + 005 T~

where ii — (4~ 2 + ~2)~ and y — ( d i 2 ~ ) .  Eq. (1) repre sents a closed form solution.

With appropriate approximations , this expression reduces to the result presented

in Reference  [101.

— 
2x 2 ( 1—cos i3)

off 2l—2x (1—cos ~)

where x — ~y .  To obtain minimum t (in the off—state) , we require (1—cas ~) — 0

or ~ — 2irk , (where k is an integer which obviously determines the thickness d of

the LC layer. With r small (desirable) f o r  small x and wi th  x small , we ap~~roxi —

mate (~ ) as in Reference ( 10] by

(1—cos 3) , ( 3 )

f rom which we ob tain the condition in References (10—12] that (1—cos i3) — 0 is

desi red.

Expa nding (l—c os ~) for  ~ 2nk , we obtain

off 
- x2 (~ —2 nk ) 2 

- a2 (~~~~~/~~
2 ( a )

where (i3—2i~k) is the error .\~~ in B and a — 2 t 7~/4 ) is the total twist angle ~ for our

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

terms or the f r ac t i ona l  percen t  va r ia t ion  ~\d in the thickness d of the LC layer as

— ci(~. B/ B)  — (~i / 2 ) (~ t3/B) (,i12) (.~d/d) (5)

since ~ — 2i~~nd/X . From (5), we see that a 5% spatial variation in the thickness

of the LC layer  ( i . e . ,  .~d/d — 0.05) results in a minimum — 6.16 x l0~~ and
hence a maximum contrast ratio for the device (assuming as in (1] that  ‘

~~~~ 
— 0.8 or

80% of the peak t~~~ — 1) of 130:1. Similarly, a 1% spatial thickness variation

( d/d — 0.01) results in a — 0.2465 x and a maximum cont ras t  r a t i o  ot

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 lO~~ and a maximum contrast ratio of 97:1. This iso f f

in .xcellemt 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% ove r 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—3~ m liquid crystal layers of more un i fo rm thickness. Al-

though devices with thicker LC layers will result in larger contrast ratios for a

given percent (8~d/d) tolerance , such thicker layers result in an LCLV with far

slower response. Howeve r , 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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Figure 3. 3 Local Sensitometry Curve for the LCLV (6v , 10 Id-hz) Show ing

1500:1 Contrast Ratio and 30,000:1 Dynamic Range

LL~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~



27

3.2 SENSITOMETRY CONTRO L OF A HYBRID FIELD-EFFEC 1’
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 showr~ to

change the transmission threshold , sensitivity , linear dynamic range and the shape

of the device’s sensitoinetry 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 recently1 emerged as one of the most viable

spatial light m odulators2 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 -r vs. input write light

intensity ‘AW~ 
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 t expression. Experimental data on the e f f ec t s  that  vary ing

V and f have on t , with fixed are included in Section 3.2.4. Sensitometry

curves for various V and f values follow in Section 3 .2 .5 .  —-—... ~~_.,. .

P9~kI .ED1NG ~~~~~~ ~~~~~~~~
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

2.74Pm thick liquid crystal (LC) layer sandwiched between two transparent indium—tin—

oxide electrodes . The device is written on in X.~ light incident on the CdS stde of

_ _  —- -- iII . 
~~~

- - 

~~~~~~ L1L~~1~ ~ 
- _ _
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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.3’4, and is

shown in Figure 3.4. The photo—activated CdS—CdTe charge storage diode3 is modeled

by R 3, D ,  C3, and R4. The input wr i t e  l ight I , ,~ controls R
3 and C

3 
(R
3 decreases

and C3 increases as I~~ increases). R1, C1, and C2 model the LC layer and dielec-

tr ic mirror.  At low applied frequencies f, the photo—current through the CdS/CdTe

layer is a series of high positive pulses (increasing in amplitude proportional to

I>~
) 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 
~~

3.2.3 On—State Model

In this a.c. LCLV , the molecules are initially aligned parallel to the elec-

trode surfaces with a 450 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

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

A R light as x , then the twist angle • is th e 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

a.xis (along which the input A
R light propagates) and the optical axis of the LC

molecules. The transmission of this device is then given by 5

-r — sin2 (2~) sin
2 (6/2 )  , (1)

where

6 — (2i~d / A )~ n(9) (2)

1
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~
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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 2~n(8) between the two indices of r e f r a c t ion varies wi th 3 ,

which in turn varies with V. I f  n
1 

and ~~ are the indices of refraction (parallel

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

.~n(8) 
— n1—n2

/[sinTh, + (n2/n1)
_
cos28] 2 

. (3)

For small .~n — n
1—n2, this reduces to

— ~.n sin t3 (V) ,

from which the t expression given in Reference [6] results

2 2-r — sin (2c~) sin [(‘rd .~n,’~~) sin ( 9 ( 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. r for Fixed

For our LCLV , ~ — 45~~, sin 2 (2~~) — 1, ~n — 0.25, d = 2.74’~m and \ — 633mm.

From these values , and 9 90° (for V 0 ) and 9 — 00 (for large V), we find to

vary from sin2(194°) to sin
2
(O°). Assuming V to vary linearly with 3 , the T vs .  V

for the device should track the sin~ -~ curve from -~ — 194° to 0° as V increases from

0. Close inspection will show that su ch a cu rve first decreased slightly (as 9

decreases from 194° to 180°) and then increases with a sin2 curve response. (Some

reserachers have observed such a small dip in the r—I .~ curve for the LCLV at low

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

To obtain experimental data on the r vs. V and f pe r fo rmance  of the  e n t i r e

LCLV , the device was illuminated with a constant I~~ — 75~w/cm 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 ~‘airs

~~I.~IE - 
:I ~ 

_
~~~ I~ ~ ~j -~:
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of V and settings , the relative retlected 1
~ RO reading t t h r o u g h crossed po k a : i z e i s ~

w . i s  measured .  T h is  value is a measure ot  t .  these  d a t a  are  shown in F i g u r e

3.5. From these curves , we see t ha t  a~ f is  inc reased , the  t vs .  V curves shL t t and

peaks at highe r V values.

these results indicate that higher v o l t a g e s  are requi red across the LCL\’ at

Lncreased t t o  obtain the sane output light observed at lower f settings, in

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

li~ese results follow directl y from the equivalent c i rcu i t of Fi gure 3.~ in w h i c h

(the  i n t e g r a t e d  ph o t o— c u r r en t ) was shown to ~iecr ease as t was  increased , t hus

indicating .i poorer expected device sensitivit y at  higher i setting.

3.2.5 Sensitome t rv

In t o t a l , we produced ove r f i f t e e n  LCLV s e n si t o ne t rv  curves  at di~ ferent V

and f settings with l~~. varied t rom 0.01 to 300U.w cm . Three such curves t - or the

LCLV are shown La Figure 3.6 and for f — 10kHz and three  d i f f e r e n t  va lues  of V

applied ac ross the e n t i r e  device .  S i m i lar  d a t a  are shown in Fi gure  3.bb ~o r th r e e

different operating frequencies f with V — 4v. From the equiva len t  c ir c u i t  o~

Figure 3. 4 and Eq .  (5), we expect VLC to decrease as V is decreased  or as is

increased. We thus anticipate poore r device sensitivity at low V 1eve~. s and hi gh

f levels), since highe r Levels will be required (at low V and h igh  f s e tt i a g s ’~

to achieve the same output obtained at larger V or lower f ch~~t ce~~. The r e su l t s

shown in Figure 3.6a verify these results for the case of variations in V , where as

the data in Figure 3.6b confirm s the predictions for the case ot  f v a r i a t i o n . ~o t h

agree with the results obtained in Figure 3.5.

From Figure 3.6 , we find considerable chang es  in the sensitometrv curve for

the various V and t choices. The ISV . lOKz t and t..v , lkHz’t c t t r v o s  are similar to

th, classic published sensitome trv curve8 for this ICI V . w h i ch  exhibit s a knee at

low values. From FIgure 3.6, we see that operation at ot h e r  V and f settings

- - -
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I
result in a lower dynamic range for the device and at higher I levels (e.g. , tne

4v , 10kH z cu rve) or a l a rge r  and more linea r device dynamic range (e.g. , the 6v ,

10kH z curve).

Fraas , et.al.3’4, have analyzed the response of the CdS/CdTe layer and have

observed no changes with r . 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) sh ow

clearly the ability to control the shape of the LCLV ’s sensitometry curve by proper

cho ice of V and f .  Such com tr~ l is of immense use: in adjusting the device ’s

sensitivity and I.~~ threshoic 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

AID converters7 and other applications as well.

One of the more obvious app lications 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. In Figure 3.7, we show the sensitometry curve for the

LCLV at 8V and 1kHz. In this curve , 
~~~ 

levels above 1~.iw/cm
2 in the input image

will be contrast reversed . In pract ice , the control  V across the device would be

varied to effect such response. However , f o r  the LCLV unit we ~~risidered higher

voltages (of  20V or so) and low f requencies  were needed to e f f e c t a con tras t

reversal over the same input ‘AW image range without the con tras t ratio loss

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

our Sin2 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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Figure 3.5 Relative Reflected Read Ligh t I~~~ (Through Crossed Polarizers)
vs. V across the LCLV (for different a.c. Frequencies f )

-. — 
~~~~~~~~~~ & ,t JV~~~~~~~Z~~ ra -.



~~~~~~~- - ~~~ - - - - - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --
______________________ - - ~- -

.- --
~

--
~

- - - -

34

‘U

~~~~~~~~~ 8v60 

— - 
~~~~~~~~~~~~~~~~~~~~ 

-

~~~ 

~~~ 

4V

z .-‘ 

—4 /

I-.
z —

f~io~~z‘U
_____- a -—._ -- -0.6

10 11)0 1000

WRITE INTENSITY kwic.21

Figure 3.6a

p

1KHi
t -

v .4v 
~~~HX

~~ )- ‘
__ ‘

~ ~

.sL~~~~~~~~~~~
I :, INI

‘.~w WR ITE INTENSI TY 1~~Wkm2 )

Figure 3.hb

Figure 3.6 Sensltometr-~, Curves for the LCLV ~~~~ at 10kHz and Selected Vo l .Ige~Across the Device , (b) at  4v and S e l ec t e d  . c .

- - ~~~~~~~~~~~~ -
-- --~~~ —-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ----



