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Optical tracking filter using transient energy coupling
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Transient energy coupling between two coherent beams occurs in dynamic holographic media with local and
noninstantaneous responses. The physical origin of the effect is described, and an optical tracking filter based on
the effect is demonstrated in a photorefractive Bi12SiO20 crystal.

INTRODUCTION

Two-beam coupling phenomena in photorefractive media'
have been used for various novel applications, such as image
amplification,",2 unidirectional ring oscillators,3 optical
limiters,4 beam cleanup, 5 and beam steering.6 Most of the
proposed applications use steady-state energy coupling in
photorefractive media with an induced index grating, which
is 7r/2 phase shifted from the light-interference pattern. On
the other hand, the transient behavior of the energy coupling
(e.g., response time) is an important factor in characterizing
device performance.7 Transient energy coupling (TEC),
including the interaction between two coherent beams and
the induced grating formation, has been studied theoretical-
ly, and approximate analytic 8-12 and numericall3 solutions
have been obtained. These studies8-11"3 show that, al-
though there is no steady-state energy exchange between the
beams in unshifted dynamic holographic media, TEC occurs
in such media with noninstantaneous responses. In particu-
lar, it is shown that TEC occurs in photorefractive media
operating in the charge-drifting mode (which is obtained by
applying an appropriate external field and using large grat-
ing periods).

In this paper we demonstrate an optical tracking filter' 4

based on TEC. First we qualitatively describe the physical
origin of TEC by means of steady-state two-beam coupling
equations. We then describe the experiment, which uses a
photorefractive Bi12SiO20 (BSO) crystal with an external
field.

TRANSIENT ENERGY COUPLING

Let us consider the following steady-state
pling equations15 [see also Fig. 1(a)]:

dI+ I+I_

ds I 
= r '+- a,

ds IO

d(b rt (+ - I-)
ds Io

two-beam cou-

where s = z/cos 0; I0 = I+ + I-; = A+ - A_; I+ and I_(+
and ,6) are the intensities (phases) of the interacting beams,
respectively; a is the linear absorption coefficient; and F [=2
Re(y)] and r' [=Im(-y)] are the real and imaginary parts,
respectively, of the (complex) two-beam coupling constant
y, which, for a degenerate case at a frequency w, is given by

wreffnO3 Eq(Eo + iED)

I 4c Eo + i(ED + Eq)
(2)

In Eq. (2) reff is the relevant electro-optic coefficient, no is
the ordinary refractive index of the crystal, Eo is the exter-
nally applied dc field, and ED and Eq are characteristic
internal electric fields of diffusion and maximum space
charge, respectively. From Eq. (2), when Eo = 0 or E0 >> ED
and Eq, r is finite, and r = 0. This is the case when the
index grating is 7r/2 phase shifted from the light-interference
pattern and the steady-state energy coupling occurs. On
the other hand, when the intermediate fields E0 (00) and
large grating spacings are used, there exists a region where
Irl >> Irl. This corresponds to the unshifted (local) grating
case, in which there is almost no energy transfer, but phase
transfer occurs between the interacting two beams provided
that I+ I_. Because of the phase transfer, the equiphase
contour of the index grating is tilted with respect to the z
axis in the crystal in the steady state (t = 0) [Fig. 1(a)]. If
there is any change in the input-beam intensities, the light-
interference pattern will modify its position according to Eq.
(1c). In this case, for a medium with noninstantaneous
response, a transient phase mismatch between the light-
interference pattern and the index grating is created in the
time period 0 < t < r (r is the medium response time) [Fig.
1(b)]. This phase mismatch is responsible for TEC between
the interacting beams. When the input-beam intensities
become stationary at time t >> T, the index grating catches
up with the change of the light-interference pattern. As a
result, TEC then ceases [Fig. 1(c)]. Therefore the condi-
tions for TEC can be listed as follows:

(lb)
1. The medium does not respond instantaneously, i.e., r

$ 0;
(10 ) 2. The intensities of the two beams are different at z = 0,

i.e., I+(0) d I_(0).
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The analytical expression9"10 for the amount of TEC under
a steplike input-beam change is given by

I(l) - (0) [I(0) - L(0)]I+(0)L(0)

X exp(- ) [ + exp( ) -

(a)
z

(b)

(c)

Expression (3) indicates that the energy transfer always
occurs from the stronger beam to the weaker beam. A typi-
cal plot of the energy transfer versus the normalized time tT
is shown in Fig. 2. The maximum energy transfer occurs at t

1.59r. When T is small enough to follow a sudden change
in the input-beam intensities, TEC can be approximated as
the temporal differentiation of input information. In the
section that follows we describe the experimental demon-
stration of an optical tracking filter using TEC.

