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This paper theoretically and experimentally examines a speci�c regime of acousto-optic di�raction during

which an arbitrarily polarized incident light in a paratellurite crystal is scattered simultaneously into two ortho-
gonally polarized di�raction maxima. We examined acoustic energy walk-o� in the crystal and its in�uence on
phase matching as well as on distribution of light energy between the two di�raction orders. This in�uence was
theoretically considered by means of wave vector diagrams illustrating momentum conservation law during the
photon�phonon interaction. We obtained expressions for mismatch parameters in the ordinary +1 and extraor-
dinary �1 di�raction orders both depending on the walk-o� angle. The obtained parameters were used in the
Raman�Nath system of coupled-wave equations to calculate the di�racted light intensities and frequency band-
widths of di�raction. We measured the bandwidths in experiments carried out in the (11̄0) plane of paratellurite
crystal at the walk-o� angle equal to 54◦.
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1. Introduction

The majority of crystals used for design of acousto-
optic (AO) devices is characterized by a strong depen-
dence of their elastic and optic properties on direction of
acoustic and optic wave propagation [1�3]. For example,
the angle between directions of phase and group veloc-
ity vectors of ultrasonic wave (acoustic walk-o� angle) in
a well-known paratellurite crystal may reach the value
Ψ = 74◦. The in�uence of acoustic anisotropy on pa-
rameters of AO interaction is being a subject of stable
interest during the recent years [4�10].
In this report, we discuss a particular regime of

anisotropic Bragg AO di�raction when arbitrarily polar-
ized incident light is de�ected simultaneously into two
di�raction maxima with orthogonal polarizations. Nu-
merical and experimental investigation of in�uence of
acoustic anisotropy on this type of di�raction was per-
formed in AO cell based on (11̄0) plane of paratellurite
crystal, where the walk-o� angle of ultrasound equals to
54◦ for the slow shear acoustic wave with the wave vec-
tor directed at 10◦ to [110] axis of the crystal. It should
be mentioned that the examined interaction geometry in
paratellurite di�ers from that in the papers [7�10] be-
cause the considered di�raction applies some other fre-
quencies of ultrasound and especially optical angles of
incidence as compared to the cited references.

2. Theoretical background

We consider di�raction of an incident arbitrary polar-
ized optical wave on a plane-parallel ultrasonic column
with width l and a wave vector of sound K in (11̄0)
plane of paratellurite crystal. In this plane, refraction
indices are equal to no = 2.26 and ne = 2.41 for light
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Fig. 1. Wave vector diagrams of Bragg di�raction of
arbitrarily polarized incident light in two orthogonally
polarized di�raction orders in (11̄0) plane of paratellu-
rite crystal.

at the optical wavelength λ = 633 nm. As one may see
from the wave vector diagrams of interaction in Fig. 1,
the wave vectors of sound K are directed at angle α to
the axis [110] of the crystal. The incident optical wave
in the crystal is separated into two parts: the extraor-
dinary wave with the wave vector kie and the ordinary
wave with the wave vector kio. These waves experience
di�raction with change of polarization into +1 ordinary
maximum with the wave vector k+1o and �1 extraordi-
nary maximum with the wave vector k−1e. The wave
vectors of the incident and the di�racted light and also
of the ultrasound are combined by the following relations:

k−1e + ∆k−1 + K = kio,

kie + K + ∆k0 = k+1o. (1)

(63)
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Simultaneous scattering may be observed under certain
directions of light incidence and certain values of ultra-
sonic frequency, when the magnitudes of phase mismatch
vectors ∆k−1 and ∆k0 in Eq. (1) are considerably small.
At light incidence under the Bragg angle θB relatively to
wave fronts of the ultrasonic wave and at certain magni-
tude of the acoustic wave vector K, the exact satisfac-
tion of the Bragg phase matching condition is possible for
both di�raction maxima, when the phase mismatch vec-
tors turn into zero (wave vectors corresponding this case
are gray-coloured in Fig. 1). In a general case, the phase
mismatch parameters are determined by the di�erences
of projections of the wave vectors of light corresponding
to the neighbouring di�raction maxima and of the ultra-
sound on the x axis. This axis is orthogonal to the direc-
tion of group velocity of sound and tilted at the acoustic
walk-o� angle Ψ to the wave fronts of the ultrasound
(and to the axis ξ in Fig. 1).

