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This paper reports on an experimental investigation of the diffraction
of a Rayleigh wave at a corner of an isotropic solid bounded by two planes
forming a dihedral angle with respect to each other.

Application of piezoelectric transducers and their appropriate setting
on samples permitted the determination of the coefficient of reflection and
transmission of Rayleigh waves at a corner and the directional characteristics
of transverse waves, with polarisation in a plane perpendicular to the surface
of B propagation, radiated at that time by the corner. The results were com.-
pared with the results of papers published in the world literature.

1. Introduction

The problem of reflection and transmission of Rayleigh waves at a corner
of a dihedral angle is not easy to be solved theoretically even in the case of an
isotropic body. Satisfaction of the complex boundary conditions requires the
assumption of a reflected wave which passes onto the other plane and the
conversion of part of the energy of a surface wave into that of a bulk wave
propagating into the material. Several theoretical and experimental papers
[1-4] were devoted to this problem.

In paper [4] HupsoN and KNoPOFF presented a theory of the transmission
of a Rayleigh wave from one plane of the dihedral angle 0 onto the other in
the case of an isotropic body, making a number of simplifying assumptions.
As a result of this theory they obtained relations permitting calculation of the
coefficients of reflection and transmission of a surface wave as a function of
the angle 6 and the Poisson ratio o (Fig. 1). They attempted to confirm the
theoretical results experimentally [5]; the values of the coefficients differed
greatly from those calculated theoretically. Their investigations were not precise
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enough, in view, it seems, of the shape of samples and the manner of generating
and detecting surface waves. In paper [1] the authors took into account in
acoustooptical measurements only surface waves, while bulk waves were acco-
unted for as a complementation of energy balance. These methods did permit
more detailed examination of the phenomenon of the transformation of surface
waves into bulk ones.
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Fig. 1. The reflection coefficient of Rayleigh wave from the edge as a function of the Poisson
ratio ¢ and the dihedral angle 0 between the propagation planes [4]. Measurement points
are marked on curve III ¢ = 0.32

In paper [3] GorUK and STEGEMAN investigated experimentally bulk
waves arising at a corner after the passage of Rayleigh waves. Their method
can only be used in the case of a transparent body; there are also additional
difficulties in visualizing transverse components in optically little active erystals.

The method which permits the measurement of surface and bulk waves,
both transverse and longitudinal near the corner, is the method which consists
in using piezoelectric transducers with transverse or longitudinal vibration
ag sources of surface waves and as detectors of surface and bulk waves on samples
with appropriate shape.

2. Investigation of the reflection of Rayleigh waves from the cormer

The investigations used piezoelectric ceramic material which permitted
experiments both with transverse surface waves and Rayleigh waves. The
sample used in the investigations had the shape of cylinder sections, with the
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angle 6 being 90, 125, and 65° (Fig. 2). The planes of the dihedral angle of each
section were polished so as to obtain minimum attenuation of Rayleigh waves.
The Rayleigh wave was excited by a piezoelectric transducer of transverse
vibration polarised perpendicularly to the propagation plane. The transducer
was set with hardenable resin at the corner of the plane and the cylindrical
surface. Thus, the wave propagating along the surface was incident onto the
edge of the dihedral angle and subsequently passed onto the other plane or,
when reflected, returned to the transmitting transducer. In order to observe
transverse waves generated at that time by the edge of the dihedral angle,
identical transducers fixed with epoxy resin were set on the cylindrical surface
of the section (Fig. 3). Signals detected by transducers were registered using
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Fig. 2. The transmission of Rayleigh wave TFig. 3. The position of piezoelectric plate
at a corner of the dihedral angle 6 transducers (1-13) for generation and dete-
1 — the transducer generating the Rayleigh wave and  ction of waves in order to observe the pheno-

registering the reflected wave; 2-3 — the transducers menon of the transmission of Rayleigh wave
registering the transmitted wave and the bulk wave SV, at & corner

R — the incident wave, RR — the reflected wave, RT -
the transmitted wave, SV — the transverse bulk wave

an oscilloscope. In this case, the electrie signal was proportional to the amplitude
of an acoustic impulse. A whole series of oscillograms were thus obtained, on
the basis of which it was possible to compare the amplitudes of the impulses
of respective waves. It appeared to be quite easy to determine the paths of the
impulses, taking into consideration their passage time and the velocity of sur-
face or, alternatively, bulk waves. In the case when a surface wave converts
in to a bulk one, part of the path of the impulse is the path over the surface
from the transducer to the edge and part is the radius from the edge to the
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surface of the cylinder. Consideration of different paths and different velocities
permits relatively easy identification of the impulses and determination of
their amplitude (Fig. 4).

The investigations covered transmitted and reflected surface waves and

a transverse bulk wave polarised in the plane perpendicular to the propagation
surface.

Fig. 4. The impulses detected by a transducer placed on the cylindrical surface (6 = 90°,
a = 60°); @ — the free surface, b — the resin-covered surface

This method also permits measurement of longitudinal bulk waves; piezo-
electric transducers vibrating in the thickness compressional mode should
then be used. This restricts the precision of measurement, since, in view of
repeatability, transducers are changed. It can be expected that longitudinal
wave generated by the edge plays a lesser role in this case, the longitudinal
component of the wave R has less value and, being incident on the plane, is
probably reflected according to the geometrical law of reflection; and, therefore,
it should be sought in the respective direction. In the case of the transverse
component of displacement of the wave R the reflection conditions are more
complicated and geometrical relations are not valid. This problem is not yet
clear and requires investigation.

The directional characteristics of the propagation of the bulk wave SV
inside the sample (Figs. 5-7) were obtained from measurements. It is interesting
to note that in Fig. 5 there are two maxima close to the angles a =~ 60° and
a =~ 30° (see Fig. 2), which is in agreement with the results of paper [3] obtained
by an acoustooptical method. The results of the investigations were compared
with the results in werld literature which were obtained using optical methods
[1, 3]. The latter results apply to a LiNbO, crystal with Y-cut and propagation
direction z, and to a quartz crystal with X-cut and propagation direction z.
In the case of an isotropic body, the results of the reflection of the wave R
were obtained by modelling the behaviour of the wave using a computer [2].

The piezoelectric ceramic material can be regarded as an isotropic body,
since it was polarised parallel to the propagation surface. It can be seen from
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Tables 1 and 2 that the results obtained are quite significantly different from
those published in the papers mentioned above. They agree, however, with
the results represented by the curve ¢ = 0.32 in Fig. 1 (III).
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Tig. 5. The directional characteristic of the wave § V generated by the corner of planes
§ — 90°, when the impulse of Rayleigh wave is transmitted at it

Table 1. Comparison of the results of measurements of the reflection of
Rayleigh wave from the corner of a quarter — space (6 = 90°) (power

coefficient)
Reflected | Transmitted | Bulk wave
Material kind wave surface wave (87) Paper

[ %] [%] [ %]
8i0y (y — #) 30 50 20 [
LiNbO, (y = 2) .5 39 25 [3]
isotropic body 13 41 46 [2]
PZT (isotropic) 13 65 22

Table 2 confirms the presence of a minimum reflection for the angle 6 =
= 90° and of maxima corresponding to the angles 0 = 65° and 6 = 125°.

These results were obtained applying the conservation rule of energy
for the impulses of the waves whose origin is at the corner. However, the energy
of longitudinal wave was omitted. A component of this type can readily be
found using acoustooptic methods. A closer analysis of the characteristics



8 W. PAJEWSKI, M. SZALEWSKI

Table 2. Comparison of the reflection coefficients of Rayleigh
waves from the edge of the angle @ in the case of piezoelectric
ceramic material (¢ = 0.32) and other materials

Angle 6 e il £3b" Paper
[ %] [%] [ %]
transmission
coefficient PZT G0 80 48
I'p AL (19.0) (87) (47) [5]
(15.0) | (26) | (50) [4]
8i0, (22) (20) (40) [1]
reflection
coefficient PZET 42.5 36 41
I'r .| (53) (25) (26) [5]
AL (25) (10) (25) [4]
8i0, (32) (70) (32) [1]
wave SV PZT 45 22 60
100% —(I'h+ | AL (68) (48) (71) [4]
I’f?) 8i0, (89) (50) (70) [1]
LiNbO, (25) [3]

Note: The data in the brackets refer to data in papers
[4, 5] for duralumin ¢ = 0.25 [9%]: experimental data [5], the-
oretical data [4] [%].
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Fig. 6. The directional characteristic of the transverse wave SV for the transmission of
Rayleigh wave at the corner 6 = 125°
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of wave radiation from the edge (Figs. 5-7) and the existing lobes indicates
that minima of the amplitude of a transverse bulk wave can be observed in
the directions where a reflected longitudinal wave might occur. E.g. for the
angle 6 = 125° the lobe of the longitudinal wave should be in the direction
a = 70°, while for the angle # = 65° in the direction a = 55°. In the case of
a right angle the compressional component of the reflected wave is probably
included in the reflected Rayleigh wave.

Fig. 7. The directional characteristic of the transverse wave SV for the transmission of
Rayleigh wave at the corner 6 = 65°

3. Conclusions

The present method for the investigation of the phenomenon of the reflec-
tion of waves from the corner gives interesting results and can complement
other methods, e.g. optical ones, where these cannot be used. Moreover, it
can facilitate the solution of the theoretically difficult problem of the reflection
of Rayleigh wave from plane edges, since it permits the determination of the
contribution of respective waves to the phenomenon and indicates therefore
the possibility of their being neglected in calculation. Finally, the results obtai-
ned here contribute to a better understanding of the phenomena involved.

The results obtained also indicate the possibility of using acoustoelectric
waves in the construction of piezoelectric resonators — the more convenient
reflection of waves can permit greater quality to be obtained in the rescnators,
without the use of complex reflecting structures.
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The reflection of a plane ultrasonic wave from a gas bubble in the blood
was considered quantitatively in the range ka < 1 (a is the radius of the bubble,
k = 2n/i and A is the wavelength). Taking as an example the elbow vein (vena
basilica), the losses in a signal caused by electroacoustical transducing, attenua-
tion of the wave in tissues, reflection of the wave from the bubble and diver-
gence of the reflected wave were evaluated using a typical ultrasonic Doppler
device with a frequency of 8 MHz.

It was shown that a single gas bubble with the radius 1.6 pm already
gives a signal which is received by the device; this signal, however, is masked
by the signal caused by the scattering of the wave by blood cells and, in addi-
tion, this bubble is instable. Determination of the level of signals scattered
in blood indicated that in the case investigated it is possible to detect in the
vein a single gas bubble with its radius greater than 16 pm or gas bubbles with
a radius of 11 pm lying at the stability limit provided that their density exceeds
35 em—3.

The present calculation procedure permits the determination in a specific
anatomic case of the level of signals scattered by blood, the level of electronic
noise and also the determination of the detectability of gas bubbles in blood
caused, for example, by the decompression of divers or by the caisson disease.
In the case of the pulmonary artery, using a frequency of 5 MHz, minimum
radii of detectable gas bubbles greater than 70 pm were obtained.

Notation

— surface area of the transducer

— attenuation loss

— radius of the gas bubble

— radius of the gas bubble lying at the detectability limit

— limiting radius of the gas bubble

— expansion coefficient of the wave reflected from the gas bubble
— expansion coefficient of the wave penetrating into the gas bubble
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dy

radins of the transducer

level of the signal scattered by blood ecells

wave velocity in blood

wave velocity in gas

wave velocity in gas under normal conditions

wave velocity in the transducer with constant electric induetion

wave veloeity in the medium loading the back surface of the transducer
wave velocity in the medium loading the front surface of the transducer
loss caused by the divergence of the ultrasonic beam

internal diameter of the blood vessel

thickness of the transducer

base of natural logarithms

frequency

frequency of electromechanical resonance in the transducer
frequency of mechanical resonance in the transducer

resonance frequency of the gas bubble

— spherical Hankel function of the second kind of order m
— see formula (5a)

intensity of the plane incident wave

intensity of the scattered spherical wave

Bessel function of order m+41/2

V-1

a spherical Bessel funection of order m

see formula (5b)

wave number in blood

wave number in gas

coefficient of electromechanical coupling

distance of the blood vessel from the transducer
scattering power

power emitted at the back loading of the transducer
power emitted at the front loading of the transducer (biological medium)
natural number

Neuman function of order m--1/2

spherical Neuman function of the order m

density of blood cells (erythrocytes)

density of gas bubbles

Legendre polynomial (spherieal function)

static pressure of air

static pressure in liquid

static pressure in a gas bubble

static pressure caused by the surface tengion

static pressure of the incident wave

acoustic pressure amplitude of the incident wave
acoustic pressure of the reflected (scattered) wave
reflection loss

radial coordinate of the polar system

loss caused by scattering in blood

loss caused by piezoelectric transducing

time

ratio of the maximum to the minimum electric signal
blood volume in the ultrasonic beam
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vy — velocity of the back surface of the transducer

vp — velocity of the front surface of the transducer

z — relative frequency (see formula (19))

A — relative frequency of the electric resonance of the transducer

an — the scattering (intensity) coefficient in muscle tissue

ap — the scattering (intensity) coefficient blood

Iy — function of far field reflection

d — equivalent cross-section of scattering by blood cells

7 — coefficient of backscattering

6 — inclination angle of the ultrasonic beam

) — angular coordinate of the polar sgystem

A — wavelength in blood

0 — density of blood

0 — dengity of gas

20 — density of gas under normal conditions

o — density of the transducer

04 — density of the medium loading the back surface of the transducer
op — density of the biological medium loading the front surface of the transducer
Z — equivalent cross-section of scattering of the gas bubble

X5 — equivalent eross-section of scattering of a gas bubble with the limiting radius
o — surface tension at the blood-air interface

® — angular frequency

1. Introduction

Ultrasonic diagnostic methods permit the possibility of detecting such
structures in the human body whose acoustic specific impedance is different
from the impedance of the surrounding tissues. These are, for example, gas
bubbles in divers’ blood during decompresion (divers’ or caisson disease) or
in persons staying at high altitudes. An ultrasonic method permits detection
of the presence of gas bubbles in blood even before distinct, clinical symptoms
of this disease occur [20]. Gas bubbles in blood are also detected ultrasonically
in the blood circulation system in the artificial kidney.

Gas bubbles in blood are detected by means of the ultrasonie Doppler
technique [19, 20] and, in some applications, by means of the conventional
pulse technique. In some of our investigations [15] performed in cooperaticn
with the Central Institute of Occupational Safety, the Doppler technique
was used at a frequency of 5 MHz to observe the appearance of gas bubbles
in the pulmonary artery. SPENCER ef al. [20], who were the first to use the
method, showed that it was also possible to detect gas bubbles in the veins of
the peripheral circulation system, e.g. in the elbow vein (vena basilica).

The principal aim of this investigation is to evaluate the minimum size
of a single, spherical gas bubble to be detectable in blood using ultrasonie
Doppler or pulse, methods. The author found no answer to this problem in
papers related to this subject [2, 10, 12, 19, 20]. A quantitative analysis of the
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problem will be performed in the case of detection of gas bubbles in the elbow
vein (vena basilica) using a Doppler method under the conditions shown in
Fig. 1.

Fig. 1. The system for detection of gas bubbles in the elbow vein (vena basilica)

P — the ultrasonic probe with & piezoelectric transducer, T — the transmitter of electric signals, R — the receiver

of electric signals, d — the diameter of the vein, ¥ — the volume of blood covered by the ultrasonic beam, I —

the depth at which the vein lies, 6 — the inclination angle of the ultrasonic beam with respect to the vein, 2 a —
the diameter of the ultrasonic beam

2. Assumptions of the analysis

It can be assumed that an ultrasonic beam of longitudinal waves at a fre-
quency of 8 MHz is radiated by a piezoelectric transducer with the diameter
2a, = 5 mm. The mean wave velocity in soft tissues is approximately equal
to the wave velocity in blood (¢ = 1.57 km/s). Thus the radiated wavelength
is 7 — 0.2 mm. The boundary between the near and the for field is then a; /i =
— 31 mm. Considering typical anatomic conditions, it can be assumed that
the vein of interest with its internal diameter d = 3 mm lies at the depth | =
— 15 mm from the body surface on which the piezoelectric transducer was
placed (Fig. 1). It can then be recognized that at this distance the ultrasonic
beam is cylindrical. The mean (in the cross-section of the beam) wave intengity
is, as a result of diffraction loss, lower by only about 1.5 dB at the distance !
than at the body surface [3].

