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Abstract—It is demonstrated that, when the classical method of laser vibrometry is used for measurements
in a liquid, it gives erroneous results with measurement errors reaching 100% or more. The vibration pattern
observed in this case exhibits a false structure with a spatial scale identical to the wavelength of acoustic waves
in the liquid. In addition, the laser vibrometer shows displacements in the regions where they are actually
absent. In the transient mode of operation, the image displays nonexistent surface waves, which propagate
with the velocity of sound in the liquid. The origin of these distortions lies in the acousto-optic interaction
that occurs in the condensed medium on the path of the probing laser beam. An analytic expression is
obtained for the Green’s function characterizing laser vibrometry in the cases of harmonic and pulsed exci-
tation of the surface under investigation. It is shown that this function explains all the artifacts observed in
laser vibrometry in a liquid and can be used to correct the measurement data.
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1. INTRODUCTION

Laser vibrometry is one of the methods for measur-
ing displacements of light-reflecting surfaces [1]. The
method is based on measuring the phase shift of a light
wave due to its reflection from a given point on the sur-
face. It provides high resolution in both space (usually,
about 0.1 mm) and time (up to 10~%s). At the same
time, the measuring laser can be positioned at a rela-
tively large distance from the object under investiga-
tion. Owing to these advantages, laser vibrometers are
widely used in various fields of science and engineer-
ing. In particular, this method can be used for studying
the operation of ultrasonic transducers [2, 3].

When using laser vibrometers, one should take into
account that they are intended for measurements
under the condition that the displacement of the sur-
face under investigation is the only reason for the
phase variation in the probing laser beam. This is true
when the path of the laser beam does not intersect any
nonstationary inhomogeneities of the refraction
index, which cause additional uncontrolled phase
shifts. If the measurements are performed in vacuum
or in a homogeneous gas, the aforementioned condi-
tion is satisfied. In transparent liquids and solids, the
situation is different: surface vibrations cause varia-
tions in the density of the medium, which can make
the method inapplicable. In some publications, this
fact was ignored and, therefore, conclusions concern-
ing the type of surface vibrations of interest were erro-
neous. In the present paper, we study the signal of a
laser vibrometer in the case when the vibrating surface
under test is placed in a condensed medium.

2. EXPERIMENTAL DEMONSTRATION
OF THE EFFECT
OF ACOUSTO-OPTIC INTERACTION

Experiments demonstrating the significance of the
effect of acousto-optic interaction on the operation of
a laser vibrometer were carried out under the joint
research program by the Department of Acoustics of
the Physics Faculty of Moscow State University and
the Laboratory of Acoustics of the National Institute
of Health and Medical Research, France (INSERM,
Unité 556). The experimental setup is shown in Fig. 1.
The piezoelectric transducer under investigation was
placed in a tank filled with a transparent liquid. One of
the walls of the tank had a transparent window made
from a plane-parallel fused silica plate. Through this
window, the probing beam of the laser vibrometer was
transmitted to the transducer. A plastic membrane
with a gold layer deposited on it was positioned parallel
to the radiating surface at a distance of 0.5 mm from it.
The membrane was very thin (10 pm) and therefore
presented no obstacle for ultrasound propagation. At
the same time, the membrane efficiently reflected the
probing laser beam. Since the distance from the mem-
brane to the transducer was much smaller than the
wavelength of ultrasound, the displacement of its sur-
face differed little from the surface displacement of the
piezoelectric plate. In the course of measurements,
the membrane remained fixed while the transducer
moved parallel to it with the help of a computer-con-
trolled positioning system. To reduce undesired vibra-
tion, the tank and the laser vibrometer were mounted
on an optical bench. The laser vibrometer used in the
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Fig. 1. Measuring setup for laser vibrometry in a liquid:
(1) oscillator, (2) positioning device, (3) computer,
(4) oscilloscope, (5) laser vibrometer, (6) light-reflecting
membrane, (7) probing laser beam, (&) transducer under
investigation, and (9) optical bench.

experiments was a commercial instrument of The
Thales Laser S.A. SH-140 type (made in France),
which could measure displacements with amplitudes
of up to 100 A. The analog output signals of the laser
vibrometer were supplied to a digital oscilloscope and,
via a GPIB interface, to a computer for processing. In
the case of measurements in air, the reflecting mem-
brane was attached to the surface of the transducer, all
other parameters of the setup were the same.

The setup described above was used to study surface
vibrations of various transducers. Here, we consider
only one of them: a square transducer with the dimen-
sions 4 X 4 cm, which had a thickness resonance fre-

quency of 1 MHz. The transducer was made from 1—3
piezocomposite material. The 1—3 piezocomposite
consists of a set of small-size piezoceramic columns
embedded in a polymer material of epoxy resin [4]. In
contrast to piezoceramics, piezocomposite provides a
strong suppression of Lamb waves [5, 6].

