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" Certain nematic higuid crystal mixtures are observed to form & “variable grating mode™ (VG M)

for appropriate cholces of cell design and applied voltage. [n this mode of operation, a phase

" grating in the plane of the cell arises from a pertodic variation in the orientation of the liquid

crystal director. The grating spatial frequency 15 observed to vary linearly as a function of the
applied voltage above the formation thresheld. 1.iguid crystal and device parameters characteris-

_ticof the observed variable grating mode are presented. Utilization of the VGM etfect in a photo-

conductively-addressed device is shewn to provide an intensity-lo-spalial [requency conversion.

= Applications of this unigue type ol optical transducer te arbitrary nonlinear optical processing
- preblems are described, Results of level slicing experiments and implementation of optical logic
.. functions are presented.

INTRODUCTION

The variable grating mode (VG M) effect, in which some nematic liquid crystal
layers exhibit a taterally periodic optical phase characterized by a voltage de-

. Pendent spatial frequency, has been observed by several authors.”® A VGM
~hquid crystal device can be constructed with the addition of a photoconduc-
“tive layer in series with the liquid crystal layer.* When utilized as an optical-to-

-

TPresented at the Eighth [nternational Liguid Crystal Conference, Kyoto. 1980,
iPermanent address: Institut d'Optique, Universite de Paris sud, Orsay, France,

145 [1423]



116 {1424] B H SOFEFR e ad

optical image transducer. this deviee his the rather unigue property o con.
verting in real time the intensity of an mput mage into a spatial requene,
Such an intensity-to-spatial frequency converter can be emploved o “T‘xpl"u;
ment arbitrary nonlinear point operations on input Imuges.

[nsection 11 of this paper. we deseribe our investigations on the VG M effeg
as a function of compositional diflerences in phenyl benzoate hiquid crygg)
mixtures. from which we chose an ester mixture for use inour photoactivageq
device. The construction and aperation of this VGM liquid crystal deviee i
described in section 111, The unique approach to realtime point noniinear op-
tical processing offered by this device is illustrated insection 1V. The principgj
advantages with respect to earlier point nonlinear optical processing schemeg™ "
including real time approaches' ™' are discussed. especially for the implemen.

Ty

tation of optical binary logic operations.

Il VGM EFFECTS AND MATERIALS CONSIDERATIONS

In the variable grating mode operation of liquid crystals. a phase grating i
formed with a period that depends upon the voltage placed across the cell,
This phase grating originates {rom a variation of the optical path length dueto
a periodic orientational perturbation of the liquid crystal uniaxial index ellip-
soid. The direction of periodicity is perpendicular to the quiescent state
alignment of the liquid crystal molecules. i.e., the domains are parallel to the
liguid erystal alignment in the off state. Typical spatial frequency variation is
from 100 to 600 cycles; mm. Figure | shows typical voltage-induced behavior
of a VGM cell as seen through a polarizing microscope. The period of the
phasc grating can be seen to decrease as the applicd voltage increases. Some

imperfections in the VGM device can also be observed in the photographs. -

20V 30V 40V 50V 60V 70V 8oV o0V 100V
FIGURE | VGM viewed through polarizing microscope.
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[nconsistencies in the grating alignment within cach picture and from pieture
to picture may be noted. The optical diffraction patierns resulting frem the
hase grating in a typical VGM cell are shown in Figure 2.
we have observed VGM domiains in planar cells up wo about 13 um in
thickness of the iyuid ervstal, These VGM domains for static fields are alway s
para]lcl to the guiescent state alignment direction on the electrodesurface and

-;;5: are observed only with applied de fields. These effects arc entirely consistent

with the experimental results of Barnik er af.," but do not support other obser—

_yations that the cells must be about 6 gm thick or less.” ™™ that the domain can

pe either parallel or perpendicular to the alignment direction.”” and that ac
activation can be used.” Our undoped liquid crystals were relatively high in
resistivity (> 10" ohm-cm) and showed little or no dyvnamicscatteringeven at

 de voitages as high as five times the threshold voliage.