An ultrasonic Doppler device [5] will be used to detect gas bubbles. The
output voltage of the transmitter is Uy = 4 V when matched to the impedance
of the ultrasonic probe, i.e. 50Q. The voltage sensitivity of the receiver limited
by electronic noise is Ur = 4 pV. Under these conditions the ratio of the ma-
simum to the minimum electronic signal is W = Uyp/Ug = 10° =120 dB.
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3. Reflection of a plane ultrasonic wave from a gas bubble in blood

A further step of calculations here will be the determination of the acoustic
pressure of the wave reflected from a spherical gas bubble with the radius a.
It can be assumed additionally that the wave of the acoustic pressure incident
on the gas bubble is plane. The reflection of the plane wave from a sphere filled
with a fluid medium (liquid or gas) was considered in detail by RSHEVKIN
in his monograph [16] and subsequently by MorsE and INGARD [11]. The
further part of this paper is based on the former of these references.

gc

L]
Fig. 2. The polar coordinate system (r, #) with a gas bubble in the shape of a sphere with
radius a and with a plane acoustic pressure wave p; incident in the direction — X
oe, oe are the acoustic specific impedance of the media, respectively, outside and inside the sphere

In a threedimensional polar coordinate system a plane continuous wave
with the acoustic pressure p,, incident in the negative direction of the » axis
(Fig. 2) on a sphere placed at the origin of the system, can be represented as
an infinite series of spherical waves of the form [16]

[+ <]

i = poexp(jot) Y™ (2m +1) Py, (008 #)jyn (k). (1)

m=0

The wave reflected from the sphere can, in turn, be expressed in the form
of an infinite series of spherical waves propagating in the medium surrounding
the sphere in the direction of the increasing radius 7

oo

Dy = exp(jot) D @y Py (cos )R (kr). 2)

m=1{

The wave penetrating into the sphere can be described by the expression

Py = exp(jol) ) @y P(cos8)jy, (kr). (3)

The coefficients a,, and @, are determined from the boundary conditions
satisfied on the surface of the sphere (r = a) which are the continuity of the
acoustic pressure and of the radial component of the acoustic velocity on the
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surface of the sphere. RSHEVKIN gives the following expression for the expansion
coefficients [16]

" 0 ju(ka) .
o) =22 2L (ke
A = —Poj"(2m+1) o j'“(,—w) ; (4)
B (ka) — — - =——h) (ka)
) 0C ju(ka) ;
where
2 d .
Im(ka) = g_ym(]‘:r) for r = a, (ba)
(2) d >
B (ka) = ?h;’(kr) for r = a. (5b)
T

Horizontal dashes denote here the quantities concerning the medium
inside the sphere, the dashless ones are related to the medium outside the sphere.
For blood g¢ = 1.61-10° kg/(m?*-s), while for gas a value close to that for air can
be assumed, oc = 0.0004-10° kg/(m*:s).

MorsE and INGARD [11] give analogous formulae in a slightly different
form, which, it can readily be verified, are the same as RSHEVKIN's formulae.

The point of interest here is the wave reflected at the point @ (Fig. 2)
at a distance so far from the centre of the sphere that the following condition
is satisfied

£ Aas OF, oK L., (6)
Thus the Hankel function A{) can be approximated by the expression
1 1

hi(2) = — exp[—j (k’."— m;r '.n:)] (7)

Considering formula (7) expression (2) becomes

exp( —jkr)
Py ==y R et (k . Iy(ka), (8a)
r
where
Ty(ka) = ' a,,P,,(cos#)exp[j(m+1)m/2]. (8b)
0

The quantity I'y(ke) will be called the function of far field reflection. This
function depends on the argument ke and on the angle ¢ (Fig. 2). However,
in the ultrasonic technique used for detection of gas bubbles in blood one co-
mmon piezoelectric transducer is used for transmission and detection of ultra-
sonic waves or two transducers placed in one probe close to each other. In
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such a case only the value of the function I';(ka) in the direction of the wave
radiation, i.e. for the angle # = 0, is of interest here. This simplifies further
caleulations, since for # =0, P, (1) =1. Hence the function

(=]

Ty_y(ka) = D ayexp[j(m+1)x/2] (9)

0

is only dependent on the argument ka. Fig. 3 shows this function calculated
in the dB scale for low values of ka = 0.05-1.4. The values of the spherical
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Fig. 3. The function of far field reflection I'y_y (ka) from the gas bubble in blood (# = 0,
kr > 1)
M — the mode Pﬂ-vu (ka), 4 — arg F§=0 (ka), a — the radius of the bubble, k& = 2r/1

functions necessary for the determination of the values of coefficients (4) were
calculated from the following relations between these functions and the Bessel
and Neuman functions of order 1/2

m(e) = ]/ 3’; I ms3(2), (10a)
N (2) ]/ —2“; Nuss (9), (10b)
R (2) = jou(2) = (2). (10c)

In turn, the values of the function J,, ,,(2) and N,, ., (2) were calculated
using the library of subprogrammes of a CYBER 70 IBM computer.

2 — Archives of Acoustics 1/83
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On the basis of the curve of the function I',_, (ka) and formula (8a), the
pressure p, of the wave reflected from a single gas bubble can be determined.
The quantity

R = 20logmod I'y_,(ka) (11)

represents the loss in the signal caused by the reflection of the wave from the
gas bubble.

In the case of a large number of bubbles it becomes practical to introduce
the notion of the equivalent cross-section of scattering [4, 9]. By definition
the equivalent cross-section of scattering is the ratio of the power lost as a result
of scattering by a plane wave to the intensity of this wave. In other words,
this is the area of this part of the plane wave incident on the scattering system
which is lost from the beam as a result of scattering [4].

Assuming isotropic scattering (which is valid for ke <1) and scattering
of the first order (with no repeated reflections of waves between bubbles),
the scattered power can be determined in the form

M, = 4 |p,[*|2¢c. (12)
The intensity of the plane wave incident on the sphere is
I, = Ip|*[2¢e. (13)

Hence the equivalent cross-section of scattering, by definition, is equal
to the ratio of expressions (12) and (13). After consideration of formula (8),
the equivalent cross-section of scattering becomes
M,
I

Z:

4 9
= oma(ka) . (14)

The function I'y(ka) was determined only for the value of the angle § = 0
and therefore expression (14) is valid strictly for consideration of backsca-
ttered signals in the incidence direction of the plane wave. For & +# 0 this
formula becomes approximate, to be used when ka < 1.

Tt is interesting to note the ratio of the equivalent cross-section of scattering
X to the cross-section area of the bubble ma?, shown as a function of ke in a broad
range of this product in Fig. 4. The curve calculated shows a maximum for
the value ka,, ~ 0.014, which corresponds to resonance vibrations of the bubble;
these vibrations are of the zeroth order. The value of this maximum depends
on the magnitude of energy of the reflected wave, viscosity of the surrounding
liquid and on the thermal conduction of the liquid [10].

Neglecting in first approximation the viscosity of the liquid and also the
surface tension, the resonance frequency of the bubble can be determined from
the formula [16]

- 3pc;, P,

fres=§;a_ 0 Po H (15)
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where g, and ¢, denote respectively the density and wave velocity in gas under
normal conditions (temperature 0°C, normal pressure P, = 750 mm Hg = 1000
hPa).

The above formula assumes an adiabatic transition of gas in the bubble.
In the case of very small bubbles, as a result of low gas volume and high thermal
conduetion of the liquid, the phenomenon is isothermal and the above formulae
require some modification [10]. This, however, does not cause any greater
change in the resonance frequency.
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Fig. 4. The relative equivalent cross-section of backscattering of the gas bubble in blood
calculated in relation to ke from formulae (14), (9) and (4)

I — the absolute equivalent eross-section of backscattering: a, a, and U T respectively, the radius, the limiting
radinus and the resonance radius of the gas bubble, R — the vibration resonance of the bubble

Attention should be drawn to the phenomenon of the surface tension
occurring on the surface of the gas bubble. It causes the appearance of additio-
nal pressure directed from the liquid to the surface of the bubble. This pressure
has the value [8]

P (16)

Lo
a|§

The surface tension of blood has the value ¢ = 60 dyne/em [12]. For
a bubble radius longer than 10 pm, from formula (16), the pressure P, caused
by this is lower by almost one order of magnitude than the mean blood pressure
in man which is taken as 850 mm Hg = 1.13-10° dyne/cm* = 1130 hPa.
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In the case of gas bubbles with shorter diameters the pressure within the
bubble becomes greater than that of the surrounding liquid, since the follo-
wing equation occurs [2],

20
P =Pt (1)

where P, is the gas pressure inside the bubble and P, is the static pressure in
the liquid. For ¢ = 0.5 pm the excessive value of this pressure is P,—P;, =
= 1800 mm Hg = 2400 hPa. 1t can be assumed that the liquid contains dissol-
ved gas with such concentration that there is an equilibrium with the gaseous
phase of air with the pressure P,. When the relation P, = P, occurs (i.e. when
the liquid is not supersaturated), P, < P,. In such & case the gas diffuses from
within the bubble to the liquid at a velocity proportional to the difference
P;—P,. E.g. in air-saturated water (P, = P;) a bubble with this radius dissolves
over geveral hundredths of a second [2]. Thus, under these conditions very
small gas bubbles are not stable.

The notion of the limiting radius of the bubble can therefore be arbitrarily
introduced. It will be such a radius a, for which the pressure P; inside the
bubble exceeds the pressure of the saturated hqmd P, by 1/10. Hence, from
formula (10), for blood

20, 2-60dyne/cm

0.1P,  0.1-850 mm Hg B i

a, =

For radii shorter than the above value gas bubbles are instable and quickly
dissolve in the liquid. Fig. 4 shows the resultant boundary values ka, = 2=nfa,/c
for frequencies f = 2.5, 5, 8 and 10 MHz. It follows therefore that no practical
possibility exists for resonance to occur when bubbles are detected using fre-
quencies equal to or higher than 2.5 MHz.

It follows from Fig. 4 that in the range ka = 0.11-10 the equivalent
cross-section of scattering is from 4 to 1 times as large as the area of the equa-
torial cross-section of the gas bubble.

4. Signal loss as a result of wave attenuation in the biological medium

Evaluation of the attenuation of ultrasonic waves on their way from the
body surface through the skin, muscle and the wall of a blood vessel to its
interior can only be approximate. Table 1 presents such an evaluation. Con-
sidering the path of an ultrasonic wave in both directions, attenuation loss
can be taken as A; = —25 dB. ;
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Table 1. Estimation of ultrasonic wave attenuation on the path from
the transducer to the vessel (vena basilica) (extrapolated for the
frequency f = 8 MHz)

1. Muscle (including skin)

(ace. to HOETER [7]) 9.0 dB em 1-1.3 em

2. Vessel wall

(ace. to GREENLEAF [7]) | 4.8 dB em~1:0.1 cm

3. Blood

(ace. to Kikucur [7] 2.2dB em-1:0.15 cm

total

5. Signal loss as a result of the divergence of the scattered beam

It follows from formula (8a) that the amplitude of the wave reflected
from a gas bubble decreases as a function of 1/kr. Substitution of the values
r =15 mm and 4 = 0.2 mm gives 1/kr = 0.00212 = —53 dB = D. The quan-
tity D will be called the beam divergence loss.

6. Electroacoustic transducing loss

The loss involved in the transducing of electric signals into ultrasonie
ones and conversely can be estimated using, after MAsox [6], the equivalent
system of the piezoelectric transducer (Fig. 5). In this diagram the symbol »

Fig. 5. The equivalent electromechanical system
of the piezoelectrie transducer with thickness
vibration, according to MasoxN
Ry =Aecy Rp=Aogep R=Agc?, 4 — the
surface area of the transducer, Cﬂ — the static capaeity
of the transducer, N — the “turn” ratio of the electro-
mechanical transformer, z — the relative frequency

back load

da o ol 15

electromechanical
transducer

e
electric terminals

biclogical medium
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denotes the relative frequency equal to
x = nflf, = odfcP. (19)

With good enough approximation it can be assumed that [6]
Fulfw = V1=K . (20)

Taking for the ceramic material CERAD used here the value of the coe-
fficient of electromechanical coupling for thickness vibration k, = 0.5 and the
frequency of electromechanical resonance f, = 8 MHz, the following value can
be obtained from formulae (19) and (20),

x, = nV1—k =2.72. (21
On the basis of the equivalent diagram (Fig. 5), the simple relation can
be written

v (0404 —|—jchtgme/2) = vp(opcp -{—jchtgmeﬂ) . (22)

Measurements of the electric admittance of ultrasonic Doppler probes
used in the continuous wave blood flow measurements give the value of the
acoustic impedance g ¢, = 3-10° kg/(m*-s). The acoustic specific impedance
of soft tissues has the average value ppxc; = 1.6-10° kg/(m*-s). The analogous
value for piezoelectric transducers is greater by an order of magnitude and
varies within the limits ec” = (25-35)-10° kg/(m*-s). Considering the above
values, the following expression can be derived from formula (22),

vy  opbpt+jec’tgw,/2 : "
A5t - ; ~ 1, since < 0404 < 06Ptgx,[2. 23
vp 0404 +jec’tgw,/2 ! erle < 04C4 < 00 tgX/ (23)

Therefore, the ratio of the power M, emitted in the biological medium
to the total power supplied to transducer is

2
My Vp0rCE ~ 0pfp

— ~ —

M, +M; 0%04Ca V50808 04C4+0BCH

=0.35 = —4.6 dB.  (24)

Additionally, consideration must be given to the loss occurring inside
the piezoelectric transducer, which can be estimated as 0.75 dB, and the loss
resulting from the mismatching of the transducers to the electronic systems
and caused by the unrepeatability of the parameters of ceramic transducers.
The latter can also be estimated as 0.75 dB. The diffraction loss, given in chap-
ter 2, is 1.5 dB. Thus, finally, considering the double piezoelectric transducing
of signals, for transmitting and for receiving of signals, the total transducing
loss T = —15 dB can be determined.
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7. Wave scattering in blood

Fig. 6 shows all the signal losses which have been calculated so far. Under
the measurement conditions assumed the smallest gas bubble at the detectabi-
lity limit would be a bubble for which ka = 0.05. This corresponds to the radius
a = 0.054/2% = 1.6 pum; since then the signal received would be equal to the
level of electronic noise N. It can be noted, however, that red blood cells (eryt-
hrocytes) have dimensions @ 8.5 x2.5 um. Moreover, aggregates of blood cells
up to 6-10 cells, or sometines up to hundreds of cells, form in large blood vessels
[5]. Accordingly, it is essential to explain to what extent the wave scattering,
mostly by erythrocytes, masks the signal from a single gas bubble.

0
(a1} y
I %
-50 =
Q
B o
e, 5 S
I 2
-100 e

AN IENNE

Fig. 6. The level of the signals with respect to the electrical transmitted signal (0 dB) in the
course of the detection of a gas bubble in the elbow vein (vena basilica)

T — piezoelectric transducing loss, 4, — attenuation loss in the medium, D — loss caused by divergence of the

‘beam scattered by bubbles, B — loss caused by reflection from the bubble, § — scattering loss in blood, B — the

level of the signal scattered in blood, N — the level of electronic noise, W — the difference in level between the
maximum and minimum electric signals

RED ef al. developed theoretical fundamentals for the ultrasonic pulse
method for the measurement of wave scattering in blood [17]. They also per-
formed extensive experimental investigations of this phenomenon [18]. These
anthors determined the value of the eqivalent cross-section of erythrocyte
scattering which for a frequency of 8.5 MHz and a hematocrite (the ratio of
the volume of erythrocytes to the total blood volume) of 40 % is 6 = 107" em?,

It can be assumed that the erythrocyte distribution in blood is random,
while the reflection is isotropic, of the first order. These assumptions are not
strietly satisfied in blood, for example, because of the relatively densely packed
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erythrocytes. As the packing density of erythrocytes (increasing hematocrite)
increases, the equivalent cross-section of scattering decreases [17]. Multiple
reflection might occur then or the erythrocyte distribution might cease to bhe
random. The scattering phenomenon becomes more complicated; despite this,
a single model of scattering can be used, taking the above assumptions for
satisfied. The argument for this assumption is the fact that the amplitude of
each successive wave reflected from an erythrocyte is lower by at least 23 dB
than the amplitude of the previous reflected wave. This results from the hardly
distinet difference in acoustic specific impedance between erythroeyte and
blood plasma [5].

The erythrocyte density #n = 5-10° mm~® can now be assumed. The sca-
ttering blood volume V results from the area of the blood vessels covered by
an ultrasonic beam with the diameter 2e, = 5 mm (Fig. 1). The intensity of
the wave scattered isotropically by blood and incident on the receiving trans-
ducer at the distance [ = 15 mm is

no 4
Is = th_qﬂ-zuli, (21)3)
hence
1 a2 )
oty T T N < O R (25D)

1, 4sin6 4nl®

where d = 3 mm is the internal diameter of the blood vessel and 6 = 45°.

According to formula (25b), the level of the signal scattered by blood is
lower by 8§ = —60 dB from the level of the signal incident on blood. The level
of the signal scattered by blood is marked in Fig. 6 by dashed line B.

8. Wave scattering in muscle tissue

The scattering of ultrasonic waves in muscle tissue is much greater than
that in blood. This can be shown on the basis of the results of experimental
investigations performed on the muscles of dog’s hearts by O’DoNNOLL et al.
[14]. At a frequency of 8 MHz they determined the value of the differential
coefficient of backscattering # = 2.5-107* em '-sr'. Therefore, assuming
isotropic scattering, the (intensity) coefficient of scattering [4] is a, = 47y
em™ = 0.32 em™'. In turn, the analogous scattering coefficient for blood is
a, = on =5-10"* em™'. Thus, when the scattering volumes of muscle and
blood, placed at the same distance from the transmit-receive transducer, are
assumed to be the same, the power of the signal scattered in muscle is greater
by a,/a, = 640 = 28 dB than that of the signal scattered in blood.
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However, in contrast to blood, muscle tissue or, alternatively, other tissues
penetrated by ultrasonic wave is stationary. Accordingly, the wave scattered
by this tissue does not change its frequency with respect to the incident wave;
the Doppler phenomenon is absent. In view of this, the signals of these waves
can be eliminated electronically, e.g. by filtration or the technique of stationary
echo cancellation [13].

9. Detectability of gas bubbles

The radius of the gas bubble detectable by means of the present method
can be determined directly from Fig. 6. The condition for which the magnitude
of the signal reflected from the gas bubble is greater than the level of disturbing
signals masking the reflected signal can be taken as the criterion of detectability.
These distortions can be the electronic noise of the receiver, or stochastic signals
caused by scattering from blocd cells or from other anatomical structures;
in the present case, from muscle tissue. It was shown in the preceding section
that the latter could be neglected.

