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During propagation of sound in the atmosphere a certain fraction of acoustical energy
is absorbed by air. Thus, acoustical pressure decreases exponentially with distance. The rate
of this drop is expressed by coefficient & which depends on frequency and meteorological
conditions.

Absorption coefficient «(f) is approximated in this study by binominal function of
frequency with two cocfficients depending on temperature and relative humidity. The
A-weighted sound pressure level is expressed by the function depending on parameters
which describe absorption and the distance between the source and the point of
observation. Thus the integration is substituted for summation over frequency. bands.
Calculations are made and charts are drawn to show differences in A-weighted pressure
level calculation which result from a(f) approximation by binominal function.

Podczas propagacji dzwigku w atmosferze, czgé¢ energii akustycznej jest pochianiana
przez powictrze. W wyniku tego pochlaniania ciénienie akustyczne spada wyktadniczo
z odlegloscig, a predkoé¢ tego spadku wyraza wspotezynnik «, ktéry zalezy od czestotliwosci
i warunkéw meteorologicznych.

W pracy przedstawiono wspolezynnik pochtaniania dzwigku przez powietrze a(f) jako
Jjawng funkcje czestotliwodcei w postaci dwumianu ze wspétezynnikami f i ¢ zaleznymi od
temperatury i wilgotnosci wzglednej. Wyrazono poziom dzwigku mierzony w dB(A)
W postaci wzoru zaleznego m. in. od parametrow opisujacych pochtanianie (f,7) i odleglosci
od zrédia do punktu obserwacji. W ten sposéb zastapiono sumowanie wzgledem pasm
czgstotliwosci catkowaniem. Przeprowadzono rachunki i sporzadzono wykresy ilustrujace
réznice w obliczeniach poziomu dzwigku, ktére wynikaja m. in. z zastosowania uprosz-
czonej postaci funkcji «(f). :

1. Introduction

Environmental noise depends on several basic phenomena such as reflection,
diffraction, refraction, interaction with ground and air absorption.

A simplified description of the latter is the aim of the study. Dependence of the
absorption coefficient on frequency, temperature and relative humidity is very
complex. The accuracy of A-weighted sound pressure level calculations required by
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planners, traffic engineers, road designers, etc. makes possible to simplify some
relations.

First attempt was taken up in Ref. [4]. Critical remarks on it are given in part 4.
There we have (Eq. (18)) absorption coefficient o in a form of a binominal containing
coefficients which depend on temperature and relative humidity. Numerical values of
these coefficients are determined for temperature range from — 10°C till 40°C and
relative humidities 10% —100%.

The noise control requires explicit relations among quantities describing effect of
noise on people i.e. noise indices and quantities describing the process of sound
generation and propagation. Noise annoyance is generally evaluated in terms of
A-weighted sound pressure level expressed in dB(A). We have used continuous form
of A-weighting function (Eq. (9)). A continuous form of the function describing
spectral density of source power which includes a fairly large class of real noise
sources was introduced as well (Eq. (2)).

Introduction of continuous forms of functions describing absorption coefficient
and spectral density of source power made possible to derive an explicit form
of dependence between A-weigthed sound pressure level, source — point of
observation distance, parameters describing absorption, and parameters charac-
terizing a source (Eqgs. (7), (19)).

2. Noise source

Spectral density of mean square sound pressure in far field of nondirectional
source equals:

P(f)ec

4mr? ’

(1)

2 S*l

where P(f) represents spectral density of source’s power, g¢ = 414 kg m~
temperature 20°C for speed of sound ¢ = 342 m s~ ! and air density ¢ = 1.21 kgm™>.
Formula (1) doesn’t allow for absorption.

We assume that spectral density of source power is an exponential frequency

function:

p*(f) =

P(f) = PQexp(—puf), ()

where i is expressed in seconds. For example taking into account a passanger car
one may assume P'® = 41073, u = 2:10 3. There are many other real noise sources
where formula (2) is valid. Source power in n™ frequency band determined by f}" and

) frequencies equals:

'Ew PO
P, = {nP(f )df = T{exp[—#f W =expl — 4P} @)
B

Now, to show source power spectrum as a function of parameter u we introduce
band sound power level, Ly, = 10 1g(P,/P,), where Py = 1012 W. Difference
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between two successive band sound power levels AL, = Ly, — Lyn+ 4, equals:

o exp[uf ] —exp[ufi™] 1
AL, = 101 {exP[ufﬁzll]—exp[ufﬁ,ﬂ’l explu(f&—f§ ))]}. (4)

If Ly, = N dB, then Ly, =N+A4L,, Lyy= N+AL,+AL,, etc. The results of
calculations are shown in Fig. 1. Despite the fact that the spectral density of source’s
power is a decreasing function of frequency (Eq. 2), power spectrum expressed in

S

N_so 1 1 | 1 L 1 1
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Fig. 1. Source power spectrum depending on parameter 1 (Egs (3), (4)

terms of band sound power level has a maximum. It is seen, that for increasing values
of u, Ly, decreases with frequency. Then small values of y characterize the power
spectra of maximum above 5 kHz. Let f* be the frequency which separates “low”
(f < f*) and “high” (f > f*) parts of the spectrum. The powers P, and P, for the
high and low sections are:

o o
P,=[P(f)df and P, =};P(f)df-, (5)

Inserting source power spectrum (Eq. 2), we get:
P\/P, = exp(uf")—1. (6)

For y = 5107* and P,/P,, = 10 from the above relation we get f* ~ 5 kHz. It means,

that for > 5-10~* (maximum of power spectra below 2 kHz, see Fig. 1), source’s

power and thus, spectral density of mean square sound pressure (Eq. (1)), may be

neglected above 5 kHz. Minimal value of u depends on P,\P, ratlo For example,
~3107* and f* ~ 5 kHz correspond to the value of P,/P, =
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3. A-weighted sound pressure level

Sound level L,, is commonly used index of noise assessment despite its
weaknesses [9]. Its definition is:

Ly = 101g(p3/p}), ™

where po = 2:10~3 N 'm ™~ 2. It was shown in Refs [4, 8], that A-weighted mean square
sound pressure can be given as:

W (f)p*(f)df. ®)

pa=

O B

where
W(f) = Wo [ exp(—4f) 9)

is weighting function which corresponds to A-weighting curve. Another form of
function W(f) was given in ANSI SI 4 [2], unfortunately not very useful for our
purposes.

Values of W(f) corresponding to the A-weighting curve at low frequencies are
negligible: W(f) < 0.08 for f <250 Hz. Then spectral density of power which is
characterized by p > 5107* can be neglected for frequencies higher than 5000 Hz.
Thus, for f > 5000 Hz we can neglect the spectral density of mean square sound
pressure. Within the frequency range 250 Hz < f < 5000 Hz, the application of the
linear regression analysis yields: W, = 2.5197-107° and 6 = 8.7863-10~* [4, 8].

From Egs. (1), (2), (8), (9) we get [5]:

POW,0c © POWyec
e 0 2 e . 0
Pa= 41'57'2 gf exP[ (5 =+ #)f]df 21”_2{5 + u);; (10}

Classical method of calculation of the A-weighted mean square sound pressure
requires summation over frequency bands:

= THiF g, (11)

where values of AL, relate to the A-weighted curve [2, 6], whereas p? is
a mean-square sound pressure of n™ frequency band. Taking into account the same
value of u as in expression (10), the definition:

i
pa= | pX(f)df (12)
. o
yields (Egs. (1), (3), (11))
, _ P explufi]—exp[—ufi®]

B0 s U (3
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We see that (Eg. 11):

0
PP%c s yoo-tavacry {expl — ] —exp[ — w7} (14)

-2 —
Pa 4nr

To compare p; with the value of p3 we use the definition of A-weighted sound
pressure level (Eq. (7)). The difference between L,, = 10lg(p%/p?) and I,,A
= 101g(p%/p?) equals:

N 2Wou
Lou—L,, = IOlg[(5+#)3Z IOo.MLAm.){exp[_ﬂf,}”]—exp[—#fr.(z']}]’ e

where summation is performed in one-third octave bands from fi7=150 Hz to
Ja1 = 12500 Hz. Results of calculations are shown on Fig. 2. One sees that in the
range 210™* < y <1072 the difference L,,—L,, doesn’t exceed +0.5 dBA. It
means, that one may use continuous form of weighting function (Eq. (9) with W,
=2.5197-107° and & = 8.7863-10%, if the parameter u meets the above condition.

Loa=Toa
[dB(A)]
L e e N
0 ko
\/Wo sty
=05 |F———— e e e e e o
1 L 1 1
-40 -35 -30 -25 20

Fig. 2. Difference of A-weighted sound pressure levels L‘;}—ip 4 (Eq. (15))
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4, Air absorption of sound

The air absorption of sound is not negligible if the point of observation is in the
long distance away from the source (Eq. (1))

(f

pP(f) = 3—exp[—2a(f)r]. (16)
Absorption coefficient o depends not only on frequency but also on temperature (T)
and relative humidity (h,).

For the spectral density of source’s power determined by Eq. (2) and the
weighting function (Eq. 9), we get from (Eq. (8)):

P( 'WDQC

Pi Ifzexp{ [0 +pu+2a(f)rl}df. (17)

Explicit form of the relation o(f) is very complex [1, 3] and the integration can
not be done in closed form. The situation changes if one approximates «(f) by the
function of a form:

a(f) = B(Th) f+y(Th) f*. (18)

Taking into account only the linear term so as it was done in [4], we get very large
errors of a several decibels.

Metod of least squares for the values of o with the range 250 Hz < f < 5000 Hz
[7] was used to obtain numerical values of f# and y. Parameters # and y were obtain
for a(frs), @(f25), ..., 2(37), —10°C < T < 40°C and 10% < h, < 100% (Figs. 3—6).
Correlation coefficient was greater than 0.95 in each case.

Substitution of formula (18) into integral (17) leads to following relation [5, 87]:

POW,oc a / 2a*+b a® a
Il L el 2 Bl Lol
Pa 411'1‘2 { 2b2 .5 b5 4 exp( b )|:1 ¢(\/E)]}- (]9)

a=(6+u)2+pr and b=2yr.

where

db(a/\/b) is an error function.
If inequality y < B(6+ p) is satisfied, we have a?/b > 1 and:

(p(%) - lmﬂ:\//—;exp(—%z){l—%%+j(;2) o } (20)

Finally we get:

PO Wyoc b 45/b\?
et 0 o i M S, S
P 2ﬁr2(5+u)3[1+2ﬁr/(6+,u)]3{1 3+ al) } 21)
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Fig. 3. Dependence of coefficient § on temperature
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Fig. 4. Dependence of coefficient f on relative humidity
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Fig. 6. Dependence of coefficient y on relative humidity
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If inequality y « B(d+u) is met, then:
b. 8yr <
a?  (+p+2pr)?

In such a case the first, the second and the third approximation of sound level has
a form: :

1. 22

PO Wyoc
LY =101 2 : 23
P g{an2p5(5+u)3[1+2ﬁr/(5+u)]“} 29
24yr
2) _ fillOled ] o\ 22 _\J
L2 LMIOg{ (5+,u+2ﬁr)2}’ (24)
and
24yr 45-16-(yr)?
3 — [ lgd1— i 25
% "“P‘“Og{ (O+pu+2Br)? " (6+pua+2pr)° {2

If 9/B(6+ 1) < 1 then b/a® « 1 and the series (21) is rapidly convergent. Then you
may ignore futher terms of expantion and apply the first approximation. The value of
7/B ratio for various temperatures and relative humidities is shown in Figs. 7, 8.

v/ 0‘&\\'\\\‘
g AN

1 1 A L 'l
-0 ] ] l!D 20 30 temperature T([°C]
Fig. 7. Dependence y/f on temperature
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Fig. 8. Dependence of y/f on relative humidity

Taking into account a given value of the (6 + x) one can decide what approximation
is sufficiently accurate.

The first approximation L3} as determined by Eq. (23) involves an error not only
due to the fact, that absorption coefficient was expressed by an approximate formula
(18) but also because the second, the third and other terms of the series given by Eq.
(20) were neglected. These terms appear in expressions determining L7} and L) (Eqs
124), (25)).

To estimate magnitude of this error we get back to Eq. (13). This formula, so as
expression (1) is valid not far away from the source i.e. when air absorption is
negligible. The phenomenon, substantial for longer distances, can be described
through insertion a factor

10—0.1£|L"-r,‘100 (26)
where r is distance in meters, and AL, is the change in sound pressure level for n'

frequency band. This change is due to the air absorption on the path of 100 m of
lenght. .
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Equations (13) and (26) combine into:

Pc exp[ — "] —exp[— wi®] 100 14Ln7/100 27) -
4nr? B : .

Summation over frequency bands yields expression for A-weighted mean square
sound pressure:

P2 =

(0)
ﬁi fﬂrgiz 100 1[AL a(f,) — AL, /100 {exp[ ﬂf;,(l)] eXp[ ,uf,,(z)]} (28)

Difference of sound levels I!!) and L,,A = 101g(p7/pd) (Egs. (23), (28)) gives:

-~

—L,=

2Wou 29)
B e 2 SO T T ] exp [~ 7] |

5. Results of calculations

Calculations of difference L}y — L, , were carried out with computer IBM AT for
temperatures varying from ——10°C to 40°C and relative humidities 10% < h,
< 100%. Results of calculations depend on the distance r and the characteristic of
sources p and on temperature as well as to a smaller extent on relative humidity of
the air.

Figure 9 shows results of the calculations in a form of L})—L,, versus the
logarithm of distance (50 m < r <2000 m). Summation (index n, Eq. (29)) was
carried out over one-third octave bands in 50 Hz < f < 12500 Hz range at AL,
values taken from standard [7], with g = 210~ 3, emperatures —10°C < T < 40°C
and relative humidity h, = 80%. Figure 10 shows results calculations of I'}} — L, , for
relative humidity h, = 40%.

Figs. 11 and 12 show the results of the same calculations with yu = 4.10™* which
corresponds to shifting of power spectrum maximum towards higher frequencies
(Fig. 1).

The results of calculations indicate that the simplified formula for A-weigf]ted
sound pressure level Ly} (Eq. (23)) and a “classical” method of L,, calculation
(summation over frequency bands) give the difference of 27 dB(A). At distance
r < 400 m the difference is less than +2 dB(A). However for temperatures T > 20°C
and relative humidities h, > 30% L})—L,, value varies in the limits from 1.8 to
0 dB(A). When the distance increases to 2000 m and temperature drops under 10°C
this difference increases to —7 dB(A). Difference L})—L,, remains within —1
+1.5 dB(A) range if the air temperature increases (T > 20°C).
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6. Conclusions

A simplified method of A-weighted sound pressure level calculation (Eq. (23))
instead of “classsical” method with summation over frequency bands, was presented
in the paper. It was made possible through application of the continuous forms of
absorption coefficient a(f), spectral density of source’s power P(f) and A-weighting
function W(f). To apply (Eq. (23)) one should know numerical values of 4 parame-
ters: P, u (Eq. (2)), B, 7 (Eq. 18), whereas weighting function is determined by
W, = 2.5197-107°, 6 = 8.7863-10~* (Eq. (9)). “Classical” method of A-weighted
sound pressure level calculation requires 24 (for 50— 12 500 Hz range) values of 4L,
describing absorption, 24 values of AL ,(f,) (relative response levels) and 24 values of
p, describing source’s power.

Differences L{!)—L,, depending on the distance r and the value of parameter
p as well as atmospheric conditions, may result from several reasons.

One of them is approximate form of weighting function W(f), for 250
Hz < f < 5000 Hz. We assumed that weighting function is negligible for frequency
f < 250 Hz because W (f) < 0.08, while for frequencies higher than 5000 Hz spectral
density of mean square sound pressure is negligible.

Differences L_,,A—E,,A also may result from approximation of absorption coef-
ficient o f) within the same range of frequency 250 Hz < f < 5000 Hz (Eq. (18)).

When explaining reasons of difference appearing in 4-weighted sound pressure
level calculation with the use of both methods one should take into consideration
not only simplified functions «(f), P(f), W(f). One should also keep in mind that
L, calculated in “classical” way leaves out frequencies below 50 Hz. However in the
case of great value of the parameter p and long distance r components below 50 Hz
play important role.
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AN ULTRASONIC CALORIMETER FOR PROPAGATION PARAMETER MEASUREMENT

R. C. CHIVERS
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The theory of an ultrasonic calorimeter is outlined which shows that the device may be
used to measure attenuation in penetrable media. With an auxiliary radiation force device
the calorimeter can be used in principle to separate the absorption part of the attenuation in
inhomogeneous media such as biological tissues.

The design of a practical system is described and test measurements reported. The
critical features are seen to be the thermocouple probes, the digitization circuitry, and the
geometry of the design.

1. Introduction

Ultrasonic calorimetry has received continued attention in the literature fol-
lowing the early work of WELLS et al,, [27]. LLoyp [15] provided a valuable review
and a useful classification of calorimetric approaches, although subsequent develop-
ments have rendered it incomplete. The analytical basis of ultrasonic calorimetry was
provided by ZIENIUK and Evans [28] who extended the range of usefulness of such
devices by removing the need for the calorimeter to be thermally isolated from its
surroundings.

The main concern of these, and subsequent authors, has been to construct devices
to measure the total acoustic power of an irradiating sound field. Attention has
focussed on the low megahertz frequency range because of the great biomedical
interest at these frequencies (WELLS [26]). The technique is of particular value at high
irradiating power levels because of its insensitivity, in principle, to the effects of
cavitation and non-linearity in the sound field (Zientuk and CHIVERS [29]). Devices
have been reported which will measure the low (milliwatt) mean power levels used in
diagnostic devices (e.g. TORR and WATMOUGH [25]) but they do not appear to have
found popular application.



162 R. C. CHIVERS, S. REANTRAGOON

The preserit work emerged from an idea of the late Professor Roy ELLIS of using
a calorimeter to measure that component of the effective ultrasonic irradiation of
a system that can correctly be compared with the concept of dose in ionising
radiation. The majority of the measurement techniques that are in current use. such
as miniature hydrophones (PrResToN et al, [20]; LEwIN [14]) or radiation force
balances (FARMERY and WHITTINGHAM, [11]; ANsoN and CHivers [3], measure
ultrasonic field parameters in water. They are thus even one stage removed from the
measurement of exposure. The calculation of the field parameters at a given site then
requires knowledge of the ultrasonic propagation parameters, specifically velocity
and absorption or attenuation, of the biological medium between the transducer
(whose field pattern is known in water) and the site of interest, and an appropriate
propagation equation. This inter-relationship between the measurement of exposure
and knowledge of the ultrasonic propagation parameters of the medium will be
discussed in more detail in a subsequent section.

The device described here was designed to be used to measure the propagation
parameters of an inhomogeneous medium such as biological tissue, suspensions, or
oceanic sediments. The interest was in measuring the absorption and the attenuation
on the same specimen at the same time. (For an inhomogeneous medium the
difference between them is the contribution of the scattering to the attenuation). The
magnitude of the scattering contribution to the attenuation in soft tissues is a matter
of some discussion. Direct measurement of scattering estimates it as 2% (CAMPBELIL
and WAAG [5]) or as much as 13% (Nassiri and HiLL [17]) of the attenuation. If it is
significant, it may compromise the value of both attenuation and scattering
measurements made with conventional plane wave measurement approaches
(CHiveRS [7]). Measurements of absorption have been made directly (PARKER [18,
197) but the lack of simultaneous attenuation measurements introduces the
non-negligible factor. of biological variation into the error bars, thus effectively
preventing accurate assessment of the (potentially small) difference between at-
tenuation and absorption.

The paper presents the analytical basis of the device and the design con-
siderations that constrain the form of its experimental realisation for a given
application. An example of such a device is discussed in detail both in terms of its
mechanical construction and the associated electronics. Some results on a known
medium — castor oil — and on beef muscle are presented, as test procedures. The
device is shown to be adequate for measurement of the attenuation but the
separation of the scattering component will require improved instrumentation and
a full error analysis.

2. Theoretical basis

The plane wave model assumed is illustrated in Fig. 1. The calorimeter is assumed
to consist of a chamber of length I. Inserted into it a distance y from each end are
thermocouple detectors (they need not be symmetrically arranged but the amend-



AN ULTRASONIC CALORIMETER ... 163

drT, /dt di /dt
thermocouples
25 calorimeter
[ R
| |
IQ | 1; fz IJ I
| |
' |
:—-*—-— membranes *_-*_.Jl
g j
. L |
f =

Fig. 1. Basic theoretical model

ment to the theory is trivial). The intensities of the ultrasonic waves entering the
calorimeter, impinging on thermocouple 1, impinging on thermocouple 2, and
leaving the calorimeter are I, I,, I,, and I 3, respectively. The temperatures registered
by the thermocouples are designated by T, and T,, so that:

a1,
dt |,

represents the initial temporal gradient of temperature registered by the first
thermocouple.

It is assumed that the medium inside the calorimeter is inhomogeneous but
uniformly so, such that it is possible to specify a single ultrasonic absorption
coefficient, a, and a single attenuation coefficient a, which characterise the medium
and are, in general, different. It is further assumed that Iy and I, are known (since
they can be measured either with a calibrated hydrophone (e.g. PRESTON et al., [20])
or by a radiation force device (e:g. ANsSON and CHivers, [3]).

The equations describing the behaviour of the calorimeter are then:

I, = Iexp(—a,l), (1)
aTy|

[E]o =al,/eC, ()
aF;] o

[g]ﬂ = al,/eC, 3)

I; = I,exp(—a,y), 4

I, = Iexp(—a,(x +y)), (5)

where the (i =0, 1, 2,3), a, a,, x, y, T, and T, have been defined above, and ¢ and
C are the density and specific heat capacity of the medium respectively. Equations (2)
and (3) are from Fry and Fry [12].
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In the approach suggested we assume I, and I, are known. Given that I, and I,
are to be determined from the equations, we are permitted three further unknowns. If
the values of the absorption coefficient and the attenuation coefficient are not
considered a priori to be identical we can, with care, determine either: (a) two
independent values of the absorption coefficient and one value of the attenuation
coefficient, or (b) two independent values of the attenuation coefficient and one value
of the absorption coefficient, on a given specimen. Thus to achieve (a), the value of a,
is obtained from equation (1) and used in equations (4) and (5) to obtain values of I,
and I, which are, in turn, used in equat:ons (2) and (3) to give the two independent
values of a. To achieve (b), equation (1) is used to obtain the first value of a, and
equation (2) (or (3)) used to obtain the value of a, by substituting &, into equation (4)
(or (5)) and obtaining I, (or I,). Inserting this value of a into equation (3) (or (2))
permits I, (or I,) to be obtained, which can then be used in equation (5) (or (4)) to
obtain the second value of a,.

It is interesting to consider the case in which the medium inside the calorimeter is.
homogeneous so that a, = a. The ratio of equations (2) and (3) gives:

dT, dT, I
P —_— _ —= - 6
|: dt ]o [dt :Io I, b iy
so that if:

dT, dT,

T .

is measured we can determine I, from equation (4) or (5) as:

o _ | 4T, | eCexplay)
Io—exp(ay)li—[dt ]0 1

(7
(with a similar result using I,), so that the calorimeter may be used to measure
exposure in the conventional way. A rather fuller discussion of the significance of this
has been given elsewhere (REANTRAGOON and CHIVERS [21]).

3. Numerical constraints

The practical implementation of a device based on the principles outlined in the
previous section has implicit in it a number of limitations. These are essentially
related to the dimensions of the calorimeter, ie. its length and diameter, and of the
positioning of the thermocouples within it. The first of these, the maximum length
‘that is acceptable, is determined by the overall attenuation of the material in the
calorimeter. The incident intensity I, has to be sufficiently low to avoid the
complication of non-linear effects. If the output intensity is also to be measured, the
overall attenuation should not place it too close to the threshold of sensitivity of the
radiation force balance available. With a radiation force in water of 67mg per watt,
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a sensitivity of 100pug might well be required. This itself raises important problems
since the devices that have this sensitivity are not well adapted for an auxiliary
measurement role — being based either on a chemical balance (ROONEY [23]) or on
a self-contained unit of significant size (FARMERY and WHITTINGHAM [11]). The use
of a large enough water tank can overcome many of the potential problems but
introduces greater problems in terms of temperature control. The choice of the
length of the calorimeter is also affected by the dimension and frequency of the
irradiating transducer in that it is almost certainly advisable for the whole of the
calorimeter to lie within the nearfield of the probe.

At first sight this may appear in conflict with the fundamental assumption of
a plane wave, which may be more closely approximated in the far-field. It is,
however, crucial, not only that reflections from the side walls of the calorimeter due
to beam divergence are avoided, but also that the radiation force device at the exit of
the calorimeter can intercept all the beam, without too much divergence to cause
inaccuracy in the measurement. There is some pressure to reduce the size of the
sample as much as is reasonably possible because of the relative difficulty in
obtaining large tissue specimens. The decision to keep the calorimeter in the near
field of the transducer is therefore a compromise. However, the condition of a ,,plane
wave” given above is not the usual interpretation. Equations (1)—(5) indicate that
the ‘plane wave’ assumption is not that of a uniform pressure amplitude and phase
across the beam, but of a uniform (vector) intensity. To the authors’ knowledge this is
a topic which still requires calculation but, from consideration of the conservation of
energy, it is likely to be a good first approximation in the near field. It is known to be
invalid in the far-field. The diameter of the calorimeter is thus controlled by the
diameter of the irradiating transducer.