The VGM effect in nematic-phase liquid crystals of negative dielectric an-

& jsotropy has been previously studied primarily with azoxy mixtures, such as
‘Merck NP-V. These yellow-colored eutectic mixtures absorb light strongly in

the near ultraviolet and blue (below 430 nm) region of the spectrum, and can
undergo photodecomposition during extended illumination. We studicd

_phenyl benzoate liquid erystal mixtures because they are colorless (strong ab-
-sorption below 350 nm), are more stable to visible light exposures, and arc

more easily purified than the azoxy mixtures. Since we have been studying

“structural effects (particularly molecular length) on the anisotropic and dy-

pamic scattering properties of a series of phenyl benzoate mixtures,”' we ex-

20V

3ov

40V
FIGURE 2 Diffraction patterns of a VGM cell.
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amined the VG M response of this series as well as ses eral vther misture, 1y,
purpose was two-told: (1) to selea phenyl benzoeate MIXIUTSs saitble 1‘"
VGM studies in photoactivated devices. and (2) wo look for COTICHL Oy, L-)Il
structures or physical properties with the VOM effect. The materiads studyy
are shown in Table 1. Their VGM characteristics are compared with some o
their anisotropic properties in Tabie i1 The voltage dependence of their Vgy
domain grating frequency is shown in Figure 3.

Typical cells used in the foregoing experiments were fabricated from indjyy,
tin oxide (1TO)-coated, 1.27 cm or 0.32 em thick optical flats. The liquid eryg.
tal layer was confined by a 6 um Mylar perimeter spacer. The liquid CTys'tal
surface alignment was obtained by spin-coating an aqueous soiution contaip-
ing polyvinylalcohol on the 1TO-coated surfaces, dryingat 100° C.und genyly
rubbing to give a uniform directionality. The eftect of devaltage was observeg
with a polarizing microscope at 258X magnification for cach liquid crysia
mixture. The width  of the domain period {line pair) is inversely proportional
to applied voltage according to

d=o/V¥ N
where a is a constant that is dependent on the particular liguid crystal mix-
ture. This relationship is illustrated in Figure 3, in which dc voltage as a func-
tion of grating frequency 1/ d for each eutectic mixture is a straight line with
TABLE 1

Liquid crystal mixtures used for VGM studies

End Group Composition
—Mopole Fraction— Nematic Range  Average
Class and Number Alkoxy/Alkyl Dialkoxy Diaikyl mp,°C clpt.°C Length &

Azoxy
Merck NP-V ’ 1.000 — — -5 73 18.69
RO-R’ Esters’
HRL-2N42 [.000 — — 5 58 20.39
HRL-2N43 1.000 — — -6 52 2237
HRL-2N42/48 1000 — — 2 7 2338
HRL-2N44 . 1.000 — — —8 51 24.31
HRL-2N46 1.000 — — t6 35 2592
HRL-2N48 1.000 — — 18 36 27.14
RO-OR' Components” )
HRL-2N11 - — 428 . 872 13 47 2226
HRE-2N4) 153 245 @t S8 22.68
HRL-2N25 g7 228 — [} 36 24.48

“RO-R’ refers to 4-alkoxyphenyl 4-alkylbenzoate esters. See Ref. 2f forthe exact composition
of these mullicompaonent mixtures.

PRO-OR" refers to 4-alkoxyphenyl 4-alkoxybenzoate esters. See Refs. 22, 23, and 24 for the
exact composition of 2N11, 2N40, and 2N25, respectively. The 2N11 mixture hasa R-R"compa-
nent, 4 butylphenyl 4-toluate, and no RO-R’ components.
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TaBpre
Digand crssal anmotropie properiies and VOM responise
e
Ve, e T \ PR N P T
VINCORTEY Ad ai AL —Rum\n\ll) SE LY U N acnenisies
ar 23C 22°C & p X107 ar I8 V.. Width el Slope. o

LC Number (cP) 8% nm {ohm-cm) & 3 KHe ivels) (um) [Ymm/Zlp)

NP-V 249 0.290 20 —0.2 10 85 0.082
7 INA2 326 0.l62 6.1 022 10 5.4 0.089
IN43 365 0148 7.2 —6.25 25 &1 0.287
N42/48 369 0.140 33,0 029 35 5.6 0.340
IN#4 381 0136 10.0 —03 — —
N6 398 0135 210 —030 — —
IN48 445 0134 231 U — — —
N1 238 0133 28 L 5 s 0.122
N4 46,9 0151 8. .28 i6 4.3 0.089
25 485 0139 1D 038 21 L 020

1The threshold voltage. Vi, is the lowest voltage at which the width of the domain period, din.
was easily measured in ceils with 6 gm spacers.

