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INTRODUCTION

A plane wave propagating in an inhomcogeneous medium will, in general, as a
result of the scattering inhomogeneities present, suffer fluctuations in
amplitude and phase across the propagating wavefronts, The component that does
travel as & plane wave {represented by the mean amplitude and phase in a plane
parallel to the initial wavefronts) includes the effect of absorption in the
matrix and the ccoherent part of the (forward) scattering. The remainder, i.e.
the fluctuations about the mean value. represent the incoherent part of the
scattering [1].

The use of finite piezo-electric transducers has the potential disadvantage of
causing systematic (but unguantifiable) errors due te phase cancellation
artefacts[2] when the measurement of velocity or attenuation is attempted using
conventiconal methods on inhomogeneous materials. The tendency is to over-
estimate the attenuation and to produce small random errors in the velocity.
The use of phase insensitive detectors[3] has the disadvantage of not providing
velocity measurements. In addition, it has recently been shown[4] that phase
sensitive receivers in general measure a fundamentally different attenuwation
from phase insensitive receivers - a difference which ¢an he interpreted in
terms of the coherent and ilncoherent scattering contributions. However the
limitations introduced by the finite size of the receivers in discriminating
between the coherent and incoherent parts have yet to be defined in rigorous
guantitative terms,

An alternative apprcach to the measurement distinctlion of the coherent and
incoherent contributlons involves the use of a scanned point receiver
(hydrophone) . Provided the diameter of the probe is small compared to the
wavelength and the measurement sampling is adequate, the phase and amplitude
distributjions of the waves emergent from a parallel-sided specimen, in a plane
parallel to that of the incident wavefronts can be recorded., Considerable care
needs to be taken in the phase measurements with regard to thermal and
mechanical stability[S]. Nevertheless from such a set of measurements the
coherent and incoherent components of the scattering may in principle be
determined, The practical limitations of the finite receiver and finite
sampling aperture alsoc still require careful evaluation,

I1f the matrix in which the scattering inhomogeneities are embedded is itself
highly abscrbing, then this may have a Further adverse influence in significant-
ly limiting the signal to noise ratic available., Analytical formulations of
this problem are still in the process of development[6,7].

For materials into which a hydrophone may be inserted without structural damage
it appears that there is an alternative approach to measurement of the coherent
component of the scattering and it is this procedure which is described in the
present paper, The method is based upon the approximate analytical formulation
of the axial field from a focussed transducer, It is most easily interpreted
for homogeneous fluids whereby the absorption coefficient of an unknown fluid
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can be determined relative to that of a second fluid. Thus if the second fluid
has known absorption, that of the first fluid can be determined. At megahertz
frequencies, the cbviocus choice of the second fluid is water with effectively
negligible absorption.

Inclusion into the first liquid of a significant population of scatterers then
permits the method to determine the difference between the attenuation of the
new mixture and the absorption of the original fluid, The difference may. in
the first instance be seen to be the coherent part of the scattering produced
by the inhomggeneities. It is not improbable that the method may be extended
to give the incoherent part of the scattering also, but this has not been
achieved so far by the present authors.

ANALYTICAL BASIS

The underlying principle of the method is based on the field distribution from
a finite (weakly) focussed pistonlike bowl transducer analysed by 0'Neill in
1949[8). The expression for the axial acoustic pressure radiated into a fluid
is given by

pe pcuOP eltwt-km] i (1)
where ¢, p are the velocity and density.of the fluid, u_ is the surface normal
velocity of the pistonlike source, k = 5 A is the wavélength and P and m are
defined by:

P e 2w sin ké (2)

k4
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A
where 2§ = [(z- -h) %+a? ]1/2 -z (3)
and 2m = [(z-h) +a2 V2, . (4)

Here z is the axial distance, A the radius of curvature of the bowl, h Llts
depth, and a its circunferential radius.

Loss in the fluid can be incorporated by writing the wave number k in complex

form:
k =k = ia (%)
Equation (1} then becomes: )
2pcu ; ;
p = “—*;—i sin(k-ia) & el(wt e+ aa) {6)
1-_ .
A
putting the sine function into exponential form and rearxranging we have
pcu
p = : [eikde & {m 6)_e ikée u(m+6]]ei(mt km} (1
lﬂi .
peu . .
S : [eikﬁe az__ 1k6e-u{26+z}] ei(wt—km) t8)
-3
sincem - § =z andm+ § = 28 + 2 (9)
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For & << z we have

pcu | _ _— _
p= : o 92 [eika-e 1k5]ei(wt km) (10)
1-; :
pcu - _
- o - uzzisinkdel(ult km) (11)
1- 2
A
Thug the amplitude of the axial pressure ls given approximately by
chuo -agz
lp|l = e “sinké (12)
l_ p=—
A 1

