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a b s t r a c t
The effect of temperature on the performance in a wide-angle paratellurite acousto-optic tunable ﬁlter
(AOTF) is analyzed on the example of two different AOTF conﬁgurations. The present study is a byproduct of the AOTF characterization for space-borne applications. The two AOTFs serve as dispersion
elements in spectrometers for Moon and Mars space missions. The operation of the AO ﬁlters was tested
in the range of 50° to +40 °C; we have also demonstrated the survival of an AOTF device at 130 °C. The
phase matching ultrasound frequency varies with temperature within 2.5  105 K1 and 6.6  105 K1.
We link this temperature shift to elastic characteristics of the TeO2, and demonstrate that it is mostly
explained by the temperature modiﬁcation of the slow acoustic wave velocity. We point out the best
reference describing experimental results (Silvestrova et al., 1987). A generalization is made for all
wide-angle acousto-optic tunable ﬁlters based on tellurium dioxide crystal.
Ó 2015 Elsevier B.V. All rights reserved.

1. Introduction
Optoelectronic devices based on the acousto-optic (AO) interaction principle are widely used to analyze the optical radiation, in
particular the AO tunable ﬁlters (AOTF) dedicated to spectral analysis [1–10]. The core element of an AOTF is a birefringent crystal
(typically of paratellurite, TeO2) with welded piezotransducer.
The radio frequency (RF) applied to the transducer generates an
acoustic ﬁeld in the crystal, and the Bragg diffraction occurring at
resulting periodic inhomogeneity of the refraction index allows
the ﬁltration of light. The tuning of the AOTF is controlled by the
RF. Robust design, small dimensions and mass, the absence of moving parts in the AO devices make them ideal instruments for space
applications [11–18].
The problem of the temperature range, both for operation and
storage turns out to be important or even the restrictive factor in
the AOTF for space applications. A typical temperature range of a
standard AOTF is ±60 °C. At the upper bound it is determined by
the use of indium for welding, and at the lower bound it is limited
by differences in thermal expansion coefﬁcients of the TeO2 crystal
and welded transducers, or the mounting of the crystal. The anisotropy of the thermal expansion of the TeO2 and LiNbO3 (typically
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used for manufacturing of transducers) further complicates the
problem. The lower boundary, storage and/or operations below
80 °C, the temperature noted to be a critical threshold, is of particular importance in space. Optical heads or the instruments containing the AOTF may be mounted on masts, manipulators and in
other places where the temperature stabilization is difﬁcult or
even impossible. The power resource for maintaining a suitable
temperature is often unavailable. For example, the requirement
on temperature range has predetermined the use of a mechanically-driven grating monochromator instead of the AOTF in an
infrared microscope-spectrometer ÇIVA for the Rosetta Philae
lander [14].
In course of preparation of MicrOmega IR microscope-spectrometer experiment for ExoMars and Phobos-Grunt missions in
2006–2009 we worked out several technical solutions enhancing
the AOTF storage and operation temperature range at the low temperatures. An extreme AOTF operation temperature as low as
175 °C was achieved. Some results of these tests are reported in
[14,15]. In the following the temperature range requirements were
relaxed allowing application of the AO ﬁlters manufactured
according to the standard technology in both missions.
Even in a ‘‘standard’’ temperature range, the effect of temperature on the AOTF operation is far from being fully characterized.
Theoretically the effect of temperature on the operation of an AO
deﬂector is analyzed in [19], also, a theoretical investigation of
temperature distribution in operating AO cell was done in