Accordingly, the detectability conditions become

|T4+A+D+E(ka)| < |W| (26a)
and
|D+R(ka)| < |8]. (26Db)

Only the last term on the right side of inequality (26 a, b) depends on
the radius of the bubble a. This dependence is represented by the modulus
of the function of far field reflection I'y_, (ka) shown in Fig. 3 (see formula
(11)) and plotted in Fig. 6. This curve suggests the final conclusion that the
detectability condition (26) is satisfied for a single gas bubble for which ke > 0.5.
For a frequency of 8 MHz used here this signifies that the radius of the bubble
detectable under the present conditions must satisfy the condition

Y
4> a5 = 0.5 -— =16pm, (27)
2n

In the case of a larger number of gas bubbles in blood the situation becomes
complicated insomuch as the distribution of the size of bubbles with different
radii is not known. Therefore, the least convenient detectability conditions
are taken, under the assumption that only gas bubbles with limiting radii
(lying at the stability limit) whose radius was determined by formula (18),
occur in blood.

The density n, [em ™ *] of such bubbles, necessary for their detection, can
then be found. At a frequency of 8 MHz the equivalent cross-section of scattering
of a bubble with the boundary radius a, = 11 pm is X, = 3wa; (see Fig. 4),
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while for a single bubble lying at the detectability limit, with the radius a; =
= 16 pm (ka = 0.5), this value is X' = 2.5=aj. The power of the signal reflected
from #,V bubbles with the radius a,, equal to I,Zyn,V, can be equated to
the power of the signal reflected from a single gas bubble with the radius a4,
equal to I,2. Hence, the desired density of bubbles follows,

o B 2.5ma} 4sin6
XV 3mal  md2a,

Ny e~ 35 em ™. (28)

The analysis performed indicates that the sensitivity of the method for
detection of gas bubbles is very large, since they are detectable with density
as low as 35 em~*. Calculations were made for air bubbles, while divers’ work
involves nitrogen bubbles. The wave velocity and the density of nitrogen and
air differ from each other by only a few percent [1, 8]; and therefore the results
obtained can be extended to the case of nitrogen bubbles.

The above procedure for the calculation of the detectability of bubbles
can be used with success in the case of other blood vessels. As an example,
the detectability of bubbles in the pulmonary artery can now be calculated.
This is an important case from the practical point of view, because of the fact
that all the blood in the circulation system flows through this artery, when
one neglects the slight bronchial flow. By covering the entire cross-section
of the pulmonary artery with the ultrasonic beam, it is possible to control
fully the circulation.

A disadvantage of this measurement system is the higher attenuation
of signals in view of the greater depth of the pulmonary artery, compared to
the case of the veins in the peripheral system, and also in view of the movements
of the heart which make examination more difficult.

It is now possible to take an ultrasonic beam and a pulmonary artery
with diameters of 1.3 cm and the centre of the artery at the depth I = 4 cm.
Table 2 shows the estimation of loss as a result of attenuation in the penetrated
tissue. It follows from this table that attenuation on the path from the transducer
to the centre of the pulmonary artery and back is A = —48 dB.

Table 2. Estimation of ultrasenic wave attenuation on the path
from the transducer to the pulmonary artery (extrapolated for the
frequency f = 8 MHz)

1. Musele (including skin) 9.0 dB em1-1 em = 9 dB
2. Adipose and connective

tissue 6 dB em1:2 ecm = 12 dB
3. Vessel wall 5dB em1:0.2 em = 1 dB
4. Blood

(to the centre of the artery) | 2.2 dB em~1-0.8 cm = 1.8 dB
total 23.8 dB ~ 24 dB




DETECTABILITY OF GAS BUBBLES IN BLOOD 27

The loss resulting from the divergence of the scattered ultrasonic beam
is, according to formula (8a), D = 20log0.2 mm/27-40 mm = —62 dB
(see section 5). The total loss T'+A+D = —125 dB is so great that, even
when neglecting the reflection loss R(ka), the signal received would be lower
than the level of electronic noise of the device, and thus undetectable. For this
reason it is necessary to eliminate the frequency of 8 MHz from further consi-
dera tion and to use instead a frequency of 5 MHz, also typical of Polish-made
Doppler equipment.

Since attenuation in soft tissue is directly proportional to frequency,
attenuation loss then decreases to the value 4 = 30 dB. The loss caused by
the divergence of the scattered beam is D = 20log 0.32 mm/27-40 mm =

= —b8 dB.
The level of the signal scattered by blood also changes to become
né
8S=1/I,=V— = —60 dB
B/ 1 V 471:12 ?

where V = 2.2 em® is the blood volume in the artery covered by the ultrasonic
beam (a, = 7.5 mm)and 6 = 2-10~"* em® is the equivalent cross-section of scatte-
ring of erythrocyte for a frequency of 5 MHz [18]. The detectability condition
(26b) becomes | —58 AB +R (ka) | < | —60 dB|, hence the inequality E(ka) > —2dB
results. Considering relation (11), the value ka = 1.4 can be found for E(ka) =
= —2 dB from the curve in Fig. 3. It follows therefore that at a frequency of
5 MHz single gas bubbles with a radius greater than a; = 70 pm can be detected.

10. Conclusions

The analysis and caleulations performed here show that in the anatomical
ease considered (elbow vein — vena basilica), when a typical ultrasonic Doppler
device is used at a frequency of 8 MHz, even a single gas bubble with a radius
greater than 1.6 pm gives a signal received by an electronic device. This signal,
however, is masked by signals caused by wave scattering in blood. Moreover,
the bubble with so small a radius is unstable. The level of the signals scattered
in blood (B in Fig. 6) is equal to the level of the signal from a single gas bubble
with a radius of 16 pm (ka = 0.5). Thus single gas bubbles with a radius greater
than 16 pm are detectable. Bubbles with a minimum radius of 11 pm lying
at the stability limit are detectable when their density exceeds 35 cm .

In the case of the pulmonary artery the frequency of the ultrasonic wave
should be decreased in view of the overlarge attenuation in tissue. It was shown
that when a frequency of 5 MHz is used, single gas bubbles with radii greater
than 70 pm are detectable.
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It is interesting to note that this is the necessary but not sufficient detecta-
bility condition, since detection of a signal above the level of distortions re-
quires some difference between these levels and the probability of detection
of gas bubbles increases as this difference increases.

The values of the radius and density of detectable gas bubbles obtained
here depend on dimensions and position of the blood vessel in which measure-
ments are taken, on the kind of tissue penetrated by the ultrasonic beam and
on the electronic and acoustic parameters of the ultrasonic equipment used.

For simplification it was assumed in the present analysis that the acoustic
pressure distribution in the near field of the ultrasonic beam was uniform and
equal to the mean value for the beam cross-section. In practice local minima
and maxima of the acoustic pressure occur in the beam; these maxima being
theoretically twice as large as the mean value mentioned. This value can cause
variations in the signal received from the gas bubbles as it crosses with the
blood flow the successive minima and maxima in the beam.

The present calculation procedure permits the estimation in a specific
case of the detectability of gas bubbles in blood and also the estimation of the
level of signals received from blood with respect to electronic noise of the device.
This makes possible the optimization of the technological conditions of elec-
tronic and acoustic devices for investigations of blood flows and for detection
of gas bubbles in blood.

The present calculations have to a large extent the nature of an estimation
and therefore the results should be regarded as approximate. Although these
results apply to continuous wave Doppler equipment, their extension to pulse
equipment does not offer difficulties.
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THE EFFECT OF THE MODULATION TRANSFER FUNCTION ON THE IMAGE
IN AN ACOUSTIC MICROSCOPE
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(00-049 Warsaw, ul. Swietokrzyska 21)

This paper considers the effect of the diffraction phenomenon and of
errors in the geometry of the system on the quality of images obtained using
a scanning acoustic microseope working in transmission. An analysis of image
formation is presented, permitting the derivation of the formula for the modula-
tion transfer function (MTF). The effect of nonaxial and out- of- parallel elements
of the system on the symmetry of this function with respect to zero frequency
is determined. The paper also shows microscopic images obtained from numerical
simulation for two selected objects with different magnitude of deviation from
the symmetry of the function MTF.

The shape of the function MTF for a system working at a’ relatwely low
frequency of 3 MHz was also determined experimentally and compared with
the shape expected according to the theoretical formula derived in this paper.
Satisfactory agreement was observed.

1. Introduction

The development of the acoustic microscope significantly extended the
possibility of using ultrasonic waves for investigation of small biological objects,
surfaces of materials and integrated elements. Taking advantage of the relati-
vely large transmittivity of ultrasonic waves even at very high frequencies,
it is now possible to construct visualization devices with resolution comparable

' to that of light mieroscopes (1 pm).

Interpretation of acoustic images is to a large extent related to their quality
described by the modulation transfer function for a given acoustic system.
This function describes how the process of image formation affects changes
in the amplitude of spatial frequencies involved in the functions describing
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the object. The shape of the MTTF gives an insight into the fidelity with which
information contained in the image is reproduced. It depends on diffraction
effects, lens transmission, aberration, irregular attenuation and on the geometry
of the acoustic system.

The aim of the present paper is to describe theoretically the formation
of an image in an acoustic microscope working in transmission and to discuss
the effect of the frequency transmission function on the resultant image.

2. Image formation in an acoustic scanning microscope

The acoustical part of the scanning microscope can with good approxima-
tion be regarded as a system of two thin lenses working in a confocal setting
(Fig. 1). The lenses can be assumed to be thin (which, as a matter of fact, they
are not), since this only neglects spherical aberration. In practice this aberra-
tion is very low, since it depends not only on the numerical aperture of the
lens but also on the inverse of the square of the refraction coefficient [4] which
is very large (n = 7.4) in the case of materials used in this imaging technique.

xﬂ yD

i H - I(’ﬁ/ >
HSBI

pFoTg A

Fig. 1. A schematic diagram of the system of the acoustic scanning microscope

It can be assumed that a plane continuous ultrasonic wave with the length
2 is incident on the lens I, and is focussed in the plane of the object. The object
is scanned in the plane X,Y,. The origin of the coordinate system related to
the plane lies in the focus of two lenses. Let the funetion 7T'(x,,y,) describe
the effect of the object on the ultrasonic wave propagating through it, determi-
ning the transmittivity of the amplitude by the object. When the pressure
distribution preceding the passage of the wave through the object is defined
as Ul(axsy,), the wave leaving the object can be written as [1]

Uy (@, ) = U(@yy Yo) T (@, Yo)- (1)

The independence of transmission from the incidence angle of the wave
is assumed here.

The wave U, is subsequently collected by the lens L, and as a pseudo-
plane wave falls onto the receiver, a transducer placed in the plane X,Y,. The
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response of the transducer is proportional to an integral over its surface of
the pressure field of the wave multiplied by the response function of the trans-
ducer. The response function of the transducer corresponds to the pressure
distribution on the surface of the transducer eaused by supplying to its electro-
des a voltage with unitary amplitude. The voltage collected from the trans-
ducer serves in contrelling the brightness of the corresponding points on the
sereen of the receiver. The position of these points should correspond to the
values of the coordinates (z, 7) which the centre of the system X,Y, has in
the coordinates XY related to the object being scanned (Fig. 2).
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Fig. 2. Coordinate systems related to the Fig. 3. A schematic diagram of the system fo
object being scanned and to the axis of measurement of the MTF
symmetry of the acoustic system

z, ¥ — the coordinates of the centre of the system

related to the axis in coordinates related to the

object, £(x, y) — the object in coordinates related

to the object, T'(zy, ¥e) = t(x+aes y+¥s) — the

object in coordinates related to the axis of the
system

L

B’
/ A

Using the known principle of image formation [1], the introduction of
the funection hy(z,, y,) permits the formulation of the following integral expre-
ssion for the spatial distribution of voltage which constitutes an image of the
object

Uiz, 7) = ff hy(2oyo) U@y, Yo) (X 424, Y +Yo) dedy,,

00

t (2)
U+, 7+Yo) 2 = T (%05 Yo)s

where the function hy(ax,, 9,) defines the magnitude of the voltage appearing
on the transducer caused by the placing of the point source of the wave in the
point (xz,, ¥,). The function hy(x,, y,) can be found to be

hy(@as Yo) = [ [ hal@is Uiy @y Yo) Pplgy 4) S (5, y;) dridy, (3)

oo
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where h, describes the pressure distribution in the plane of the transducer,
P, defines the aperture of the transducer and S8 is its response function. It
seems justified to assume that the beam of the incident energy is completely
focussed on the surface of the transducer, which permits it to take P, (»;, y,) = 1.
The function k, can be found by placing the point source in a point with the
coordinates x,, ¥,. Consideration of the phase shift caused by the lens and the
use of the Fresnel diffraction formulae permit the determination of the pressure
distribution from this source in the plane of the transducer [1]. For the present
system this distribution is given by the formula

ik ik
X 0+ 0 P 2 ! [ 2+ ]
] exp[ f(w y3) ]IJ. . y)exp 24, (2 +9°)

xexp{_@k[(f + i;?)w-)-(? -I--i%)y]}dwdy, (4)

where f is the focal length and %k = 2=/A.

The funection Py, (x, y) is in the most general case the product of the func-
tion of the lens aperture L; (¢ = 1,2) and of some functional dependent on
the lens transmission, irregular attenuation and spherical aberration. Assuming
that 8§ = const, which signifies that the transducer radiates a plane wave,
integration can be made over dr; and dy; in formula (3).

This gives in effect

hy ~exp[

T (20, 90) ~exp[ (woﬂo)] FPLI( y") (5)
2f P
where FP(x,y) corresponds to a Fourier transform of the function P made
at a point with the coordinates (x,y). The smallness cf the area of non-zero
value of FP;, [1] permits one to take the oscillating factor as constant.
In a way analogous to (4) it is possible to determine the quantity U (xz,, ¥,),
i.e. the pressure distribution from the transmitting transducer determined
just before the scanning plane. It can be assumed that a plane wave is incident
on L,, which is equivalent to the placement of the point source in infinity
(f—+oc). Adequate substitution in formula (4) (d; = j, P, = Pp,) gives

T Y
of (530‘}‘90)] FP, (2} ’ l}) (6)

For the same reasons as in (5) the oscillating factor before F'P;, in (6)
can be regarded as constant. Insertion of (5) and (6) into (2) now gives an expres-
sion describing an image of the object {(x, ¥), i.e. the voltage distribution taken
from the fransducer, depending on the position of the object with respect to

U (s, o) ~exp[
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the focus of the system.

el & Ty Y - >’
Uy(z, ) "“’ff FPy, (ﬁ_}’z__ﬂf) FPg, (A_‘;,a‘}" HZ @y, 7 +1o) daydy,

& Uy(®, 7) ~ 1z, 7) * (FPLI-FPM (11—%;)) (™)

where # signifies the operation of correlation of the function.

3. Modulation transfer function

It is interesting to note the manner of transfer of spatial frequencies by
the system of the acoustic microscope. The MTF can be defined as the ratio
of the Fourier transform of the function of the image to the transform of the
function of the object. For the scanning system of the acoustic microscope
this function has the following form

FUO xIJy
My 1) = e =0 P Ot 1) 5P O 1)
x?JY

= [ [ Puute, ) Pra(itf,—a, 3ff,—y) dody, ®)
where x signifies convolution and f,, f, are spatial frequencies.

It is particularly easy to determine an explicit form of the MTF in the
case of two identical lenses with a circular aperture, without aberration and
transmission independent of the incidence angle. In this case the MTF is a con-
volution of two identical functions of the form

L P {1 for f2-+f2 < (1/24)%
y2af )0 |0 for fo4fp> (24,
where [ is the diameter of the lens, 4 is the wavelength in the medium surroun-

ding the lens and f is the focal length of the lens.
The operation of convolution gives

() L] wesh

MTF (o) = 1
0 434 —

or o> 7 f’
o = (f2+f;)'* is the radius in the frequency space. Thus, in an ideal case, con-
sidering only the diffraction phenomena, the maximum frequency carried
by the microscope system is equal to I/Af.
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4, Measurement of the modulation transfer function

The value of the MTF resulting from formula (8) derived here will now
be compared with the values obtained experimentally using the method pro-
posed in paper [6]. This method takes advantage of the fact that theoretically
the system in Fig. 1 is equivalent to a system in which a reflecting plate would
be placed in the focal plane of the lenses and in which the transducer 1 and
the lens L, would work in a transmit-receive arrangement (Fig. 3). Under the
assumption of non-dependence of the reflected amplitude on the incidence
angle, this plate can be described as i{(x, ¥) = const.

The use of formula (7) defining the relation between the image and the
object gives the following expression for the image of the plate

sita Ty Y Lo Yo
U, (7 :”'FP Lo Jo) pp,, (22 I0) constdugdy, -
o(T, 7) s Ll(lf’ﬁ.f L2 af af COnstaz,ydy, (10)

Since this quantity is not dependent on the coordinates #, y, only one
point of the image can be considered further. The Parseval equation [2] permits
the transformation of expression (10) to the form

Uy~ [ [ Pu(@, ) Ppy(—a, —y)dady. (11)

It ean now be assumed that the plate was deflected from the X axis by
a small angle a,. This causes a change in the path of the reflected beam by
2a,. It can be assumed for small deflections that the pressure field of the beam
reflected before the lens L, is shifted along the X axis by 2«,f with respect
to the field for a, = 0. This is equivalent to a shift of the lens L, working in
the collecting mode by the same value.

In such a case

Up(dgs ay = 0) ~ [ [ Pyy(@, 9) Py (20, —2, —y)dady. (12)

When formula (8) is written for f, = 0 and compared with (12), it becomes
evident that [5]

MTF(f, 0) ~ Uy(az, 0), fif, = 2a,f.

It follows therefore that the spatial frequency f, = 2a,/i corresponds to
the angle a,. Obviously, an analogous case occurs with deflection from the Y
axis and with the frequency f,. This provides a simple method for the measure-
ment of the MTTF of a given system of the acoustic microscope.

