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Abstract—An acoustic microscope with a cylindrical lens and ultrasound transducer have been considered,
as well as the method based on it for the measuring of longitudinal and transverse wave velocities, the thick-
ness and density of the investigated layer. A theoretical model of the microscope has been constructed, and
the relation between the spatiotemporal output signal of the transducer and the angular dependence of the
sample reflection coefficient has been found. It has been shown that the velocities of body waves and the
thickness can be determined by the delays of ultrasound responses reflected from the layer boundaries mea-
sured by the transducer elements, and the density, by the amplitudes of these responses. The method was
tested experimentally using a 20-element transducer with a central frequency of 15 MHz and a period of
0.8 mm. The example of a duralumin plate has shown that the error in measuring the thickness and velocity
of longitudinal waves error does not exceed 1%; the velocity of transverse waves, 2%; and the density can be

estimated with an accuracy of about 5%.
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1. INTRODUCTION

A scanning acoustic microscope is designed to
study the structures of various objects using focused
high-frequency ultrasound waves. Single piezoelectric
element / located coaxially to acoustic lens 2 (Fig. 1a)
and operating in echo pulse mode is the most common
scheme for a confocal microscope [1]. Mechanical
scanning with respect to the object under study 3 is
done to construct ultrasound images of the internal
structure [2, 3]. The acoustic microscope is also used
for to quantitatively characterize local, laterally homo-
geneous regions of objects by measuring the parame-
ters of flowing surface waves [4, 5], body wave veloci-
ties, and layer thicknesses [6, 7]. These quantitative
measurement methods are based on the microscope’s
spatiotemporal signal recorded as a function of dis-
placement of the sample from the focal plane. How-
ever, additional mechanical displacement leads to low
productivity and requires precision mechanical
devices.

The use of multielement ultrasound transducers to
measure the acoustic parameters of layered objects
makes it possible to replace mechanical scanning with
electronic [8, 9]. In such devices, it is possible to
record ultrasound responses reflected by the boundar-
ies of the studied layer at different angles and deter-
mine the layer parameters from the obtained angular
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dependences. The element size should be comparable
to the wavelength to ensure the required beamwidth
and a sufficient spatial sampling rate of the recorded
reflected waves. However, fabrication of ultrasound
transducers that can operate at the characteristic
acoustic microscopy frequencies causes a number of
technological difficulties.

A microscope with a spherical acoustic lens and a
two-dimensional transducer was proposed recently,
the element dimensions of which significantly exceed
the wavelength [10]. In such a scheme, the ultrasound
beams emitted by the transducer elements are reduced
by the lens in the focal region, which allows electronic
focusing and scanning in the longitudinal and trans-
verse directions in the natural focal area of the lens, as
well as compensation for aberrations.

In this article, a lens multielement microscope with
a linear transducer and a cylindrical acoustic lens was
proposed and a method was developed for measuring
body wave velocities and the thickness and density of a
layer.

2. THEORETICAL CONSIDERATION
OF THE TECHNIQUE

Figure 1b shows a diagram of the multielement lens
microscope. Linear ultrasound transducer with identi-
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Fig. 1. One-element (a) and multielement (b) acoustic microscopes: (/) piezoelements; (2) acoustic lens; (3) sample.

cal rectangular elements / is located in the posterior
focal plane of acoustic cylindrical lens 2 at the end of
the sound line. The front and back focal distances of
the lens are, respectively [11],

Co_ F=rC, (1)

C D - C C D

where R is the lens radius, and C and Cj, are the ultra-
sound velocities in the immersion medium and the
lens material, respectively. The propagation of waves
from the transducer elements to the sample and back
should be considered in order to find the relation
between the spatiotemporal output signal of the trans-
ducer and the investigated layer parameters. If the
transducer element length along the y axis signifi-
cantly exceeds the characteristic wavelength, the two-
dimensional model can be used.