The spacing of the thermocouples is firstly determined by the need to have them
sufficiently far from the ends of the specimen for there to be no thermal anisotropy in
their environment. The first thermocouple can, subject to this restriction, be close to
the entry port of the calorimeter where the intensity is highest and the temporal
gradient of the rise in temperature (Equation (4)) high. The position of the second
thermocouple is determined by a compromise between having a high temperature
gradient, and the need for the temperature rise to be very different from that of the
first thermocouple. The second aspect arises from the use of the ratio of equations (4)
and (5) to obtain the attenuation coefficient.

For an intensity of 100mWcm 2 the temperature gradient for tissue (using the
values of specific heat capacity given by SHITZER [24] and a value of the absorption
coefficient of 0.1 nepers/cm (WELLS, [26]) is of the order of 3 millidegrees Kelvin per
second at 1MHz. The temperature gradient increases with frequency as the
absorption coefficient increases. This has significance in connection with the
electronics discussed in section 4.3 below.

Two further considerations are relevant. The thermocouples have to be small
compared to the wavelength. This only presents problems at frequencies of several
tens of megahertz and above since commercially available thermocouples are
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available as small as 13um. The last consideration is the distance between the exit
port of the calorimeter and the target on the radiation force balance. Most radiation
force devices use a self-centering concave conical target. It is important not only to
have the whole of the ultrasonic beam impinging on the target, but the target itself
must be sufficently far away to prevent energy reflected from the target reentering the
calorimeter, or being reflected by the calorimeter back onto the target. It can be seen
that for a calorimeter of radius R with an axial ultrasonic beam of radius r the
spacing between the calorimeter and the vertex of the inverted conical target is given
by

z> —(r+R)cot20

where 0 is the semi angle of the cone. 0 has to be greater than 45° to prevent rays
reflected from the target hitting it again. Thus 20 is always obtuse and cot 20 always
negative.

4. Experimental arrangement

The experimental arrangement is shown in Fig. 2 (schematic) and Fig. 3.
A rectangular platform of perspex (4) had fitted above its centre a collar (B) (with
three pairs of screws) for holding the irradiating transducer. This platform could be
raised and lowered with respect to the bottom of the immersion tank by two rods (C)

c v

E brE.

Fig. 2. Overall experimental arrangement: A — adjustable platform, B — transducer holder, C - rods for
adjusting platform height, D — calorimeter, E — rods for adjustment of height of calorimeter
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Fig. 3. Actual experimental construction

suspended from the top of the tank walls. The calorimeter (D) was attached to the
platform by two rods (E) that also permitted its depth with respect to the platform to
be varied. Below the calorimeter was the target of the radiation force device.
The tank in which the calorimeter and radiation force balance was immersed
consisted of a thin-walled transparent tank within a larger tank (Amnpow [1]) with
stirrer and thermostat control. The radiation force device was a novel design
developed in the laboratory. It had a sensitivity of 40uW/mA and the inverted
conical target (half angle 60°) stood about 10cm from the floor of the tank.
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4.1. Calorimeter design

A detailed diagram of the calorimeter construction is shown in Fig. 4. It consists of
a cylinder with two end plates. The end plates hold acoustic windows in place (Spm
polythene) with ‘o’ rings to seal the specimen in the calorimeter. At one side are the
entry ports for the thermocouples which are introduced via hypodermic needles.
Each port contains a thin rubber mebrane held in place by a plug. The plug and

membranes
A top plate
/removab!e plug
_——rubber seals
\hole for insertion
g of thermocouple
E—— ‘0" ring seal bottom plate

Fig. 4. Calorimeter construction

calorimeter have aligned holes for the insertion of the needles. The purpose of the
rubber is to act as a seal to prevent leakage from the calorimeter specimen volume.
The basic design permits the introduction of cylindrical chambers of different lengths
and entry port positions to be used. For the experimental investigation of the
method the chamber was chosen to be 3cm long with the entry ports 1cm from each
end. The internal diameter was 4cm.

4.2. Sensors and circuitry

Chrome: constantan thermocouples were constructed for the experiments.
Although physically there appears to be ample space for two insulated wires within
a 31 gauge needle, the mechanical weakness of the wires is insufficient to overcome
the frictional forces encountered. A local thermocouple manufacturer confirmed our
inability to pass two wires down the needle. Finally one wire was taken outside and
one inside — with appropriate varnish insulation. The thermocouples were tested for
linearity (59uV per degree K) and inserted into the calorimeter using a 23 gauge
needle.

Three types of circuitry are used in the system. The first is that for the radiation
force device (which is described elsewhere; ANsON et al [2]). The second is that for the
transmitter excitation which was a standard variable frequency, variable length
toneburst generation system. Pulses of typically 20 cycles every ms were used. The
third type of circuitry was that for logging the temporal variation of the temperature



AN ULTRASONIC CALORIMETER ... 169

measured by the two thermocouples. The circuitry used for this last is shown in
Fig. 5. The termocouples are connected to high gain operational amplifiers and
receive further amplification before being fed to a 12-bit ADC for processing by
a Motorola 6809 system. Only one ADC was available so an analogue switch was
used. The temperature gradients are typically higher in the initial phases and
gradually flatten out. The main interest however is in the initial stages where the
conflicting interests of low signal levels and high required sampling rates exist. In
order to reduce the high frequency noise, a low pass (Sallen and Key) active filter was
incorporated. The ADC used (ICL 7109) was an integrating ADC with an
integration period of 40ms which was chosen also for its noise rejection capability.
The temperature: time curves were extrapolated to obtain the initial (ie. in the first
second or so) temperature gradients.

] 1 ICL
7109
switch
T ADC

£ A0k ngeaiid
thermocouple
R

it
Fig. 5. Thermocouple circuitry

5. Testing the calorimeter

An extensive preliminary investigation identified the care that has to be taken with
the experimental design. In addition to ensuring the correct geometry to keep the
radiation force target within the near field of the transducer and to obtain high
enough temperature rises on the thermocouples to provide a satisfactory signal to
noise ratio, particular attention needs to be paid to the avoidance of non-linearity in
the irradiating transducers as the exciting voltage is increased to improve the signal
levels.
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The preparation of the specimen had to ensure the removal of air-bubbles — the
major reason for the use of transparent materials in the calorimeter construction.
The tissues specimens used were fresh beef muscle (perpendicular to the fibres) cut to
fit the calorimeter by a specially devised apparatus (REANTRAGOON and CHIVERS
[22]). The thermocouples were then inserted into the tissue using hypodermic needles
(see section 4.1.). Measurements were carried out on castor oil at 37° and the fresh
beef muscle at 20° at mean power levels up to 500mW. The radiation force balance
measurements are relatively well established so the calorimeter was tested by
measuring the attenuation coefficient of the material in the holder using the two
temperature gradients. On castor oil, results of 0.27+0.03 dBcm ™' and 0.70+0.20
dBem ! were obtained at 1.0 and 2.25 MHz respectively. These fit reasonably with
the data of DUNN et al [9] and FYkKE et al. [13]. The former authors give 0.174
dBem ™! (FYKE et al., giving 0.30 dBcm ') at 1 MHz and 0.67 dBecm ™' at 2.25 MHz.
The variation in the literature values is clearly not helpful here.

The measurements on beef muscle are shown in Fig. 6. Four to six measurements

/
//
5 -
/
= //
S ¢t o /
@ rd
kS / g
o o .
® 3 ’
S 7
=] | ki !
S a
5 2f i
7
e
1 ,../ Fig. 6. Results of attenuation measurement of fresh
Ay AD beef muscle compared to those in the literature:
: 2 O — CHEVNENKO et al [6], — — — NAssIrI et al,
0 1 ? 5 7 5 [16], O Dussik and Fritcu [10], A CoLoMBATI and

frequency [MHz]

PETRALIA [8], @ present measurements

were taken at each frequency. It can be seen that they appear to be well within the
range of data the literature displays, showing particularly close agreement with the
data of Dussik and FritcH [10]. Preliminary results on the contribution of
absorption to attenuation place it between 0 and 20%. It is clear that before more
reliable figures can be provided, careful error analysis will be needed, together with
procedures refined to reduce the error bars. Being a quasi-continuous wave device,
there is the chance possibility of the thermocouples hitting axial minima. One of the
important parameters to vary (slightly) is thus the distance of the calorimeter from
- the transducer if a reliable set of results is required.
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5. Conclusion

The calorimeter described has a number of potential applications ranging from
the simple measurement of attenuation in penetrable media such as liquids, to the
separation of the absorption contribution to the attenuation on inhomogeneous
materials, and the measurement of ‘dose’ (albeit in a very limited sense) in biological
materials. The investigations reported here were restricted by the equipment
available although the device is clearly suitable for attenuation and dose rate
measurement. However with attention to the manufacture of reliable thermocouple
probes, to the digitization procedures and the geometrical design of the calorimeter,
the device would appear to be a useful adjunct to the ultrasonic measurement
techniques currently available. The separation of the scattering component of the
attenuation will require much improved circuitry and a full error analysis.
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Basing on fundamental equations of nonlinear acoustics the authors determined the
ratio of the acoustic pressure to the particle velocity p,/u for a travelling plane wave as
a function of condensation. Nonlinear effects in the medium depend on the nonlinearity
parameter B/4 and on the maximum pressure. As the measure of those nonlinearities, the
deviation of the p,/u ratio from the g,c, value was introduced and computed for water, fat
tissue, steel and aluminium alloy, up to pressures of 100 MPa. The B/A value for steel and
aluminium could be determined basing on acousto-elastic properties of these metals.

In this way it could be shown that the capacitance hydrophone, used for measurements
in lithotripsy, does not introduce nonlinearities caused by its steel front plate when
measuring nonlinear acoustic pressure fields. For, the mentioned deviation is two orders of
magnitude lower for steel than for water and soft tissues.

Key words: Hydrophone, nonlinearity, lithotripsy.

Opierajac si¢ na podstawowych zwiazkach akustyki nieliniowej autorzy wyznaczyli
stosunek akustycznego cisnienia do predkosci czastkowej p,/u dla plaskiej fali biezacej jako
funkcje kondensacji. Nieliniowe efekty zaleza od parametru nieliniowoéci B/A i od
maksymalnego ciSnienia .akustycznego w o$rodku. Jako miarg nieliniowosci autorzy
wprowadzili odchylenie stosunku p,/u od wiclkosci pgc, i wyznaczyli wartoéé tego od-
chylenia dla wody, tkanki thiszczowej, stali i stopu aluminiowego dla cisnieri dochodzacych
do 100 MPa. Wyznaczono wartos¢ B/4 dla stali i stopu aluminiowego w oparcm
o akusto-sprezyste wlasnosci tych metali.

Autorzy wykazali, ze hydrofony pojemnosciowe, stosowane w pomiarach w litotrypsii,
nie wnosza nieliniowosci powodowanych przez ich stalowa czolowa plyte podczas pomia-
row nieliniowych pol o duzych ciénieniach akustycznych. Albowiem wspomniane od-
chylenie jest dwa rzedy wielkosci mniejsze w stali niz w wodzie i w tkance thiszczowej.

1. Introduction

The authors proposed and described in a previous paper [6] capacitance
hydrophones for measurements of high pressure shock wave pulses, occuring in
lithotripsy. At the pressure values of 100 MPa (~ 1000 atm) there exist nonlinear
effects in the medium penetrated by the shock wave. For the study of these effects the
authors have developed an experimental lithotrypsy system with shock wave
pressures of 40 MPa [6] and recently even higher, equal to 62 MPa [7]. In such
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a situation it is necessary to use in the measurement system a perfect linear
hydrophone to eliminate any additional nonlinear effects which be caused by the
measurement device. The solid and plastic piezoelectric hydrophones, which are used
in measurements of acoustical fields in lithotripsy, do not assure the indispensable
linearity and moreover, they are quickly damaged under the action of schock waves
of such high pressures.

The purpose of this paper was to investigate the linearity of the proposed
capacitance hydrophones, since they promissed to be linear due to elastic properties
of metals. For, the main part of the capacitance hydrophone, its front plate, which is
penetrated by the wave, is made of metal. It was also intended to introduce a practical
nonlinearity measure connecting both, the medium properties and the pressure value.

2, Basic relations

The dependence between pressure p and density ¢ for the adiabatic process is
nonlinear. Expanding the state equation p = p(g, S) around the constant values of
@0 and entropy S, (since the acoustic wave is basically an isentropic process) one can
write [1]

2

3 ap L fé%p h
p _p°+(5a)¢0so(g eo)+2!(agz)ooso(@_eo) diviais (1)

where p is the instantaneous pressure, Po — hydrostatic pressure. Hence the acoustic
pressure can be denoted as the difference

Pa = P—po. )
The acoustic pressure can be expressed in an another form
P.= As+Bs*/214 Cs3/3! + Ds*/4! + ... (3)

where s = (0—p,)/e, denotes condensation and

ap a*p,
A = g = 2" B == - & ’
QO (a() )ﬂasn QOCO s ( 692 2oSo

alp a4p
C=gdl=7) 5 D=gb(52)
L ((';QS )gnsn -t (094 2030

0o and ¢ denote mean and instantaneous density of medium. ¢, — wave velocity for
small amplitudes, S, — constant enthropy. It was found experimentaly for water [2]
B/A =352, C/A =42 D/A=437. For the pressure p, = 100 MPa the value of
s = 0.04 (in water) and contributions of the terms with coefficients C and D to the
series (3) are equal 1% and 0.1% only. Therefore, the ratio B/A is sufficient to be
taken into consideration when calculating the acoustic pressure p, from
Eq. (3). For various soft tissues the nonlinearity parameter B/4 was determined
experimentally by DUNN et al. [5]. In solids it was measured for some crystals only [3].

4)
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The particle velocity u can be found as a function of s from expression [1]

u= iB/—A[I —(1 )P, 5)

3. Acoustic impedance and the ratio p_/u

In linear acoustic for a plane, travelling wave the ratio between the acoustic
pressure and particle velocity equals goco. This equality is no more valid for
nonlinear waves. Let us determine the ratio p,/u. From Egs. (3) and (5) one obtains

B™"B
Pafu = +roos[1+2A ]7[1—(1+s)3"2“’]". (6)

Expanding Eq. (5) into the Taylor series (s < < 1)

B
- rrcOs[Hz(z—A—l) ] ™)

From Egs. (3) and (7) one obtains p,/u in a more simple form

B
Pa/u = +eoco(1+2A )/l:l-i-z(;j‘{—l):l—’QoCo ; @®)

s—>0
The last expression tends to goco when s approaches 0. This case corresponds to the
basic relation of linear acoustics.

The ratio p,/u should not be considered as the acoustic impedance, bacause it
depends on the wave amplitude. Since the profile of the propagating wave changes
with distance, its harmonic contents and the spectrum of the p,/u ratio changes
too. Because s = s(w) then one could determine the ratio p,(nw)/u(nw) for every
harmonic n. In such a case the ratio p,/u becomes the impedance for the given
harmonic. However, these impedances are not additive [8].

The condensation s can be determined directly from Egs. (3) and (4) as the
function of acoustic pressure p, and B/A ratio (when C = D = 0)

- %[J 1+2Bp./(Agoc) - 1}. ©)

The ratio p,/u, expressed by Egs. (6) or (8), depends finally on the acoustic
pressure p, and the B/A ratio. The deviation of this ratio from the acoustic
impedance goc, characterizes the nonlinearity of the medium for a given acoustic
pressure. The relative value of this deviation equals

pa/u_QOCO

1 B\ pa
~ =1 +—) : (10)
QoCo s<€1 2( 24 QOC%

as can be found from Egs. (8) and (9).
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Figure 1 shows the values of 4 and s calculated from Egs. (6), (8) and (9) for water
and fat tissue (B/A = 11) as the function of acoustic pressure. Eq. (8) gives a little
higher value for the fat issue than Eq. (6) for p > 50 MPa (see Fig. 1). Numerical
values were obtained by means of the personal computer IBM AT using double
precision.

For acoustic pressures of 100 MPa, which are typical in lithotrypsy, the deviation
4 for water and fat tissue equals 7% and 12%, respectively.

It should be noticed that the calculated p,/u value corresponds to the maximum
value of s which may occur in the propagating wave as a function of time.
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Fig. 1. The relative deviation 4 and condensation s (dashed line) versus acoustic pressure p,, calculated for
water and fat having the maximum value of B/4 among soft tissues. Index W denotes water, F — fat tissue

4. Nonlinearity parameters for metals

Nonlinearity of typical metals is expressed by means of elasticity coefficients of
third and higher orders. To compare the nonlinearity parameters of liquids and
tissues with those of metals it was necessary to determine the B/A ratio for steel and
aluminium, which are used for the construction of capacitance hydrophone.

Let us determine the ratio B/A for steel and aluminium basing on elasto-acoustic
coefficients for those metals. Nonlinearity of solids causes the change of wave velocity
under the action of stresses.

In such materials as steel and aluminium alloys the velocity changes can be
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described by the formula [4]
(¢ —co)/co = Po, (11)

for stresses ¢ below the yield stress [9]. Equation (11) can be found from stress—
velocity measurements usualy used for determination of third order elasticity
coefficients in solids.

In Eq. (11) ¢ denotes velocity of longitudinal wave, f§ is the acousto-elastic
constant for longitudinal waves propagating in the direction of uniaxial stress ¢. For
carbon steel f= —121x10""" Pa', and for aluminium alloy (dural) g =
—71.5x10"1* Pa~! [4].

The rate at which a particular disturbance of the wave propagates through the
medium equals [1]

¢= Fegllds)®RrO=1). (12)

Expanding this equation one obtains

B B (B
c =c0[1+(2A+l) 2A(2A+1) } (13)

Coefficients f are determined experimentally by measuring the flight time of the
maximum amplitude of the’ ultrasonic pulse which propagates through a metal
sample for various static stresses.

Equation (13) can be transformed into the expression

(c—co)/co = [B/(24)—1]s. (14)

Expanding the root in Eq. (9), neglecting the terms of higher orders and puttmg into
Eq. (14) one obtains

(c—co)/co = [B/(24) —11pa/(00cd). (15)
The last expression is analogeous to Eq. (11).

It was found experimentally [9] that § is independent on static stresses below the
elasticity limit. Therefore it seems to be justified to assume that the relation (1 1) is
valid for dynamic stresses ¢ too. In such a case, taking into account opposite signs of
stresses and pressures one obtains from Eqs. (11) and (15)

B/A = 2(—Peocs—1). (16)

The corresponding values for steel and aluminium alloy (dural) determined from this
formula are equal to B/A = 3.5 for steel and 13.5 for aluminium. Now the values of
condensation s and deviation 4 could be determined for these materials basing on
Egs. (9), (10), (6) and (8) (Fig. 2). For the acoustic pressure of 100 MPa for steel and
aluminium 4 equals 0.05% and 0.36%, respectively. The obtained value for steel is
2 orders of magnitude lower than for water and fat tissue (see Fig. 1 and 2).
Therefore, the steel front plate of the capacitance hydrophone can be considered to
be linear even for pressures as high as 100 MPa.
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Fig. 2. The relative deviation 4 and condensation s (dashed line) versus acoustic pressure p,, calculated for
steel and for aluminium alloy. Index S denotes steel, A — aluminium alloy

For measurements of shock wave pressures used in lithotripsy the authors applied
a capacitance hydrophone with the front plate made of a special steel (Polish
mark 50HSA) which is characterized by a high elasticity limit of 1200 MPa. Its
design and obtained measurement results were published elsewhere [6], [7].

5. Conclusions

a) Nonlinear acoustic effects occuring in various media are dependent on the
ratio of nonlinearity parameters B/A and on the applied acoustic pressure. For the
plane travelling wave the deviation 4 (see Eq. (10)) of the acoustic pressure to
particle velocity ratio from the ggc, value can be considered as a nonlinearity
measure of these effects.

b) Basing on acousto-elastic properties of steel and aluminium alloy it was
possible to determine for them B/A ratio (Egs. (16) assuming stress to be lower than
the elasticity limit.

c) It follows from deviations A, determined for water, fat tissue, steel and
aluminium alloy, that steel is characterized by the lowest nonlinearity, 2 orders of
magnitude lower than for water or fat tissue. Therefore, capacitance hydrophones do
not introduce practically any additional nonlinearity caused by their front plates
made of steel, into the measured nonlinear fields.
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d) The calculated value of 4 makes it possible to estimate the error of pressure
determination in the propagating plane wave from the approximate relation
P. = @oCou When the particle velocity u was measured and vice versa.
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ACOUSTICAL SHADOW OF A SPHERE IMMERSED IN WATER. Il

LESZEK FILIPCZYNSKI, TAMARA KUJAWSKA

Department of Ultrasonics, Institute of Fundamental Technological Research Polish Academy of Sciences
(00—049 Warszawa, ul. Swigtokrzyska 21)

Assuming a continuous plane wave incident on a rigid sphere immersed in water the
authors computed directivity characteristics of the acoustic pressure behind the sphere. The
obtained results were converted and presented in the rectangular coordinate system in the
form of acoustic isobars for ka values in the range between 4m and 200m.

Assuming the —6dB isobar to be the shadow boundary, the authors found an almost
linear proportionality between the relative shadow range and the ka parameter. The
proportionality coefficient was determined and hence a basic formula was given which
“connects the shadow range, the sphere radius with the wavelength. It can be useful in many
ultrasonic problems.

Key words: acoustical shadow, sphere, water, isobar, shadow range.

Przyjmujac plaska falg ciagla padajaca na sztywna kule w wodzie, autorzy wyznaczyli
charakterystyki kierunkowosci ci$nienia akustycznego za kula. Uzyskane wyniki przeniesio-
no w uklad wspotrzednych prostokatnych w postaci akustycznych izobar dla wartosci ka
w zakresie od 4n do 200m.

Przyjmujac izobare —6 dB jako granicg cienia, autorzy znalezli liniowy zwigzek
migdzy wzglednym zasiggiem cienia a parametrem ka. Na tej podstawie uzyskali zasadniczy
wzor laczgcy zasigg cienia, promien kuli z dlugoscia fali. Wzor ten moze by¢ stosowany
w wielu zagadnieniach ultradzwigkowych.

1. Introduction

In the previous papers [3]. [2]. [1] the authors determined the shadow arising
behind a rigid sphere immersed in water for the case of an incident continuous plane
wave. Due to axial symmetry computation results were presented in the form of
directivity diagrams in two spherical coordinates (r, 6) with angular resolution equal
to A0 = 1° (Fig. 1). The shadow range r_g45 equal to the distance at which one
observs a 6 dB drop relatively to the incident wave pressure, was determined, as well
as the corresponding angles to 0_g4p for some ka values.

The purpose of the present paper is the determination of the acoustic pressure
field for a greater range of ka values with a higher angle resolution and hence the
determination of isobar curves behind the sphere in rectangular space coordinates.
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Fig. 1. The spherical coordinate system with the plane wave (p) incident on the sphere and the shadow zone
(52). a — radius of the sphere, r, () — spherical coordinates, Fe Fy — projections of r on the symmetry axis
x and on the arbitrary axis y, perpendicular to x and passing through the sphere center, respectively

Moreover, the authors intended to generalize the obtained numerical results to
present them in the form of a formula enabling simple calculations of shadow range
behind the rigid sphere.

2. Acoustic isobars

The acoustic shadow behind the rigid sphere was determined in the previous
papers [3], [1] by calculating the acoustic pressure p, which is equal to the sum of
the incident plane wave and the reflected wave pressures. It has the form

Ps = exp(—jkrcosf)— i (=3)"* 1 @m + )singy, (ka)exp [jn(ka)]

m=0
x P, (cosO)hP (kr), (1)

where r, 0 are coordinates of the polar system, a radius of the sphere, k = 2n/4,
4 wavelength in the surrounding medium, #,, = arc tan[ — Jm(ka)/n(ka)], jo., n, deri-
vatives of spherical Bessel and Neumann functions, A2 spherical Hankel function,
P,, Legendre polynomial, m natural number, j = J-1.