MTF measurements nsing the above method were carried out for a micro-
scope system working at low frequeney (3 MHz). A highly damped ceramic
transducer gave an almost plane ultrasonic wave which was incident on a poly-
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styrene lens with a focal length in water equal to 210 mm. An aluminium plate
whose inclination with respect to the axis of the system could be changed was
placed in the focus. A defectoscope was used as a transmit-receive system.
Fig. 4 shows the experimentally determined transfer function of spatial fre-
quencies in this system. Fig. 4 also shows the theoretical curve calculated from
formula (9) which accounts only for the diffraction effects. A circle with its
diameter equal to that of the transducer, | = 47 mm, was taken as the active
aperture of the lens. The length of the wave at a frequency of 3 MHz in water
is 0.5 mm.

MIF

1 1 1
lines
0 .41 82,6304 .05 ,;(m)

Fig. 4. The curve of MTF for the system of the acoustic microscope working at a frequency
of 3 MHz

solid line — theoretical curve, points s correspond to experimentally determined MTF

These curves are only proportional to the measured and calculated MTF
functions. Therefore, their comparison with each other is useful only when
the comparison involves their total bandwith of the frequency carried and
the ratio of amplitudes at different frequencies for the same curve. The measured
function MTF is shifted with respect to the origin of the system. This was
probably caused by some imprecision in the setting of «, = 0.

In the case of the acoustic microscope working in transmission this effect
can be caused by errors in the technology of preparing the lens material and
by imprecision in the geometry of the system.

A parallel shift of the axis of the transmitting lens by the distance E with
respect to the axis of the receiving lens causes the field incident on this lens
to be shifted with respect to it by R from the axial arrangement. Using the
expression for the MTF (8) it is possible to calculate that this gives a shift of
this function by R/Af in the spatial frequency domain.

A gimilar case occurs when the transmitting transducer is set so that it
radiates a wave at the angle a to the axis of the lens. In this case the use of (8)
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permits the determination of the shift of MTF by the quantity 2a/A. Obviously,
these relations can only be valid for small deflections, so small that it can be
assumed that the field distributions are only shifted.

5. The effect of the function MTF on the image

In order to evaluate the effect of the function MTF on the image a com-
puter programme was developed, which using formula (7) permitted a simulation
of the imaging process occurring in the acoustic microscope with a eircular
aperture. The diffraction phenomenon and the possibility of a shift of the
MTI' of the system with respect to zero frequency were also considered. This
shift was realized by the assumption of a parallel displacement of the optical
axes of the lenses of the system along the X axis. The distance between the
axes was marked with the parameter C.

The programme was used to obtain the image of a circle with the radius
of 71 and a set of nine “points” each with the radius of 1/2 and the distance
between their centres of 24. The transmittivity within the circle or the point
was taken as unity and that outside as zero. The following parameters of the
lenses of the microscope system were assumed: the focal length 75 1 and the

a) C=0
z a) C=0

]

b) C=2) -
b} C=2\

c) C=5\x

c) C=5\

x 5 X ¥y

Fig. 5. Sections of the image of a circle = Fig. 6. Sections of images of a system of points
obtained for different values of the para- obtained for different values of the parameter ¢
meter ( RS ‘ F &8
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lens diameter 100 2. Figs. 5 and 6 shows sections of the objects and their images
along the axes X and Y. The centre of the coordinate system XY is placed in
the centre of symmetry of the image. The sections are symmetrical with respect
to the axis Z.

The diffraction effect (C = 0) causes blurred edges of the images of the
order of the wavelength. Displacement of the lenses causes this blur to extend
along the shift axis. The resolution of the system depends on the axis along
which it is measured. A circular object gives an elliptic image with irregular
brightness. In the case of points the displacement of the axes of the lenses
causes additional brightenings to appear in the image, which will be interpreted
as additional points. An increased number ef points appears in the direction
of the shift axis X.

6. Conclusions

A mathematical description of image formation in an ultrasonic scanning
microscope is analogous to the description of the formation of the image of
an object in the case when one lens and a coherent wave are used [1]. Images
of this type are characterized by relatively good quality and particularly by
the absence of such misrepresentations as ringing and speckles.

The character of changes in the MTF with increasing spatial frequencies
indicates the smoothing properties of imaging of this type. This causes blurred
edges of the objects imaged and decreased brightness of details.

In view of errors in the geometry of the acoustic microscope system, its
MTF can be nonsymmetrical with respect to the zero spatial frequency. This
is a source of numerous misrepresentations in the image. In such cases cbjects
with constant distribution of acoustical parameters show irregular brightness
and their edges are differently blurred. This causes a distortion of the image,
introduces misinformation and worsens resolution. It seems that the nonsy-
mmetricity of MTF accounts well enough for unexpected darkenings which
often occur in images obtained using the acoustic microscope.

The function of the pulse response of the transducer, S, has a large effect
on the image. In real systems it is not constant on the surface of the transducer,
which was assumed in the present calculations. This can be another source
of distortions in the image.

The images obtained numerically for cases of different geometry of the
system of the acoustic microscope permit the determination of admissible
geometry errors. Coaxiality of the lenses better than the wavelength and out-
of-parallelness of the axes of the lenses below 1 /3° should eliminate one of the
major reasons for distortions in the image. Interpretation of acoustical images
using the acoustic microscope requires the use of the MTF. It seems that for
this purpose it is possible to use an MTF with a shape determined experimentally
by means of such a simple and approximate method as the present one.
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THE COEFFICIENT OF REFLECTION OF ULTRASONIC WAVES FROM AN ADHESIVE

BOND INTERFACE

ALEKSANDER PILARSKI

Institute of Fundamental Technological Research, Polish Academy of Sciences

(00-049 Warszawa, ul. Swietokrzyska 21)

. This paper reports on an attempt to explain the existence of a relation

between the reflection coefficient and mechanical strength of an adhesive bond,
based on a model of a bond with finite rigidity. On the basis of formulae derived,
a correlation relation was determined from experimental results between the
modulus of the pressure reflection coefficient of a plane ultrasonic wave incident
normal to the interface of an adhesive bond of lucite with epoxy resin, and
the tensile strength of the bond.

Notation

displacement amplitudes, respectively, of incident, reflected and transmitted
waves

propagation velocity of ultrasonic waves in the ith medium
frequency of ultrasonic wave

thickness

bond rigidity

complex pressure reflection coefficient

pressure reflection coefficient for K = o

tensile strength

time

displacement in the direction of the z axis in the ithe medium
attenuation over one wavelength

characteristic acoustic impedance in the ith medium

complex characteristic acoustic impedance in the ith medium
attenuation coefficient

stress in the ¢th medium

stress at the interface

Lamé constants

angular frequency

density of the éth medium
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1. Introduction

One of the possible ways of evaluating adhesive strength (degree of adhesion)
of layered joints by ultrasonic methods consists in measurement of the pressure
coefficient of the reflection of a plane ultrasonic wave incident normal to the
bond interface [1]. The results of a number of papers [2-4] indicate the pre-
sence of a relation between the reflection coefficient and mechanical strength
of a bond developed using different techniques (explosive welding, rolling,
gluing etc.). The authors of these papers give correlations for specific bonds
obtained from results of strength (destructive) tests and ultrasonic investigations.
The present paper reports on an attempt to explain changes in the reflection
coefficient accompanying changes in adhesive bond quality, based on a model
of a bond with finite rigidity.

2. Complex reflection coefficient

Acoustically, adhesive bonds are characterized by a boundary surface
on which a step-like change occurs in characteristic acoustic impedance (Fig.
1a). In practice, this class of bonds also includes, in addition to those with
a distinet boundary such as e.g. some bimetals or glue-and-metal bonds, those
involving a thin intermediate layer, caused, for example, by diffusion processes,

a) Qc
bimetals, .
g adhesive bonds
b) 9c "
glued bonds,
g soldered bonds
c) qc

9 >» diffusive bonds
Fig. 1. A division of layered bonds from the

acoustical point of view

whose thickness, however, is much less than the length of the ultrasonic wave
incident on the boundary. Another group of layered bonds consists of those
which involve a layer with thickness comparable to the length of the wave
used and with characteristic acoustic impedance distinetly different from that
of the materials bound (Fig. 1b). This group includes, for example, glued or
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soldered bonds. In investigations of these bonds, a distinetion is made between
problems related to cohesive strength, i.e. the strength of the binding layer
itself, and adhesive strength, which is a measure of the degree of adhesion
of elements bound to a binder. The other problem corresponds to the first
group of bonds, the so-called adhesive bonds. Finally, a. third group consists
of diffusive bonds which involve a smooth change in acoustic properties at
a thickness comparable to the wavelength.

ALK, LC K Al €,

incident wave

transmitted wave

reflected wave

@ @

X .

Fig. 2. A model of the interface of an adhesive bond
G = density, iy ultrasonic wave propagation velocity, i‘- and Hy — Lamé constants

Fig. 2 shows schematically the model of an adhesive bond interface in
which vibration. are carried from medium 1 to medium 2 by weightless springs
with equivalent rigidity K [N/m?®] per unit area. The assumption of a finite
value of the rigidity K permits a modification in boundary conditions, allowing
a displacement jump A caused by the current stress o, at the interface of the
media [9]

o, = KAu. (1)

When the displacements %, and %, (in the direction of the # axis) in the
two media for a plane wave propagating in the positive direction of the = axis
are expressed with the formulae

U, = A,explio(t—2/0)]+Aexplio(t+a/e)],
Uy = Bexp[io(t—»/6)], (2)
where A, A, and B are displacement amplitudes, respectively, of incident,

reflected and transmitted waves; and are subsequently related to the stresses
o, and o, by the relations

ou
ox’

o; = (4;+2u) i1=1,2, (3)

and considering that
. Z; = (A+2p5)/ 055
the displacement jump Aw at the interface (z = 0) can be given by
Au = uy(0,8)—u,(0,1) = (B—A4,—A,)exp[int], (4)
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while the stresses in media 1 and 2 can be expressed in the following way

0, = —iwZ,A,exp [iw (t — ci)] +iwZ A exp [z'w (H— ci)]’
1

¥

6, — —iwZ,Bexp [‘im (t— f)] : 5)

Oy
According to formula (1), the stress at the interface is
o, = K(B—A,—A,)exp(iwt). (6)

Considering that the stress is carried immediately from medium 1 to medium
2 by weightless springs, i.e. neglecting inertia forees, the following boundary
condition can be obtained,

ay(t) = 0,(0,1) = 6,(0, ). (M)
The satisfaction of this condition leads to a system of equations
—iwZ, A, +iwZ A, = —iwZ,B = K'(B —4,—A4,). (8)

The pressure reflection coefficient 7,, can be determined from the system
of equations (8). This eoefficient is the ratio of the pressure amplitude of the
reflected wave to the pressure amplitude of the incident wave,

o Zy—7Z, —i(wZ,Z,|K)
i Zy+Z,+i(wZ,Z,|K)

(9)

It is a complex form of the reflection coefficient, neglecting wave attenuation
in the two media, which is a result, in contrast to classical solutions, of the
assumption of discontinuous displacement at the interface. The introduction
of the rigidity K with finite value permits consideration of imperfection of
a bond. Similar reasoning led the authors of papers [6-8] to the same relation
between the reflection coefficient and the rigidity or compliance of a bond.

Transformation of formula (9) gives a relation between the rigidity K and
the modulus of the reflection coefficient, |7, |,

1/2
K=a)[A+ 2 ] : (10)

oyl —C
where
A = —[Z2,2,/(Z,+%,)F, B = —A[1—(ra)],
C = (ru) = [(4,—2)/(2,+%,))}, o =2=f, [f— frequency.

It ean be noted that without adhesion (K = 0) the modulus of the reflec-
tion coefficient is 1, while for K = co (an ideal bond)

[Fo] = (ra1)e = (2. —2,)(Z,+Z,).
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Fig. 3 gives a frequency relation between the bond rigidity K and the
modulus of the reflection coefficient |7,,| calculated from formula (10) for an
adhesive bond of epoxy resin (o = 1.189-10° kg/m®, ¢, = 2650 m/s) and lucite
(¢ = 1.182-10° kg/m? ¢;, = 2740 m/s). It can be seen that at higher frequency
a weaking of the bond with respect to an ideal one causes a greater change in
the modulus of the pressure reflection coefficient. Moreover, changes in the
reflection coefficient, which correspond to frequency changes, are greater for
mean values of bond stiffness than for bonds which are either extremely “good”
or “bad”.

%
£0-10 | T T
200" |- lucite - epoxy resin —
10:10"
5
7.0%10
alin \ 15 lackesr? B K,=1.0+10" N /m’
40+10 \ K, =10<10"N/m?
- F=10 MHz o /’
~ 15 \ | E
= 20410 A
s \ 04 | i
x \ r
. 15
10410 /
7.0:0" \ a2 K, =50:00"N/m’ |
\\f:2MHz \ |~
200" e A / " 210410 N/m?
i | - -
\ o1 = /
16 N
2.0%10 B
006 K,=500"N/m*
‘ J’.O-?G” 004 A K, 10410 NAm? 4
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40410 \ \ 002
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Tig. 3. The frequency relation between bond rigi- Fig. 4. The frequency dependence of the
dity and the modulus of the reflection coefficient modulus of the reflection coefficient for
different rigidity of a lucite — epoxy resin
bond, with consideration of attenuation in

materials bound

In terms of the measurement resolution of the coefficient |7,,| the combi-
nation of materials bound is also significant. From this point of view, pairs
of materials with close values of characteristic acoustic impedance (r,,),—>0
are most convenient. Yet, particularly in such cases, additional changes in the
value of the reflection coefficient, caused by attenuation changes in the two
materials bound as frequency changes, must be expected. These can be noticed
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particularly with materials which differ greatly in the attenuation coefficient
(by a few orders). These changes can be evaluated by introducing into formula
(9) the complex characteristic wave impedances

Z; = Z;/1 +a,) —in, Z, /(1 +2,)°, ¢ =1,2; (11)

where #; = ¢;a;/w is the attenuation over one wavelength, ¢; the propagation
velocity of the ultrasonic wave, and «; is the attenuation coefficient.

Fig. 4 shows results of calculations of the modulus of the reflection coe-
fficient as a function of frequency for some values of the rigidity K of a lucite-
epoxy resin bond. Linear changes (in the range 2-10 MHz) in attenuation for
both materials were taken into account: from 0.45 dB/mm at a frequency
of 2 MHz to 1.0 dB/mm at a frequency of 10 MHz for lucite and, respectively,
from 0.88 dB/mm to 2.0 dB/mm for epoxy resin. In the frequency range in-
vestigated it is interesting to note a nonmonotonous behaviour of the above
relation for higher K.

Some strength significance can be aseribed to the quantity K, introduced
here and called bond rigidity. On the one hand, there is a linear relation between
stress and the displacement jump at the boundary surface (see formula (1)).

On the other hand, the Hooke law for an elastic layer responsible for the
bond strength can be given as

E
o -— Au, (12)
g

where F is the elastic modulus of a layer with thickness g. It follows from com-
parison of formulae (1) and (12) that the parameter K is a certain measure of
the ratio E/g, under the assumption that thickness of the intermediate layer
is much less than the length of the ultrasonic wave.

3. Experiment

In order to evaluate the usefulness of the model of an adhesive bond with
finite rigidity for explanation of the relation between the modulus of the pressure
reflection coefficient of an ultrasonic wave incident normal to the interface
of two bodies and the strength of their bond, experiments were performed
according to the following procedure (Fig. 5):

— Different (mechanical and chemical) preparation of the surface of
lucite yielded 29 samples of the adhesive lucite — epoxy resin bond with di-
fferent degree of adhesion. The shape of the samples is shown in Fig. 7.

— Ultrasenic investigations were performed to determine the modulus
of the pressure reflection coefficient of a wave at a frequency of 10 MHz, aecor-
ding to the procedure shown in Fig. 6.



REFLECTION OF ULTRASONIC WAVES AT

I ultrasonic investigations FE'I'ELE'Dl strength tests j
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\V
| Ki=rez,2,,w15,0) =

By linear regression
i/Ro =AK+B determination of Aand B
| Ro=f(15,1) |

Fig. 5. The procedure for the determination of the correlation between the tensile strength K,
and the reflection coefficient |Fy;]
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Fig. 6. The procedure for the determination of the modulus of the pressure reflection
coefficient of ultrasonic waves |Faql
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An advantage of the present way of determining |#,,| is its independence
from changes in acoustical properties in the volume of the epoxy resin poured
on to a lucite base. A restriction is, however, the necessity of securing repeatable
conditions of acoustic coupling between an ultrasonic probe and the sample
on the side of lucite. This was achieved as a result of careful preparation of
the external side of the sample (class 10).

— The strength of these bonds was determined by a tensile test, in which
a special clamp was used (Fig. 7).

1

t

[ epoxy resin ~=—-4F-——a
—_———— __1.J

sample § bond

S
| lucite / i@/

|

I

i N
-\ | b
: I\W S l\:

Qirﬁ

l Fig. 7. A clamp for tensile strength tests
i and a sample

— For the values of the reflection coefficient |,,|; determined, the rigidity
K;, a specific implementation of formula (10), was calculated from relation (1)
given in Fig. 8.

