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Boolean logic operations are optically implemented in a spatial light modulator (SLM) which
uses photoinduced anisotropy in amorphous AszSs thin films. The SLM consists of the aniso-
tropic As2Ss thin films and a pair of polarizers. The analytic expressions of the output inten-
sities of the reading beam transmitted through SLM are derived as functions of the third-order
nonlinear susceptibilities of the thin film and the polarization angle of the reading beam. The
experiment is carried out for two binary inputs placed between a polarizer and an analyzer.

All sixteen Boolean logic operations are realized.

1. Introduction

The optical logic gate is one of the fundamental
functions in the optical digital computer under ex-
ploration. A variety of optical logic gates have
been reported.!=”
tion can be realized by combining fundamental
image-processing techniques such as addition, sub-
traction, and contrast reversal.

Photoinduced anisotropy (PIA) in amorphous
AsySs thin film, which was discovered by Hajto
and Ewen® and Zhdanov et al.® is one of the
attractive phenomena of optical image processing.
The kinetics,!%!? the correlation with photodarken-
ing,'® and the application'®> of the PIA in amor-
phous As:S; thin film have been investigated by
various groups. In the previous paper,!*’ we demon-
strated a method of image processing-addition,
subtraction, selective reconstruction, and constrast

In general, optical logic opera-

reversal-using PIA in amorphous AszS; thin films

which can be applied to the optical logic gate.
In this paper, we report a new application of PIA

in amorphous As:S; thin films in the optical imple-
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mentation of Boolean logic operations. Two input
images are recorded on the nonlinear media, and
they are read out in series from the medium
through an analyzer. Basic properties of the pre-
sent spatial light modulator (SLM) are described.

2. Spatial Light Modulator Based on
Photoinduced Anisotropy

The basic construction of a SLM which employs
PIA is shown in Fig. 1 (A). The SLM consists
of a nonlinear medium with PIA, and a set com-
prising crossed polarizer and analyzer. PIA can be
produced by a linearly polarized intense laser beam,
and the medium M with the induced anisotropy
acts like an uniaxial crystal having an opticaxis
parallel to the recording beam polarization.. When
the reading beam propagates through SLM, the
polarization is changed due to anisotropy of the
medium, and the output signal depends on trans-
mission angle v of the polarizer and the analyzer.
The output signal of SLM using PIA can be ex-
pressed in terms of third-order nonilnear suscep-
tibilities. Since the amorpuous AszSs thin film is
isotropic, the nonvanishing independent elements
of the third-order nonlinear susceptibilities are {3,
Xi32 X3z and 1R =28+ 18 +x B2 When
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Fig. 1 The structure of spatial light modulator
using photoinduced anisotropy on amorphous
As2Ss thin film. (A) One nonlinear medium is
sandwiched between crossed polarizers. (B) Two
nonlinear media are sandwiched between crossed
polarizers. The anisotropic axes of two medium
are parallel or 45° angled with respect to each
other.

the recording beam E(w) is linearly polarized
along a direction at an angle » with respect to
the z-axis and the reading beam C(w’) at an
angle v, the  and y components of the nonlinear
polarization at frequency w’ are given by

P (0" )= [ E% cosu+x 33, E2 sin u]C(w')cos v
+%[X§ﬂ1 — %331 E?sin 2uC(w' )sin v,
PP (o) =[x{B1 E?sinu+y 3, E2cosu]Clw')sin v
+ LT — £ E*sin 24C(o' Jeos ,
(1)
where E*= |E(w)|? is the recording beam inten-
sity. Since the analyzer is crossed to reading beam
polarization, the parallel component of nonlinear

polarization to the transmission axis of the analy-
zer, P§Q(o'), is

Pi0") =P (0" )sinv— PP (w' )cos v

=L - 2RICw) E2 sin 2(0— ),

2
(2)
where ¥{,—x{B.(=6.4% 107 esu)'® is the PIA
in isotropic As:Ss media.!®> The intensity of the
output signal obtained after the analyzer is given
by
I(@")oc | PG I?

K W0BHESS (199145 F)

oo LB — 0T Cla) 2B sin? 20—,

(3)

Another type of SLM which consists of two an-
isotropic media, a polarizer, and an analyzer is
shown in Fig. 1 (B). The output signal of this
SLM is given by a function of the angle between
the anisotropic axis of each medium. We consider
only two simple cases. One is that in which the
anisotropic axes of the media are parallel, and the
other is the case in which the anisotropic axes are
at 45° angles. When the anisotropic axes of two
media are parallel, the output signal observed after
analyzer can be obtained using Jones calculus'® as
follows,

I Yoo [yfi— 21?1 Cla) 2

X(E12+E22)2 sin? 2('1'}424), (4)
where E\? and E:? are the intensities of the record-
ing beam on the medium M; and M., respectively.
When the anisotropic axis of the medium M, is set
at an angle » and the anisotropic axis of the me-
dium M: is u+45° with respect to the z-axis, the
output signal can be obtained in the same way,
substituting # in Eq. (3) by u+45° and using

Jones calculus,
I(@eot TRt — X121 o) 1?