Figure 2 shows the results of measuring the dis-
placements of the transducer surface in a continuous
mode of operation at a frequency of 1 MHz. The left-
hand image represents the distribution of the displace-
ment amplitude obtained from measurements in air,
and the right-hand image is obtained from measure-
ments in water. The central image is the X-ray image of
the transducer structure. The fine structure of the
piezocomposite is visible in X-rays, but does not man-
ifest itself in the distribution of the displacement
amplitude measured by the vibrometer. However,
coarser inhomogeneities are rather clearly defined.
Note that the structure of the piezocomposite is delib-
erately made aperiodic with the aim to avoid undesir-
able resonance phenomena. The aperiodicity is seen in
both the X-ray image and the image obtained from
laser vibrometry in air. In the case of measurements in
water, the visible inhomogeneity of velocity proved to
be strictly periodic with the step of this structure being
1.5 mm, which exactly coincides with the wavelength
of ultrasound in water. As it will be seen below, because
of the acousto-optic interaction, a strong “grid” with
a spatial period identical to the acoustic wavelength in
the liquid is superimposed on the true distribution of
the displacement amplitude and masks this distribu-
tion. The nature of the grid will be explained below.

The effect of acousto-optic interaction is even
more pronounced in the pulsed mode of excitation,
when a short exciting pulse is supplied to the trans-
ducer. In this case, regions of structure inhomogene-
ities of the piezoelectric plate may become sources of
surface waves. Since the experiments were performed
with a piezocomposite, these waves should be strongly
suppressed. Measurements were carried out in air and
in two liquids: water and glycerol. Additional measure-

Fig. 2. (a) Distribution of the amplitude of surface displacement for a piezocomposite transducer in the continuous mode of exci-
tation in air. The scan step is 0.5 mm; the darker regions correspond to higher amplitudes of displacement (a linear grey scale is
used). (¢) A similar distribution measured in water. (b) An X-ray image of the transducer structure on the same scale.
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Fig. 3. Distribution of the displacement of the transducer surface measured in the pulsed mode of excitation. The boundary of the
transducer is indicated by the white dashed line. The scan step is 0.6 mm. The measurements were performed in air, in water, and
in glycerol. The type of the medium is indicated at the top, and the instant of measurement at the left.

ments with glycerol, in which the velocity of sound is
widely different from that in water (1.9 mm/us and 1.5
mmy/ps, respectively) allowed us to verify the assump-
tion that precisely the acousto-optic interaction is
responsible for the appearance of artifacts in laser
vibrometry. Typical results are shown in Fig. 3.

The measurements in air revealed the presence of
surface waves. They were clearly visible at the initial
instants of time as diverging circles near the four points
of electric contacts (the upper left image). These waves
rapidly decayed. In addition, weak disturbances travel-
ing from the edges and converging at the center of the
transducer could be noticed. These disturbances were
almost invisible at the initial instants of time and man-
ifested themselves only when they converged at the
center of the transducer by forming a characteristic
cross (the lower left image). The velocity of waves
could be determined from the time of the cross forma-
tion and was found to be about 2 mm/us. When the
transducer was placed in a liquid, these waves became
leaky waves, and therefore they could be expected to
attenuate. Indeed, they were not noticeable in the
experiments with water and glycerol. However, unlike
the case of observations in air, the images obtained
from laser vibrometry in liquids showed strong distur-
bances propagating over the surface from the points of
contacts and from the edges (the central and right-
hand columns of Fig. 3). As will be shown below, these
disturbances are artifacts caused by acousto-optic
interaction. The pattern obtained in this case from the
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laser vibrometer is the shadow image of edge waves,
which has no direct relationship to the true surface
displacement. The aforementioned waves propagate
in the liquid rather than in the piezoelectric plate. This
is confirmed by the fact that the measured velocity of
the displacement of dark strips in the images was dif-
ferent for water and for glycerol. The difference in
velocities can be seen in the central and right-hand
images of the lower row. One can see that, by the
instant # = 14 s, in the case of measurement in water,
the “surface waves” propagating from the edges did
not yet converge at the center of the transducer,
whereas, in the case of glycerol, they already reached
the center and formed the characteristic cross. The
measured velocity of the front of these disturbances
coincided with the velocity of sound in the corre-
sponding liquids: 1.5 mm/us in water and 1.9 mm/ps
in glycerol.