If we write the pressure amplitude at axial position 2 in medium 1 as p, (z)
and in another medium, 2, as p,(2), where the media have, respectively,
densities of Pre Py speeds of sound of ¢, c, and attenuation coefficients of
o and,uz, then from equation (12) we have:

1 )
. sin k.6
1 -a,Z
1
.pl(z) = ZQO = P ¢ @ 1 {13}
: A
- sin k26 -apz
and ?2(21 = 2uD -—I:EH- poC e (14)
A
p,{z) sin k.8 p.c :
Thus 1 - — 15 171 e—(az-al)z (15)
pz(z) sin kZ PoCy
|4 sin k.6 0.c
Whence in Lo in ;;;—Eig S A Y (uz - al)z ' (16}
Py 2* Pa% :

Thus subject to the constraint 2§ << z, it can be seen that the natural
logarithm of the ratic p; to Py a8 a function of z is a straight line of

gradient {a;-03) and intercept in Eif_flﬁ.glil . provided this last term is
sin k6 paco

sensibly independent of z over theé range which’/measurements are made,

The condition 2§ << z can be interpreted in the following way. From equation
{3), 28 can.be seen to be equal to the difference in distance from an axial
point to a point on the periphery of the bowl and to the centre of the bowl, 0,
The range of validity for this condition will need to be checked in a given
experimental situation, However some general guidelines can be given for
medium and weakly focussed bowls. The occurrence of axial minima in the field

. . - . . p
implies that in the regions close to these extrema, the ratio S% would beccome

indeterminate in value, and that such regions should be aveided in the ranges
of z over which measurements are taken. Provided h < A there are no extrema
at values of 2z greater than A, the radius of curvature of the bowl[B}, Thus,
the criterion of having h slightly less than A appears to present a good
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compromise in having the greatest degree of focussing, while still leaving the
region beyond the focal zone free for measurement.

The benefit of having a reasonable range of 2 over which to take measurementg
suggests that the focal length be reasonably long to maintain signal levels.
Typically the focal length should be comparable with the distance over which it
is hoped to take measurements. This permits the introduction of the
approximation in squation (3).

25 - h h2 az
el R el e R R
z z 2 2
2z 2z 2
Since, by the intersecting chord thecrem, h = E—E (for a2<<zzl and he<z,
2z
2 .
25 1 a . .
z 2 2 "ttt _ {17}
z

Thus the condition for 2§ to be small compared to z is primarily related to the
relationship between the aperture a and the axial distance z. If this is small,
the analysis is valld to a good approximation.

The major constraint in practice is the condition mentioned after equation {16}

above that in EEE_EEE £1%1) should be sensibly independent of 2z, Since the

sin k25 pzc2
ratio of the characteristic acoustic impedances may vary without any practical
constraint, it can be seen that since § is in general a function of z (equation
(3)), the first term introduces limitations on the speeds in the two media

in relation to the positions at which measurements are made, through the
relationship:

k)5 = nm + (-1)"k26 {18)

Solutions for n # O of this have limited practical value. Thus we find that

we need to have k; = k3, l.e, the speed of sound must be {almokt) the same in
the two fluids, If the technique is to be used to measure the absorption of
one hcmogenecus fluid by comparing it with that of another whose absorption
coefficient is known, the latter needs to be selected with care in view of this
constraint, If the technique is to be used to measure the coherent scattering
contribution to attenuation in a fluid of known absorption coefficient, it will
be necessary to estimate the velocity changes that the scatterers may produce
using either the method of mixtures (e,g, [?]) or Foldy's analysis[l], in
order to ascertain that equation (18) is still valid,

sin k,§
Given that T kg can be made very close to unity, by virtue of the fact that
cl can often be gound such that cl = cz, it can be seen that the intercept

of 2% against z give ‘an internal check on the consistency of the method by
givgng the ratic of the densities of the two flujds, This may either be known
a priori or may, for suspensions, be calculated with little error using the
mixture theory[9].
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EXPERIMENTAL METHOD

The determination of the attenuation or abgorption coefficients required can be
approached in two mailn ways. The first is to fix the frequency and to make a
large numher of measurements at different axial distances, Whereas this glves
improved precision in the fitting of a straight line to the data {and. thus in
the determination of the coefficients) it clearly reguires repetition at a
number of frequencies. The alternatlive is to make measurements at a few values
of z (in the limit only two are needed) and to sweep the frequency at each
pasition,