- -

35

SOS0,z

~~~ L ~~~~~~~~~I I I  CI I~I is isi INS
WRITE IGH T INTENSITY I

~~,IJ 
IN ~Wkm2

Fi gure 3 . 7  Sensitometry Curve f o r  the LCLV Showing Contrast Reve rsal

._2_, -z_. —



_ _ _ _  _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

37

4. PHOTO—DKDP EXPERU€NTAL 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 have 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—tine

and reusable SLMa , 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 suoport

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 : sensitonietry , wr i t e , read and erase operation; resolution; and noise . Irs

Section 4.3, we describe our sensitometry data collection system. In our ana1ys~ s

P i ~lk4G FAG~
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of this data, we conclude the write light X~ sensitometry , the degradation effects

of readout light  A R,  the e f f i c i e n c y  of erase l ight X E , and hence the entire wr i t 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 ~j-r 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 A R, as well as the efficiency and

operation of erasure with X
E light itself,

In Section 4.5, we consider five resolution experiments performed on the

photo— DKDP SLM . These include; imaging, transmission and reflection MIF; linear

and non—linear interferometric MTF; as well as edge response MTF 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 M1’F 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 SLN with attention to the three types of

noise: scatter , iriterharmorsic , 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.

_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  ii
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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 photograp h oi

the device is included in Figure 4.2. Details of the various layers comprising

th i s  SLM follow .

(a) The Si02 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 .

(c) The Se photo—conductor is deposited with a thickness of about

12~zm ( l O— l 2I~m is normal) with n — 2 .8  at 630nm and wi th  o — 6.
(d) The nine layer  dielectr ic  mir ror  M consists of XI4 layers of

CaF1 and ZnS. It is deposited by vacuum techniques. Itø measured

reflectance at 633nm is 0.985 with respect to air and 0.96 with

respect to Se. I ts  t ransmi t t ance was likewise measu red to be one

percent at 633nm and from 70—90 percent below 500mm.

(e) The DKDP c ry s t a l  i tself  is wedged. I ts  thickness linearly

varies from 32O~.im to Opus over its 35mm width. For T — Tc ~ 0.5

degrees (where TC is the Curie temperature of the crystal),

CC — 650 and — 300v at the nominal readout wavelength or b 3 Onm.

( 1)  The second electrode is 1n203 with a transmittan~~ T — 0.98 ,

a reflectance R — 0.01 and an absorption A 0.01 at bi0nm .

(g) The CSF (florite) substrate is also wedged with a thickness

varying from 6pm to 4 . 7 p m ,  This corresponds to a 10 30! t

wedge angle for  this substrate.

Geographic dif ferences  and other  related items have affected our test and

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

affected our program , also and most especially the analysis 01 our resultant

data. However, this SLM appears to be so superior and well engineered icompared

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

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

L - -
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detailed documentation of device specifications and prior test performance on

such SLMa is vital . Otherwise , cons tant repetitive tests are necessary by all

researchers who choose to consider utilization of such a device . These latter

remarks app ly in general to all SLMs and all U .S. or forei gn SLMs .

4.2.2 Tempera ture and Electro— O p t ic Opera tion

This SLM is operated at the transition temperature T~ of the active p ho to—

DKDP crystal media (about —52°C). A set of Peltier cells aroun d the edges ot the

structure provide the necessary cooling for the device. The entire device is

enclosed in a vacuum housing. The opera tion at approximately —52°C is necessary

so that a long storage time and improved device resolution with lower requi red

device voltages , as well as resolution and storage performance improvements result.

These results are most easily realized f o r  this device wh en it is opera ted in

reflec tion readout from the DKDP side of the SLM with readout light at — 633nm.

Linearly polarized readou t light must be used with this device .

The direc tion of polariza tion 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 ’) elec tro—optic axes for optimum results. A crossed output polarizer

(in the reflected A~ beam) is used to achieve these performa nce results. In this

case , the outpu t 10 and input I~ light intensities are related to the voltage V

across the p hoto—DKDP layer by [4.5]

to — Ij sin4[(V/V~) ( i T ) ]  . (4 .1)

In Equa tion (4.1), the voltage V
½ 

is the crystal ’s half—w ave voltage . Other modes

of opera tion are also possible for this SLM. If y is oriented along v ’ or x ’ , and

if the crossed output polar izer  is omi tt ed , pure phase mod ulation results. With v

at ±45° to x ’ and y ’ , ampli tude modulation occurs . If an optical bias is added

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

L
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From Equation (4.1), we see that r — I~~/ I~ varies spatiall y with the voltage

V(x,y) app lied spatially across the DKDP layer. The spatially varying l~~ light

distribution incident on the Se photo—conductor produces a cor responding  spa t i a l

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

. . .2 .3 DKDP Suppor t  Systems

The value of the voltage present across the DKDP SLM and its polarity must be

controlled together with the wavelength of the write (A W ) ,  read (AR) and erase (-E )

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

simpiy note that a givers voltage and polarity across the electrodes are necessary

and that these values must be applied simultaneously with the presence of wr~ te ,

read , or erase l ight  i tse lt .

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 permi t control of

the intensities IXw ’ 1~~ . and ‘XE or the write , re ad , and erase

light beams respectively , as well as the durations TW, TR~ 
and

TE of each of these mr’des 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 vacuutT support system for the device.

This included a one month search for and subsequent independent

f a b r i c a t i o n  of several flange and valve connections for the

device (no equivalent e.S. part could be located tor this

European component) .

L - -
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(5) Fabrication of an electronic drive system f o r  the Peltiei

cooling system. This included a temperature control , as woil

as a temperature sensor and measurement system.

The support sYstem for the photo—DKDP light valve is far more comp lex than the

simple AC V0~~ t a g e  required tor the LL LV . O p e r a t i o n  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 —~ 2° C for optimum performance and t o  maintain the device i~ a

vacuum .

The vacuum system used for the photo—DKDP consists of an a b s o l u t e  pump . This

system maintains an 8 m— torr pressure in the DKDP chamber. It requires m c n i t o r I .~~g

ever y hour  and the addition of liquid n i t rog e n  to  the  roughing  pump every two

hours .

The cooling system used to maintain the DKDP at its operating temperature

consists 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 t he  dissipation

of heat generated by the cells. The w a t e r  flow should be at a steady rate or

~‘ne liter .’mlnute. A flow switch is on order and will he used to  regulate this

water  flow .

For now , the ad~ustmenr is manual Ind requires mon~ toring ev er y  t i v e  m U )u t e s .

The present water ilow is not steady and may be the cause of  op e r a t i o n s  tha t  cause

difficulty in interterometric tests on this SLM . .\ b e t t e r  c ry s t a l  holde r t h a t

places less stress on the crystal housing , one that is snore rigid and that has

adequate mic rometer posi t ioning controls should  be designed and f a b r i c a t e d  at a

later  date.

Th. cu rrent for  the Pelt ier  cell  cooling sy stem or ig ina tes  t rom a lO amp i2 Ov

sup p ly . The p resent wate r  f low sys tem cannot di ssipa te  t~ ie h e a t  generated ~f the

Pel t i e r  cells are rap idly cooled. Thus • a slow cool—down rate samps ~v is presently

bei ng used. The DKDP c ry s t a l ’s t empera tu re  is p r e s e n t ly  ncu c~ ~‘d by a p Lit  tnum

r e s i s t a n c e  the rmometer  In an open 1cop s y s t e m .  This  sY s t e m  al so  had to  be designed ,

I 
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fab r icated , imp lement ed , debugged , and cal ibra ted.  because of the  steep rate  of

change of the longitudinal component of the dielectric constant with temperature

near the Cu rie point of the crystal , the crystal ’s t empera tu re  must be maintained

with 1°C of Tc. This requires almost constant manual monitoring and adjustment of

the Pe l t ie r  cell cooling system. A closed ioop feedback system f o r  the unit

should be designed and f ab r i ca t ed  if continuing tes t s  are to be per formed.

A mercury arc lamp ( 300watts) and an argon laser are used as the wr i t e  l ight

sources during all experiments , a helium neon laser (50mw ) is used as the read

source and a f l ash 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 f rom ~150v wi th electronic shutters S1 and S2 in the A~ and

A R beams synchronized to the voltage control unit .  When S1 is opened, a voltage

is app lied across the crystal. When 
~l 

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 p hoto—DKDP SLM are shown in Figure t~.3. The voltage

levels and polarities to be applied between electrodes (E1 and E2) in the various

write (W) , read (P.), erase (E), and subtract (5) modes of operation are shown in

the figure. The A
~ 

and AR beams and the polar izat ion of the incident and re f l ec ted

A R lightwaves are also included. For simplicity , separate input (F1) and output (P2)

polarizers and a beam splitter (BS) are shown. In practice , a polarizing beam

splitter (PBS) cube is used on readout to provide the plane 
~R 

incident polarization

and the crossed output polarization .

When A
~ 

light is incident of the Se, hole and elect rons pairs are generated

in a thin layer of the Se near E 1. If E 1 is posit ive du ring the 
~ 

exposure , the

--- -
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photo—gen erated holes in the Se d r i  f t  t o  t h e  mi  r r ol  >1 ~n t e r t  ace and the p h o t o —

generated electrons comb ine at  E
1. The a c cu m u l a te d  ~t~~ve cha rge n M is  p r o —

~ o rt ~~oua 1 to I .  i t  v a r re s  sp a ti a l ly , so does  the  c h ar g e  d e n s i t y  at  ~~~

bese c ha r g e s  ar e  s tor e d  in s u r f ac e  t r a p s  at M . ~hus , t h e  l~~~. i n p u t  i g n t  dIstri-

bution has been c on v e r t e d  t o  a Litent charge distr1but~ on on >1 . W ith E~ — dv ,

tt’~is charge distrrbut ion produces a spatia 1 voltage distribution across the DKD P .

i~v t:le Pockels effect ~~.5], t~iis voltage distribution can be converted to a

spatial modulation of the 1 R light. Wi th crossed polari zers and the polariza-

tion of 1 R chosen as described before , the output image is a posrtive versIon

( i n  R l i gh t )  of the  input  p at t e r n  w r i t t e n  on the Se (in \~; L i g h t )  i i  is pos i-

t iv e d u r i ng  w r i t i n g .

If E 1 is n e g a tIv e  d u r i n g  w r i t i n g ,  t he  p h o t o — g en e r a t e d  e l e c t r o n s  in t h e  Se

determine con d u c t ion  and the Latent charge p a t t e r n .  Thus , now electrons drift t o

the  m i r r o r  ~1 where  a negative ch a r g e  d i s t r i b u t ion  is  produced. A combination of

p o s i t i v e  w r i t i n g  w i t h  holes and negative writing with electrons can be used t o

subtract one input image from the latent stored charge distri buti on of a prior

image .

~~ . 3.2 C ha r g e  c a rr i e r  ~~is c r i~~t ion

To analyze sensitometrv , readout , and erase data , we foun d it necessarY t o

formulate  a description of the p h o t o — D K D P  device op e r a t i o n  in terms o f  charge

ca r r i e r s . Such a descrip t i on  and discussion of t h i s  5th has not been p rev ious ly

provided  and in fact the applied voltage polarities in many papers describing

tuis SLM are contlicting. Thus , in t h i s  one Subsection , we include a complite

charge  c a r r i e r  d e s c ri p t i o n  of various w r i t e , r ead , and erase nodes of o p e r at i o n  of

this device.

In Figures  .+ . .‘ and ~.5, ~e show the  v o l t a g e  d i s t r i b u t i o n  ~v e r ti c a l’  vs. d i s

tance (horizontal) across the various device L a y e r s  f o r  the f o u r  d i f f e r e n t  st at e s

of device operation. F i g u r o  .‘..‘a shows the i n i tI a l  devtce state iw i t h  no light).
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In Figure 4.4b , we show the voltage distribution after writ~ g for both bright (bR)

and dark (OK) areas of the device (i.e., areas o f the device illuminated and not

illuminated during writing) . For readout , V0 0 and tile device is i l l umin a ted

fr om the right (DROP side) with A R light (as in Figure 4.4c). For erasure , the

device is illuminated f rom the l e f t  (Se s ide) wi th  
~E ligh t  (as in Figure ....+d .

Most of the  applied V0 appears  across  the p h o t o — c o n d u c t o r  and little across

toe DKDP for both the +V0 and —V0 writing cases . We consider the -4-V 0 case firs t

(Figure 4.4). When the Se photo—conductor is illuminated with \~ light , hole and

electron charge carriers are generated. With E1 = +V 0, the holes conduct arid 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 E1 and

E2  are now shorted (V0 — 0) . The voltage distributions shown in Figure C now

results and a large 4-V1 is present across the DKDP (the mirror is positive with

respect to E,) in bri ght areas . A smaller +V2 is present across the DROP in dark

areas. Thus , the phase retardation (or polarization rotation) introduced into the

linearly polarized A R light beam is larger  in the right areas than in the dark

areas . With crossed output polarizers , a positive output image results (areas

illuminated during writing are also bri ght upon readout) . t~ecause of M and since

Se is insensitive to 1
~R l ight , no new photo—carriers are generated by the re-oc ut

process , and thus (to first—order) no degradation occurs due to  readout. For

erasure , the Se side of the SLN is flooded with 
~E 

light (usually in the same

spectral range as the Au light) . This process generates holes and electrons in

the Se. The holes t rapped at M can now migrate  back to E 1, equivalentl y e l ec t rons

can migrate from E1 to M, reducing the positive voltage V1 at N and removing the

posi t ive charge s to red  at N.

WrIting with —V0 (Fi gure 4.5) present on E1 is somewhat similar , except now

electrons migrate to N during wr i t i ng .  This reduces the vol tage at ~-! and duri n g

readout N is negative . As before , a larger voltage is present across the DRi~P in

illuminated reg ions compared to dark areas with i-I now nega t i ve  w i t h  r espec t  to E~~.

______ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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In erasure (Figure d), the holes , photo—generated in the Se near  E 1, flOW migrate

t o  N to remove the negative voltage (charge) stored there. Equivalentl y , electrons

at N may now m i g r a t e  to and recombine  w i t h  h o l e s .  These processes result in a

r e d u c t i o n  to 0 of the charge stored or trapped at N.

In subseq uent Sec ti ons , we w i l l  use F igu res 4 . 4 and s .5 and s i m i lar  ones to
.

describe our resultant dat a .  For now , we only note that in positive writing (4-V 0

appl ied , P-1 positive), w r i ti ng is by hole conduction. Conve rsely , in negative

writing, conduction is by electron flow . In erasure , electrons migrate from E 1 to

N f or posi tive w r i t ing and holes migrate for negative w r it i n g .  Our concern is w i t h

the fact that the hole conduction is better than electron conduction in Sc and that

the conduct ion  e f f i c i e n c y  is a f u n c t i o n  of the field across the Se. From Figures

.. ‘ and ~~ we clearly see that these two issues wi l l  g rea t ly  e f f e c t  the p e r t o r -

inance of t h i s  SLM . These l a t t e r  issues are  described in g r e a t e r  d e t a i l  in sub-

sequent Sections.

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

needed to realize fas t cycle times . Erasure of a latent charge image is accomp lished

by flooding the S. with A E light with the electrodes E1 and E.-~ shorted as in curves

b of Figure .44. The illumination (broadband or narrowband \~ L i gh t )  again

generates electron--hoLe pairs in the ~ c .  This de~- I oases the :e s i s t lv i r v  of the Sc

which can increase the migration of the holes trapped at N.  R e c o m bin a t i on  and

m i g r a t i on of tbe p hoto—generated car r iers  can also con t r ibu te  to  the  erase process .

The photo—sensitivity of Se improves with larger voltages p resen t  across the Se and

t h i s  implies  tha t  a non—zero  E 1 level is p r e fer r a b le f o r  e r a s u r e .  However , as in

t h e discussion 01 optimum readout voltage conditions , attention to  da rk  reg ions

indicates that zero voltage across the SLM is preferrable . In practice , a situation

where a positive or n e g a t i v e  vo l t a g e  was app l ied for  some f r a c t i o n  o t  the readout

or erase time may be optimum but would be too dependent on the  r e c o r d e d  image

pattern to allow definitive conclusi ons to be made . 

-——
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In subsequent studies , we will consider the above carrier processes in more

dep th .  From these studies , new results have emerged concerning the photo—sens i-