— Subsequently a regression relation was found between the tensile
strength K, and the bond rigidity K, under the assumption of a homographic
functional relation between R, and K.
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Correlation analysis performed for all 29 samples gave the correlation
coefficient » = 0.68, while elimination from the set of four samples with least
strength (4, B, 0, D), because of their extreme results, led to the equation
given in Fig. 8, with the corresponding correlation coefficient » = 0.998. The
deviation of samples A, B, €, and D from the model under analysis is justified
by the presence of a thin layer of solid grease at the interface for weakest samples
and by the error involved in the tensile strength at low strength. The dashed
line curve in Fig. 8 was caleulated for a frequency of 20 MHz, on the basis of
a correlation derived above (formula (2) in Fig. 8) and formula (10). Comparison
of these two curves (Fig. 8) indicates that, as frequency increases, greater
changes of the modulus of the pressure reﬂeetlon coefficient correspond to the
same weakenings of a bond.-

- T 5 i T T T
.'.5, !
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Fig. 8. The relation between the tensile strength  Fig. 9. The measured values of the modu-
of an adhesive lucite-epoxy resin bond and the 1lus of the reflection coefficient at five
modulus of the pressure reflection coefficient  frequencies for samples with different

points represent measurement results; solid line — the tensile strength
correlation for f = 10 MHz, dashed line — the calculation
curve for f = 20 MHz

Ultrasonic measurements of the reflection coefficient were additionally
taken for five samples at five frequencies, i.e. 2, 4, 6, 8 and 10 MHz. The results
of the measurements are given in Fig. 9. Its similarity with Fig. 4 is noteworthy.
These results also confirm the thesis that measurement sensitivity increases

4 — Archives of Acoustics 1/83
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as frequency increases. It is also possible to see the nonmonotonous character
of changes in the reflection coefficient, depending on frequency for “good”
bonds, with corresponding larger K.

In order to investigate the frequency dependence more precisely, on ultra-
sonic spectral analysis was used. At the Nondestructive Testing Laboratory
of the Institute of Machinery Construection (SVUSS) in Prague (Czechoslovakia),
measurements were taken on 20 samples of a lucite — epoxy resin bond using
an analogue spectral analyzer manufactures by Hewlett Packard. Fig. 10 shows
some examples of echoes from interface for two samples with different tensile
strength against the background of the spectrum for a “zero” sample, i.e. without
connection. On the basis of the spectra obtained, the moduli of the reflection
coefficient were calculated at 0.25 MHz intervals over the frequency range
2.5-6 MHz.

—— 30 R, =0 MPa,
e g R,,:Q.EMPG} h,,+30d8 3

——— #2 Ry=70MPa

1 1

! I
3 4 5 6 fiMHz]

Fig. 10. The spectra of defect echoes from the interface of a bond, for different tensile
strength R,

Fig. 11 shows, as an example, changes in the modulus of the reflection
coefficient as a function of frequency, in reference to its value at f, = 2.5 MHz
for three samples with low, medium and high tensile strength, respectively.

Fig. 12, in turn, shows collectively results obtained for all samples in the
system.: the horizontal axis — the values of the moduli of the reflection coeffi-
cient at a frequeney of 5.5 MHz, the vertical axis — the difference, in dB,
between the values of the reflection coefficient at frequencies of 5.5 MHz,
and 2.5 MHz. Respective strength determined in a tensile test was assigned
to each point on the curve. Accordingly, three groups of results can be distin-
guished. The first group consists of high-strength bond samples, with corres-
ponding low values of the moduli of the reflection coefficient and small changes
a8 a function of frequency. The second group is composed of medium-strength
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samples, with corresponding mean value of the reflection coefficient but its
large changes as a function of frequency. The third group, in turn, contains
weak bonds with values of the reflection coefficient close to unity and dependent
to a small degree on frequency changes.

4. Conclusions

The present model of an interface with finite rigidity in adhesive bonds
provides an explanation of the existence of a relation between the reflection
coefficient and the mechanical strength of the bond. This model involves modi-
fied boundary conditions which permit a. displacement jump at the interface.
It follows from analysis of the relation derived between the bond rigidity and
the modulus of the pressure reflection coefficient of plane ultrasonic wave
incident normal to the interface that the use of this acoustical parameter as
a measure of the degree of adhesion in adhesive bonds is all the more purposeful,
the closer the values of the characteristic acoustic impedance of materials bound
and the higher frequency of the ultrasonic waves used. The latter remark relates
to the frequency dependence of the reflection coefficient. Experimental verifi-
cation showed the usefulness of relation (10) derived here for the search for
a relationship between the rigidity of a bond and its strength. The advantages
of this approach include the possibility of diminishing the number of standard
samples necessary for correlation analysis, by the performance of ultrasonic
measurements for some different frequencies. Additional information, which
facilitates a distinguishing of adhesive bonds in terms of their strength, can
be obtained from ultrasonic spectral analysis, since it follows from experiments,
which confirm the conclusions of theoretical analysis, that smaller changes
in the modulus of the.pressure reflection coefficient as a function of frequency
corresponds to “good” and “weak” bonds rather than to bonds with “mean”
values of adhesive strength.

The present paper neglected, because of technical restrictions of measu-
rement, analysis of the possibility of using the phase angle of the reflection
coefficient as an additional measure of the degree of adhesion.
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ULTRASONIC AND HYPERSONIC INVESTIGATIONS OF STRUCTURAL RELAXATION
IN AQUEOUS SOLUTIONS OF HEXAMETHYLPHOSPHORTRIAMIDE
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(60-769 Poznaii, ul. Matejki 48/49)

Measurements of the absorption coefficient of ultrasonic waves in the
frequency range 10-100 MHz and of the propagation velocity of ultra- and
hypersonic waves in aqueous solutions of hexamethylphosphortriamide (HMPT)
were carried out. In addition the density of the solutions and the coefficient
of shear viscosity was measured. On the basis of the quantities measured, the
coefficient of bulk viscosity, relaxation parameters of the process observed
and, on the basis of the theory of compressibility relaxation, change in free
energy and volume between two structural states were measured.

The analysis of the results of measurements of the absorption coefficient
of ultrasonic waves, depending on the frequency, temperature, and composition
of solutions, shows the presence in aqueous solutions of HMPT of a relaxation
process related to the formation and disintegration of clathrate structures
with the composition HMPT-17 H,0. On the basis of compressibility relaxation
theory, it was shown that the process of structural relaxation is related to
a change in volume AV and in free energy AF between two structural states.

1. Introduction

The character of changes in the absorption coefficient of ultrasonic waves
depending on the concentration of a solution varies greatly for a great number
of liquid mixtures [1, 6, 11, 10, 3]. An interesting group is made of aqueous
solutions of non-electrolytes for which the absorption coefficient of ultrasonic
waves reaches a maximum for a strictly defined composition [2, b, 11-14].
The occurring maximum of the absorption coefficient of ultrasound indicates
the presence in the solution of a relaxation process related to the formation
and disintegration of strictly defined structures (molecular complexes) between
water molecules and the molecules of the medium dissolved.
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The most systematic investigations which gave most insight into the
problem of the character of relaxation occurring in aqueous solutions of non-
electrolytes were performed by ANDREAE, Epmonps, and McKELLAR [2].
They formulated theses on the ultrasonic relaxation for non-electrolytes dissol-
ved in water, under the assumption that the processes observed in aqueous
solutions of some amines consist in the formation and disintegration of free
complexes, in which a strictly defined number of water molecules corresponds
to one non-electrolyte molecule. Accordingly, these authors relate the additional
absorption of acoustic waves to the interaction of the type solvent — dissolved
substance. In turn, NISHIKAWA, YASUNAGA, and TAKAHASHI [9] explain the
additional absorption of ultrasonic waves in aqueous solutions of amyloamine
and butyloamine on the basis of the reaction of association — dissociation
of molecules and hydrolysis.

It is also significant whether the relaxation process observed in aqueous
solutions of non-electrolytes is mainly conditioned by a change in the volume
of the system (structural relaxation) or a process dependent on temperature
changes (thermal relaxation). ANDREAE, Epmoxps, and McKELLAR assume
that the relaxation observed in aqueous solutions of non-electrolytes is thermal
in character; in theoretical considerations, however, they also assume that
the process of sound propagation in aqueous solutions of non-electrolytes is
isothermal, obtaining as a result the equation for the maximum coefficient
of sound absorption, u,,,, dependent on the change in volume of the system
AV, in the course of the reaction. The question remains as to whether the rela-
xation process observed in aqueous solutions of non-electrolytes is in fact a ther-
mal process or a process of structural (compressibility) relaxation.

The present paper attempts, on the basis of the results of measurements
of the absorption coefficient of ultrasonic waves and the velocity of the pro-
pagation of hypersonic waves, to determine what sort of relaxation processes
oceur in aqueous solutions of HMPT.

The previous data on the structure and interactions in aqueous solutions
of HMPT [7] permit the conclusion that within the temperature range ( —30°C —
+50°C) and the concentration of solutions (0-1 molar fraction HMPT), the
occurrence of the effect of molecular relaxation process on the absorption of
ultrasonic waves can be expected.

2. Properties of aqueous solutions of HMPT

On the basis of both the measurements of the propagation velocity of
an ultrasonic wave at a frequency of 15 MHz and of density in aqeous solutions
of HMPT ([(OHa)zN]SOP), depending on temperature and concentration, and
on the calculated values of adiabatic compressibility of solutions, partial molar
volumes, and partial molar compressibilities of components in the solution,



STRUCTURAL RELAXATION b7

it was concluded that within the concentration range 0.04 ( —30°C)-0.08 ( --50°C)
molar fraction of HMPT a stabilization of the structure of a solution occurs
as a result of the formation of clathrate structures with the composition HMPT -
17 H,O [7]. This phenomenon should become clear in measurements of the
absorption coefficient of ultrasonic waves, depending on the frequency of the
waves and the concentration of solutions investigated.

3. Method

The measurements of the absorption coefficient of ultrasonic waves were
made using an ultrasonic high-frequency system type US-4 manufactured
by the Institute of Fundamental Technological Research, which permitted
measurements at frequencies of 10, 13.3, 16.6, 20, 30 and 47 MHz and using
a modified high-frequency ultrasonic system which permitted measurements
at frequencies of 60 and 100 MHz. The measurements of the absorption coeffi-
cient of ultrasonic waves in the range 10-47 MHz were taken using broadband
transducers, and at frequencies of 60 and 100 MHz using resonance transducers
at a fundamental frequency of 20 MHz. In the detective channel of the signal
at frequencies of 60 and 100 MHz attachments, which functioned as preampli-
fiers of high-frequency signals and transformed frequencies of 60 and 100 MHz
to 10 MHz, were additionally used. As a result, detection and amplification
in the receiver occurred as low as a frequency of 10 MHz. The high-frequency
nltrasonic system was modified at the Chair of Acoustics, Adam Mickiewicz
University. The relative error of measurements of the absorption coefficient
of ultrasonic waves did not exceed 10 percent.

The measurements of the propagation velocity of hypersonic waves were
taken using the Mandelsztam-Brillouin light scattering method. The measure-
ment system used was deseribed in paper [8].

Moreover, additional measurements of the coefficients of shear visco-
sity, density, and propagation velocity of ultrasonic waves were taken.
The coefficient of shear viscosity was measured using a type BH2 Hoe-
ppler viscosimeter, while density was measured by a method using the Archi-
medes law (of the submerged float) with relative accuracies of 0.5 and 0.02
percent. The measurements of the propagation velocity of ultrasonic waves
were taken using an impulse-phase interferometer at a frequency of 12 Mz,
with error not exceeding 0.1 percent. The medium investigated was thermostated
with an accuracy of up to 0.05°C and controlled using a copper — constantan
thermocouple. The investigations used HMPT with purity degree recognized by the
producer (E. Merck, Darmstadt) as “pure for analysis” and double distilled water.

The measurements of the frequency of ultrasonic waves were taken using
a type CZE-30 numerical frequency meter with an accuracy of 100 Hz over
the range 10-100 MHz.
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4. Experimental results and their analysis

The measurements of the absorption coefficient of ultrasonic waves for
T — 4+15°C were taken over the frequency range 10-100 MHz and showed
the stability of the quantity «/f* over the whole range investigated. In turn,
the character of changes in the quantity (a/f*)es, relative to concentration
(Fig. 1) shows the presence of a sharp maximum for a strictly defined concen-
tration k,, =~ 0.1. Fig. 1 also shows the plot of the dependence (a/f*)q on con-
centration [11], which defines the contribution of the compressible viscosity
to the total absorption of acoustic waves. The maximum in the dependence
(@/f*)aq = (@/f*)exp—(a/f*)a ON concentration which occurs for the concentration
Fmo = 0.1 shows in turn that in aqueous solutions of HMPT there is some
relaxation process related to volume viscosity relaxation. In order to investi-
gate this process the absorption coefficient of ultrasonic waves was measured
in the temperature range —30°C- +15°C and in the frequency range 10-100
MHz. Fig. 2 shows the experimental results of the measurement of the absorp-
tion coefficient depending on the concentration k,, (as an example, for o=
— —30°C). A sharp maximum occurs for a strictly defined composition and the
value of the maximum decreases as the frequency of ultrasonic waves increases
which shows that in aqueous solutions of HMPT a relaxation process occurs
in the frequency range 10-100 MHz. The maximum of the absorption coeffi-
cient corresponds to a concentration close to 0.1 molar faction of HMPT.

The relation (a/f*)q = f(kyo) also shows a maximum for a strictly defined
concentration (Fig. 3), which indicates that in aqueous solutions of HMPT
both the process of volume relaxation and that of shear viscosity occur. However,
since the experiment reveals a single relaxation process, it can be expected
that both processes have similar values of the relaxation time and cannot
be distinguished in the range of measurement error. The calculations of the
absorption coefficient related to the so-called classical absorption used the
quantities listed in Table 1 (the values of the propagation velocity of ultrasonic
waves ¢, the shear viscosity 5, and the density of the medium p).

The concentration dependencies of the absorption coefficient of ultrasonic
waves (Fig. 2) show that a relaxation process also occurs in media investigated.
However, only the dependence of the quantity a/f* on frequency permits the
determination of the relaxation time of the above process. The dependencies
of a/f? on frequency for specific concentration and temperature of the medium
are given in Figs. 4-8.

It can be noted that for temperatures below —20°C and in the investi-
gated frequency range of ultrasonic waves and in the concentration range
of the solution there is the dependence of the quantity a/f* on frequency, indi-
cating the presence of a single relaxation process. In order to determine accu-
rately the relaxation frequency, the numerical method proposed by Bocu
[4] was used. On the basis of knowledge of the relaxation frequencies f, and
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Table 1. The propagation velocity of ultrasonic waves ¢, density g, the
coefficient of shear viscosity 7, and the coefficient of volume viscosity
7y in aqueous solutions of HMPT

Fmo 1 ¢ s ¥ Mo (7s
[m/s] | [10%kg/m3] | [10-3Ns/m?] [10-3 Ns/m?]
: —30°C
0.077 1810 1.0775 313 703 2.25
0.100 1806 1.0867 360 792 2.20
0.125 1794 1.0906 362 560 1.55
0.150 1778 1.0929 340 391 1.15
0.200 1740 1.0950 . 262 181 ‘ 0.69
—25°C
i I '
0.077 1802 1.0743 194 445 2.29
0.100 1796 1.0830 252 463 1.83
0_.125 1"1'84 - 1.0867 260 ° 342 1.32
0.150 1765 - 1.0891 . 242 259 1.07
0.200 1726 | 1.0908 183 134 0.73
—20°C
0.077 1794 1.0711 103 348 3.39
0.100 1786 1.0792 165 561 3.40
0.125 1773 1.0828 173 228 1.32
0.150 17562 1.0853 160 182 1.14
0.200 1713 1.0868 122 99 0.81
+15°C
0.077 1710 1.0472 8.6 47.7 5.58
0.100 1692 1.0519 10.8 48.8 4.50
0.125 1668 1.0547 12.1 44.1 3.65
0.150 1644 1.0564 132 371 2.80
0.200 1600 1.0560 13.48 25.8 1.92

of the values of «/f* for given frequencies, the constants A and B (4 being
a constant which characterizes the relaxation part of the absorption of acoustic
wave; B, a parameter which defines the part in the absorption of acoustic
wave contributed by classical absorption and other relaxation processes at
frequencies f, > f,) were determined from a relation describing a single rela-
xation process [2]. In turn, on the basis of knowledge of the values of f,, A and
B (listed in Table 2), theoretical relations were plotted for single relaxation
processes (solid lines in Figs. 4-8). It can be noted that, considering measure-
ment error in the values of a/f’, they describe with good approximation the
experimental behaviour.
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On the basis of measurements of the absorption coefficient of ultrasonic
waves and the coefficient of shear viscosity #, and of calculated values of the
so-called classical absorption, the coefficient of volume viscosity #, of solutions
and the ratio #,/n, were determined. These quantities are given in Table 1,
while Table 2 shows the values of such other relaxation parameters as relaxa-
tion force and maximum absorption per wavelength ...

Table 2. Relaxation parameters for aqueous solutions of HMPT

k fr A B i L Hmax
me | IMHz] | [10-%%s%/m] | [10-15s2/m] | [10-%]
—30°C '
0.077 45.6 2788 674 3.49 0.073 | 0.115
0.100 39.4 2914 1008 4.04 0.066 | 0.104
0.125 59.4 2258 | 1010 2.67 0.077 | 0.121
-~ 0.150 69.3 1910 805 2.31 0.075 | 0.117
0.200 97.3 1510 306 1.64 0.081 | 0.128
—25°C :
0.077 53.0 1550 655 | 274 | 0052 | 0.082
0.100 50.8 1608 900 3.18 0.047 | 0.074
0.125 75.3 1337 866 2.11 0.057 | 0.090
0.150 85.3 1234 683 - 1.87 0.059 | 0.093
0.200 | 111.0 1002 328 1.43 0.061 | 0.096
—20°C
0.100 91.0 1608 900 1.75 0.083 | 0.130
0.150 98.0 642 698 1.62 0.035 | 0.055

The molecular relaxation process which occurs in solutions investigated
should also affect the appearance of dispersion in the propagation velocity
of acoustic waves. In order to investigate this dispersion, in addition to the
measurements of the propagation velocity of 12 MHz ultrasonic waves dis-
cussed above, the propagation velocity of hypersonic waves at a frequency
of 5 GHz was measured using the Mandelsztam-Brillouin phenomenon of
light scattering. Table 4 shows the results of these measurements. Comparison
of the values of the propagation velocity of hypersonic waves with that of
ultrasonic ones indicated some dispersion in sound veloeity, which, however,
only slightly exceeded measurement error involved in determination of the
velocity of hypersound c,.