In general p, is a function of the following variables

ps =flk, a,r, 0). )

The dependence on the distance r and on the sphere radius a is represented in Eq (1)
by dimensionless products kr and ka respectively. The parameter ka characterizes the
shadow form and kr can be considered as a variable. It will be convenient to present
the results of our computations in general coordinates introducing the ratio of the
two products equal to

krika = r/a 3)

From Eq. (1) directicity diagrams p, = f{6) were computed for the acoustic pressure
behind the sphere for various values of r/a changing the angle by steps equal to
46 = 0.1°. The obtained results were converted and presented in rectangular
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coordinates r./a, r,/a in the form of acoustic isobars. They are presented in the lower
part of Figs. 2-9 with respect to the acoustic pressure level (0 dB) of the plane
continuous wave incident on the rigid sphere. Its center is placed at the origin of
coordinates r./a = r,/a = 0. The plane wave travels from left to right. On the top of
the Figures there are presented angles 0 corresponding to the pressure drops of 3,
6 and 9 dB which were obtained from computed directivity characteristics. The ry/a
axis is many times enlarged when comparing with the r,/a axis. The —6 dB isobars
were chosen to be the boundary of the shadow according to our previous definition

(31, [1].

50
ka=4mn
< fa=2x)

20 A
I ’).sce \

==t —a—g—0~

50
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L -3d8
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Fig. 2. Angles 0 corresponding to adequate pressure drops (top) and acoustic isobars behind a ri gid sphere
computed for ka = 4rn (bottom)
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Fig. 9. As in FiG. 2, ka = 200n

It is interesting to notice that the acoustic pressure along the r./a axis is quite
large. One does not observe there any shadew. It results from the coherency of
acoustic waves, as it was discussed in details in the paper [3]. When the medium
surrounding the sphere is not homogeneous, local differences in the wave speed can
cause great phase changes. In such a case the form of the shadow may be distorted
and the pressure peak in the r,/a axis cancelled.

3. The shadow range

Table 1 shows numerical values r_g4p/a obtained from isobars as the function of
the parameter ka. The relative shadow range r_¢,p/a where r ~ r, was found to be
proportional to the parameter ka for all the values ka = 4n—200n. Fig. 10 shows this
dependence.

Applying the method of least squares, a straight line could be found that fits the
points (r_g4p/a, ka) best. Its accuracy was estimated by calculating standard errors of
its coefficient [5]. As the result the following equation was obtained

r_(,dB/a = a'ka+b,‘ (4)
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Table 1. The relative shadow range r_q,u/a obtained from numerical computations (N) and calculated
(E4) from Eq. (4) and calculated (E7) from Eq (7). (1 — E/N) denotes the relative error in determination of
r_eap/a from Eq. (4) or (7)

ka 4n 6 87 207 40n 50 1007 200n

N =6 6.1 9.7 13.1 345 70 88 178 358
a
N—E4

% 0.3 G =12 -8 . ~0% 02 03 0.6
N—E7

% 7 ST SOV | [P, | SRR, | S —06  ~004
500

Csde
a -

/ L5 057 ka
10

1

2n 5n On 20m 50n 1001 ka 200m

Fig. 10. The dependence of the relative shadow range T_gqp/@ On the ka value obtained from numerical
j analysis '

where
a=0.5684+0.002 and = —1.024+048. (5a, b)

This equation was obtained by minimizing the relative error instead of the absolute
one, as it is usually realized by a standard procedure. For this purpose we minimized
the sum of the squares of the errors
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Vs

where x, are equal to given ka values, and y, equal to r_¢.p/a values found from our
numerical analysis.

The term b in Eq. (4) decreases with respect to the term a ka when ka increases.
For ka > 8r it can be practically neglected since it is 10 times smaller than the first
term (see Egs. 5a, b). Thus one obtains from Egq. (4) the relation

r_5d3/a = 0.57ka. (7)

The error caused by this simplification is small and can be taken from Table 1 for
various ka values.
From Eq. (7) one obtains finally the formula

I-eap = 3.6a%*/4 for ka > 8n (8)

Z(L"*J’a)z instead of [6] ¥ (ax,+b—y,), (¢, b)

More accurate is the expression
r-ess = 3.57a*/A—1.02a for ka > 4n N

obtained directly from Egs. (4) and (5). _

Eqgs (8) and (9) make it possible to determine the range of the shadow behind
a rigid sphere. They can be useful in many problems of hydroacoustics and
ultrasonic medical diagnostics (detecting of calcifications).

4. Discussion and conclusions

Numerical results of acoustic pressure computation made it possible to present
acoustic isobars behind a rigid sphere for a plane continuous wave incident on it and
for various ka values in the. range between 4n and 200,

The isobars give an insight into the shadow forming behind the sphere. One
should remember that they result as an approximation of calculated directivity
diagrams. Fig. 8 of our previous paper [3] gives an example of exact angular
distributions of the acoustic pressure behind the sphere. To obtain an adequate
isobar it was necessary to draw a mean curve from pressure ondulations arising as
the function of the angle 0. However, the applied approximation does not introduce
any greater changes in the shape of isobars. The calculation points (Figs. 2—9) were
chosen densely enought to obtain the proper shape of isobars.

It was observed that there exists an almost linear proportionality between the
relative shadow range r_,p/a and the ka parameter. The proportionality coefficient
could be determined and- hence a basic formulae (8) and (9) were found connecting
the shadow range, the sphere radius with the wavelength. Their accuracy is quite
high as shown in Table 1. The basic formulae (8) and (9) were found to be valid at
least for the range of ka = 87-200n and ka = 47—200m, respectively.
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They can be useful in many ultrasonic problems especially in hydroacoustics and
in ultrasonic medical diagnostic, where the shadow method is or may be used for
detecting of kidney stones, calcifications etc.

It is interesting to notice that Eqs (8) and (9) make it possible to estimate the
diameter of the sphere when measuring its shadow range. Up ‘to now the only
measure of the diameter of the sphere, considered as the hydroacoustic target, is the
amplitude of its echo signal. However, it depends on propagation parameters and
conditions in the medium (e.g. attenuation, distance). The shadow range seems to be
~ more independent on these parameters and therefore may be more useful for this
purpose.
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APPLICATION OF THE ELECTRIC PROBE TO THE INVESTIGATION
OF SURFACE WAVE IN PIEZOELECTRICS

JERZY FILIPIAK

Instytut Fizyki, Wojskowa Akademia Techniczna (Warszawa)

A system for vizualization of the surface acoustic wave in piezoelectrics is presented.
The system for surface wave front amplitude and phase measurement in weak piezoelectrics
have been described. The measuring capabilities of the system have been exemplified for the
bismuth-germanium oxide and quartz type ‘substrates.

Przedstawiono uklad do wizualizacji fali powierzchniowej w piezoelektrykach. Omo-
wiono ukfady do pomiaru amplitudy oraz fazy frontu fali powierzchniowej w ‘zastosowaniu
do slabych piezodielektrykow. Pokazano przyktady mozliwosci pomiarowych ukladow na
podtozach typu tlenku bizmutowo-germanowego oraz kwarcu.

1. Introduction

Having an image of the surface acoustic wave one can estimate the parameters of
this wave as well as the quality of the substarte in which it propagates. One of the
methods of visualisation of the surface acoustic wave in piezoelectrics is the electric
probe method. The probe made of abrasion-resistant conductor is placed on the
piezoelectric surface. The electric field related to the propagating wave induces
electric potential in the probe. As its magnitude is proportional to the wave
amplitude, by changing the position of the probe the information on the surface
wave amplitude distribution can be collected. This method was described for the first
time by WiLLiamsoN [1] who applied it to the piezodielectric with large elect-
romechanic coupling coefficient, LINbO;. The condition for applying this method to
investigations of all practically applied piezodielectrics, including those with small
coupling coefficient (e.g. quartz), is the sufficiently large signal received by the probe.
This necessitates for the analysis of the entire system in which the probe operates.

2. Analysis of the electric probe
The basic information on the surface acoustic wave distribution are the wave

front amplitude and phase eross-sections made perpendicularly to the propagation
direction, because of their large ammount these measurements should be carried out

4 — Arch. of Acoust. 3-4/89
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automatically. Besides the signal of interest the probe receives other spurious signals.
These are, the signal passing directly, the deflected signals and the signals of bulk
waves propagating in the investigated substrate. As these signals usually reach the
probe at different time than the measured signal, it is possible to eliminate them in
the impulse-tvpe svstem. The main problem that is the increase of the signal received
by the probe remains. Therefore, an power flow analysis of the system is necessary.
This system can be represented (Fig. 1b) as a voltage source E, with the internal
impedance R, loaded with the amplifier input impedance R;,. The magnitude of the
voltage E, depends on the surface wave power, piezodielectric substrate properties
and the probe geometry.

The investigated surface wave in the piezodielectric is excited with the interdigital
transducer. Its power can be equal to the acoustic power in the case of matched

b)
4 : j
probe [ Rin
[ 1 -

| 33D

Rin b Gy c)
[kQ1|[pFl

30 40 50 60 f (MHz]

Fig. 1. a — surface wave measurement with the electric probe, b — schematic diagram of the probe,
¢ — input parameters of the amplifier cooperating with the probe

0
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transducer and supply generator. For a given frequency the transducers with
arbitrary geometry can be matched irrespective of the piezodielectric substrate.

The power P of the amplifier cooperating with the probe (e.g. Fig. 1b) depends
mainly on matching of the amplifier and the internal impedance of the source with
very high resistance. Regarding this, the power increase will be proportional to the
increase of the input resistance of the amplifier.

The probe geometry can be optimised for a given wave length. However for
various probe geometries the received voltages differ a little [1]. As the system
should work by a variety of wave lengths it is reasonable to omit the probe geometry
influence, and make the probe as thin as possible.

From the above considerations it results that the increase of the signal received
by the probe can be obtained in practice in the following ways:

a — by previously matching the wave exciting transducer with the supply
generator; ]

b — by applying the amplifier with the possibly greatest input resistance.

The input parameters of the amplifier co-operating with the probe are shown in
Fig. 1c. In the practically implemented system (Fig. 2) the probe output has been
connected directly to the high-resistance input of the amplifier. The input capacitan-
ce of the amplifier (8 pF) and the input one of the probe (4 pF) have been eliminated
with the variable-inductance coil connected with the amplifier input. Avoiding the

Fig. 2. The stand for surface wave measurement with the electrical probe
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signal coming directly from the supply generator to the amplifier input is a problem.
For this reason the whole useful signal channel has been thoroughly electricaly
isolated. :

The existance of backlashes, or the probe movement along the path different from
the set pre-set one, can be the reason of considerable measurement errors. This is
particularly important in wave front phase measurements. For example, in the case
of the bismuth-silicon oxide (BGO) for the frequency equal to 30 MHz, the surface
wave length is 56 um and the 1 pm backlash limit the phase measurement accuracy
to 6°.

In the system shown in Fig. 2, the probe has been mounted in two spherical
holders and pressed to the tested specimen with a spring. The probe is fixed to
a workshop microscope type FK 40 x 40. The specimen is placed on its table. The
surface of the specimen is levelled with help of the workshopmicrometric probe. The
table turn mechanism provides for precision setting of the required specimen
direction. :

3. System for surface wave amplitude distribution measurement

The layout of the surface wave amplitude measurement system has been shown in
the Fig. 3. The surface wave is excited by the interdigital transducer supplied with
a wave form of the length equal to several ps. The electric signal received by the
probe is amplified and detected, and transmitted to the box-car integrator. This

trioping . 3 /W\
X
rectangular amplitude AR = .,

generator X
gate delay
e 3| ; control voltage.
rectangular -El:]—-._ 3 /
impulse A s = d:ffer‘ept.u!
generator J.I:[:}dil— amplier
7

g -
crystal shift
HF - 2t £ %
generator } differential

l D '— amplifier
L i

the system for table and paper shift synchroniza-
tion and pen-up control

8

Fig. 3. The diagram of the system for surface wave amplitude distribution measurement
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system transforms the received signal magnitude by the probe into the direct current
signal, which is recorded in the digital or analog form. The system significantly
improves the signal-to-noise ratio.

By coupling the microscope table shifts in the direction perpendlcular or paralel
to the wave propagation direction the sampling time before passing the signal to the
box-car, should be properly changed when the probe moves allong the wave
propagation directron. This way full automisation of measurements on the whole
piezodielectric surface has been obtained. To ilustrate the measuring capability of the
system the typical diffraction phenomenon which. accompanies the surface wave
propagation has been presented in Figs. 4-6. In the Fig. 4 the surface wave amplitude
cross-sections perpendicular to the propagation direction is shown. They have been
obtained for the bismuth-germanium oxide (BGO int 111, propagation 110) in

BGO 30 MHz

=
=
o

F |
transducer aperture width
Fig. 4. Surface wave amplitude distributions on BGO (cut 111, propagation 110) in the distances
2, 4,6, ... mm from the transducer. Frequency 30 MHz
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BGO crystal defect

Fig. 5. Surface wave amplitude distributions on BGO (cut 11, propagation 110) with a defect. Frequency
30 MHz

various distances from the exciting transducer. The transducer is not placed precisely
in the crystallographic axis direction. The obtained cross-sections come out from the
channel which is perpendicular to its aperture because the wave propagates in near the
crystailographic axis direction which in this case do not coincide with the symmetry
axis on the transducer. The wave amplitude cross-sections presented in Fig.
5 illustrate a defect of the BGO-substrate. A strong wave fading, non-uniform in the
cross-section, can be seen. This fading is probably caused by the local perturbation of
the piezodielectric properties of the substrate. The measuring sensitivity of the system
is high what makes it possible to apply this system to testing weak piezodielectrics.
Among them the frequently applied one is quartz. The illustration of the above is the
Fig. 6 in which the wave amplitude cross-sections in quartz have been presented (cut
Y, propagation direction X). This wave has been excited with the interdigital
transducer consisting of only two electrodes.

4. System for surface wave phase measurement

The surface wave phase measurement is much more complex than the amplitude
measurement. The main problem results from the fact the available phase meters
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Sl =

transducer aperture width

Fig. 6. Surface wave amplitude distributions on quartz (cut Y propagation X). The wave exciting
transducer had two electrodes Frequency 20 MHz

operate on continuous signals, whereas the considered measuring system works
impulse mode. This means that the phase measurement should be carried out with
a continuous signal, the phase of which would reproduce the phase of the impulse
signal received by the probe. Such concept has been realised in the measuring circuit
schematically presented in the Fig. 7. The impulse electric signal U,sin(wt + ¢) in the
form of a few ps wide wave packet, received by the probe after amplification is
transmitted to one of the two inputs of the phase derector. A continuous reference
signal U, sin(wt + «) previously transformed by the voltage controlied phase shifter is
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circuit for surface wave front phase measurement

Uy sin wt HF \/
generator
Uysinfut+g)
_|—|_ - phase  |-Ulsinfp-a)| box-car
; detector 3 ¥ [ integrator
AT t |
AR !
i
|
regctun?urar phase m/2 phase _d'l_ box-car
.vg:fet:r_;wr shifter detector |y cosfp-c)| integrator
U, sinfwt+a.)
phase
phase @ phase a control shifter
meter Usin(wt+a) shifter Ucanl.'or control
circuit

supplied to the second input. On the phase detector output the U,U,cos(¢p—2)
impulse signal is obtained. This signal is transformed into a direct-current signal by
the box-car integrator, and then transmitted to the phase shift control input. If the

R 8 5 T
phase shifter control circuit works so that U,U,cos(¢p —a) = 0; hence ¢ —o = iz

and the continuous reference signal phase reproduces the phase ¢ of the impulse
signal received by the probe. In this way the phase ¢ change during the probe
movement in any direction can be found by measuring the phase @, provided that an

; . n
unique relation p—a= +§ or (p &= ——2~ is set. Obtaining the unique relation

necessitates for working out the appropriate phase shift control signal in the control
circuit. The phase shift control circuit characteristic has been shown in the Fig. 7b. It
can be seen that the control voltage increase causes the phase shift « increase. In the
Fig. 7c the arrows indicate the directiofi of changes with respect to the value of ¢ —o.
The up arrow indicate the control voltage increase, and the down arrow the decrease.
From the Fig. 7c it is apparent that the needed character of changes of this voltage
coincides with the sign of the product of —sign(p —a) and cos(¢ —a). To obtain this
product an additional voltage, proportional to sin(¢ —«) should be generated. In the
diagram presented in Fig. 7 a this voltage is obtained by applying an additional loop
consisting of the phase detector and the box-car integrator in which the reference

voltage is shifted by the phase a+g. The shift is made by a supplementary phase
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BT o e i i i s ——— —

Uc ontrol

sinfa-g) cos(p-a)

Fig. 7. a — diagram of the circuit for surface wave phase measurement, b— characteristic of the voltage
driven phase shifter, ¢ — input voltage of the phase shifter control circuit and the requires shifter control
voltage change direction vertical arrows versus the input voltage phase difference range

shifter (by n/2) introduced in the reference signal circuit. The phase shift control
system in the Fig. 7a generates the voltage changes dependent on the sign of the
product —sin(¢ —a)-cos(y — o). This voltage applied to the phase shifter forces the
shift which allows for unique phasing on the continuous signal U sin(wt + o) with the
impulse signal U,sin(wt+ ¢) received by the probe in the range 0+2x. Then, the
phase ¢ measurement is carried out by meas ring the phase o of the continuous
signal with the use of a phase meter. In the system under consideration the Wiltron
phase meter, model 31 OB, has been used. The surface wave front phase distribution
for quartz (cut Y, propagation X) presented in the Fig. 8, illustrates the measuring
capability of the discribed system.
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transducer aperture width 8 mm

Fig. 8. Surface wave phase cross-sections for quartz (cut Y, propagation X). Frequency 30 MHz

5. Measuring technique

The probe practically does not interfere with the propagating surface wave. It
receives a very small part of the wave energy, the probe diameter being of the
magnitude about 20 um, in comparison with the surface beam width usually equal to
several millimeters. Therefore the measurement accuracy is concerned with accuracy
of receiving and processing the signal received by the probe ie. with the manufac-
turing quality and tuning of the measuring circuits, and the technique of the
measurement itself.

During the measurements, particular attention should be paid to precise levelling
of the tested piezodielectric. This is done with the use of screws. Levelling checking is
carried out with the mechanical probe of 1 pm accuracy. Inaccurate levelling deforms
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the probe travel path, thus adversely influencing the measurements. For example, in
wave front phase measurements in BGO, for frequency 30 MHz, the 1 um probe
travel path error in the wave propagation direction introduces the 6° error.

The similar effect takes place when the piezodielectric surface is not planar. This
is concerned with the base surface machining accuracy which can be estimated
during the levelling process. In the case of wave amplitude measurements, attention
should be paid to the deformations resulting from the non-linearity of the system.
Therefore, together with the plots of amplitude, the scales that represent the system
non-linearity have been provided. This problem is removed in the case of digital
recording which allows for numerical correction of the results accounting for the
measuring system non-linearity. In the wave front phase measurements one should
be cautions with the high frequency generator supplying the exciting transducer. If
the probe is placed in a large distance from this transducer, the surface wave phase
changes several hundred times. Then, a small frequency change during the
measurement totally deforms its result. In the presented system the TESLA
programmable generator, type BM-406, with short-term stability 10”77, has been
applied.

In the phase measurements an important task is to eliminate the spurious
bulk-wave signals received by the probe. Part of them can be received in the same
time as the useful signal. As the measurement takes place for zeroed phase detector
output signal even a small spurious signal can considerably reduce the measurement
accuracy. The working frequency of the rectangular impulse generator which
synchronizes the operation of the whole system should also be properly chosen.
This is in connection with the box-car system which is an integrating circuit. For
greater noise-to-sigmal ratio of the useful signal, the RC constant should be
increased. While increasing the RC constant, however, the repeating frequency
should be decrrased, so that the direct-current output voltage from the box-car
integrator would precisely reproduce the useful signal sample value set to its input.

6. Conclusion

The presented method of measuring the surface wave distribution can be applied
to all piezodielectrics applied in practice. It provides for simple, fully automatic
measurements of the surface wave amplitude and phase. The obtained accuracy is
entirely enough for piezoelectric substrate quality inspection as well as for wave
parameters calculation. The impulse type operation of the system makes it possible
to investigate numerous physical effects which take place in microwave acoustic
systems, as e.g. wave reflection phenomenon. In comparison with the systems
utilizing the wave interaction with light, the features of the described system are
simplicity and better accuracy. The restriction is the applicability of the probe only
to the free surfaces of the piezodielectrics, as only from such surfaces the probe is
capable of receiving a signal.
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APPLICATION OF DIGITAL TECHNIQUE TO THE-SPECTRAL ANALYSIS
OF MANDELSHTAM-BRILLOUIN SCATTERED LIGHT

TOMASZ HORNOWSKI, MIKOLAJ EABOWSKI

- Ipstitute of Acoustics, A. Mickiewicz University
(60-769 Poznan, ul. Matejki 48/49)

The experimentally recorded Mandelshtam-Brillouin type light scattering function is in
general a convolution of the real scattering function and the overall instrumental function,
accounting for all the deformations introduced by the measuring arrangement. We propose
an algorithm for the numerical deconvolution of the spectrum applicable to the correction
of the latter, and the deformation of the parameters of the scattering function. Results
obtained when testing the computer program determining the Rayleigh line halfwidth Av,
as well as the shift dvy, halfwidth Av, of the Mandelshtam-Brillouin line are given, proving
high degree of the effectivity of our numerical method. ;

Rejestrowana eksperymentalnie funkcja rozpraszania $wiatla typu Mandelszta-
ma-Brillouina jest w ogolnosci splotem rzeczywistej funkcji rozpraszania oraz caltkowitej
funkcji aparaturowej opisujacej wszystkie znieksztalcenia wnoszone przez uklad pomiaro-
wy. W pracy przedstawiono algorytm numerycznej metody dekonwolucji widma za-
stosowanej do korekcji widma i wyznaczenia parametrow funkcji rozpraszania. Przed-
stawiono rowniez rezultaty testowania programu komputerowego wyznaczajacego szero-
kos¢ potowkowa linii Rayleigha Av, oraz przesunigcie dv,,, i szeroko$é polowkowa Ay
linii Mandelsztama-Brillouina. Wyniki testu wykazaly duza przydatnos¢ zastosowanej
metody numeryczne;.

1. Theoretical foundations of Mandelshtam-Brillouin light scattering

Molecular light scattering by liquid media is due to time-dependent ther-
modynamical fluctuations of quantities such as temperature, pressure, and concent-
ration. Mandelshtam-Brillouin scattering is a process of this kind. The fluctuations
can be said to modulate the scattered light spectrum. Thus, in accordance with the
Wiener-Kinchin theorem, their variations in time reflect the underlying stochastic
ocurring in the scattering media.

Classitally [1], the spectral intensity distribution of the light scattered is
proportional to the Fourier transform of the autocorrelation function of fluctuations
in density (concentration). This quantity is termed the structural factor, and is



204 T. HORNOWSKI, M. EABOWSKI

generally denoted by S(v, g). Its analytical form is due to Mountain [2]:

AvMB AVMB
cq)’ + v (vo—cq)® + Avigp

+AVMB v+cq v+cq (1)
cq [(v—cq)+Avim (V=cqf’+Avig |}

The first three components of the scattered light spectrum are Lorentzian in form.
These are: the Rayleigh line of frequency unchanged compared to the incident
frequency, and the Mandelshtam-Brillouin doublet, disposed symmetrically on either
side of the central line at a distance dvyg = +cg. The fourth and fifth components
give a non-Lorentzian correction to the Mandelshtam-Brillouin lines shifting them
slightly (towards the central line) and causing them to become asymmetric. This
correction is usually very small. However, it affects the positions of the lines
perceptibility and has to be taken into account when interpreting the spectrum. With
the shift measured amounting to v, and the linewidth equal to Avyg, the real position
of the Mandelshtam-Brillouin has to be determined from the formula

S(v, ) = A{(l—l/ ) 2+ yipgl /v)[(%_

Vg = Vi +24vip. (2)

The preceding relations are valid for media in which no relaxational processes occur.
Liquids with relaxation exhibit moreover a line referred to as the Mountain line [2].

The experimentally recorded scattered light spectrum is in general the con-
volution of several functions [3, 4]: the line corresponding to the light source with
the spectral distribution I(v) the line of the spectral analyzer with the distribution
T(v, v') and the scattering line with the distrubution S(v, v'). The notation X (v, v) is
meant to signify that the function X determines the intensity of the output radiation
of frequency v which has arisen in response to input radiation of unit intensity and of
frequency . Since all these distributions take non-zero values only in a narrow
interval about the central frequency of the incident light wave we are justified i
writing

S(v, v) = S(v—v), T(v,v)=Sv—v). &)

In this case, the spectrum observed is given by the formula
. + a0 + a0 2
0w = [ Tv—v) | Sy=v)I(V)dvadv' = F HUF[TEIF[SMIF W]}, @)

with % the Fourier transform, and % ~' the inverse transform.
Thus, the scattering function can be determined from the following expression

SO = F HF M/ F[TONF TV} quings)

The preceding operation is referred to as deconvolution of the spectrum. It has to be
performed in order to determine the “true” scattering function contributed by the
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scattering liquid and, consequently, such parameters as the shift in Mandelsh-
tam-Brillouin line dvyg and its halfwidth Avy.