S.N. Mantsevich et al. / Ultrasonics 59 (2015) 50–58

[20,21]. Also in [22] the measurements of the AO wide-angular
monochromator transfer function spectral shifts were performed
for temperature range 40. . . +60 °C; the obtained spectral shift
was 0.05 nm/°C. A common practical consideration is that following the ultrasound properties of TeO2, the phase matching ultrasound frequency depends on the temperature, and the relative
shift amounts to 105–104 K1. This shift is generally characterized by calibration, and is even compensated for in certain devices
intended for real-time operations. However no theoretical analysis
of the temperature inﬂuence on the AOTF operation was done.
In this paper we analyze the effect of temperature on the AOTF
operation, theoretically, and by means of experimental testing. For
testing we used two types of a wide-angle paratellurite AO ﬁlters,
developed for deep-space missions. The ﬁrst conﬁguration of the
AOTFs is employed in SPICAM-IR (SPectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars IR channel),
presently in ﬂight onboard Mars Express ESA mission [13]. The second conﬁguration is under development for Lunar Infrared
Spectrometer (LIS) and Infrared Spectrometer for ExoMars (ISEM)
for the Moon landing missions Luna-Globe (Luna 25) and LunaResource (Luna 27), and for ExoMars Rover, respectively [18]. The
theoretical background, developed following the approach of [19]
is presented in Section 2, the AOTF devices are described in Section
3, and their testing – in Section 4. The results are summarized in
Section 5.
2. Basic relations
The characteristics of AO devices depend on numerous parameters. The AO interaction efﬁciency, characterized by a ratio of diffracted and incident optical radiation depends not only on the
acoustic wave parameters, but also on the crystal properties. The
main characteristic of acousto-optic material is the so-called AO
ﬁgure of merit [23,24]. It is evaluated according to the following
equation:

M¼

p2ij n3e n3o

qV 3

;

Fig. 1. The conﬁguration of the AO cell used in LIS AOTF.

cut off angle a measured from [1 1 0] axis in the same plane
a = 90°  h. The schematic drawing of the AO cell on the example
of LIS AOTF is presented in Fig. 1.
Acoustic wave velocity temperature change depends on the
direction in the crystal in a complicated way. In this paper we consider the two cases of h angle, 71° and 77.5°, the TeO2 crystal
cut off angle (a) from the [1 1 0] axis of 19° and 12.5° accordingly.
In all cases the decrease in the temperature leads to the decrease of
slow acoustic wave velocity (V). The dependence of the ultrasound
velocity of slow acoustic wave V on h and its variation with the
temperature is shown in Fig. 2.
The temperature dependences of V computed using Eq. (4) for
temperatures between +40 °C and 50 °C using Eq. (3) are presented in Fig. 3(a and b). Fig. 3a shows the V(T) dependences for
SPICAM-IR AOTF, and Fig. 3b, presents the same dependences for
LIS AOTF. Dependence marked by 1 corresponds to the calculations
carried with data from [25], 2 is obtained from [26] data, 3 and 4
were calculated with the use of [27] and [28] correspondingly. Further analysis has shown that the temperature dependence of the
elastic coefﬁcients presented in [27] ﬁts the experimental results
in the best way.

ð1Þ
3. The space borne AOTF devices

where q – is the media density, pij is the matrix of effective elastic
coefﬁcients, V – acoustic wave velocity along the chosen direction,
ne, no refraction indexes. The more is the ﬁgure of merit, the less
acoustic power is needed to achieve the diffraction efﬁciency
required. Some physical properties of the crystal, for example the
acoustic wave velocity, depend on the temperature. This
dependence takes place as the elastic modules matrix elements,
Cij [25–28] change with the temperature according to the following
equation [24]:

dcij
¼ cij cij ;
dT
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To study the dependence of the AOTF properties on the operation temperature we used the data obtained with the two types
of a wide-angle paratellurite AO ﬁlters, tested for the purpose of
their application in space. Both spectrometers considered are pencil-beam devices with serial registration of spectrum.

ð2Þ

where cij are the elements of thermal coefﬁcients matrix for Cij. The
elements Cij can be found in the literature [24–26]. Also, in [27] Cij
were experimentally measured for tellurium dioxide for the temperature range of 100 °C. . . +50 °C. In [28] Cij were experimentally
measured down to the temperature of 10 K.
The acoustic wave velocity in crystals is deﬁned by equation

jCjk  qm2 djk j ¼ 0

ð3Þ

where q is the density, v – acoustic wave phase velocity, djk –
Kronecker delta, and Cjk = Cijklninl is the second rank tensor. Using
data from [25–28] with the help of (3) it is possible to calculate
the dependences of acoustic wave velocities on the propagation
 plane for various temperatures. The propagadirection in the ð110Þ
tion direction is set by the azimuthal angle h, measured from the

plane, or in other words by the
crystallographic axis Z in ð110Þ


Fig. 2. Dependencies of slow acoustic wave velocity on the direction in the ð110Þ
crystallographic plane for +20 °C (solid curve) and 50 °C (dashed curve).
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transformed in the birefringent crystal into two partly overlapping
output beams that diffract in the acoustic ﬁeld independently.
They are deﬂected to both sides at 7.5°, the divergence being 5°.
The output beams are spatially separated from the relatively bright
zero orders, which are captured by a central light trap. The detectors are standard InGaAs Hamamatsu Ø1 mm photodiodes electrically cooled down to 25 °C below ambient.
3.2. LIS and ISEM

Fig. 3. The temperature dependences of ultrasound velocity V on the crystal
temperature calculated with data from different sources. 1 corresponds to the
calculations carried with data from [25], 2 is obtained from [26] data, 3 and 4 were
calculated with the use of [27] and [28] correspondingly a – SPICAM-IR AOTF; b –
LIS AOTF.

