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Abstract
Some applications of quasi-collinear acousto-optic
(AO) cells, such as laser pulse generation and shaping,
microscopy, spectroscopy, and multicoloured optical
tweezers, require the creation of precisely defined dis-
tribution of the acoustic field frequency and amplitude
along the entire AO interaction length. If the actual
acoustic field structure inside the AO crystal deviates
from the desired one, the spectral components of the
input optical pulse are diffracted in the areas with
improper characteristics. It leads to a distortion of the
diffracted beam spectral profile at the output. Numer-
ical modeling is sometimes insufficient, since the AO
cells geometry may differ due to an inaccurate fabri-
cation, which significantly modifies the acoustic beam
structure along the AO interaction length. In this
work, an acoustic field visualization technique for the
quasi-collinear geometry of AO interaction is demon-
strated as an effective tool for analyzing the redistribu-
tion of acoustic power caused by acoustic anisotropy,
acoustic power absorption and temperature gradients.
We experimentally obtained high-contrast 3D maps of
the acoustic power distribution in a quasi-collinear AO
cell based on a tellurium dioxide crystal. The proposed
approach provides a more consistent and reliable way
to characterize the acoustic field structure.
Keywords: acousto-optics, acoustic field visualization,
quasi-collinear interaction, tellurium dioxide, transmission
function

1. Introduction
Quasi-collinear geometry of acousto-optic (AO) diffrac-
tion is known for providing abnormally large AO in-
teraction length. As a result, it enables to achieve
high spectral resolution in quasi-collinear AO tun-
able filters and to implement multifrequency diffrac-
tion regime which is essential for femtosecond laser
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pulse generation and shaping and other applications of
quasi-collinear AO devices in modern optoelectronics
[1], [2], [3], [4]. Due to the extended AO interaction
region, the transmission function of a quasi-collinear
AO cell is governed by the acoustic power distribution
along the entire optical beam propagation path in-
side the crystal [5]. In the multifrequency diffraction
regime applied for femtosecond laser pulse shaping,
the acoustic field is a superposition of acoustic waves
of different frequencies, each responsible for diffrac-
tion of a particular spectral component of the optical
pulse in a specific region of the AO crystal [2], [3].
Precise control of the shaped pulse spectrum therefore
requires knowledge of the actual power distribution
along the AO interaction length for each acoustic
frequency component.
However, several physical factors cause the real acous-
tic field distribution to deviate from the designed
one. The strong acoustic anisotropy of paratellurite,
especially in the plane orthogonal to the (110) crys-
tallographic plane, leads to significant redistribution
of acoustic power across the beam cross-section and
along the AO interaction length [6]. Ultrasound at-
tenuation in the crystal further reduces the acoustic
power with propagation distance, while temperature
gradients induced by high acoustic power absorption
not only modify the AO phase matching conditions [7]
but also affect the acoustic wave reflection condition
and cause tilting of the reflected acoustic beam[8]. In
addition, the finite bandwidth of the AO cell electri-
cal matching circuit may alter the spectrum of short
acoustic pulses, leading to a mismatch between the
RF drive signal and the acoustic field actually formed
inside the crystal.
Since numerical modeling alone cannot fully account
for the combined influence of all these factors together
with taking into consideration unavoidable fabrication
imperfections of the AO device, direct experimental
visualization of the acoustic field structure becomes
an indispensable diagnostic tool [9]. In this work, we
present an acoustic field visualization technique for the
quasi-collinear geometry of AO interaction and apply
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it to a TeO2-based AO cell to visualise the acoustic
power redistribution of 51.5 MHz acoustic wave and to
calculate the acoustic attenuation coefficient using the
obtained experimental data. We discuss the influence
of electrical matching bandwidth on the acoustic pulse
spectrum, analyze the acoustic power redistribution
due to crystal anisotropy, and study acoustic power
absorption, establishing how each factor affects the
acoustic field structure in the AO interaction region.