O<t < 

EXPERIMENT

t>> T

Fig. 1. Diagram to illustrate the dynamics of the holographic index
grating formation. Solid lines indicate light-interference fringes,
and dashed lines indicate index gratings: (a) t = 0 (both lines are
overlapped), (b) 0 < t < T, (c) t >> T (both lines are overlapped).
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Fig. 2. Dependence of transient energy transfer on the normalized
time t.

NC

BS

T

Figure 3 shows the experimental setup. A photorefractive
BSO crystal (10 mm X 10 mm X 3 mm) was used. An
external electric field (6 kV/cm) was applied along the crys-
tal [001] direction to ensure that the formation of photore-
fractive gratings was in the charge-drifting mode. With this
external field, the index modulation is high in the spatial
frequency range A-' of 10-70 mm-', and the phase shift
between the index grating and the light-interference pattern
is less than 0.1 rad.16

,1
7 A single-longitudinal-mode argon-

ion laser ( = 0.5145 m, 500-mW output power) was ex-
panded and divided by a beam splitter BS. The higher-
intensity beam I passed through a transparency T and was
imaged onto the crystal (110) surface. A neutral-density
filter ND was inserted into the path of the other uniform
beam I+, and the ratio I/I+ was set to approximately 10.
The angle between the two beams was chosen to be 20 1.50
so that TEC was enhanced.' 0,'3 The measurement of the
two-beam coupling gain versus the input-beam polarization
showed that TEC was nearly maximum when the linear
polarization was nearly parallel to the crystal [001] direction.
(Note that the angle of rotation due to optical activity in the
crystal was 95°.) The beam I+ transmitted through the
crystal was imaged onto a TV camera.

The I beam carrying the pictorial information of the

V
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Fig. 3. Experimental setup to demonstrate the optical tracking filter.
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Fig. 4. (a) The I_ beam transmitted through the crystal. This beam carries the pictorial information of the letter 0. (b) The I+ beam

recorded when the transparency was moving across the beam I. (c) The I+ beam recorded subsequently when the transparency returned to

rest. (d) The I+ beam recorded when the optical table was shaken with the transparency at rest.

letter 0 from the transparency is shown in Fig. 4(a). Some
defects on the crystal surface can be seen. When the trans-
parency is moving across the beam I_, the corresponding
letter 0 appears on the output beam I+ [Fig. 4(b)]. Subse-
quently, when the transparency returns to rest, only the
uniform intensity distribution of the output beam I+ is seen
[Fig. 4(c)]. Figure 4(d) shows the output beam I+ when the
optical table is shaken with the transparency at rest. In this
case the letter 0 is also seen. The response time in this
experiment was found to be faster than 100 msec. From
these figures the tracking novelty operation (in other words,
the temporal differentiation) of the moving object is appar-
ent. An optical tracking filter using a phase-conjugate in-
terferometer together with a spatial light phase modulator
was reported by Anderson et al.18 The time constant of
their device was limited by the time response of the phase
conjugator. Recently Cronin-Golomb et al.19 reported an
optical tracking filter based on two-beam coupling in pho-
torefractive media with nonlocal 7r/2-shifted gratings. In
both schemes photorefractive BaTiO3 crystals (whose re-
sponse time is typically of the order of 0.1-1 sec for an

intensity of 100 mW/cm2 at visible wavelengths) were used
to obtain either a large phase-conjugate reflectivity or a large
steady-state two-beam coupling gain for better contrast of
the output images. In our case faster response materials,

such as Kerr media, can be used. The contrast of the output
image can be improved by increasing the intensity difference
between the two input beams. The uniform background in
the signal beam I+ can be reduced by using the cross-polar-
ization coupling phenomena in the cubic crystals.2 0 Anoth-
er possible advantage of this scheme is, as in Cronin-Go-
lomb's scheme, that it utilizes a simple spatial light intensity
modulator such as a commercially available liquid-crystal
television without any modification.

SUMMARY

In this paper we have demonstrated an optical tracking filter
based on TEC in a local and noninstantaneous response
medium. The physical origin of TEC has also been illustrat-
ed. This scheme is comparatively simple and hag the poten-
tial to use faster-response materials.
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