. PNo VGM observed up to 100 V de.

- glope . Values of & for various liquid crystal mixtures are givenin Table [1. A
1. smaller value of « is preferred. since a smaller slope gives a larger range of
E :"spatiai frequency for the VGM cffect per unit applied voltage. Thus, HRL-2N40
- was chosen as the best of these ester liquid crystal mixtures for use in our stud-
- jes of the photoactivated VGM device. The HRL-2N42 mixture is also of
interest because its ¢ value is almost as low as that of HRL-2N40 and its vis-
. posity is considerably lower.

There is an interesting correlation between the VG M effect and theaverage

120 T T T T
* NPV
» 2MA0
100~ + 2N42 q
= 2011
# 2N25
80 x 2N43 T
A 2N42/48
60
a0l
20|
] |
100 200 300 400 500 BOO

VGM RESPONSE, LINE PAIRS/MILLIMETER
FIGURE 3 VGM voltage dependence for various hguid crystats,
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molecular length of the mixtures inthe RO-Resterseriesin Tab o1, i
As thelrlength inereases (due to longer alkylend groupsithe v oo, .
first three mixtures (2N420 2N423 and 2842 48) increase. The l<,.
mislures (2844, 28460 and 284%) do not show VOGM eftfects Sinee {!“ dictee.
tric anisotropy (e) is mpmud to have a large ettect on VG M. L M b
change of Ae with average length that causes these results. In this series the v,
increases as Ae becomes more negative (with increasing length). and no v M
is observed when Aeis —0.3 and more negative. This is similar to the Vi3
effects reporied by Barnik er ¢/." for a much wider range of Ae. Ina more pqpy,
plex series of phenyl benzoate mixtures (containing four different classes of
end groups) they found that Vi, increased as Ae became more negative, ang

o H.Iun,l

they also reported a critical value of Ae = —0.3. However, the eritical valye of

Aeapparentiy varies with composition of the end group classes used <inee oy,
IN25 mixture of RO-R"and RO-OR esters shows VGM and has Ae = (534
Our latter group of three mixtures (2N1 [ 2N40 and 2N25), also shows a gen.
eral trend of increased Vo, with more negative Ae. The effect of Je appears 1y
be less significant in these mixtures than in the RO-R’ series. but it should be
noted that the 2N1 | mixture is quite different in composition from the other
two mixtures. '

The grating tines in the VGM lic parallel 10 the surface alignment of (he
liguid crystal director in the off statc. Although rubbing has proven to be satis.
factory for test.cells. a much more uniform homogeneous alignmenm can be
obtained by ion-beam ctching certain tvpes of surfaces.”™ Figure 4 shows the
best quality of domains that we have thus far obtained.

With the application of alternating fields of about 10 Hz. some cells were
conductive cnough 1o exhibit Williams-type domains.™ These domains are
perpendicular to the quiescent state alignment and their perindicity is only
slightly affected by the applied ficld. The Williams domains exist in a narrow
range above the threshold voltage due to dvnamlc scattering TCaLllimE from
increasing turbulent flow within the cell as the voltage is inereased.” Thisel-
fect in conjunction with the very small variation in the spacing of domains,
limits the utility of this mode as a diffraction device. For [reguencics below 10
Hz, a mixed-mode -behavior is observed in the more conductive cells, with
VGM and Willlams-type domains appearing sequentially. The cells alse ex-
hibit severe scattering during the appearance of the Williams domains. espe-
cially as the frequency is raised. We have not been able to produce pure VGM
bechavier with allernating fields of zero average value even lor cases of very
asymmetric waveforms.

The diffraction efficiency of the VGM cells depends strongly on theapplied
voltage, and can be as large as 250 in the secand order (utilizing HRL 2N41) in
a 6 um thick cell). Interesting polarization effects of the odd and even diffrae-
tion orders as a funciion of the input light polarization are being investigaied.

phase
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100 um

--:FIGURE 4 The phase grating structure of the VGM device at a fixed voltage viewed through &
- phase contrast micrascope.