Thus, when displacements of the surface placed in
a liquid are measured with the use of laser interferom-
etry, strong false signals appear which have no direct
relationship to the true displacements. We note that, at
certain instants of time, the amplitude of these false
signals exceeds the true displacement; i.e., acousto-
optic interaction is an important factor that cannot be
ignored.
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3. THEORETICAL ANALYSIS
OF THE SIGNAL OF A LASER VIBROMETER
WITH ALLOWANCE
FOR ACOUSTO-OPTIC INTERACTION

3.1. Calculation of the Optic Phase Incursion

We consider a plane acoustic transducer whose sur-
face is at z = 0. In the course of vibrations, the surface
is displaced and acquires the coordinate z = (x,y,?),

where the displacement & is a function of transverse
coordinates x, y and time ¢. The beam of the probing
light from a laser is incident on the aforementioned
surface in the direction perpendicular to it, is reflected
from the surface and propagates in the backward
direction. Then, the light beam arrives at the interfer-
ometer, where the phase shift between the incident and
reflected light waves is measured. Since the light beam
travels the distance between the source and the surface
twice, it acquires the following phase shift:

L

¢ = (4n/2) [n(r. 1)z, (1)

g

where A is the wavelength of the light wave in vacuum;
L is the thickness of the layer of the medium lying on
the path between the vibrometer and the surface; and
n is the refractive index, which depends on the coordi-
nates and on time in general. Even when the medium
in the initial state is optically homogeneous, its homo-
geneity will be violated because of the acoustic wave
emitted into it by the vibrating surface. In this case,

n(r,t) = ny +yp(r,t), where n, is the unperturbed
refractive index, y = dn/ dp is the acousto-optic coeffi-
cient and p(r,t) is the sound pressure. In general, the
refractive index is determined by the density of the
medium [7], but, in the acoustic wave, the density
variation is proportional to the sound pressure.

The inhomogeneity of the refraction index may
cause not only an additional phase shift, but also a
refraction of the beam, i.e., its deviation from the ini-
tial rectilinear propagation path. As a result of this
refraction, the beam will be reflected from a point dif-
ferent from that at which it was initially directed. In
addition, a wide deviation of the reflected beam may
cause a reduction or even a complete suppression of
the laser vibrometer’s signal, because the probing and
the reference beams will be separated in space and as a
consequence, will not interfere with each other. How-
ever, the aforementioned refraction of the beam can be
insignificant in the case of a weak inhomogeneity of
the refraction index, i.e., in the case of small-ampli-
tude vibrations of the transducer surface. Below, we
consider this kind of regime. Neglecting the second-
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order-smallness terms, we represent Eq. (1) in the
form [8]

L

¢ ~ (4/2) | no (L — &) +v j p(r,7)dz|. )

0

One can see that the quantity ¢ depends not only on
the surface displacement at the point of incidence of
the laser beam (&), but also on the distribution of
sound pressure over the entire optic path. In vacuum
and in gases, the acousto-optic effect is absent or neg-
ligibly small (y — 0); i.e., the phase variation proves to
be proportional to the surface displacement:

A@ = —(4mn,/A)E, which yields

€ = Ap[-1/(4mny)]. A3)

The latter expression is the basic one for laser vibrom-
etry in vacuum and in gases. As it was mentioned
above, in condensed media the relationship is not as
simple and the neglect of acousto-optic interaction
may lead to large errors.

Figure 4 shows an example of a numerical simula-
tion illustrating the role of the acousto-optic effect [9].
The source of ultrasonic radiation was assumed to be a
transducer that had the dimensions 4 x 4 cm and oper-
ated at a frequency of 1| MHz in water. The distribution
of the component of the normal velocity over the
transducer surface was chosen to be nonuniform,
which is typical of piezoceramic ultrasonic transduc-
ers. Figure 4a shows the distribution of the two-
dimensional amplitude of the acoustic field formed in
water. The field was calculated using the Rayleigh inte-
gral. The sound beam is strongly inhomogeneous,
especially near the transducer, and experiences dif-
fraction divergence in the course of its propagation.
From Eq. (2), we calculate the phase incursion for the
light wave with allowance for the acousto-optic inter-
action in water. Then, from Eq. (3), we determine the
displacement seeming of the surface by neglecting the
effect of the medium on the phase of the light wave
(ny =1, y =0). The resulting velocity distribution cor-
responding to the data of the laser vibrometer is shown
in the lower part of Fig. 4. One can see that the distri-
bution of the seeming velocity widely differs from the
true one. In particular, the velocity structure acquires
additional vibrations with a spatial period approxi-
mately identical to the ultrasonic wavelength in water
(1.5 mm). In addition, the seeming transverse size of
the transducer is much greater than the actual size: the
vibrometer predicts displacements in the region where
they are actually absent.

In one important specific case, consideration of
acousto-optic interaction is rather simple. Let the sur-
face under study be an infinite plane and let it vibrate as
a single unit, i.e., the displacement distribution over the
surface be uniform: & = &(). In this case, the acoustic

wave is a plane wave with p(r,?) = pc&(f — z/c), where p
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Fig. 4. Effect of acousto-optic interaction in the liquid on
the data of the laser vibrometer (the results of simulation).
(a) Two-dimensional distribution of the amplitude of
sound pressure in the xz plane: calculation with the use of
the Rayleigh integral. (b) Surface velocity distribution used
in simulation (V is the amplitude of the normal velocity
component and Vj is its characteristic value). (c) Data of
the laser vibrometer for the velocity amplitude }/: predic-
tion according to Eq. (3).

