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The ultrasonic beam features in ultrasonic and acousto-optic devices have a great impact on their character-
istics and need to be studied. In the current work, a conventional optical visualization technique was extended to
include spatial �ltration of the light di�raction pattern and stroboscopic illumination of a unit under test. That
enabled very weak light responses from ultrasonic waves to be observed. This technique was applied to studying
propagation and re�ection of ultrasonic pulses in the TeO2 crystal, a body of the total internal re�ection ultrasonic
sensor. Analysis of visualization data has revealed an unexpected conversion of the shear horizontal wave radiated
by the transducer into a longitudinal one on its normal re�ection from the (001) face of the crystal, which is
inexplicable as far as the plane wave theory is concerned. This �nding requires further research to be con�rmed
and explained.
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1. Introduction

Recent researches [1, 2] show that ultrasonic beam fea-
tures have a great impact on a design of ultrasonic devices
including acousto-optic (AO) ones [3]. Real-time visual-
ization of ultrasonic pulses in an anisotropic medium en-
ables to clarify physical mechanisms governing behaviour
of ultrasonic beams.
The Schlieren imaging technique is a well-known

method for visualization of acoustic �elds [4�7]. It is
based on the use of light di�raction caused by acous-
tic waves. The intensity of the di�racted light depends
on the value of an e�ective photoelastic coe�cient that
in some cases can be equal to zero, which is considered
forbidden for acousto-optic interaction. Nevertheless, a
weak AO interaction near a �forbidden direction� was ob-
served in experiments [8].
The purpose of the current research is to study prop-

agation and re�ection of ultrasonic pulses in the total
internal re�ection ultrasonic sensor (TIRUS) [9] made of
a TeO2 crystal.
Unlike the case considered in [9] where the slow shear

wave (SSW) was emitted into the [110] direction, in the
current research it was emitted into the [001] direction
(Fig. 1). Visualization of acoustic �elds in the sensor was
carried out in the (11̄0) plane, in which case the crystal
should be illuminated from the forbidden direction.

2. Experimental technique and the sample

examined

In the experiments, the shear acoustic wave polarized
along the [11̄0] direction was emitted from the top face of
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the crystal by a 163◦ Y -cut LiNbO3 transducer (Fig. 1).
An examined experimental sample of the TIRUS was
a rectangular bar of 23 × 12 × 10 mm3 in size with
one (110) face tilted at the angle of 16.25◦ with re-
spect to the [110] direction. The faces (001), (11̄0),
and (110) were oriented with accuracy not worse than
±2 arcmin with respect to corresponding crystallographic
directions. The faces (11̄0) had antire�ection coatings
for the 532 nm wavelength.

Fig. 1. A schematic (a) and an appearance (b) of the
experimental sample.

As seen from Fig. 1a, a projection of the re�ecting
oblique face of the crystal on its top face is smaller than
the size of the top transducer. As a result, only a part
of the pulse emitted is re�ected from this face whereas
its another part is re�ected from the bottom face. This
leads to interesting e�ects to be discussed further.
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Fig. 2. A sketch of the optical setup.

Fig. 3. Time diagram of controlling pulses.

The experimental setup is shown in Fig. 2. A laser
with a wavelength of 532 nm is used as a light source.
The laser beam is modulated with an acousto-optic mod-
ulator (AOM) by 200 ns pulses. The modulated laser
beam passes through a spatial �lter and a beam expander
illuminating the sensor body by short well-collimated
light pulses. The top transducer emits a sequence of the
1 µs SSW pulses at the carrier of 27 MHz. The sequence
period is 400 µs, therefore all previously excited pulses
in the crystal are completely decayed. A predetermined
time delay between the light and ultrasonic pulses al-
lows to illuminate acoustic �eld at a certain moment af-
ter emitting the ultrasonic pulse (Fig. 3). The laser beam
is di�racted by ultrasonic waves and a di�raction order
of interest is selected by an aperture in the focal plane
of the collecting lens. The light passing the aperture is
recorded by a sensitive CCD camera. Its exposure time
can be chosen long enough, up to 60 s, during which it
collects over 100,000 light pulses. Taking pictures at se-
quential moments of time, one can trace propagation of
pulses in the crystal.
If the selected acoustic wave has a high velocity, the

di�racted light beam is close to the incident one, so the
amount of noise passing through the aperture is signi�-
cant. Thus, the aperture size determines not only an an-
gular spectrum of acoustic waves to be mapped, but also
the signal to noise ratio. In the experiments, it was im-
proved by means of subtracting preliminary recorded im-
ages of a background from the recorded images of ultra-
sonic pulses. Saturation of some areas in the background
image led to corresponding black areas in the resultant
di�erence image. As a result, a chosen exposure time had

to be a compromise between an acceptable number of the
underexposed details to be obtained and an acceptable
size of these areas. Therefore, additional post-processing,
including colorizing resultant images, was necessary.