Obviously, Eq. (5) is not accessible to strict solution, though a number of
methods exist permitting approximate solutions of the problem. Here, we have in
mind primarily the pseudodeconvolution method of JONEs et. al. [5], as well as that
of LEIDECKER and LAMAccHiIA [4]. We shall discuss the former in more detail in
Section 2.

2. The influence of the instrumental line on the recorded Mandelshtam-Brillouin scattered light spectrum

The deformations incurred when recording various spectra have long been the
object of studies in the infrared, Raman and Mandelshtam-Brillouin spectroscopy. It
has been established [3, 5, 6] that the deformation caused by the instrumental line
can be neglected if the ratio of its halfwidth Av; and that of the line investigated Av
fulfils the condition Av,/Av < 0.2. In most cases this condition is not fulfilled. Thus in
order to obtain correct results, one has to have recourse to one of the methods
evolved for correcting the experimentally recorded spectra.

In dccordance with what has been said above, the instrumental line in the
Mandelshtam-Brillouin case is the resultant of the Gaussian gas laser line [7], the
Fabrv Pérot étalon line given by the Airy function [8]. and the line due to the finite
size of the scanning aperture described by a triangle function [4]. In practice, for the
sake of simplicity, one usually makes use of the over-all instrumental function A(v).
The latter can be expressed as the product of a Gaussian and a Lorentz function:

AW) = Ao [1+(1/AvE)(v—v)*Texp[ —(1/4vE)(v=v,)*]. (6)

Applying the over all instrumental function A4(v) alone, the experimentally recorded
spectrum can be written in the following form:

00 = | Av—v)S()dv, (7

where S(v) is the scattering function. Eq. (7) is an integral equation of the convolution
type accessible to numerical solution by reduction to a set of linear equations:

n
0;= ) A;S;, =123 ..., n (8)
j=
0 and S are, respectively, jvectors of the experimental points measured and the
scattering function, whereas A is the transformation matrix of the instrumental
function the matrix elements of which represent the values of the symmetric
instrumental function measured at the same intervals Av as the values of O(v). The
matrix A fulfils the normalisation condition. For deconvolution of the spectrum, i.e.
for determining the scattering function S(v) from the experimental functions S(v) and
A(v), we used one of the available methods of deconvolution (referred to as
Y-deconvolutions), namely that of Jones et. al. [4]. According to Jones, the
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transformation matrix of the instrumental function is constructed in the following
form:

Gy 1t B v o Bt 0 0 Qv . (9

0_ dzy B2 ... Qam 0 O I3 1)
B = S e O Rt s YT M &

The matrix is obtained as follows; having available n values of the scattering function
S(v;) and n values of the instrumental function A(v;) we assume that the 2/ values of
the function A(v;) lying on the wings of the line are zero.,Thus, the matrix A has
m = n— 2l rows. In practice, the values of the matrix elements a;; are determined by
recording light scattering from a statistically homogeneous medium.

Jones’ is an iterative method. As the zeroth approximation, one assumes the
experimentally observed values of the scattering function

gl e % b 9)
The k-th step of the iteration pfoccdure consists of 4 stages. In the first, one
determines the vector B(B,, B,,..., B,) from the formula
B® — A-Sk-1 : (10)
In the second — the vector R(R,, R,,..., R,)
Ro= Sl /B o ke L2t W (11

In the third stage, one finds the next (k+ 1)-st approximation of the vector S:

Sk+ — g o i=1,2,...,1 (12)
Skt - gL R, o, i=l+1,142, ..., 1+m (13)
S$k+1)=SEk)'Rm» i=l+m+1,l4+4m+2,....n (14)

The equations (12) and (14) describe the wings of the line. In the fourth stage we
determine the value of

50 = 3 |SB— S, (15)

i=1
One continues the iterative procedure until the following condition is fulfilled
|68 — k=D < g, (16)

where the parameter ¢ is a prescribed number. For practical purposes a sufficient
approximation is achieved after some 10-20 iterations. '

On having determined the function S(v) by deconvolution, one can procged to
determine the parameters of the spectrum: the halfwidth of the Rayleigh line Avg,
that of the Mandelshtam-Brillouin line Avyg, and the Mandelshtam-Brillouin shift
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dvyg. To this aim, we made use of the procedure consisting in fitting the theoretical
curve of eq. (1) to the ,experimentally” determined points of the function S(v) by the
least squares method.

3. Testing the numerical procedure. The design of a measuring stand for the digital recording
of Mandelshtam-Brillouin scattered light spectra

On the basis of the preceding Jones® algorithm we wroté in PASCAL language
a program for deconvolution of the spectrum and the determination of the
parameters of the Mandelshtam-Brillouin scattering spectrum recorded. The func-
tioning of the fitting procedure was checked on data generated on the basis of Egs.
(1) and (6). Fig. 1 shows the instrumental line of Eq. (6). Its parameters amount to:

I,
0t
instrumental line
Ay, =003 [cm™]
Ay, =004 lem
a5
0 1 A A | | 1
-004 -002 0 002 004 Av [crr]
Fig. 1. Instrumental line as determined from Eq. (6)
71,
10 +
scattering function ’
Ay, =0012 [enr'] ———— convoluted line
Ay =0022 lcm']
by, ,=0207 lcn!!
ast
a 1 1 1 i 1

-03 -02 -a1 0 o1 02 03 Avicm’]

Fig. 2. Convolution of the instrumental line of Fig. 1 and the scattering function
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Av, =003 cm™ ', and Avg = 0.04 cm™ 1 1ts convolution with the scattering function,
of parameters equal to dvg = 0.012 cm ™!, Avyg = 0.022 cm ™! and dvyg = 0.207
em~!, is shown in Fig. 2, where one notes a lowering of the maxima and
a broadening of all the lines. The result of the deconvolution and fitting procedure is
shown in Fig. 3. Obviously, agreement between the parameters assumed and those
obtained is very good. _

A case of greater interest is shown in Fig. 4. Here convolution of the instrumental
line of Fig. 1 and a scattering function with the parameters Avg = 0.012 cm™1,
Avyg = 0.023 cm™! and dvyp = 0.073 cm ™! led to complete obliteration of the
hyperfine structure, so that an analysis of the spectrum by traditional methods was
not possible. However, the result of deconvolution of this spectrum is illustrated in
Fig. 5 where, quite obviously, the hyperfine structure is reconstituted and the values
of the parameters are in excellent agreement with those assumed.

iz,
10
SF after deconvolution
Av, =0012 [em’]
84,,=0022 [cm']
8v,5=0207 el
05+t
0 X . . i ) i
-03 -02 -01 0 o1 02 a3  AviemT
Fig. 3. The scattering function of Fig. 2 after deconvolution
7,
10
scattering function
Ay, =0012 [em™] convoluted line
Av,,=0023 [em]
8y, 5 20073 len |
asr
U L

. L L i
03 -02 -0 0 ar 02 a3  Aviem]

Fig. 4. Convolution of the instrumental line of Fig. 1 and the scattering function
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1,

10r
SF after deconvolution
Ay, =Q.012 lem™
Ay, =0023 e
5‘543 =0073 lem]

as

O A 1 1 L

=03 -02 -01 0 o 02 a3  Avicm-]

Fig. 5. The scattering function of Fig. 4 after deconvolution

Our test study permits the conclusion that the deconvolution method applied by
us is well adapted to the analysis of Mandelshtam-Brillouin scattered spectra.
Obviously, one has to keep in mind that experimental measurements involve yet
other sources of error so that an achievement of an accuracy as high as in the above
examples will hardly be possible. Nonetheless, the achievement of a 1-2% accuracy
in the determination of the Mandelshtam-Brillouin shift and an 8% accuracy in that
of the halfwidth of the Mandelshtam-Brillouin components is entirely feasible.

Whereas spectrometers construced hitherto, with numerical analysis of the
acattered spectrum [3] operated on the basis of separation in time of the light
recording process and the computational procedure, recent rapid developments in
computer technique permit the construction of a measuring stand of an on-line tvpe.

The arrangement designed by us designed (see Fig. 6) consists of the following four
elements: a light source, an analyzer of the scattered light spectrum, an electronic
system of detection. and a computer svstem. As light source we use a S0 mW He Ne
one-mode laser. As analyzer Fabry-Pérot interferometer tunable by continuous

chopper
He - Ne laser probe
she ;t;:—
generator ferometer
2 b A/D lock -in photo-
transducer amplifier multiplier

Fig. 6. Measuring stand for the digital recording of Mandelshtam-Brillouin light scattering spectra
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electrostrictional control of the distance between the mirrors in the range from 0.1 to
100 mm, corresponding to a spectral range within 0.05— 50 cm ™! was used. The role
of the detecting system is most essential: its aim is to amplify the signal from the
photomultiplier. Here, two possibilities present themselves — either a photon
counting system [3], or a chopper of the incident light beam and a selective phase
sensitive amplifier [9, 10]. The microcomputer system comprises an A/C transducer
with a resolution of at least 12 bits as well as a good microcomputer, preferably of
the IBM PC/XT class. We refrain from entering into the details of the optical system
since the matter has been dealt with extensively in the literature [3, 9, 10].

The present work was carried out within Project CPBP 02.03
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LIQUID-PHASE .OXIDATION OF HYDROXYLAMINE WITH ULTRASONIC IRRADIATION

ANDRZEJ JANOWSKI |, JADWIGA RZESZOTARSKA

Department of Chemistry, University of Warsaw (02-093 Warsaw, Poland)

The sonochemical oxidation of hydroxylamine in alkaline aqueous, aqueous-methanol
and methanol solutions yielded peroxonitrite ion as a main product. A little nitrite and
nitrate were also formed. The oxidation yield increased with methanol concentration in the’
solution. The mechanism of oxidation both in aqueous solution and in the presence of
alcohol is discussed.

Badano sonochemiczne utlenianie hydroksylaminy w alkalicznym roztworze wodnym
oraz w roztworach wodno-metanolowych. Glownym produktem utleniania byl jon ONO;
oraz niewielkie ilo$ci azotynow i azotanow. Stwierdzono, ze wydajnos¢ utleniania wzrasta
ze wzrostem stezenia metanolu w roztworze. Przedyskutowano mechanizm utleniania
w roztworze wodnym oraz w obecno$ci metanolu.

1. Introduction

The raction of hydroxylamine with various oxidizing agents has been a subject of
many papers. HUGHES and NickLIN [1] studied oxidation of hydroxylamine in
alkaline solutions by saturations with gaseous oxygen. The oxidation products were
peroxonitrite, nitrite and nitrate. The reaction was catalyzed by traces of Cu (II), Co
(IT) and Fe (II) unavoidably introduced with the reagents. On the other hand,
ButLEr and GOrDON [2] found that the oxidation of hydroxylamine by iron (III)
yielded nitrous oxide.

The aim of this paper is investigation of the sonochemical oxidation of
hydroxylamine in both aquoeus and aqueous-methanol solutions.

2. Experimental

Instruments

Sonochemical investigations were carried out by using a ,, Techpan” UDM-10
ultrasonic desintegrator of the following parameters: working frequency 22+ 1.65
kHz, maximum output power 180 W. The spectrophotometrical measurements were
performed on a C. Zeiss Jena ,Specord UV-VIS” spectrometer.
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Reagents

All chemicals (analytical grade purity hydroxylamine, hydrochloride, NaOH,
CuSO,'5H,0) were used without further purification. The solutions were prepared
using twice distilled water or methanol pure for spectroscopy. EDTA solutions were
prepared by dissolving a weighted amount of disodium salt of ethylenediamine-
tetraacetic acid.

Procedures

The NH,OH.HCL solutions of the concentration of 0.01 mole/dm?® (40 ml)
containing 01 mole/dm?® of NaOH were irradiated with ultrasound by using a Ti tip
immersed into the solution. Samples were taken at intervals and analyzed for the
different products. The concentration of peroxonitrite was estimated from the
absorbance at 302 nm, molar absorptivity being 1670 cm ' mole ™' dm? [3]. Other
oxidation products, nitrate and H,O, also absorb in this range but with negligible
intensity (molar absorptivities = 7 and 40, respectively).

Nitrate was determined by the UV spectrometric method [4]. Nitrite was
determined by the standard colorimetric method involving diazotization of sulfanilic
acid and coupling with a-naphthylamine.

3. Results and discussion

In both aqueous and methanol solutions sonochemical oxidation produces pero-
Xonitrite as a main initial product, similary as in the case of O, oxidation (Fig. | and 2).
Also, small amounts of NO; and NOj are formed (Table 1). The concentration of
peroxonitrite increases almost linearly with time. The peroxonitrite yield increases

(=]
[+3)

absorbance
[
(=)

o
~

02

40 38 36 34 32 30
wave number * 1000 cm™

Fig. 1. Electronic spectra of 0.01 mole/dm® aqueous hydroxylamine solutions containing 0.5 mole/dm®
NaOH after sonification for different time. The optical path 1 cm
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Fig. 2. The sonochemical oxidation of 0.01 mole/dm? hydroxylamine containing 0.5 mole/dm* NaOH in

aqueous and aqueous-methanol solutions (in vol. %).

Table 1. Products of sonochemical oxidation of 40 ml of 0.01 mole/dm? aqueous, aqueous-methanol and
methanol hydroxylamine solution with 0.5 mole/dm*® NaOH added after 70 min. of sonification

vol. % H,0 100 78 55 35 12 7
vol. % CH,OH 2 45 65 88 93
ONO; x 10* mol/dm? 59 6.7 120 204 490 200
NOj x 10* mol/dm? L5 1.2 1.8 20 5.5 0.6
NO; x 10° mol/dm? 2.0 20 30 3.5 50 7.0
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significantly with increasing alcohol concentration. This result show a resemblance
to ultrasonic oxidation of Fe?* to Fe** in the presence of alcohols [5]. On the other
hand, the constant of NO ™2 and NO ™2 formed after 10 min and after 70 min of
sonification is approximately the same. This fact may indicate an inhibiting affect of
peroxonitrite on the formation of nitrite and nitrate sonochemical oxidation. The
sonochemical oxidation takes place in alkaline media only, i.e. without NaOH added
no oxidation products are formed. Addition of EDTA, however, has only a negligible -
effect on the yield of oxidation products. This is a difference comparing to oxidation
with molecular oxygen when EDTA cause a large decrease in the oxidation rate. This
indicates that the sonochemical oxidation of hydroxylamlne is not catalysed by
adventitieus metal ions. It should be noted that addition of 10™* mole/dm? of Cu (I1)
inhibits completely the sonochemical oxidation of hydroxylamine.

Peroxonitrite formed during the sonochemical oxidation seems to be more stable
than that formed by oxidation with molecular oxygen [1]. Thus, in aquaeus
solutions peroxonitrite did not start to decompose during 6 days after sonification,
as indicated by UV spectra. Not peroxonitrite isomerises gradually to nitrate. In the
presence of methanol peroxonitrite is less stable.

In view of the complexity of the phenomena of cavitation the mechanism of
sonochemical oxidation is .not elucidated in detail. According to the
PRUDHOMME-GRABER [6] theory acoustic cavitation decomposes water to produce
hydrogen and hydroxyl radicals and H,0,. In the air-saturated solution the
hydrogen atoms and dissolved oxygen form perhydrol radicals [7]. Both-OH and
HO, radicals are strong oxidizing agents and can oxidize hydroxylamine.

Since the sonochemical oxidation takes place in alkaline solutions only the
reaction proceeds via deprotonated hydroxylamine species, similarly as in the case of
oxidation with molecular oxygen. Thus, the following reactions are suggested

H,NO~ +HO, - HNO™ +H,0,
HNO~ +HO, - NO~ +H,0,
~+0,->ONOO"

A large increase of the oxidation yield in the presence of methanol is not
unexpected because the alcohol scavanges the radicals HO and -OH to produce
RCHOH [5, 8] which further reacts with O, to give Rc(O JHOH. These organic
peroxide radicals of strong oxidizing properties are formed during both y-rays and
sonochemical irradiation. The mechanism proposed for both radiation and ultra-
sonic studies [5] can be applied to sonochemical oxidation of hydroxylamine and is
represented by the following reactions:

«OH, HO, .
2HCH,OH 2HCHOH +H,0 +H,0,
HCHOH 2 HC(O,)HOH
H,NO~ +HC(0,)HOH - HNO~ + HC(O,H)HOH
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HNO~ +HC(0O,H)HOH - NO ™+ HC(O)HOH + H,0
NO~ +0, - ONOO"~
H,NO~ + HC(O)HOH - HNO~ + HCHO + H,0

In this case one HC(O,)HOH radical can oxidize 1.5 hydroxylamine molecule
whereas one HO, radical can oxidize 0.5 hydroxylamine molecule: Thus, a conc-
lusion can be drawn that addition of methanol will increase the oxidation yield.
However, methanol will increase the oxidation yield. However, methanol can also
affect the cavitation phenomenon itself. Obviously, the presence of small amounts of
methanol, readily miscible in water, should not affect the formation of cavities

ONO; concentration x10* {mole/dm’]

'l A

1 1
0 2 50 75 100 % of CH,0H
100 75 50 2 0 %of H,0

Fig. 3. Plot of ONO; concentration vs. vol. concentration of methanol after sonification for different time.
The solutions contain 0.01 mole /dm*® hydroxylamine and 0.5 mole/dm® NaOH

0
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significantly. However, as SEGHAL et al [5] pointed out, at higher concentrations
because of its high vapor pressure alcohol can preferentially penetrate into the
cavities and suppress cavitation. The authors anticipated, therefore, that in the case
of Fe** sonochemical oxidation at higher alcohol concentrations the cavitational
effect would overpower the chemical effects and thereby reduce the oxidation of
Fe?* (their experimental studies finished at concentration of 20% of alcohol in
water). In the case of hydroxylamine oxidation, however, no levelling of the
ONOO™ concentration vs. alcohol concentration is observed (Fig. 3) even in 88%
CH;OH. The sonochemical oxidation rate increases throughout the whole concen-
tration range of methanol. This may be explained probably by the fact that the
reaction occurs in three different phases, i.e. in the gaseous phase (the cavities), the
interphase that separates the cavity from the surrounding medium and the liquid
medium. The possibility of H,NO™ penetration into the cavities is not excluded.
Thus, some intermediate complexes of H,NO~ with oxygen of relatively high
pressure may be formed which would outweigh the effect of volatile alcohol on the
cavitation process. This may be another explanation why a high reaction yield is
preserved even in methanol.
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MOLAL VOLUME AND COMPRESSIBILITY
OF AQUEQUS NON-ELECTROLYTE SOLUTIONS

ADAM JUSZKIEWICZ

Faculty of Chemistry, Jagiellonian University
(30-060 Krakoéw, Karasia 3)

The measurements of ultrasonic velocity and of density in aqueous solutions of 20
non-electrolytes were carried out. From the obtained results isentropic compressibility.
apparent molal volumes and apparent molal compressibilities were calculated. The changes
of these parameters with the change of concentration of the non-clectrolytes confirm the
model of hydration of non-electrolytes suggested previously on the basis of ultrasonic
velocity measurements in binary and ternary systems. ‘

1. Introduction

Physico-chemical properties of aqueous solutions of non-electrolytes are subject
of numerous papers published in recent years. The reason for such great interes in
this group of substances are their anomalous concentration dependent changes of
a number of physico-chemical parameters such as: molal volume, heat capacity,
viscosity coefficient, activity coefficient, diffusion coefficient, ultrasonic velocity and
compressibility, ultrasonic absorption coefficient and others. In spite of very many
data collected in this subject there has not been so far a uniform theory describing all
these phenomena.

In previous studies [1—4] of hydration of non-electrolytes, in which the measure-
ments of the ultrasonic velocity in binary and ternary aqueous systems were applied,
a model of the hydration of these substances in aqueous solutions was presented. It is
assumed in this model that molecules of non-electrolytes are built into the structure
of water in such a way that hydrophobic groups of these molecules occupy cages
(voids) of this structure, and hydrophilic groups of these molecules occupy nodes of
the lattice of water where they replace a certain number of water molecules. It is also
assumed in this model that hydrophilic groups such as —OH, —NH,, —CONH,,
—C0, —O— and others have a negative contribution to the total hydration of
a non-electrolyte and that this contribution is expressed by a number of water

This work was partially financed by the Polish Academy of Sciences Problem CBBP.02.03.
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molecules replaced by these groups at nodes of the lattice. Hydrophobic groups
(alkyl groups), on the other hand, have a positive contribution to the total hydration
and this contribution is expressed by a number of water molecules that surround an
alkyl group. The total hydration is an algebraic sum of the both contributions.

The results obtained with other techniques such as: volumetric, calorimetric,
viscosimetric, dielectricc NMR, IR and Raman spectroscopy confirm the above
described model. On the basis of these results it may be concluded that with
the hydrophobic (positive) hydration of alkyl groups of alcohols, ketones, amines,
amides and their N-alkyl derivatives are connected the following effects: egzothermic
effect of dissolving of a non-electrolyte, negative excess of partial molal volume,
positive excess of partial molal heat capacity, positive excess of viscosity coefficient,
positive excess of activity coefficients of a non-electrolyte and water, negative excess
of diffusion coefficients, and others. Negatively hydrated molecules e.g. molecules of
urea and formamide show the effects opposite to the above listed ones ie.
endothermic effect of dissolving, positive excess of partial molal volume of
a non-electrolyte, negative excess of heat capacity and the others. In many cases the
concentrations of non-electrolytes at extrema are comparable with those obtained
from ultrasonic velocity measurements. In the paper [4] a qualitative analysis of
literature data on this subject was carried out, for it was impossible to make
a quantitative comparison of the obtained values of hydration numbers with the
values obtained with the other techniques ie. to verify the suggested model of
hydration, because of the lack of numerical data for some of the examined
substances.

This paper is one of the attempts undertaken to verify the suggested model of
hydration of molecules of electrolytes, non-electrolytes as well as macromolecules. It
presents the results of measurements of apparent molal volumes and compres-
sibilities of 20 non-electrolytes showing either ‘positive or negative hydration.

2. Relations between density and/or ultrasonic velocity and partial molal thermodynamic parameters
of solute

Any partial molal quantity is éxpressed with:

oF
F:= (5) | )

p.T.ni,....nk
In the case of a binary solution, partial molal quantities of a solute and of a solvent
are expressed by the following partial derivatives:

" (dF oOF

A Do o AP o 33

7 (an)T ; ) (6"1)T &)
i Jpin2

In order to determine partial molal quantities it is necessary to know apparent molal
quantities, and these can be obtained experimentally.
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In generally any apparent molal quantity of a solute is defined by the following
equation:

PF, = (F"'"lF(l))/"z 4)

where F is an extensive quantity for a solution, FY{ is a respective molal quantity for
a solvent, n, and n, are numbers of moles of a solvent and of a solute, respectively.
The relatlon between @F, and F, can be obtained by dlfferentaatmg eq. (4) with

respect to n,: .
oF, oF,
F, = OF +(61 ) - F2+(Blnm) (5)

where m is a molality (m/kG solvent).
For dilute solutions molal concentration can be replaced by molar concentration,
¢, and then eq. (5) changes into:

JF
F,=® —2).
2 F2+(alnc) (6)

At the limiting concentration, when ¢ — 0
F) = &FY. 7

Some researchers are of the opinion that no physical sense can be ascribed to the
partial molal quantities and that these are only mathematical quantities because for
example negative partial molal volume has no physical sense. According to the
author it is not the right opinion. Physical sense can be ascribed to these quantities
when molecules of a solute are considered together with molecules of a solvent
solvated with a solute. Then, for example negative partial molal volume is a measure
of a decrease in the volume of solvent molecules in solvation sheath as compared to
the volume of solvent molecules which are not influenced on by solute molecules.

Apparent molal volume of the solute @ V, is defined by:

DV, = (V—n,V))/n,, (8)

where Vis a volume of the solution containing n, moles of the solvent and n, moles
of the solute. V{ is a partial molal volume of the solvent.
Apparent molal compressibility of the solute @K, is expressed by:

ok, = (“22) = 6,V -mba VO o)
P /S

where B, and p,, are isentropic compressibilities of a solution and of solute,
respectively.
Using experimental results, ¢V, and ®#K, can be calculated from the following
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relations:
oV, = %tdo—m% (10)
oK, = %m—mwy v, (1)
8=, (12

where d and d,, are densities of the solution and of the solvent, respectively, u is the
velocity of ultrasound, m is the molality (m/kG solvent), and M, is the molecular
weight of the solute.

_In liquid binary systems the principle of additivity of the above parameters is not
always fulfilled: the expression (®F,— @F9) is a measure of the deviation from this
principle.

3. Experiment

All the examined substances: methanol, ethanol, n-propanol, tert.-butanol,
ethylene glycol, 1,2-propylene glycol, 1,3-butylene glycol, 2,3-butylene glycol, glyce-
rol, acetone, 1,4-dioxane, etylene glycol monoacetate, methoxyethanol, formamide,
hydrazine. N-methylformamide. acetamide. dimethylformamide. dimethylsulphoxide
and urea were of analar grade. Triple-distilled water was used throughout.