5. Discussion of experimental results

Analysis of the results of the measurements of the absorption coefficient
of ultrasonic waves, depending on the frequency, temperature and concentration
of solutions, indicates the presence in aqueous solutions of HMPT of a single
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relaxation proecess. Since it follows from relations given in Figs. 4-8 that values
of the constant A, which characterizes the relaxation part of the absorption
of acoustic wave, increase as temperature decreases, and the ratio of the volume
visecogity coefficient to the shear viscosity coefficient, #,/n, is of the order of
unity and only very slightly changes with temperature (for example, for the
concentration k,, = 0.1 the ratio #,/n, changes from 2.2 ( —30°C) to 4.5 (+15°C);
it can be concluded that the relaxation process observed in aqueous solutions of
HMPT i8 a process of structural relaxation. For low concentrations of amides
in water, the investigations of the propagation velocity of ultrasonic waves,
the coefficient of adiabatic compressibility and volume show that spatial
structures (clathrates) [7] oceur; it can therefore be expected that the relaxation
process observed can be a result of a transition of molecules of the medium
from one structural form to another, with a simulta neous change in the volume
of the medium AV determined from the relation [12]

AV)?
g P

2RTV |1 h AF),
2 ( +cos BT

(1)

and a change in free energy /AI' accompanying the transition of one structure
into another, related to the relaxation time by the relation

e, (2)

Table 3 gives the values of AF and AV thus obtained. The dependence.
of AF on the concentration of HMPT in water is presented in Fig. 9. It can be
noticed that the value of the change in free energy AF decreases as the con-
centration of amide in water decreases. For the conecentration k., = 0, i.e.
for pure water, the change in free energy AF can take a value of zero, and accor-
dingly it can be expected that for k,, ~ 0.05 a minimum of the relation AF —
= (k) Will cceur. In view of the solidification of the solution in the temperature
investigated, it became impossible to determine a change in free energy AF.
It follows from earlier investigations that this concentration corresponds to
the formation in the solution of clathrate structure with the composition HMPT -
-17 H,0. For this concentration the change in free energy takes its extreme
value, since the destruction of the existing clathrate structures and their return
to an equilibrium require most energy to be supplied. The relaxation process
observed for a given concentration, i.e. for a system with a specific structure,
consists in the tendency of the system to the formation of clathrate structure
of HMPT 17 H,0 type and their partial destruction.

5 — Archives of Acoustics 1/83
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Table 3. Results of calculation of the quantities AF, AV, f, f and ¢ based on the theory
of compressibility relaxation

¥ AF 4V Br Boo ¢
e [108 J /kmol] [10-% m3/mol] [10-12 m2/N] [10-12 m2/N] | [m/s]
—30°C
0.077 —2.78 2.39 16.2 267 1864
0.100 —1.94 2.32 17.0 265 1863
0.125 0.60 2.22 17.0 268 1850
0.150 1.20 2.20 14.3 275 1823
0.200 1.96 217 10.1 292 1770
—25°C
0.100 —3.19 2:31 11.9 274 1836
0.125 0.19 1.98 13.6 276 1826
0.150 0.75 1.99 12.0 283 1801
0.200 1.29 1.93 8.9 298 1754
—20°C
0.100 —1.84 2.13 14.1 2176 1831
0.150 —0.41 1.84 10.2 290 1782
\
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Fig. 9. The dependence of a change in free Fig. 10. The dependence of a change in

energy AF on concentration in aqueous solu-  volume AV between two structural states

tions of HMPT for T' = —30°C on concentration in aqueous solutions of
HMPT for T = —30°C
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Reaction of this type causes a change in volume of the system AV, whose
magnitude depending on concentration is shown in Fig. 10. It follows from
this dependence that for the concentration k., =~ 0.05 the change in volume
between two states takes an extreme (maximum) value, since for k,, = 0,
i.e. for pure water, AV = 0. Another conclusion also follows, that the rela-
xation process revealed consists in destruction and formation in the solution
of clathrate structures with the composition HMPT-17 H,0, since the difference
in volume between the two struetural states takes a maximum value for the
characteristic eoncentration.

Analysis of results of measurements of the velocity of hypersound shows
slight dispersion in the veloeity of sound propagation. Similar results were,
however, obtained for 7' = —30°C on the basis of the theory of compressibility
relaxation by determining the value ¢, i.e. sound propagation velocity for

Table 4. The velocity of hypersound in aqueous solutions of HMPT. The scattering angle
0= 90°, D= 5876 A, dvy = 0.079 em-L, T = 15°C

Emo Avlem ) |  mp | FIGHz] | cu[m/s] | eplm/s] | depm/s]
0.050 0.1758 1.38052 5.3 | 1710 1704 16
0.100 0.1807 1.40492 5.4 1727 1691 16
0.125 0.1788 1.41375 5.4 1698 1669 18
0.200 0.1735 1.42851 5.2 1630 1600 19
0.492 0.1595 1.44641 4.8 1480 1458 19
1.000 0.1437 1.45470 4.3 1326 1366 20

f—o0. Dispersion in this case does not exceed 60 m/s, i.e. 4 percent (Table 3
and 1). This agreement confirms the conelusions drawn above as to the type
of relaxation oceurring in aqueous solutions of HMPT. In general, for aqueous
solutions of non-electrolytes the dispersion of sound velocity takes low values
in view of the low value of the relaxation part of the adiabatic compressibility g,.

6. Conclusions

Analysis of results of measurements of the absorption coefficient of ultra-
sonic waves and of the propagation velocity of ultra- and hypersonic waves,
depending on the frequency, temperature and composition of solutions, shows
the presence in aqueous solutions of HMPT of a relaxation process with a speci-
fie relaxation time, related to the formation and disintegration of strietly defined
spatial structures (clathrates with composition HMPT-17 H,0).

It was shown on the basis of the theory of compressibility relaxation that
the relaxation process observed (structural relaxation) is related to a change
in volume between two struectural states and a change in free energy involved
in the transition of one structure into another. The relaxation parameters
of this molecular process were calculated.
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DYNAMIC FOCUSING OF AN ULTRASONIC BEAM BY MEANS OF A PHASED ANNULAR
ARRAY USING A PULSE TECHNIQUE

TAMARA KUJAWSKA

Department of Ultrasound, Institute of Fundamental Technological Research,
Polish Academy of Sciences
(00-049 Warsaw, ul. Swietokrzyska 21) .

- An approach to compute the tra,nment radiation resulting from an impulse
velocity motion of an array of a,nnular pistons in a rigid planar infinite baffle
ig presented. The approach is ‘basged on developing the expression for an impulse
response function, which is the time-dependent velocity potential at a spatial
point resulting from an impulse velocity of a piston. The time-dependent pressure
for any piston velocity motion may then be computed by a convolution of the
piston veloeity with the appropriate impulse response.

Numerical results of near field time-dependent radiation from annular
“phased array are discussed for pulsed velocity conditions. The lateral acoustical
pressure distribution at different field depths is shown. The ultrasonic beam-
width as a function of the depth for every focal zone is also presented. Obtained
results were compared with corresponding dependences for steady states.

Notation

~— the internal radius of the annular piston

Apw

- — the external radius of the annular piston
a — the radius of the circular piston

Ab — the ultrasonic beamwidth

¢ — wave propagation velocity

h(r,t) — the impulse response

}:(r,t) — the time derivative of the impulse response
N — the number of rings

n — ring number

P — sound pressure

r — distance from the point source

8 — the radiating surface

i — time
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v(r,1) — the velocity motion of the radiating surface
;’ ;1} — coordinates parallel to the radiating surface
' Y1
P — a coordinate perpendicular to the radiating surface
0 — the density of the medium
T, — duration of the pulse
At — time delay in excitation
@ — acoustic potential
® — angular frequency

1. Introduction

The main technique in ultrasonic diagnostics has recently been the pulse
technique based on echosonography with B — scanning, permitting visuali-
zation of the internal body organs and thus providing information on the dimen-
sions, localization and character of structures under investigation. One of
the fundamental problems involved in this technique is the insufficient resolu-
tion which results from the finite lateral dimensions of the ultrasonic beam
radiated. Namely, information is obtained as cross-sectional image of the organ
of interest and consists of a limited number of lines forming the image on
the monitor. An increase in the density of these lines and a narrowing of
the ultrasonic beam permit identification of internal structures in greater
detail and give a more precise image of them, thus making its interpretation
easier.

The lateral resolution of the equipment is defined primarily by lateral
dimensions of the ultrasonic beam radiated along the whole penetration depth.
The method of dynamic focusing, based on the phased array prineciple, is the
most effective method providing minimum lateral dimensions of the ultrasonic
beam along the whole space of structures examined. The phased array consists
of a large number of piezoelectric transducers excited with a specified time
delay, permitting focusing at a desired point on the axis. Adjusting the time
delay of the excitation of each transducer with delay lines, it is possible to
change the curvature of the wave front radiated and thus to move the focus
along the axis. Visualization is performed by means of a mechanical sector
scanning of the beam.

Considering the fact that point focusing involves a sharp narrowing of
the ultrasonic beam not only in the geometrical focus but also in its direct
vicinity, the whole observation depth ean be divided into focal zones with
a geometrical focus inside each zone. Thus, switching the focus during reception
time from a closer zone into an increasingly deeper zone in succession, the
ultrasonic beam is sharply focussed along the whole range of the observation
depth. The speed of the switching is conditioned by the propagation velocity
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of the waves in the area examined and depends on the width of focal zones.
Fig. 1 shows a phased array of annular transducers with four focal zones and
the corresponding fronts of the wave received. The use of annular transducers
with axial symmetry permits the same lateral resolution to be obtained in all
lateral directions for a given observation depth.

The previous theoretical analysis [5] performed for the dependence of
the lateral resolution of a phased annular array on dimensions, configuration
and excitation method was concerned only with steady states. In view of the
predicted use of the system in gynaecology and obstetrics a frequency of 2.5
MHz (4 = 0.6) mm was chosen as the fundamental resonance frequency of
the transducers and an observation area within 4 em to 24 em from the body
surface [4] was used.

front of received wave

Fig. 1. The principle of the dynamic focusing system

As a result of theoretical analysis, taking into account the technological
possibility of implementing the system, the degree of electronic complication
of the equipment and the production cost, an annular array with a diamete
of 40 mm was selected. This array consists of seven segments (six rings and
a central disc) with equal surfaces, which secures a good matching with the
electrical part of the equipment and effective focusing of the ultrasonic beam
along the whole range of penetration depth divided into five focal zones with
the geometrical focus at the distances of 4, 6, 8, 11 and 18 em, respectively,
from the radiating surface.

The aim of the present paper is to perform a theoretical analysis of
the lateral resolution of a chosen phased annular array when its segments are
excited by short pulses. This will permit comparison of the results obtained
with the results concerning steady states and the necessary conclusions to
be drawn.
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2. Theoretical basis and analysis of the problem

The problem lies in calculation of the near-field transient radiation resulting
from nonharmonic velocity motion of an array of annular surfaces. These
surfaces are excited to vibration by signals in the form of rectangular pulsed
sinusoid with time delays so selected that the beam is focused at a desired point
of the field.

The theoretical method for acoustic field calculation is based on analysis
of the transient radiation generated by a piston. This analysis consists in deter-
mination of the impulse response of the radiating surface at a spatial point
of interest and in subsequent convolution of the piston velocity with the appro-
priate impulse response [8-14].

Consider the problem cf determining the time-dependent pressure in
half-space 2 > 0 resulting from the velocity of the piston as shown in Fig. 2
The piston is assumed to vibrate with a pulsed velocity and the medium in
the half-space is assumed to be isotropic with a constant velocity of propagation.
In addition, the piston is assumed to be mounted in an infinite planar rigid
baffle.

¥

das

=

s Fig. 2. A circular transducer in an infinite
! planar and rigid baffle

The problem of computing the pressure is formulated as a classical boundary
value problem in terms of the velocity potential ¢(r, 1), where r defines the
point of interest in the half-space and ¢ is time. The pressure is obtained using
the following equations:

dp(r,t)

p(r:t)zﬁ? at ?

v(r,t) = —Ve(r,1), (1)

where p is the density of the medium.
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The mathematical specification of the boundary-value problem vyields
the following system of equations:

rd BE oy
4 g o Vg =0, red,
(2)
P —wr,t), re8, t>0,
o0z

o
(1 V)l = F‘P(Tr D=0 = 0,

(

where A is the half-space z > 0, 8 is the z = 0 plane and » is a point in 4 and S.
It should be noted that »(r,t) = 0 for r outside the surface of the piston.

The solution of the preceding system of equations is obtained using a Green’s
function development

]
p(r, 1) :fdtl f’”(”’l;t])G(TI’t|'vI:t1)dsy (3)
0 Sy
where G (»r, 1|7, ;) is a Green’s function [6] and »(r;, ?,) is the specified velo-
city of the piston. The Green’s function is given by the formula [6]

G(r,thrg, ) = 20RO

’ (4)

2n(r—m)

where ¢ is the propagation velocity of the acoustic wave in the medium.
Assuming a uniform piston velocity o(ry,?,) = ¢({;) and substituting
equation (4) into equation (3), the velocity potential is obtained,
&

o(t—t,—|r—r |
@(r, 1) :ffu(t])(ltlf Wb itenl/e ds. (5)
2 |r =]
0 Sy
Formula (5) can be expressed as
t
g(r,1) = [o(t)h(r, t—t)dt,, (6)
0

where

d(t—t,—|r—m|/e
2n|r—ry|

B(r, t—1,) = f as. (7)

Sy

It can be noted that equation (6) is a familiar convolution integral and
may be expressed as a convoluation of two time functions

p(r,t) =o(ty) = h(r, 1), (8)

where the function k(r,?) is defined as the impulse response funetion of the
piston to the spatial point of interest.
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The attempts to determine analytically the impulse response of the piston
undertaken by KHARKEVICH [1], OBERHETTINGER [7] and STEPANISHEN [10],
who used different methods to solve this problem, gave the same result; namely,
that the impulse response of the piston resulting from excitation by a Dirac
function can be determined for two cases, shown in Figs. 3 and 4, in the follo-

wing way:

X
1 ¥,
)

Tig. 3. The case when the observation point
is within the area of the cylinder whose base
is the area of the transducer

a R

; P(r,z)

Fig. 4. The case when the observation point
is outside the area of the cylinder whose base
iz the surface of the transducer

1. When a > r, (i.e. when the point of interest is inside the area of the
cylinder whose base is the surface of the piston)

0, t<—,
W o,
hir,t) = ?arccos[
R
0, it
¢

e (9)
¢ ¢’

2. When a < r, (i.e. the point of interest is outside the area of the cylinder
whose base is the surface of the piston)

’

Dy iy
¢
¢
hir,t) = —a.mcos[
™

R
9,5 2 g
c

¢t +ri —a® —2* R’
PR |

<t<R 9
= — (9a)
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where R = V#+(a—r,)* and R = Vz*+(a-+r,)* are the shortest and the
longest distances, respectively, from the observation point to the circumference
of the piston (cf. Figs. 3 and 4).

Thus, to study the time-dependent pressure at an arbitrary near field
point resulting from an impulse velocity motion of the piston, the general
expression for the impulse response which is indicated in equations (9) or (9a)
must be substituted into equation (6) and the resultant velocity potential
substuted into equation (1). Performing the indicated substitutions and diffe-
rentiation, the pressure may be evaluated from the following expression

t
p(r,t) = ¢ [h(r,t—7)o(r)dr, (10)

where I;(r, t) is the time derivative of the impulse response.

The time-dependent acoustic pressure generated by an array of annular
transducers may be determined, using superposition as the sum of the pressures
generated by each segment. When the system consists of a central disc with
the radius a, and N concentric rings (Fig. 5) with the interal and external
radius equal respectively to a,, and a,,, the summary time-dependent acoustic
pressure is expressed as follows:

Pr(r, 1) = po(r, )+ D (1, 1), (11)
N

where n =1, 2,..., N; po(r,1) is the time-dependent pressure resulting from
the pulsed velocity of the central disk; p,(r,1) = D,.(v, 1) — P,u(r,?) is time-
dependent radiation from the nth ring, p,.(r, t) and p,,(r, {) are time-depen-
dent radiation from the piston with radius a,, and a,,, respectively.

