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Abstract

Nonlinear beam coupling phenomena in photorefractive materials are analyzed as a function of

the input beam intensities.

intensity-dpendent functions of these materials.

Signal beam saturation and pump beam depletion are shown to be the
Utilizing these phenomena in a photorefractive

BaTiOj crystal, optical logic processors such as AND, OR, NOT, etc., are implemented.

I. Introduction

Optical processing technique offers both the
high speed and parallelism required for digital
signal processing and computation of high band-
width signal such as 2-D or 3-D images[1],[2].
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Nonlinear optical devices based on the liquid
crystal light wvalve, Fabry-Perot resonator,
acoustooptic devices, and recently, four-wave
mixing in photorefractive materials have been
reported for parallel optical signal processor[3].

But in four-wave mixing geometry, processing
must be done in quasireal-time mode because
the recorded information has to be retrived by
another reading beam[4],[5].

In this paper, we report an implementation of
real-time optical logic processors using a photore-
fractive BaTiOj; crystal. For logic operations,
two-beam coupling effects in a BaTiO3 crystal
are briefly reviewed, and then signal beam satur-
ation and pump beam depletion phenomena
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according to the two input beam intensity ratio
are analyzed.

As applications of these phenomena, several
optical logic operations of AND, OR, NOT, etc.,
are performed.

II. Two-Beam Coupling in Photorefractive BaTiO;
Medium

Fig.1 shows a geometrical configuration of two-
beam coupling in nonlinear photorefractive
medium. In general, energy transfer between two
incident beams in photorefractive media can be
explained by the volume phase grating which is
induced by the interference fringe pattern of the
two beams.

CRYSTAL SURFACE

Kg, grating vector: ¢, crystal c-axis; S, signal beam;
R, reference beam

Fig.1. Geometrical configuration of two-wave
mixing.

We let the two incident waves be
Sz, 1) =[L (1) ]* exp il i+ ¢ (z0)]1
(1)
Rz ) =Lz 0] explil wtt ¢, 2 0)]]
(2)

where Ii(z,t) is the intensity of two incident
waves, and x//i(z,t) represents the phase of two
beams.

Under the slowly varying envelope approxim-
ation and with negligible absorption, coupled
wave equation can be derived as follows;

(1572)
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da, |, LI,
dS w+r Io (3)
o oLL
ds r I, (4)

In above equations, I0 is the total intensity of
two beams and I' is the gain coefficient character-
ized by the coupling coefficient vy,i.e., ' = 2Re(7y).

The solutions of Eq.(3),(4) are given by[3]

1,(0)
1+ (1, (0)/1,(0))e T (5)

L,(0)
14+ (L (0)/1,(0) )e™

L (S) -

I, (5) =

(6)

where I,(0), 1,(0) represent the intensities of
two input waves.
We will define the gain for the i-th beam as

L(L*0)
Go=—+ 7
L{d,=0) 0
Then the amplification factors of signal beam
and pump beam are

Gom (1+Bo) e (8)
1+80e™
Gom (1+8,) exple"™) Butl

T 1F Boexp (I'd)
(9)

where the input signal beam to pump beam in-
tensity ratio is ﬁ0=11(0)/12(0), and the d is the
effective interaction length.

In Fig.2 (a), the gain characteristic of the
signal beam described in Eq.(8) is plotted as a
function of ﬁo. Asshown in the Figure, signal beam
saturation effects will occur below the critical
value of ﬁo. For example, signal beam saturation
oceurs v, < 107 for ['d=5. This scheme can be
applied to perform optical AND operation. The
signal beam at the output will be amplified by a
factor of saturation gain, exp (I'd), only when
both A and B differ from zero. With the optimi-
zed gain coefficient, exp (I'd), is usually greater
than the order of 103. The same operation can
be applied to OR operation, too.

Botexp(-I'd)

Also, the gain characteristic of the pump
beam in Eq.(9) is plotted in Fig.2 (b). This shows
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(b) Pump beam depletion region

Fig.2. Plot of gain Gs and Gp with 8,. (1 :
measured values)

that pump beam depletion effect will occur over
the critical value. For example, pump beam deple-
tion occurs 8, > 10! for I'd=5. This phenomenon
of pump depletion can be applied to perform the
optical NOT operation. For the signal beams at
a low-intensity level (logic 0), the pump beam at
the output will be close to its input value I,(0).
However, with the input signal at a high intensity
level (logic 1), the resuitant value of >>>1 leads
to depletion of the pump beam at the output
(logic 0) according to Eq. (9). This pump deple-
tion mode of operation can be applied to logic
A > B, and B > A operations. The truth table of
above operations is shown in table 1.

II. Experimental Result and Discussion

The optical logic operations described in the
previous section have been experimentally verified.

Optical AND, OR, NOT, A > B, and B > A
operations are performed employing systems

Table 1. Truth table of implemented logic

operations.
A B |A+B A-B A B A>SB B>A
0 0 0 0 1 1 0 0
0 1 1 0 1 0 0 1
1 0 1 0 0 1 1 0
11 1 1 0 0 0 0

schematically shown in Fig.3 (a), (b) and (c),
respectively.

In all the experiments, a photorefractive
BaTiO;3 crystal (7.56 x 5.12 x 5.48mm) with

BaTiO,

(a) AND operation

M1 BS1 ATTY1 BS2 L M2
\ ¥ 2

ATTZ -H- eUT 2

-

BaTiO, ScREEN

M INPUT 1
B.E~ 1 LN
[ ] M3 {
8S3
—Nd J'a
ut" L

(b) OR operation

SCREEN

(c) NOT, A >B, B> A operations

BS, beam splitter; M’s, mirrors; L’s, lens; ATT’s,
attenuator; B.E., beam expander.

Fig.3. Experimental setup for optical logic oper-
ations.
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tetragonal symmetry structure (n,=2.41, and n,=
2.36) is used. The angle between two incident
beams was 20=8°, and the angle between the
grating vector and crystal c-axis was measured 15°
in the crystal.  All the experiments were perfor-
med under the condition of exp (I'd) =151(with
values of §=4°" ¢=15, d=5.1/cos 15°=5.24 mm,
I'=0.95/mm, ['d= 5.02)

{d!

(c)

Fig.4. Input masks used in experiments.

The four input masks as shown in Fig.4 (a)
(b), (¢), and (d) were used in all the experiments
Fig. 5 (a) shows the result of AND operation of
inputs shown in Fig.4 (a). Fig.5 (b), (¢), and (d)
represent OR, A > B, B > A operations, respe-
ctively, between Fig. 4 (b) and (c) images. Fig. 5
(e) is the result of NOT operation of Fig. 4 (d)
image. AND, OR operations are performed in the
signal saturation mode with §,=1/300. NOT, A >
B, B > A operations are performed in the pump
depletion mode with {30=18. In the signal satur-
ation mode, although the condition exp (I'd)
<< 1 is not fully satisfied, we obtained relatively
good result.

IV. Conclusions

We performed real-time optical AND, OR,
NOT, and other logic operations utilizing signal
beam saturation and pump beam depletion pheno-
mena of two-beam coupling in a photorefractive
BaTiO;3 crystal.
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(a) AND operation (b) OR operation

(c) A>B

(d) B>A  (e) NOT operation

Fig.5. Experimental results of optical logic oper-
ations.

The results obtained from the above experi-
ment can be easily applicable to the real-time
image processor such as image subtraction and
addition, and can provide a basic device for the
future implementation of optical digital com-
puting system.
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