X {E1?sin 2(v—u)+ E2?cos 2(v—u)} 2.

(5)
These intensity modulations of the readout beam
by passing through the SLM, given by Egs. (3),

(4), and (5), are applied to logical processing of
the two-dimensional image recorded in the medium.

3. Experiments

A Boolean logic consists of two binary inputs
and a single output ; i. e., the result of a logic op-
eration applied to two input images is obtained as
a single output image. Table 1 shows all sixteen
possible functions of two binary inputs. To de-
monstrate the logical operation, the binary patterns
depicted in Fig. 2 are used as inputs 4 and B.
The input A has the vertical strip (assigned by a)
in which the anisotropic axis, , is oriented parallel
to the z-axis and in the rest (assigned by &), the
anisotropic axes form a 45° angle. The input B
consists of the horizontal strip (b) and the rest ()
in which the anisotropic axes are indicated with
arrows.

In the experiment, two inputs are prepared by
recording the patterns on two amorphous As:Ss
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Table 1 Boolean logic algebra for two binary inputs.

Input Output

A B F AND A-B A A.-B B XOR OR NOR XNOR B A+B A A+4+BNAND T

0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1

0 1 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1

1 0 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1

1 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
INPUT A INPUT B

Fig. 2 Input A and B recorded on amorphous As2Ss thin film and the recording state.

Arrows represent the anisotropic axes.

output intensity of reading beam (a.u.)
T
!

time(min.)

Fig. 3 Asymptotically increasing behavior of
photoinduced anisotropy in AszSs thin film under
illumination of the linearly polarized Ar* ion
laser beam with 200 mW/cm? power density.

thin films which have the same thickness (3 p#m).
The amorphous As:S; thin films are prepared by
the vacuum evaporation method and annealed in
vacuum for 30 minutes near the glass transition
temperature (450 K) for uniform composition. The
anisotropy is induced by linearly polarized Ar* ion
laser beam (A=514.5nm). Figure 3 shows the
recording behavior of PIA in As:S; thin film with
200 mW/cm? power density.””> The output signal
is monitored by using a polarized probe beam (He-
Ne laser beam, 1=632.8 nm and v=45°).
Figure 4 shows the experimental setup for logic
operations. Two inputs, A and B, encoded by

PIA as shown in Fig. 2 and a polarizer (P) and an
analyzer (An) are arranged along the z-axis. Note
that An is always crossed to P. Imaging lenses are
used for the reduction of Fresnel diffraction noise.

In optical implementation, the sixteen logic op-
erations can be classified into three categories as
follows.

Group (1): The operations A, A, B, B and
F shown in Table 1 are included in this group
in which we use a single input A or B. When
one of the two inputs is removed from the experi-
mental setup shown in Fig. 4, the remaining sys-
tem can be treated as the SLM containing one non-
linear medium described in section 2. If input A
remains, the output signal I, of the area a and Iz
of the area @ are obtained by introducing =0 and
45° into Eq. (3), respectively. They are given by

I~ E*cos?2v,

In~ Etsin?20, (6)
where E? and E? are respective recording beam
intensities of the areas a and a.
ment, we choose to let the recording beams of
the two areas have equal intensities. From Egq.
(6), the lcgic operations A and A are obtained
by setting the transmission angle of the polarizer
P at v=0 (where Io~E* and Iz~0) and v=45°
(where I.~0 and L~E*%). If the transmission
angle of the polarizer P is set at v=22.5° the
output signal is given by I.~LE*2 and L~E*2.
It represents the uniform dark level and indicates
operation F'.

In the experi-

In the same way, we can obtain the
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+. +.
Ar’ion laser beam Ar’ion laser beam

Fig. 4 Experimental setup for implementing the logic operations. Two inputs
are arranged in tandem. BE; beam expander, L1, Lz; lenses, S; photographic

film, P; polarizer, An; analyzer. P and ‘An are always crossed by 90°.

