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ARTICLE INFO ABSTRACT

The temperature effect on the acousto-optic (AO) phase matching condition was examined both theoretically and
experimentally on an example of wide-angle acousto-optic filter fabricated from tellurium dioxide crystal. It was
shown that the AO crystal temperature variation changes the acoustic wave velocity that is involved into the AO
interaction and shifts the phase matching frequency of AO diffraction. The AO phase matching frequency shift
temperature coefficient was introduced, characterizing the magnitude of the frequency shift. The examination of
frequency shift magnitude was carried for the optical wavelength band from 440 nm to 1.52 um. It was shown
that the temperature coefficient decreases with increasing the optical wavelength. A method was introduced that
makes it possible to calculate the temperature shift coefficients for the real AO devices in a wide range of optical
wavelengths. The coefficients obtained with the proposed method are in good agreement with the experimental
data. Ultrasound attenuation was also examined in the given AO cell. Attenuation caused by the acoustic power
absorption is the main mechanism leading to the appearance of the inhomogeneous temperature distribution

Keywords:

Acousto-optic interaction

Acousto-optic phase matching condition
Temperature

Tellurium dioxide

Acoustic beam attenuation

Phase matching temperature shift

inside the AO cell during the operation.

1. Introduction

Optoelectronic devices operating on the basis of acousto-optic (AO)
effect are widely used for optical radiation control and its spectrum
analysis nowadays [1].

Such advantages of AO devices are a small size, the absence of
moving parts, comparatively low power consumption and high relia-
bility make them attractive for the fabrication of compact spectral
analysis instruments. Such devices may be used not only in laboratory
conditions but also outdoors and even in space [2-8]. One of the pe-
culiarities that arise when using AO instruments outside the laboratory
and strongly affecting the parameters of acousto-optical devices is a
wide operation temperature range. In space it may exceed 100 K. Due to
the difficulties with AO crystal temperature stabilization the problem of
AO crystal temperature influence on the AO devices characteristics
arises. The solution of this problem is important especially for the AO
tunable filters (AOTFs). It will allow avoiding the mistakes during the
experimental data analysis associated with the recognition of various
substances buy their optical radiation absorption bands. These mistakes
are caused by the observed displacement of the examined substances
absorption bands due to a change in the temperature of the AO crystal
[9].

There are two mechanisms that influence on the AO cell tempera-
ture. The first one is the heating or cooling of the AO crystal under the
action of ambient temperature [2,10,11]. The second one is the in-
homogeneous heating of the AO cell upon the absorption of the acoustic
beam power by the material of the AO cell [12-14]. The AO device
temperature may be stabilized in the first case, the equalization of
temperature gradients during the AO cell operation seems to be much
more difficult.

The AO devices are usually fabricated from the crystalline materials
that have strong anisotropy of various physical properties. For example,
the most popular AO material — tellurium dioxide is known for its ex-
tremely high acoustic anisotropy [15,16].

The crystalline media characteristics which are important for AO
interaction realization (namely the acoustic wave velocity and the re-
fraction indices) depend on temperature [17-20]. Hence, the char-
acteristics of AO devices depend on temperature also [7,10,12,21].
Theoretical and experimental examination of temperature influence on
TeO, AOTF operation was carried for the wide range of optical radia-
tion wavelengths. We have also measured the acoustic beam attenua-
tion to examine the inhomogeneous temperature distribution occurring
inside the TeO, AO cell during the operation.
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2. The examination of crystal temperature effect on AO phase
matching condition

2.1. Basic relations

The crystal temperature influences mainly the acoustic wave pro-
pagation velocity [17-20,22]. This may be explained in the following
way. It is known that the acoustic wave velocity in the crystal may be
defined by solving the Christoffel equation:

ITx—pV 8| = 0 1

where p - is the density, V — acoustic wave phase velocity, 8 — Kro-
necker delta, and Ty, defined as Ty = cjun;n — is the second-rank
tensor. The elastic modules matrix elements c; change with temperature
in the following way:

dCij
ar ~ % @

where y; — are the elements of thermal coefficients matrix for c;. Based
on the evidences [17-20], one may consider that the temperature de-
pendence c; (T) is linear. It was shown in papers [10,22] that the best
correspondence between the theoretical calculations and experimental
results is obtained by using the c; (T) data presented in [19]. The values
of TeO, elastic modules c¢; and their thermal variation dc;/dT are pre-
sented in Table 1.