3.1. SPICAM-IR/Mars Express
The ﬁrst conﬁguration of the AOTF is employed in SPICAM-IR
instrument onboard Mars Express. SPICAM-IR covers the spectral
range of 1–1.7 lm with a relatively high spectral resolution for
an AOTF device: the resolving power k/Dk  2000. The instrument
registers the upwelling radiation from Mars, and can be also operated in solar occultations using a dedicated small-aperture solar
port. The main purpose of the instrument is to study the atmosphere of Mars, analyzing the near-IR spectrum with absorption
bands of H2O, CO2, and other constituents. The detailed description
of the instrument including its optical scheme, calibrations and
operations is presented in [13].
The AOTF device of SPICAM-IR is employed in a speciﬁc noncol cryslinear conﬁguration [10] with cut-off angle of 19° in the ð110Þ
tallographic plane, which allows to achieve the high spectral
resolution and a large acceptance angle (7°) simultaneously. This
crystallographic conﬁguration, in which both polarizations of the
diffracted light are conserved, is unique for TeO2 [29,30]. The
acoustic wave in the crystal is excited in the frequency range of
85–140 MHz. The AO interaction length is 23 mm. A collimator
forms a quasi-parallel beam in the crystal; the divergence inside
the crystal is limited at ±5.5°. The incoming light beam is

The second AOTF conﬁguration employed in LIS and ISEM is
under development for the Moon landing missions, and for ExoMars Rover, respectively. The description of these instruments
have not been published yet, so we provide some essential
details below. LIS is a simple near-infrared AOTF spectrometer
being developed to study the hydration and mineralogical composition of the Moon surface in the vicinity of a Polar lunar
lander. LIS pointing is provided by a robotic arm. The instrument
registers reﬂected solar radiation in the spectral range of 1.15–
3.3 lm including the range of 3 lm characteristic for water or
OH in implanted or bonded forms. LIS employs a single-pixel
InAs Hamamatsu detector operating at a temperature of about
10 °C.
From day to night the Moon surface temperature varies within ±150 °C, and the optical head of the instrument including the
AOTF is mounted away from the thermally stabilized body of
the spacecraft. However, the spacecraft provides the energy
enabling to operate survival heaters, and the instrument is
designed to maintain the AOTF temperature from +40 °C to
40 °C for operation, and above 60 °C during the lunar night.
ISEM, which is a spin-off the LIS development, is a subject of
more stringent thermal requirements. It is going to be mounted
on the mast of the ExoMars to assist the choosing of sampling
sites on the surface of Mars. In this case the 3-lm range is essential not only for the bonded water, but also for carbonate detections. While the day temperatures at the Mars surface are
relatively mild, the energy for temperature stabilization is not
available, and extreme night temperatures impose a requirement
on the AOTF to remain fully operational after the storage at the
temperature of 130 °C. Both spectrometers are intended to operate in coordination with cameras, providing context images in the
visible spectral range.
A detailed description of the spectrometers will be presented
elsewhere; here we brieﬂy outline the main features related to
the AOTF. The optical scheme of LIS, which is similar to that of
ISEM is presented in Fig. 4. It consists of an entry achromatic telescope (1–3) with 52 mm focal length; a ﬁeld-of-view (FOV) diaphragm (2), with Ø1 mm it provides the FOV of 1°; the AOTF
crystal (6) is placed in a quasi-parallel beam between a pair of
collimating lenses (4, 8), and a pair of polarizers (5, 7), the output
collimating lens (8) serves also as a focusing optics for the detector
(9).
A wide-angle acousto-optic tunable ﬁlter is manufactured on
the base of tellurium dioxide crystal. The ultrasound frequency
range is 25–80 MHz allowing to cover the spectral range from
1.15 lm to 3.3 lm with two piezotransducers. The transducers
operate in the sub-bands of 25–42 MHz and 42–80 MHz. The
 crystallographic plane.
crystal cut-off angle is 12.5° in the ð110Þ
The anisotropic Bragg diffraction regime is used. Incident optical
radiation has ordinary polarization and the diffracted optical
beam has the extraordinary polarization. The angle between the
passed and diffracted optical beams is 6° at the output of the
AO crystal. A pair of polarizers with crossed polarizing planes is
used to ﬁlter out the non-desired zero diffraction order. The principal characteristics of the AOTFs tested in this paper are summarized in Table 1.
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Fig. 4. LIS optical scheme: entry telescope – 1,3; FOV diaphragm – 2; AOTF collimator – 4; a pair of polarizers – 5,7; AOTF – 6; detector focusing optics – 8; detector – 9.