Our analysis of the wave vector diagrams allow obtain-
ing expressions for the phase mismatch parameters which
depend on the incidence angle of light θi, the acoustic
walk-o� angle Ψ and the angle of crystalline cut α:

∆k0 = − [koe cos (θ i + Ψ) −K sinΨ ]

+

√
k2o − [koe sin (θ i + Ψ) +K cosΨ ]

2
,

∆k−1 =
{
A−1k

2
o sin (Ψ − α) +B−1k

2
e cos (Ψ − α)

−koke
√
a−D2

−1

}
/a, (2)

where ko = 2πno

λ , ke = 2πne

λ , koe = koke
/√

k2o sin2 (α+ θ i ) + k2e cos2 (α+ θ i ), A−1 = K cosα −
ko sin (α+ θ i ), B−1 = K sinα + ko cos (α+ θ i ), D−1 =
K cosΨ − ko sin (Ψ + θ i ), a = k2o sin2 (Ψ − α) +
k2e cos2 (Ψ − α). The dependence of the phase mismatch
parameters on the acoustic walk-o� angle results in the
in�uence of the acoustic anisotropy of a crystal on char-
acteristics of the di�raction.

In order to �nd the amplitudes of the transmitted and
di�racted optical waves, we applied the Raman�Nath
system of coupled-wave equations describing the parti-
cular case of interaction

dCie

dx
= − q

2l
C+1o exp (−j∆k0x) ,

dCio

dx
=

q

2l
C−1e exp (j∆k−1x) ,

dC+1o

dx
=

q

2l
Cie exp (j∆k0x) ,

dC−1e

dx
= − q

2l
Cio exp (−j∆k−1x) . (3)

The following border conditions for the complex ampli-
tudes: Cio,e(0) = 0.5, C±1(0) = 0 were considered in the
analysis. The coupling coe�cients q and the mismatch
parameters ∆k characterize e�ciency of light energy ex-
change between the neighbor maxima. The intensity of
light in the di�raction maxima may be found as the prod-
uct of the conjugate amplitudes Ip = CpC

∗
p at x = l [1, 2].

3. Numerical and experimental implementation

Calculation and experimental veri�cation of the fre-
quency bandwidths of di�raction at the level 0.5 were
carried out for the AO cell with the following param-
eters. In the (11̄0) (11̄0) plane of paratellurite crystal
under crystalline cut angle α = −10◦ to [001] axis, the
phase velocity of the slow shear acoustic wave equals
V = 0.71 × 105 cm/s, and the acoustic walk-o� angle
equals Ψ = 54◦. The calculation showed that for the
considered geometry of AO interaction, the Bragg inci-
dence angle equals θB = −12.16◦ at the frequency of
ultrasound f = 116.65 MHz. It means that the optical
beams propagated far away from the axis [001]. Conse-
quently, the rotatory power of the crystal was neglected.
The acoustic wave is generated in the crystal by a piezo-
transducer having the length 1.1 cm, while the width
of the ultrasonic column under in�uence of the acoustic
walk-o� equals to l = 0.65 cm.

At these conditions, the calculated on base of
Eqs. (2), (3), frequency bandwidths equaled 0.41 MHz
and 0.34 MHz, respectively, for the +1 ordinary and �1
extraordinary maxima. To emphasize the in�uence of
acoustic anisotropy, we also calculated the bandwidths
of di�raction at the same conditions excluding the walk-
o� angle, which was then equal to zero. This calculation
gave the bandwidths of di�raction for the +1 and �1
di�raction orders, respectively, 0.56 MHz and 0.44 MHz.
Thus, due to the in�uence of the acoustic anisotropy, the
bandwidths of di�raction are narrowing in 1.3�1.4 times
in comparison with an isotropic medium.