and c are the density of the medium and the velocity
of sound in it and & = d&/dt. We assume that, at the
end of the layer of the medium (z = L), the acoustic
wave is absent because of absorption or because it
did not reach the end of the layer by the instant of
measurement. Then, from Eq. (2), we obtain

A¢ = —(4mn, /1)E, where n, = ny — ype” has the mean-
ing of the effective refractive index. In condensed
media, it widely differs from #,. For example, in water
ny, = 1.33 and n, = 1.033 [10, 11]. The approximation
of the plane wave is used, e.g., in calibration of hydro-
phones by laser vibrometry [10, 12]. In this method,
the local sound pressure p is calculated on the basis of
measuring the corresponding displacement & of a thin

ACOUSTICAL PHYSICS Vol. 55

No. 3 2009

369

Fig. 5. Two-dimensional distribution of sound pressure at
two sequential instants of time. (/) The piston-type source
generates a short pulse. (a) Until a certain instant, (2) the
probing laser beam only intersects (3) the direct wave; i.e.,
the surface displacement can be measured using the plane
wave theory. (b) From the instant (4) the edge wave reaches
the laser beam, the data of the laser vibrometer are dis-
torted by acousto-optic interaction.

light-reflecting membrane. The membrane is posi-
tioned in the far-field zone of the source of ultrasound,
where the wave can be considered as a plane wave with
fair accuracy; i.e., it is possible to use the expression

A¢ = —(4nn, /L)€ and then calculate the pressure

from the formula p = pcé. In the near-field zone, such
an approach is inapplicable in the general case: both of
the above formulas fail because of the diffraction
effects near the transducer. The fact was already dis-
cussed above (see Fig. 4). However, when using piezo-
electric transducers, in some cases it is possible to
apply the approximation of the plane wave in the near
field as well, if the measurements are performed in the
pulsed mode of operation and a suitable time window
is chosen. Indeed, in the case of vibration of a homo-
geneous plate, the emitted acoustic signal can be rep-
resented as a superposition of a “direct” plane wave,
and “edge” wave, and a “side” wave generated by
Lamb waves. If a transient mode of operation takes
place, within a few moments after the beginning of
radiation, a spatial region is formed where the direct
wave is separated from the edge and side waves.

The corresponding structure of the acoustic field is
shown in the left-hand plot of Fig. 5. One can see that
the beam of the probing laser directed at the central
region of the plate only intersects the direct signal; i.e.,
the incursion of the optic phase is produced by the
plane wave by itself. In the corresponding interval of
time, the relations Ag = —(4nn, /)& and p = pct are
satisfied, and, therefore, an absolute pressure mea-
surement can be carried out. Starting from a certain
instant, the side wave intersects the laser beam, and
then the edge wave arrives (see the right-hand plot of
Fig. 5). From this instant on, the regime of the plane
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wave is violated. If the distance from the point of mea-
surement to the edge of the transducer is x, and the

maximal velocity of elastic waves in the piezoelectric
material is c,,, the duration of the regime of the plane

wave is t, = x,/c,. Evidently, the plane wave will be
emitted only when the characteristics of the piezoelec-
tric plate are homogeneous. This is possible if pore-
free piezoceramics or a piezoelectric single crystal is
used. If the structure of the piezoelectric material is
inhomogeneous (e.g., if a piezocomposite is used), the
regime of the plane wave will be impossible.

3.2. Spatial Filtering Caused by Acousto-Optic
Interaction (the Direct Problem)

According to Eq. (2), the additional phase incur-
sion of the light wave is proportional to the integral

L
I P (r, t)dz; i.e., it is necessary to know the sound pres-
o

sure at every point of the laser beam. We assume that
the liquid is an ideal linear medium; i.e., the effects
of viscosity, thermal conduction and acoustic non-
linearity do not manifest themselves. Then, to deter-
mine the sound pressure, we have to solve the wave
equation A p — ¢ azp/ dt* = 0 with the boundary con-
dition corresponding to a given dependence &(t). For
the sake of convenience, we change all of the functions

of time f(f) to their spectra F(w) = .roo f(¢)e™dt. For

the spectra of sound pressure p(x,y,z,t), true dis-
placement §&(x,y,f) and seeming displacement

A L
&(x,y,1) :noﬁ—yj; p(r,t)dz, we use the notations

P(x,y,2,0), E(x,y,0) and é(x,y,w), respectively. For
the spectrum of the phase shift of the beam of probing
light ¢(x,y,7)—(4n/A)nyL, we use the notation
®(x,y,w). The change to spectral amplitudes corre-
sponds to a continuous mode of operation of the trans-
ducer. According to Eq. (2), the spectrum of the seem-
ing displacement (i.e., the displacement that is
obtained from the laser vibrometer readings without
allowance for the effect of the medium) is expressed
through the spectra of the true displacement and
sound pressure as follows:

L
E(x,,0) = nyE(x,y,0) - YIP(x,y,z,w) dz. (4

0
For spectral amplitudes, the wave equation transforms
to the Helmholtz equation AP + (032/ cz)P =0. As is
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known, its solution can be represented by the angular
spectral expansion

+00 400
P(x,y,2,0) =— [ [dkdk,
(@2m)° = - (5)
ikyx + ikyy +i f‘”—;fkffkﬁ
xI1(k,, k,, w)e T .