The transducer element being excited by a har-
monic signal generates field distribution u,(x) in the
transducer plane. Then the field distribution in the
lens plane can be found by convolution in the spatial
coordinate of this field with the pulse response of the
acoustic line gp(x) [12]. This response in the Fresnel
approximation for the two-dimensional case with an
accuracy to an insignificant constant multiplier is [13]

1 .21 . 2m 2
X) = exp|i=—Fp+i x|, 2
0= LR, ( T j
where A, is the wavelength in the material of the
acoustic line. The lens effect on the propagating wave

can be taken into account in the paraxial approxima-
tion in terms of the phase factor:

8 (X) = €exXp _ikO_X2 5 3)

2F
where k, = 21/A, A is the wavelength in the immersion
fluid. Wave propagation in the fluid to the front focal

F=R

plane (z = 0) is described as in (2) by the pulse
response:

. Lk
gw (x) = ﬁexp(zkoF + zﬁxﬁ. %)

Thus, the field in the focal plane can be represented
in the form

up(x) ={lu(x) = g, (x)]g (x)} = gw (x), (5
where * denotes the convolution operation. Substitut-
ing (2)—(4) into (5) makes it possible to express the
field in the front focal plane u/(x) via the Fourier trans-
formation of the field distribution in the rear focal

plane U, (k,) = F fu, (x)}:

1 . C? ( x)
= —eX Fll1+=— =|. 6
uy(x) \/k_Fe P[lko ( C12JDU1 kOF (6)
This expression shows that the spectral component
of the probing wave with spatial frequency k, is focused
by the lens at the point x = Fk,/k,. The exponential
multiplier determines the phase delay that is common
to all the components of the wave spatial spectrum.
Formula (6) is an expression of the known lens prop-
erty to implement the Fourier transformation [12, 13].

The incident field spectral density in the focal
plane is determined correspondingly by the field dis-
tribution in the transducer plane:

= exp| i C—z u | —
up (k) =vAF p[kOF(1+C2D 1(

D

F
—k,|. (7
kokxj 7

Thus, the infinite thin element of the transducer
located at point x gives a plane wave incident on the
plane at angle sin© = kxko_1 = —xF".

The spectrum of the reflected wave can be obtained
by multiplying the spectrum (7) by the reflection coef-
ficient R(k,) of the sample with respect to the focal
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LENS MULTIELEMENT ACOUSTIC MICROSCOPE

plane. The field distribution of the reflected wave in
the transducer plane ux(x) can be found from the spec-
tral density in the focal plane Ug(k,) in accordance
with a ratio similar to (6):

up (x) = exp (i2k0F {1 + g—jDR(ko %)ul (=x). (8)

D

Thus, the field value it takes at point x is propor-
tional to the reflection coefficient at k, = kyxF~'. In
order to find the spatiotemporal signal of the trans-
ducer under pulsed excitation, inverse Fourier trans-
form of the harmonic components (8) is necessary.
Since k, = ®C~!, the phase in the exponential multi-
plier is proportional to frequency ®. Thus, it ensures a
constant signal delay and can be omitted from further
consideration.

Considering the time dependence of the emitted
wave and performing inverse Fourier transformation,
the obtained field can be represented as convolution in
time:

ug (x,1) = r(x,t)*u (—x,t), )

where

r(x,1) = %;I{R(k(,%,m)}. (10)

If the reflected wave is received by the converter
with the pulse response u,(x, f), then the output is
expressed by the integral of the superposition with
respect to the spatial coordinate:

oo

s() = I [r(x,1) = u, (=x,1)] * u, (x,1) dx.

—oo

1)

In the proposed measurement method, the emis-
sion and reception of the signal are carried out by pairs
of transducer elements positioned symmetrically rela-
tively to the axis. If 4(x, f) and /,.(x, f) are the element
characteristics for emitting and receiving respectively,
then for the elements whose centers have coordinates
(—x) and x, it can be written

u,(§,1) =h (E+x,1), u,(E1)=h(E—x,1).