2. Acoustic field visualization
2.1. Experimental technique
The examined AO cell is schematically shown in Fig. 1.
The slow shear acoustic mode propagates in the (11̄0)
plane of the TeO2 crystal, with the phase velocity of
the reflected acoustic wave Vph1 directed at 1.8◦ to the
[110] axis. The figure presents a cross-section of the
cell in the (11̄0) plane. The plane orthogonal to (11̄0)
is perpendicular to the figure plane. The incident (2)
and reflected (1) acoustic beams are characterised by
their group velocity vectors Vg2 and Vg1, respectively.
The acoustic energy walk-off angles of the incident (2)
and reflected (1) acoustic beams are marked as ψ2 and
ψ1. The angle between the piezoelectric transducer
facet and the acoustic reflecting facet of the AO cell is
denoted Θ. The incident and diffracted optical beams,
with wave vectors ki and kd, are shown by red arrows.

Figure 1: Schematic cross-section of the examined quasi-
collinear AO cell in the (11̄0) plane.

The acoustic field visualization method is based on
the time-resolved AO visualization: the distribution
of ultrasound power in the region of AO interac-
tion in quasi-collinear AO cell is determined from
the diffracted light intensity time dependence. The
physical basis of this technique is the following.
In the low-efficiency Bragg diffraction regime, the
diffracted optical beam intensity Id is proportional to
the acoustic power Pa in the area of AO interaction:

Id (l) = Ii

�
ql

2

�2
= Ii

MlPa

4b
, (1)

where Ii is the incident optical beam intensity, l is the
AO interaction length, q is the AO coupling coefficient,
M is the AO figure of merit, Pa is the acoustic power
value, and b is the acoustic beam width.
Thus, the ultrasound wave power value in the AO

interaction region can be directly determined by mea-
suring the diffracted optical beam intensity in different
geometries of AO diffraction [10].
But the longitudinal redistribution of acoustic power
along the AO interaction length can be obtained in
case of collinearity of acoustic and optical input beam
by using short acoustic pulses with duration τp much
shorter than the acoustic wave propagation time along
the entire AO cell length applied to the piezoelectric
transducer [11]:

τp ≪ L

Vg
, (2)

where L is the AO cell length and Vg is the acoustic
group velocity. Under this condition, at any given
moment only a spatially localized region of the crystal
contains the acoustic pulse, and the AO interaction
occurs only in this region.
To record the acoustic field distribution, a continuous-
wave input optical beam is directed onto the input
optical facet of the AO cell. As the acoustic pulse
propagates through the crystal, the diffracted opti-
cal beam intensity is registered by the photodetector
and observed with oscilloscope. The time-dependence
of the diffracted light intensity can be recalculated
into a spatial coordinate along the AO interaction
length because the acoustic group velocity Vg value
is known. The resulting spatial profile represents the
acoustic power distribution at the scanned optical
beam position.
It should be noted that the choice of the optical beam
diameter significantly affects the measurement results.
For a narrow beam, the measured power distribu-
tion reflects both acoustic attenuation and anisotropy-
induced power redistribution. A wider beam provides
averaging over a larger area, reducing the influence
of local inhomogeneities and yielding a more reliable
estimate of the attenuation coefficient [11].
Full three-dimensional mapping of the acoustic power
distribution inside the quasi-collinear AO cell is
achieved by scanning the optical beam over the in-
put optical facet of the AO cell. For each position,
the oscilloscope trace is recorded and processed in-
dependently, yielding a complete three-dimensional
dataset characterizing the acoustic field amplitude
distribution throughout the entire volume of the AO
crystal.