The latter expression takes into account the radiation
condition: it only considers the waves propagating in
the direction outward the radiating surface. In actual
practice, this condition is violated as soon as acoustic
waves reach the wall of the tank z = L, through which
the beam of the probing laser is introduced, and begin
to reflect from it. For simplicity, we assume that this
wall perfectly absorbs acoustic waves. In this case, rep-
resentation (5) proves to be valid. To determine the
pressure of the spatial spectral amplitude H(kx, k,, (o)
(i.e., the angular spectrum), we expand the quantity

Z(x,y,w) into a spatial spectrum:

00 +00
[ [ ke X (s, e )™ (6)

—00 —00

1
(2n)°
According to the equation of motion, we have
p(’)zé/at2 = —0p/07|,_,- Substituting the full space—
time expansions into this formula, we obtain the

relationship between the pressure spectrum
and the displacement spectrum: [II(k,k,®) =

—ipoozX(kx, k,, m)/\lwz/cz —kl- kyz. Owing to the fact
that, in the integrand in Eq. (5), the dependence on
the z coordinate has a simple form, the integration
along the beam presents no difficulties. Formula (4)
yields the following expression for the spatial spectrum
of the seeming displacement:

E(x,y,0) =

X(ky kyp ®) = X (K Ky )

2 i (w/c)2—kf—k}z.
po [1 —e J 7)

(0/c)" — k2~ &}

X1y —Y

Thus, we eliminated the sound pressure and obtained
a direct relationship between the spectra of the true
and seeming displacements. To determine the rela-

tionship between the initial functions &(x,y,f) and

A

&(x,»,1), it is necessary to apply the inverse Fourier
transform.

If the liquid layer is sufficiently long (L — o), the

exponential exp(z’ 14/0)2/ o kf - kyz) can be ignored,

because, in the presence of viscosity as small as one
likes, this exponential will attenuate (the limiting
ACOUSTICAL PHYSICS Vol. 55
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absorption principle). In practice, such a condition is
not satisfied, because the dimensions of the tank con-
taining the liquid are always small compared to the
delay length of ultrasonic waves under study. However,
the exponential can also be ignored in the case when
the acoustic wave did not yet reach the edge of the liq-
uid medium. The latter condition can be satisfied in
the pulsed mode of transducer operation within a cer-
tain initial interval of time. Thus, in the two aforemen-
tioned cases, Eq. (7) takes the form

2 2 2
K(koky) = X (kok,0) L8 K=k g

e T o) -k -k

Here,

Cx Zé—a/no/n*. )

1= ypc*/ny
According to Eq. (8), the role of the acousto-optic
effect is reduced to spatial filtering of the spectrum of
surface displacement. This result was earlier obtained
in [13]. The filter is such that the spectral components

corresponding to the condition k. + ky2 = (co/c)2 are
unboundedly amplified. This condition is nothing but
the dispersion law for the displacement waves propa-
gating along the surface of the transducer with the
velocity of sound in the immersion medium (in the liq-
uid). This explains why laser vibrometry used in the
continuous mode of operation reveals a seeming inho-
mogeneity whose period coincides with the wave-
length of ultrasound in the liquid (Fig. 2), whereas, in
the pulsed mode of operation, the image exhibits
regions that move with the velocity of sound in the lig-
uid (Fig. 3).

We note that, by contrast, inhomogeneities with the
dispersion law kf + ky2 = 032/ ci are completely sup-
pressed. The corresponding disturbances have the
form of waves propagating with the velocity c, > c.
This means that, if elastic waves with the velocity c

propagate over the surface of the transducer, they will
be invisible to the laser vibrometer. For water, the value

of this velocity is ¢, ® 1700 m/s.

Spatial filtering (8) is equivalent to the following
convolution:

é(x,y,co) = J]dx'dy'E(x’,y',oo)

xKo(x—x,y—y),

(10)

where the kernel K, (x,) is the Fourier transform of
the spatial filter function. As one can see from Eq.
(10), the kernel K (x, y) represents the reading of

the laser vibrometer = that corresponds to the true
displacement with the spectral amplitude
E(x,y,0) = 8(x)3(p), i.e., the displacement localized
at the origin of coordinates. An explicit expression
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for K,(x,y) can be most easily obtained from the

Rayleigh integral without considering the angular

spectrum. The Rayleigh integral has the form
2R

P(x,y,z,0) = _pz_c;)j ”dx'dy'E(x',y',w)%, where

R= \/ (x—x)* +(y —y')* + z*. Substituting this expres-
sion for Pinto Eq. (4) and taking L — oo, we arrive at
Eq. (10) in which

2
Ko(x,3) = md(x)3(y) + 112 ) (@«xz = yz). (11)
C

Here, the Hankel function H él) = J, +iY, corresponds
to diverging waves.