W VGM DEVICE DESCRIPTION

“"The structure of the present photoactivated VGM device is shown schemati-
_eallyin Figure 5. This configuration is similar to the dc photoactivated liquid

rystal devices described previously.™* The cell includes a vapor-deposited

nS photoconductoer and liguid-crystal layer placed betwéen ITO transparent
lectrodes that have been deposited on glass substrates. In operation, the ap-
lied de voltage is impressed across the electrodes,

;. The operating principle of the device is straightforward. The photocondue-
" toris designed to accept most of the drive voltage when not illuminated; the
- portion of the voltage that drops across the liquid crystal layer is below the
*activation threshold of the liquid crystal VGM effect. [llumination incident
::5_;'upon a given area of the photoconductive layer reduces its resistance, thereby

increasing the voltage drop across the liquid crystal layer and driving the lig-
id crystal into its activated state. Thus, because of the VGM effect, the pho-
oconductor converts an input intensity distribution into a local variation of
he phase-grating spatial frequency. The high lateral resistance of the thin
hotoconductive film prevents significant spreading of the photoconductivity
nd the associated liquid crystal electrooptic effect. As a result, the light-

s Attivation process exhibits high resolution, as will be discussed in more detail

elow.
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FIGLRE 5 Schematic diagram of the ¥ GM device construction. Carrent devices are read oy
in transmission at a wavelengih at which the photecanductor Is insensitive.

SLLTLIATS

Because the VGM phenomenon is a de instability effect occurring in high-
resistivity {p = 10" 00 — e¢m) pure liquid crystal compounds, the device re-
quires a high resistance photoconductive layer. Zine sulfide has been selected
as the photoconductor material for the best resistance match with the liquid
crystal layer. Because the liguid crystal molecules are sensitive to photode-
composition in the ultraviolet, the ZnS layer is preferably made thick enough
to optimize photoactivation in the blue region of the spectrum.

The ZnS layer is deposited on transparent I'TO electrodes by evaporatienor
ion-beam-sputtering methods. The sputtered films were 0.5 um thick. highly
transparent smooth surface layers. With the evaporation technique. we pro-
duced photoconductors of 1.5 to 5 pm thickness, characterized by a hazy,
rough surface appearance that caused difficulties in liquid crystal alignment
parallel to the electrodes. It has been reported that vaporized ZnS causes ho-
meatropic or tilted homeotropic orientation of the liquid crystal material,”
Mechanical polishing of the evaporated photoconductors increased their
transparency and surface uniformity, while polymer {PVA)coating the top of
these ZnS layers, supplemented by additional surface treatment, resulted in
good parallel alignment. Photoconductors were evaluated and compared by
measuring the dark current and switching ratios of the resulting VGM deviess.

From the preliminary photosensitive devices fabricated using a ZaS photo-
conductive layer to achieve the necessary high resistance, one cell was selected
that aligned well and did not suffer the usual rapid deterioration seen inde
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gperalion. Thisdeterioration is assumed to result [rom poisoning of the hguie
crystal by the diffusion ot 1ons from the photoconductar, This partcular celd
wasconstructed ota 5 umthick evaporated ZnS layer that had been polished
gnd then rubbed with surfactant polvvinvlalcohol | he counterelectrode was
an [TO transparent layer treated with the same surfactant. The 6 gm thick
* fiquid cry stal laver was made of HRL-2N4( ester. The dark series resistance ol
qhe 25 cm square cell was measured to be 3 X 10° 0, With —160 v dpplled 1o
4 the phomc_onducmr clecirode and with saturation illumination of 7.3
I mW/em® in the passband 410 to 550 nm. the spatial frequency of the VG'V[
.. domains was calculated from the observed angles of diffracted orders to be
- s88lines. mm. Thedevice threshold at this illumination was 21 V. correspond-
ingto a grating f[equcnc\ of 103 lines mm. The optical threshold at 160 ¥ is of

- the order of 50 uW cm-

Planar YGM test gelis were studied with respect to edge effects on resolu-
“tion and possible “spillover™ of domains inta adjacent unactivaled arcas. Elec-
G " trodes were specially prepared by removing sections of the conductive coating
"I byetching. A parallet plate ceil was constructed such that there were conduc-
i-tive areas facing each other, ¢ither with conductive edges aligned or with a
out . maximum overlap of 150 um of a conductive ciectrode over the nonconduct-
- ing area. Cell spacing was 6.3 um and the material was Merck NP-V. For
" glignment parallel to the edge when operating close to the threshold voltage.
gh- + domains were parallel to the edge and within the active area, For higher val-

e *'tages, there was fringe spillover by not more than one fringe spacing. For

Te.d ;- alignment perpendicular to the edge, domains appcear to either terminate at

Eld “-the edge or to join with an adjacent domain. The quality of the edge behavior
: A -gshownin Figure 6. These studies indicated that implementation of the VGM

R e effect in an image processing device should ultimately produce a resolution

not limited by degradation due to edge effects.