Table 1
Summary of the AOTF characteristics used in present study.
Instrument

Spectral
range (lm)

Frequency
range (MHz)

Spectral
resolution (cm1)

AOTF passband
(MHz)

SX (cm2sr)

h

Cut off angle
from [1 1 0]

Temperature range tested

SPICAM IR

1–1.7

85–140

3.9

0.1

1.9  103

71°

19°

77.5°

12.5°

25 °C. . . +40 °C  50 °C. . . +60 °C
non-operational
40 °C. . . +40 °C  130 °C. . . +40 °C
non-operational

LIS SW

1.15–2.1

42–80

19

LIS LW

2.1–3.3

25–42

20.7

3

0.19

0.49  10

4. AOTF temperature tests
4.1. SPICAM-IR/Mars express
Formal temperature requirements for Mars Express mission are
typical for a space mission (30 °C. . . +40 °C operational;
50 °C. . . +60 °C survival). The thermo-vacuum tests of the SPICAM
AOTF were performed, to qualify the whole SPICAM instrument in
the required temperature range. Three cycles with 2-h plateau at
each extreme temperature of 50 °C, +60 °C were completed,
while the instrument functionality was veriﬁed in the chamber
at temperatures 30 °C, +25 °C, +40 °C, and outside the chamber,
before and after the tests.
For the calibration purpose the SPICAM-IR instrument including
all its electronics and the detector was placed in a climatic chamber and slowly cooled from +30 °C to 25 °C. The AOTF transfer
function was measured for the wavelengths of 1.13 lm, 1.36 lm,
1.37 lm, and 1.53 lm, using a Hg–Ar pen-ray lamp at several temperatures (Fig. 5). The lamp was located outside of the climatic
chamber. The simplicity of the thermal test set up enabled to measure AOTF transfer functions more precisely. Following these measurements the wavelength assignment of the AOTF spectrometer
was deﬁned, and parameterized by a simple polynomial function:

k ¼ A þ Bf

1

þ Cf

2

ð4Þ

Each term of (4) depends on temperature; however the dependence of the linear and the quadratic terms is weak. The AOTF unit
is equipped with a temperature sensor in the proximity of the crystal, and its temperature drift was precisely monitored in ﬂight.
Then this calibration was rectiﬁed using the positions of solar lines
measured in ﬂight and generalized for the temperature range of
20 °C. . . +40 °C. The ﬁnal results are presented in Table 2 [13].
4.2. LIS prototype testing
The testing of LIS AO module (containing AOTF, ultrasound frequency generator and ampliﬁer boards) was done to ﬁnd out
whether it could withstand the operation and storage temperature
requirements for the Lunar and Mars surface missions. The tests
were carried out in the vacuum chamber in IKI; the thermal regime
of the AO device was controlled regulating the temperature of a
dedicated plate cooled by liquid nitrogen. The experimental
scheme is presented in Fig. 6.
The AO module was mounted at an intermediate aluminum
alloy plate (weight 500 g, 20  20 cm) ﬁxed at the cooled plate
with two legs buffering the thermal sink from the device. The
intermediate temperature controlled (with two heaters) plate
and the AO device were enclosed with multilayer insulation
(MLI) to minimize the radiative leaks. The temperature of the AOTF
was measured by thermal sensors (Pt resistors) mounted at the
intermediate plate and at the AO cell with an accuracy of 0.01 °C.
The light source and the detector for optical testing were
located outside of the vacuum chamber. The laser beam passed
through the AOTF, diffracted in the acoustic ﬁeld and went out of
the chamber through the optical window situated on the top of
the chamber. We have used LGN-118-V He–Ne laser (Lvov,

Table 2
Temperature dependence of the wavelength assignment of the AOTF spectrometer:
coefﬁcients of (1) for different temperatures.