Expression (10) with kernel (11) allows us to calcu-
late the seeming displacement from the true surface
displacement of the transducer in the case of its har-
monic excitation. Knowing the displacement, by
applying the Rayleigh integral, it is easy to calculate
the generated acoustic field. The fact that the readings
of the laser vibrometer may widely differ from the true
displacement distribution on the surface of the trans-
ducer was mentioned above (see Fig. 4). It is of interest
to analyze how this fact will influence the structure of
the acoustic field. Figure 6 illustrates the correspond-
ing characteristic features for the case of a circular
plane transducer with a diameter of 30 mm, an opera-
tion frequency of 0.5 MHz and a uniform (piston-
type) distribution of displacements. The thin line in
the inset represents the aforementioned distribution =.
The thick line in the inset represents the distribution of

visible displacement = distorted by the acousto-optic
effect. Within the source, vibrations arise with a period
identical to the wavelength in the liquid (3 mm).

Beyond the source, the quantity = does not oscillate,
but still has a considerable level of about 30% of the
level at the transducer; it slowly decreases with an
increasing transverse coordinate. The main plot shows
the distribution of the amplitude of sound pressure
along the symmetry axis of the source. The pressure is

normalized by the quantity P, = pcV,, where V), is the
amplitude of the surface velocity of the piston-type
transducer. The behavior of pressure for the piston-
type source is shown by the thin line. The thick line
represents the distribution that is obtained by calculat-
ing the pressure on the basis of the Rayleigh integral
when the readings of the laser vibrometer are consid-
ered as true displacements. One can see that the true
distribution does not coincide with the distribution
calculated with the use of the vibrometer readings. In
the far field, the curves differ only slightly, whereas,
near the source, at a distance on the order of its diam-
eter, they differ widely. Thus, the readings of the vibro-
meter cannot be directly used for transducer charac-
terization.
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Fig. 6. The main plot represents the amplitude of normalized pressure versus the distance along the axis of a circular transducer.
Curves ] and 2are calculated on the basis of the Rayleigh integral with the use of the distributions of the source surface displacements,
= and =, shown in the inset. The integration was performed over the transducer surface only. The inset shows (/) the normalized
distribution of the true displacement amplitude = and (2) the data of the laser vibrometer Z calculated from Egs. (10) and (11).

It is worth noting that the function K, (x,y)-

n,8(x)8(y) proves to coincide with the Green’s func-
tion for cylindrical waves. This is not surprising,

because the correction ¢(x,y,7) = € — n,t is the solu-
tion to the inhomogeneous wave equation
Ac— c726°2g/8t2 = 1pd’(&- F,L)/étz, where A, =
62/6x2 + 82/6y2 and &, (x,y,?) is the z component of
displacement of the liquid particle at a distance L from
the source, i.e., under the assumption that the wall of
the tank perfectly absorbs the wave incident on it. The
above equation immediately follows from Eq. (7), if we
multiply the latter by coz/ I ki — ky2 and apply the
inverse Fourier transform with respect to coordinates
and time. As long as the wave does not reach the wall

of the tank, &, = 0, the following equation is valid for
the displacement ¢:

12)

Let us consider several solutions to Eq. (12), which
illustrate the effect of acousto-optic interaction on the
readings of the laser vibrometer. Let, for example, a
plane elastic wave & = &, (x — Vt) propagate over the sur-
face under study with velocity V. If we consider a
steady-state process, the solution to Eq. (12) should be

sought in the form ¢ = g, (x — V7). After substitution and
integration, we obtain gy(x) = yp V2(1 - VQ/CZ)i1 Eo(x),
ie., é, = [no +vp V2(1 - V2/c2)_1}&,. From this expres-

sion, one can see that the signal of the laser vibrometer
adequately indicates the profile of the surface dis-
placement. However, the magnitude of the visible dis-

placement é depends on the velocity of the surface
wave and may considerably differ from the true dis-

placement &. In particular, at low velocities % = né at
V — ¢, the signal unboundedly increases and at
V > ¢, the signal proves to be identical to that in the
piston-type source: & - (no - ypcz)i.