Density measurements were carried out with use of a pycnometer and of
a vibrating tube densimeter [5, 6]. Ultrasonic velocity measurements were carried
out by the pulse-phase method [7] and by the “sing around” method [8—10]. The
temperature of measurements was 25°C. For the density measurements with the
vibrating tube densimeter as well as for ultrasonic velocity measurements with the
“sing around” gauge the solutions were thermostated to an accuracy of +0.001°C,
for the other measurements to +0.02°C.

The results of the measurements are presented in Fig. 1—13 and in Table 1.

4. Discussion

The results of the density measurements of the examined substances in solutions
of the water are presented in Fig. 1 —4 in the form of dependences of (¢ V,—@ V)
on molar fractions of the non-electrolytes.

For the majority of the examined non-electrolytes typical curves with minima were
obtained. Only for urea, formamide, hydrazine and glycerol these dependences have
no minima and within the studied concentration range the values of (@V, — ®Vy) are
positive. The measured densities and the calculated values of (@V, — ®VY) at different
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Fig. 1. Dependence of excess of the apparent molal
volume of non-electrolytes @ ¥,~@ ¥, on the molal
fraction of solute: I — urea, 2 — formamide, 3 — hyd-
razine, 4 — N-methylformamide, 5 — acetamide.
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Fig. 3. Dependence of excess of the apparent molal

volume of non-electrolytes @ V,~@ ¥ on the molal

fraction of solute: I — ethylene glycol, 2 — 1,2-pro-

pylene glycol, 3 — 2,3-butylene glycol, 4 - 1,3-buty-
lene glycol, 5 — glycerol
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Fig. 2. Dependence of excess of the apparent molal
volume of non-electrolytes @ V,—® V)’ on the molal
fraction of solute: 1 — methanol, 2 - ethanol,
3 n-propanol. 4  t-butanol
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Fig. 4. Dependence of excess of the apparent molal
volume of non-electrolytes @ V,~@ V' on the molal
fraction of solute: I — acetone, 2 — 1,4-dioxane,
3 — methoxyethanol, 4 — etylene glycol mono-
acetate, 5 — dimethylsulphoxide
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non-electrolyte concentrations are in good agreement with the literature data for
amides [6, 11-197, alcohols [20-30], urea [15, 31], acetone [12, 17], methaxyethanol
[17], dimethylsulphoxide [14, 32] and dioxane [33].

The results of the isentropic compressibility measurements are presented in Fig.
5-8 in the form of dependencies of isentropic compressibility on molar fractions of
the non-electrolytes.

B<10”[cm?dyne”']

2 1 ] 1
8¢ or 02 o e

Fig. 5. Dependence of the isentropic compressibility of aqueous solutions of non-electrolytes B, on the
molal fraction of solute: 1 — urea, 2 — formamide, 3 — hydrazine, 4 — N-methylformamide, 5 — acetamide,
6 — dimethylformamide
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Fig. 6. Dependence of the isentropic compressibility of aqueous solutions of non-electrolytes j, on the
molal fraction of solute: I — methanol, 2 — ethanol, 3 — n-propanol, 4 — t-butanol
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Fig. 7. Dependence of the isentropic compressibility of aqueous solutions of non-electrolytes 8, on the
molal fraction of solute: I — ethylenc glycol. 2 1.2-propylene glycol, 3 - 2,3-butylenc glycol,
4 1.3-butylene glyeol, 5 glycerol
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Fig. 8. Dependence of the isentropic compressibility of aqueous solutions of non-electrolytes f§, on the

molal fraction of solute: 2 — 14-dioxane, 3 — methoxyethanol, 4 — ethylene glycol monoacctate,
5 - dimethylsulphoxide

6 — Arch. of Acoust. 3-4/89 [223]
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The dependencies f,vs kno. have typical minima for those of the examined
non-electrolytes for which also volumetric dependencies have minima. For hyd-
razine, urea, formamide and glycerol compressibility of the solutions decreases with
an increase in concentration the whole examined range of concentration; for ethylene
glycol the compressibility shows a slight minimum at 0.4 molar fraction.

Isentropic compressibility of the solutions of the examined non-electrolytes
attains minimum at the same concentration (within the limits of experimental error),
at which ultrasonic velocity attains maximum [4].

Densitometric measurements do not allow for accurate determination of the
concentrations of minima of volumetric curves bacause of small changes in
(®V,—@ V) with changes in concentration in contrast to ultrasonic velocity
measurements , which allow for far more accurate determination of the concent-
rations of the maximum velocity. A comparison of the estimated concentrations of
the minima of the volumetric curves with the concentrations of the maxima of the
velocity curves and the minima of the compressibility curves is presented in Table 1.
These concentrations are expressed with a number ,,n” corresponding to a number of
moles of water per 1 mole of non-electrolyte. This number was previously defined as
hydration number.

As can be seen in Table | these numbers are comparable (within experimental
error) for the majority of the examined substances. Only for N-methylformamide,
methoxyethanol and acetone the difference between the numbers are higher than the
experimental error.

Table 1. Values of hydration numbers n obtained from measurements of ultrasonic velocity u [4].
isentropic compressibility f, and apparent molal volume VY,

Hydration number n
Compound
, u [4], B, oV,
1
methanol 52 s
ethanol 8.4 8542
n-propanol 19.9 1942
tert-butanol 22,6 2442
ethylene glycol 14 (B) 442
1,2-propylene glycol 44 95+4
1,3-butylene glycol 38 9.5+4
2,3-butylene glycol 6.9 (B) 11.5+4
N-methylformamide 4.5 13+4
acetamide 24 5542
N,N-dimethylformamide 38 6.5+2
acetone 10.7 17+4
methoxyethanol- 6.5 25+4
1.4-dioxane 8.7 1x2
ethylene glycol monoacetate 10.5 : 1042
dimethylsulphoxide 34 442
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In the presented model of hydration of electrolytes, non-electrolytes and of
macromolecules it was assumed that in a mixture water — non-electrolyte velocity of
ultrasound attains its maximum at such a concentration of a non-electrolyte at
which all the cages (voids) of the structure of water are occupied by hydrophobic
groups of the non-electrolyte and a certain number of nodes of the water lattice are
occupied by hydrophilic groups connected with neighbouring water molecules with
hydrogen bonds. With an increase in temperature the lattice structure of water
undergoes destruction the number of cages decreases, and the amount of “free” water
not connected tetrahedrically with neighbouring molecules increases. This results in
an decrease of the concentration of a non-electrolyte at which ultrasonic velocity
attains maximum value. In order to determine the nature of changes of parameter
n (obtained volumetrically) with changes of temperature and to compare it with
values of n obtained from acoustic studies, the measurements of density and velocity
of ultrasound in the.temperature range 5 —40°C in aqueous solutions of tert.-butanol
were carried out. Tert.-butanol was chosen for this test because it shows considerably
big changes in its concentration, which allows for precise determination of the
concentration of minimum_ volume and compressibility. The results of these
measurements are presented in Fig. 9. In Fig. 9b selected data are also given [23]. As
can be seen in Fig. 9¢ the values of n obtained from volumetric measurements are

a) b)
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Fig. 9. Temperature dependence of ultrasonic velocity a) excess of the apparent molal volume @ V, - @ V2°
b) and hydration number c) from the aqueous solution of f-butanol
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similar to those obtained from acoustic measurements. Also the nature of the
changes with temperature is similar. This constitues a very good confirmation of the
assumed model of hydration since there is no other interpretation of the effect that
the non-electrolyte concentration at which certain physical parameters attain
extrema decrease in temperature. Similar values of n at different temperarures
obtained with two different techniques also confirm that the assumptions are correct.
A similar opinion on the interpretation of this effect can be found in many other
papers [16, 21, 34-39].

In Fig. 10-13 the dependences of apparent molal compressibility of solute on
molar fraction of a non-electrolyte are presented. For all the examined
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Fig. 10. Dependence of the apparent molal com-  Fig. 11. Dependence of the apparent molal com-

pressibility @K, of non-electrolytes on the molal
fraction of solute; 1 — urea, 2 — formamide, 3 — hy-
drazine, 4 — N-methylformamide, 5 — acetamide,

pressibility K, of non-electrolytes on the molal
fraction of solute: ! - methanol, 2 - ethanol,
3 — n-propanol, 4 — t-butanol

6 — dimethylformamide

non-electrolytes ®K, is positive in contrast to negative values of @K, obtained for
electrolytes [40]. These negative values are an effect of electrostriction, which is
a result of interactions of ions and water molecules surrounding them.

The observed changes of ®K, with an increase in concentration are relatively
high for those non-electrolyte which have high positive values of hydration number
n, which results from hydrophobic hydration of a non-electrolyte. For urea,
hydrazine, formamide, ethylene glycol and glycerol the changes of ®K, with
concentration are considerably lower, and at higher concentrations ¢K, for urea,
hydrazine and formamide are practically constant. This prove once more that
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Fig. 12. Dependence of the apparent molal com-  Fig. 13.-Dependence of the apparent molal com-

pressibility K, of non-electrolytes on the molal pressibility K, of non-electrolytes on the molal

fraction of solute: 1 — ethylene glycol, 2 — 1,2-pro-  fraction of solute: 2 — 14-dioxane, 3 — metho-

pylene glycol, 3 — 2,3-butylene glycol, 4 — 1,3-buty-  xyethanol, 4 — ethylene glycol monoacetate, 5 —
lene glycol, 5 — glycerol dimethylsulphoxide

physico-chemical properties of this group of substances are different from those of
the rest of the non-electrolytes. This difference in physico-chemical properties was
among others a basis for assuming that these substances exhibit negative hydration.
The above listed substances are counted into the group of substances named after
FrANKS [34] hydrophilic substances in which hydrophilic interactions have a decisive
influence on the properties of whole molecules. The hydrophilic interactions manifest
themselves through formation of hydrogen bonds between hydrophilic groups and
water molecules. These bonds are formed most easily between hydrophilic group and
closest water molecules if such a group is located an empty node of water lattice,
because this leads to the smallest disorder in the original structure of water.
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THE EFFECT OF IMPURITIES ON ACOUSTIC PROPERTIES
OF GALLIUM PHOSPHIDE

ZYGMUNT KLESZCZEWSKI

Institute of Physics, Silesian Technical University
(44-100 Gliwice)

This paper presents results of measurements of propagation velocity and attenuation
coefficient of an acoustic wave, and phonon-phonon coupling constant in pure GaP crystals
and with impurities. Measurements were carried out with the utilization of Bragg type
diffraction of laser light on an acoustic wave in frequency range from 0.2 to 1.5 GHz.

The elastic constants versus impurity concentration dependence was determined from
measurements of propagation velocity of an acoustic wave. It was found that the c¢,,
constant changes most of all, while the ¢,; and c,, change less. ¢,, and c,, constants
decrease with the increase of impurity concentration and the ¢y, constant increases slightly.
Assuming, that intervalley electron transitions are the main cause for changes of the elastic
constants the deformation potential constant was calculated.

From investigations of the relationship between the attenuation coefficient and
impurity concentration it was stated that attenuation in crystals with impurities exceeds
attenuation in pure crystals and that the difference increases with frequency. The relaxation
time, which is characteristic for intervalley electron transitions, was determined on the basis
of measurements of the attenuation coefficient.

The influence of impurities on the phonon-phonon coupling constant was not stated.

W pracy przedstawiono wyniki pomiaréw predkosci propagacji i wspolczynnikow
tlumienia fali akustycznej oraz stalych sprzezenia fonon-fonon w czystych i domiesz-
kowanych krysztalach GaP. Pomiary przeprowadzono wykorzystujac dyfrakcje Bragga
swiatla laserowego na fali akustycznej w przedziale czestotliwoéci od 0.2 do 1.5 GHz.

Z pomiaréw predkosci propagacji fali akustycznej wyznaczono zaleznoéé stalych
sprezystych od koncentracji domieszek. Stwierdzono, ze najbardziej zmienia sie stala g
W mniejszym stopniu stala ¢, i c,,. Stale ¢,, i ¢,, maleja ze wzrostem koncentracji
domieszek, a stala-c,, nieznacznie wzrasta. Zaktadajac, 7¢ gléwna przyczyna zmian stalych
sprezystych sa miedzydolinowe przejécia elektronéw, wyliczono stala potencjatu defor-
macyjnego.

Badajac zaleznos¢ wspotezynnika thumienia od koncentracji domieszek stwierdzono, 7e
w krysztalach domieszkowanych tlumienie jest wieksze niz w krysztatach czystych, przy
czym roznica ta wzrasta ze wzrostem czgstotliwosci. Pomiary wspolczynnika ttumienia
pozwolily wyznaczy¢ czas relaksacji charakteryzujacy miedzydolinowe przejscia elektro-
now.

Nie stwierdzono eksperymentalnie wplywu domieszek na state sprz¢zenia fonon-fonon.
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1. Introduction

Research was aimed at the determination of the effect of impurities an acoustic
properties of semiconductors. Pure and with impurities crystals of gallium phosphide
GaP with three concentrations of sulfur impurities: 7.7-10%2 m 3, 6.5-10%° m~3 and
1.9-1024 m~3, were chosen. Crystals were obtained from the Institute of Technology
of Electronic Materials in Warsaw, where also impurity concentration, carrier
mobility and electric resistance of samples were determined.

At room temperature, at which measurements were performed, all impurities are
ionized and investigated crystals are n-type semiconductors.

Lattice impurities, as well as free carriers cause changes of elastic constants of the
second and third order. This, in turn, causes a change of propagation velocity and
acoustic wave attenuation coefficient. Also values of phonon-phonon coupling
constants change.

Within the framework of this work values of mentioned material constants were
measured.

Gallium phosphide crystallizes in the cubic system, point group 43 m. Due to
a relatively high value of the energy gap 2.20 eV, these crystals can be investigated
with acoustooptic methods with the utilization of laser light in the visible range.

2. Experimental system

Measurements were performed with the utilization of Bragg type diffraction of
laser light on a volume acoustic wave. The diagram of the set-up for measure-
ments in shown in Fig. 1.

Investigated GaP crystals were rectangular prisms with dimensions 5x 5x20

9 5 7 7

Fig.1. Diagram of measuring system I — laser, 2 — investigated crystal, 3 — goniometric table, 4 — multiplier
phototube, 5 — selective amplifier, 6 — recorder, 7 — oscilloscope, 8 — modulating generator, 9 — high-
frequency generator !
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mm. The parallelism of frontal planes was not worse than 5”, while the orientation
accuracy was equal about 30". Longitudinal and transverse acoustic waves were
generated with LiNbO, transducers with 36° Y and X cutting, respectively.
Transducers with fundamental frequency of 150-200 MHz were connected with
tested crystals with an indium layer or due to adhesion. Surfacest of transducers were
equal to from 2 to 5 mm? depending on applied frequency. High-frequency
generators had the electric power of 1 W.

The propagation velocity of dan acoustic wave was determined from measure-
ments of the acoustic pulse transition time in the investigated crystal, as well as from
measurements of the Bragg angle. Accuracy of velocity measurements amounted to
about 0.2%. E

The acoustic wave attenuation coefficient was determined with the utilization of
interference of a series of waves reflected from frontal planes of the crystal at a small
frequency change of these waves. This method is described in detail in paper [1].
Measurements were made in frequency range 0.2-1.5 GHz. The measurement
accuracy of the attenuation coefficient equals about 10%.

Phonon-phonon coupling constants were determined from intensity measure-
ments of light diffracted on harmonics of acoustic wave.

3. Results of measurement

Results of measurements of acoustic wave’s propagation velocity in pure and
with impurities GaP crystals are presented in Table 1. Values of ¢, ; constants were

Table 1. Propagation velocity of a longitudinal and transverse acoustic wave in GaP
(T=293 K, f =500 MHz)

tiparity ‘concentration Direction oij prgpagation Velogity
polarization : ms”!
pure [100], [100] 5864
[100]. [001] 4156
[110], [110] 6480
[111], [111] 6675
[100], [100] 5858
[1001, [001] 4150
e [110], [110] 6475
(1113, 1113 6670
[100], [100] 5862
6.5-102 [1001, [001] 5150
[110], [110] 6475
[111], [111] 6670
[1007, [100] 5835
1.9-1024 [100], [001] 4145
[110]. [110] 6468
[111], [111] 6665
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determined (Table 2). On the basis of known relationships between acoustic wave’s
propagation velocity and elastic constants:

/c
|4 00].[100] = L,
[100] 1 0
Ci1+Cip+20,,
V[1101,[110]= ——29—,
(1)

€11+2c,,+4c,,
V[111].[111] 10 3Q P

/644
V[xool.[oou 5 ?

Table 2. Values of elastic constants of GaP

Impurity $ 3 i
: LE 12 44
o 10'© Nm 2 10 Nm-~? 10 Nm~?
pure 14.195 6.231 7.132
7.7-10%° 14.190 6.252 7.110
6.5-10%% 14.140 6.260 7.110
1.9-10%¢ 14.058 6.280 7.094

And then angular distributions of velocities can be determined with the help of
elastic constants. Figure 2 presents an exemplary velocity distribution of an acoustic
wave in the XY plane in pure GaP. This distribution was calculated on the basis of
determined elastic constants, and theoretical relationships between wave’s velocity of
propagation in an arbitrary direction and elastic constants.

Preformed measurements prove that the acoustic wave’s propagation velocity is
smaller in crystals with impurities than in pure crystals. Greatest differences were
observed for a longitudinal wave in direction [100]. Whereas, in the case of
a transverse wave in direction [100] and longitudinal waves in directions [110] and
[111] much smaller differences were observed. This means that impurities cause the
¢,, constant to change the most, while elastic constant c,, and combination of
constants ¢, + 2c, , + 4c,, change insignificantly. Table 3 presents changes of elastic
constants: ¢,;, Cy5 Caq; calculated on the basis of velocity measurements of an
acoustic wave.

Performed calculations prove that the ¢, elastic constant changes the most and
the value of this constant decreases with an impurity concentration increase. The
value of the c,, constant decreases much less while the ¢, , constant is slightly greater
in crystals with impurities.
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[010]

@

Fig. 2. Angular characteristic of propagation velocity of a longitudinal wave a and transverse waves b, ¢ in
the X Y-plane in a pure GaP crystal

Table 3. Changes of elastic constants of GaP (4c;, = ¢;;(0)—c,;(n))

Impurity
1 Acy, dcy, Acy,
bz i 10 Nm~? 10'° Nm~2 10'® Nm -2
7.7:10%2 0.005 —0.021 0.022
6.5-10%* 0.055 —-0.029 0.022
1.9-10%* 0.132 —0.049 0.038

Figure 3 shows results of measurements of the attenuation coefficient for
a longitudinal and transverse acoustic wave in direction [100] in a pure crystal and
crystal with 1.9 x 10** m ™2 impurity concentration. Next to approximating lines
~— determined with the method of least squares — relationships between the
attenuation coefficient and frequency are given. Measurements prove that the
acoustic wave effect of damping is greater in crystals with impurities than in pure
crystals, and the difference incereases with a frequency increase.

Also the phonon-phonon coupling constant was determined for two crystallo-
graphic directions with the application of Bragg type diffraction of laser light on an
acoustic wave.
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Fig. 3. Wave attenuation coefficient versus frequency, direction of propagation — [100], 1 — longitudinal
wave, 2 — transverse wave with polarization [001] a — pure crystal, b — crystal with impurity concentra-
tion:1.9-10°* m~?

If an acoustic wave with frequency propagates in a crystal, then a wave with
frequency 2w is generated due to the anharmonicity® of interatomic forces. The
intensity of this wave is expressed by [2]:

I 2[2‘ 0 —2a,x  ,—0x\2
13 )(e ¢ ) e
8ov oty — 206

I,(x) =

where I,(x) intensity of acoustic wave with frequency 2w at distance x from the
transducer, I,(0) intensity of acoustic wave with frequency w; ¢ wave number of
acoustic wave with frequency w; «,, a, attenuation coefficients of acoustic waves with
frequency @ and 2w respectively;, I phonon-phonon coupling constant. This
constant is expressed by elastic constants of the second and third order

KV iV p (2b)

I' = (Cjipg Ok + Cijq1 Oxp + CirgpOip + Cijkipg) — 1
Cijia® 2NV
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‘where ¢, Cijkipg elastic constants of the second and third order, respectively, 7;,
unit vectors in the direction of polarization and propagation of acoustic wave
0, Kronecker delta. The I" constant is very helpful in considering the attenuation of
an acoustic wave in crystals. .

The phonon-phonon coupling constant was determined from expression (2a)
— intensity of light diffracted on acoustic waves with frequency w and 2w was
measured and it was accepted that these intensities are proportional to adequate
intensities of acoustic wave.

Measured values of the phonon-phonén coupling constant for a pure GaP
crystal and GaP crystal with impurities are given in Table 4. Measurements were

Table 4. Phonon-phonon coupling constant

Impurity
Direction concentration I

-3
m

pure €111
Ip=r
1.9-10%¢ €1y

~ N
H
W N

[100] {

ES

'S
H B
(ST V]

3+
191024 3ei+260,+404,

[110] { pure Scyyat3eyy5+24¢ 66

carried out for a longitudinal wave in directions [100] and [110] at frequency of
about 0.5 GHz. Also actual expressions for the phonon-phonon couplmg constant in
cubical crystals are given for these directions.

Hence, in the cause of experiments the influence of impurities on the pho-
non-phonon coupling constant was not stated. However, it should be added that the
accuracy of determination of this constant was not very high about 50% and
possible changes can be within the limit of error.

4. Interpretation of achieved results. Summary

The theoretical interpretation of achieved results is a rather complicated task and
requires the consideration of the effect of electron gas, as well as of ions of impurities,
on elastic properties of crystals. We will discuss the influence of electron gas on
crystals elastic constants only and, hence, on propagation velocity and attenuation
coefficient of an acoustic waye.

Figure 4 presents the band structure of GaP [4]. The energetic minimum in the
conduction band is found in the direction [100] and its is achieved on the boundary
of the Brillouin zone. Bacause there are six equivalent directions [100] then there six
equivalent energetic minima. All energetic minima in a not deformed crystal are filled
equally with electrons. Due to stress acting along one of the directions [100], the
energy in two minima, which are parallel to this direction, increases by the value
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Fig. 4. Diagram of band structure of GaP

2/3¢ and decreases in other four minima by the value 1/3s¢, where s is the
deformation of the crystal caused by acoustic wave, ¢ deformation potential
constant. This means that the number of electron decreases in two minima parallel to
the direction of propagation and at the same time increases in four minima
perpendicular to the direction of wave propagation. Changes of the number of
electrons in individual minima lead to a decrease of their total energy. It can be
proved [5] that the change of energy in the case under consideration is equal to
ol

2,09

9 kT

where n — electron density, k — Boltzmann constant, T — temperature.

G)

: ; } 4 ! . 1
From a comparison of this expression with elastic strain energy EACI .82, we have

a relationship between impurity concentration and change of adequate elastic
constant ¢, in this case

4

Due to the arrangement of energetic minima in GaP, the energy of electrons
during wave propagation in direction [111] changes equally in all directions, what
results in

cis =0, (5a)
ci1+2c,,+4c,, =0, (5b)

and correspondingly

A
Lyp = __(’;.i. (5¢)
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Measurements of propagation velocity of acoustic waves do not confirm above
considerations fully.

Propagation velocity changes of an acoustic wave in direction [100] are indeed
greatest, but also the velocity of a transverse wave in this direction undergoes
changes. This proves that the constant c,, changes to be sure. These changes are
smaller than changes of the constant ¢,, and occur in crystals with high concent-
ration of impurities. Similar results were achieved in paper [6] from investigations of
the influence of impurities on elastic properties of silicon.

While constant ¢, , slightly increases with the increase of impurity concentration.

It seems that the presence of ions of impurites in the crystal lattice is the main
reason for mentioned divergences. These tons change interaction and, hence, elastic
properties of the crystal.

From changes of the constant c,,, the value of the deformation potential
constant was determined

9kTic,,
An. ...

When we substitute calculated values Ac,, for adequate values of impurity
concentration, we obtain the following values of the deformation potential constant
¢: 153 eV, 17.5 eV and 15.9 eV. The average is approximately 16 eV. It is a value of
the same order as in other semiconductor materials.

Also intervalley transitions of electrons cause additional damping of the acoustic
wave in crystals with impurities.

It appears [5] that wave damping due to intervalley transitions of electrons is
expressed by

¢ = (6)

2
w*Ac;t

Ao = _—I-’, 7
20’ (7)
where o frequency of acoustic wave, 4c;; change of elastic constants in direction
under consideration, ¢ density t relaxation time which characterizes intervalley
transitions of electrons. Calculating the relaxation time from equation (7) we have

200°
AN P 8)

t@tdayion

Substituting achieved experimental results in the expression for a longitudinal
wave in direction [100]: 4o = 2dB/cm = 23 1/m for = 10° Hz, 4c,, = 0.132:10*°
N/m?, we have 1= 7310713 s

For other frequencies results of calculations are similar. Achieved values of
relaxation times are too great in comparison with actual values, because attenuation
increase in crystals with impurities is -also caused by ions from impurities. Yet, an
accurate analysis of this effect requires measurements at low temperatures when
thermal ionization of impurities does not occur.