Substituting (12) into (11) gives for the output spa-
tiotemporal signal the following expression

(12)

oo

s(of) = [ [r(&0) b (x—&0)]*u, (E- x,1)de (13)

—oo

Here the limits of integration are specified as
infinite; however, the characteristics of the elements

have significant values in the interval |§| <p / 2, where
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p is the transducer period (Fig. 1b). Determining the
total pulse response of the device in the form

o

&0 = [ [h(&)h (&1 -T)dr,

the output signal is represented as convolution for the
spatial and temporal variables of the function of the
sample and pulse response:

s(x,1) = r(x,1)*” = n(x,1). (15)

Thus, the result is smoothed over the spatial coor-
dinate, and the width of the pulse response, which is
approximately equal to the transducer period p, deter-
mines the angular resolution. However, given that the
reflection coefficient changes relatively slowly within
the angular aperture and p is small compared to the
total transducer length, it can assumed that A(x, ¢) =
d(x)hy(7) and the following approximation can be
used:

(14)

s(x,1) = r(x,1) % hy(1). (16)

Suppose also that the duration of the ultrasound
pulses is less than the time of wave propagation
through the layer. Then, in the output signal, the
responses reflected from the layer boundaries can be
split and the reflection coefficient can be represented
as the sum

R(k,,®) = exp (—2iz\/k02 _ kf)
X (Ry+ R, + Ry + Ry ..).

The exponential multiplier determines the change
of the phase of the plane harmonic wave when propa-
gating from the focal plane to the transducer upper
boundary and back [14], where coordinate z specifies
the position of this boundary. Quantity R, is the coef-
ficient of reflection from the interface between the
fluid and the layer material. For probing waves to effi-
ciently penetrate the object, the maximum aperture
angle is usually selected less than the critical angle for
longitudinal waves; therefore, R, can be considered a
real value depending only on the angle of incidence.
Thus, the component of the spatiotemporal signal
corresponding to reflection from the surface is equal

S0 (x,t)=R0(%)6(t—TW)*h0 (1), (18)

where 8 is the delta function ensuring a response delay
in the liquid by

2z x2
T, =—2% 1-|X |
Y=y (FJ

The term R; corresponds to a longitudinal wave
which passed through the layer:

R =T, (%)exp(Zid\/oszz - K2).

A7)

(19)

(20)
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Its amplitude T, which is equal to the transmission
coefficient through the upper boundary multiplied by
the coefficient of reflection from the layer lower
boundary, also does not depend on frequency. The
corresponding signal component is

s, (1) =T, (%)60—1”,) £8(t—1,) % (1), Q1)

where the additional delay s; with respect to the pulse
sy depends on layer thickness d and velocity C;:
_2d

= 1- (@)2
C, CF)’

Thus, measuring the delay T, for signals from all
transducer elements and knowing the velocity of
sound in fluid C and the focal length F, it is possible to
find 4 and C; using model equations (22). The same
can be done for the R; component of the total reflec-
tion coefficient (17). This component is formed by the
transverse waves in the layer, and the corresponding
pulse delay t; is determined similarly by (22) with
replacement of C; by the transverse wave velocity Cp
However, the response amplitude of the transverse wave
is usually small, especially at small angles of incidence.
The response of the mixed mode R;; formed by the lon-
gitudinal and transverse waves propagating through the
layer in opposite directions is more notable. The delay of
the response with respect to the pulse s, is

T = (7, +TT)/2a (23)
and if we measure this knowing T; and d, we can deter-
mine the transverse wave velocity C In addition, the
ratio of signal amplitudes s; and s, is equal to the ratio
of coefficients 7;/R,, which depend not only on the
velocities but on the densities of the fluid and layer
material. Thus, knowing the velocity values deter-
mined in the previous stage of processing, and the lig-
uid density, we can find the layer density.

The range of applicability of the method is limited
by the approximation introduced above (16), based on
the slowness of change in the object function r(x, 7)
over the aperture of an individual transducer element.
Since the amplitude coefficients R, and 7; are
smooth, delays (19) or (22) make the main contribu-
tion to the change in rate of » . Thus, variation of the
delay within the transducer period p should be less
than the ultrasound period:
dt A
—|p <=. 24
L= (24)

Substitution of (19) and (22) into (24) gives,
respectively,

L (22)

AF C\LF
2sin6,,’ 2C,sin®,,’
where 0,, is the maximum angle of aperture (Fig. 1)
whose sine is the ratio of the maximum x to the focal

p < (25)
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length F. At typical values of 0,,~ 0.2, C; =4C,andp =

10A, the defocusing z and layer thickness ¢ should not
exceed z < F/4, d < F/16.