In the presented investigation the temperature influence examina-
tion was carried for the wide-aperture AOTF fabricated from TeO,
crystal with 10.5° cut-angle. The AO interaction is realized in (110)
plane, the incident optical radiation has extraordinary polarization.
Solving the Eq. (1) it is possible to obtain that the acoustic energy walk-
off angle along the chosen direction is as high as 54.6°; the slow shear
acoustic wave velocity is 716 m/s for the 10.5° cut-angle.

Using the Egs. (1) and (2) for the case of slow acoustic wave pro-
pagating at 10.5°to the crystallographic [110] axis the following
temperature coefficient showing the variation of ultrasound wave ve-
locity with temperature was obtained: 0.06 m/s’K~!. This value seems
to be rather low, but it is enough to influence AO diffraction char-
acteristics significantly. We need to mention here that both acoustic
wave velocity and its variation with temperature [22] depend on the
chosen direction in TeO, crystal.

It is convenient to use wave vector diagram method for the AO in-
teraction description [23]. The following relation takes place for wave

— —

vectors of incident k; and diffracted k, optical waves and acoustic wave
e

vector K in the case of phase matching condition fulfilled:

- = S
kqg=ki+ K 3

where IEI = 27n;/A; IEI = 2mng/2; II_<)I =2nf/V, f — ultrasound fre-
quency, V - ultrasound velocity and A — optical radiation wavelength.

The wave vector Eq. (3) may be illustrated by the following
drawing, presented in Fig. 1.

The n, and n, are the segments of refractive indices surfaces cross
sections by the (110) plane, & = 10.5A°, §; = 25A°.

Using the presented vector diagram it is possible to obtain the
equation that defines the AO interaction phase matching frequency. It

Table 1
The TeO, elastic modules and their temperature variation.

¢;,10'°N/m? at 20 °C temperature %’ 10°N/m>K-?

1 5.612 —0.144
1z 5.155 -0.157
13 2.303 -0.038
¢33 10.571 —0.324
Ca 2.668 ~0.030
Cos 6.614 -0.226
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Fig. 1. The wave vector diagram of the AO interaction geometry being ex-
amined.

will be the following in the case of extraordinary polarization of in-
cident optical beam:

f= @{«/noz—nizcos@l; —n;sin@g}, @

where n; is the refraction coefficient for the incident optical beam, T is
the crystal temperature and O is the Bragg angle.

In fact, the values of the refraction indices also depend on the
temperature, but there is no reliable data allowing taking into account
their variation with temperature for paratellurite in IR region. Also the
effect of their variation on the AO synchronism frequency is much less
than the ultrasound wave velocity change. So we will consider n; and n,
to be constant and depending only on the optical wavelength.

The TeO, refraction indices were calculated with the following
equation [24]:

Cgﬂ.z Clﬂ.z

=1+ —— + ——
r-c;  2-c3 5)

where A is the optical radiation wavelength in pm, and C; coefficients
values are presented in Table 2 [24].
The n; value was calculated by taking into account the TeO, optical
activity [25]:
(no+dnn,

n; =
\/nez (sing)? + (n, + dn)?*(cosp)? 6)

where dn is the variation caused by optical activity and ¢ = 90—6; is the
angle measured from [11 0] axis in (110) plane defining the incident
optical wave propagation direction in crystal.

