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Calculations of acousto-optic diffraction spectrum are fulfilled on the basis of modified Raman—Nath equations
which take into consideration the acoustic energy walk-off. It is shown that, depending on acousto-optic interaction

geometry, the walk-off can change essentially angular and frequency ranges of the interaction.

Coefficients of

broadening are put in practice as characteristics of the walk-off influence. The calculations are carried out for 5°
crystal cut of a paratellurite crystal in wide ranges of ultrasound frequencies and Bragg angles.
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1. Introduction

In modern acousto-optics, crystals are employed pre-
dominantly as a medium of acousto-optic (AO) interac-
tion. Many of them are distinguished by uniquely strong
optical and acoustic anisotropy, such as paratellurite
(TeOy), tellurium (Ne), calomel (HgoClz), etc. Paratel-
lurite is a basic material for fabrication of AO devices
for visible and IR spectral ranges. This crystal demon-
strates very strong acoustic anisotropy; the acoustic en-
ergy walk-off angle reaches 74° [1, 2]. This anisotropy
leads to new effects in AO interaction, changing its an-
gular, frequency and spectral characteristics. These ef-
fects are not studied in a proper way, although one may
expect that they will allow us to reach better characteris-
tics of AO devices. There are only a few papers devoted
to this problem [3-5]. The present research is focused on
extensive examination of acoustic walk-off influence on
AOQ characteristics in a paratellurite single crystal.

2. Theoretical basis

The problem of the AO interaction in media with
strong optic and acoustic anisotropy has been solved as
a general problem of light diffraction on a slanted sinu-
soidal phase grating [5-7]. Modified Raman—Nath equa-
tions have been obtained to describe interaction of light
and ultrasound in any diffraction regime (Raman—Nath,
Bragg or intermediate); they are valid for both isotropic
and anisotropic diffraction. These equations were used
at numerical calculations of frequency, angular and spec-
tral characteristics of AO interaction for various types
of AO light scattering (arbitrary geometry, isotropic and
anisotropic diffraction).

In the case of the Bragg diffraction regime, the ge-
ometrical interpretation of AO interaction is based on
the following vector relationship which results from the
Raman—Nath equations:

ki = ko + K + 1, (1)
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where ko and k; are the wave vectors of the incident
and diffracted light, K is the sound wave vector and
7 is the mismatch vector oriented orthogonally to the
boundaries of the acoustic beam. The length of the mis-
match vector determines the +1st order diffraction effi-
ciency; the longer this vector, the lower is the scattered
light intensity.

3. Peculiarities of AO interaction in paratellurite

Paratellurite was chosen for investigation because of its
unique properties and wide applications for fabrication
AO devices [8]. Most these devices use crystal cuts with
AOQ interaction plane (110), when the sound vector K of
the slow shear wave forms the angle x with the (001) crys-
tallographic plane. The cut angle x = 0° is characterized
by exceptionally high AO quality M = 1200x 10718 ¢3/g.
However, due to strong acoustic anisotropy, the acoustic
field in this case appears to be very non-homogeneous [2].
For eliminating this drawback, skew crystal cuts are usu-
ally applied. Then, the acoustic beam proves to be suf-
ficiently homogeneous, but the energy walk-off appears.
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Fig. 1. Frequency dependence of Bragg angles in the

case of anisotropic diffraction in paratellurite crystal:
+1o — diffraction of an o-wave into +1st order; +1e —
diffraction of an e-wave into +1st order; —1o0 — diffrac-
tion of an o-wave into —1st order; —le — diffraction of
an e-wave into —1st order.
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Below we present calculations of AQO anisotropic
diffraction for the crystal cut with x = 5° character-
ized by the walk-off angle o = 40.5°. The dependence of
the Bragg angles ¢p on the ultrasound frequency f for
the optical wavelength A = 0.63 um is presented in Fig. 1.
The calculation is fulfilled for both polarizations of inci-
dent light (o and e) and both diffraction orders (the +1st
and —1st ones) in the most practically important ranges of
angles and frequencies. For example, branch +1e corre-
sponds to the anisotropic scattering of the extraordinary
wave into the +1st order. Specific areas are pointed out
in the curves: points T correspond to areas of tangen-
tial geometry that are used in AO videofilters, points D
show areas which are optimal for deflectors and points M
provide the best characteristics of modulators [8].

4. Broadening coefficient

One of the main characteristics of AO devices is the fre-
quency characteristic, in other words, the dependence of
the diffraction efficiency ¢ on the ultrasonic frequency f.
This dependence defines the operating frequency range
of AO devices and, consequently, the operation speed.