Fig. 5. Normalized SPICAM AOTF transfer functions, measured at 1.53 lm at
various AO crystal temperatures.

t° (°C)

A

B

C

+40
+30
+20
+10
0
10
20

3878.2216
3878.2868
3878.4138
3878.4989
3878.5473
3878.7544
3878.8494

0.0349626
0.0349712
0.0349780
0.0349877
0.0349996
0.0350074
0.0350152

1.06062  107
1.06111  107
1.06148  107
1.06204  107
1.06254  107
1.06314  107
1.06357  107
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Fig. 6. The LIS/ISEM AO module thermal test set-up.

Ukraine) with three wavelengths (0.62 lm, 1.15 lm and 3.39 lm).
In the test chamber we used only the wavelength of 1.15 lm, as
the fused silica optical window is not suitable for 3.39 lm.
To measure the effectiveness and other characteristics of the
AOTF we measured the intensity radiation in the zero diffraction
order. The polarizers were not used during the tests. The AOTF
was operating in the pulse regime, so the measure of diffraction
efﬁciency is the difference between the intensity of light when
the AOTF is off and when it is on. The operation in zero diffraction
order is easier in terms of adjustment, assessing the diffraction efﬁciency, and is more robust against optical losses and laser intensity
ﬂuctuations in the optical scheme, complicated with the chamber
entry window. The control of the AOTF operation (modulation at
5 kHz, scanning of the RF), and monitoring of its electrical parameters was done using the property AO module controller interfacing a PC. The PbSe photo detector Thorlabs PDA20H-EC with
embedded preampliﬁer was operated at room temperature. The
photo detector signal was registered by a digital oscilloscope [LeCroy WaveJet 352A].
During the tests the AO module was ﬁrst slowly heated
to +40 °C. After heating and exposure within one hour at +40 °C
for degassing, AO module was cooled down to 50 °C. The cooling
and heating rates were maintained at 0.5 °C per min. The check of
the AO module operation was carried in the temperature range
between +40 °C and 50 °C at every 10 °C. At each of these steps,
a two-minute exposure was sufﬁcient to homogenize the temperature of the AO module. Such a short time owing to the low mass of
the AO module and the intermediate plate, and to the low cooling
speed. The check of the AO module operation consisted of measuring the diffraction efﬁciency and AOTF transfer function in the

vicinity of 1.15 lm (the corresponding ultrasound frequency range
79–80 MHz). The corresponding transfer functions in the temperature range 40 °C. . . +40 °C are presented in Fig. 7. Also, at each
measurement, the AO module power consumption was checked
in the whole operation frequency range (25–80 MHz) to monitor
the electric parameters and the integrity of the device. The conﬁguration of the tested AO module, close to that of the ﬂight unit, and
conﬁned in a limited volume has not allowed to measure the true

Fig. 7. AOTF transfer functions of the LIS prototype, measured for 1.15 lm optical
wavelength at various AO crystal temperatures.
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Fig. 8. The LIS AO module power consumption dependences on ultrasound
frequency recorded during the thermo-vacuum tests in the range between +40 °C
and 50 °C.

RF power fed to the AOTF matching circuit. Only the general power
consumption of the AO module was monitored. The curves of the
AO module consumption in the temperature range between +40 °C
and 50 °C are presented in Fig. 8.
Beyond the low operation limit of 50 °C a series of tests were
carried out to check the low storage temperature achievable without a damage to the AOTF. The device was sequentially cooled
down to 60°, 75°, and 85 °C each time followed by heating
back to 50°C and operation control. The exposure at the extreme
low temperatures was 20 min throughout the whole test sequence.
Then the AO module was heated to 40 °C and an additional operation control was carried out. After that the vacuum chamber was
heated slowly to the room temperature and opened. The AO module was removed from vacuum chamber and fully examined. The
AOTF transfer functions were measured at 1.15 lm and 3.39 lm,
and the current consumption was checked in the full range. The
measured ﬁlter passband estimated as the full width at half maximum (FWHM) of the diffraction efﬁciency amounts to 2.5 nm at
1.15 lm, and 24 nm at 3.39 lm.
We followed the same approach to check the integrity of the
LIS/ISEM prototype AOTF in the extended temperature range, with
the aim to conﬁrm the extreme survival temperature of 130 °C
for the Mars surface mission. As before, after being heated and
exposed within one hour at +40 °C, the AO module was cooled
down to 50 °C. The AO module operation control was carried
out between +40 °C and 50 °C at every 5 °C. During the second
experiment series, the cooling and heating rate of 0.8 °C/min was
maintained. The exposure time after achieving each temperature
step before the operation control was 2 min. The AOTF transfer
function was measured at 1.15 lm, and the AO module current
consumption was checked in the full frequency range. Below
50 °C the AO module was cooled down beyond the storage temperature of 85 °C achieved in the previous test series in the following sequence: 95°, 110°, 120°, 130 °C. The exposure at
low temperature was 20 min. After each of these steps the AO
module was heated and double-checked, at 50 °C, and at
40 °C. After the extreme temperature of 130 °C was achieved
the AO module was heated up to +30 °C, checked, and the vacuum
chamber opened at room temperature. After the tests the AO module was fully examined.
The power consumption curves of the LIS AO module measured
in function of the ultrasound frequency before and after the thermal tests (in the lab, outside the vacuum chamber) are compared
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Fig. 9. AO module power consumption in function of the ultrasound frequency at
ambient temperature. 1 – before the tests; 2 – after the full sequence of the thermovacuum tests (see text).