100 [

hly B :

Ho- IV NONLINEAR OPTICAL PROCESSING USING VGM DEVICES

2y, -

ent = M.A. Implementation of point nonlinear tunctions

ho- ~The VGM liquid crystal device can be considered to be an intensity-to-spatial

s frequencw converter capable of operating on two-dimensional images. The

1eir “intensity-to-spatial frequency conversion altows the implementation of arbi-

aof  Firtrary point nonlinearities with simple Fourier plane filters, When an inpu:

lin  § imageilluminates the photoconductor surface of this device the intensity vari-

| by “ations of the i input image change the local grating frequency, If coherent light
ces. is utilized to Fourier transform the processed image, different spatial fre-
O~ Q'lenCy compenents of the encoded tmage, corresponding to different input
sted intensities, appear at different locations in the Fourler plane as shown in Fig-
vde ure 7. Within the dynamic range of the device, intensities can thus be mapped
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FIGURE & Behavior of domains near an edge.

monotonically into positions alonga line in Fourier space. Theinput intensity
distribution has thus been coded into Fourier (spatial frequency) space. If the
spatial frequencies of the VGM domains are much targer than the lurgest spa-
tial frequency component encountered in the images to be processed, wearein
the tractable situation, familiar in communications theory, wherc the carrier
frequency is much higher than the modulation frequencies. Thus, by placing
appropriate spatial filters in the Fourier plane it is possible to obtain different
transformations of the input intensity in the output plane as depicted in Figure
7b. This figure describes the variable grating maode nonlinear processing algo-
rithm graphically. The input intensity variation is converted to a spatial fre-
quency varjation by the characteristic function of the VGM device (upper
right-hand quadrant). These variations are Fourier transformed by the optical
system and the spectrum is modified by a filter in the Fourier plane (upper
left-hand quadrant). Finally, a square-law detection produces the intensity
observed in the output plane (lower left-hand quadrant). Considered together,
these transformations yietd the overall nonlinearity (lower right-hand quad-
rant). Design of a proper spatial {ilter for a desired transformation is a rela-
tively casy task. For example, a level stice transformation requires only asim-
ple slit that passes a certain frequency band or bands. A mathematical
formulation of nonlinear processing utilizing the VGM device is presented else-
where.*! The principal result of this analysis is the relation

hug = 2N (2)
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Cpput.  VGM Filter
: Liquid Crystal Plane
Device
(a)
SPATIAL
FREQUENCY
FOURIER A
TRANSFORM — _ _ o | o VGM
PLANE | ‘ LCLY
l !
[
' |
SPATIAL I |
AN ! > INTENSIT
TRANSMITTANCE i , Y
-
f i
| {
SQUARE Law OVERALL
DETECTION NONLINEARITY
Y
QUTPUT
INTENSITY

{b}

2 FIGURE 7 ¥GM nonlinear processing. (a) Experimental setup indicating the mapping of in-
© - tensity Lo spatial frequency. (b) The overall input-output characteristic can be found by stepping
. through the successive nonlinear transiormations including (1) the intensity to spatial frequency
i+ eonversion, (2) spatial lhering. and (3) intensity detection.