Tig. 5. The phased annular array

According to the principle of the phased array, the calculation of the field
focused on axis Z at the distance f from the radiating surface requires the intro-
duction of excitation time delays for each segment with respect to the external
ring for which zero delay may be assumed.
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The excitation time delay is taken into account in the following way.
Assume that the segment velocity »(f) is a pulsed sinusoid with a time duration
7, and carrier frequency equal to o, then for the central disc

v,(t) = v[H () —H (t —7,)]sin wt, (12)
while for the nth ring of the phased array
v, (1) = v[H(t+ A7) —H (t —7,+ Az,) ]sinw(t + 47,), (13)

where Az, = (Vf*+al —f)/e is the time delay in excitation of the nth segment
(see Fig. 6).

g |

Fig. 6. The ultrasonic beam focusing by means of an annular array

f

Thus, according to equations (10) and (11), time-dependent pressure fo-
cused on the axis Z resulting from an impulsed velocity of annular array segmen—
ts may be expressed as follows:

a) the on-axis pressure

Px(2,1) = vec ‘[H(t— %) —H(t— % —1:.,)] sinw(t- %) ka
o o 5
¥ ; QC’B”H(t_ V@ +Arn) —H(t— @ _rﬁmn)] "

o - o 4
xsinm(t— M—}—Arn) = [H( 3 %éiz_ +Arn)—

c

3z 9 2 2 .
—-H (t— !E’%i— —-ro—l-Arn)J sinw(t— M— +Afn)|, (14)

¢
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b) the pressure at an arbitrary near-field peint

px(r,t) = vec {[H (t'—%) —H (t—% —'ro)] sinw(t— %) L

I—Rle
Leinf?
i f ho(r,t—r)[H(r)—H(r—rg)]Smwrdr}+
t—Ryleg
voe t—Rpqple
+ 228 [ hlr, =0 [H (+ Ar) —H(e+ A, — )] X
™
N =R yqplc
i—Ry,le
Xsine(r 4 Az, ) dv — f ﬁm(r, t—7)[H(v+dr,)—

=Ry le
——H(T—{—Arﬂ—ro)]sinw(t—I—A'rn)dt}. (15)

Equations (14) and (15) present the basic analytical expressions to com-
pute the near field transient radiation focused at the distance f from the radia-
ting surface of the phased annular arrary.

9. Computing results and discussion

The calculations were performed on a Cyber (IBM) computer in Fortran
language. Figs. 7-11 show the transient radiation resulting from an impulse

%

F=40 mm D
exciting pulse

sin wt
1us

o
i

)

T AL A

20 30 40 50 60 ZImmI

Fig. 7. The time-dependent radiation resulting from impulse velocity motion of the phased

annular array in the case of focusing the field at a distance of 4 em from the radiating surface.

The segments of an array are excited by rectangular pulsed sinusoid with duration 1 ps
and earrier frequency 2.5 MHz
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]

velocity motion of the phased annular array with geometrical parameters
described previously. The segments of the array are excited by rectangular
pulses with duration equal to 1 ps and carrier frequency equal to 2.5 MHz.
The field is focused successively in each focal zone at distnaces of 4, 6, 8, 11
and 18 cm, respectively, from the radiating surface.

On the basis of the obtained numerical data, the lateral pressure distri-
bution at different observation depth Z, also the beam width versus observation
depth for all focal zones, were determined. Fig. 12 shows the lateral pressure
distribution in the focus (F = 6 cm) for a selected annular array excited by

F=60mm
exciting pulse

A

40 50 60 70 80 Zimml

Fig. 8. The time-dependent pressure as in Fig. 7, but in the case of focusing the field at
a distance of 6 cm from the radiating surface

F=80mm A
exciting pulse

ot =k

40 60 80 100 120 ZLmml

1Pl
gCV

10

Fig. 9. The time-dependent pressure as in Fig. 7, but in the case of focusing the field at
a distance of 8 cm from the radiating surface
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a continuous wave (solid line) and by pulsed wave (dashed line). For compari-
son, the same figure shows the lateral pressure distribution calculated for
a spherical transducer with the same diameter and a curvature radius of 6 cm,
excited by a continuous wave [3]. It ean be seen in this figure that the maximum
level of the sidelobes for impulses equals — 15 dB with respect to the maximum
value, for a continuous wave equals — 19 dB and for a spherical transducer
is — 24 dB.

F=110 mm
exciting pulse

it
WWWI

70 90 10 130 150 ZI{mm]

Fig. 10. The time-dependent pressure as in Fig. 7, but in the case of focusing the field at
a distance of 11 em from the radiating surface

F =180 mm
exciting pulse

sinwt t
lus

40 160 180 200 220 Zlmm]

Fig. 11. The time-dependent pressure as in Fig. 7, but in the case of focusing the field at
a distance of 18 em from the radiating surface

Fig. 13 illustrates the dependence of the beamwidth generated by an
annular array successively in each focal zone, on the observation depth, cal-
culated for steady state (solid line) and for transient states (dashed line). The
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F=60 mm

(-15d8B)
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0

Fig. 12. Comparison of the lateral ultrasonic beam distribution in the foeus plane (F = 60

mm) calculated for the phased annular array in the case of steady state (CW) and transient

radiation (F'W), and for a single spherical transducer with the same diameter and focus
excited by continuous wave (0). Normalisation with respect to maximum value

rlmml]

Ab
Imm] : s -3dB

half beam width

0 40 60 80 no 180 ZI{mml]
observation depth
Fig. 13. The 3 dB ultrasonic beamwidth successively focussed in each focal zone, depending
on the observation depth, calculated for steady state (solid line) and transient state (dashed
line). This figure presents also results of measurements for a spherical transducer with 20 inm
diameter and a 10 ¢m curvature radius (pointed line) in the case of steady state
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same figure shows the results of measurements in case of a spherieal transducer
with a diameter of 20 mm and a curvature radius of 10 em obtained in paper
[2]. Comparison of graphs shown in Fig. 13 indicates a significant lateral reso-
lution improvement in the case of dynamic focusing both at the beginning
and at the end of the penetration range.

4. Conclusions

Analysis of the results of performed numerical calculations suggests the
following statements:

1. At an arbitrary field point the pressures are distorted pulses of the
original array velocity.

2. The amount of distortion increases as the distance », from the array
axis of symmetry increases. The pulses whose duration is 1 us are long with
respect to the width of the array segments; therefore the ratio of the duration
of the transient state to that of the steady state is low. The duration of the
transient state decreases as the distance r, decreases. The transient state is
shortest on the axis Z.

3. The amplitude of the time-dependent on-axis pressure resulting from
an impulse velocity of the array, corresponding to the steady state of this
pressure, is the same as in the case of continuous velocity motion of the array
(see Fig. 12). This indicates tne correctness of the approach and programmes
used for calculation of the transient radiation and provides the possibility
for computing nearfield pressure using simple formulae and less time-consuming
programmes corresponding to the continuous wave.

4. In the case of impulse velocity motion of an arrary, the level of the side
lobes is 5 dB lower than in the case of steady state (see Fig. 12).

5. The beamwidth is about twice lower along the penetration range with
respect to the previous constructions used in Polishmade ultrasonographic
equipment (see Fig. 13).
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In order to analyse the possibility of the determination of the properties
of soft tissues using ultrasonic (noninvasive) methods, a review was made of
the basic physical properties characterizing acoustic wave propagation in these
tissues (propagation velocity, attenuation, scattering). In a discussion of
the results of “in vitro” investigations, it was shown that investigations of
backscattering can he very significant for cardiological applications; the heart
musele with scars caused by an infaret is characterized by an increased pro-
portion of collagen-rich connective tissue which has the value of the back-
scattering coefficient greater by a factor of some dozens than that of normal
musecle. This is related to the higher echographic visualizability of collagen
than other soft tissues and suggests the practical possibility of noninvasive
distinguishing of the regions of the muscle with scars caused by the infarct
from normal musecle. This possibility was confirmed by “in vive” investiga-
tions performed on dogs by the method of grey level histograms obtained from
ultrasonograms of dog’s hearts.

This paper has the character of a review.

1. Introduction

Information carried by ultrasonic waves penetrating the interior of the
human body is encoded, in its time of passage, amplitude, frequency and phase.
This information undergoes electronic processing and, when the pulse echo
method is used, is displayed on the oscilloscope or kinescope screen in A (ampli-
tude), — B (brightness) — or M (motion) — presentation. It is also possible
to use information related to a frequency change caused by the Doppler effect

# Delivered at the International School of Ultrasonography at Erica (Sicilly) on 3
November, 1981.
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[6] or ultrasonic holography. The latter method is now purely academic in
significance; it has never been used practically. The recent times have seen
attempts to use a method based on digital image reconstruction, as it is done
in computerized X-ray tomography. This promising technique is now in its
early development stage.

The visualization of the interior of the human body by means of ultrasound
is made possible by the advantageous conditions of wave propagation in soft
tissues. Wave attenuation increases in proportion to the first power of frequency.
In the investigations of the organs of the pelvis, abdominal cavity and heart,
ultrasonic waves of frequencies from 2 to 3 MHz cover distances of up to 25
em, counting in one direction only. In ophthalmology, where the longest distan-
ces do not exceed 5 cm, higher frequencies, usually from 6 to 20 MHz, are used.
Over this frequency range the wavelengths of ultrasound are contained within
the limits 0.75-0.075 mm, which is then the resolution limit of ultrasonic diag-
nostic methods.

Another great advantage is the fact that the acoustic impedances of soft
tissues only slightly differ from one another, mainly as a result of differences
in the elastic properties of the tissues. E.g. at the interface of blood and muscle
tissue only 0.19, of the intensity of the wave incident perpendicularly on this
interface is reflected. The other 99.99, intensity penetrates deeper into the
body, causing successive reflections from the increasingly deeper boundaries of
tissues. Thus a large amount of information can be obtained about the successive,
increasingly deeper, interior anatomical structures of the body.

The variety of the organs of the human body, the variety of their anatomical
structure and physiological funection causes ultrasonic diagnostic methods
and ultrasonic equipment to be developed from the point of view of the specific
properties of these organs. Accordingly, independent ultrasonic diagnostic
equipment has been developed for the purposes of examining the organs of
the pelvis and abdominal cavity, opthalmologic and cardiological problems,
female breasts, peripheral circulation system ete.

2. Principle of obtaining ultrasonic images of tissue structure

There are a number of common, yet unsolved, problems which are essen-
tially significant for further development of ultrasonic diagnostic methods.
One of these is ultrasonic characterization of tissues, including a description
of their properties without the necessity of using invasive investigation methods.
Good results of investigations in this field can change essentially the previous
significance and value of ultrasonic diagnostic methods for medicine, by permi-
tting identification of pathological tissues discovered. However, this problem
is very complex. Absorption, scattering, velocity of ultrasound, acoustic im-
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pedance, its spatial distributions and frequency dependence, all affect in a va-
riety of ways the propagation of ultrasound. As a result, the information ob-
tained by means of ultrasonic waves “in vivo” is very complex and difficult
for unambiguous interpretation.

The introduection of the grey scale into ultrasonic visualization methods
was the basic condition for investigations to be initiated in the range of tissue
characterization. The first ultrasonograms (ultrasonic images), obtained directly
on the screens of standard oscilloscope tubes, gave highly contrasted images
which showed in effect only the outline of tissue boundaries. However, soft
tissues show a complex internal structure, with a large number of blood vessels
with different size. Small structures, such as muscle fibres (with diameter
10-150 pm and length 1-20 mm) or small blood vessels (arterioles and capillaries
with diameter 8-200 pm and length 0.1-0.2 mm) cause scattered images of
ultrasonic waves [4], since their dimensions are comparable to or smaller than
the wavelength.

Improvements in ultrasonic technique, such as dynamic focusing with
simultaneous control of the aperture of the piezoelectrie transducer, permitted
high resolution to be achieved over the entire length of the ultrasonic beam
and, thus, images of the internal structure of tissues to be obtained. Micre-
processor-controlled digital memory, permitting storing of hundreds of thousands
of data obtained ultrasonically, brought the new possibilities of using a variety
of electronic signal processing techniques for the purposes of reconstruction
and improvement of ultrasonic images, for seeking and calculating essential
quantitative data, for determination of grey level histograms in the images
of structures being identified etc. All these techniques created completely new
possibilities for ultrasonic tissue characterization.

The signals obtained from the interior of tissue structures have the nature
of scattered reflections propagating in all directions; their intensity decreases
rapidly as the distance increases, and it increases as frequency increases.

Much more energy is carried by the echoes caused by specular reflections
from flat tissue boundaries. Maximum echoes can be stronger by as much as
100 dB than the weakest echoes scattered by the internal tissue structures.
In order that all these echoes may be represented on the oscilloscope or kinescope
tube screens (apart from their storing in digital memory), it is necessary to
compress them over the range 20-40 dB, e.g. by using logarithmic amplifiers [5].
The eleetronic signal pre- and post-processing prior to and after storing in
memory affects to a large extent the quality of images of tissue structures.

Ultrasonic images obtained in ecardiology, even when using conventional
equipment based on the echo principle, permit some conclusions to be drawn
about the character of tissues [17]. E.g. blood is transparent for ultrasound,
giving practically no reflection, when it is investigated using the echo method.
When the Doppler method for investigation of the velocity of structures is
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used, blood flows cause signals which sometimes superimpose on the Doppler
signals from the moving heart tissues (e.g. valves). The character of these
signals, however, is completely different and distinguishable.

It is easy to detect calcification of the heart tissues, since it involves changes
in their elasticity and density, and therefore in their acoustic impedance, causing
an increase in the amplitude of the echoes reflected. This can be seen distinctly
in the case of calcified valves, for example.

3. Velocity, attenuation and absorption of ultrasound in soft tissues

In order to analyse systematically the possibilities of ultrasonic tissue chara-
cterization in cardiology, such basic acoustic quantities as the propagation velocity,
absorption coefficient and scattering of ultrasonic waves will now be discussed.

Systematic data on the propagation velocity and attenuation of ultrasonie
waves were recently collected from different literature sources [9, 10]. They
contain more than 800 items on the propagation velocity and more than 1000
on the attenunation of ultrasonic waves in different mammalian tissues. However,
only 16 concern the velocity in the animal heart. There are no data on the
human heart. The data on attenuation are more ample: 51 on the animal heart
and 2 on the human heart.

Analysis of propagation velocity in different mammalian tissues indicates
that it increases as the protein content increases [2]. The lowest velocity is
characteristic of fat tissue, on average 1460 m/s; the highest, of tendons with
1740 m/s. The velocity in the myocardial tissue is almost equal to the mean
velocity of all soft tissues, i.e. about 1580 m/s.

Apart from velocity, most information concerns attenuation measurements
in mammalian tissues, while absorption measurements were not paid much
attention. It is necessary to distinguish clearly between those two phenomena.
Attenuation is a decrease in the amplitude of the acoustic signal as a function
of the distance covered by the wave. This quantity includes all losses. In turn
absorption is a phenomenon in which the energy of the acoustic wave is locally
transfered to the medium where it propagates, followed subsequently by con-
version of acoustic energy into heat. Attenuation is therefore a broader notion,
including the phenomena of absorption, and also those of scattering, reflection,
refraction and diffraction.

Attenuation in muscle tissue, collected from 65 literature items and re-
presented as a function of frequency, shows a very large scatter of measured
values. DUNN showed [2] that attenuation values arrange themselves along
a straight line given by the equation

A = 0,140 f°9%5 (1)

where A is attenuation [em™'] and f frequency [MHz]. The correlation coeffi-
cient is B = 0.748.
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It was shown recently [8] that values of the attenuation coefficient in
tissue depend to a large extent on the measurement technique used. As a result
of heterogeneity of tissues the ultrasonic wave undergoes phase shifts on its
path. These cause partial cancelling of the signal in the piezoelectric receiver
transducer. Because of this, attenuation measurements taken by means of
piezoelectric transducers give apparently higher values than those transducers
which are insensitive to cancellation, such as acoustoelectric transducers [1].
It is possible to obtain a threefold difference in attenuation values, depending
on the measurement method used [8]. In addition, the measured results are
also affected by other factors, such as temperature, sample preparation ete.
This is confirmed by the example in Fig. 1 which shows the coefficients of
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Fig. 1. The coefficients of attenuation (solid line) and absorption (dashed line) of the heart

H, according to Goss et al. [8], and of blood B. Points mark attenuation in normal ¥ and

igchemic W.AO regions of dog’s hearts. In the latter case the period (from 5 to 17 weeks)
following the closure of coronary circulation, ace. to O’DONNOLL et al. [13], is given

attenuation and absorption of the heart H and attenuation of blood B as a fun-
ction of frequency. These data were collected from literature and based on
measurements taken mostly by means of piezoelectric receiving transducers
[8-10]. Absorption was determined using the transient thermoelectric method
at a temperature of 37°C [8]. In turn, the point N represents the attenuation
coetficient obtained in the myocardium of normal dogs by means of an acousto-
electric receiving transducer [13] which eliminates the cancellation of signals
with different phases on the surface of the transducer.
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It can be concluded therefore that the piezoelectric technique used in
conventional ultrasonie diagnostic devices cannot provide sufficiently accurate
information about attenuation in soft tissues under investigation.

4. Scattering of ultrasonic waves

In contrast to the measurements of propagation velocity and attenuation,
the investigations related to backscattering of ultrasound in the myocardium
seem interesting and promising. These investigations were recently published
by O’DonNNOLL et al. [13].

In order to describe quantitatively the phenomenon of scattering, the notion
of the equivalent cross-section of scattering is usually introduced. In order
to illustrate the physical sense of this quantity, Fig. 2a shows a plane ultrasonie
wave scattered by three heterogeneities of the medium. This scattering is a result
of reflection, refraction and diffraction of the ultrasonic wave by these hetero-
geneities. For this reason the power of the incident wave, P; (Fig. 2b), is partly
scattered and this part of the energy can be designated as P,. The remaining
power P, penetrates into the medium. The equivalent cross-section of scattering

a) ; : b)
> \ ek
=
< -
b e
=y [ S
SN =
.. . A\
_____;==_1;2é§&étﬁ:?gaﬂup g
Fars ok S
- — S — power
rd paY

I
|
] Ss
| i
| :
el ¢ |

B aboey 5 | —
QL IO _2ieprsy /) TI0EL I

oo 7

Lof /’/

Fig. 2. Scattering of ultrasonic waves by heterogeneities in the medium (a). The division
of the power P; of the incident ultrasonic wave into the power P, of the scattered wave
and the power P; of the wave penetrating into the medium (b). Geometrieal interpretation (¢ )
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is defined as the ratio
2 =PI (2)

where I, is the intensity of the plane wave incident on the scattering object.
Since the scattered power P, = I.8,,

I =PI, =I8,/I; =8, [m]. 3)

Formula (3) permits a simple, direct interpretation of the equivalent
cross-section of seattering (X = 8,) as part of the area (8;) of the cross-secticn
of the plane incident wave which is removed from the beam by the scattering
object (Fig. 2¢).

