Vol. 127 (2015)

ACTA PHYSICA POLONICA A

No. 1

Acousto-Optics and Applications

Examination of Temperature Influence on Wide-Angle

Paratellurite Crystal Acousto-Optic Filters Operation

S.N. MANTSEVICH*"*, O.1. KORABLEV®®, YU.K. KALINNIKOV?, A.YU. IVANOV®

AND A.V. KISELEV®¢
“Space Research Institute (IKI), 84/32, Profsoyuznaya, 117997, Moscow, Russia
YFaculty of Physics, Moscow State University, GSP-2, Leninskiye Gory, 119992, Moscow, Russia
“Moscow Institute of Physics and Technology (MIPT),
9, Institutsky dr., 141700, Dolgoprudny, Moscow Region, Russia
dVNIIFTRI, 141570, Mendeleevo, Moscow region, Russia

The effect of temperature on a wide-angle paratellurite acousto-optic tunable filter is analyzed on the exam-
ple of two different acousto-optic tunable filter configurations. The acousto-optic tunable filter operation was
between —50 °C to +40 °C; also the survival of an acousto-optic tunable filter device at —130 °C was demonstrated.
The phase matching ultrasound frequency varies with temperature. We link this temperature shift to photoelastic
characteristics of the TeO2. A generalization is made for all wide-angle acousto-optic tunable filters based on TeO2
crystal. In addition, the temperature influence on the acoustic walk off angle was examined.
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1. Introduction

Optoelectronic  devices based on the acousto-
optic (AQO) interaction principle are widely used to
analyze the optical radiation, in particular the AO tun-
able filters (AOTF) dedicated to spectral analysis [1, 2].
The problem of the temperature range, for operation
and storage sometimes turns out to be important or even
the restrictive factor for AOTF applications. A typical
temperature range of AOTF is £60°C. Storage and/or
operations below —80°C are of particular importance
in space applications [3-5]. Instruments containing
the AOTF may be mounted in the places where the
temperature stabilization is difficult or even impossible.
The effect of temperature on the AOTF operation is far
from being fully characterized [6-8], theoretical analysis
of influence on the AOTF operation was not done.
A consideration is that in TeOs, the phase matching
ultrasound frequency depends on the temperature, and
the relative shift is 107°-107% K1,

Here we analyze the effect of temperature on the AOTF
operation. We tested two wide-angle TeOy AOTF, devel-
oped for deep-space missions. The first one is employed
in SPICAM-IR (1-1.7 pm), presently in flight onboard
Mars Express ESA mission [3]. The second with spectral
range 1.15-3.3 um is under development for Lunar In-
frared Spectrometer (LIS) and Infrared Spectrometer for
ExoMars (ISEM) for the missions Luna 25 and Luna 27,
and for ExoMars Rover, respectively.
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2. Basic relations

The main characteristic of acousto-optic material is the
so-called AO figure of merit [9, 10]. It is evaluated ac-
cording to the following equation:
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where p is the media density, p;; is the matrix of ef-
fective photoelastic coefficients, V' — acoustic wave ve-
locity along the chosen direction, n., n, — refraction
indexes. Some physical properties of the crystal, for ex-
ample the acoustic wave velocity, depend on the tempera-
ture. This dependence takes place as the elastic modules
matrix elements, ¢;; [11-14] change with the tempera-
ture. The acoustic wave velocity in crystals is defined
by equation:
|ij — pI/25jk| = 0, (2)
where v — acoustic wave phase velocity, d;; — the Kro-
necker delta, and Iy = c;mnsn is the second rank
tensor. Using data from [11-14], with the help of (2)
it is possible to calculate the dependences of acoustic
waves velocities on the propagation direction for various
temperatures. The propagation direction is set by the
azimuthal angle €, measured from the crystallographic
axis Z in (110) plane or in other words by the cut off angle
o measured from [110] axis in the same plane oo = 90° —6.
In this paper we consider the two cases of the TeOq
crystal cut off angle: 19° and 12.5°. The dependence
V (0) varies with the temperature in a complicated way.
Also the temperature influences on acoustic walk off an-
gle 1. This effect is presented in Fig. 1 that shows the
dependence of v shift (the difference between ¢ at nor-
mal conditions and 1 at low temperatures) on 6 in (110)
plane. This shift may be more than 1 deg, and may in-
fluence the AO diffraction characteristics.

M =

)


http://dx.doi.org/10.12693/APhysPolA.127.43
mailto:snmantsevich@yahoo.com

44 S.N. Mantsevich et al.

—-50°C

125 F —-110°C| .
b5
o 1.00 |- u
3
=
(2]
o 075 F
[=)]
o
©
e .
© 0.50 |-
-
(]
s

0.25 -

0.00 1 1 1 1 1

0 15 30 45 60 75 90
Polar angle, 6

Fig. 1. Dependences of walk off angle for slow

acoustic wave velocity on the direction in the
(110) crystallographic plane for —50°C (black curve)
and —110°C (dashed curve).

3. AOTF temperature tests

Formal temperature requirements for Mars Express
mission are typical: —30°C... 4+ 40°C operational;
—50°C... + 60°C survival. The thermal tests of the
SPICAM AOTF were performed in a climatic chamber.
The AOTF transfer function was measured for the wave-
lengths of 1.13, 1.36, 1.37, and 1.53 pm.