tivity of the p hoto— DKDP SLM , the device ’s dark storage , erasure , and its ability

to add , subt ract , and cont ras t  reverse data.

From F i g u r e  1~~~~
4 , the s torage of the lat en t  charge  image at M ( in  b r i g h t  areas )

is generally better with positive or negative voltage present on E .  Howeve r,

considering the en ti re  SLM ( s p e c i f i c a l ly the dark reg ions , as well as coupling

between light and dark regions), major attention must be given to dark areas when

determining the optimum voltage po la r i ty  to be placed across the device during

readout. It may appear that E1 sh ould be negative (for positive writing) or posi—

t i ve ( f o r  negat ive  w r i t i n g )  and not Ov during readout to achieve best contrast

( i . e . ,  Ov across the DKDP in the dark regions). Howeve r , chang ing the voltage

across the DKD P by a small amount requires a large voltage applied to E 1, this w i l l

result in a large voltage drop (field) across the Se (in dark regions). Then ,

dur ing  reado ut , the light leaking through M will be very efficient in c a r r i e r  gen-

era tion and photo—conduction in Se. This will result in an increase in the voltage

across the DKDP in dark regions . Th is will increase dark transmittance and .io—

crease overall device contrast. Thus , with 0 in readout , the reduced voltage

drop across the Se reduces degrading readout light effects in dark regions . Thus ,

by devoti ng a t tent ion to dark reg ions and p ract ical  e f f e c t s , such as N leakage of

k~ l ight and the voltage dependent sensitometry of the Se , we find that E1 - Ov

seem to be the preferrable readout operating condition , ra ther than  E 1 posi t ive  or

negative.

4.3.3 Sensitome try Data

The test system used to determine the sensitometrv curve for the photo—DKDP

l i g h t valve is shown in Figure 4 .6 .  The components used are l I s t e d  in Table .1.

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

measured by a photo—diode , connected t o  an operational amp lifier and a di~~lta1

- 
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Figure 4.6 Sensitome trv Data Acquisition System

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

LS 1: 633nni laser PHI : 5 i pinhole

LS 2 :  5l4nm laser P1E~~: Er i - - In g t Lashes

N1 & M2: Metallized NRC “2” mirrors S1: Shutter for read light

cP; Calcite polarizer S2 ~ T: Shutter with electronic
time r (Vincent Associates)

Jondon 20X object ive
ND: 10% neutral density filter

02 : Jondon 5X object ive
PD: Photodiode (United Technology l

PH 1: 10 i pinhole
PBS : Polarizing beam splitter cube

_ _ _ _
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voltmeter. This raw voltage data is then converted into 11W/cm2 using appropriate

amplifier gain and diode senistivity factors . During sensitometry data collection ,

1AW was held constant at 1811W/cm2 and the input write light exposure was controlled

by varying the exposure time T~ (using shutter S1).

The A R light was blocked until the Aw exposure was complete.  This reduced the

degradation and decay of stored charge due to readout .  Recall t ha t  the dielec-

tric mirror in the p hoto—DKDP s t ruc ture  of our unit blocks only about 50% of the

A R light. The remainder of this A R 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 e f f ec t , the cryst al must be erased after each exposure

and 1ARO measurement.

The sensitometry data for  both  +l5Ov (Se electrode E1 positive) and — 150v

across the SLN with  the DK DP side o f the SLM assembly a lways at zero volts are

shown in Figures 4.7a and 4.7b . An 1XR 20 11W light level was used to reduce any

degrading effects of A R readout on the stored charge distribution.

From these data, we note that the sensitivity of the device is better for + 150w

writing than for —150w writing (because of the higher efficiency , ~t product and

photo—generation for holes than for electrons). The threshold E \~~ at which the

device responds is about 0.5ijJ/cm2 fo r  bo th polarities of applied voltage . However ,

the write exposure required to reach 80% of saturation is Ewo 85+ = 75uJ/cm 2 fo r

+150v writing and a much larger EWO.8S_ 290~ J / cm2 value for —150v writing. The

write exposure required for  ful l  saturation in the two cases was similarly less

(Ews+ — 560i~J/cm
2) for 150v writing than for —l5Ov writing (Ews_ ll5OuJ/cm2).

4.3.4 Se Photo—Conductor Considerations (E1 Polarity)

The photo—conductor properties of the amorphous Se photo—cond uctor 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—

DKD P because of the h igh deposition or annealing tempera ture  necessary in CdS to

- j~~j~~j~~ .4~~ 
T~~~~~~~:: I
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reduce da rk current  and to increase s e n s i t i v i t y  of the  photo—c onductor. in the

pho to—DKDP SLM , the image is stored in the photo—conductor. This is contrary to

the case in the LCLV. The —5 2C C operating temperature of DKDI’ also e t l e c t s  the

choice of the photo—conductor used. In Se , the 11t (~ — m o b i l i t y , t — lifetim e )

product for holes and electrons are approximatel y equal and large , even It  —50 ’C.

The sharp wavelength threshold of Se between the and \~ l igh t  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 Sc. This is

necessary to full y explain the results obtained. The current in a material of

mobility 11 and thickness L with a voltage V across it is given by

N(t)euV 
I~dt 1.2 

, . -

whe re e is the charge of a carrier and N ( t )  is the number of d r i f t i n g  ca r r i e r s . l~e

describe N(t) by

N ( t ) — N0 exp(— t/r m) ,

whe re N 0 is the number of charge carr iers  produced by an incident pu l se  of  l i g h t

and T m is the mean f r e e  t ime b e t o r e  .i char ge  c a rr i e r  is t r.ippe~i. The q u a n t u m

e f f i c i e n cy  r~ w i th  which p h o t o — c a r r i e r s  in Se are gene ra ted  depends upon the  t i e l d

E across the Se as [ 4 . b — 4 . 7 J

~o exp[—E 0 /kT + B0E~~/ dT] ,

where and b0 and E0 are constants and I is temperature . From (4.4), we see t h a t

r~ varies with the f i e ld  E across the Se. The initial field across the Se is approx-

imatel y 100w across a lOiim layer or 105v/cm . At these large field levels. is

initially approximately 20% . However , d u r i n g  exposure t .~’ the w r i t i n g  p at t e r n , the

voltage across the Se decreases and that  across  the  DKDP layer  inc r e ises.  r h is

means that  dur ing long exposures , p h o t o— e l e c t r i c  convers i on in Se -..~~ ii be b e t t e r

_ _ _ _ _ _  
—
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fo r t he ini t ial pa r t o f the expos ure (a large f i e ld  is present across the Se the n )

than fo r the la t t e r pa r t of the exposure (when a lower f ie ld  is now present across

the Se) .

Next , we conside r the efficiency with which a spatial charge pattern will be

t ransferred across the bulk of the Se layer .  This e f f i c i ency  is proportional to

R t
~
’tr , ( 4 . 5 )

whe re t is the lifetime and t r is the transit  time of the charge carriers . Since

t ransit time is p roportional to t he thi ckness d of the Se divided by the drift

velocity

V — lI VId , (4.6)

we f i nd

tr — d2/lIV . (4.7)

For d — lOUm , we find t r — lOhisec for holes and a far larger SOUsec value for

electrons . R and hence the trans fer ef f ic iency across the bulk of the Se layer

is thus

R — t / t r 1 1 t( V/ d2 ) . ~4.8)

From (4.8) , we see t hat R increases with  V , decreases wi th  d , and is proportional

to the .cr product of the carrier.

For times larger than the t ransi t  time , th en charge q is accumulated as

q (N 0eVU -r/ L 2 ) [l — ex p ( — t / r f l  . (4 .9 )

The exponential term is 0 for large t and q is propo r t ional  to U T .  Th is Ui produc t

for holes is 1.3x10 6 cm 2 /V , wh e reas , fo r e lect r ons it is less (3.2x10 7cn2’V) by a

factor  of 4 .06.  From this , we expect holes to be more e f f i c i e n t  than electrons

~+ 1



during writing. Thus , we expect positive writing iF 1 — r o s tt i v e , Se p o s i t i v e )  t o

produce b e t t e r  results t han negat ive  w r i t i n g .  The data  of F igures  .. .7a and b c o n —

tirm these r e s u l t s .  In the low ( 0 . 3s e c )  exposure r ange , we f i n d  a d i .  f e r e n c e  01

..:1 in se n s i t i v i ty  between positive and negative writing. At lon ger exposures ,

we tind a lower difference factor (approximate1~ 3). This indicates that the

quantum eft icten cv n and the UT p roduc t  are  simultaneously f i e l d , as w e l l  as c a r r i e r

dependent and that the difference in writing efficiency for holes ( p o s i t i v e  wr i t i n g )

and electron s (negat ive wr i t i ng )  is less for  longe r exposures .

Th~ consequences or these observations (that hole writing is more ettici ent

than electron writing and the field dependence of the p h o t o — s e n s i t i v i t y  ot the Sc

ph oto—conductor) are that dynamic writing (with low duration pulses) will vi~~ d

be t t e r  sensit ome t rv data than w i l l  long expos ures. For  app l i c a t i o n s  such as image

addition or subtraction , the field dependent sensitome t rv of Se will require ilter-

nate ~.r products than presently exist. This will enable addition and subtracti on

op e r a t i o n s  t o  be readily performed.

Dumon t , et .al. , ~4 .8 1  imp lv t:iit the sensit omo t rv or t io les  and e l e c t ro n s  i r e

app roximately equal. Howeve r , as our data of F igure  ~ . and the  above ana ly s i s

demonstra t s , hole  wr i t i ng  1+V 0 ) is approximatel y four tines more et ilcie nt than

electron w r i t i n g  ( — V 0 ) . This factor of :o~~r d i f f e r e n c e s  in hole and e l ec t r o n

transport efficiency or Ut product has been noted by others  ~~~~~~~~~~~ Our results

and these observations on this sensitivity difference in Se merit note , may he of

conce rn in o ther  SLMs , certainl y e f f e c t  SLM test procedures , and mean that dynamic

sens i t iv i ty  would be far  be t te r  than s ta t ic  sensit ome t rv da ta .  In Figure e . 8 , w~

repeat  Figure 9 in Reference [4 . 6 ] .  The curves in this  Figure ind ica te  that t o r

ce r t ain U T ranges (3x 10 7 — iO~~~) ,  u r  variations by even -i f a c t o r  ot 10 yield l i t t l e

diffe renc ,  in transmittance. However , in the larger absolute UI ranges i 3 x 1 O ~~ -

10 8) ,  small ~ r d i f f e rences  y ield large d i f f e r e n c e s  in transmittance.
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Figure 4 .8 Transmi t tance vs. Exposure Characteristics of DKDP for
Various U i  Products [~ .8]

It appears that the Ut p roduc t s  in our p hoto—DKDP SLM are in the i0 8 rang e

and that by increas ing them to L 0 ’  — L06 , 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~~~s 20~. J’ cm 2 saturation

exposure given in Figure 4.8  compared to our Figure 4. ’ data reflects the more

optimum k~ 4Olnm wt ite light ~ avelt n~~th used in R e f e r on c e  [ s . S ]  than the ~~ —

514mm write light intensity used in our experiments.

The low l8uW/cm 2 wri te li ght intensity available to us required long lO—lOOsec

exposures to achieve saturation . The voltage change across the Sc during this long

exposure time made the voltage dependence of r~ 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 S~ appe ars t o  be the origtn Ct

the residual modulation and incomplete erasure noted h~ some researchers [~~.9].
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~~~~g Exposure  Sens i t omet ry  Exper im ents

To more fully determine and verify the  e f f e c t  of long exposure  t ime s and t h e

sen sitome trv of this SLM and the voltage dependent photo—conductivit y of the Se ,

the exposure system of Figure .9 was used with the components listed in Table .+. 2 .

In these experiments , the voltage between electrodes E1 and Ei was fixed at ~50 ,

IlOC , and :l5OV. For each of these initial voltage distributions , fixed I\~ levels

(0.167mW/cm2) were used and was inc reased to over lOOsec. For each case , the

reflected t
~ R 

li ght was measured. The resultant data are shown in Figure 4.10. As

expec ted from our prior discussion , be tter sensitometrv results when positive tather

than negative voltages were used (confirming the better sensitometrv of hole than

elect ron conduc t ion)  and when larger  vol tages were used (conf i rming  the increased

photo—carrier generation and transport efficiency at large r voltages).

The differences in the various exposure curves are due t o :  the  long exposure

times used , tue change in voltage across Sc with exposure time , the depend ence of

the photo—sensitivity of the Se on the voltage across the layer , and the var ia tions

in the tine constant of the Se (photo—sensitivity increases with increased voltage ,

and the tine constant decreases wita increasing exposures). The dark time constant

of Se (ise — S0sec) decreases to approximately 0.l—lsec or more with ~~ exposure

(due to the decreased res i~ tiv itv of the Se). At low exposure tines (with respect

to ~~~~~~~ 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 iSe . At low exposure times (T~ ~~
< Tse ) ,  we can consider Tw and

voltage transfe r across the DKDP to be linear. However , at large Ii,., > TSe (as in

our experimen ts), 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 app lied voltages).

The saturation of the ±l5Ov sensitometrv curve exhibits this effect , whereas sat-

uration does not occur at lower initial applied voltages. From Figure .8, we see

_



t hat a lower exposure threshold E~~~ or exposure tine is required as V is

increas ed (Iw < Q .5sec  at V — ~ l5O v , ~~ — 0.5—Ssec at V +lOO~~, and ~g 5-~ Osec

at V ‘-50v) . At the long S0sec exposures used , t h e  da r k  cu r r e n t  of  t h e  Sc in—

creases  by itself simultaneous with the decrease in resistivit y or the Se as light

incre ases. Thus , at  both low and hig h exposures , m u l t i p l e  e f f e c t s  e n t e r  to deter-

mine the shape of the resultan t sensitometry curves. In general , at long exposures ,

t i l C  TSe is more of a function of the voltage across the Se.

These obse rva tions o f the dependence of the photo—sensitiv~ tv on the voltage

across the photo—conductor and on the long exposure tines comparable to the ti’ie

constant of the Se, grea t ly effec ts sensitcme trv data that w’ll result. In gen-

era l  w i t h  an SLM such as photo— DKD P , in which  an integrating and storage mode SLM

is used w i t h  a ph o t o— c o n d u c t o r  whose p h o t o — s e n s i t i v i t y  is volt age  dependent , deserves

special a t t e n t i o n  in obta ining sen sitotne t rv data .  Care should be taken tha t  the

exposure times and write light intettsit\- levels 1\W sed in collecting sensitometr”

data , are compatible to what  one would expect in ac tua l  r e a l — t i m e  p r a c t i c e .  As the

data of Figure i.lO shows , low 1\W levels and long T
~ times (comparable to the time

constant of the photo—conductor) cannot be used without an expected large difference

in the resul tant sensi tomet rv  data .  This e f f e c t  is considerably different f r o m  the

iectprocitv failure ncted in ~Lu er SLNs . Spec ifically , in t h e  p h o t o — D K t h  , sho r te r

exposure times improved the device ’s performance. Since ill photo—gene rated car—

riers then see a large initial voltage that results in exce l l en t  p h o t o — s e n s i t i v i ty

and sensitome try. In future Sections , we conside r othe r potential effects ot this

voltage dependent sensitivity and different sensitometrv for holes and electrons .

These app l icat ions include erasure ( in  which  the  vo l t age  on the  Sc mus t be decreased

to z e r o )  and image ad d i t i o n  and s u b t r a c t i o n  ( in  which second exposures  are used to

add or subtract a charge distribution from the latent charge distribution across the

DKDP ). The data  of Fi gure 4.lOc are included to show that tue voltage transferred

to the DKDP is a p p r o x i m a t e l y  ~ ot  t he  i n i t ia l  v o l t a g e  between t h e  electrodes . For
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Fi gure 4 .9 Modified Sensitometry Dat5 Acquisition Test System

Table .~.2 Components used in the Sensitome t rv Data Acquisition Test
System of Figure 4.9

LS1: 633mm lase r V: Voltage controller

ND: ND filter DK,DP : P—DKDP assemb ly

Mirrors to fold the beam PBS : NRC polarizing beam sp litter
assemb ly

Di: 5x ob j ec t i ve
PD: Un i t ed  Technology wideband

PH 1: 10 U pinhole pho tod iode

L1 & L2: 381mm collimating lens hA: Op. amp .

HA : Heat absorbing glass DVM : Digital voltmeter

GF: Green filter (5105 ± R, M3, ‘t~~ : Rail & mirrors for
e r a s u r e

S & I : Vincent Associates
shutter timer
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operation at —52 °C, V1 300v. Is’ith lSOv initiall y applied between electrodes ,

voltage transferred to the DKDP is ~ of this  or iSv . This is equivalent to 11/4

retardation. The linearity of 1 \R vs. 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 
~R Light) in which the stored pattern simp ly d ecays

with no external assistance , (b) destruction of a stored pattern under XR readout ,

and (c) erasure by illuminat ion o f the Se wtth XE (or b roadband \~ light) with the

electrodes shorted.

4.4.1 Dark Storage

To analyze the state otT the DKDP , we consider the RC equivalent circuit for

the device shown in Figure 4.11. This approach is novel and unique. k1C1 is the

time constant of the Se in the dark. Resistance R~ is the photo—controlled resis—

tance which depends upon 1\W and XV used. The time constant R2C2 of the mirror is

far less defined , but it appears that R2 is small and C~ is large . We represent

the DKDP layer itself by an R3C3. From References [4.6—4.101, we find R1C1 5Osec ,

whereas the time constant under illumination decreases to 0.1 to lsec. Since the

DKDP crystal is wed ged (Section 4 . 2 ) ,  we use average R and C values to model the

DKDP crysta l .  The operat ing t empera tu re  Tc of th is  SLN greatly effects the resis-

tivity ~ and dielectric constant r of the DKDP as below [4.1,4.3],

~DKDP 
- ~~~~~~~~~~~~~~~~~~~ + 

~~~~
°
~~~m (4.l0a)