Let us consider another case, which concerns the
readings of the laser vibrometer near the edge of the
transducer under pulsed excitation. Let at # = 0 the
half-plane x > 0 be displaced in a jumplike manner
by AE; i.e., the initial condition has the form
E(x,y,t =0) = AEO(x), where O(x) is the Heaviside
step function. The quantity &, which is the solution

to the wave equation A |§ — V_zazi/ﬁtz =0, fort>0
is described by the expression §=(AE/2) x
[©(x — V1) + O(x + V1)]. Substituting this expression
into the right-hand side of Eq. (12) and taking into
account that g(x,f = ()) =0, we obtain the following
formula for the visible displacement:

e _Ag vV’
§=—=0(t)4| ny ————
2 O ™ (V/e) -1
x[O(x = V1) + O(x + V1)] (13)
1wV’
+—E=—[O(x —ct) + O(x +ct)|;.
R ol ol
From this formula, it follows that the readings of the
laser vibrometer contain both the true wave and the
artifact wave caused by acousto-optic interaction.
According to Eq. (13), the amplitude ratio of the cor-

responding signals is (c_2 - (,;,_f)/(V_2 - c;z). In partic-
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ular, when V' — c,, it tends to infinity, because the
image of the corresponding true wave disappears. Note
that the artifact waves propagating with velocity ¢ are
truly observed in the experiment: for example, in
Fig. 3, one can see clearly defined waves possessing a
linear front and diverging from the edges of the square
transducer.

3.3. Distortion of the Signal
in the Transient Mode of Operation

When analyzing the signal of the vibrometer in the
transient mode of operation, one should know the
type of signal shown by the vibrometer in the case of a

displacement of a pulsed point: & = 3(x)d(y)3(¢). The
corresponding pulsed response ?;: H(x, y,t) can be
used to calculate the signal of the vibrometer in the

case of an arbitrary displacement distribution over the
source surface. In Eq. (11), the kernel is the spectrum

of the pulsed response H (x,y,t). Applying the inverse
Fourier transform, we obtain
H(x,y,t) =ngd(x)8(y)d(r)
(t Iy e )
\/t x +y /

The general relation between the true and seeming dis-
placements has the form of a three-dimensional con-
volution:

S (14)
2

%(X y’t) = nOé(X’y’t)
w(x',y',t')dt' (15)

B f e

Here, w(x,y,t) = 825,/ at” is the acceleration of surface
points. In addition, to make the formula shorter, we

introduced the notation r= \/(x —x) +(y-y).
Using Eq. (15), we consider the practically important
case of the signal of the laser vibrometer under the
conditions where the transducer, being initially turned
off, is turned on at a certain instant (say, ¢t = 0) and
begins vibrating according to the sinusoidal law. As will
be seen below, the signal of the vibrometer becomes
steady-state only after a while, and this does not always
happen before the acoustic wave reaches the wall of the
tank, through which the probing laser beam is intro-
duced (z = L). Since, after the reflection of the acous-
tic wave from the wall, the acousto-optic interaction
process becomes rather complicated, one may expect
that experimental implementation of a continuous
mode of operation in tanks of relatively small size is
impossible. Below, we show that this assumption fails.
ACOUSTICAL PHYSICS Vol. 55
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When  the E(x, 1) =
A(x,y)e"@(¢) is turned on, the surface acceleration

sinusoidal ~ signal

—imt

at ¢ > 0 has the form w(x,y,t) = —mzA(x,y)e . From
Eq. (15), after some transformations, we obtain

E(x,p.1) = ne&(x,3.1)

ypm —iot r
+4— dx'dy' A(x', (t ——)
21t J- J. y A(x',y)© P

—00 —00

—r

d
first

.[dr \/T

The inner mtegral is a tabular one:

d‘t = z—H (())(— ) We are interested in a

e

quasi-stationary envelope Such a mode of operation
is reached when 7 > r, . /c, where r,,, is the distance

max
from the point of observation to the most distant
point of the transducer surface. Under this condi-

tion, we have

o0 . o0 .
el(,\)'f elw‘f
Idt— ~ Idr—
2 2/ 2
TNt / c 7T

ot
l_

= —[ci(wT) + isi(wt)] = "

As a result, we obtain

é_,(x,y,t) = noi(x,y,t)

+o0+00
+i%_j_jdx'dy'A(x',y')e[w'H(gl)(%Orj
+o0 400
ypco I jdx day' A( ,y)

Using the fact that, within the time interval under con-

sideration, we have A(x,y)e ™ =&(x,y,) and taking
into account Eq. (11), we arrive at the conclusion that
the first two terms give exactly the same result as that
obtained earlier for the steady-state mode of opera-
tion. Hence, the last term characterizes the transient
process. It is important that this term slowly varies

within the scale on the order of the wave period (~t_l)
and does not depend on the coordinates of the obser-
vation point (x,y). Therefore, it weakly affects the
phase of the wave and its amplitude, if the latter is
measured as half the peak-to-peak amplitude of the
signal, or the signal is preliminarily passed through a
high-frequency filter. Hence, at finite times satisfying
the condition r,,,/c < < L/c, the characteristics of
the steady-state signal can be measured with the use of
tanks of relatively small size L.
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3.4. Compensation of Distortions Caused
by Acousto-Optic Interaction (The Inverse Problem)

Let us invert relation (8) between the spectra of the
true and seeming displacements:

X(kyk,,0) (afc)’ — ki —k,

S (16)
n (ofe,)’ —ki—k;

Thus, if we perform the aforementioned correction of
the angular spectrum, we can compensate the effect of
acousto-optic interaction in the absence of noise.
Here, the main difficulty is that the function of such a
filter contains a singularity at kf + ky2 =0 ci. This
leads to an infinite amplification of the corresponding
noise, i.e., makes the correction process impossible.
To avoid the undesired amplification of noise, we can
artificially eliminate the singularity in Eq. (16). How-
ever, we will not discuss such regularization in this
paper.