3. Results

In this work we investigated re�ection of the SSW
pulses propagating along the [001] direction in the sensor
body. The shear wave transducer generated not a pure
but a quasi-shear wave, therefore in the crystal not one
but two acoustic modes were excited, a spurious longitu-
dinal and a shear wave. As a result, two ultrasonic waves
with di�erent polarizations were emitted simultaneously
(Fig. 4a). They were observed in two di�erent series of
experiments where either a longitudinal or a shear mode
was selected. The recorded images are presented side-by-
side to provide full information on propagating pulses.
The shear wave generated by the top transducer was po-
larized along the [11̄0] direction, that is, its polarization
was perpendicular to the plane of the picture; so it was of
a shear horizontal (SH) type of the wave with respect to
the top, bottom, and oblique faces of the crystal. Thus,
its displacement vector lay in the plane of these faces
when the wave struck them on re�ection.
Intensity of the longitudinal wave is much less than

that of the shear wave, but intensity of light di�racted
by it is signi�cantly greater than that for the shear wave;
it is so because for the longitudinal wave the acousto-
optic �gure of meritM2 = 34.5×10−15 s3/kg [10] against
the theoretically zero value of that for the observed shear
wave. AO interaction for the longitudinal wave was ob-
served when the incident light beam propagated precisely
along the [11̄0] direction because the Bragg angle was less
than the divergence angle of the ultrasonic beam. At the
same time, the crystal had to be rotated around the [110]
direction by ≈ 2◦ to visualize the shear wave.
As seen in Fig. 4, the right parts of radiated ultra-

sonic pulses fall onto the oblique face of the crystal and
are re�ected into the [110] direction whereas their left
parts fall onto the bottom face of the crystal. The ve-
locities of the emitted shear and longitudinal waves are
2103 and 4203 m/s, respectively, so the longitudinal wave
pulse is roughly twice faster than the shear one, there-
fore it returns back to the transducer just at the moment
when the shear wave pulse reaches the bottom (Fig. 4b).
The displacement vector of the incident shear pulse lies
in the bottom face of the crystal. Therefore, only a re-
�ected shear pulse has to be a result of the incident wave
re�ection from the bottom. However, as seen in Fig. 4,
right column, a new longitudinal pulse is radiated from
the bottom simultaneously with re�ection of the shear
pulse (Fig. 4, left column). Because the top and bottom
faces of the crystal are oriented with respect to the [001]
direction with accuracy not worse than ±2 arcmin, any
normal components of the incident shear wave displace-
ment can be neglected. So the only visible reason for the
emerging longitudinal pulse is conversion of the incident
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Fig. 4. Shear (left) and longitudinal (right) pulses
propagating along the [001] direction in the TIRUS. Pic-
tures are taken at 1.9 µs (a), 5.8 µs (b), 6.4 µs (c), and
12.6 µs (d) time points.

shear wave into a longitudinal one, because there are no
other �sources� except it at the bottom at this moment
(Fig. 4b). The newly born longitudinal pulse (indicated
with an arrow in Fig. 4c) has the same duration as a
pulse radiated from the transducer, but it propagates in
the opposite direction. One can see, however, that its
group velocity de�ects from the [001] direction by ≈ 5◦

in the (11̄0) plane. Therefore, after a few re�ections, the
new pulse leaves the observed area.
A possible reason for this observed theoretically im-

possible for plane waves conversion might be conversion
of some plane-wave spectral components of the incident
ultrasonic beam that propagates close to the [001] direc-
tion. The displacement vectors of these wave components
might lie out of the bottom and consequently can have
[001] components generating a longitudinal wave.
Further the propagation-re�ection process develops as

follows. The SSW pulse returns to the top transducer af-
ter 12 µs from its starting time from the transducer and
re-excites it. The transducer re-emits a new pair of shear
and longitudinal pulses again, which overlap with the re-
turning ones (Fig. 4d). All the process described repeats
cyclically decaying step-by-step because the energy of the
shear pulse is partly being lost on every re�ection from
the oblique surface into the [110] direction.

4. Conclusions

A time gated procedure combined with the spatial �l-
tration of the entire light di�raction pattern developed
for visualization of acoustic waves in crystals allows to
observe and study propagation and re�ection of ultra-
sonic pulses with a high degree of accuracy and sensitiv-
ity. As a result, propagation of ultrasonic pulses could
be observed from the �forbidden direction� and the spa-
tial structure of the slow shear wave could be visualized.
Analysis of the visualization data has revealed an unex-
pected conversion of the radiated SH-wave into a longitu-
dinal one on its re�ection from the (001) face of the crys-
tal, which is inexplicable as far as the plane wave theory is
concerned. This �nding requires further research includ-
ing both an experimental con�rmation of the observed
conversion and a theoretical analysis of spatial proper-
ties of the incident ultrasonic beam including calculation
of its angular spectrum.
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