2.2. Acoustic pulse duration and electrical
matching bandwidth

The spatial resolution of the acoustic field visualization
is determined by the acoustic pulse length inside the
crystal: Vg · τp. To visualise the inhomogeneities of
the acoustic beam structure, for example, near the
reflecting facet of the AO cell, with characteristic
spatial scale of the inhomogeneities d = 0.5 mm, a
pulse duration of τp ≤ d/2Vg is required.
However, the frequency spectrum of the shorter acous-
tic pulse is wider and it may exceed the bandwidth
of the AO cell electrical matching circuit. As a result,
the acoustic beam shape inside the crystal may differ
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significantly from the designed one, which undermines
the reliability of the visualization results.
Therefore, prior to selecting the pulse duration, the
standing wave ratio (SWR) of the AO cell over the
frequency range should be taken into consideration. If
the SWR variation within the frequency range of the
acoustic pulse spectrum is small and the matching cir-
cuit does not significantly distort the pulse spectrum,
the measured diffracted light intensity represents the
real acoustic power distribution inside the crystal.
The SWR of the examined AO cell was obtained in the
frequency range of interest using a network analyser.
To estimate the acoustic pulse spectrum inside the
crystal, the spectrum of the RF drive signal at the
input of the matching circuit was multiplied by the
frequency-dependent power transmission coefficient
derived from the measured SWR. The comparison
of the resulting simulated acoustic spectrum with
the input RF spectrum confirmed that for the pulse
durations varied between 0.5 and 4 µs, the matching
bandwidth of the examined AO cell does not affect
the acoustic pulse form significantly confirming the
applicability of the visualization technique.
In our experiment,decreasing the pulse duration im-
proved the spatial resolution in the near-field, whereas
in the far-field the images obtained for different pulse
durations are nearly identical due to the absence of
fine structure at those distances.

3. Acoustic power redistribution
Two main factors cause the acoustic power redistri-
bution inside the quasi-collinear AO cell: ultrasound
attenuation in the paratellurite crystal and the acous-
tic anisotropy, which is especially strong in the plane
orthogonal to the (11̄0) crystallographic plane [12].
The acoustic anisotropy of TeO2 is characterised by
two coefficients, κϕ and κθ, which quantify the angular
spreading of the acoustic beam energy in the plane or-
thogonal to (11̄0) and in the (11̄0) plane, respectively.
Fig. 2 shows the dependence of both coefficients on
the angle α between the acoustic wave phase velocity
vector and the [110] axis in the (11̄0) plane.
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Figure 2: Acoustic anisotropy coefficients κθ and κϕ

of TeO2 crystal dependence on the angle α between the
acoustic wave phase velocity vector and the [110] axis in
the (11̄0) plane.

The anisotropy coefficient κϕ in (11̄0) plane reaches a
value of about 51.2 for the examined AO cell. High κϕ

value leads to spatial redistribution of acoustic power
across the beam cross-section at small distances from
the reflecting facet.
Fig. 3 shows the acoustic field power distribution in
the plane orthogonal to (11̄0), obtained at 1.55 µm
for ultrasound frequency 51.5 MHz with an acoustic
pulse duration of 1 µs. Due to the high acoustic
anisotropy in this plane, the far-field diffraction zone
is observed at a distance of approximately 15 mm
from the reflecting facet. Fine-scale inhomogeneities
with dimensions below 0.5 mm are clearly resolved in
the near-field region within 25 mm from the reflecting
facet.
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Figure 3: Acoustic power redistribution in AO cell at
5 mm from the facet containing the piezoelectric transducer
in the plane orthogonal to (11̄0).

Fig. 4 presents the acoustic field amplitude distribu-
tion in the (11̄0) plane at a distance of 5 mm from the
bottom facet under the same ultrasound frequency
and pulse duration.
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Figure 4: Acoustic power redistribution in AO cell at
5 mm from the bottom facet in the (11̄0) plane.