“ where £ 1s the pixel width, v is the lowest usable VG M spatial frequency, and
' Nis the number of distinguishable grey levels. This relation requires that the
- pixel size contains 24 periods of the lowest grating frequency if ¥ grey levels
“areto be processed. Forexample,a 100 X |00 pixel image could be processed
- with 50 distinguishable grey levels an a 30 mm square device with ve = 200
~Cycles/ mm.
The ability to perform arbitrary point nonlinearities over two-dimensional
mages greatly increases the flexibility of optical processing system. In the past
€w years several different approaches to the problem of implementing gencr-
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alized nonlinearmies have been imesigated. These hine inese

sereen technlygues.  nonhnear devices. © Teedback methiods,
ble tevelshice “amang others, The maim ady ANl ge o ot 'lhu VO

preyious methods is the cuse of programming the lunctional aoni
sired for a given mmage transformation. Chis s done simply by ¢y mnmn “_
transmittance distribution of the spatal A filter in the optical p Fucessing e
tem. The spatial filter is of relatively low resolution and need anly Nave o
space-handwidth product equal te the number of gray levels to be PIOCeseq
independent of the space-bandwidth product of the input image

The same programmability advantage applies to the implementation of y;
nary logic operations. One deviee can be used to implement any ot the comp;.
natorial logic eperations (AND, OR_ XOR.and their complementsi by ”mpl\
changing a Fourier plane [iiter. Previoush dL\LIlde apticat log ¢ svapn,
were “hardwired” to perform specific operations. i most coser one g
more logic functions proved difficult or cumbersome toimplement. Use ofthe
VGM liquid erysial device for the implementation of combinatorial lopic op-
erations 1s described below.

{V.B. Demonstration of a level slice function with the VGM device

In this experiment the ability of the VG M device to generate @ levei-shee nop.
lincarity is demonstrated, The experimental arrangement is shown i Figure
8. A continuous tone input picture is illuminated by an arc lamp source and
imaged onto the photoconductor surface of a VGM device which imiially ex-
hibits a uniform phase grating structure due to a de bas vohage. The grating
period is locatly modulated by the input picture intensity. and this medulation
is mapped into a position along a line in the spatial filter planc. A red filier
ensures that only the readout laser beam enters the coherent optical processor.

. DG VOLTAGE OUTPUT
ll.hllgg;'EHENT INPUT Bei%URCE\\ o o .SPAleLLANE
SOURCE \ PL{ANE Sp]_\lTTER !_ RED N EILI}\TNEEH ‘.

\ f \ FILTER ' 1
_ el
A N ,
PEGiEeTIon bevice COHETERT oFTIO:

COLLIMATING LENS
SPATIAL FILTER
50 mw

HeNe

bd LASER

FIGURE 8 FExperimental setup used to perform the fevel slice caperiments. The spatial filer
was a variable annular aperture:
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gectors of smadi vircular a null ofvaryving radi are used 10 pass Corla spati,
frequency bands This inettectallows onby preseribed inpun TLCTISIY THAESS [0
appear inthe output. Cireular rather than straight shis are used to capture the
weak lightwhich insmaii part is diflracted into circular ares (see Figuie 2ibe-
cause of the grating imperfections (see Figure 1) Figure 9 shows both the

- jpput and level sliced output pictures. Figure 9a shows a positive print of thy

original image as photographed on the imaging screen. A negative of the orig-
inal wats used in the experiments. Figure 9b shows a low intensity level slice
corresponding to a VGM spatial frequency of 120 lines mm with approxi-
mately 360 bandwidth. In Figure 9¢ another level. correspoanding to 153

* jines/ mm. is shown. Figure 9d at 236lines mm illustrates the interference from

second harmonics. Weak second harmonics of the low intensity image shice
corresponding to | 18 lines mm can appar in the 236 lincs mm level shice. Ir
Figure 9¢. a broader slice ol approximately 11 bandwidth was taken cen-
tered about the level corresponding to 140 lines mm. This picture may be

- compared with the previous slices and particularly with the slice shown in

Figure 9c. Finally, Figure 9f shows a very high input intensity slice at 440
lines/ mm with 10% bandwidth. Three grey levels may be seen simultaneousiy.
these carrespond to the superposition of three broad intensity slices,

IV.C. VGM implementation of logic functions

Tosee how the VGM device can be used to implement binary logic opcrations.
one need only realize that the function of a logic circuit can be represented as a
simple binary nonlinearity operating on the incoherent superposition of two

Fl]GURE 9 Levelslice results. (a) Original image b-f) Level slice resubis for variousapertures as
discussed in the rext.