When in & unit volume of the medium there are N (m™*) scattering objects,
each with the equivalent cross-section of scattering X (m?), the product NX
(m™") is then part of the cross-section area of the plane propagating wave,
which is removed from the beam by unit volume. Hence the intensity of the
plane wave I, propagating in the scattering medium is

I, =1exp(—N2zx), (4)

where « is the depth of penetration into the medium and [, is the intensity
of the wave for # = 0.
The acoustic pressure can be expressed analogously

1
Pz = poeXp(— ;wa) = PoeXP(—ay), ()

where a, = $NX [em™'] is the pressure scattering eoeffiéiént.
The general relation between the attenuation coefficient 4 and the absorp-
tion coefficient ¢, can be written in the form [14]

A—a; = a,. (6)

The above relation permits comparison and correlation of the results of
a large number of measurements and of the investigations of attenuation,
absorption and scattering, which were usually obtained by different techniques.
This may permit some general conclusions to be drawn about the structure
and acoustic properties of soft tissues [8, 14]. In general case the phenomenon
of scattering is not isotropic but depends on the direction. Therefore the di-
fferential form of the scattering coefficient per unit volume, referred to the
spatial angle, is introduced. It has the shape

_NZ _ dg, :
LBt Ty Wi Te) (7)

The quantity z is called the differential scattering coefficient. In view
of the measurement technique used, the backscattering coefficient 4. is
significant. It involves the measurement of the magnitude of the wave scattered,
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using the same transducer which transmits and receives at the same time [15]
(see Fig. 3). However, in this case the scattering coefficient a, cannot be deter-
mined, since the angular relation » = (0, @) is not known. In general case,
according to expression (7),

n 2IT
1 1
as:?fn(ﬂ,cﬁ)d!) :Ef sinadaf (6, ®)dd, 8)
Q 0 0

where 0 and @ are plane angles (Fig. 3).

0-180°

Fig. 3. The measurement of the backscattering coefficient

T — the piezoelectric transmit-receive transducer, IP — the pulse of the incident ultrasonic wave, MS - the
biological sample measured; 6, ® — plane angles

In the case of scattering objects which are very small compared to the
wavelength isotropic scattering can be assumed in approximation; thus formula
(8) gives directly the relation

a, = 27N [om™']. (9)

O’DoNNOLL et al. determined the relation between the backscattering
coefficient 7,5 and collagen concentration in the hearts of normal dogs and
those with ischemia of the myocardium caused by occulsion of the coronary
vessels [13]. The aim of these investigations was to explain the mechanism
of scattering of ultrasonic waves by the myocardium. The authors took “in
vitro” measurements in the myocardium tissues obtained from 17 dogs subject
to three different periods of ischemia of this muscle. Ischemia was caused by
occlusion of the left anterior descending coronary artery. After 5, 8 or 16 weeks
following the coronary occlusion the animals were killed.

The total number of ischemic regions was 18; the same number of normal
regions in six hearts were examined after 5-6 weeks after the coronary occlu-
sion. A related number of myocardial regions were examined after 8-10 and
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15-17 weeks from the coronary occlusion. Fig. 4 shows the results of ten averaged
measurements of each sample as a function of frequency. The change in the
value of the backscattering coefficient is striking. For a frequency of 3 MHz
this coefficient is greater by a factor of about 50 than in the normal myocardium.

In turn, attenuation measurements on the same samples, taken using
an acoustoelectric receiving transducer, in the case of ischemia, only slightly
differed from one another; it is shown in Fig. 1 by means of three points designa-
ed by the abbreviation WAO.
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Fig. 4. The backscattering coefficient measured by O’DoNNOLL et al. as a function of fre-
quency [13]: N — normal dog’s myocardium, WAO — ischemic areas of dog’s myocardium
5-17 weeks after closure of the coronary artery

In addition to changes in the backscattering coefficient, collagen con-
centration was estimated by a quantitative biochemical assay for hydroxy-
proline. The mean concentration. of hydroxyproline, which is a quantitative
index of the molecular content of collagen, increased ten times as much in the
ischemic regions [13].

5. Discussion

The fibres of the normal myocardium are the essential object scattering
ultrasonic waves over the range of a few MHz. The myocardial infarct is a dy-
namic process in the course of which the necrotic muscle fibres are replaced
by connective tissue. It was suggested previously by FIELDs and DUNN [3]
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that the elastic properties of connective tissue cause this tissue to be predomi-
nantly visualized in ultrasonograms. The greatest collagen concentration occurs
in connective tissue. Collagen constitutes about 309, of the total albumin
amount in the system. Its composition included glycine (over 249;), hydro-
xyproline (about 13 %,) and a dozen or so of other amino acids in smaller pro-
portion.

The normal myocardium show little collagen content, while the scarred
myocardium econtains much of it.

In order to verify the role of collagen in ultrasonographic visualization
of tissues and to obtain quantitative information on the acoustic properties
of collagen, Goss and O’BRIEN recently used the acoustic microscope with
laser scanning. They measured the propagation velocity of ultrasound in single
collagen threads at a frequeney of 100 MHz [11]. In this microscope the wave
penetrates through the specimen, causing mechanical deformation of the surface
of the reflecting plate placed over the specimen. The mechanical deformations
of the plate are analysed automatically by means of a focused laser beam and
transformed to an image on the kinescope monitor. The brightness of the image
is proportional to the amplitude of the wave penetrating through the specimen.
This microscope also works using the interference methad in visualization
of wave fronts penetrating through the specimen. This is achieved as a result
of (electronic) superposition of the image of an additional reference wave,
which causes standing waves to occur. Displacement of the lines of the standing
waves with respect to the lines in the surrounding medium permits the wave
velocity in the specimen to be determined. In this way the authors cited obtained
the wave velocity in a single collagen thread, ¢ = 1700 m/s. Since the density
of collagen is ¢ = (1.16-1.33) g/em?, its accustic self-impedance is about pe
= 2.1-10° kg/(m?: ). For soft tissues this impedance is on average oc = 1.6-10°
kg/(m?*-s). :

These results indicate clearly that collagen is particularly strongly distin-
guishable in ultrasonographic images in contrast to other tissues. In view of
these results it becomes clear why collagen concentration occurring in the
myocardium with post-infarctional scars causes such a large increase in the
backscattering coefficient.

It is interesting to mote here the large potential possibilities of ultrasonie
microscopy, creating a new field of biophysical investigations — sonohistology.

In cardiological terms again, it can be stated that it seems possible to
distinguish between the regions of normal tissue and those pathological, on
the basis of measurement of backscattering of ultrasound.

The first attempts at such a solution were published at the Sixth Interna-
tional Symposium on Ultrasonic Imaging and Tissue Characterization at Gait-
hersburg (USA) in June 1981 by SKORTON ¢f al. [16]. These authors investigated
backscattering of ultrasound, making two dimensional ultrasonograms of
hearts in awake dogs with operated (closed) chests, following circumflex coro-
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nary occlusion. For the imaging of the heart they used a phase-array real-
time equipment working at a frequency of 2.25 MHz. By means of an automatic
digital system they determined the grey level distribution on the negatives
of pictures taken of two heart regions; the inferventricular septum (control
Tegion) and the posterior wall of the left ventricle (infarcted area). Grey level
histograms were taken before and two days after the coronary occlusion.
The results of these preliminary investigations suggest that an acute infarct
of the heart can be diagnosed from analysis of grey level distributions, comparing
the regions examined with the control region separated by the ventrical cavity.

6. Conclusions

The fundamental problem at the present stage of development of ultrasonic
diagnostic methods is the one of noninvasive characterization (description
of properties) of tissues detected. The recent progress in this range provides
the very promising possibilities of pathological tissue identification in ecardio-
logy, based on the measurement of backscattering of ultrasonic waves penetra-
ting into the heart.

However, the solution of this problem requires further fundamental acousto-
biological research and also further technological developments in the process
of transformation of qualitative methods and ultrasonic imaging equipmeunt
into still more sophisticated measurement devices to provide quantitative,
information. Microcomputer technology can facilitate very much the solution
of this complex problem.

References

[1] L. Busse el al., Phase cancellation effects, Ultrasound in Medicine (D. WHITE,
R. Brown, eds.), Plenum Press, New York 1977, 3B, pp. 1519-1535.

[2] F. DuxnN, Ultrasonic characterization of lissues: aspects of physical bases, Proc.
Symposium UBIOMED V, Pushchino 1981, pp. 122-123.

[3] 8. Fierps, F. Dunw, Correlation of echographic visualizability of tissues with biolo-
gical composition and physiological state, J. Acoust. Soc. Am., 54, 809-812 (1973).

[4] L. Fiureozy&skr, Detectability of blood vessels and flat boundaries of soft tissues
in the ultrasonie pulse method, Archives of Acoustics, Warsaw, 6, 45-55 (1981).

[5] L. FirieczYRSKI el al., UG-4 wultrasonograph for viswalization of the organs of the
abdominal cavity and its clinical application (in Polish), Archiwum Akustyki, 10, 111-120
(1975).

[6] L. FrurrczyXskr, R. HErczyXski, A. Nowickl, T. Powarowski, Blood flows —
hemodynamics and ultrasonic Doppler measurement methods (in Polish), PWN, Warsaw 1980.

[7] L. Fmpczy®skr, 1. Roszrowski (eds.), Ullrasonic diagnostics in gynaecology
and obstelrics (in Polish), PZWL, Warsaw 1977.

[8] 8. Goss, L. FrizeLL, F. Dunw, Ultrasonic absorption and attenuation in mammalian
tissues, Ultrasound in Med. Biol., 5, 181-186 (1979).



94 L. FILIPCZYNSKI

[9] 8. Goss, R. JouxsToN, F. DUNN, Comprehensive compilation of empirical ulirasonic
properties of mammalian tissue, J. Acoust. Soc. Am., 64 (2), 423-457 (1978).

[10] 8. Goss, R. JomnsToN, F. DunN, Compilation of empirical ulirasonic properties
of mammalian tissues, II, J. Acoust. Soc. Am., 68/1, 93-108 (1980).

[11] 8. Goss, W. O’Briew, Direct ultrasonic wvelocily measurements of mammalian
collagen threads, J. Acoust. Soc. Am., 65/2, 507-511 (1979).

[12] P. MoRrsE, K. INGARD, Theoretical acoustics, McGraw Hill, New York 1968.

[13] M. O’DoxNNoLL, J. NimBs, J. MILLER, Relationship belween collagen and ulirasonic
backscatter in myocardial tissue, J. Acoust. Soc. Am., 69/2, 580-588 (1981).

[14] J. PorrmaMMER, W. O’BRIEN, Dependence of the ullrasonic scalier coefficient
on collagen concentration in mammalian tissues, J. Acoust. Soc. Am., 69/1, 283-285 (1981).

[15] J. REID, The scattering of ultrasound by tissues, Proc. Seminar Ultrasound Tissue
Characterization, Gaithersburg 1975, pp. 29-47.

[16] B. SkorTON et al., Estimation of regional ultrasonic backscatter from acutely infarcted
myocardium in closed-chest dogs: feasibility and problems, Sixth Intern. Symposium Ultra-
sonic Imaging and Tissue Characterization, Gaithersburg, Maryland, 1981. Abstracts, 190-
191.

[17] P. WELLS, Present status of tissue identification, Proe. 4th Symposium on Echo-
cardiology, Martinus Nijhoff Publishers, Hague 1981, pp. 455-460.

Received on November 27, 1981; revised version on May 21, 1982.



VIII CONFERENCE ON THE UTILIZATION OF ULTRASONIC METHODS FOR STUDYING
THE PROPERTIES OF CONDENSED MATTER
Zilina (Czechoslovakia) 1-4 September, 1982

VIII Conference on the Utilization of Ultrasonic Methods for Studying the Properties
of Condensed Matter was held on 1-4 September, 1982 at Zilina (Czechoslovakia). The Con-
ference was sponsored by the Physics Section of the Slovak Mathematicians and Physicists
Asggociation, the Acoustic Committe (Ultrasonics Subcommission) of the Czechoslovak Aca-
demy of Sciences, and organized by the Physics Department of the Technical University
of Advanced Transport Engineering at Zilina, and Physics Institute of the Slovak Academy
of Sciences in Bratislava. Assistant Prof. Dr. J. DURCEK was the chairman of the Organizing
Committee of the Conference.

Four general lectures were delivered:

A, ZAREMBOVITVCH, Ultrasonic investigation of molecular erystals.

Turek, 1. Basix, Fcho phenomena in piezoelectric powders.

W. Ramprox, The use of high frequency phonons in studying solids.

CHIPLYS, Acoustoelectric phenomena in piezoelectric semiconductors.
The following communications were delivered:

SoczriEwIcz, Application of the method of quantum field theory to investigalion of acoustic
waves propagation in random media.

HUDAIBERDYEV, Investigation of particularities found in intermolecular interaction for
glycerin solutions with ordinary and heavy water through acousiic methods.

Hecepus, 8. Kounig, C. MusiL, I. Varea, Determination of TOEC for NaCl and KOl
by wusing ulirasound.

Basix, I. TURek, J. VANCo, Two pulse echo in powdered T'GS in the vicinity of phase
transition.

U. STRAUBE, G. SorGE, Investigation of properties of incommensurate (NH,),Bel'y by ulira-

sonic methods.

MarTIN, FRANKE, WEIBNACHT, MSCO effects in apodized iransducers.

J. Lisovsky, Elastic properties and phase instability of doped V,0,.

K. MiSex, Ultrasonic study of Nb in magnetic fields.

DomiNec, Attenuation of wulirasound in BiSb alloys.

C4r, 8. KoLNiK, Polarization effects in a layer system with elastic anisotropy.

GoLeENisHCHEV-KUTUSOV, Nonlinear propagation of acoustic waves in antiferromagnetics.

. Bouny§, Properties of elastic moduli of PZT Ceramics.

ADAMAITIS, Acoustoelecirical interaction in inhomogeneous semiconductors.

Bracinig, J. STELINA, Quantitative study of the electric field distribution in stationary
acoustoelectric domains.

Damarkas, A. M. Diakowxov, I. L. Dricako, D. KuirLys, Acoustoeleciric instability
and acoustoelectrical interaction in indium antimonide.

GARSEA, Acoustic modulation of recombination cenders.

I. BEREZINA, Measurement of acoustic wave velocity in solids by acoustical microscope.
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V. A. Krasinyikov, V. I. Pavrov, J. SLABEYCIUS, Application of Hamilton's methods in

problems of interaction and radiation of waves in acoustics.
M. Ko%Ek, Surface acouslic wave strip transducer.

H. J. Frouvicu, H. J. RoupE, Surface acoustic wave properties of thin film CdS prepared

by hot-wall technology.

H. HorMaNN, Signal processing by correlation with chirp and mis-matched surface acoustic
waves devices.

K. CArovi, Phase sensitive optical probing of surface acouslic waves.

M. NEVESELY, Some methods for compensation of diffraction in SAW filters.
These papers will be published in Acta Physica Slovaca.

_Eugeniusz Soczkiewicz (Gliwice)

SUMMER WORKSHOP ON PSYCHOACOUSTICS OF MUSIC
Jablonna 5-11 July, 1982

Within the series of yearly international conferences organized by the Committee on
Acoustics of the Polish Academy of Sciences, the Summer Workshop on Psychoacoustics
of Music took place in Jablonna. The conference was organized by the Committee on Acous-
ties jointly with Frederick Chopin Academy of Music in Warsaw. There were 60 participants;
among them 32 came from abroad: from Austria, West Berlin, Czechoslovakia, Holland,

Canada, GDR, West Germany, Sweden, USA, Italy and Hungary — 23 lectures and reports
were presented, with much time devoted to discussions. The conference language was English. |

The following topies were discussed at separate sessions:

1. Assessment of piteh, I1. Absolute pitch, I11. Relative pitch, IV. Psychoacoustic dissonance,
V. Assessment of sound quality in musical instruments, VI. Assessment of concert hall acoustics.

The lectures and reports were presented, among others, by the following foreign visitors:

Dr. Judit AxesTER (Academy of Sciences, Budapest, Hungary), Professor Dr. Frans

BiLseN (Technical University, Delft, Holland), Professor Dr. Gert van den BRINK (Erasmus |

Universiteit, Rotterdam, Holland), Dr. Werner A. Deurscu (Osterreichische Akademie von

‘Wissenschaften, Wien, Austria), Professor Dr. Jurgen MEYER (Techn. Bundesanstalt, Brauns- |
chweig, West Germany), Professor Dr. Reinier PLomp (Institute for Perception TNO, Soes- |

terberg, Holland), Charles Ra® (College of Music, Leeds, Great Britain), Dr. Peter Scuu- |

BERT (Institut fiir Musikinstrumentenbau, Zwota, Vogtl, GDR), Professor Dr. Johan SuxD-
BERG (Royal Institute of Technology, KTH, Stoekholm, 8weden), Professor Dr. Ing. Ernst
TeruarDpT (Institut fiiv Elektroakustie, Technische Hochschule, Miinchen, FRG).

The Polish lecturers were the following:

Professor Dr. Gustaw Bupzy¥skr (Technical University, Academy of Music, Gdansk),

Professor Dr. Andrzej Raxowskr (Laboratory of Musical Acoustics, Frederie Chopin of |

Music, Warsaw), Professor Dr, Stefan Czarnmokr (Institute of Fundamental Technological
Research, Polish Academy of Sciences, Warsaw).

The scientific supervisor of the ,,Summer Workshop on Pdychoacoustics of Music Jab-
lonna 82” was Professor Andrzej RAKOWSKI.