The calculated values were also veri�ed experimentally.
It is important to mention that measuring of the fre-
quency bandwidths of di�raction at the discussed geom-
etry of interaction is rather complicated. The problem
arises from the side of a certain angular fuzziness of a re-
gion of the simultaneous Bragg scattering (di�erent from
zero region of acceptance angles), while the calculated es-
timations were obtained at a particular Bragg angle cor-
responding to the optimal, i.e. the most e�cient di�rac-
tion of light into both maxima. Therefore, in order to get
an exact experimental determination of the optimal light
incidence angle, we measured the frequency bandwidths
of di�raction in a certain range of light incidence angles.

The measured dependences of the frequency band-
widths of di�raction on the incidence angle and ultra-
sonic frequency are presented in Fig. 2. In the �gure, the
set of gray curves corresponds to the scattering from the
extraordinary zero into the ordinary +1 maximum, while
the set of black curves describes the scattering of the or-
dinary zero beam into the extraordinary �1 maximum.
The central frequencies of di�raction are presented by
dash-dot curves and the borders of the frequency band-
widths are illustrated by solid curves. We can see in
Fig. 2 that the experimentally found magnitude of the
Bragg angle, in the limits of the acceptance angles area,
and the central ultrasonic frequency corresponding to
the optimal scattering into both di�raction maxima are
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Fig. 2. Frequency-angular curves of frequency band-
widths in (11̄0) plane of paratellurite crystal: gray
curves � di�raction from zero extraordinary polarized
order into +1 ordinary polarized order; black curves �
di�raction from zero ordinary polarized order into �1
extraordinary polarized order.

slightly di�erent from the calculated ones: θB ≈ −13.4◦

and f ≈ 120 MHz.
In Fig. 3, one can see the dependences of the di�racted

light intensity in both di�raction orders: in the ordinary
+1 (Fig. 3a) and in the extraordinary �1 (Fig. 3b). These
data were obtained at the incidence of light optimal for
the simultaneous Bragg scattering. Experimentally mea-
sured bandwidths of di�raction turned out to be equal
to 0.38 MHz and 0.33 MHz for, respectively, the +1 or-
dinary and the �1 extraordinary maxima. Thus, the ex-
perimental data demonstrate quite good agreement with
the theoretically calculated ones.

5. Conclusion

We theoretically and experimentally investigated the
in�uence of acoustic anisotropy on parameters of AO in-
teraction. This in�uence was analyzed in the particular
case of the simultaneous Bragg di�raction of arbitrarily
polarized incident light into ±1 di�raction orders having
orthogonal polarizations. We evaluated phase matching
condition during the photon�phonon interaction in the
particular case of di�raction. The obtained formulae for
the phase mismatch parameters depending on the acous-
tic walk-o� angle together with the Raman�Nath coupled
wave di�erential equations provided calculation of light
intensities in the di�raction maxima. We used this theo-
retical background to determine frequency bandwidths of
light di�raction in the (11̄0) plane of paratellurite crystal
and sound propagating at the angle −10◦ with respect to
the [110] axis. Due to the elastic anisotropy of the crys-
tal, in the particular case of interaction, the calculated
and measured bandwidths proved to be 1.3�1.4 times nar-
rower than those in a hypothetic isotropic case. The ob-
tained results may not directly be generalized over other

Fig. 3. Frequency bandwidths of di�raction:
(a) +1 ordinary order; (b) -1 extraordinary order;
solid curves � calculated at walk-o� angle Ψ = 54◦;
dashed curves � calculated at walk-o� angle Ψ = 0◦;
solid curves marked as �×� describe measured data.

geometries of light and sound interaction in paratellurite.
However it is evident that the strong elastic anisotropy
of the crystal should be taken into consideration while
designing new acousto-optic devices.
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