2.2. Experimental and computation results

The experimental part of the study was carried with the help of AO
cell fabricated from TeO, crystal with cut-angle « = 10.5A°, and
©p = —14.5A°. This geometry corresponds to wide-aperture AO inter-
action geometry [26,27]. The AO interaction length in the chosen AO
cell was 0.7 cm. The AOTF passband is about 330 kHz. Various types of
lasers were used as the optical radiation sources — gas lasers with
440nm, 633nm, 1.15pum, 1.52um (He-Cd and He-Ne lasers

Table 2
The C; coefficients for evaluation of paratellurite refraction coefficients.
Co C: Cz Cs
n, 3.71789 0.07544 0.19619 4.61196
ne 4.33449 0.14739 0.20242 4.93667
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Fig. 2. The photo of the AO cell being examined.

correspondingly) wavelengths and semiconductor lasers with 530 nm
and 790 nm wavelengths.

The temperature of AO crystal was controlled both by thermal
sensor mounted on its face and infrared imager. The photo of the AO
cell being examined is presented in Fig. 2.

Since in this work it was supposed to examine the crystal tem-
perature influence on the AO interaction characteristics, it was neces-
sary to achieve the most homogeneous temperature distribution within
the AO cell. To minimize the heating of the crystal due to the ultra-
sound absorption, the high-frequency generator operated in the am-
plitude modulation mode by the short rectangular pulses.

The infrared imager was used to control the AO cell temperature
homogeneity. The observed AO temperature distributions during the
measurements are presented in Fig. 3.

The homogeneous temperature distribution inside the AO cell
during the measurements is required to minimize the additional dis-
tortions of AOTF transmission function, which appear when tempera-
ture gradients inside crystal exist [12,28]. It was found during the ex-
periments that the best way to obtain the homogeneous temperature
distribution in the AO crystal is to heat it up to the maximal tempera-
ture with 5 degrees margin and to carry the measurements while the
crystal cools down slowly due to heat exchange with the environment.

The results of AO phase matching frequency measurements and
computations using Egs. (4)-(6) for various optical wavelengths ob-
tained for the AO cell temperature +25°C are presented in Table 3
together with temperature coefficients (kHz/K) of AO phase matching
frequency shift.

The Fig. 4 shows the comparison of experimental and theoretical
dependences of AO phase matching frequency on the optical radiation
wavelength (dispersion curves).

So we may conclude that theory and experiment are in good
agreement.

29
(@)

Fig. 3. The images of AO cell temperature distribution during the measurements; a — top view, b — view from the input optical face side.
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Table 3
The theoretically calculated and experimentally measured AO phase matching
frequencies and the temperature coefficients of the examined AO cell.

Optical AO phase matching Temperature coefficients of AO
wavelength A, frequency, MHz phase matching frequency shift,
pm kHz/K
Theory Experiment Theory Experiment
0.440 209.80 206.52 17.5 22.6
0.530 159.34 157.67 13.2 16.4
0.633 126.46 126.44 10.5 13.1
0.790 96.82 96.95 8.1 10.4
1.150 64.06 64.34 5.4 6.5
1.390 52.02 52.81 4.3 5.25
1.520 47.28 47.90 3.9 4.6
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Fig. 4. The comparison of experimental and theoretical dispersion curves of the
AOTF being examined.

The AO cell was heated till + 65 °C temperature to measure the AO
phase matching frequency shift temperature coefficients. The mea-
surements were carried every five degrees. The measurement results
were approximated by a linear dependence, and the temperature
coefficient was determined from its slope angle.

The comparison of theoretical and experimental AO phase matching
frequency shift temperature coefficients presented in Table 3 is shown
in Fig. 5.

Curve 1 in Fig. 5 illustrates the experimental measurements AO
phase matching frequency shift temperature coefficients. Curve 2 re-
presents the results of the calculations made with Egs. (1)-(6) and is

S

(b)

B 11l =
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Fig. 5. The comparison of theoretical and experimental AO phase matching
frequency shift temperature coefficients; 1 — experiment, 2 — theory, 3 — hybrid
method.

based on the data presented in paper [19]. We should notice that, from
Eq. (6), and assuming refractive indices to be constant is possible to say
that the ratio of theoretical phase matching frequency and temperature
coefficient is constant:

fo_
df/dT ~ dV/dT

= const

7

though this is not quite so according to the experimental data. The
discrepancy between the curves 1 and 2 is also significantly large. That
is why there is a need to improve the accuracy of theoretical calcula-
tions. We propose a hybrid method (both theoretical and experimental)
that includes only one experimental measurement and has a much
greater predictive power (curve 3) then a purely theoretical approach
illustrated by curve 2.