Summing up, we can say that a significant influence of impurities on acoustic

7 — Arch. of Acoust. 3-4/89
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properties was stated in investigated crystals. The applied measurement method was
accurate enough to determine changes of propagation velocity and acoustic wave
attenuation coefficient in the considered range of impurity concentration. A full
theoretical interpretation will be carried out when results of measurements in helium
temperatures will be available.
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Institute of Physics, Technical University of Silesia Gliwice

When secking an explanation for the molecular mechanism of acoustic wave
propagation in liquids it was stated that theoretical considerations applying the Len-
nard-Jones type expression for energy can not serve this purpose. A certain molecular
interpretation of the ABL principle is proposed as a solution. On this path we obtain an
expression for propagation velocity of an acoustic wave in terms of space filling
a relationship between sound velocity and coefficient of viscosity and an expression for
intermolecular compressibility.

Poszukujagc wyjasnienia molekularnego mechanizmu propagacji fal akustycznych
w cieczach stwierdzono, ze takie rozwazania teoretyczne, w ktorych stosuje si¢ wyrazenia na
energi¢ typu Lennarda-Jonesa nie moga prowadzi¢ do celu. Jako probe wyjscia z tej
sytuacji proponuje si¢ pewna molekularng interpretacj¢ reguly ABL. Uzyskuje si¢ w taki
sposob wyrazenie na predkosc propagacii fali akustycznej w funkcji wypelnienia przestrzeni,
zaleznosé predkosci dzwigku od wspélczynnika lepkosci oraz wyrazenie na Scigliwosé
mig¢dzymolekularna.

1. Considerations of an elementary, i.e. molecular mechanism of acoustic wave
propagation in definite liquids require detailed information about the structure and
internal interactions in these liquids. But even in a case of simple liquids, such
informations are extremely scant. For example, data concerning free volume
achieved by Kittel and Eyring differ by an order of magnitude [1]. Table 1 contains
some values of free volume for several liquids at the temperature of 15°C, calculated
by Kittel and Eyring and presented in the mentioned paper. Considerable differences
between values of free volume determined by various authors with various methods
have been also pointed-out by Soczkiewicz [9].

It should be further mentioned that conclusions of considerations applying an
expression for intermolecular interaction potential energy of Lennard-Jones or
similar (e.g in a statistical integral) type can not be applied in considerations of the
elementary act of propagation of an acoustic wave. This act consists of effects taking
place between molecules and of effects occurring in the molecule itself. It this case the
compressibility of the molecule should be distinguished from intermolecular comp-
ressibility which is of kinetic as well as potential character anyway. The so-called
compressibility of liquid —compressibility measured in macroscale — is a certain
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Table 1. Values of free volume for chosen liquids at temperature of 15°C according to [1]

a3
: V;[—] x 10°
oL mol
Type of liquid
according to according to

EYRING KITTEL
Benzene 0.217 0.0509
Toluene 0.209 0.0454
Chlorobenzene 0.181 0.0357
Bromobenzene 0.155 0.0296
Carbon tetrachloride 0.251 0.0566
Chloroform 0.271 0.0591

resultant of mentioned compressibilities. If we include molecules’ own volume then
we find that the potential field in which molecules move has nothing to do with the
Lennard-Jones potential. Molecules as point sources of forces introduce an
idealization which falsifies these details of the liquid’s molecular structure which are
necessary in considerations of the elementary process of acoustic wave propagation.
However, sometimes certain segments on the diagram illustrating potential energy of
molecule interaction in terms of distance r, described with the Lennard-Jones
formula,

b
o(r) = —%+r—,. (1)

are accepted as corresponding with the diameter of molecules; but this is logically
delayed reasoning. This is so, because first of all conclusions are drawn at an
assumption that molecules are point sources of forces then the diameter of molecules
is defined as if the regard of the molecule’s own volume did not change anything
significant. f

It results from the above that we should give up Lennard-Jones type expressions
and models based on such expressions when seeking a relationships between
propagation velocity of acoustic wave and quantities which characterize the actual
structure of the liquid.

So all we can do in this situation is consider empirical data expressed in adequate
principles and try to explain these principles in molecular terms. The theory requires
information resulting from this procedure, not the other way round. It is natural that
these informations can not be influenced by such side effects like molecule
association or relaxation. Therefore, we will be concerned with simple liquids and
with frequency range much below relaxation frequency in these liquids.

2. In the course of research on acoustic properties of liquids many empirical
formulae have been formulated and later it became evident that they are not so
accurate or not so universal as it seemed at the beginning (e.g. RAo rule, WADA
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principle). To us it seems that the Aziz, BowMaN and LM principle [2] proved itself
most accurate. Further on we will use the notation — ABL principle, for short.

According to this principle propagation velocity of an acoustic wave (w) is
directly proportional to density (g) independently of the fact whether density changes
are caused by temperature changes at constant pressure or pressure changes at
constant temperature. In other words, expressions (Ow/0g), and (Ow/Og)r are
constant quantities.

Let us consider expression (Ow/0g), = const, which can be expressed in the
following form

A

w = ?+ B, (2)

where V is the specific volume of the liquid, 4 and B are constants dependent on
kind of liquid.

Let us extrapolate in our minds and imagine that volume V decteases to
a possibly smallest value ¥}, when molecules touch each other. We have

limw = lim (%+ B)
V=¥bp
or (3)
wp = VD+ &

Quantities w,, and ¥, can not be physically reached, but they are a result of formal
extrapolation.

Now we can note

A A
W—wp = A
so the propagation velocity of an acoustic wave in liquids can be written in the
following form

A V=V,
vigs e

This expression shows how the wave’s propagation velocity depénds on “space
filling”. Coefficient 4 can be eliminated due to logarithmic differentiation of formula

(4). Then we have
L (W) _ 1 () _1(ov
w—w,\dT/,  V=¥,\0T/, 0T/,

()
oT), V-V (43

w=w,,+;,1 @K v,
v\aT1/,

4

w=w,

or
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1/0
Quantities 4 and B in expression (3) or (2 T) and ;(59 in expression (4a) should

be determined from experiments and in this case these expressmns are equivalent.
Still, volume ¥, remains unknown.

We will take advantage of liquids viscosity isochores in order to determine V), It
results that liquids viscosity depends only on volume for a definite mass; it is not
effected by temperature or pressure [3]. Such behaviour is a certain analog of the
ABL principle for sound velocity.

The relationship between viscosity 1 and specific volume V(or molar V™) at
constant atmospheric pressure is, as we know, expressed by the BAczyNsk1 principle

[4]

C
R, 5
=y e
where C and V), are constant quantities for a given liquid.
BaczyKski stated good conformity of this rule with experiment for 68 liquids
which do not associate. The average value V}, was determined by him at 0.307 ¥

} Wy
(V, — critical volume); it is close to the value of copstant b il V, in the van der

Walls equation.

In further considerations we will call quantity V, = V-V, from expression (5)
— free volume. We are aware of the fact that the term-free volume has different
meaning in various papers. This does not cause problems when the term used in
a definite paper is explicitly defined. The above can be an explanation for great
differences between values of free volume achieved by various authors.

If we notice the boundary value of the rearranged ABL expression

A
Wp = VD+B

then an assumption can be made that the given V}, value is a quantity corresponding
with the highest possible density of the liquid and that it corresponds with quantity
¥V, in BaczyNskr's formula, because for ¥V =V}, we have n = co. Now, we will check
again the rightness of this assumption. We will calculate ¥, from (3) and ¥}, from (5)
and compare these values with each other. So we have a relationship w(n)

A A
wD=7+B=—C+B. (6)
D " Wnd
n
While expression (4) assumes the following form
4l AV-V, g oAl
¥.tarpd JHTT Petng
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what means that the propagation velocity of an acoustic wave (w) depends on the :
coefficient of viscosity (1) as

w=a+ v (7)
where coefficients @ and b can be easily determined from the ABL principle or
BACZYNSKI'S principle.

Or course relationships (4) and (7) can be applied in the range of application of
mentioned above principles.

Values of the w,, quantity for certain simple liquids at the temperature of 20°C
are given in Table 2; while values of w), for the same liquids at different temperatures
can be found in Table 3.

We can notice that the w;, quantity was found constant for tested liquids and
independent of temperature (the difference between maximal and minimal value of
wp, does not exceed 0.2+0.5% of the average value); while the ratio of w, and

Table 2. Values of w;, for some simple liquids at temperature of 20°C

C-10® A B w Wy
Type of liquids m? m* m m [m], s
5L sl [EHART | ~
n-heksane 6.484 4.950 —2163 | 1099.9 1605 1.459
n-heptane 6.658 5.032 —2286 | 1152.7 1582 1372
n-oktane 7.145 5.107 —2392 | 11931 1561 1.308
n-nonane 7.810 5.060 —2403 | 12270 1538 1.254
benzene 5.764 4272 —2427 | 13270 1646 1.240
toluene 5.594 4473 —2542 | 13300 1678 1.261
carbon tetrachloride 4.752 1.591 | —1597 | 1937.8 1153 1.229
chloroform 4.695 1.785 —1654 1001.0 1380 1.379
methyl ethyl ketone 5.989 4.086 —2069 | 1217.0 1642 1.348

Caution: values of w for the first four liquids come from paper [7], while for other liquids from paper

[8].

Table 3. Values of w, for some simple liquids at various temperatures

(°C] Aw,
Type of liquids —["/]
0 10 20 30 40 50 60
n-heksane 1605 | 1606 | 1605 | 1605 | 1606 | 1606 | 1605 0.03
n-heptane 1587 | 1584 | 1582 | 1581 | 1582 | 1584 | 1587 | 0.41
n-oktane 1567 | 1563 | 1561 | 1561 | 1563 | 1564 | 1571 0.40
n-nonane 1541 | 1538 | 1538 | 1537 | 1538 | 1538 | 1540 0.25
benzene — | 1648 | 1646 | 1645 | 1644 | 1645 | 1647 | 0.22
toluene 1684 | 1680 | 1678 | 1676 | 1675 | 1675 | 1675 0.53
carbon tetrachloride 1159 | 1155 | 1153 | 1153 | 1153 [ 1154 | 1156 0.55
chloroform 1382 | 1381 | 1380 | 1380 | 1381 | 1381 | 1381 0.10
methyl ethyl ketone 1645 | 1643 1 1642 1 1642 1 1642 1 1643 1 1644 | 0.18
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experimentally measured value of sound velocity w decreases from liquids with small
ratio of space filling (e.g. n-hexane) to liquids with high ratio of space filling (e.g.
n-octane or carbon tetrachloride).

We calculated values of sound velocity for several chosen simple liquids from
formula (7) using previously found values of constants: 4, C, ¥, and compared them
with experimental values. This confrontation is presented in Table 4.

In our calculations we used values of coefficients of viscosity for these liquids
from THORPE’s and RoDGER’s paper [5] and specific volumes were determined from
international tables of physical data [6]. Values of sound velocity in presented liquids
have been taken from BoELHOUWER'S paper [7] and LAGEMANN'S and WOOLF's paper
[8].

Data presented in Table 4 proves that expression (7) gives values of sound
velocity consistent with experimental values; the standard error in the range 0+ 60°C
is equal to approximately 1% for all tested liquids.

It is sometimes more convenient to determine characteristic quantities ¥, and
V, = V—V,, omitting the constant parameter C in Baczynski’s formula. Logarith-
mic differentiation immediately changes Baczynski's expression into

1oV = 1fon
E(ﬁ)p T ‘a(ﬁ); &

Hence
1 (a V)
v\oT/,
Vi=-V T, (9a)
n\oT/,
and
sy
V\oT/,
Vp=V=V, =V 1+1—(6'—?j— = (9b)
n\oT/,
or from expression (4a)
1 (aw)
w\o T/, (10)

Wp=w 1+i_6V +l@
V\oT/, n\oT/,
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A decision should be made: in every separate case whether it is more convenient to
use parameters 4, B, C in discussed principles, or relative thermal coefficients in
accordance with formulae (9a), (9b) and (10). These coefficients not always can be
determined with desirable accuracy for example. This is in case when there is few
measuring points. Let us also notice that the relative temperature coefficient of the
relative thermal coefficient can be considerable. Because for an arbitrary physical
quantity x we have

0 (l_ax) 0%x

9T\x oT, 1 9x oT?

_l a_x — —;'ﬁﬂ-—-g. (11)
oT

x\oT,

’ . e S L A0
Also for this reason the possible error of determination of coefficient ;(6_:) can lead

to a not too accurate temperature dependence.

Values of molar volumes V™ and V7 calculated from formulae (9a) and (9b), and
wj, determined according to formula (10) for a group of chosen simple liquids at the
temperature of 20°C are given in Table 5. Table 6 presents the Vj/V; ratio which is
a certain measure of space filling. Calculation results presented in Table 5 and
6 prove that very similar wy, values are achieved from formulae (6) and (10), and that
the factor of space filling defined by the V,/V, ratio rapidly decreases with
a temperature increase.

Table 5. Values of V7, ¥} and w), for some simple liquids at temperature of 20°C

v™-10° | Vp-10° . Wy Wp/W
D
Type of liquids e
m? m? m
[—] [—] —] Egq. (10) | Eq. (6)
mol mol LS
n-heksane 17.40 113.26 6.51 1618 1.471 1.459
n-heptane 16.60 129.99 7.83 1601 1.389 1.372
n-oktane 15.35 147.33 9.60 1570 1.316 1.308
n-nonane 14.03 164.69 11.74 1554 1.258 1.253
benzene N22 81.65 11.31 1670 1.258 1.240
toluene 9.16 97.27 10.62 1197 1.277 1.262
carbon tetrachloride 791 88.57 11.20 1170 1.247 1.230
chloroform 9.91 70.27 7.03 1393 1.390 1.378
methyl ethyl ketone 8.59 66.08 7.69 1652 1.356 1.348
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. Table 6. Values of V/V, ratio in terms of temperature for some simple liquids

t[*C]
Type of liquids

0 10 20 30 40 50 60
n-heksane 7.95 719 | 651 5.90 5.36 4.87 443
n-heptane 9.04 8.42 7.83 7.32 6.73 6.21 572
n-oktane 11.16 10.35 9.60 8.89 8.22 7.89 6.99
n-nonane 14.59 13.28 11.74 10.34 9.51 8.51 7.69
benzene g 12.74 11.31 10.09 9.05 8.14 7.34
toluene 13.01 11.74 10.62 9.63 8.75 7.95 122
carbon tetrachloride 16.23 12.83 11.20 9.71 8.64 7.89 T35
chloroform 841 7.69 7.04 6.43 5.87 5.34 4.86
methyl ethyl ketone 9.37 8.47 7.67 7.00 6.39 5.84 5.36

3. We can also determine the compressibility of intermolecular space .. If we
neglect changes of molecule’s volume with respect to changes of intermolecular
distances during deformation of liquid, then, because V = V,,+ ¥, and V,, = const, we

have
(@)= )
op/)r \Op)r
_1V(6_V) g _%(a_",) o _5.1(%)
op)r aPI T V V,\op T

4=l (12)

or

Hence, we have

Taking advantage of expression (9a) we achieve a formula for intermolecular
compressibility

A

- V__ n\oT/,

ﬁ,—B;,:— B————l T (13)
o),

P denotes effective compressibility of liquid determined from acoustic measurements
here.
The temperature dependence f, cati be determined through logarithmic differen-

tiation
L(og) _1(0V\ 1(0B) 1(ov
i &), = 3{e7), 560, -7, a9
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Taking into consideration that

& 2

b=mw. ® Py,
and applying expression (8) we reach

L(og,) _,[1(aV) _L(ow\ 7, 1(on
ﬁ:(ﬁ);z[v(ar)p W(aT)p]+ﬂ(aT)p' 54

Absolute values of f, and temperature dependence of f; for chosen simple liquids are
given in Table 7.

Table 7. Values of intermolecular compressibility for some liquids at temperature of 20°C

10 10 ﬁs aBs 12 1 aﬁs
fx10 B, x 10 5 aTx 10 ﬁs(BT)x
Type of liquids
[gﬁ] [m’] [mz J1
n n n-k 64 [k
n-pentane 14.98 89.72 5.99 +31.45 +35.06
n-heksane 12.53 94.11 7.51 +7.89 +8.38
n-heptane 11.01 97.20 8.83 —8.96 —-9.22
n-oktane 10.00 105.94 10.60 —31.14 —29.39
n-nonane 9.25 117.86 12.74 —60.23 —51.10
benzene 6.46 79.54 12.31 —43.02 —54.09
toluene 5.54 75.99 11.62 —30.36 —3995
carbon tetrachloride 7:13 86.92 12.20 —49.35 —56.78
chloroform 6.69 53.76 8.04 -3.7 —6.90
methyl ethyl ketone 8.38 72.78 8.69 —-11.39 —15.65

Among 20 investigated simple liquids only lighter aliphatic hydrocarbons
(n-pentane, n-hexane) had a positive temperature coefficient of intermolecular
compressibility. The compressibility of all other liquids decreases with temperature
at constant pressure. To us it seems that this can be explained by the fact that the
lightest hydrocarbons have much smaller space filling than higher homologues
compare with results obtained by SOCZKIEWICZ [9]. It this case intermolecular
compressibility will be mainly of kinetic character, because the actual potential well
is much more flat than in a case.of high degree of space filling, when the
.compressibility will have potential nature. Such a conclusion finds confirmation also
in KrzAK’s research [10]. Yet, it will be possible to draw more detailed conclusions
when the temperature and pressure dependence of intermolecular compressibility
will be investigated for a much greater number of simple liquids. We plan to continue
our research.

We consider investigations of above mentioned dependencies particularily
important in understanding thermal motions of liquids molecules and of the method
of transmission of an acoustic pulse in liquids. Also, we consider the application of
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a model of an ideal solid body (sphere-spring type) or perfect gas model to these
problems groundless, because we accept that the liquids intermolecular compres-
sibility has kinetic character as well as potential even in such a case when we accept
the bottom of the potential of intermolecular interactions is flat.
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The paper deals with the results of investigations an n-Si surfaces, obtained by
determining acoustically the parameters of fast surface states in semiconductors. This new
method is theoretically based on the analyses of the influence of surface states in
a semiconductor on the propagation of a Rayleigh surface wave in a layer system of
piezoelectric and semiconducting layers. It is possible to determine the effective life time t of
the charge carrier of fast surface states, as well as the velocity of recombination, g, of the
carriers in these states.

Praca przedstawia doswiadczalna weryfikacj¢ metody (zaproponowanej wczesniej
przez autoréw) pomiaru czasu zycia oraz predkosci rekombinacji nosnikéw. Pomiary
przeprowadzono wykorzystujac rozne podloza piezoelektryczne i rézne warunki pomiaru
proznia, gaz obojetny. Otrzymane wyniki potwierdzaja przydatno$¢ zaproponowanej przez
autorow metody.

1. Introduction

The papers deals with the results of investigations on n-Si surfaces, obtained by
determining acoustically the parameters of fast surface states in semiconductors. This
new method is theoretically based on the results presented in [3], where the author
analyses the influence of surface states in a semiconductor on the acoustic
propagation of the Rayleigh’s surface wave in a layer system of piezoelectric and
semiconducting layers. Making use of the effect on the interaction of a surface wave
and the charge carrier in the semiconductor, to which a longitudinal electric drift
field is applied, it is possible to determine the effective life time 7 of the charge carrier
at fast surface states, as well as the velocity of recombination g of the carriers by
these states. :

The idea of determining the parameters T and g consists in the determination of
the frequency characteristics of relative changes of the critical drift field [3]:

E,,—E%: _AEi _g ot
e Vy TharT

(1)
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where E,., is so-called critical field (the value of the electric field applied to the
semiconductor in the direction of propagation of the surface wave, at which the
electronic attenuation coefficient of the surface wave is equal to zero), Ef, =
Vi/io; #o — volumetric mobility of the carriers in the semiconductor, V,,
@ — velocity and frequency of the acoustic surface wave; g — velocity of
recombination of the charge carriers at the surface states in the semiconductor:
1 — life time of the carriers in surface states.
Basing on the position of the maximum (Eger/ES:t)max» ON the frequency axis in
the characteristics (Eg/ES:) = f(w) we determine the value of t:
T =

1
ey (2)
wm
where w,, corresponds t0 (Egcc/Efee)max-

The velocity of recombination g is determined by means of the relation

AEe;
=), ®

Paper [4] discusses in more detail the theoretical principles of this method the
measuring position, as well as the measurement results of the parameters 7 and g of
surface states in n-Si obtained in atmospheric air.

The present paper deals with the results of investigations on n-Si, previously
subjected to a change of the energetic structure of the surface. As the investigated
parameters t and g are affected by external conditions [1, 6], measurements were
made taken in vacuum, in various atmospheres surrounding the semiconductor, at
various pressures and various temperatures. For this purpose a special vacuum
system was constructed, from which it was possible to remove various gases, and in
which the silicon sample could be heated up to a temperature of about 1000 K [5].

The procedure of measurements was the same as that described in [4]. The
measurements were carried out on the same measuring stand, supplemented by
a vacuum system.

For the sake of comparison, the results of the present paper and those presented
in [4] concern the same silicon sample, wave-guide substrates BGO, LiNbO,,
frequencies of the surface wave (within the range of 2+200 MHz) and values of
electric conductivity (¢, = 3[Qm]~ !, o, = 5[Qm] ™!, ¢, = 10[Qm] "' of the n-Si
sample.

Changes of the electric conductivity of the n-Si sample were achieved by
illuminating it with a halogen lamp.

2. Measurements of the parameters of surface staten in silicon in vacuum
Both, the electronic attenuation coefficient o, of a surface wave and the critical

drift field E,, have been measured in the piezoelectric silicon system situated in
vacuum the pressure in the measuring chamber amounting to 5- 10~* hPa.
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Figure 1 provides exemplary characteristics of the electron attenuation coefficient
2, as a function of the electric drift field E, in a semiconductor.

Figure 2 demonstrates the frequency characteristics of relative changes of the
critical drift field (characteristics No. 1). The numerically determined parameters
7 and ¢ are equal

7 =(7.704+0.6)-10"% s,
g =900 +70 m/s.

a,
Aeme  — 6 1 a4
nd g (85 Y
[ 95 <.
s S 6‘3' 2 4_“" J'/K
A
/4
5500 600 0 N ,{ “l8oo L‘W‘ E, [Vlem]
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7y iy =20 MHz
,9’;.4) BGO-Si
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*hmrL § e
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: -5
QR p— 6 ’e,—‘
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g : : f =28 MHz
il LiNbO, -Si
L] 20 ;

Fig. 1. Exemplary characteristics of the electron attenuation coefficient «, for various photoconductivities
of Si these measurements were made in vacuum
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256 A. OPILSKI, T. PUSTELNY

a1

BGO-Si

i L

0 0 20 30 0 50 60 W 80 (MHzI

Fig. 2. Frequency characteristics of relative changes of the critical drift field AE 1o/ En.. = flw) in the case of
measurements: I — in vacuum, 2 — about 30 hours after the aeration of the measuring chamber,
3 — about 50 hours after the aeration of the measuring chamber

As a criterion of the conformity of the experimental characteristics with the
relative changes of the critical drift field and the theoretical characteristics (Eq. 1)
a correlation factor was applied.

The correlation factor for the measurement results and the theoretically predicted
function of relative changes in the critical field is corr = 0.960.

Such measurements of the critical drift field were taken about 30 and 50 hours
after the aeration of the measuring chamber (Fig. 2, curves 2 and 3).

The values of the parameters v and g have been gathered in Table 1.

The electron attenuation coefficient o, and the critical drift field E,, as a function
of the time in which the semiconductor sample was kept in vacuum have been
measured, too. Fig. 3 gives a comparison of the characteristics AE;, JE%; = f(w) of
measurements obtained immediately after the piezoelectric semiconductor system
had been placed in the vacuum chamber and after about 50 hours. The appa-
rent differences are due to the fact that the vacuum used in these measurements
(5-10~* hPa) could not secure and immutability of the silicon surface.

Table 1
About 30 hours About 50 hours
In vacuum ,
after aeration
T [s] 7.7-107° : 6.3-107° 50-10°°
ety 900 1100 1200
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Fig. 3. Relative change of the critical field in the case of measurements in vacuum: I — immediately after
the system had been placed in the vacuum chamber, 2 — after about 150 hours

3. Measurements of the parameters of surface states
in silicon in the atmosphere of inert gases
The parameters of surface states in silicon placed in an atmosphere of inert gases

(helium of spectral purity and argon applied for technical purposes) were measured
by means of the described method.