CDKDP 650 (..lOb)

wher’~ the clamped case is considered. The thicknesses ot the  device ’s layers are

(4.101:

_ _ _ _ _
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For Se , we find [4.8,’4.lO]

(d.i rk~ [1.i l

6 .

From this , the values f o r  Se and DKDP ir e found  to  be

I S = 5 3 , O . 4 s e c

TDKDP — 2b 7 l s e c  .

To obtain the R and C values for our DKDP model , we use C — Aer 0 d and R —

where A — 1cm 2 is the area used .

E1~~~~~ 

~ ~~~~~Se

~~~~~~~ T M

DKDP

F i g u r e  
~•1l Eq u i v a l e n t  RC C i r c u i t  ~‘I~ del  [or  t i t ’ ‘hot ’ -IlKPI’HM

_ _
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At the output , we moni tor the in tens ity I which  is proportional to sin (kV).

Fo r low V , this is proportional to V2 and since the dark decay time constant is

‘DKDP — 2b71 , the measured dark decay time constant for o u t p u t  in tensi ty is r / 2 .

From o ther  data , we f i nd  the largest vol tage  across the DKDP to  be a p p r o x i m a t e ly

75w , correspondIng to a t/4 phase r e t a rda t i on .  Thus , the  above ap p r o x i m a t e  results

appear adequate. We thus expect a measured i n t e n s i ty  decay time constant  of

l34Osec. The system of Figure 4.12 was used for dark decay measurements. The

components used are listed in Table ,3~ To determine the exact effects of dark

decay and its effects on contrast ratio , modulation , and resolution of a recorded

image , a Scylmm squarewave pattern was recorded on the photo—DKDP (rather than a

uniform pattern), and the intensity of the DC and f i r s t— o r d e r  term s ( I Q and 11) in

the Fourier transform of this input were monitored vs. time , f o r  all three erase

mechanisms . For the dark storage measurements , a very low i n t e n s i ty  readout li ght

level — IOUW/cm 2) was used. It was pulsed on for Ssec every 6Osec for ove r

one hour . For each readout. light pulse, l~j and 1~ 
were measured.

The r e su l t ant dark decay data  fo r  the DC or input bias level Io and the first—

ord er modula tion term I
~ 

are shown in Figure 4.13. From this Figure , we f ind tha t

the DC and first—order modulation term decay at essentially the same rate. This

iiup lies that the dark storage iecav of th i s  SLM resul ts  in a loss of charge and

thus output light without a loss of definition or modulation (measured is the 1 1, 1ü

r a t i o ) .  From the data of Fi gure ‘ .13, we find a dark decay time constant , t 1  —

ibbOsec. This agrees well with the theoretical value calculated f rom (.~. l 2 )  and

from the equivalent circuit of Figure 4.11.

4.4.2 X~ Readout Decay

The above experiment  was repeated w i t h  ‘I cons t an t  5 O u W / c m 2 - light l e v e l ,

The data shown in Figure 4.14 indicates that readout light does degrade a

stored p a t t e r n , s ince  the  1R t ime cons tan ts  f o r  the  DC and first—order terms are

1RO — 26mm and — l9 mmn. From t l i  i s , we see that the first—orde r intens itv or

-j
- -n.-~~~. -



used in the LCLV and other SLMs . CdS photo—conductors cannot be deposited on photo—

DKDP because of the high deposit ion or annealing t empera tu re  necessary in CdS to

_ _ _ _ _ _ _ _ _  _ _ _ _ _  - 
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Figure -+ . 12 Experimental Test System Used for Dark , Readout , and Erase Decay y e s e s

Table 4 . 3  Components Used i i  the Test Sy s t em ot  F i g u r e  4. 12

LS 1: 633nm laser PMT & PM: Scle n t i iic Photomulti—
p lie r t ube  & p h o t o m e t e r

ND:  ND f i l t e r
HA: Heat absorbing glass

Mirrors to fold the beam
L 3 : 831mm c o l l i m a t i n g  lens

S1,S2: Vincent Associates shutters
SH: Slide ho lde r  [or the grating

Oi: lOx objective
Vincent Associates shutter

PH 1: 5 ~ pinhole & timer

L1: 762mm coll imating lens V: Vol tage  c on t r o l

PBS : Polarizing beam splitter cube R.,: Rai l

L~ : 762mm FT lens R ,M ,M , : Rail & mirrors [or
— 1 3 4

erasure
[-IS : M icr o s c o p e  w i t h  no objective

DKDP : P—DKDP a s s e m b ly
VP : l50(~ f i b e r  probe
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dat ,t  modu la t ion  decays [a s t e r  than  the DC or ~i ios  level  data  (compared to the darL

sto r age  decay e x p e r i m e n t ) .  Compar i son  of the dat , ,  in Fi gures • . l 2  and -. 13 indi-

cat es t ha t , in dark  s t o r age , image decay is u n i f o r m  w i t h  no loss in definition ;

whereas , unde r 
~R 

light , dat .i modulation decreases with readout ,altho ugh only

s l i g h t l y . l l~ ) and with a long decay t ime  c o n s t a n t  f o r  th e  f i r s t — o r d e r Pt t e r m  01

I 9mm .

Any effects of readout l i gh t  on deg r a d a t i on  of a s to red  image should  he

minimal becaus e of the h igh  r e f l e c t ance  (0.98) of the m i r r o r  at t h e  
~R - 6 3 m m

readout wave leng th  used and the e s s e n t i a l l y  zero or n e g l i g i b l e  ; ‘h ii t ~~— s e n ~~i t i v t t v  of

th e Se at t h i s  ~ 33nm. The l—2 ~ of the readout  ligh t tha t  leaks t h r ou g h  M genera tes

pho to—car r i e r s  at the I-i i n t e r f a c e  which could degrade the  la tent  pa t t e rn  s tored

there .  These ca r r i e r s  can de s t roy  or degrade the s tored charge p a t t e r n .  However ,

t h e  e f f i c i e n c y  of these ‘R — 633nm p h o t o — c a r r i e r s  is f a r  less than for those pro-

duced at the  X E or \~ t wave leng th .  I t  should be no ted  t ha t  the  m i r r o r  in our p h o t o —

DKDP SLN has a transmittance of 50% at ‘R — ~ 33nm ~ud t h i s  co u ld h~ the cause of

the ‘R e f f e c t s  noted. Nonetheless , even w i t h  the large transmittance of the mirror

in our dev ice , a ve ry long 19mm t ime cons t an t  was observed  and al t hou g h  m o d u l a t i o n

of t he  recorded image was degraded b y t he  
~R l i g h t ,  t h e  decrease  in modu la t ion  was

q u i t e  minimal  i, l1~ a f t e r  30mm ) . This modu lot ion  loss • lp ~ie , i r s  to he due to  lot e ra  I

c a r r ie r  c o n d u c t i o n  due to increased p h o t o — c o n d u c t i v i t y  due to t h e  re ad out  l ig h t .

The repeatability of these exper iments  is ,ilso somewhat ~iiies:ion able (due t o  t~~ie

availab le equipment and f u n d s ) .

~~~~~ ~E E r asu re

To erase a latent image , electrodes E1 and E 2  are s h o r t e d  t o  groun d and the  Sc

side of the device is flooded with 
~E 

lig ht (broadband \~ l i g h t  t rom ,ln arc  lamp ” .

the basic idea in this induced erasure is that a zero  volt or uniform dark liect

pa t t e rn  is wr i t t en  on the device .  However , th e mechanism ~~ e r a su r e is t a r  ~i t t t e r e n t

from w r i t i n g  of a u n i f o r m  zero v o lt ag e  pattern. Spectticallv , when illuminated with

L - _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



‘F light (w i t h  a s t o r e d  l a t en t  cha rge  p a t t e r n  on the mirror), photo— induced elec-

tron and hole pai rs ,Ire generated at the surtace (near E1) and in the depth 01 the

Sc (we believe ), there are four mechanisms t ha t  e n t e r  i n t o  the  a c t i v e  E erase

process. ~he purpose of erasure is to remove t he  positive charge (for positive

w r i t i n g )  or the negative ~, f o r  n e g a t i v e  vol tage w r i t i n g )  charge  t r a p p e d  at the

~nirror and to reduce the voltage across the Se and the  DKDP to  z e r o  v o l t s .  The

mechanisms t h a t  occur d u r i n g  e rasure  include :

(a) Decrease in resistivity of the Se by charge  c a r r i e r s  crea ted  at

th e i n te r t a c e .

~b) Recombination without charge migration.

(c) Migration of charge carriers ~electrons) to the mi r r o r to

neutralize th e ’ p o s i t i v e  charge  the re .

( J)  Migr a t i o n  o t  e lec t rons  and holes and their recombinotion with

other charge carriers within the volume of the DKDP .

Another  f a c to r  that  has a major etfect on the erasure process is the vo l t age

dependence of the photo—sensitivity of the Se. In erasure , the voltage across the

Sc (an d likewise the DKD P) is initially large (75v from the data 01 F igure ~e.l0c)

and in the f ina l  s t a t e  V is zero.  Because of the vol tage  dependence of the  p hoto-

s e nsi t i v i ty  of Se , removal of residual  charge on the m i r r o r  and the vol tage ac ross

the device  lavei~ iS difficult. the e xp o n e n t i a l  decay c ur v e~- •C  Figures ~.l3 and

-4.14 verify this. App lication of a pos i t ive  voltage , f o r  the  mirror negative) or

a minus voltage ( f o r  the m i r r o r  pos i t i ve )  could improve the erase process in tue

br i ght reg ions . Howeve r , in the dark regions th is  would r e su l t  in a charge build-

up at the mirror (as occurs in writing) . Appl icat ion of a pos i t ive  or nega t ive

voltage for  a fraction of the erased time may be advantageous in the  overa l l  er a s u r e

process. This remains to be experimentally verified and quantified.

E rasure is clearly not the equivalent  or w r i t i n g ,  s ince the  charge  accumulated

while writing must be transported back to F1. This is not equivalent to creation

ot an equal number ot  charge p a r t i c l e s  01 opposi te  cha rge .  R a t h e r , e r a s u r e  is

Ii., _~~~
_
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achieved by modification of the transport properties of the Se ~spec iticailv an

increase in its conductivity) . An order of magnitude verification of the erase

t i me (-~.—5sec , with 8mW - cm2 of broadband arc lamp kE light) is possible. From

~~~~ and [-4.101 we find a lO’ — LO~ difterence between the maximum photo-

sensitivity and dark photo—sensitivity of the Se. The observed erase t i me con-

stan t — ~sec in Figure A.l b is in this range of 102 — lO~ less than the

observed dark decay time constant.

The voltage dependence of the photo—sensitivit y of Se and i t s  wavelength

dependence complicates analysis of the erase time data. In the experiments 01

Figure 4.10, lOm.J/cm2 was required to saturate the SLM (at very long 60sec

exposures). The faster 4sec erase tine constant is due in part to more etficient

broadband XE light used (the peak of the photo—sensitivity of the Se is 400nm)

and the larger 8mW/cm2 used. The larger initial voltage (l5Ov) present across

the Se at the start of w r i t i n g  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

and were used with comparable write and erase intensity and if the photo-

sensitivity and voltage dependence of the Se were not factors , comparable wr it e

and erase times would  r e su l t .  In general , we f i n d  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 pt products and further device work , erasure can be optimized also. Howeve r,

as in writing, large erase intensities and short erase times yield far better

results than lower intensities and longe r erase (or write) times. As in writing ,

we have found erasure by holes (corresponding to  —V 0 writing) to be super ior  t o

erasure by electrons (corresponding to +V0 writing) .

In all of the data in Figures 4.11 — 4. 1-4 , the  Four ier  t r a n s f o r m  spot size

\t L~~ was i38t~m and the measuring fiber optic probe used was 01 d i am e t e r  l b Q u m .

L - -- -~~~— — -  —5--- - -- --- - -
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ERASE TIME (s.c.)

(a) DC Term

[N
~~~~~~TTie ;i7 e

ER ASE TIME ( s.c.)

(b) First—Order Term

Figure ~.l5 Measured Output Light vs. Time (for Continuous Erasure with a Broadband 8mW cm
Erase Source)  f o r  the  to) DC and tb) First—Order Term in the [-~7 ~f a ~cv mm

Squarewave Input  Recorded on the Photo—DKDP
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uration does not occur at lower initial app lied voltages. From Figure 5, we see
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DKDP ).  The data ~f Figure ~.lOc are included to show that the voltage transferred

to the DKDP is approximately ~ ci the i n i t i a l  v o l tag e  between th e  e l e c t r o de s .  For

this large probe size equal to the diftrac tion limited Fourier transform plane

spot si ze  allows measurement of the total energy ~n the Di~ and first—orde r spots

and their change with time (compared to the time deca~- of only t h e pe ak ot the ~C

and first— crie r components of the inpul pattern). Attention to such measuring

,and data ac.~uisiti on techniques are necessary . The degradation or the charge

pattern a t  the mirror intertace is limited dv two processes : ta~ thermal activa—

tioa of charges from sur t ace t r aps and (b) annihilation of trapped charges by

capture and recombination of t ree charges of op p o s i t e  s ign .  In the  f i r s t  process ,

the charges diffuse laterall y resulting in progressive erasure and loss of defin-

ition. In the second process , the bias of the images decreased w i th o u t  any

degradation in Its definition (sharpness of edges). As our  data  in F i g u r e s  ~.l2 —

t~ show , the second process is dominant in practice .

Under \~ readout , the efficienc y with which the 
~R 

liC ht  r~~ 
l e ak ing  th rough

the mirror M generates free carriers (some stf which recombine with charges of the

atent image at ~t , thereby erasing the latent charge pattern at M~ is low . In

Figure ~.l5c , we show data on the s to rage  time T5 as a func t ion  of the incident

— , and the ‘R light , leaking through M a 5, mirror tranSmittance is

assumed). From these data and a given application scenario , the t \R l igh t  ~ev e i

that can cc used for a given desired T5 can be determined.  The-s e d a ta  were

obtained from [~~.8) and it is not known ii they are theoretical or experim entai .

But at the ‘R 5 9nm used in these data , the Sc is far more photo—sens itive than

at the 633am wavelength we used. In addition , as we noted earlier , the mirrzr in

our DKDP was found to have a 3Y~ transmittance a t  b33nm . Thus , direct quontita—

tive data comparisons are not possible. From Figure 4.15 , WC see that lestruc—

tive readout 01 a positive image is less than for a n e g a t iv e  image,  th i s  is

explainab le by assuming that some of the holes generated by the 
~R 

light ~oak.:~

th rough  M dls ,tppe tr by bimolecular recotttbinot~ on. this is d early not the cn lv

p roces s , s ince i t  it were the c.it rie r densit y would he prot ’or t iono l to  t h e  square
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Figure ~.l6 Photo—DKDP Imaging MTF Da ta  A c q u i s i t ion  ov s te m