The former is clearly the better method for the initial wvalidaticn of the
analysis, although the latter turns out to be far more valuable in interpret-
ation of the identity of the scattering contribution to the attenuation,

The experimental tanks have been described elsewhere[10]. An outer tank

bears a three dimensional rectilinear scanning mechanism that is microprocessct
controlled, It has a resolution of 5um along each axis., The outer tank can
serve as a thermal reserveoir for the inner tank jin which the transmitting
transducer and liquids or suspensions under investigation were placed. The
main virtue of the dual tank system is the ease of removing potentially
obnoxious materials from the scanning mechanism-:

The transmitting transducers used had piezoelectric ceramjc focugssed
elements of aperture radius 1,.5cm (nominally), a focal length of 10cm and a
nominal resonant fregquency of 2MHz. The beam pattern of the transducer had
been extensively inhvestigated before i1ts use in the present investigations.
The hydrophone recelver was of the needle type with a circular ceramic element
(PZT) of diameter 1.0mm, The transmitter was aligned (acoustic axis) with the
scanning mechanism on the cuter tank and the hydrophone was adjusted until it
travelled along the axis,

The electronic system consisted of a transmitter generator which excited
the source with approximately 20us long tonebursts. A boxcar system sampled
the pulse received by the hydrophone in the middle of the pulse, where the
amplitude was essentially constant. The peak amplitude was stored by the
computer (a Motorola 6809) which then moved hoth the scan delay generator gate
of the boxcar and the hydrophone along the axis for the next measurement.
Measurements were made in 250um intervals between lem and 13cm from the
transmitter surface,

RESULTS

As mentioned above, water is an obvious reference medium because of its very
low ultrasonic attenuation in the low megahertz frequency region. The choice
of absorbing liquids was limited by the need to match the sound speeds, i.e. to
make equation (18) a good appreximation, In addition it was necessary to
select a liquid in which it would be possible to suspend the scatterers, The
availability of scatterers of appropriate size and density was a severe
constraint on the materials that could be used. The compromise adopted was to
use castor oil as the liquid and 500um diameter polystyrens particles in
suspension. This combination satisfies most of the requirements[11l] although
the temperature sensitivity of the density of castor oil implies the need to
incorporate a stirring mechanism, The suspension was stirred for at least an
hour before the measurements were taken,
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Axial distributions for caster oll showed the true focus to be inside that with
water as may be expected from the absorption in the oil., Confirmation that the
velocity was close to that of water at the same temperature, i.e. that the
condition of equation (18) is satisfied, was achieved by reference to data in
the literature, although it proved relatively easy to check it directly. The
ratio of the water and oil curves plotted on a logarithmic scale (see equation
(16)) provided excellent linearity over a central region from 4 to 9cm. It was
excellent confirmation of the theory presented in section 2 and the validity,
for these two media under these conditions, of the assumptions involved -
particularly the critical cne of closely similar sound speeds. The limits to
the linear fit arejat the lower axial distances,the sensitivity of the ratio

to the exact shape of the peak at the true focusz, and at the longer axial
distances, the absorption reducing the signal in castor oil almost to the noise
level. A least asquares f£it to the data in the linear region was used to obtain
the slope of the fata., The value of the absorption ecoefficient obtained from
the slope, namely 23,9 nepers m -1 compared well with that from the literature
(e.g. 25.3 nepers m ~1[12]). Similar results were found at five discrete
frequencies in the range 1.8 to 2,0 MHz., There is some variation in the data
found in the literature, and castor oil appears to exhibit ageing effects
(Lele, private communication) in its ultrasonic properties.

For the measurements on the suspensions a preliminary set of data was cbtained
in castor oil at frequencies between 1.0 and 2.5 MHz in steps of 0.25 MHz.
Insertion of a 1% volume concentration of 300 - 500 um polystyrene spheres was,
after thorough stirring, followed by repetition of the scans at the different
frequencies. It was found that, while there was considerable fluctuation in

. the individual measurements, there was, again, a central section which was
approximately linear. A least squares analysis of the region between 4 and 9cm
gave the slope, as before, and thisrepresented the difference between the
attenuation in the suspension and the absorption in the castor oil. It was
believed that this difference was the coherent part of the scattering,