For estimating the influence of the acoustic walk-off on
the frequency characteristics we introduced the broaden-
ing coefficient By = Af,/Afo, where Af, and Afy are
the frequency bandwidths in the real situation and in
the case of walk-off absence, respectively. Figure 2 dis-
plays the coefficients B; as functions of the AO match-
ing frequency fy, i.e. the frequency for which the cho-
sen incidence angle is the Bragg angle. The ordinate
scale is chosen in the reverse direction. The dependences
have a complicated character. Acoustic anisotropy can
both increase (By > 1) and decrease (By < 1) the fre-
quency range. In the calculated region, the maximal
broadening has proved to be By ~ 2 at the Bragg an-
gle pp = —60° for branches +1le and —lo. The nar-
rowing reaches 1/B; = 7.8 times for branches ~le and
+1o at the Bragg angle ¢p = +42°. With increasing
x the magnitudes of the broadening coefficients also in-
crease. For example, the crystal cut with x = 10.5° gives
1/B; = 17 times. This effect is caused by joined action
of two reasons: (1) change of the mismatch vector 7, di-
rection due to the walk-off and (2) change of the optical
path length in the slanted acoustic beam.

The value By = 1 means that the acoustic energy
walk-off does not impact the AO interaction bandwidth.
This situation is possible only for the +1le and —lo
branches. It corresponds to close points: ¢p = —22.2°,
fo = 83 MHz for the +1e branch and ¢ = —21.2°,
fo = 85 MHz for the —1o branch. The peculiarity re-
vealed becomes understandable from the vector diagrams
in Fig. 3 constructed according to Eq. (1) for the Bragg
angle ¢p ~ —20°. The scheme scale is distorted pur-
posely to make the diagram view more clear. The dia-
gram corresponds to the case when the e-polarized in-
cident wave is scattered into the +1st diffraction order.
Here the vector 17(()0) represents the mismatch that would
be, if the walk-off is absent. The direction of this vec-
tor is orthogonal to the wave vector K. The mismatch
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Fig. 2. Broadening coefficients as functions of acoustic

frequency: +1o — diffraction of an o-wave into +1st or-
der; +1e — diffraction of an e-wave into +1st order;
—lo — diffraction of an o-wave into —1st order; —le —
diffraction of an e-wave into —1st order.

—
]

i,

Fig. 3. Wave vector diagram illustrating the case,
when the acoustic walk-off does not influence AO char-
acteristics.

vector n(()a) depicts the real situation with the walk-off

angle a. This vector is perpendicular to the boundaries
of the acoustic beam and forms the angle a with the
vector 1780). At the angle ¢p ~ —20° these two vec-
tors have the same length and, in consequence of this
feature, the frequency ranges Af, and Afy have equal
values. Geometry of AO interaction in the paratellurite
cell is depicted in Fig. 4. It should be noticed that the
points, where the acoustic walk-off does not influence AO
characteristics, are determined by the crystal cut and, in
more general sense, by acoustic and optical anisotropy of
a concrete crystal.

Comparing Figs. 1 and 2, one can note their aston-
ishing similarity despite the fact that the value By, that
is plotted along the vertical axis, characterizes acoustic
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transducer

absorber

Fig. 4. Geometry of light and sound beams interaction
in the paratellurite cell.

anisotropy influence and has no relevance to the Bragg
angles. One can suppose that this similarity is caused
indirectly by optical anisotropy (shape of the refractive
indices surface). At the same time, we see some distinc-
tions. In the tangential regions, the curves for o and e
polarizations do not cross; they only touch each other.
Besides, they have the inverted location in the region of
small Bragg angles in comparison with Fig. 1.

Another interesting and unexpected peculiarity was re-
vealed at calculation of angular characteristics, i.e. the
dependence of the diffraction efficiency ¢ on the incidence
angle ¢¢. It has been established that the dependences
By (fo) coincide with By (fo) not only qualitatively, but
quantitatively as well (within limits of computation ac-
curacy). This is astonishing because the angular and
frequency characteristics have substantial differences.

5. Conclusions

In this work, the Bragg diffraction of light on a sinu-
soidal phase grating induced in an anisotropic medium
by an acoustic wave has been studied for the case of a
large acoustic energy walk-off. This kind of diffraction is
typical for a number of crystals, in particular, for paratel-
lurite which is widely used in modern acousto-optics.

Modified Raman—Nath equations are derived that de-
termine light scattering in cases of both isotropic and
anisotropic diffraction. It is shown that the acoustic
walk-off can significantly alter characteristics of AO inter-
action. Broadening coefficients By and By are introduced
which describe the change in the width of frequency and
angular ranges.

Calculation of the broadening coefficients has been car-
ried out for 5° cut of a paratellurite single crystal in
wide ranges of the Bragg angles and acoustic frequencies
for different polarizations of the incident light. Subject
to the crystal cut, acoustic frequency and incident light
polarization the coefficients B can take values more or
less than unity, demonstrating thereby effects of broad-
ening or narrowing the AO interaction ranges. Numerical
calculations have shown that the influence of the acous-
tic walk-off at anisotropic diffraction is not vanishingly
small; this effect can change the AO interaction range
several times. Thus, our research has shown that the
acoustic walk-off should be taken into consideration when
designing AO devices.
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