Tab le 4.-. Components Used in the Imaging MTF System of Figure a . lb

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

CP: Calcite polarizer HG: Hear absorb~~g glass

S h u t t e r  fo r  read l igh t  iF: i~reen I L i t er ~5lQ5~ with
— ~OA~

mirrors
CL-,: 381mm lens

20x objective
IL 3 : Imaging lens 8 ’ F ’ s. 5~

CL 1: 7b2mm collimating lens
S~ & T: Shutter with electronic

PBS : Polarizing beam splitter cube time r

L a : 105mm relay lens AFC : Air  F or c e  3 b ar  r e s o l u t i o n
chart

0— ,: lOx objective
I l l S :  Photometric micro core

F?: 50 a F ibre  op t i c  probe
PMT : Pho t — m u 1 t ~~r~~~er  t ube

& B-,: Black enclosures
& E~~: E r a s i n g  ~~~~~~~ 

~~~~~~—~~~~~~~~~~~—---5—* - --
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Figure ~+ .lOb Sensitometr-v for Photo—DKDP , Different App lied Negative Voltages

75

root of the luminious intensity and the slope of the T5 vs. time curve in Figure

4.15 would be 2 ’ The f a s t e r  decrease in T5 for a negative image seems to incicate

an additlc .-tal recombination process due to holes injected into the Se from the

front electrode E1. These photo—injected holes are attracted to the minur charge

latent image with a density proportional to 1AR resulting in a T5 inversely pro-

portional to

l..5 Resolution, Contrast, Modulation, and M’TF

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 MTF grap hs. P a r t i c u l a r  a t tent ion 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 MTF tests performed on the photo—DKDP : (a) imaging ~‘ffF

(Section 4.5.1), (b) interferometric MTF (Section 4.5.2), and two new m’~thods

(c) reflectance imaging MTF (Section 4.5.3) and (d) edge MTF (Section 4.5.s). In

Section ~~~~~ we quantify our resultant 1~tIF 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 appro~iriateness of the various MTF tests to diverse real—tine 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. Imag ing MTF

The imaging MTF 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 (C?) was included. Enclosures B1 and B2 were used to shield 

—5 
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the DKC from the stray arc lamp light. To reduce the degrading ellects or r t 5

~~gh t , cont inuous  readout  was not used.  R a t h e r , the  t iber optic readout p r o b i

focused on a s ing le bar on the ou tpu t  image (us ing several  repea ted  exposure  a rc

erase cycles to obtain best f ot u s) . The s h u t t e r  S1 was then opened and the

structed image o f one three—bar pattern was quickly scanned and the minimum or

maximum intensities were recorded. A low ‘AR 3~h~/cm light level was used. T

test was then repeated to ensure that no degradation in the recorded pattern h-ic

occured.

A write intensity l~~~ — l5OpW/cm 2 was used to i l luminate  a 2cm2 reg ion of t

c r y s t a l .  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  (3 15;-J / cm 2 and

6lSpJ/cm 2) 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

posures lie near the saturation end of the sensitometry curve for ±l5Ov wri tin~

and in a more linear region further from saturation for the —l5Ov writing.

In Figures 4.17 and 4.18, we show the resultant MTF d a t a  ( u n n or ma l i z e d )  01 ’-

tam ed as described in Chapter 2 f o r  V~ ± lSOv and using 2.1 and 4.1 second

exposures. Comparing these data , we note lower modulation for ±lSOv writing

for —150v writ ir,g. This may be due to the sensitometrv issue s noted in Section

4.3. A superior cooling sys ein and better mounting of the  crvst,il holder may 1~

sources of exp rimental error. Howeve r, as noted in Chapter 2 , the  repeat ab 1.~

of imaging MTF data and its su8ceptibilitv to operator attitude , etc., are our

primary objections to such MTF data acquisition methods .

The 10 — l2cy/mm resolution obtained at 50~ of the peak modulation for

SLZ’~ can be improved. This was done later by use of a better alignment ~~ h :

f o r  the imaging sys tem and the  SLM in Fi gure 4.16. The readout system and DKD P

were aligned using a point beam in these advanced tests. Initially, the light

t r an sm i t t a n c e  th rough  the m i r r o r  was used to  a l ign  t i l e  imaging sy s t e m .  However
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when it was determined tha t  several  t a v e r s  in the  ph oto —DKD I ’ SLM were  wedged , t h e

above technique was modified (the arc lamp light s ou r c e  i tse l J  was useless Ic r

alignment purposes). The tirs t change in the system wis t h e  change From 1 :1

imaging . Fhis allowed use of  t h e  Nikkor F 3.5, 55~~ lens Lde pt ll—of-l i e l d  above

l000bm). This tens and the entire system except for the DKDP was a1~~gned using a

point beam from the 63m m laser readout source. The DKDP unit was then thoerted

and aligned. The resultant system yielded observable resolutions beyond 2Ocv mm .

We note at this point that the IL3 lens used in acquiring the’ test dat a

Figures 4.17 and 4.18 had a depth—of—f ocus OF 200 m or  eVe r 20 t ~o & s  t~~u h t c k n c s s

of the Se photo—conductor  layer . Thus , any lens or imaging e fle c t s and Jiftei ,-n~ o-

in imaging i n t e r f e r o m e t r i c  MTF data will not occur. ihie 2 .1 and ~~ . 1 second C X p L —

sures at l5Ot i W/ cm 2 cor respond to exposu re  e n e r g L e  s of 300 and bOOuJ/cm2 . From the

sensi tome t rv da ta of Section 4 . 3 , we see that these exposures correspond to the

s a t u r a t i o n  reg ion of  the  device .  Thus i a s  noted  in C h ap t e r  2 ) , only rarv ~lFF

data results from such an imaging MTF test. rhis is another objection we have t o

such an experiment. The write li ght int ens ity Is measured in a lcrl all bright

area in f ront of the I~(DP.  For t he  l o n g e r  -. .1 second expo sures , t I l t ’ da r k ol

ou t p u t  levels clearly I n c  r ease , t hus  m a k i n g  m e a s u r e m e nt  s of

li - J ~~
- -

~~~~out

diffi cult. Input modulation was assumed to be unity in all tests ~~~ uce a chromium

p lated AF chart was used).

‘4 .5 .2  Int e rf er om e t ric  MTF

Were ~ inewave p a t t e r n  of ad e q uat e  q u a l i t y  in v a r i o u s  s p a t I a l  f r e q u e n c ie s  iva il—

able , they  could be imaged on to  the  SLM , and h ence  the  SLM ’ s l i n e a r  r e c o r d i n g

tes ted .  Howeve r , sinewave i n p u t s  of adequa te  q u a l i ty  i r e  not  e , i s i l v  o b t a i n a b l e .

especially at h igh  ~p .i I LI I I i1’ ,1t1Cfl ~ i es . These i d ’  t ems - I n t l  t I C  ot  a i i  s a L  iii . -

p resent  in an imaging ~-ffF tes t  can he avoided i t  the  i n p u t  d at a  is i n t e r t e r o m e t r i -

-rn -5~~~~~~ -- - -_  -~~~‘-— -
~~~~~~~~~~~~~~~~~~~~-- -~~~~~~ --.- .-—



~~~~--~~~~‘-= --~ -=- -‘- - ~~~~~~~~~~~~~~~~~~~~~~~~ - . ,— — -5  — — - —.,—

cally recorded as discussed in C h a p t e r  .1. The e x p e r i m e n t a l  system used to  a c h i e v e

th i s  is shown in F igure  s. 19 and the  components used f o r  i t  are  l i s t e d  in T a b l e

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 an gle  i~ between them i,and

hence the s p a t i a l  f r e q u e n cy  of the recorded sinewave)  is ad j u st ed  by t i l t i ng  m i r r o r

Mo. The i n t e n s i t y  r a t io  of the  twe beams , and hence t h e  modulat i on of  the  recorded

sinewave pattern is varied by the VBS. The ave rage exposure  f o r  the SLM is ad—

justed by controlling the intensity of the laser using a t imer and shutter in the

output laser beam . The sinewave pattern incident on the SUM is in Focus ove r the

enti r e thickness of the device , thus reducing input tocusing errors. Since the

Fourier  t r a n s f o r m  p lane p a t t e r n  is examined and s ince  it cont ~ii us on 1~- t h r ee  spo ts

of li ght , o u t p u t  p lane focus ing  problems are l ikewise  g r e a t ly  reduced.

The read system is simi .ir to  those described b e f o r e .  The Four i e r  t r a n s f o r m

ot the sinewave pa t t e rn  recorded on tile SLM is formed by the Four ier t ransf o rm le ns

of the Fourier  t r a n s f o r m  p lane (FP ) where  i t  is scanned with ,i photometric micro-

scope. For a pu re  recorded sinewave only a DC and ± f i r s t — o r d e r FT p lane spots

should appear .  The presence of s e c o n d — o r d e r  sp o ts  i n d i c a t e s  i non—linear input

recording, the amp litude of the second—order spots indicates the amount of the

non—l inearity .

To measure  the ~‘ffF from this test system , we simply measure 1~ and I
~ 
(the

intensity in the DC and one first—order spot in the FT p lane) to obtain M (out) .

The process is repeated for differe nt tilts of the mirror in Figure 4. 14 . Th is

results in different interference angles ~ and sinewave spatial frequencies a in

the recorded pattern . We distinguish two types 01 MTF data (linear and non—linear ).

In the linear MTF test , we select the average input intensity to lie in the center

of the l inear  region ot  the dev i ce ’ s s en si to met rv  cu r v e . 1~e increase the input

modulat [in while mon itoring 1 -, (the intensity in t h e  second—orde r spot  in t h e  FT

p lane p a t t e r n ) .  We maintain I, at 20dB be l ow t h e  l e vel  ot  I~~. l i i i s  s e t t i n g  ensures

-5-——- — — —  —..——-- - ~~~~~~~~~~~~~ 
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Figure 4,19 Photo—DKDP Interferometric MTF Data Acquisition Sys tem

Table 4.5 Components used in the MTF System of Figure 4.19

LS1: 633mm laser L2 & L3: 381mm collimating lenses

LS2: 5l4nm laser PBSC: Polarizing beam splitter cube

S1: Shutter for  read light FP: 50 a Fibre optic probe

CP: Calcite polarizer PMT: Photomultip lier tube

M1,M2,M3,M4 ,M5, M6: Mirrors PBL : Periscop ic beam filter

01 & 04: 20x objectives ND 1: Neutral density f ilter f o r  read
ligh t

02 & 03: 5x objectives
ND 2: 10% ND f i l t e r

PH1: 10 ti pinhole
VBS : Va riable bean s p l i t t e r

PH2 & PH 3: 5 ~i p inholes
BS: NRC beam splitter

L1: l62nun collimating lens
DKDP : The crystal;  E 1 & E-, : Eras i ng

L4 : 762mm FT lens flashes

~ 

_ _ _ _ _ _ _
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tha t  the o u t p u t  sinewave is l inear  w i t h i n  l~~. A l t e r n a t e  r a t i o s  be tween  11 and H

can be u8ed and will result in even more linear interferometr ic sensitometrv data.

We then recorded 11/ 10 and f rom it cal cu la ted Moat. We plo t unnormalized Mout vs.

a and note the ave rage exposure and input modulation on the correspond ing Figure.

In our experiments , the ave rage exposure ‘A ÷ 1B was measured to  be 80.37aW cni ’

and the input tu dulation to be 98.6% for these tests. With the 762mm l ocal length

transform lens used , each 1mm disp lacement of an FT p lane spot from DC was calcu-

lated to correspond to .h.O74cv /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 attemp t-

ing to measure the small angle between the two i n t e r f e r i n g  input beams.

Wi th an 80~iW/cm
2 wri te average input light intensity and an 80msec exposure

t ime , the  average write light intensity was calculated to be 6.5OuJ/cm 2 . Thi s

exposu re level lies in the l inear region of the t—E exposure curve fo r  th i s  SLM as

shown in the  sensitome t ry data in Chapte r 2. Thus , t h i s  MTF tes t  is r e f e r r e d  to

as a l inear MTF t es t .  For a n o n — l i n e a r  i n t e r f e r o m e t r i c  MTF test , the exposure

time was increased to 750msec; the corresponding average exposure is now ô0.3t~J,cn .

This value is seen to lie toward the s atu ra t ion  region of the sens itomet rv curve ~n

a f a r  more non—linear  region of the t — E  curve f o r  the SUM. We Lhus r e f e r  to t h e

MTF test  conducted wi th  th i s  bias exposure as a n o n — l i n ear  interferometric MTF test.

As desc r ibed in Chapter  2 , the  sinewaves were interferometricallv recorded on

the DKDP SLM and the resultant F? plane pattern was scanned. In all l i n e a r  NTF

tests , no measurable second—order Fl plane spot was visible. This implies a ve ry

linear input recording exists.  In add i t ion , the dark field in the FT plane was

foun d to be unmeasurable , even using- the scanning photometric detector. For t he

non—linear interferometric tests , the exposure times used were varied unti l a

second—order  FT plane spot  was at least  v i s ib l e  ( i t  was s t i l l  more t h a n  .10dB below

the intensity of the first—order FT plane spot). The modulation obtainable was

- . ~~~~!_— —,r-- -- flU - ~~~~~~~~~~~~~~ - : _  a n -  - --
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calculated f rom the ratio ‘l11G of the intensities of the first—orde r and DC o r der

terms in the  FT p lane pa t t e rn . The resul tant  MTF curves for both linear and non-

linear bias exposure cases are shown in Figures ‘ .20 and ‘ .21.

From these data, we see that the resolution of the DKDP light valve at 50~ of

the peak modulation was larger fo r  the i n ter f er o m etr i c  MTF tes ts  ( l 4 — l 5 c y i mm ) than

f o r  the imaging ~‘!TF tests (lQ—l2cy/mm). We attribute this to the f o c u s i n g  and

measurement ease present in the in t e r f e romet r i c  MTF tests compared to the imaging

~.!tF test .

The input modula t ion fo r  all experiments  was mainta ined at 98.6%. The output

modulation n0~ t is defined as in Chapter 2 as

M ~,./t i / I O
’ 

- 1 )out 1 + 411/ 10 
( ‘4 .  .4

Equation (4.14) was used in assembling the data of Fi gures 4 . 2 0  and .2 1.  We now

conside r seve ral other aspects of this  ~n t e r f e r om et r i c  MTF data. First , exposure

times in these MTF tests we re only 0.l5sec . The corresponding 60 J/cm 2 point on

sensitome try data in Section 4 .3  f o r  th is  SLM required exposures in excess of

5sec. These observations and our sensitometry remarks are advanced in Sections

4 . 3  and .4.  They can be used to explain the larger modula t ion  ( 0 . 9 )  observed f o r

the linear MTF case than fo r  the modulation (0.5) observed for the non—linear MTF

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

transmittance than is indicated and is s h i f t e d  to the l e f t  more than is indicated

in the data of Sections 4 .3  and 4. 4 . These phenomenon we r e f e r  to as long exposure

satu ration . This effect occurs because of the long write times (long with respect

to the RC time constant of the SLN) . Thus , the  “n o n — l i n e a r ” bias point  used is

actually a linear bias point at the actual experimental conditions used. The

longer exposure necessary in the non—linear bias MTF exper iment  also inc r eases  t h e

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

linear input  data case. The low (75v) vo l t age  present  across the DKD I’ SLM and the
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lack of observed second—orde r terms w i t h i n  the 20dB leve l ot I
~ 

tend to  v e r i f y  t u e

above remerks . Thus , the importance ot sensitometrv data of accuracy and compati-

bili ty with the actual experimental use of this device is again demonstrated to be

of paramount importance.

4 . 5 . 3  R e f l e c t a n c e  Imag ing ~!1’F

An a l t e r n a t e  imaging MTF test conducted involved illuminating a reflectance

(chromi um ) version of the Air Force 3—bar c h a r t  in r e f l e c t a n c e  and subsequen t ly

focusing this reflected image onto the DKDP SLM. The reconstruction of this image

was then scanned and the MTF data was produced as before. This tes t  s y s t e m  used

is shown in Figu re 4 .2 2 .  The components used in it are listed in Table 4.6.

Since this system differs only slightly from the pr ior MTF ones , we do no t ~epea t

ou r pr ior  sys tem description of i t .  Only the ± l5Ov p o s i t i v e  w r i t i n g  case was

considered in these exper iments .  The wr i t e  lig ht intensity was set at 2 b . l a W ’ cni

and a 2 .5sec  exposure was used . This resu l ted  in a 65 .2 5~ Jj ’ cm2 bias ex p o s u r e  l eve l .

The resultant reflective MTF data is shown in Figure .23. Comparing it to

the other MTF data in Sections 4 . 5 . 1  and . 5 . 2 , we f i nd  a lower ~c~-, mm resolution

at 50% of the peak modulation. Our purpose in this test system was primarily to

exper imen ta l ly  assess the use of th is  MIF technique . An extensive laboratory

session in which the sy stem al ignment , co l l imat ion, focusing, and t h e  o u t p u t  detec-

to r  system used were completely revised , would have resu l ted  in improved MTF d a t a

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 r e f l e c t a n c e  MIF t e s t  sy s t em.

In such a reflective MTF experiment , the re is s i g n i f i c a n t  s c a t t e r  w h i c h

greatly increases the background noise level , tn e rebv  dec reasing the output modul-

ation . In a transmission imaging MIF test , one can increase the l i g h t  ta mmch as

possible and easily place i t  well i n t o  s a t u r a t i o n .  In this present test , the

L 

background noise rises as the input write ligh t exposure is increased. ~ne can
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Figure 4 .22 Photo—DKDP Reflective Imag ing MTF Data Acquis i t ion Sys tem

Table 4.6 Components used in the Reflective Imaging ~!TF System of Figure ~.22

LS 1 : 633mm laser PMI & PM: -~ scientif ic phoromul tip lier
tube & pho tome te r  at 500V

01: lOx objec t ive
HA : Heat absorbing glass

PH 1: 10 -o p inhole
G1~. Green f i l t e r  (5105 A ci th  .11 90?.)