in Fig. 9. The difference between the curves is insigniﬁcant and is
generally within the noise level; some extra uncertainties may be
related to reproducibility of the set-up. For an additional control
of a possible damage of the AO crystal the AOTF transfer functions
measured before and after the thermal tests at 1.15 lm and
3.39 lm.
Careful visual inspection of the AOTF crystal, in particular its
transducer welding interface, did not show any damage or degradation neither in the crystal, nor in the transducers. Close-up pictures of the AOTF crystal after the tests are presented in Fig. 10.
We conclude that the AO module remained fully operational,
and was not damaged during the thermal tests in the range from
130 °C to +40 °C neither electrically, nor mechanically.

5. Results and discussion
5.1. AOTF transfer functions
The most important optical characteristic of the AO ﬁlters is
their transfer function, the dependence of the diffraction efﬁciency
on the ultrasound frequency. The width of the transfer function
determines the AOTF resolving power and its applicability as a
spectral instrument. The shape of transfer function is described
by the following equations:

0qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 1
0qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 1
2 2
g20 þ q2
g20 þ q2
I0
g
l
2
2@
f0 ¼ ¼ cos
lA þ 0 sinc @
lA
2
2p
Ii
4
0qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 1
2
g20 þ q2
I1 q2 l
2@
lA
sinc
f1 ¼ ¼
2p
Ii
4

ð5Þ

where g0 – is the AO mismatch, which deﬁnes how strongly the
phase matching condition for interacting optic and acoustic waves
is violated. The phase matching condition is fulﬁlled when g0 = 0.
In the reality the interacting wave fronts are not perfectly plane
and the acoustic ﬁeld in the AO cell is not homogeneous, therefore
the shape of the transfer function differs from the ideal one calculated with (5).
The experimentally measured transfer functions of the AO ﬁlters considered at various temperatures are presented in Fig. 5
for SPICAM for the optical wavelength of 1.53 lm, and in Fig. 7
for LIS prototype for the optical wavelength of 1.15 lm. In both
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Fig. 10. LIS AOTF crystal after the thermo-vacuum tests.

cases the phase matching frequency becomes lower with decreasing temperature, in accordance with Eq. (6):

"
#
kf
V2
2
2
sin hB ¼ 
1 þ 2 2 ðni  nd Þ
2ni V
k f

ð6Þ

authors [25,26,28]. First comparisons showed that only the data
from the work of Silvestrova et al. [27] are in satisfactory agreement with the experiment.
Below (Fig. 11) we compare the theoretical dependencies of the
phase matching frequency on temperature computed with the use