AEE#,
dkr
04
03 / | e _‘f
/_- | /*/ . O .
A ,1/ [
/ /:1 | |
Z 2t
5”7 I
02 ‘< | |
| |
|
el
i
et 4
b
o1 . lum?|wf."2 % lwml - w/2mT,
sl 10 20 30 40 50 60 70 80  [MHz]

Fig. 4. A comparison of the characteristics 4E, /Ej = f(w) resulting from measurements in: I — air,

der
2 — argon, 3 — helium
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The pressure of argon in the measuring chamber was 950 hPa, that of helium
about 200 hPa. The results of these measurements are gathered in Fig. 4.

4. Measurements of the parameters of surface states in n-Si after heating

in vacuum and in the atmosphere of water vapour

The structure of surface energy in silicon had been previously considecably
changed.

As we know from literature, the parameters of fast surface states in silicon are
strongly influenced by the heating of the sample in vacuum temperature 400 K [7].

Another method of changing of the parameters of fast surface states in silicon
consists in the heating at a temperature of about 700 K in saturated water vapour
[2]. The results of measurements of the relative changes of the critical drift field
obtained in these cases are to be seen in Fig. 5.

AEF,,,.

Edkr

06

04

03 —=%

e

02 \ 2
% e T

o1 e

g

wA2T
0 20 40 60- .80 100 120 140 160 180 [MPal

Fig. 5. Relative changes of the critical field AE‘,“,/E?cr = f(w): 1 — in vacuum immediately after the system
had been placed in the measuring chamber, 2— after heating in vacuum, 3 — after heating in steam

For the sake of comparison Fig. 5 contains also the characteristics obtained in
vacuum. The parameters of the surface states for all these three cases are gathered in
" Table 2. This comparison shows that the heating of silicon in vacuum results in an
increase of the life time of the carriers in the surface traps and in a reduction of the
velocity of recombination g at the surface. After heating in steam the life time in the
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Table 2
After heating
In vacuum in vacuum 1 in steam
T [s] 7.7:107° 1.6:10°# 1.8-107°
m
g [~] 900 450 3400
s

trape decreases, whereas the velocity of recombination rises. The obtained changes
directions of changes of the parameter values of surface states are conform with the
predictions [1, 2, 5-7].

5. Recapitulation

The results of measurements discussed in the present paper confirm the
theoretical predictions concerning the possibility of determining the parameters of
fast surface states in semiconductor by means of acoustic measurements. The values
for the life time of charge carriers in fast surface states obtained by means of the
acoustic method as well as the velocities of recombination g of the carriers by these
states agree with the predictions.

The acoustic method has made it possible — and this is of great significance — to
measure simultaneously two important parameters of fast surface states in a wide
range:

— the effective life time 7 in the traps within the range 107'°4107¢ s,
— the velocity of recombination g up to 10* m/s,

In this range of measurements the method in question is one of few. Compared
with other methods, the proposed acoustic method is relatively exact. The errors of
tand g including all the results presented in this paper do not execed 10%. From the
viewpoint of complexity measurements the discussed method is fairly simple being
also non destructive. It is one of the few methods of dynamic measurements of
parameter of surface states in a frequency range up to several hundred MHz (and
even more).
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Measurements of the acoustic emission (AE) count rate or count sum as well as the
RMS value have been carried out by the use of the different AE analysers and the testing
machines. Specimens of the Armco iron, 45 steel, 45 HNMFA steel, bearing steel LHI5,
beryllium bronze BB2 and the alloy of the maraging type NI8K9MST and PA2N alloy
have been tested. Two kinds of specimens of St90PA carbon-manganese steel have been
tested, too: from new railway rails and from the 10-th year long exploited rails. AE
characteristics and the results of the Kaiser and Bauschinger effect measurements have been
presented.

Pomiary gestosci lub sumy zliczen emisji akustycznej (EA) oraz wartosci skutecznej
RMS zostaly wykonane za pomoca roznych analizatorow EA i maszyn wytrzymalos-
ciowych. Zbadane zostaly probki z zelaza Armco, stali weglowej 45, stali sSHNMFA, stali
lozyskowej LHI15, brazu berylowego BB2, stopu typu maraging NI18K9IMST, stopu
aluminium PA2N oraz stali weglowo-manganowej St90PA w dwoch odmianach: wykona-
nych z szyn kolejowych nowych i z szyn wyjetych z toru po 10 latach eksploatacji.
Przedstawionio charakterystyki EA wszystkich tych materialéw oraz wyniki pomiarow
efektu Kaisera i efektu Bauschingera stali St90Pa.

1. Introduction

Acoustic emission (AE) results in the propagation of the elastic waves in
deformed material due to the release of its locally accumulated elastic energy [1]. AE
sources can be concerned in three scales, that is: macro, micro and submicro scale.
Bibliography of the problem distinguishes several sources of the AE, such as: motion
of dislocations [1, 2], internal friction, initiation and propagation of crack [3-9],
stress corrosion [1] or phase transitions [10]. Motion of dislocations seems to be the
most important source of AE. It happens because the rest of the above mentioned
sources are triggered, in direct as well as in indirect sense, by dislocations.
Particularly, the unsteady motion of dislocations is accompanied by acoustic effects.
Acoustic activity of the specimen significantly grows with decreasing velocity of
dislocations due to the presence of obstacles on their way [1].
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Quantitative results of AE measurement depend on the kind of tested material, its
internal structure, kind and intensity of loading, value of self stresses, state of the
interface and on many external factors. Variety of the mechanisms generating the
acoustic signal and the influence of many factors causes that every kind of the
material as well as the materials of the same chemical composition but of the
different grain size or different internal structure, have their individual acoustic
characteristics. These characteristics must be recognized before the investigations
leading to the formulation of the opinion on the structure and to the estimation ot
the structure deformations due to the crack growth, are initiated. In this way before
the beginning of the investigations of applicable value concerning structures and
machines, AE characteristics of their material should be obtained first. These
characteristics are next used as the reference base in further tests.

The present paper is the continuation of previous work [1]. Possible differences
in AE characteristics obtained for different materials are discussed. Possible
applications of the AE method in determining some properties of the normalized
carbon-manganese St90PA steel are also discussed. AE measurements for the
materials in different state have been conducted during static strength tests. In this
number exploited materials of the different age have been tested. In the St90PA steel
tests the influence of the experiment conditions on the AE results have been verified.
Three different test stands existing in two different laboratories have been applied in
these works. The significant influence of disturbances both on the experimental
results and on the necessity of verification of test apparatuses and conditions is
connected with this fact.

2. Test apparatuses

Tests of the AE of all investigated materials except of the St90PA steel and the
PA2N alloy have been done at the Zentralinstitut fuer Festkoerperphysik und
Werkstofforschung of the German Democratic Republic Academy of -Sciences in
Dresden. Tests have been carried out for the test apparatus composed of the Trodyne
AE analyser and the Zwick 10T testing machine of the strength power of 100 kN. The
SIMS (Structural Integrity Monitoring System) module has been the basic element
of the apparatus for AE measurements. This module contains systems for analog and
digital processing of the acoustic signal (Fig. 1). Polish and German piezoelectric
resonance transducers, PP, have been used in the measurements. Their resonance
frequency has been equal to 200 kHz. The EA head has been connected with the first
preamplifier PA1, by a doubly shielded cable of the length of 20 cm. Preamplifier has
amplified the input electric signal by 40 dB. The low frequencies of the signal have
been eliminated by virtue of the high-pass filter HPF. Frequencies lower than 100
kHz have been eliminated. Two independent cables leaded out the signal from the
HPF filter. Two additional preamplifiers PA2 and PA3 have been used in secondary
amplification of the signal. The SIMS system has contained, among the others, the
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channel 2

channel 1

it 4

Fig. 1. Block diagram of the AE analyser

following equipment: high-pass filters, discriminators and system of the signal '
processing. These systems have produced classical parameters measured by the AE
method, such as count rate and count sum, event rate and event sum and the RMS,
that is root mean square of the acoustic signal. The output No 1 of the SIMS system
has been giving the signal of the count rate in the digital form. Its value have been
visible by use of the L1 counter. Next the signal has been passing through the
digital-analog converter DAC. The converter has been integrated with the LI
counter. Then the signal has been registered by a multimanual y-t recorder. The
averaged acoustic signal has been obtained from the second output channel of the
SIMS system. This signal has been next amplified by the amplifier W and directed to
the oscilloscope 08, digital-analog converter DAC, counter L2 and the milivoltmeter
MV20 and y-t recorder.

Tests of the St90PA carbon-manganese steel have been carried out in Warsaw.
The following three test apparatus have been used:

1. Set for AE measurements (AE analyser) type E1 manufactured by Institute of
Nuclear Research, Poland, together with the DZM 180 printer and the Instron 1251
testing machine of a hydro drive.

2. Set for AE measurements the same as for set-up 1, the mechanical drive testing
machine manufactured by Schoper company, German Democratic Republic. Tensile
force of this machine has been equal to 100 kN.

3. Set for AE measurements type DEM A-10 manufactured by ZD Techpan, PAS,
Poland, and the hydraulic press of the load 1500 kN colaborating with the reverser
manufactured by the High Pressure Center, Unipress, Warsaw.

Acoustic investigations of the St90PA steel have been carried out by using these
three test stands. Analogous experimental program has been used every time. Basic
AE parameters such as count rate, and sum and event rate and events sum (excluding
RMS) have been determined by employing of the four-channel AE analyser type E1
and one-channel analyser DEMA-10. High sensitivity and the low level of the
self-noices are the characteristic properties of these analysers. Their sensitivity is
comparable with the sensitivity of the SIMS set. Low resistance on the external
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disturbances, specially on the influence of the alternating electromagnetic field is also
the characteristic property of the analysers used. Experiments have been conducted
in two different laboratories. There have been a lot of working equipment in the first
laboratory. Sources of significant electromagnetic distrubances have been present in
this laboratory.

Test apparatuses No- 1 and No 2 have been used in the first laboratory. The
second laboratory has been organized so that it has been isolated from any
disturbances. Test apparatus No 3 has been situated in this laboratory what allowed
us to estimate the influence of disturbances on the measured AE parameters.

Investigations of the PA2N alloy have been conducted in the Institute of
Fundamental Technological Research of the Polish Academy of Sciences by the use
of the testing machine Instron 1251 and the AE analyser manufactured by the
French company Audimat P. Because of the worse quality of the Audimat
P analyser, manifested mainly in the high level of its self-noices, results obtained by
the use of such an analyser cannot be quantitatively compared with other results.

3. Material and testing technique

The following materials have been used in experiments: Armco iron, carbon steel
45, 4SHNMFA structural steel, EH15 bearing steel, BB2 beryllium bronze, type
N18K9MST maraging dispersion hardening alloy, PA2ZN aluminium alloy and
St90PA carbon-manganese steel of two varieties: new and exploited within 10 years
railway rails. Table 1 shows the chemical composition of these materials and Table
2 shows some of their mechanical properties.

Ten or five-times cylindrical specimens as well as flat specimens have been used
for tests. The main dimensions of the specimens and way of their attachment in
testing machine are shown in Fig. 2a. St90PA steel has been tested for the 10-times
specimens on three test stands (see Chapter 2) and the PA2N alloy for flat specimens
(Fig. 2b) on the Instron 1251 testing machine. Five-times specimens of the
4SHNMFA, EH15, BB2 bronze and N18K9MST alloy have been tensed by the use of
Zwick mechanical testing machine. Value of the tensile load has been registered by
the pen of the testing machine and together with the AE results on the y-t plotter.
The force signal has been intensified by the WS amplifier, Fig. 1, and registered by
y-t plotter and L3 counter. Use of the L3 counter allowed the on-line control of
tensile force value. L3 counter has been used mainly in establishing the initial tension
of the specimen after it has been attached to the handles of testing machine. It has
been also used to reduce the axial clearance in handles.

Specimens have been stretched in testing machine by the use of the special handles,
Fig. 2a, endowed with washers damping mechanical disturbances from mechanical
and hydraulic elements of the drive. Stretching rate of the 5-times specimens has been
equal 0.5 mm/min and the approximate rate for 10-times specimens was | mm/min
what corresponds to 2.78 - 10~ * s~ ! in the relative measure when the active length of
the specimen is taken into account.
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Table 2. Mechanical properties of tested materials

! S a, A Necking Hardness
kol MPa MPa % % HRC
Armco 155 230 26 65 -
45 327 500 24 60 -
St90PA new 600 1010 10 19 30
St90PA expl. 525 985 10 19 30
45HNMFA 1530 2040 10 32 52
1375 1500 12 34 42
LH15 1780 2470 0.5 - 60
NI18K9MS5T 1730 1910 10 36 50
BB2 890 1160 2 - 36
PA2N 180 270 - -
a)
dfa specimen
g 3 | g5 :
wl 5 i flexible damping
B s | element
holder

piezoelectric
%' | transducer
|
B

b)

|
|
|
|
|

2l 4§l

. 210

Fig. 2. Specimens for tensile testing: a) Cylindrical specimen in special holder; b) Flat specimen from
PA2N alloy

Beam specimens have been used for establishing the characteristics of the St90PA
steel in bending. The same specimens have been used in Bauschinger effect
investigations. Their dimensions were 20 x 30 x 240 mm?®. Bended specimens have
been strained with the velocity of the testing machine traverse shifting equal to
2 mm/min.

In the AE analysers type E1 .and DEMA-10, transducers type 0.5LR17B
manufactured by Unipan have been used. The amplification of the preamplifier was
40 dB and the transmitted frequency band was 60...250 kHz. Discrimination
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level and amplification of the main amplifier were different for each set. Their values
are shown in the diagrams presenting the results of the measurements. These
parameters have been related to the conditions of external disturbances and to the
possibilities of the adaptation to the parameters of the cooperation with another
equipment. The AE converter and transmitted frequency band have been calibrated
experimentally by use of the equipment for AE simulation.

4. Acoustic emission characteristics of tested materials

The AE characteristics have been obtained for 8 different materials. Taking into
account tests of two materials (45 HNMFA and St90PA) with two variations and
remembering that one of them has been tested on three apparatus, the total amount of
14 different characteristics has been obtained. At least 5 specimens have been tested
for each testing group. Good repeatability of the results obtained for each group has
been found. Representative characteristics of all the tested material are presented
below.

For most materials the following characteristics have been obtained: tension
curve, count rate and RMS. In many cases the nature of changes of all the AE
parameters obtained for the given material is similar. These parameters are count
rate and count sum, event rate and event sum and RMS. Usually, the parameters like
count rate and event rate can be used interchangeably and we can notice that when
one of them is known, then the information about the acoustic features of the
material is sufficient. On the other hand, there are materials for which differences
between characteristics presented in the form of the count rate and RMS are
appreciable. Results of the AE measurements are presented together with loading
curves. Both curves have been registered simultaneously and should be interpreted as
the inseparable pair when the AE characteristics of the materials as well as the
Kaiser effect are consideréd. Certain differences between the obtained loading curves
and the ideal curves must be noticed. Ideal curves are obtained when the tensile force
and the specimens elongation are registered simultaneous by the tensometer attached
to the specimen. These differences can be observed in spite of the fact that in both
cases the specimen’s loading takes place with the constant velocity of the testing
machine traverse shifting. In acoustic tests, specimens are wrestled in the testing
machine handles by means of the flexible elements damping external interferences
(Fig. 2). It results from this fact that the stiffness of the loading system in tension test
is changed and differences in the rate of specimen straining occurs. In the beginning
of the loading process mainly more flexible washers are subjected to strain. It reflects
at the initial point of the graph as the progressively growing curve. Further, flexibility
of the washers decreases and the increase of their strain is transient. Corresponding
point of the tension curve is imperceptibly deformed but its accuracy is good enough
when the conducted experiments are of the comparative nature. All described process
can be pointed out as the source of the differences mentioned above.
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Deformation of the flexible washers is sometimes accompanied by a incons-
picuous acoustic effect. The AE image of the tested materials is not deformed by
this effect because it appears only initially for low level of the load, when the proper
AE phenomenon does not appear. Only part of the stretched specimens has been
loaded to the final break oft. It happened because the specimen’s break oft is
accompanied by a strong shock which, in turn, can lead to destruction of the
piezoelectric ‘transducer. "

1. Armco iron. AE characteristic of the annealed Armco iron consists of two parts
differing from each other (Fig. 3). The first part corresponds to the Liiders platform,
whereas the second one — to the hardening range. According to the RMS curve,
very intensive acoustic activity together with the characteristic minima and maxima
is observed in the range of the plastic flow. In all the range of the Liders platform
usually 4 maxima and 4 minima can be observed. Beginning of the acoustic activity
appears in the range of the elastic deformation and the last minimum always
corresponds to the end of the Liiders platform. This end is marked on the tension
curve also as the characteristic minimum. The mean increment of the specimen

2%

AL

stress (MPal/10

ARMCO 12

AE count rate limp./03s1/10°

1 L & L X 1 1 1 0

0 2 4 6 8 02
time [min]
ampl. 98dB , discrim. 250 mV
b)

200

time [min]

Fig. 3. AE characteristie of ARMCO iron: a) loading curve and AE count rate; b) RMS
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elongation measured within the range of the plastic flow of the material has been
equal to 3%.

Within the hardening range of the material, acoustic activity.initially slightly
grows, next monotonically decreases and disappears in the vicinity of the beginning
of the specimen necking. The nature of the AE count rate curve is similar within the
tension range. The average total elongation of the Armco iron specimens measured
to their final rupture has been 26% whereas the average reduction of the area of the
specimen measured in the fracture mane has been 65%.

2. 45 carbon steel. General character of the results obtained for the 45 steel (Fig.
4) is similar to those of the Armco iron (Fig. 3). Average increment of the specimen
elongation for the plastic flow range has been about 1%. Beginning of the acoustic
activity has been also observed in the elastic range of the specimen’s deformation,
like for the Armco iron. The only difference is that comparing to the lower bound of
the yield limit, acoustic activity of the 45 carbon steel appears for higher stress than
the approriate stress registered for the Armco iron. Greater number of the maximum
and minimum points on the RMS curve has been observed within the Liiders

platform and faster decrease of the acoustic activity within the hardening range has
been noticed.
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Fig. 4. AE characteristic of carbon steel 45
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The lower bound of the yeld limit of the annealed 45 steel is approximately
2 times greater than the same bound of the Armco iron. The total elongation of the 45
steel specimens has been about 10% whereas the average reduction of the specimens
area has been about 32%. Analogically as in the case of the Armco iron, the nature
of the AE count rate is similar to the nature of the RMS. Initiation of the acoustic
activity within the elastic deformation range and the cyclic change of this activity
within the Liiders platform are the significant features of the 45 steel as well as
Armco iron AE characteristic. The first feature gives evidence, that the range of the
elastic deformation as estimated from the tension curve is elastic only in the
conventional meaning. As a matter of fact, the irreversible changes of the material
structure takes place even for this deformation. It leads to the energy release of the
stressed specimen. Initiation of the plastic deformation registered by the AE method
appears in the lower bound of yield limit.

3. 4SHNMFA structural steel with the heat treatment on different hardness (52
and 42 HRC) has the characteristic typical for many policrystalline metals and alloys
(Figs 5, 6). Acoustic activity of this steel contains in a narrow range of strain (except
of the RMS curve of the 52 HRC hardness steel) and comes for the early beginning of
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Fig. 5. AE characteristic of 4SHNMFA steel, 52
HRC: a) loading curve and AE count rate: b) RMS

Fig. 6. AE characteristic of 4SHNMFA steel, 42
HRC: a) loading curve and AE count rate; b) RMS



ACOUSTIC ACTIVITY OF SOME METALS ... 271

the hardening range. This steel does not exhibit the physical yield point. Significant
differences of the count and event rate as well as RMS can be seen in AE
characteristics. of the 52 and 42 HRC hardness specimens. These differences give
evidence of a different course of the plastic deformation process in the vicinity of the
offset yield stress. /

The AE count rate of the 52 HRC hardness steel grows and decreases
monotonically and a curve appears in a triangular form. In the case of the 42 HRC
hardness steel, significant fluctuations of the AE counts density is observed. Situation
is just opposite if the RMS curves of the two varieties of this steel is taken into
account (Figs 5 and 6). The acoustic activity level of the 45 HNMFA steel is lower
than annealed Armco iron or 45 carbon steel.

4. LHI1S bearing steel in the thermally treated and low-temperature tempering
state exhibits different shape of the tension curve (lack of necking) as well as different
character of the acoustic effect (Fig. 7). Immediate strength of this steel is very high
(about 2500 MPa) whereas its irreversible elongation and cross area reduction
measured in a plane of fracture are transiently small. Count rate and RMS appear in
the vicinity of the offset yield point. Their growth is initially slow and grows with the
load increase to the final repture of the specimen.
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5. BB2 beryllium bronze (Fig. 8) in the state after supersaturation and ageing has
the most atypical AE characteristic of all the tested material although its tension
curve is entirely typical. Acoustic effect appears only for the final phase of the
specimen’s tension process, just before its rupture. These is no acoustic activity in the
hardening range of the material. Similarly as it was in the case of the bearing steel,
also here these is no neck in the specimen and its cross area contraction is transiently
small.

6. N18K9MST maraging type alloy exhibits relatively high AE within all the
range of plastic deformations (Fig. 9). Maximum activity coincides with the
maximum point of the tension curve. Acoustic effect appears for load similar to the
offset yield strength and grows monotonically within all the hardening range. In the
range approximate for necking it grows small but remains perceptible to the final
repture of the specimen.

7. PA2N aluminium alloy. AE of the PA2N alloy in the state hardened by cold
working is typical (Fig. 10). Acoustic activity appears in the beginning of hardening.
In the qualitative sense it can be compared with the AE characteristic of the
45HNMFA steel of the hardness equal 52HRC (Fig. 5). In the quantitative sense
significant differences between both materials are manifested. These differences have
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Fig. 9. AE characteristic of N18K9MST alloy: a) loading curve and AE count rate; b) RMS
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their reason both in different laboratory equipment used in test and in structural
differences of both materials. The differences reflect in different acoustic effects for
tentative loading conditions.
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Fig. 10. AE characteristic of aluminium alloy PA2N after cold-working

8. St90PA carbon manganese steel has been tested in two varieties, that is
non-exploited and exploited. It means that specimens have been prepared from new
and 10-th years exploited rails. Exploited rails have been removed from the railway
line due to the menace of the fatigue fracture existence. Three different experimental
stands have been used in measurement (including two AE analysers, Chapter 2).
Certain differences in measurement results dependent of the conditions in which they
have been done, were found. Influence of the disturbances caused by casual factors
on the observed differences has been stated. Despite of these differences of the
quantitative nature, the shape of the obtained acoustic characteristics of both tested
steel varieties has not been dependent of the testing stand applied.

Fig. 11 shows the AE characteristic of the St90PA steel obtained by using the
apparatus No. 1 Sec. 2. The AE count rate curve is of the dynamic nature. This
nature is not easy to justify by analysing the AE sources. This is the result of too high
mechanical disturbances and discrimination level of the electric signal. Only the top
of the AE curve has been registered. It reflects the character and activity of the
acoustic source only in an approximated manner.

Fig. 12 shows the AE characteristic of the exploited steel machines obtained by
using the apparatus No 2. The main difference in the results obtained for apparatuses
No 1 and No 2 are due to the different level of the mechanical disturbances induced
testing machines. Stronger disturbances appeared for Instron testing machine at the
apparatus No 1. Application of the apparatus No 2 of the lower‘level of disturbances
made possible the increase of total amplification of the electric signal and reduction
of the discrimination level. Higher AE count rate and more complete AE characteris-
tic of the tested material resulted from this fact. The most important feature of this
characteristic is the distinctly marked shape of the area below the AE count rate
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and increased discrimination level

~ load AE ampl.84 d8
(kN load diserim. 1V

151 o
2

500 §

:

| w
10 -

250
54

0 50 100 time (s
Fig. 12. AE characteristic of the exploited St90PA steel (test stand No 2. AE analyser E1)

curve. Evaluation of the source character is based on this shape. Initiation of the
phenomenon appears when_ offset yield limit ¢,., is reached. For the exploited
material this limit has been equal to 5 MPa and the value approximate the new
material has been about 7 MPa. AE count rate rapidly grows and reaches maximum
at the 2/3 of the hardening range. Then it grows small with the rate several times
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smaller comparing to the grow rate. Acoustic effect accompanies the deformation of
the specimen to its rupture. Dynamic character of the AE count rate well as acoustic
activity existing within all the range of the plastic deformation of the material proves
the existence of the strong jump internal reactions of the deforming material.
The AE characteristic of the new steel is less dynamic, Fig. 13. Measurements
done for a new steel have been conducted in the same conditions as applied for the
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Fig. 13. AE characteristic of the new St90PA steel (test stand No 2. AE analyser El)

exploited material, Fig. 12. The count rate graph is in the qualitative sense as the
same the graph described above. Apparent quantitative differences consist in about
10 times greater acoustic activity, significantly marked characteristic and lower
dynamic (nonhomogenity) of the AE count rate curve. Beginning of tension is
accompanied by disturbances resulting from the arranging of the specimen ends in
special catch handles and are not connected with the proper acoustic of the material.