381mm co l l imat ing  lens
L4: 381mm colli mating lens

>12 & M3: Mirrors
BS: 2” dielectr ic beam spli tt er

~~~ 
Aper ture  to ~ ut extraneous
light L~~: 8~ ” t/-e.5 imaging lens

PBS : Po larizing beam s p l i t t e r  cube S & T: Shut te r  & time r

L3: Nikon 105mm imaging lens FA: Flash assemb ly

02 :  5x objective DKDP : DKD P assemb ly

~S: Microscope SH: Slide holder w chrome AF chart
(nega t i ve ’)

FP: 50 ~i Fibr e p r obe
f 2 :  Focal 1engtl~ ot  L ’

Note: SH , L2 & DKDP t orn 1:1 imaging system

_ _ _ _ _  —-~~~~~~~~~~~~ - —~~-—.- 
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Figure 4.23 Reflective MTF for the Photo—DKDP
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Fi gure 4.24 Edge MTF Output Data for the Photo—DKDP
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increase modulation at lowe r spa t ia l  f r equenc ies  by increas ing  the light  level ,

but  the increased background noise level then g rea t ly decreases the modula t ion  at

higher  s p a t i a l  f r equenc i e s .  This issue is closely connected to  the ‘r o c o d u r e  we

use to obtain the best MTF from such an imaging experiment. To obtain the best

resul tant  modulation , the input wri te light level and the readout light intensity

are increased until the minimum output  l ight level is as low as possible.  Howeve r ,

this minimum output light level must be measurable and it must be above the system

and detector noise levels. In this reflective MIF experimenr., the larger minimum

o u t p u t  recons t ruc ted  in tens i ty  (due to increased scatter) makes adjustment oi the

system d i f f i c u l t .  In conclusion , re f lec t ive  imaging M’I’F should yield results

comparable to those of a transmission imaging MTF experiment. However , f a r

greater  care and operator technique is necessary . This measure of WIF is useful

when the actual input  data  in the real sys tem appl ica t ion  is of low con t ras t and

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

ambient scene) .  However, since the interfe’~ometric MTF sy s t e m  can achieve s imilar

control and is far easier to use and results in a fa r  more reproducible  o u t p u t

data , it is again preferable .

.+ .5 . .~ Ed ge MTF

An alternate technique for obtaining the MIF of an SLM involves imaging an

ed ge onto  the output  detector us ing the SLM as a relay . A c ross—sect iona l  scan of

the reconstructed edge will not be a step function , but will have a finite slope

together with  overshoot and r ing ing.  The post—processing required to extract MTF

information from such an output edge image is described tn [4.ll— .4 .l3].

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 MTF of a lens or a

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

sys tem.  A f t e r  considerable expe r imen ta t ion, we found  out tha t  i t  was v e r y  

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ _— ~~~~~~~~~ ‘~-‘~~~~~
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di (ficu l t  to perform this test  on SLMs . We outline a general approach to this

>ITF acquisition method , and discuss the implementation and other problems we nave

f o u n d .

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

(a)  An ed ge scan is obtained b y sampling the  reconstructed image of

an ed ge image recorded on the SLM . The sam p ling in terval  necessa ry

~n the output  detector is determined by the Nyquist criterion . The

actual edge spread functioz~ is related to these samp led values by

the sampling theorem

E (x )  ~~~~~E (n c )  sinc(~’(! — n ) )

where  c is the samp ling in te rva l .

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

film) should be removed by smoothing. In case the scan or samp les

are obtained using a non—linear  recording or measuring instrument ,

one must correct the edge spread function obtained above using the

sensitomet ry of the recording medium.

(c) M1’F is defined as the modulus of the optical transfer function,

which in t u r n  is the Fourier transform of the line spread function.

The edge spread function is related to the line spread function by

E(x)  -
. 
f (x)dx

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

imaging.

(d)  As derive d in (4.11], the OT F is given for f 
~ ~~ 

by

OTF(f) —~~~ j2~tf rE(nt)

where  t is sampling interval  and 
~c

The problems  associated wi th  using th is  test on SLNs were many. We used a

25ttm f i b e r  probe with a 5x objective. This should theoretically give a samplin z

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 ~uc:1

l a rger .  Even when a good lens (which is h i g h ly  s p a t i a l ly u n i f o r m )  is

tested , the data analysis required to extract MTF information from an edge image ,

requires the use of very comp lex computations j4.13). ln comparison to a good

lens , the SLM was found to be highly non— uniform in its response. Thus , the test

has to be repeated fo r  a large number  of po in t s  and one would have to l i te ra l ly

obtain a point—by--point  MTF .

The scan we obtained is reproduced it’. Fi gu re  .2 4 .  As one can visually see ,

it does not con form to what  one would expect .  We thus considered tha t  p u r s u i n g

this  test was unwarranted in our present e f f o r t .

5,5 Quantitative MTF Theoretical Comparison

In this Section , we consider a resolution model for the DKD P SL’1 and the

agreement between our exper~~ ental M1’F data and the theoretically predicted

results.  Roach [4.14 ] and other [4 . 15—4 .16 ) have adequately  considered the resol-

u t ion  of such SL’{s. Assuming a DKD P thickness “a” and a d ie lec t r ic  mi r ro r  of

thickness “b” , charge accumulation at the in te r face  is considered and the c-~ and

~~ 
dielectric constants for the DKDP and r

~ for the mirror are assumed. Laplace ’s

equat ions  are then solved in the two media f o r  the p o t e n t i a l s  at the  var ious

in te r faces  using Maxwell’ s equations .

— , (4 . l 5 a )

for  the mi r ro r ,

v 2v1 = 0 . ~
.
~.15b)

Similarly fo r  DKD F ,

2i—v ., 3 V , ~
+ —~~ + — —

~~ 0 . ( -4 .1  b

~~~ 
X 

— — -- — ~~~~ - -~~ ---— -
~~~~~~ 
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Thea. Equations are then solved with the boundary conditions of matching the

voltages between the two regions and assuming a surface charge density

a a0cos2nvx (4.17)

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

found to be

V — V2 (v)cos2 irvx ÷ Bias (4.18)

where

a /2irvc~
V2(v) — . (4.19)

(c
~c~
) Coth((tX/€ 5) 2ir’va] + CD Coth(2,rvb)

From (4.19), we see that as the spatial frequency ‘~ increases, V2(v) /V2(0) decreases.

This vs. ~ Equation is the amplitude modulation mA or yields the amplitude ~‘ff F.

The resultant output MTF is then

2m ’ (4.20)

1 + rn’2

Substituting values for our photo—DKDP SLM and the physical constants of the

various layers, we obtain the theoretical MTF plot shown in Figure 4.25. Comparing

it to the interferometric ~ffF data, we find excellent agreement between theory and

experiment. This agreement between theory and experiment, together with the close

agreement between the different MTF data (differences are due mainly to the ease

with which the various I.ffF tests can be performed and the precision required to

obtain the various !T~F data) implies that our experimental procedure was moat

accurate.

4.5.6 Application Relevance of )ffF and Other Tests

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

formed on SLNs. The F~ of a square input aperture is of use in determining the
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SPATIAL FREQUENCY (cycI.s~nm)

Figure 4.25 Theoretical MTF for  the Photo—DKDP
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system ’s scatter level and the interharmonic distortion present in an input signal

due to the ayetem ’a Linear ~~~ 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

Importanc. of accurate SLM s.nsitomstry 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 concern.

The need for unaormalized MTF information was clearly demonstrated in Chapter 2.

In the application oriented use of the SLNs , imaging MTF 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 ~ts a

non—coherent to coherent optical converter.

We now consider the depth—of—focus of the lenses used (especially the imaging

lenses used in ~frF 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 prac tice , there are varia-

tions Sx , óy, óz In the focused spot. The depth—of—focus variation ~z (along the

op tical a axis) determines the accuracy with which the image plane (the SLM) must

be positioned. For an SLM this dz variation is related to the allowable

thickness of the photoconductor layer in the SLM. Conve rsely, If the SLM and its

pho toconductor are fixed (as is usually the case), then the necessary depth—of—

field 6
~L 

of the associated imaging lens is determined.

Specifi cally , if the pho toconduc tor is d ~m thick , then the associa ted imaging

Lena must have a depth—of—focus 
~
5
~L ~

. d ~m . According ly, th e spatial t requency

limit to which such a sy stem should be used iaV ~tax — l6f~ /Daf~cy/~ m. Conve rsel y 1

if th• lens usad has a SfL - dL~.im
, then the SLM’s photoconductor should be less
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than d I~m 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 Sf L 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 61L V. d.

Th. depth—of—focus of a lens of focal length 
~t 

and aperture D used at wave-

length A In a 1:1 imaging system is [4.17]

d — 
~
5
~ L 

8 X ( f L/D ) 2 (4.21)

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

optical axis is (4 .17]

6y — ( \ / 4 )  ( f / D )  . (4.22)

The three major shortcomings of imaging MTF 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 ~~ 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 its r~1.vance to the SLZ4 thickness. These issues are of major concern in

SLZ4 sucn as th. prom in which the SU4 is itself both electro—optic and photo—

conductive and is thick. In the photo—flKDP SLM, the photo—conductive layer is

th in and determines the depth—of—locus requirement of the associated imaging

optics ua.d.

In mos t practical applications , a transparency of the input data is not avail-

able for Imaging onto the SU1 and thus the results ot such an l i fF t es t  are of l i t t l e

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

f rom a TV ~~ni tor  or similar cases. In such instances , the bias level of the input

scene will be larg. and its contrast low. The reflective imaging MTF test was an

attempt to produce such a real is t ical ly equi valent MTF 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

prac tical use of such an ~fIF technique less attractive.

When the input data is recorded point—by—point on an SLM, the edge lifF test is

app ropriate since it directly models the actual data recording situation. However,

experimental difficulties associated with this MTF technique add even more stringent

ditficulties to an already unreproducible imaging MTF experimental procedure.

laterferometric MTF measurement techniques are clearly the most easily per-

formed and most reproducible ones. The major difficulty associated with such tests

is vh.th.r th. lens system and data recording technique actually used has the ade-

quate depth—of—focus and focusing accuracy of the interferometric recording method.

The interferom.trIc MTF 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 ac tual case , the results of such a test are

appropriate. In Section 4.5.7, we discuss the depth—o f—field issue associated with

the lenses in such an exper iment .  In SLMs with separate photo—conductor and electro—

optic layers , the thickness of the photo—conductor determines the depth—or—focus

necessary in th. lens system. This MTF test method is appropriate for all interfero—

metric filter plan. SLZ4 applications . It is also appropriat, 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 expt’riments.

- — -~~~~~~~~~ . —- . . ~~~ --
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beam splitter cubes were used. In the FL’ 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 p roblems in the use

of such a lens is determined by c5y as

‘max — ½6y . (4.23)

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

parameters in Table 4.7.

Tab le 4.7 imaging Lens Parameters

LENS f L(me) f L/D iSfL(um) 6y(um) v~~~ (cy/=)
(win/max) (win/max ) (win/max)

NIKON
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 thes. lenses for the photo—DKDP SLM. Thus , we p refer to use our best lens

I

_ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _
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(Nikon , 55 , F f 3 . 5 )  since the above Table does not include other aberration effects

present in all lenses . Because of the thin lOum thickness of the Se photoconductor

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

(approximately l~am for  shor t exposures) layer of the S., any imaging lens with a

depth—of—focus above lOi~m 4~or possibly l~ m) will be adequate and will yield equiva-

lent resolution data to that obtained from an interferometric MTF test.

In our experiments , long exposures were used . So, let us assume that the

sensitive thickness of the Se is lO~m. We thus require an imaging lens with

lO~m. 1L is related only to the F— number fL/D or the lens and the wavelength

\ of the light used . From (4. 2 1)

ft/D — 
i~O.63) 

— (l.97)~ = 1.4 , (w.24)

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

of

lb (f
L
/D)

max — 2 .2 bx l O 3cy ’mm . ~4 .25)

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

our analysis has assumed d i f fr ac it on  limited case only.

4.6 Noise Experimeate

Our general approach to the evaluation of noise in an SLM was advanced in

Chapter 1
• Here , we thus only highlight our experimental data and test systems for

the photo—DKDP SLN.

4.6.1 Interferometric OPD

The most co on measure of noise in a SI-N for  coherent optical data processing

app lications is the use of an in ter ferom etr ic  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 OFD data acquisition system
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[4.20 ] 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 da tn we re

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 interferosieter. 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 th. resultant fringe pattern obtained on the DKDP at

room temperature , at —20 °C and —50°C. In each of these photographs , the f ringe

patte rn was allowed to stabilize before the photograph was taken. From these fringe

patte rns , we see that the OPD of this SLM is poor by comparison to others (A to A/2

over the full area , A to A/4 over the central 2x 2cm2 region) and that the OPD

pattern changes with tempe rature. This change is due to stresses in the SLM , non—

uni form cooling, the vibration effects  of coolant flow through the f i rst stage

Pelti er cell cooling system, and physical changes in the thickness of the DKDP layer

with temperature.

4 .6 .2  Scatter Leve l Tests

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

noise. To measure this noise source and its effects, we form the FL’ 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 .2 9a

and b. A 7x7mm2 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 len. and detector sr~anaing 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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0FH

READ SIDE
DKDP

Figure 4.26 Interferonie~ ric OPD System fo r the Phot o—DK DP

Table 4.8 Components used in the Interferometric OPD System of Figure ..~ 26

LS: 633mm laser

M1: Mirror

M2 : Dielectric mirror 4”

SS: NRC 6” dielect ric beam splitter

DKDP: DKDP crystal assembly with read side towards the
beam spli tter

FR: Polariod film holder

0: 20 x objective

PH: 5 ~ pinhole

L: 381 collimating lens

1 L~..
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This determines the maximum obtainable sca t t e r  level or sys tem dynamic range due to

the optics alone. Comparing the plots in Figure 4.29 , we find that the photo—DKDP

adds an additional 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 scatte r  level , whereas the photo—DKDP system exhibits nearly a 50dB dynamic range

or scatter level.

_  
_  

A

Figure 4.28 Scatter Level Data Acquisition Test System

4.6.3 Squarewave_Fr Tests

From the FL’ of a squarewave pattern imaged onto the SLM, we can (b y analysis

of the presence of and magnitude of the various odd and even orders) determine the

interharmonjc distortion and thickness variations in an SLM. This test is usually

most appropriate and is noted here. In the photo—DKDP SI-N , the many wedged layers

in the device resulted in numerous spurious defracted orders in the FT pattern.

Thus , fo r this SLM , this test was not as useful as it has proven to be for  other

SLMs.

4.6.4 Non—Linear Interferotnetric !ffF E~çper imen ts

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

linear interferometric MTF data in determining interharmonic distortion and the

I
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~
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fo
FT OF 7X7 mm2
INPUT APERTURE

-5.52 -V~ -059 0~~ 2Th 5.52

LV. , ~

-1Z17 -fl45 -5J2 -t43 143 572 1145 1217

~
X2

(a)  Empty  Aper tu re

FT OF 7X7mm2 APERTURE
-
~~ WGED ON PI4OTO-DKDP

-N

_ _ _

_
IA 

_ _ _

~~ f -t ,.  ~:t~~i~~~~ tsp

~~~ ta ..seu. u’ ssz in x~ inn~,

~~~~~~ ~~~~~ .L7 ~~ ~~
,., 

~~~~~ ~~~~ —~~
(b) Real—Time Using the Photo—DKDP

Figure 4 .29 Sca t t e r  Leve l Tests Performe d on the  Photo —D KD P SLM

(FT of a Square Input Aperture)
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linearity of the sensitometry and MTF data on the SLN under test. Our linear and

non—linear interferometric MTF data for the photo—DKDP SLN 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 SI-H

test and evaluation issue. Likewise, SLM sensitometry is the first and most

important SLN 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. -

Specif ically ,  this component is of use only in controlling the optical bias of the

SLN. A simple A/4 wave plate performs equally well and is far less expensive . 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 SLN 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 f rom the crystal as we shall show later. However, in

practical applications one may need to use a converging readout beam . Ob vious app li-

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 FL’ system to achieve scale change and reduce lens requirements.

The effect of operation of the DKDP in a converging ligh t of a given cone

angle has been studied in (4.5] and (4.14]. It has been shown that the first—orde r

- ;~~~~—
-. — 
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e f f e c t is to produce output  light in the off—state , even with c rossed polarizers .