185 [1436] B H. SOFFER er wf

binary images as input. Asshownin Figure TONOT s simpls o
s erter, while AND and OR are hardelippers with different tae oy
NOR 15 a level shice [unction,

The VGM device is weli sutted to implementing this tvpe o mostinegpy,
Since the nonlinearities associited with logic eperations are binar 1unm%.s.
thev can be implemented with simple slit apertures. Le.. 0 or Tira n,\miuuncé
vatues. A noteworthy advantage of the VGM approach over previous opgyey
logic methods' ™ is the case of programming the nonlinearity. by mepg),
changing the aperture in the spatial frequency plane, ’

Another feature of the VGM technique that is especially suitable for logie
processing is that the input and output are physically separate beams, The
input beam modulates a photoconductor: concurrently the image i read oy
with a sccond beam. This separation of inputand output provides Lo the o,
sibility of restaring the output levels to the desired O and § values even if the
input levels are not exactly correct. This feature is essential to the productioy
of a reliable logic system that is immune to noise and systematic ¢rrors in the
levels. Electronic logic elements possess such level restoring capabiliiy, b
currently proposed optical logic schemes'” *lack this essential characteristic,

A series of experiments were conducted to demonstrate the fundamental
logic functions. Two input ficlds were superimposed at the VGM plane along
with a bias illumination. The total illumination intensity on the photocondue-
tor of the VGM device was thus the sum of the two input intensitics and the
bias intensity. The input illumination was filtered high-pressure mereury are
lamp. The bias illumination was provided by a collimated tungsten bulb
source. The VGM device was read out in transmission using a HeNe laser. A

2t

ouT NOT ouT AND
1 1
o ] | - 0 ] I -
2 N t 2 N

ouT oR ouT OR
1 1
o—t—"t- e
2 N t 2 N

(c) (d)

FIGURE 10 Logic functions as simple nonlinearities. Given an input consisting ot the suit al
twa binary inputs, different logical operations can be effected on thuse inputs by means of the
depicted nonlingar characteristics. (a) NOT, (hy AND. (¢} OR. (d} XOR.
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flter wibs placed  the Fourier plane to seleet the desired <patial treguencies
for cach logic tunction.,

For thesc experiments. the inputs consisted el onevertical rectangularaper-
re and one horizontal aperture. When these were superimposed aleng with

" (he bias. a squarc image was formed with the four quadrants having the inten-
ity levels shownin Figure Tl This image corresponds to the logic truth table

INPUT
A
0 1
a 1
UNFILTERED EXPERIMENTAL
QUTPUT INPUT { EVELS
1 z {A+ B}
& 3
0 1
1 1
0 1
Q 1 o]
NOR
1 o a
g 1
o] 0 o]
AND
1 o 1
0 1
0 1 i
NAND
i 1 0
0 1
0 o 1
XOR
1 1 [
G - 1
a 1 o
NXOR
1 q 1

!‘-IGURE 1 VGM logic results. The right-hand calumn indicates ideal output levels for an
Image consisting of four quadrants corresponding to truth table values. The lefti-hand column
shows the corresponding experimental results, The first row shows the input for all ex periments
which cansisted of a superposition of two hinary images. Succeeding rows show results for the

iilogic operations DR, NOR, ANTL, NAND. XOR. and NXOR, respectively.
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shown. Thus the cuiputimages have mtensity fevels determincd s, it
table asseciated with the desired loge tunction, The logic funes ooy '\‘-\Il;:
OR.XOR and thetr complements wercimplemented sequentialis o vy, N ir;
Figure i by aitering only the Fourler plane Giter. Impericelions visinge 1y
output plane data arise from defecis in the cell structure of the VGM ge :
emploved in these experiments.

A merecomplete discussion of VGM logic implementation can be foung iy
Ref, (32).

V CONCLUSION

Thevariable grating mode effeet can beincorporated ina photoconductis gy
addressed device structure which provides an overall indensity-1o-spana) l‘r-c.
quency conversion. The optical processing experiments using the VG M ligig
crystal device described in this paper demonstrate the potential of thiy ey
time optical image transducer [or numerous paratlel nonhinear operations gp
images. The molecutar origin of the VGM phenomenon is now being studied
in connection with the behavior of the VG M phase grating as observed by pe-
larization microscopy and polarization-dependent optical diflraction, Im-
provements in such characteristics of the device as response time. uniformity,
dynamic range and density of defects are under continuing investigation,
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