For the same AO cell the κθ value is five times smaller.
This is why the acoustic beam structure in the (11̄0)
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plane remains much more homogeneous over a longer
distance and the transition to the far-field diffraction
regime is shifted far from the reflecting facet of the
AO cell, which is clearly seen in Fig. 4.
Although the resulting pattern appears less inhomo-
geneous than in the orthogonal plane, it is equally
important for a complete three-dimensional character-
ization of the acoustic field, since the knowledge of
the acoustic power redistribution in the whole volume
of the AO cell is crucial to correctly design the driving
acoustic signal and to exploit the quasi-collinear AO
diffraction for femtosecond laser pulse shaping. To
reconstruct the acoustic power redistribution inside
the whole volume of AO interaction we have obtained
more than 50 visualisations as in Fig. 3 and Fig. 4.
In addition to the analysis of acoustic power redistri-
bution in different planes due to acoustic anisotropy,
the three-dimensional acoustic field map can be used
to determine the effective ultrasound attenuation co-
efficient along the AO interaction length for chosen
acoustic signal frequency. For that purpose for each
coordinate along the AO interaction length z the mea-
sured acoustic power was integrated over the entire
transverse plane, yielding the total acoustic power
transmitted through the corresponding cross-section
of the AO cell as a function of the longitudinal coor-
dinate x. The obtained dependence P (x) can be then
approximated by an exponential function.
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Figure 5: Acoustic power in the AO cell cross-section
value dependence on the distance from the reflecting facet
and its exponential fit for ultrasound frequency 51.5 MHz.

For the examined quasi-collinear AO cell with acous-
tic wave propagation direction after reflection 1.8◦

to the [110] axis in (11̄0) plane the acoustic power
attenuation coefficient for 51.5 MHz was obtained:
γ = 0.39 cm−1 or 1.7 dB/cm.
These values can be compared with the attenuation
coefficients obtained earlier using the AO method. For
the slow shear acoustic wave propagating at an an-
gle of 1.58◦ to the [110] axis in the (110) plane, the
attenuation coefficient increases linearly with ultra-
sound frequency from γ = 0.39 cm−1 at 87 MHz to
γ = 1.43 cm−1 at 176 MHz [11]. Thus, the effec-
tive value γ ≈ 0.40 cm−1 obtained from the three-
dimensional field map for 51.5 MHz is close to the at-

tenuation coefficients obtained for quasi-collinear AO
cell with acoustic wave propagation direction closer
to [110] axis in (11̄0) at 87 MHz.

4. Conclusions
An acoustic field visualization technique for the
quasi-collinear geometry of AO interaction has been
demonstrated and applied to a TeO2-based AO cell.
The implied method relies on time-resolved detection
of the diffracted optical beam intensity produced by
short acoustic pulses scanned across the input opti-
cal facet of the crystal, yielding high-contrast three-
dimensional maps of the acoustic power distribution
throughout the entire volume of AO interaction.
Prior to performing the measurements, the SWR of
the AO cell was analyzed over the relevant frequency
range, confirming that the electrical matching band-
width does not significantly distort the acoustic pulse
spectrum.
The obtained acoustic field maps reveal the combined
influence of the factors governing the acoustic power
redistribution: strong acoustic anisotropy of paratel-
lurite, ultrasound attenuation. In particular, the high
acoustic anisotropy coefficient κϕ ≈ 51.2 in the plane
orthogonal to (110) leads to a significant inhomogene-
ity in acoustic power distribution over AO cell volume,
whereas the acoustic beam structure in the (110) plane
remains more homogeneous over longer propagation
distances. The effective acoustic power attenuation
coefficient at 51.5 MHz was determined from the three-
dimensional field map as γ = 0.39 cm−1 (1.7 dB/cm),
which is consistent with previously reported values
obtained by the AO method for close acoustic wave
propagation direction.
The proposed technique provides a consistent and re-
liable experimental tool for discovering the acoustic
field structure in quasi-collinear AO cells. Knowledge
of the actual three-dimensional acoustic power dis-
tribution is directly relevant to the practical design
of driving RF signals for implementation of multifre-
quency AO diffraction regime, and is indispensable
tool for femtosecond laser pulse shaping applications,
where precise control of the acoustic amplitude at each
frequency component along the AO interaction length
is required. The approach can serve as a diagnostic
method for fabricated AO devices.
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