The essence of the hybrid method is the following. The AO phase
matching frequency variation with temperature depends only on the
change of acoustic wave velocity as follows from Eq. (4). The other
multipliers in the right side of the equation doesn’t depend on tem-
perature, thereby the Eq. (4) may be rewritten as:

af _
dr ®
The dV/dT derivative we could either take from literature [17-20]
or measure in an experiment. In the first case we will obtain curve 2 in
Fig. 5. In the second case we could define it by measuring df/dT only
for one optical wavelength. It is possible to obtain dV/dT from Eq. (8) if
we know df/dT value. This dV/dT value is used further for the calcu-
lation of AO phase matching frequency shifts for all other optical wa-
velengths. As follows from the presented results the hybrid method is in
good agreement with experimental results. The use of this method
greatly simplifies the AO devices temperature calibration procedures
since the measurements should be carried out only at the single optical
wavelength. We have used the measurements at 0.633 pum to obtain
curve 3. The AO phase matching frequency shift temperature coeffi-
cients calculated using the hybrid method are presented in Table 4.

Table 4
The AO phase matching shift temperature coefficients calculated with the hy-
brid method for the examined AO cell.

Optical wavelength, um

Temperature coefficients of AO
phase matching frequency
shift, kHz/K (curve 3)

0.44 0.53 0.633 0.79 1.15
21.8 16.6 13.1 10.0 6.6

1.39
5.4

1.52
4.9
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The small discrepancies between the results of hybrid calculations
and the experiment near the borders of examined optical wavelength
band are apparently due to a change of the paratellurite refraction in-
dices with temperature that we can’t take into account in the calcula-
tions due to the lack of data.

Considering the date presented in Tables 3 and 4 we may conclude
that 15 °C temperature variation is enough to shift AOTF transmission
function by an amount greater than filter transmission function in the
case of 440 nm optical wavelength. At the same time, if we want to
obtain the same frequency shift for an 1.52 um optical wavelength the
change in AO crystal temperature of more than 65 degrees is needed.
We should also point out that the results presented in Tables 3 and 4 are
valid only for the 10.5° cut-angle, but the method proposed may be used
for the arbitrary acoustic wave propagation in crystal.

2.3. Examination of ultrasound attenuation

It was mentioned above that the second effect that influences the
AO cell temperature is the ultrasound wave power absorption by the
material from which it is fabricated. The absorption causes the ap-
pearance of the inhomogeneous temperature distribution inside the AO
cell. In this case the AO interaction in various parts of the AO crystal
occurs at various conditions. The consequence of this effect is asym-
metric distortion and additional broadening of the AOTF transmission
function [12,28].

Fig. 6 represents the experimentally observed temperature dis-
tribution inside the examined AOTF that takes place when it is being
connected to the RF generator operating in the continuous mode at the
120 MHz frequency.

It is possible to notice that the maximal temperature gradient is
observed near the transducer (in the right part of the AO cell), so the
area of maximal heating produced by the acoustic wave power ab-
sorption and losses in the electrical matching circuit of the AO cell is
located near the transducer [13,14]. The temperature variation along
the crystal in the presented case is approximately 7 degrees. Since the
maximum temperature inhomogeneity is observed near the AO cell
transducer, all measurements presented in the previous part of the
paper were carried out for a laser beam passing through the central
region of the AOTF, where the temperature gradient is much smaller.
This was an additional measure to reduce the influence of possible in-
homogeneous temperature distribution that may appear even in the RF
generator pulse operation mode.

