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Photorefractive acoustoelectro-optic correlator
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An optical correlator based on acoustoelectro-optic interaction is proposed. The device is experimentally demon-
strated with a LiNbO 3 crystal in which acoustic waves are launched by a piezoelectric transducer and electric fields
are established through the photorefractive effect.

The homogeneous acoustoelectro-optic (AEO) effect
is an indirect interaction of light waves with a homoge-
neous applied electric field and an acoustic wave that
is launched in the same dielectric medium. The ho-
mogeneous AEO effect was previously analyzed and
used to implement a new optical modulator, a deflec-
tor, and a tunable filter.1-4 Here we discuss the inho-
mogeneous AEO interaction and describe a correlator
based on this effect.

The inhomogeneous AEO interaction takes place
when light propagates through a crystal in which spa-
tially varying electric fields are applied and acoustic
waves propagate as well. As in the homogeneous case,
the polarization field induced in the crystal is the sum
of two components that are due to the linear electro-
optic and acousto-optic effects. The spatial variation
of the applied electric field makes the analysis of the
inhomogeneous AEO effect more difficult, however.
In this Letter we consider the simplest case, in which
both the electric and the acoustic signals consist of a
single spatial frequency, i.e., they are both sinusoidal
gratings. In this case the AEO effect can be treated as
double diffraction by using relatively simple coupled-
mode analysis. The results of the simple harmonic
analysis can in principle be used to predict the diffrac-
tion for arbitrary spatial distributions of the acoustic
and electric fields by Fourier transforming the two
fields and treating each pair of frequency components
separately. This approach will be valid if both the
applied electric and acoustic signals are on a spatial
carrier and the light wave is approximately phase
matched to both gratings. This condition is valid for
the correlator implementation that is discussed in this
Letter. Specifically, we use a LiNbO 3 crystal in which
acoustic fields are launched by a piezoelectric trans-
ducer attached to the crystal and the inhomogeneous
electric field distribution is generated by recording a
hologram in the same crystal using the photorefractive
effect.5 We describe a simple device implemented in
this geometry that calculates the correlations between
the electrical signal applied to the piezoelectric trans-
ducer and the pattern used to record the hologram.

The wave-matching diagram and the corresponding
device geometry of one possible configuration of the
photorefractive AEO correlator are shown in Figs. 1 (a)
and 1(b), respectively. A photorefractive grating is
optically formed with its wave vector pointing in the y
direction, and a single-frequency acoustic wave is
launched in the x direction. A plane wave with ampli-
tude F1 is made incident at an angle that satisfies the
Bragg condition for isotropic diffraction by the pho-
torefractive grating, resulting in the generation of an
intermediate wave with amplitude F2 that is Bragg
matched for anisotropic diffraction by the acoustic
wave. Thus the intermediate wave is rediffracted to
produce the final doubly diffracted wave, whose am-
plitude F3 is proportional to the product of the ampli-
tudes of the two gratings. If the diffraction efficien-
cies of the photorefractive and acoustic gratings are
small, then the coupled-mode equations of the three
optical modes are

dF2/dr = jA12Fj,

dF3/dr = jA23F2,

(1)

(2)

where r is the distance along which light propagates.
L12 and A23 are the coupling coefficients of the photore-

fractive and acoustic gratings, respectively, and they
are proportional to the amplitudes of the correspond-
ing phase gratings. For small diffraction efficiencies
we can assume that F, is constant, and we assume the
following initial conditions:

F1(0) = F0, F2 (0) = 0, F 3(0) = 0. (3)

If we define diffraction efficiencies 7112 and i723 as i712 =

(IM12LI)2 and ?123 = (1A23L1)2, where L is the interaction
length, we obtain the following equations for the light
intensities from Eqs. (l)-(3):

I2 = 12 F012'

13 = (1/4)il 2n7231Fo12.

(4)

(5)

The previous analysis is valid for a perfect phase-
matching condition, which can be satisfied only if both
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tion in which the center frequency grating is formed.
It has been shown7 that this geometry maximizes the
interaction bandwidth. The second condition is simi-
lar to the requirement encountered in a conventional
acousto-optic deflector, except that in this case we
have two separate sources of phase mismatch. If we
assume that the spatial bandwidths of the signals h(x)
and f(+x/v) are equal, then the bandwidth of the pho-
torefractive AEO correlator is approximately equal to

Af = (/2 )1(n0 A2 /XL)/[1 + Ane(i)sin a/WX]}f, (7)

where X is the optical wavelength, A is the wavelength
of the acoustic center frequency, n0 is the ordinary
index of refraction, n, is the extraordinary index of
refraction, fc is the acoustic center frquency, and t7 is
the angle between the z direction and the intermediate
optical wave. Equation (7) is one half of the band-
width of a conventional acousto-optic deflector. If

(b)

Fig. 1. (a) Wave-vector diagram of the photorefractive
AEO correlator. (b) Configuration of the correlator.

the acoustic and the electric gratings consist of a single
carrier frequency. This is the case when the signal
a(t) that drives the piezoelectric transducer is a sinu-
soid and the photorefractive grating is produced by
interfering two plane waves.