In order to try to confirm that this difference was, in fact, the coherent
part of the scattering, a further set of measurements was performed., Assuming
that the velocity of the suspension is very similar to that of the castor oil
alone and the densities of the particles are very similar to that of the castor
oil, equation (16} becomes

oy - o -3 m%’f (19)
Thus by making measurements at only one distance a, - @, can be measured. In
fact, measurements were made at two distances, as a fur%her check (5.0 e¢m and
6,0 cm), at 0.05 MHz intervals between 1.0 and 2.5 MAz. The results between
the two distances were consistent and were compared with the theoretical
predictions of Waterman and Truell [13}. Although greater variation was
observed at the highest freguencies, the agreement was good, the coherent
scattering following clesely the resonance peak expected for these particles
in this matrix over this frequency range, Increasing the concentration of
particles to 2% in a further range of experiments produced similar agreement,
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CONCLUSION

The technique described has a major limitation in the need to have the
velocities of the liquids very similar if absorption i3 to be measured, In
addition it is necessary to have sufficiently low concentrations of scatterers -
to affect the wvelocity in the suspensicn relatively little, and tc asgsume that
the hydrophone is effectively a point receiver. WNevertheless the technigue has
considerable potential for the investigation of coherent scattering in
suspensions. A quantitative theoretical comparison is made more difficult at
the present time by the fact that the size distribution of the particles used
is significant, and by the more general difficulty of defining shear parameter
data for the scatterers, The promising results of the method suggest that it
may be used in the frequency sweep mode described at the end of the last
section, provided scme time averaging ¢of the results is performed at each
point,

The areas of potential application of the technique are many, e.g. biomedical
ultrasonics, sedimentology, biotechnology. In particular it may be used
potentially to identify the coherent scattering contribution to the ultrascnic
attenuation in human tissues - a factor that has hithertoc been explicitly or
implicitly neglected.

Acknowledgements

L.W.A. gratefully acknowledges support from Warren Spring Laboratory (DO1),
and J.A. from the S.E,R.C,

REFERENCES

(1] L.L. Foldy, 'Multiple scattering theory of waves', Phys. Rev., Vol.67,
107=-119, {(1945).

[2] P.N. Marcus and E,L. Carstensten, 'Problems with absorption methods of
inhomegeneous solids', J.A.S.A., Vol.58, 1334-1335, (1975).

[3] . J. Busse and J.G. Miller, 'Response characteristics of a finite
aperture, phase insensitive ultrasonic receiver hased upon the acousto-
electric effect', &.A.S5.A,, Vol. 70, 1370-1376, (1981).

[4] R.C. Chivers, 'Measurements of the coherent and ingocherent contributions
of ultrasconic scattering in inhomogeneous media', In 'Ultrasonic methods

in evaluation of inhomogeneous materials' (Ed. A. Alippi) Martinus Nijhoff,
Dordrecht {in press).

[5] J.D. Aindow apd R.C. Chivers, 'Measurement of the phase variation in an
ultrasonic field', J.Phys.E., Vol.15, 83-86, (1982).

[6] R.C., Chivers and J,0. Aindow, ‘*Ultrasonic propagation in suspension
systems', J.Phys,D. Vol.l6, 2093-2102, (1983).

Proc.1.0.A. Vol8 Part 2 (1986) ' 13



Proceedings of The Institute of Acoustics

COHERENT SCATTERING MEASUREMENT 1IN PENETZABLE INHOMOGENEQUS MEDIA

[7] E. Soczkiewicz, 'Quantum field theory methods in studies of ultrasonic
waves propagation in random media'. In ‘Ultrasonic methods in evaluation
of inhomogenecous materials' (Ed. A, Rlippil) Martinus Nijheff, Dordrecht
{in press).

[81 H.T.VO'Neill, 'Thecry of focussing radiators', J.A.S.A., Vol.21, 516-526,
{1249}, -

[#] R.J., Urick, 'A sound velocity methed for determining the compressibility
of finely @ivided substances, J. App. Phys., Vol. 18, 983, (1947).

[1o] J.p. Aindew and R.C. Chivers, ‘'Ultrasonic wave fluctuations through
tissue - a pilot study'., Phys., Med. Biol. (submitted for publication}.

{11] rR.C. Chivers, 'An aid to making liquid mixtures with specific acoustic
characteristics'. Ultrasound Med. Biol., Vol.2, 335-337, (197é).

[12] F. Dunn, P.D, Edmonds and W.J. Fry, 'Absorption and dispersion of ultra-
sound in biolocgical media'. In 'Biomedical Engineering', Edited by
H.P. Schwan, 205-232, McGraw Hill, New York (1969),

[13] P.C. Waterman and R.J. Truell, ‘'Multiple scattering of waves', J. Math.
Phys. Vol.2, 512, (1962}

14 Proc.l.O.A. Vol8 Part 2 (1986)