It is known that in the Bragg regime of AO interaction the intensity
of diffracted optical radiation is defined by the following equation:

DALI SD

e=0. 96

Fig. 6. The image of AO cell temperature distribution in the case of RF gen-
erator operation in continuous mode.
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2
L= L(q—l) sincz(q—l) = Isin? (q_l)
2 27 2

when the phase matching condition is fulfilled.
This equation in the case of low diffraction efficiency approximation
may be rewritten in the following form:

2
W) = (%’)

9

(10)
where g is the AO coupling coefficient, defined as:
MP,
T\ an

Here M is the acousto-optic figure of merit, P, — ultrasound power, [
— AO interaction length, b — the height of acoustic beam. The gl is called
Raman-Nath parameter that equals 7 in the case of 100% AO diffraction
efficiency. It follows from Egs. (9)-(11) that it is possible to observe the
ultrasound beam power variations by measuring the intensity of dif-
fracted optical beam for the incident optical beam passing through the
AO cell at various distances from the transducer. Thus it is possible to
examine the acoustic wave attenuation in the material of the AO cell.

The results of acoustic power distribution in the AO cell obtained for
various frequencies are presented in Fig. 7. The measurements were
fulfilled for four largest AO phase matching frequencies, which corre-
spond to optical wavelengths 440, 530, 633 and 790 nm (206.5, 157.7,
126.4 and 96.9 MHz respectively). It is known from literature [29] that
the dependence of acoustic power on distance in paratellurite is rather
complicated. Unfortunately the AO cell dimensions allowed carrying
the measurements only up to a distance 8.5 mm from the transducer.
This distance in not enough to obtain the part of the power on distance
dependence that should be approximated by exponential dependence as
it is known that in isotropic media the attenuation obeys Bouguer's law
[29]:

I(L) = Iye ™% 12)

where I, is the intensity of the signal on the media input, L is the layer
thickness of the media through which the wave passes, k; is the at-
tenuation coefficient. The thickness L in our case is defined by the
distance from the transducer plane to the axis of the laser beam. The
correct approximation is possible only for the case of 206.5 MHz
acoustic frequency.

The experimental results were approximated by exponentials. The
value of k; coefficient for 206.5 MHz is 0.39 em ™l

Using the experimental data it is also possible to plot the de-
pendences of the normalized acoustic wave power on the frequency at

1,0 . . :
(e] o
QO
5 09F S J
g |
(o]
(o} 0,8 = -
(0]
>
@®©
07t g
2 o 206.5 MHz
206l © 157.7MHz |
s ¢ 126.4 MHz
3 0.5 o 96.9 MHz
N U2 206.5 MHz, fit ]
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g 0.4 - ——126.4 MHz, fit 1
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Distance from transducer, mm

Fig. 7. The dependences of normalized acoustic wave power in the AO cell on
distance from transducer for various ultrasound frequencies.
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Fig. 8. The dependence of normalized acoustic beam power on ultrasound
power at various distances; 1 -L =2 mm,2-L =4 mm,3-L =6 mm,4-
L =8 mm.

various distances from the transducer. The results of experimental
measurements for the ultrasonic frequencies in the range from
96.9 MHz to 206.5 MHz are presented in Fig. 8.

The dependence illustrated by curve 1 corresponds to the L = 2 mm,
dependence 2 — 2 mm, curves 3 and 4 to 6 and 8 mm respectively.

It is usually considered that the ultrasound wave’s attenuation in the
medium is proportional to their frequency in the second power, but it
can be seen from Fig. 8 that for the small distances from the piezo-
electric transducer the dependence is linear. The nonlinearity appears
at distances greater than 6 mm in the examined AO cell.

Thus, the absorption of the acoustic wave power by paratellurite is a
complex process that does not fit into the framework of usual concepts.
The reason for the observed effects in the part of ultrasound absorption
is apparently the strong acoustic anisotropy of tellurium dioxide that
influences the distribution of acoustic energy inside the beam.