Here hB is the Bragg angle, designating the angle of light incidence when the maximal diffraction efﬁciency is achieved (the
phase matching condition); ni and nd are the crystal refraction indices for the incident and diffracted optical waves. The angle of light
incidence at the AO cell was constant during the experiment, ni = ne, nd = no, ne > no. The refraction indices were calculated following
[9]:

n2 ¼ 1 þ

C 0 k2
2

k 

C 22

þ

C 1 k2
k  C 23
2

ð7Þ

;

where coefﬁcients Ci are deﬁned in Table 3.
The refraction indices of TeO2 depend on the temperature as
well. To our knowledge the temperature dependence is characterized in a few Refs. [19,31,32]. Following Balakshy et al. [19] its relative change remains within 104 in our full temperature range.
We have therefore ignored the temperature dependence of the
TeO2 dispersion in the present study.
The LIS AOTF cut-off angle is 12.5° (V = 757.8 m/s at normal conditions), that means h = 77.5°, and SPICAM-IR AOTF cutoff angle is
19° (V = 898.5 m/s at normal conditions), in this case h = 71°. Using
[27] data for Cij the velocity variation at the temperature range
50. . . +40 °C for the LIS geometry is 5 m s1 and for SPICAM-IR
AOTF geometry 2.45 m s1. The temperature inﬂuence at the AOTF
operation is therefore signiﬁcant. Following Figs. 5, 7 and 11 and
Eq. (6) in the tested LIS prototype AOTF operation temperature
range (50. . . +40 °C) the frequency shift (Df) amounts to
0.42 MHz, twice as large as the ﬁlter pass-band of 0.18 MHz. In
the case of SPICAM AOTF the cutoff angle is larger, and the dependence of the ultrasound velocity on the temperature is smaller
than for the LIS AOTF. But the phase matching frequency shift is
still signiﬁcant: for the temperature range 20. . . +40 °C it equals
0.19 MHz that is approximately twice larger than the passband of
0.1 MHz.
The phase matching frequency (for g0 = 0) was computed for
the values of the elastic coefﬁcients Cij measured by different

Table 3
The Ci coefﬁcients for Eq. (7).
Refraction index

C0

C1

C2

C3

no
ne

3.71789
4.33449

0.07544
0.14739

0.19619
0.20242

4.61196
4.93667

Fig. 11. Phase matching frequency in function of temperature for two AOTF devices.
Above (a): SPICAM-IR AOTF; the optical wavelength of incident light is 1.53 lm.
Calibration results [13] are marked with solid squares. Below (b): LIS prototype
AOTF. The optical wavelength of incident light is 1.15 lm. Test results are marked
with solid squares with error bars. In both cases the solid circles are theoretical
values calculated using [27]. Linear ﬁts to the experimental and theoretical data are
also shown.
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Table 4
Summary of the test results.
Instrument

Cut off angle (°)

Temp. range (°C)

V at normal conditions (m/s)

Temperature variation of V (m/s)

Measured Df (kHz/K)

Calculated Df (kHz/K)

SPICAM
LIS

19°
12.5°

50. . . +40
50. . . +40

898.54
757.8 m/s

2.45 m/s
5 m/s

2.19 ± 0.03
5.17 ± 0.12

2.91 ± 0.27
6.1 ± 0.22

of Eqs. (3), (5) and (6) experimental elastic coefﬁcients from [27]
with those obtained experimentally.
In the temperature range considered the phase-matching frequency shift for a wide-aperture AOTF depends linearly on the
temperature. The linear dependence is the most evident with the
accurate SPICAM calibration data. The measurements with LIS prototype are somewhat less precise in terms of temperature control
(note the error bars), but their advantage is the wider temperature
range. The linear approximation remains the best ﬁt to LIS test
results in the range of 40°. . . +40 °C. The measured shift of the
phase-matching ultrasound frequency with temperature for two
conﬁguration of the AOTF is presented in Table 4.
The relative shift amounts to 2.5  105 K1 for SPICAM and
6.6  105 K1 for the LIS prototype. A signiﬁcant scatter of the
theoretical points may be caused by the accuracy of the Cij values
presented in [27]. Multiple Cij coefﬁcients are all measured experimentally at different temperatures with an increment of 10 °C.
These measurements contain speciﬁc errors, and their translation
into the phase-matching frequency is difﬁcult to follow. Despite
the lower accuracy of the theoretical results, the corresponding relative shift of the phase-matching frequency is steadily larger in
both cases, and amounts to 3.2  105 and 7.9  105 K1 for SPICAM
and LIS AOTF conﬁgurations. This bias of 20–30% might be related
to the temperature variation of the TeO2 dispersion, ignored in the
present analysis, and partially compensating the temperature
effect of the ultrasound velocity.
5.2. AOTF efﬁciency and power consumption
Hereafter we analyze the LIS AOTF power curves obtained during the tests (Figs. 8 and 9). Besides the effect of the temperature
on the AO interaction, the power consumption of the device
depends on multiple parameters, such as impedance matching circuitry (standing wave ratio), or RF power generator and ampliﬁer
characteristics. The power is also regulated by the AO module control software. All these factors complicate the shape of the power
curves. However the general decrease from lower to higher frequencies is signiﬁcant. The AO diffraction efﬁciency for a given
optical wavelength is deﬁned by Eq. (8):