3. EXPERIMENTAL

The method was experimentally with an ultrasound
transducer of N = 20 rectangular elements. The trans-
ducer period was p = 0.8 mm, and the long side of the
element was 1.2 mm. The central frequency of the ele-
ment’s frequency characteristic in the transmitting—
receiving mode and the relative band at a 6 dB level
was 15 MHz and 60%, respectively. A cylindrical acoustic
lens made of polystyrene with a radius R = 13 mm, the
axis of which was oriented along the long side of the
transducer elements, was attached to the grid. Water
was used as the immersion liquid, which on the basis
of (1) gives a focal length of = 35 mm. The distance
between the lens and the transducer was 17 mm, which is
close to the back focal length of £, = 22 mm. The width
of the ultrasound transducer was Np = 16 mm, which
ensured the maximum aperture angle 6,, = 12°.

Sequential pulse excitation of the transducer ele-
ments with numbers k (k= 1, ..., N) and element signal
recording with numbers N — k + 1, arranged with
respect to the lens axis symmetrically to the radiating
elements was carried out to generate an output spatio-
temporal signal using a multichannel electronic unit.
Thus, the coordinate of the transmitting transducer ele-
mentisx =0.5(2k — N — 1)p. The signal s,(), measured for
the duralumin plate with a thickness d=3.21 = 0.01 mm is
shown in the form of a halftone chart in Fig. 2. The
sample was vertically displaced towards the lens, so
that its upper surface was in the position z = 16.5 mm.
The above-mentioned components s, s;, the response
of the longitudinal-transverse mode s;; and the
response s;, formed by the wave double passage
through the layer are observed in the received signal.
The signal component formed by the transverse wave
is weak and not detected in the image.

The arrival time of the response s, reflected from
the layer upper boundary is determined by expression
(19). As the layer is displaced from the focal plane, this
delay varies significantly depending on the position of
the receiving—transmitting pair of the transducer ele-
ments. The response of the longitudinal waves s; is
delayed with respect to s, by the value of T; (22). In this
experiment, delays T; and T, have opposite signs and
are comparable in magnitude; therefore, the response
arrival time depends weakly on k. Not only longitudi-
nal but also transverse waves participate in the forma-
tion of the response s; 1, so its amplitude is small in the
region of small angles of incidence.

In the practical implementation of the method, it
should be taken into account that the velocity of sound
in the lens material and immersion medium, as well as
the lens radius and focal length, are known with some

ACOUSTICAL PHYSICS  Vol. 63
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Fig. 2. Transducer signal s;(f) measured for duralumin
plate. Signal amplitude at 7 > 1 us is increased fourfold.

errors. In addition, the acoustic lens has aberrations,
and the transducer elements can be located with errors
with respect to the vertical axis. Therefore, it is advis-
able to calibrate the instrument for measuring the
angles of propagation of the waves emitted and
received by the transducer elements. The values 3, =
sin6, can be found by measuring the signal relative delays
T, occurring in the displacement of an ideal plane reflec-
tor along the vertical axis Az. Knowing the velocity of
sound in water C and the displacement Az, the magni-
tude of 3, can be found from expression (19):

7,CY
B (MZ

Figure 3 shows the times 7, and #, of signal arrivals
from the surface of a polished steel sample located
approximately in the lens focal plane (z = 0) and
shifted towards the lens at a distance Az = 16.48 mm.
The times are measured with respect to the time of
arrival #, of the signal emitted by the element k£ = 10,
and time ¢, is increased on the graph by 22 us. As fol-
lows from the presented data, time ¢, is not constant
for all transducer elements. Most notably, this effect
manifests itself at the edges of the transducer, which
can be explained by the increase in lens aberration
with increasing angle of incidence. Figure 4 shows the
B, values determined by the measured delays T, = 7y, —
t,, in accordance with (26). The figure shows also the
results of calculating B, by the known geometrical
parameters of the lens and transducer B, = x,F.
There are marked differences between the calculated
and experimental values, which make it expedient per-
form calibration.