2.4. The examination of acoustic absorption influence on the AOTF
transmission function

The absorption of the acoustic power of ultrasonic waves by a
paratellurite crystal was examined in the previous section of the paper.
It was shown that even at a small distance from the piezoelectric
transducer, a significant change in the power of the acoustic wave may
occur. This variation affects the AO interaction efficiency. The entire
linear aperture of the AO filters is used in acousto-optical devices. Thus,
it turns out that in the case of a wide optical beam, light passing
through the AO crystal at various distances from the transducer will
diffract in an acoustic field with different efficiency. Therefore, it was
decided to investigate the change in the shape of the AOTF transmission
function from the distance to the transducer plane [29,30]. The results
of the transmission function measurements carried out for 440 nm op-
tical wavelength and 0.25mm, 4 mm, 8.5mm distances from trans-
ducer are presented in Fig. 9.

The experimental data analysis has shown that the diffraction effi-
ciency reduces and the transmission function is broadening with the
growth of the distance from the. The results obtained for A = 440 nm
are presented in Table 5.

It turned out that by increasing L from 0.25 mm to 8.5 mm the AO
diffraction efficiency is reduced by 70%, and AOTF passband is in-
creased by 15%. The shape of the transmission function transforms
slightly also — the side lobes are smoothed out.

Transformations of the AOTF transmission function shape and a
decrease in the diffraction efficiency can be explained by the decrease
in the AO interaction effective length caused by the ultrasound power
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Fig. 9. The AOTF transmission functions measurements at A = 440 nm for
various distances from transducer.

Table 5
The parameters of the AOTF transmission functions obtained for A = 440 nm
and various L values.

Distance from optical beam axis to transducer plane, mm 0.25 4 8.5
Transmission function passband, kHz 334 335 386
Normalized diffraction efficiency 1 0.64 0.3

absorption by a tellurium dioxide from which the examined AO cell was
fabricated [23,29].

Thus, when performing experimental measurements with the AO
filters, it is necessary to take into account the transmission function
dependence not only on the temperature, but also on the region in the
crystal through which the optical beam passes.

3. Conclusions

AO devices, because of their small dimensions and reliability, are
convenient for use not only in laboratory, but also in field conditions, in
which the temperature of the AO crystal is difficult to stabilize. For this
reason, it is necessary to examine the effect of temperature on the AO
filter characteristics.

AO cell fabricated from the paratellurite crystal with a cut-angle
angle a = 10.5A°, and @ = —14.5A° was examined in the presented
paper. Both theoretical and experimental examination of the tempera-
ture effect on the AO phase matching condition frequency was made for
different optical radiation wavelengths.

The AO phase matching frequency shift temperature coefficient was
introduced, characterizing the magnitude of the frequency shift in kHz
with a change in the crystal temperature by one degree K. It was shown
that the temperature coefficient decreases with increasing the optical
wavelength. The ratio of the phase matching frequency and the shift
magnitude stays constant with the wavelength according to the theo-
retical evaluations; however, this condition is not fulfilled strictly in the
experiment.

A method has been developed that makes it possible to calculate the
temperature shift coefficients for the real AO devices in a wide range of
optical wavelengths with high accuracy. This method makes it possible
to simplify substantially the process of AO devices temperature cali-
brations.

Ultrasound attenuation was studied in a given AO cell in addition to
the examination of temperature effect on the AO interaction char-
acteristics. Attenuation exists due to the absorption of the acoustic wave
power by the paratellurite crystal from which the AO cell is fabricated.
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Absorption is the main mechanism leading to the appearance of an
inhomogeneous temperature distribution inside the AO cell when AO
devices operate.

Examining the attenuation of ultrasonic waves, the following was
discovered: the absorption of the power of acoustic waves by para-
tellurite is a very complicated process. It is necessary to investigate the
acoustic anisotropy of tellurium dioxide for its description. It is shown
that under the influence of absorption the shape of the AOTF trans-
mission function changes. The presence of absorption leads to a de-
crease in the AO interaction efficiency, an increase of the AO filter
passband, the smoothing of the transmission function side lobes was
also observed.
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