Now suppose that the signal a(t) has the form
f(t)cos(wot), where w, is the carrier frequency and f(t)
is a signal that modulates its amplitude. Further sup-
pose that the photorefractive grating that is recorded
in the crystal has a spatial variation proportional to
h(x)cos(w2y), where W2 is the carrier frequency of the
photorefractive grating. The amplitude of the doubly
diffracted light will be approximately proportional to

F3 f(t + x/v)h(x)

IHH6mm
Fig. 2. Input pattern for the autocorrelation experiment.
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(6)

if the following conditions are satisfied:

(1) The maximum spatial-frequency component
of the signal h(x) is small enough that the diffraction
of the incident light into the intermediate wave is not
Bragg detuned.

(2) The sum of the maximum spatial-frequency
components of the signals h(x) and f(+x/v) is small
enough that the diffraction of the intermediate wave
to the doubly diffracted wave is not Bragg detuned.

In the configuration that we describe here the first
condition is easily satisfied because the modulation
h(x) varies in a direction perpendicular to the direc-

(b)

Fig. 3. (a) Modulation of the input electrical signal to the
acousto-optic device. (b) Oscilloscope traces of the modu-
lated electrical signal (top) and the two windows corre-
sponding to the input pattern (bottom).
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Fig. 4. Oscilloscope traces of the incoherent autocorrela-
tion (top) and the two windows (bottom).

these two conditions are satisfied, then a correlator
can be built if we place a spherical lens with focal
length f after the crystal. The amplitude of the dou-
bly diffracted light at the local plane becomes

f h(x)f(t + x/u)expUj(xx,/Xf)]dx, (8)

where X is the wavelength and xl is the spatial coordi-
nate at the local plane. If we use a pinhole detector
located at x1 = 0, we obtain the squared magnitude of
the coherent correlation between h(x) and f(t + x/v):

C ~~~~~~2Icoh(t) = j h(x)f(t + x/v)dx . (9)

If instead we collect all the light at the back focal
plane, we obtain the incoherent correlation

Iinc(t) = J Ih(x)121f(t + x/v)I2 dx. (10)

To demonstrate the correlation by the above meth-
od, an autocorrelation experiment was performed with
an AEO device in the configuration of Fig. 1 fabricated
with LiNbO3 . The acoustic center frequency of the
device was 20 MHz and its bandwidth approximately 7
MHz. The acoustic wave propagating in the x direc-
tion was a shear wave leading to anisotropic acousto-
optic diffraction through the P41 elasto-optic coeffi-
cient. The interaction length of the device was 1 cm,
and the light propagated in the near z direction with

an angle 1.8 deg from the z direction. The electric
field distribution was photorefractively recorded in
the LiNbO3 crystal as follows. First, the acousto-
optic device was driven by the acoustic center frequen-
cy, and it was oriented to maximize the acousto-optic
diffraction efficiency. Then two collimated Ar laser
beams (488 nm), satisfying the Bragg condition for the
acoustic center frequency, were made incident at an
angle such that their interference resulted in the for-
mation of a grating in the y direction. Two slits (Fig.
2) oriented in the x direction were placed in front of
the LiNbO3 crystal to write the two-slit pattern as an
amplitude modulation of the high-frequency interfer-
ence grating inside the crystal. The angle between the
two interfering beams was 2.6 deg, and the diffraction
efficiency was 0.6%. In the experiment the intensity
ratio of the two windows of the pattern in Fig. 2 was set
to approximately 1 to 2. An electrical signal was gen-
erated that exactly matched the pattern written inside
the crystal when the signal was modulated by the 20-
MHz acoustic center frequency and fed into the piezo-
electric transducer. The electrical signals are shown
in Fig. 3. Following these procedures we used one of
the two laser beams, which were used for the formation
of the interference grating, as the incident light wave
in the presence of the recorded photorefractive pat-
tern and the modulated acoustic wave. To obtain the
correlation, a spherical lens collected all the doubly
diffracted light at the focal plane. An oscilloscope
trace of the detected light intensity is shown in Fig. 4.
This is the incoherent autocorrelation of the pattern
shown in Fig. 2. The ratio of the peaks is 1:3:2, as
expected from the intensity ratio of the two windows
of the pattern written inside the crystal.
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