(26)

The relative delays t; and T, for the investigated
duralumin plate were measured after calibration, the
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Fig. 3. Delays 7, (O) and #; ( +) of signals reflected at posi-
tion of reflector z = 0 and z = 16.48 mm, respectively.

results of which are shown in Fig. 5 as a function of
parameter ;. The correlation method was used to
determine the pulse delays s; and s;; with respect to
the s, pulses and the polarity change of the pulses s;
and s,y reflected from the lower metal—liquid bound-
ary was taken into account. T; and 3 were then aver-
aged for pairs of transmitting transducer elements
symmetrically located with numbers Xk and N — k + 1.
The squaring of expressions (22) makes it possible to
obtain a linear regression equation with the independent

variable Bi and dependent variable Tik, k=1,..,N:

2
2, =% 4, @7)
C
0.25
o [+
030F N 9
O
0.15+
&
0.10 -
0.05F
0 5 10 15 20

Element number k&

Fig. 4. Parameters 3;: calculation (—) and experiment (O).
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Fig. 5. Delays 1; (O) and T;7 (+) measured for duralumin
plate.

Finding the coefficients of this equation by the
least squares method, it is possible to determine 4 and
C,;. Multiple repeat measurements of the sample
under consideration give d = 3.17 = 0.03 mmand C; =
6380 + 40 m/s. Similarly, the transverse wave velocity
Cr was calculated based on the delay T, which was
determined by the measured delays T;,and T; accord-
ing to (23), because the response amplitude of the lon-
gitudinal—transverse mode s; is significantly smaller
than the response amplitude s; in the region of the
small angles of incidence. The calculation was carried
out for the limited data interval 2 < £ <9, and the used
thickness value d was determined at the previous pro-
cessing stage. The resulting value is Cp = 3120 = 50
m/s. The results of the velocity measurements agree
with the published data for duralumin alloy data C; =
6300—6400 m/s and C, = 3100—3200 m/s [15, 16],
and the found plate thickness corresponds to the value
measured by an independent method (d = 3.21 mm).
Thus, the relative measurement error does not exceed
1% for d and C, and 2% for C.

The density of the layer material p can be found
from the recorded signal amplitudes. As follows from
expressions (18) and (21), the ratio of the response
amplitudes s; and s, does not depend on the character-
istics of the microscope and is determined only by the
wave reflection and transmission coefficients at the
layer boundaries Y = T; / R,. For normal incidence,
this coefficient is [14]

Y=l (28)

(Z+2y,)

where Z=pC,, and Zy, are the impedances of the layer
and water, respectively. The measured value of the
amplitude ratio was y = 0.27 x 0.01, which implies a
density estimate of p = 2.95 & 0.13 g/cm?. The relative
error in density estimation in this case does not exceed
5%; however, the average value is somewhat overesti-
mated compared to the published values of p = 2.7—
2.8 g/ cm?. One of the causes of the displacement can
be neglect of ultrasound attenuation in the layer mate-
rial in view of the amplitude ratio (28).

CONCLUSIONS

We have proposed an acoustic microscope with a
cylindrical acoustic lens and ultrasound linear trans-
ducer located at the back focal plane of the lens; with
its use, we have developed a technique for measuring
body wave velocities, thickness, and the density of a
studied layer. The output spatiotemporal signal of the
microscope is formed by pairs of transducer transmit-
ter—receiver elements arranged symmetrically with
respect to the acoustic axis. In the paraxial approxi-
mation, it is shown that the signal is determined by the
coefficient of wave reflection from the layer surface
with the angle of incidence determined by the distance
between the transmitter and receiver elements. We
have theoretically and experimentally shown that the
desired layer parameters can be found from the angu-
lar dependences of the amplitudes and delays of the
ultrasound responses reflected from the layer bound-
aries. The measurement technique is demonstrated by
the example of an isotropic plate; however, the pres-
ence of the cylindrical lens, ensuring the selectivity for
the azimuthal angle, makes it possible to use the
microscope for studying anisotropic materials. It
should also be noted that in this microscope scheme,
the sizes of elements can significantly exceed the char-
acteristic wavelength, which simplifies manufacture of
the transducer for the high-frequency range.
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