This reduce. th . total  contrast  avai lable  f rom the crystal . As we shall show , the

effec t va&ism as the fou r th  powe r of the cone angle. DKDP is a unlaxial  c r y s t a l

in th. absence of an external voltage . In a readout  scheme us ing coll imated ligh t ,

linearly polarized light is incident along the optic axis ofter ref lection f rom the

mirror , it emerges f rom the crystal without change and is thus cancelled by the

analyzer. Now consider the case when the incident l ight  is incident at an angle to

the optic axis of the crys ta l .

The necessary geometry is shown in Figure 4.30. We conside r the geometry

where : a is the DKDP crys tal thickness — l60~im; e~ 
is the half angle ot the cone

of the converging light; er is the angle of r e f r ac t i on  in DKDP ; 1 is the optic

axis of DKDP ; n0 — 1..4b77 is the index of refract ion along x and y ;  and n~ is the

index of r e f rac t ion  along the optic axes.

¶
1 

M

1~~~~~~
—

(DKDP)

I 11

Figure 4.30 Geometry for Cone Angle Calculations

--
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Light polarized normal to the plane of incidence of the  c ry s t a l  sees a r e f r a c t i v e

index n0, whereas input light polarized in the plane of incidence of the crystal

sees a refractive index that depends on 0r~ ~e 
and no. As we showed [Chapter  3 ] ,

this index is

___________________ 
(w.2 b)

/ 2 2 ~~~Isin e r + ~e Cos e r

This exp ression can be derived using Maxwell’s equa tions and Fresnel ’s eq uations

for wavenormals. We are interested in the phase introduced between the two poLar-

izations of the wave. This depends on — no (e r) — 

~~~~~~ 
Using a samll

angle approximation , we obtain

2 2
- ? (n

0 - n  

)i
2e - (4.27)

The observed phase s h i f t  is given by (2 7~~n ( e r )d ]/ . \ , where d — 1a/ ( co sO r) is

the path travelled in the crystal. Appro d.mating nosine r by sin0~ . we obtain an

exp ression for the phase sh if t given by

n — n 2\1 i 2e
r - 

~~~
O

ne2nO

e 

) \cose~ - (4.28)

For a pair of crossed polarizers , 1L defined as the leakage l ight  due to the

converging readout light can be described by

- ~~ sin 22~ ~i~~2(~~~~~~
) 

- t4.29)

En this expression , I~ is the incident l ight , ~i is the angle between the incident

polar izat ion and the projection of the optic axis on a plan. perpendicular  wave —

normal . We must in tegra te  ove r all possible  ~ and ~ values ~o consider .~11 the

rays within a cone . This integration and use o t  small ~ a~ , roximations yield.

th . expression

-~~ - .- — 
- - -- -V. -V .- -
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This expression shows that ‘L increases proport ional  to a~ ( i . e .,  the f o u r t h

power of the convergent beam angle 0 ~ ci).  The maximum light available f rom the

DKDP light valve ~w 1th our specifications) is t
~/2 .  Thus , the available contrast

is found to be

Contraat(max) - 6 

[~~ 

(_
~~~

m0

2) (
~._) (~

) 2] 

2 

- (4.31)

For ci — 1/10 red , this contrast is io~. In practical applications one would

have cone angles below 1/5 radians. Even in this worst case, converg ing ligh t is

not a problem since one still has contrast of 75.

V_ _
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5. PHOTO— DKDP LIGHT VALVE IN OPTICAL DATA PR OCESSING

Abs trac t

Various real—t ime optical data processing experiments  using the photo— DKDP

spatial light modulator are described. These include the performance of image

subtraction and contrast reve rsal directly on the light valve and their applica—

tio~ to p ractical pattern recognition situations in which the input and reference

objects differ. Examp les of real—time optical correlation on coded waveforms for

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

guity function outputs are compaisd to the thsoretically 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 rs—

usable r.plac.ments for film are n.cessary in most data planes of an optical system .

The system components used to achieve th i s  are known as spatial light modulators

(SLMs) [5.1 ,5.2]. In this paper , we consider the use ot  the photo—DNDP [5.3—5.5)

SLM in various optical data processing applications . Following a brief description

of this SLZI and its operation (Section 5.2), we describe its use in various real-

tim. optical da ta processing application. . Since this  SLM is an i n t egr a t i n g  and

storage mod. t ransduce r , several special operations are possible with it. These

include image addition , sub trac tion , and contrast control , as noted earlier (5.61.

Several new examples o1~ thee . operations are presented in Section 5.3 togethe r with

a discussion of their  use in several p rac t i ca l  p a t t e r n  recognit ion app l i c a t ion s  in

which the input and referenc , imagery differ. Since correlation is one of the  most

powerful operations possib le in an optical (or any) data processor , we emphasize

such applicat ions in image pattern recognition (Section 5..~ and signal processing

- - - V  ~~~~~~_ V._ _  V. ~~~~~~~~~~~~~~~~~~~ 
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w i t h  coded waveforms for ambiguity function generation (Section 5,5’~• Included in

our study is a discussion in Section 5.6 01 the accuracy of o p tic a l ly  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—D1(DP SLM is manufac tured  by LEP in France . The unit we have

evaluated and experimented with  is one of the first available outside of Franca

and the first one within the United States. It has been extens ively described in

many papers [5.1—5 .6] and thus the present description is brief. The device con-

sists of a 40 x 30mm2 x l60~m thick potassium dideuterium phosphate (DKDP) crystal,

nine layer dielectric mirror (H) and lOwn thick Selenium (Se) photoconductor sand-

wiched between two transparent outer electrodes (E 1 and E2’. The SLM is housed

in a vacuum enclosure and is operated at the transition temperature (—52 °C) or the

DKDP .

Data is written on the device by exposing the Sc side of the SLM to write

ligh t (we used -\‘~ — Sl4nm , although the photo—sensitivity of the Se photoconductor

peaks at 400nm) wi th  the f ron t  electrode E j  posit ive or negat ive .  With E1 positive .

a positive latent charge image is produced on M and across the DKDP in the exposed

areas. With E1 negative , a negative latent charge image results , with holes pro—

vl.ding the charge transport when E 1 is pos i t ive  and e lect rons  when E1 is negative .

For readout and storage , E1 and E 2 are shorted to ground. The la tent  charge image

across the DKDP is readout in reflection from the DKDP side of the SLM. By the

Pockels ’ effect [5.7]. the spatial voltage distribution across the DKDP produces

a corresponding spatial variation in the r e f l e ct ed output light (we used ‘H — 633nm)

observed between crossed polarizers . Pure phase modulation is a lso p o s s i b l e  it the

direction of polarization of the 
~~ 

light and the crystallographic axes ot the DKDI’

are properly chossn. Erasure is achieved by tlooding th. Se si de ot the ~LM with

~E er ase light (either narrowband or broadband \~ light) with 
~l and F 2 shortened

to ground.

L~~ V VV. ~_ _ _ _ _ _ _ _ _  V
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Th, first SLM data necessary is its sensitometrv . Because image addition and

subtraction applications were to be considered (in which the DKDP was sub jected to

multiple exposures with the polarity of E1 unchanged for addition or reversed for

sub traction) , sens i toatetry data were obtai ned both with E1 positive and with E 1

negative . Because of the dependence of the photo—sensitiv ity of Se on the field

across it [5,5), the resultant sensitome t ry curve s were found to differ , depending

on the polarity of E1. We found this differen ce to be more apparent when long

exposure times are used. Since such senaitometry data are necessary to determine

the inp ut bia. leve l and input exposure range to be uaed , attention must be given

to obtaining senaitome try da ta tha t adequa tely mode ls the subsequent image and

pattern recognition application.. We thus obtained sensitometry data on the photo—

DKDP SLM for both polarities of applied voltage at exposure times comparab le to

those used in subsequent data processing applications .

5.3 tmag~ Addition, Subtraction and Contrast Reve rsal

8y successively exposing the photo—DKDP to two images with E1 positive in both

cases , the latent charge patterns for each image are added across the DKDP. Howeve r,

becau se of the voltage dependent ph o t o — s e n s i t i v i t y  of the  Se photoconductor , an exact

addition of the two images may not result. Short exposure times (as w i l d  be used in

most practical applications ) can appreciab ly reduce such ditterence s . ro realize

image subtraction , the photo—DKDP is successively exposed to two images w i t h  the

polarities of writing (holes are the transport carriers when E1 is positive and

elec trons when E1 is negative ) and withou t a voltage dependent photo—sensi t ivi ty  fo r

Se , erasure should be feasible. By properly doping Se, .~r (,i is mobility and t is

carrier transit time) and quantum efficiencies for holes and electrons can be ob-

tained in the proper ranges that equal senaitometry results for hole and electron

transport . Short exposure times can greatly decrease the field dependence ot the

photo—sensitivit y of the Se during initial writing of one image . Howeve r, in image

addition and subtraction applications , when multiple exposures are used , a spatiall y

___  .4
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vary ing latent charge pattern will exist across the DKDP due to the first exposure.

Thus the tield 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 ot such device issues will be the subject of a

t uture paper. For now , we concentrate on the use of operations such as image addi-

t ion and subtraction . In most pract ical Lmage pattern recognition applications ,

the input and re fe rence  imagery differ for many reasons. Two applications which

we have extensively considered involve the correlation of inf rared  and mult i—sensor

imagery (5.8). In such cases the dominant portions that are co~~ on between two

such images are the edges L5.91. 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 E1 positive and then exposing the

SLM to a disp laced or defocused version of the same image with E1 negative. The

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

tant latent charge pattern across the DKDP is the horizontal or vertical l—D

derivative of the first image (if the second image is a displaced version of the

first image) or a 2—D derivative (ii the second image is a defocused version of

the first image).

Dumont and other French researchers (5.5,5.61 have described such operations

in detail. However , their applications to the aforementioned optical pattern recog-

nition prob lems , the issues of voltage dependent photo—sensitometr’v , non—equal

aensitometry 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 E1 positive (Figure 5.la) and with

E1 negative (Figure 5.lb) and the result of a double exposure with the image dis-

p laced horizontally (Figure 5.lc) and then vertically (Figure 5.ld) between exposures.

In obtaining Figures 5.lc and 5.ld , the polarity of E1 was reversed between the two

L -
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exposures. Becaus e of the long exposure times involved in this experiment , its

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

low—pass, band—pass or high—pass filtered versions of an image by conventiona l

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 ( i ts

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 res tora t ion [5.11] .

5. .. Raal—Time Image Pattern Recognition

Th. 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 plan. correlator (5.12]. Although many other optical pattern recognition

system architectures exist (5.131 (many of which are more appropriate for different

practical applications and for use with real—time SLMs), the frequency plane corre—

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

The conventional frequency plane correlator system has been extens ively modified as

shown in Figure 5.3 to allow the use ~ 1 the photo—DKDP SLIt as th~ input t r an sduce r .

The input data to be processed is placed at 
~Ql 

and imaged onto the photo—DKDr at

P02 in white light by lens IL (209mm focal length) with 1:1 imaging. The Fourie r

transform of the data recorded on the photo—DKDP is formed by lens FL1 at P1. To

record the matched spatial filter to be used at the Fourier transform plane P1. the

polarization of the signal and reference beams must be the Sante i or interterence to

occur. The pattern recorded on the photo—DKDP is thus readout in retlection using

a vertically polarized He—Ne laser bean. However , because ot the cross po1ar~ zer

readout , the light leaving the polarizing beam splitter (PBS\ in ref lt~ction t rom

the DKDP is horizontally polarized.  The ver t i ca l  p o l a r i z a t ion  ot  the rett’ronce

beam was thus converted to horizontal polarization by the  combination o t  the \~~

— .. .1:~~1 ~~~~~~~~~~~~~~~~~ 
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plate and linear polarizer (P01) as shown. The interference of these signal and

reference beams are then formed at P1. The subsequent pattern at P1 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 P 1, the reference pattern on the photo—DKDP is erased and a

new image (one that includes the key object) is placed at P01 and imaged onto the

photo—DKDP at P02. when this input image on the photo—DKDP is read out and imaged

through the matched spatial filter at P1(with the reference beam blocked), the

correlation of the input and reference images appears at P2. In Figure 5.4a and

5.4b , we show the real—time reconstruction of a 23 x 25mm2 input and the 6 x 6mm2

portion of this image used as the reference or key object to be located. In Figure

5.4c, 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 (FL2) was used to provide a more concentrated output plane P2 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 app li-

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 P1 as described above. When the input text of Figure 5.5a (with 4 occurrences of

the key work , PROFESSOR) was placed at P01, imaged onto the photo—DKDi~ at P02, and

read out in reflection (with the reference beam blocked), the output correlation

again appears at P2 . A pseudo 3—D isometric view of the output P2 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 5.5g. 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 ,

I
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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

correlat ion p lans outputs  fo r  th is  op t i ca l  word recogni t ion  a p p l i c a t i o n  in more

detail and include comparative data on analogous output correlations obtained using

f ilm 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). In the most sophisticated cases , the desired signal pro-

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 thei r  realization in real—time us ing the photo—DKDP SLIt as the real—time input

t ransducer.

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 l—D coded signal f (~x~ —

f(r) is first replicated in the vertical or v direction , yielding a 2—D function

f(x ,y). If this input pattern is then rotated by an angle ~~~, the resuttant function

becomes f ( x  cos ~ + y sin 8). For the particular case when ~ - -+- .~5 ° or —.e ’°, we

find that the input pattern reduces to f ((x±y)iv~~~. Superimposing these ~ w5 °

replicated and rotated versions of the original pattern , we find the resultant input

plane function to be described by

f[(x+y)/v2]f[ (x—v )/v2] . ~S.l)

For a simple single pulse input signal of width T, the resultant superposition

of these two functions is a diamond—shaped pattern. The l—D horizontal Fourier

transform of Equation (5.1) is

~~~~~~~~~~~~~~~~~~~~~ — S
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x+v x— v
U1tv ,y) ~~I t L —.

~~~
- exp (—j .~~~x)dx , i S .  _ . .i)

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

tions x ’ - ( x + y ) / v 2  and v - t , we obtained

— ~~. expij2ovr ) .~ f ( x ’)f(x ’ — v 2r ~ exp [— j~~~(v2v ~ x ’ ]dx ’

— “2 \ (~~2 c ,V 2 )  exp(j2~rvt) . (5.2b)

The observed output plane intensity distribution is thus

— \ ( P 2 v , v 2 r) (  . ( 5 . 3 )

This output plane pattern is a scaled version of the radar ambiguity function 
~

def ined by

\ (v ,~~~~) —~~~~ f(x) f(x— r~ exp (—j.~~vx)dx .

The waveform used to experimentally produce the ambiguity function described

in Equation i5.3) was a double pulse signal with pulse width T and separation T

between pulses . This waveform is described mathematically by

f(t) — (l/v2T) rect [(t:T~~ T ]  .

After replacing this function in the y direction and superimposing ~~5° rotated

versions of it , the resultant input plane pattern consists of ~e diamond—shaped

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

in Figure 5.6. In this system the pattern at 
~~~ 

iFigure 5. a~ is imaged onto tho

photo—DKDP SLM at P 02. Cy l i nd r i ca l  lens Lc and Fourier Trans~ orm lens FL in Figure

5.6 image vertically and form the Fourier transform horizontally . The k—D hor’~zo~ —

tal Fourier transform of Equation i5.5) thus appears at P 1. Ii consists of 3 terms :

. . .
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(l/T) (T— t )sinc(v(T— ) Icos (2~~T) exp (—j~t’~r )  j £ 1

(l/2T)(T—itj )~ inc [v(T— r~ )]exp (—jTrvr) 1 I r I .~ 2T
x(v ,r) — (5.0)

( l / 2 T ) ( 3 T — ’~~) s i n c [ v ( 3 T — I  ‘~~) ] e x p  (—j~t vT) 21 ~~
. 

~~~~~~ 3T

0

Each of these items is located in a different region of P1 and P1 is zero

elsewhere. As berore , i is the range snift parameter and v is the Fourier trans-

form spatial frequency variable. The resultant ambiguity function , optically

produced in real—time at P1 using the photo—DKDP SLN at P02, 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 Dopp ler (v )  ax is

- (l/ i ivT) [cos(2~vT) si~~(~’vT)]
2 ( 5 . 7 )

and along the range or t axis

tj £T

- 
[ ( T _ H ) 2 T ] 2  T ~ ~( 21 (5.8)

[(3T—ItI)/2T ] 21’ £ .~~~ 3T

0

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—tine optically produced outputs , compared to

the expec ted shapes predic ted 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 . 7 c .  Along the axis we expect 3 peaks (as

pred icted by Equations (5.6) arid (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 Fi gure 5.7d.
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The second optical signal processing ambiguity func tion pro cessor to be

considered addresses a very different application. In this scenario [5.181, the

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 (r1—t2) and Doppler (~ 1—v 2) of the source from the

passive , narrow—band , received signals. The resultant real—time version of the

op tical signal processor used in the analysis of such data is shown schematically

in Figure 5.8. In this case, a modified image plane correlator optical system

architecture (first described by Cutrona, et.al. [5.19] and modified as shown)

for real—time application to produce complex correlations b y single sideband

filtering and input preprocessing is used . In this system, the basebanded narrow—

band signals received at the two detectors are converted to real and positive

signals (
~ l and 

~
2) 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 P01 in Figure 5.8 and subsequently

imaged onto the photo—DKDP light valve at P02 of Figure 5.8. When readout with

the X~ 633nm light shown, this P02 pattern is imaged onto P2 in Figure 5.8. At

the quadrature modulated and biased version of the second received signals

are recorded on N lines with a r or range shift introduced on successive vertical

lines. At 
~~~ 

single sideband filtering is applied to produce a complex signal

pattern incident on P2.