The testing of LIS AO module (hereafter AOM) was
done to find out whether it could withstand the tem-
perature requirements for the Lunar and Mars surface
missions. The check of the AOM operation consisted
of measuring the AOTF transfer function at 1.15 pym
(79-80 MHz). At each measurement the AOM power
consumption was checked in the whole operation range
25-80 MHz (Fig. 2).
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Fig. 2. The LIS AOM power consumption depen-

dences on ultrasound frequency recorded during the

thermo-vacuum tests in the range between +40°C

and —50°C.

We followed the same approach to check the integrity of
the LIS/ISEM prototype AOTF in the extended temper-
ature range, to confirm survival temperature of —130°C

for the Mars surface mission. Careful inspection of the
AOTF crystal did not show any damage or degradation
neither in the crystal, nor in the transducers.

4. Results and discussion

The phase matching frequency becomes lower with de-
creasing temperature, in accordance with Eq. (3):

A V2
Qnifv 1+ A2 f2 (nf —nd)|- (3)
Here 0p is the Bragg angle; n; and ng are the crystal
refraction indices for the incident and diffracted optical
waves. We have therefore ignored the temperature de-
pendence of the TeOs dispersion in the present study.
The overview of temperature influence at AOTFs is
presented in Table. In the tested LIS prototype AOTF
operation temperature range (—50... + 40°C) the fre-
quency shift (Af) amounts to 0.42 MHz, while the fil-
ter pass-band is 0.18 MHz. In the case of SPICAM
AQOTF the cutoff angle is larger, and the dependence
of the V on the temperature is smaller. But the phase
matching frequency shift is still significant: for the range
—20...420°C it equals 0.19 MHz that is approximately
twice as large as the passband of 0.1 MHz.
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TABLE
Summary of the test results.
Instrument SPICAM LIS
cut off angle [deg] 19° 12.5°
temp. range [°C] —50...440|—50...4+40
v at normal conditions [m/s] 898.5 757.8
temp. variation of v [m/s] 2.45 m/s 5m/s
measured Af [kHz/k| 2.19+0.03 | 5.17£0.12
calculated Af [kHz/K| | 2.91+£0.27 | 6.14+0.22

The phase matching frequency was computed for the
values of the ¢;; measured in [11-14]. In Fig. 3ab
we compare the theoretical dependences of the phase
matching frequency on temperature computed with the
use of Egs. (2), (3) and experimental elastic coefficients
from [13] with those obtained experimentally. In the
temperature range considered the phase-matching fre-
quency shift for a wide-aperture AOTF depends lin-
early on the temperature. The relative shift amounts
to 2.5 x 107° K1 for SPICAM and 6.6 x 10~°> K~ for
the LIS prototype. A significant scatter of the theoret-
ical points is caused by the accuracy of the c;; values
presented in [13]. Despite the lower accuracy of the the-
oretical results, the corresponding relative shift of the
phase-matching frequency is noticeably larger in both
cases, and amounts to 3.2 x 10° and 7.9 x 10° K~! for
SPICAM and LIS AOTF configurations. This bias of 20—
30% might be related to the temperature variation of the
TeO4 dispersion, ignored in the present analysis.

Besides the effect of the temperature on the AO in-
teraction, the power consumption of the device depends
on temperature, too. The AQO diffraction efficiency for
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Fig. 3. Phase matching frequency in function of tem-

perature for two AOTF devices. (a) SPICAM-IR
AOTF; the optical wavelength of incident light is
1.53 pm. Calibration results [13] are marked with solid
squares. (b) LIS prototype AOTF. The optical wave-
length of incident light is 1.15 pm. Test results are
marked with solid squares with error bars.

longer optical wavelengths, corresponding to lower ultra-
sound frequencies, is smaller than that for shorter opti-
cal wavelengths. This defines higher power consumption
at low ultrasound frequencies, as in Fig. 2. The AOM
power consumption was monitored during the thermal
tests in the range between +20°C and —50°C. Gener-
ally the power consumption decreases with the tempera-
ture. The reduction is the most significant at —40°C and
-50°C. It varies from 10-15% at longer wavelengths up to
75% at shorter wavelengths. The decrease of the maximal
AQ diffraction efficiency at low temperatures following
the decrease in the AOM power consumption is also ap-
parent in measured LIS transfer functions. At —40°C the
diffraction efficiency is reduced from =~ 80% to =~ 40%,
while the power consumption falls to 75% of the value
obtained at normal conditions (Fig. 2).

5. Conclusions

We have analyzed the effect of temperature influence
on the operation of wide-angle TeOy AOTFs theoretically
and experimentally. We use the results of two space-
borne AOTF devices testing in an extended temperature
range. Three effects of the temperature are considered,

the shift of the phase matching frequency, the shift of
acoustic walk off angle, and the AQ efficiency. It is shown
that for the two cut-off angles in TeOs (110) the tem-
perature depression causes a phase matching frequency
shift towards lower ultrasound frequencies. This shift
depends on the cut-off angle. The phase matching fre-
quency is changing with temperature linearly. The re-
sults obtained can be further generalized to all wide-
angle AOTF’s fabricated on the base of TeO3. Com-
paring the measurements to theoretical estimations we
confirm that the shift of the phase matching frequency
is mostly explained by the temperature modification of
the slow acoustic wave in TeOs. During the tests of the
LIS AOTF prototype we achieved extremely low AOTF
non-operational temperatures, down to —130°C. After
tests AOTF appeared fully operational, without loss in
optical or electrical properties.
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