There is one more fundamental difficulty in the
implementation of the algorithm proposed above for
compensation of the acousto-optic effect. For calcu-

X(kyk,,0) =

lating the spatial spectrum X(k k oo) it is necessary

x Ny
to know the corresponding seeming displacement
Z(x,y,0) throughout the entire (x,y) plane, rather
than within the source boundaries. From the example
shown in the inset in Fig. 6, one can see that the quan-

tity = remains significant far beyond the source
boundaries. In other words, the probing beam of the
vibrometer should scan not only over the surface of the
source itself, but also over a large area around the
source. However, such a measurement may be impos-
sible in practice, because an actual transducer always
has a finite size while, beyond its boundaries, the prob-
ing beam encounters no surface to be reflected from.
Thus, to provide the fundamental possibility for solv-
ing the inverse problem, it is necessary to use tanks
whose size far exceeds the diameter of the source and
also to place a wide-aperture reflecting screen beyond
the source boundaries.

Solution of the inverse problem can be reduced to
solving an auxiliary direct problem on the basis of
using the inhomogeneous wave equation that follows
from Eq. (16):

__J;§L§ 2 1 0%
cxor’ no[ - j

In the pulsed mode of excitation, within a certain ini-
tial time interval, Eq. (17) allows us to avoid the afore-
mentioned difficulties arising in the compensation of
the acousto-optic effect (above, these difficulties were
discussed in application to the continuous excitation
mode). The right-hand side of Eq. (17) is known if the

visible displacement é(x, ,t) is measured. Note that, if

a17)

J_

% contains signals in the form of waves propagating
with velocity c, they will make no contribution to the

SAPOZHNIKOV et al.

right-hand side, i.e., will not manifest themselves. In

contrast, if é_, contains disturbances propagating with
velocity ¢4, these signals will be resonant and the cor-

responding component of the reconstructed displace-
ment & will be significant. As was noted above, the
characteristic feature of acousto-optic interaction
consists in that no such signals should be present in the

distribution of ?; However, in an actual experiment,
they necessarily arise because of the presence of noise,
which already was noted above.

CONCLUSIONS

Laser vibrometry has been used for years in various
fields of science and engineering and is believed to be
a precise method of measuring absolute surface dis-
placements [2, 10, 14]. The latter is true when the
vibrating surface under investigation is in air (or in
some other gas). In this paper, we showed that, when
measurements are performed in a liquid, the data
obtained from a laser vibrometer for the point of inci-
dence of the probing laser beam is erroneous, and the
deviation of the visible displacement from the true one
may exceed the true displacement itself. Moreover, not
only do the absolute values of displacements at indi-
vidual points, but also the form of the distribution of
two-dimensional displacement over the surface under
study differ from the true ones. In particular, the visi-
ble vibration pattern contains a false structure with a
spatial scale identical to the wavelength of acoustic
waves in the liquid. In addition, the laser vibrometer
indicates displacements in the regions where they are
actually absent. In the transient mode of operation,
the image displays nonexisting surface waves propa-
gating with the velocity of sound in the liquid. The ori-
gin of these distortions lies in the acousto-optic inter-
action that occurs in the condensed medium on the
path of the probing laser beam.

The aforementioned features of laser vibrometry
that were observed in our experiments were theoreti-
cally analyzed. In addition to the well-known analysis
of acousto-optic interaction by introduction of an
equivalent spatial filter, we derived an analytical
expression for the function characterizing the
acousto-optic response to a local surface displacement
& ~ 8(x)8(y) under harmonic excitation and the corre-
sponding function of the pulse response, i.e., the
acousto-optic addition in the case of displacement of
the form & = 8(x)8(y)8(z). Different versions of the
solution were analyzed and it was shown that the solu-
tion explains all the artifacts of laser vibrometry in lig-
uid that were observed in our experiments.

The process of the establishment of the vibrometer
signal after the beginning of harmonic excitation of an
initially nonexcited transducer was theoretically inves-
tigated. It was shown that steady-state values of signal
amplitude and phase can be correctly measured well
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before the signal reaches its steady-state level when the
measurements are performed within time intervals on
the order of several travel times of sound within the
source size. In a laboratory experiment, this allows one
to avoid interference caused by multiple reflections of
acoustic waves in the measuring tank containing the
liquid. The measurement of two-dimensional distri-
butions of steady-state amplitude and phase values
throughout the source surface makes it possible to
apply the inverse filtering algorithm and to reconstruct
the true surface displacement within certain approxi-
mation. Such a reconstruction is impossible for distur-
bances in the form of surface waves propagating with
the velocity of sound in the liquid.
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