In more mathematical terms , we describe the original basebanded received

signals as

s(x) — sR (x) ÷ j s1(x) , (5 .9)

and the preprocessed input signals (real and pos itive ) by

s ’ (x) — S R (x) COS ÷ s1(x) sin w~~~ + B , (5.10)

. . Z

~

i

~

_ - ~~~~ _
~~~~~~~~~~~ —~~~~~~~~~—.--—--- 

- —



— S—.- ------—-S - — 5_S _S-5S~~-5-5- -_ -~~ .-- — ~~~~~~ 5 5  
—~~~~~~~ .._

_C _ _
~~~~~~ ’. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

117

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 P01 and subsequently imaged onto the photo—DKDP light valve at P02 can be re-

wri t t en  as

s~~(x) — [s~ (x)— j4(x)] exp (jw~
x) + [s~~(x)+js~~(x)) exp(—ju~x) + B . (5.11)

4.
This same signal is recorded on all N lines at P01.

Incident on P2 after single sideband filtering at P1. we find the signal to be

described by

s~~(x) [s~ (x) + js~~(x)] exp (—j w~ x) . (5.12)

With the transmittance of P2 analogous to Equation (5.11) for 
~2 ’ we f ind the

light distribution leaving P2 to be

s
~~

(x) s
~~

(x) - (s~~(x) ÷ js~ (x)][s~ (x)-js~ (x) ]

+ [s~ (x) + j s~~( x ) ] [ s~~(x )+j 4 (x ) ] exp (—j 2 u ~ x)

+ B[s~~(x) + js~~(x)] exp(—jw~x) . (5.13)

The l—D horizontal Fourier transform of Equation (5.13) obtained at P3 of Figure

5.8 is then (along the r — 0 axis in the central x3 — 0 reg ion of P 3) :

U3
(x
3) ‘~~~~

(s~ (x) + j4(x))[$(x) — j s~~(x) ]

~~~~~~~ 
— x(O,v) . (5.14)

Considering the signal on all vertical lines , we obtain at

U3(x3 ,y3) X sl(x)s~~
(x+

~
fl k(r,v) , (5.15)

which is the des ired pass ive “ambiguity function. The coordinates (x3,y 3) of the

output ambiguity plane are proportional respectively to the differential range

(t 1 — 12) and Dopp ler (v 1 — v2 ) of the source emitting the radiation [5.18].

- 
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In Figure 5.9, we show the real—tine optically produced output ambiguity

function obtained using the photo—DKDP tight 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 1mm wide pulses used , we find a theoretically predicted width in

Dopp ler of

— .IfFL/2/2 •. 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 r direction , Equation (5.8) predicts a central pulse

width of

— 2v2 
~FL’~ LC — p 2 (762/300) — 7.2mm . ~5.l7)

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 . lb , 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 .
~.3. These values are

again in good agreement with those predicted by theory . In general , the accuracy

- -~~ —-S~~~~~~~~~~~~ —- - S -~-~~
, 

~ - ~-



_ _ _ _ _ _ _ _ _ _ _  -C - ,’- -

110

of the measured optically produced output patterns are limited by: (a’) the SOum

probe size used to ~can the output  cor r e la t ion  plane pattern s , (h’) the accuracy

with which th. input patterns are recorded and ,c) th. degree to which the system

was aligned in the correlation experiments.

We next constde r the accuracy of the real—time optica l word recognition

application (Figure 5.5). Spec ifically , we compare the optical ly produced corre-

lation outputs using photo—DKDP as the real—time input t ransducer 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 8Oum . The expected width

of th. corresponding correlation plane peaks is thus lb0tzm. Considering the

t FLl // f
FL 1 — 7 6 2 - 3 0 0  — 2.54 reduction factor introduced into th. output correlation

p lane, the expected correlation peak widths are 83um. To scan an entire line ot

the output correlation plane 1’, pattern , a 5O)~m fiber—optic point probe with a

2.5 X objective lens was interfaced to a scanning photometric microscope and X—Y

chart recorde r, resulting in an e f f e c t i v e  output corre’lat ion plane scanning probe

size o f only 2Oum . From an analysis  of these  c ross—sec t iona l  ~~~~~ of the output

correlation plane patterns , corr•lation peak intensities l~ ot 30 . 28 , 28 , and 27

trelativ . units ’
~ were measured from the re~il—t im e optical correlation otItpu t~~.

When the entire experiment was repeated with .~ ti lts input . ~. orrplat i on peak

intensities of 37 . 34, 32 , and 20 (relative units) were obt ained (in excellent

agreement wi th the results found us ing photo—DKDP as the real—time input trans-

ducer , cons ide ring the different system topologies and P 1 media used~ . To compare

the experimentally obtained correlation peak widths obtained using the photo—DKDP

light valv, and film as the input media , attention must he given to the spatial

f requency u ’ at which the  beam balance r a t i o  K ( r a t i o  of s t~ uo 1— t o -u ’t o r o n c e  tttten—

g i t y ’)  is set equal to I ~see Reference [~~. 0] tor a more d e t a i l e d  ~to4c1 I p t i o n ot

t h i s  exper imenta l  procedure ’) . With K set equal  t o  one at x — Amts i8. ~cv m& In

both the photo—DKDP and ti m cases (note that the spat tat t ri’quencv c o r r e s p on d i n g
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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 ou tpu t  correla-

tion peak widths obtained were 9Oum for the case of an input recorded on photo—

DKDP and 60i~m for the case of a film input. We attribute this 30% difference in

experimentally measured correlation peak widths to the lower gamma (slope of the

transmittance vs. linear exposure curve), resolu tion , and modulation found tor

our photo—DKDP SLM as compared to film. For the photo—DKDP, we f ound a peak

modulation of 30% and a resolution of l2cy/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-

ca tions , 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

pa t t e rn  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 we re

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 limi ted resolut ion , modulation, and gamma of the photo—DKDP

SLM. Finally,  from two op tical 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 describ.d experiments ( this  was done to better allow comparison data f rom

- 5 5 - - - -~~~~~~~ 
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I which the  degrading e f f e c t s  of the DKD P SLM could he det.rnined), real—time

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

cone ide red.

L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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(b’) Negative Image (E 1 — — I S O V )

Fi gure 5.1 Real—Time Reconstructed Imagery Using Photo—DKDP 5121
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(b) High—Pass Filtered Reconstructed Output image

Figure 5.2 Real—Time Reconstructed Aeri.i l 1ma~ e High—Pass Filtering ~‘~~ing Phot~~—DKDP
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(b) Pseudo 3—D Amgiguity Function Output

Figure 5.7 Real—Time Crossed input Optical Ambiguity Function Generat (~~n Usin~ ict o—DKi)F
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(c) C r o s s — Se c t i o n a l  Scan of (b)  in D o p p L er  v

(d)  C r o s s— S e c t i o n a l Scan at (b) La Range

Figu re 5 . 7  R e a l — T I m e  Crossed Input  O p t i c a l .  Am b i gu i t y  F u n c t i o n  G e n e r a t i o n  Usin~ I’h ~’t — i ~~~)I
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~~III
(a)  O r t h o g r a p h i c  P a t t e r n

( b) t sotrn ’ t i t c  i’ a t t e rn
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6. SUNMARY 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

adequa tely and fully specif y 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 (i2 static sensitometry data is used).

For resolution measurements we recommend use of unnorinalized MTF data, caref ul

distinguishing between amplitude and intensity modulation , and between linear and

non—linear MTF. Above all, an accurate and complete description of the test pro-

cedure used is imperative. Interferometric ~~F da ta is preferable whenever

possible. The depth—of--focus of the lens system used in the SLM ’s actual app lica-

tion will determine whether interferotnetric ~~F data are permissible.

In the area of SLM noise , we have distinguished three types of noise: scatter ,

phase , and amplitude linearity. We have described tes t systems for  each , and

obtained experimental test data on each.

- -U, -
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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 Fr 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 m a  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 iaterharntonic 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 interferouietric 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

sensitoine t ry curve was foun d 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—state model for the entire LCLV. Extended modifications of this
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model were advanced and a comp lete device description using this mode l was

presented. From this analysis , variations in the thickness of the LC ~~er

appear to be the major reason for the spatial response variations; whereas the

variat ions in the shape of the device ’s sensitometr curve were explained

directly f rom the RC time constants in the LCLV model.

We thus recommend that device research on the LCLV be d i rec ted  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 o f 30 ,000:1.

o.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

e~ aluatlon than we were able to provide . Available funds provided support fcr

c~ lv one Si udc’~ t with no telephone , Xe rc :~ or e qu l  pment - ‘ippo i t  - As a result, many

concessions had to be made in the test and evaluation program of this device .

Nonetheless , a wealth of new information, an in depth description of prior infor-

mation , and considerab le f irs t hand exper ience with this device resul ted f r om

this one year study .

Seusitome try , resolution , and noise tests on this SLM were all successfully

perfo rmed. The optical quality of the device was measured at 1 2  — k ,4 ove r the

central 2 x 2cm 2 device area. This should be improved to better use the device

in coherent optical proces sing ,  although other U.S. SLMs have similar true ma

OPD. We note that  use of this SLM introduces only 3dB ci added scatter leve 1 noise

and that it still permits fabrication cf a 53dB dynamic range SNR optical processor

and that thee . are admirable speci tica tio ns . 



- —U- - - - - -- - . - --- —

138

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

cated to allow th is  device to be tested. An improved version of such a system

~as well as a be t t e r  opt ical  3—axis mount fo r  the SLM) should be fabricated it

extensive tests are to be performed on it. The device ’s resolution at 50~. of the

peak modulation is l6cv/mm with a limiting resolution of about 4Ocv , nun 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 i ts  operat ion was per formed .  This provided considerable new in fo rmat ion  and

allowed analysis of our observed results. The major new finding on the physics

of this SU’f was the voltage dependent photo—sensitivity ot 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 ‘~~ll occur in othe r

s to r age mode SL~is, such as the Prom and should be considered in any 5124 sensi—

tometry experimental test and evaluation program . We also veritied the known

superior transport efficiency of holes over electrons in this SLM. The effect

of these two SLM f ea tu res  are that  the device perf orms poorer fo r long exposures

than fo r  short  exposures .

Thus , sensitome trv data acquired statistically with long exposures will

not apply during shorter exposure dynamic tests in actual device operation .

This aspect ot 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 SUI is not

poss ible . However , as we have shown, use of alternate dop ings with difterent ~r

products than our unit appears to exhibit can aleviate this situation i t  such

interferometric operations are desirable. In esbence , these remarks are most

attractive , since they indicate that the dynamic performance of this SLM will he

superior to its static performance (that we measured). 

-- ~~~~~~~~~- -U-~~~~~~~-
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b .i..~ R.al—Time Application Demonstrations

We have demonstrated the real—time reconstruction ot binar y onagerv text

resolution charts , as well as gray scale scenes on this ~LM. We have alsc

demonstrated contrast reversed imagery image addition and subtraction , plus l—D

and 2—D horizontal and verti cal ditterentia tion on this SLM .

We have used the device as the input transducer for four di.fterent 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 forme r two image pattern recogn i-

tion systems , we dupl ica ted  the exper iments  wi th  f i l m  inputs  and compared the

rea l—time results ~ue ing the SLM input ) to those us ing the f i l m  ( o t f — l i n e )  i n p u t s .

In the latter two optical pattern recognition systems , the accuracy ci the  opti-

cally produced ambigu i ty  f un ct i cn  ou t p u t s  ‘we re compared to the  t h e o r e t i c a l ly

expected ones. In a l l  instances , the r e a l — t i m e  optically generated output

correlation patterns were very accurate and agreed w i t h  the o f f — l i n e  f i l m  inputs

and the theoretically predicted results.

6.2 Conclusions

The photo—DKDP SLM was tcund to he most attractive and viable real—time

and reusable 5121 tor coherent optical data processing. its sensitivity is excellent ,

however improvements in its optical quality and assessment of i t s  l i m i t i n g  resolu t ion

are needed.

6.3 Future Work

The unforeseen and unexpected experimental results obtained in our LCLV and

photo—DKDP SLH test and evaluation work have d early influenced the general SLN

test and evaluation procedure we have advanced. Further experiments on bot h of

these SLMs (especially with attention to dynamic tests) and a complete battery of

tests  on th . prom and ~;c~ addressed I CLV . plus attention to t i lt er plane uses ot
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all ot ~~ rse S121a w i l l  unquestionably refine the general test and evaluation

‘rc ~ ru u r e  t o  be used even t u r t h e r .  S ince  a ll  SLMs are considerably ditterent and

~~1 ~ave i e tr  unique quirks , tirethand experience and a one ~‘ear t es t  and eva l u a—

t~~on program on each device  appears necessary . Adequate documentation and u n i f o r m i t y

of t e s t  procedure.  used w i l l  make the -~a r iou s  independent and s imi l a r  programs of

t i e  type at more use.

Tb. a p p l ic a t i o n , as well as the associated optical data processing system

ar ch i t e c t u r e  mus t he con sidered in all cases. The op t ica l  sys tem a r c h i t e c t u r e s

shou ld be ~hose~ to sui t the SLM w i t h  i t s  de f ic ienc ies, r a the r  than insisting on

the use ot one sy st e m  a r c h i t e c t u r e  and then r equ i r i ng  the exis tance  of a p e r f e c t

5124. S p e c i f i c  mission or i e n t e d  programs wi th  ex tensive  SLM usage , are f e l t  to

be a e c e s s ar v  and mus t completel y assess th is  issue , as well  as the test and

evaluation procedure to be used in a given appl icat ion and the appropriateness ot

various tests.

Since 5124* have large resolution (above lOOcv;tnm in many cases) but this

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

system light leve l budget analysis , input recording accuracy and fidel it~~. lens

requirements , and most importan t , a detector test and evaluation program are

necessary . Th•se programs should be mission oriented ones with the reasons

advanced above.