f¼

 
I0
ql
;
¼ cos2
2
Ii

pDn ¼ p
where ql  2kcosh
k cos h

ð8Þ
qﬃﬃﬃﬃﬃﬃﬃ
MP a
lb

is the Raman-Nath parameter, k is the

optical wavelength in vacuum, b is the acoustic beam height, and
Pa – acoustic power. Following (8), the AO diffraction efﬁciency
for longer optical wavelengths, corresponding to lower ultrasound
frequencies, is smaller than that for shorter optical wavelengths.
This deﬁnes higher power consumption at low ultrasound frequencies, as in Figs. 8 and 9. The peak appearing in the range of 42 MHz
marks the transition between the low-frequency and high-frequency transducers.
Eq. (8) also deﬁnes an optimal acoustic power Pa for each k; for
higher or lower Pa the diffraction efﬁciency is lower than for this
optimal value. The optimal RF level is should be therefore maintained for each frequency, and the Pa should not be exceeded in
any case.
The AO module power consumption was monitored during the
thermal tests in the range between +40 °C and 50 °C (Fig. 8). It is

apparent that the shape of the power curves and their temperature
excursion is complicated by thermal dependencies of the RF
matching circuit and also by other factor related to the RF conditioning. The second factor may be dominant. It is therefore difﬁcult
to deduce any accurate assessment of the AO effectiveness dependency on the temperature. It should be noted, that this problem is
intrinsic for the testing of AO devices, because the elements of the
impedance matching scheme could not be separated from the crystal, and are subject to cooling or heating in any case. Generally the
power consumption decreases with the temperature. 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 reduction of power consumption at low temperatures should
affect the AO diffraction efﬁciency as the power of acoustic waves
in AO crystal may be reduced.
The decrease of the maximal AO diffraction efﬁciency at low
temperatures following the decrease in the AO module power consumption is also apparent in measured LIS transfer functions
(Fig. 7). 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. 8). At 50 °C the signal from
the 1.152-lm laser was undetectable.

6. Conclusions
In the present study we have analyzed the effect of temperature on the operation of wide-angle tellurium dioxide AO tunable
ﬁlters theoretically and experimentally. We use the results of calibration and testing of two space-borne AOTF devices in an
extended temperature range. The AOTF’s being examined experimentally are the elements of SPICAM-IR spectrometer, presently
in ﬂight on Mars Express ESA mission, calibrated in the range of
20°. . . +40 °C, and of the Lunar Infrared Spectrometer (LIS) prototype being developed for Luna-Globe and Luna-Resource Roscosmos landers, tested in the range of 40°. . . +40 °C. Two
effects of the temperature are considered, the shift of the phase
matching frequency, and the AO efﬁciency. We draw the following conclusions:
(1) It is shown that for the two cut-off angles in paratellurite
 plane employed in wide-aperture AO ﬁlters, the temð110Þ
perature depression causes a phase matching frequency shift
towards lower ultrasound frequencies. This shift depends on
the cut-off angle, and is measured for the two considered
conﬁgurations. The phase matching frequency is changing
with temperature linearly. The results obtained can be further generalized to all wide-angle AOTF’s fabricated on the
base of tellurium dioxide.
(2) Comparing 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 velocity in TeO2. The effect due to temperature dependence of the TeO2 refraction indices is much
weaker.
(3) Out of different references documenting the temperature
dependence of temperature-dependent elastic modules Cij
[25–28] only the data from Ref. [27] satisfy the experimental
measurements.
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(4) The power consumption of the AO module signiﬁcantly
depends on the temperature. Following the testing of the
LIS prototype, with the decreasing temperature both the
power consumption and the AO efﬁciency is reduced. The
effect is the most noticeable at higher phase-matching
acoustic frequencies, or at shorter optical wavelengths.
(5) During the tests of the LIS AOTF prototype we achieved, after
several progressive cycles, extremely low AOTF non-operational temperatures, down to 130 °C. After being heated
to 50 °C AOTF appeared fully operational, without loss in
optical or electrical properties. This result is however preliminary and requires further technology validation and additional qualiﬁcation tests.
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