Table 2 Output intensities of Boolean logic

functions. 3
Group (i) ‘2’
Input Output (relative intensity) E
A B A A B B F 5
D D D@ B(@1) D B() D(0.5) k3
>
D B | DO B@) B() D() D(0.5) =
B D | B() D() D B() DY(0.5) £
B B | B(1) D(© B(1) D(0) D(0.5) H
Angle 3 — L I L I
0 45 0 45 22.5 0g 5 70 5 20
(deg.) time(min.) — !

D; dark level,

B; bright level

Fig. 5 Temporal behavior of reorientation of

Group (i) anisotropic axis in AsSs thin film by changing
Input Output (relative intensity) recording beam polarization. The anisotropic
axis is changed at #=5 (min.) from =0 to
A B OR AND XNOR NOR NAND T u=45° and the reading beam polarization is
DD |D() D04 B(@ DO B(4) B fixed as v=22.5"
D'BIB(W D@4 DO B2 B1 B operations B and B using input B. The output
B'D | B(1) D04 DO B(2 B() B2 intensities and the corresponding logic operations
BB B@B@EE B2 DO DO B e listed in Table 2.
A?gée ) o 1 22.5 v, 45 615 Group (i ) : The operations AND, OR, XNOR,
: ck — NOR, NAND, and T are included in this group.
v1=%sin‘1<\/%1‘6), vz=%cos_1<\/ %)) They belong to the two media cases discussed in

section 2. These operations are by the same two

Group (i) inputs. When two inputs are superposed, there are
Input Output (relative intensity) four areas, (a, ), (a,b), (a,b), and (a,b), on the
— = output plane as shown in Fig. 4. The output sig-
A B A+B A-B XOR A-B A+B nalpis cﬁ)tained by substitutiig u=0 (a or b) afd
D D | B(4) D@ B(2 D) D(0.4) u=45° (a or b) into Eqs. (4) and (5). They
D B B(1) B(2 D() B() D(0.4) are given by
B D B(l) B(2 D B() D(.4) Lo ~ (E*+ Eg*)? cos*2v
B B D( D() B(2 B@4) B(3.6) Iap ~ (Ei*cos2v— Eo*sin 2 v)?
Angle 0 N P " Tap ~ (E+*sin2 'U—Ezz cos2v)?
(deg.) ! : ¢ Ios ~ (E\*4 E,%)?sin?2v. (7
_1. \/T 1 /1 From Eq. (7), we obtain the output intensities of
“Tgsn ( iﬁ)’ v ges <\/1:0> each area as a function of the polarization angle of
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AND ‘ XNHOR "

NOR ‘ NAND T

A+B
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(c)
Fig. 6 Experimental results of the sixteen logic
operations for two binary inputs. The results
of (a); group (i), (b); group (i), and (c);
group (ii).

the reading beam. The output intensities and the
corresponding logic operations are listed in Table 2.

Group (ji): A+B, A-B, XOR, A-+B,
and A-B operations are included in this group.
To implement these operations, we should change
the coding state of input B to B’. Since the PIA
of amorphous As:S; thin film has reversibility, the
anisotropic axis can be changed to a new direction
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by a recording beam with different polarization.
Figure 5 shows the temporal behavior of the an-
isotropic axis change from #=0 to 45°. The signal
is monitored by the reading beam with polarization
angle v=22.5° and the recording beam polariza-
tion is changed at £=5 (min) from =0 to 45°
with respect to the z-axis. Then the output inten-
sity can be obtained from Egs. (4) and (5):

Iop ~ (E:2cos2v— Ez?sin2v)?

Ia5 ~ (Ei2+ Ez%)?cos?2v

Ly ~ (Ei2 4 E2?)?sin?2v

Lt ~ (E?sin2v—Ez?cos2v):.  (8)
The resultant output intensities and the correspond-
ing logic operations are given in Table 2.

4. Results and Conclusions

Figure 6 shows the experimental results photo-
graphed at the observation screen. Figures 6 (a),
(b) and (c¢) show the results of groups (i),
(i) and (ii), respectively. From Table 2, we
know that some operations have intermediate inten-
sity levels between zero and maximum intensities.
They may be hardclipped or thresholded to obtain
a binary output such that intensity levels higher
than or equal to 1 are bright levels and those lower
than 1 are dark levels.

In conclusion, we have demonstrated the sixteen
logic operations using PIA in As:Ss thin film.
The operation principle of SLM using PIA is ana-
lyzed in terms of third-order nonlinear susceptibil-
ities and the polarization angle of the probe beam.
Implementation of the five operations in group (i)
necessitates changing the direction of the aniso-
tropic axis, which requires too long a reorienta-
tion time in this material. We are looking for
new material which has faster time response in
reorienting of the anisotropic axis for practical
applications.
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