Characteristics of the exploited and not exploited steel obtained by using the
set-up No 3 with the DEMA-10 analyser are shown in Figs 14 and 15. None
disturbances have been present here and the results have been registered by the y-t
plotter. Both results have been obtained for the same measuring conditions which, in
term, differ from the conditions of the set-up No 2 by the value amplification and the
voltage of the discrimination level. Differences result from the requirements of the
register installation. The.qualitative changes of the AE count rate obtained by use of
the two sets are nearly the same. It gives arguments for the appropriateness of the
applied equipment and testing techniques. The AE in bending (Fig. 16) is generally
similar to the characteristic obtained in tension (Fig. 13). On the other hand,
determination of the peculiar points of the bending curve is more difficult. It leads to
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the certain difficulties in identification of the level of material deformation with the
adequate acoustic effect. This effect is also connected with the existence of
nonhomogeneous stresses inside the bended specimen that is with the simultaneous
existence of compression and tensional stresses within the sample.

5. The Kaiser effect

The Kaiser effect is the successive evidence supporting the statement that certain
irreversible changes can be observed in plastically deformed material. It also justifies
the hypothesis that material possesses its “acoustic memory” of the loads it had been
subjected in the past.

Figs 17 and 18 show the Kaiser effect investigation results obtained for specimens
in tension. The specimens have been done of the exploited and non-exploited St90PA
steel.

Example of triple loading and unloading of the specimen together with the
accompanying acoustic activity has been presented in Fig. 19 to show that the
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process does not depend on the stress value for which unloading begins and to show
reliability of the material memory. We must notice that AE intensity reached for the
moment of recovering activity in new loading is the same as it had been for the
moment of unloading,

The results of the Kaiser effect measurements performed by using the set-up No.
3 are shown in Figs. 20 and 21. As before, also here they are all characterized by
a very good repeatability. It can be seen that St90PA steel exhibits significant Kaiser
effect for its both tested varieties. This effect establishes the certain kind of the
material load memory and for this reason it makes possible the control of the loads
-applied in the past. It happens if the acoustic image is out disturbed by such sources
of AE as the crack propagation or phase transitions. On the other hand, when the
maximum level of the load applied is known, it forms a convenient background for
controlling growth of dangerous processes leading to fracture.
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7
& St90FPA
ampl.60dB s
discrim.05 V

I 5%
kS AE__| =
S 1or & 'é
S i £
S L 2
8 PE
: :
n 5k 42 3
4

3 <7

L1l
‘0 . ~

. time [min]
Fig. 21. Kaiser effect in new St90PA steel (tension, test stand No 3)



280 S. PILECKI, J. SIEDLACZEK

6. Bauschinger effect

Bauschinger effect has been confirmed much earlier than AE phenomenon was
discovered. This effect concerns certain characteristic mechanical properties of the
material. It consists in the reduction of the yield limit in metals due to their earlier
plastic strain. Result of the AE count rate measurement in 3-point bending is shown
in Fig. 22. The left-hand side of the figure (plus) concerns bending into one side
whereas the right-hand side (minus) concerns bending of the same specimen but into
other side. The result confirms existence of the phenomena accompanying it. The
acoustic effect observed for second bending is much weaker out it is characterized by
nearly constant level of activity.
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Fig. 22. Bauschinger effect in new St90PA steel (bending, test stand No 2)

7. Influence of ageing on the AE characteristic

Initially stretched specimens have been preserved within 1 month in natural
conditions without the influence of additional factors such as humidity. Next they
have been again stretched. Load and AE count rate measurements allow us to say
that these quantities have not been measurably changed in the time of ageing. Effect
of ageing on the Kaiser and Bauschinger effect has not been found also.

8. Conclusion

The experiment results give reason to state that different materials have very
different AE characteristics. It concerns not only materials of a different chemical
composition and of a different structure but also the same materials but heat treated
or of a different loading history. In this way it can be concluded that the AE
characteristic of a certain material should be known before we try to estimate the
actual state of a structure made of this material, its damage level etc.

Application of the Kaiser and Bauschinger effect can make easier the estimation
of maximum load that has acted on the structure in the past.
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ACOUSTIC PROPERTIES OF GAS BUBBLES COATED
WITH MONOLAYERS OF OIL SUBSTANCE'
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Institute of Experimental Physics
(80-950 Gdansk, Wita Stwosza 57)

A gas bubble coated with a monolayer of oil substance, submerged in liquid, in the field
of an acoustic wave is given theoretical consideration in this paper. Radial oscillations in the
wave frequency band much below the resonance frequency depend mainly on the value of
the monolayers modulus of elasticity and relaxation time ¢, of the process of molecule
reorientation which occurs in the monolayer due to its deformation. The following
parameters were calculated: shift of the resonance frequency, damping constant of radial
oscillations, and acoustic wave scattering and extinction cross-sections for a gas bubble in
water, coated with a condensed monolayer of Extra 15 engine oil in angular frequency range
we[10' =10°] rads~' and range of radii of bubbles (3-50) pm. Predicted values of the
damping constant and extinction cross-section in the wave frequency range @ < a(x = 27/t,)
are by several orders of magnitude greater than those for a bubble with a clean surface. This
effect is especially distinct in the case of microbubbles (with pm radii and smaller) placed at
small depths (up to about 0.5 m).

Teoretycznym rozwazaniom poddano pecherzyk gazowy zanurzony w cieczy, pokryty
monowarstwa substancji olejowej w polu fali akustycznej. W pasmie czestotliwosci fali
znacznie ponizej czgstotliwosci rezonansowej ukladu, drgania radialne zaleza glownie od
wartoéci modulu sprezystoéci monowarstwy i czasu relaksacji t, procesu reorientacji
molekut zachodzacego w monowarstwie pod wplywem jej deformacji. Obliczono przesunie-
cie czestotliwosci rezonansowej, stata thumienia drgan radialnych oraz przekroje czynne na
rozpraszanie i ekstynkcje fali akustycznej dla pgcherzyka gazowego w wodzie pokrytego
skondensowana monowarstwa oleju silnikowego Extra 15 w przedziale czgstotliwosci
katowej we[10'-10%] rads ! i promieni pecherzykéw (3+50) pm. Przewidywane wartosci
stalej thumienia i przekroju czynnego na ekstyncje sa o kilka rzgdow wielkosci wigksze od
tych dla pecherzyka o czystej powierzchni dla zakresu czgstotliwosei fali o < a(z = 2nft,).
Ffekt jest szczegdlnie wyrazny dla mikropecherzykow o promieniu pm i mniejszych
usytuowanych na niewielkiej glebokosci (do okoto 0.5 m).

! Research performed within the framework of problem CPBP 02.03 11/2.16.



284 S. . POGORZELSKI, K. S. SAEID

1. Introduction

Physical characteristic of many hydrodynamic systems with interfaces with an
adsorbed film (foams, micro- and macroemulsions, gas bubbles) greatly depend on
the modulus of elasticity of the surface monolayer [6, 16, 23]. Presented con-
siderations concerning radial oscillations of a gas bubble covered with a monaolayer
of surface-active substance are based on Glazman’s theoretical papers [11, 12].
Previous research on this problem disregarded the influence of monolayer’s
visco-elastic properties. This led to incorrect estimations of the resonance frequency
of the bubble’s oscillations or threshold of surface wave generation [2, 4, 10, 14, 15],
for example. One of the authors previously investigated properties of monolayers of
oil substances with various physical properties. These monolayers were formed on
water surface [20]. It was possible to determine the influence of a condensed
monolayer of light engine oil Extra 15 covering a gas bubble on the resonance
frequency and damping constant of radial oscillations on the basis of these
investigations. Dispersed in sea water oil-derivative substances can be accumulated
for example on the surface of gas bubbles formed in the conditions of intensive wavy
motion. This paper is also aimed at the determination of the influence of changes of
the bubble’s surface properties on acoustic wave scattering and extinction, and so on
quantities directly deciding about conditions of wave propagation in a medium with
bubbles. Presented results of theoretical considerations can be, applied in order to
create a new effective method of evaluation of the water pollution based on bubble
spectrometry [17].

2. Frequency of natural oscillations and damping constant of radial oscillations
of gas bubble coated with adsorbed film

The classical Rayleigh’s equation for oscillations of a gas bubble in liquid has
been supplemented by GLazMAN [11] with an additional term which includes
visco-elastic properties of the adsorbed monolayer. The film decreases the average
radius of an oscillating bubble in comparison to a clean surface, and as a consequen-
ce increases the frequency of natural oscillations. The ratio of frequency of free
oscillations of a bubble with adsorbed film, w,, and a bubble with a clean surface, w,,
is given by expression [11]

wo/®, = h{[3kh>* — W (h+ 3ph*)]/(3k — W)} '/? (1)

where: h = R,/R, R,, R — equilibrium and mean radius, respectively, related by
expression (30) in [11], k — polytropic exponent for the gas,

W T 2?/(Pi.c=q R()) (2)

is Weber number, P;., = 2y/R,+1.013-10° (1+0.1H) — gas pressure inside the
bubble, H — depth in liquid of the bubble, y — interfacial tension,

x = —dy/dlnl’ (3)
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is modulus of elasticity of the monolayer discussed more fully in the next chapter [6,

16, 23]5 ﬁ ] XO/'J’-
The damping constant B of the bubble’s radial oscillation is expressed by a real
and imaginary part of complex parameters i and v in the following form [12]

B = o '(Reji—1Im?), 4

where @ — angular frequency of acoustic wave, i = (4y,|eR®)n/(1+#1?%), ¢ — den-

sity of liquid,
7 = @RY)~13kP,. —(2)| 148 Il
g B 1+n2/ |}’

n Zigleh.

Parameter « is the angular frequency of relaxation processes of diffusion and
reorientation of the surface-active substance’s molecules in the monolayer due to
changes of its area. The dimensionless damping constant  (in the PROSPERETTI
notation [22]) is related to the B constant in equation [8]:

6 = 2po/wf (5)

It consists of three terms responsible for losses due to: viscosity of surrounding
liquid, heat conduction and acoustic radiation. DEvIN [8] thoroughly discusses the
share of individual physical processes in oscillation damping of a gas bubble, and
their value in the entire frequency range of the acoustic wave’s field can be calculated
from relationships given by FiiEr [9], PrRoOSPERETTI [22] and Prrsser [18].

3. Properties of adsorbed monolayers

A monolayer of surface-active substance is formed as a result of surface
adsorption, described with Langmuir-Szyszkowski equations. These equations
present relationships between surface pressure n and adsorption [7]

¢
n=vo—v=RTFm(l+—), (6)

a

and
¢

r=r_jt—-1J, _ 7
o (c-i-a) @
where 74, y — surface temsion for the solvent' (water) and solution of the
surface-active substance, respectively, R — gas constant, T — absolute temperature,
¢ — molar concentration, I, I', — adsorption and saturation adsorption,

respectively, a — Szyszkowski’s coefficient of surface activity.

Compression and dilatation of the area occupied by the monolayer causes
adsorption changes. In accordance with Gibbs law [1] a periodical moleculae
exchange between the monolayer and subsurface area occurs, as well as their
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reorientation in the monolayer itself (for insoluble substances). Both processes are
characterized by definite relaxation times, t,, related to parameter a(x = 2=n/t,).

Limiting the problem to the diffusion process described by Fick’s law, this time
will have the following value [13]

a FALIEE ot '
ey

where D — diffusion coefficient.

Table 1 in paper [21] presents ¢, values for several chosen surface-active
substances present in the subsurface layer of natural waters. They greatly vary
depending on the molecular structure of the substance (length of the hydrocarbon
chain, type, quantity and configuration of polar groups in the molecule). The
diffusional interchange between bulk and surface during area contraction and
expansion causes time dependent variations of the monolayer’s modulus of elasticity
which has a different value from determined by surface equation of state — y(I')
(Equation (3)).

Table 1. Values of physical quantities used in calculations
*Data taken from [20, 21]

P, = 101325 Pa H=02m
T=293 K ¥, =725 m Nm™*
o =0.998 x 10° kgm™3 Y0 <475 m Nm™!
Ry =3. 5 30,50 pm *t, = 0.035 s

k=1 (for Ry =3 and 5 um) *y = 179.1 rads™!
k=17/5 (for R, =30 and 50 pm) *10=1368 m Nm™!

Now it is expressed by [16]
X = Xo(l+21+2:%)712 )

where the diffusion parameter t is equal to [16]

= ﬂ‘%ﬁfﬁ\/g, (10)

for monolayers obeying equations (6) and (7). The second type of relaxation observed
for insoluble surface-active substances [3], can not be expressed by measured in
macroscale parameters of the system on the basis of existing theories. Values of the
a parameter for such monolayers (also oil) are determined on the basis of
experimental measurements of their dynamic properties [16].

4. Oil monolayers

The author investigated monolayers of oil-derivative substances with varying
physical properties, spread on water surface [20]. Light oil fractions such as gasoline
78, kerosene, diesel oil have low surface activity and the modulus of elasticity of their
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monolayers does not exceed 20 m Nm ™! at maximal compression (7 = 20 m Nm™?).

While engine oils form “solid” type condensed layers, S [1]. The value of the
modulus is equal to 93.6 and 136.8 m Nm ™~ for Marinoll 111 oil and Extra 15 oil,
respectively, at maximal compression of the monolayer. These values have been
determined from separate physical and chemical measurements on the basis of
relation y(I") (Equation (3)) obtained by means of Wilhelmy plate method [20]. One
of the authors determined the o parameter for a monolayer of Extra 15 oil using the
ultrasonic method of surface carpillary wave attenuation measurements [19]. The
inflexion point of the wave attenuation coefficient versus frequency curve indicates
the presence of a relaxation process at f, = 28.5 Hz (x = 179.1 s~ 1) [21].

5. Gas bubble with oil monolayer

The knowledge of properties of oil substance monolayers on water surface [20]
makes it possible to theoretically estimate their effect on oscillations of gas bubbles.
Fig. 1 presents the ratio of the natural frequency of a gas bubble coated with
a monolayer of Extra 15 engine oil in water, to the one of a clean bubble. It covers

W,
Wy
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Fig. 1. Frequency shift of natural oscillations of a gas bubble coated with Extra 15 oil monolayer as
a function of surface pressure of the monolayer; the bubble is placed at the depth of 0.2 m under the water
surface. Bubbles radius -—-- 30 pm, —— 3 pm

the entire range of surface pressures of the monolayer and was calculated from
expression (1). Calculations were performed for two kinds of bubbles: R, =3 um
(solid line) and R, = 30 um (dashed line), placed 0.2 m under the water surface. The
frequency increase effect is especially distinct for a microbubble in the range of high
surface pressures. Then the modulus of elasticity takes values of about 10> m Nm™'
and the relative share of the capillary component W (Equation (2)) in the total
pressure inside the bubble reaches about 0.4 at the depth up to 0.5 m. The following
quantities: y, = 136.8 m Nm™', y =475 m Nm™', « = 179.1, which characterize
the Extra 15 oil monolayer on water surface at maximal compression (= 25
m Nm™!) have been introduced with the aid of expression (4) to the damping
constant B beside quantities which characterize the liquid. Calculations (presented in

10 = Arch. of Acoust. 34 89
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graphical form in Fig. 2) were carried out for bubbles with 5 and 50 pm radii (dashed
line). Values taken by B for a clean bubble placed in water adjacent to the surface
(P;.eq = 101325 Pa and T= 293 K) have been illustrated for comparison by the solid
line. The polytropic exponent was chosen equal to 1 and 7/5 for the microbubble and
a larger bubble respectively, [11]. A frequency range of the acoustic wave from 10’ to
105 s~ ! was chosen. Heat conduction causes main energy losses of the gas bubble in
this frequency range [5]. Dependencies for clean bubbles indicate isothermal
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Fig. 2. Damping constant of radial oscillations of a gas bubble: ——— with Extra 15 oil monolayer (n = 25
m Nm™!, yo=1368 m Nm !, x = 179.1 s~ ') —— with clean surface as a function of angular frequency

of acoustic wave's field. Radii of bubbles: 5 and 50 pm

character of the system (curves are horizontal, attenuation constant-maximal); only
the larger bubble exhibits distinctly adiabatic character (the curve begins to drop) in
the kilohertz range. Dependencies for bubbles with an oil monolayer are of similar
character. Hence, a certain analogy between heat dissipation of oscillation energy
and energy losses created by reorientation of molecules in the oil monolayer is
indicated. If the rearrangement process is quick enough in comparison with the
characteristic time (period of acoustic wave) then the horizontal part of curves
simulates the “isothermal” bahaviour of the system. The point of inflexion occurs at
the frequency corresponding to the relaxation time of the reorientation process and
to the transition of the system to “adiabatic” behaviour. At higher frequencies the oil
monolayer becomes a less and less effective place of oscillation energy losses and the
damping constant drops to zero. A difference of many orders of magnitude of
B values between a clean bubble and a coated bubble proves that in the case of
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microbubbles and in the acoustic wave’s frequency range @ < a the molecule
reorientation process in a monolayer of oil substance decides about the energy loss

of oscillations.

6. Acoustic wave scattering and extinction cross-sections

The average radius, resonance frequency and damping constant decide about
propagation conditions of an acoustic wave in a bubbly medium. Dependencies for
acoustic wave scattering o, and extinction g, cross-sections, respectively for gas

bubbles have the following form [5]

4nR?
0y =77 (11)
(—0) —1| +é
| \ @
47R*(6/d
0= ani ) (12
(—") —1] +4
- O) -

where J, = KR — part of the attenuation constant responsible for energy losses due
to acoustic re-radiation, K = 2n /4, angular wave number of acoustic wave in liquid,
44 length of acoustic wave in liquid. Fig. 3 presents dependencies of calculated and
normalized to geometric sections, acoustic wave scattering and extinction

log6/mR.

1
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Fig. 3. Normalized acoustic wave scattering o, and
extinction ¢, cross-sections for a bubble with clean
surface “o” and a bubble with an oil monolayer “p”
as a function of parameter KR, Bubble’s radius
—50 pum. The arrow indicates the KR, value
corresponding to acoustic wave’s frequency w =

o %1794 57!
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Fig. 4. Normalized acoustic wave scattering o, and

extinction o, cross-sections for a bubble with clean

surface “0” and a bubble with an oil monolayer “p”

as a function of parameter KR, Bubble’s radius:

5 pm. The arrow indicates the KR, value corres-

ponding to acoustic wave’s frequency o =a =
179.1 s~*
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cross-sections for bubbles with a monolayer “p” and clean ones “o0” with the same
equilibrium radius R, = 50 pm, in terms of parameter KR,. Physical properties of
the liquid, properties of the Extra 15 oil monolayer, localization of bubbles and the
wave's frequency range are the same as in previous considerations. Curves of
scattering cross-sections are characteristic for Rayleigh scattering (KR, < 1) and the
scattering function is proportional to (KR,)* [5]. The difference between d,, and o,
is insignificant. This result from the fact that the monolayer on a larger bubble causes
only a slight frequency increase of natural oscillations (about 13%), and a greater
value of the damping constant (see Fig. 2) does not effectively influence o, in this
frequency range. The extinction cross-section of the bubble with oil layer o, initially
exceeds the analogous quantity for a clean bubble ¢,, but from KR, = 2.6 x 107
(what corresponds to @ = o = 179.1 s7! and is marked with an arrow in Fig. 3) it
gradually tends to o, Both cross-sections become equal at KR, = 4.5x 10 %, above
it g, is even smaller. The o,,(KR,) dependence corresponds precisely with previously
presented interpretation of the physical situation concerning the change of behaviour
of a bubble with an adsorbed monolayer. The same quantities as in Fig. 3 but for
a microbubble with radius R, = 5 um are shown in Fig. 4. In this case the difference
between o, and g, is much layer than before and corresponds with the difference of
the target strength TS (TS = 10lge, /4n [5]) of about 4.5 dB. This is mainly due to
a significant resonance frequency increase of the coated microbubble (see Fig. 1) of
about 60% in this case. Like before, the many times greater value of the damping
constant has an insignificant influence on o, in this frequency range. The extinction
cross-section @, initially exceeds d,, over 10° times. However, for KR, exceeding
6x 10”7 (what corresponds to @ = o = 179.1 s~! and is marked with an arrow in
Fig. 4) it gradually decreases and at KR, = 1.6 x 10~ * both extinction cross-sections
become equal. Fig. 5 presents the a,,/0,, ratio for two kinds of bubbles as a function
of the KR, parameter. In the range of KR, corresponding to

w
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log 6‘“, 7/ 6
N
aj

-
T

8 7 6 5 S 3 lghR,

Fig. 5. Ratio of acoustic wave extinction cross-sections for bubbles with monolayer o, and clean bubbles
a,, as-a function of parameter KR, Radii of bubbles: 5 and 50 pm
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o < o, the ratio is equal to 10° and 10 for a microbubble and larger bubble,
respectively. The ratio decreases when frequency is increased and equals 107" and
1073 for the highest frequency in the range under consideration. Presented
relationships prove that viso-elastic properties of the adsorbed monolayer play
a decisive role in the oscillation process. especially for bubbles with radii equal to
several pm and localized near the surface.

7. Conclusions

The condensed monolayer of oil substance on the surface of bubbles (with radii
107 ° m and less) can cause a significant frequency increase of natural oscillations in
comparison with bubbles with clean surfaces, especially when they are placed near
the surface of the liquid (up to the depth of 0.5 m). The damping constant of radial
oscillations and acoustic wave extinction cross-section by several orders of mag-
nitude exceed analogic quantities for a clean bubble in the wave’s frequency range
not exceeding the characteristic frequency of the relaxation process of oil substance
molecule reorientation in the monolayer. Actual values of acoustic parameters of gas
bubbles coated with oil monolayer depend on quantities y, and o, which are directly
related to the molecular structure of the monolayer forming substance.

Measurements of parameters characterizing the acoustic wave propagation in the
near-surface layers of natural waters, supplemented with data on bubble concent-
ration and, properties of adsorbed monolayers on bubble’s surfaces can be a basis for
creation of a new effective method for the pollution evaluation of the sea water
influenced by surface-active substances, including oil substances.
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A NONINVASIVE ULTRASONIC METHOD FOR VASCULAR INPUT IMPEDANCE
DETERMINATION APPLIED IN DIAGNOSIS OF THE CAROTID ARTERIES

TADEUSZ POWALOWSKI

Institute of Fundamental Technological Research Polish Academy of Sciences
(00-049 Warszawa, ul. Swigtokrzyska 21)

In this study, a new method is presented for diagnosis of the extracranial carotid
arteries, based on analysis of the vascular input impedance noninvasively determined in
human common carotid arteries. The input impedance calculations were based on
simultaneous measurements of the blood pressure and the blood flow using the ultrasonic
Doppler and echo methods. In the analysis of the vascular input impedance a four-element
model was applied, whose elements represented the vessel resistance (Ro), the peripheral
resistance (R,), the vessel compliance (C) and the inertance (L). The values of these elements
were determined by computer simulation of the vascular input impedance using the input
impedance of the model. The index of the optimum impedance simulation was the degree of
agreement between the blood flow measured in the common carotid artery and the blood
flow calculated from the input impedance of the model and the blood pressure. Preliminary
clinical investigations were performed in 43 healthy persons and 9 sick patients. The
obtained results indicate that the ratio between the vessel resistance (R,) and the peripheral
resistance (R,) as determined by the proposed measurement method and analysis of the
vascular input impedance can be an indicator in identification of stenosis and occlusions of
the extracranial carotid arteries. The method described in the study permits identification of
stenosis of the internal carotid arteries of > 30%. The degree of the patency of the carotid
arteries in sick persons was determined from X-ray arteriographic examinations, which were
confirmed by surgical operations in 8 cases.

Key words: vascular input impedance, carotid arteries, ultrasound.

W pracy przedstawiono nowa metode diagnostyki tetnic szyjnych pozaczaszkowych na
podstawie analizy wejéciowej impedancji naczyniowej, wyznaczanej nieinwazyjnie, w tet-
nicach szyjnych wspolnych czlowicka. Podstawa do obliczen wejsciowe; impedancji byl
réwnoczesny pomiar cisnienia i predkosci objetosciowej krwi trzy uzyciu ultradzwigkowej
metody dopplerowskiej i metody echa. Do analizy wejéciowej impedancji naczyniowej
zastosowany zostal model czteroelementowy, ktorego elementy reprezentuja opor naczynio-
wy (R,), opor peryferyjny (R,), podatnos¢ (C) i inertancj¢ (L). Wartosci tych elementow
wyznaczane byly na drodze symulacji komputerowej wejsciowej impedancji naczyniowej za
pomoca impedancji wejéciowej modelu. Wskaznikiem optymalne; symulacji byl stopien
zgodnoéci pomiedzy predkoscia objetosciowa krwi zmierzona w tetnicy szyjnej wspolnej.
a predkoscia krwi obliczona na podstawie wejsciowej impedancji modelu i cisnienia krwi.
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Wstepne badania kliniczne przeprowadzono u 43 oséb zdrowych i 9 chorych. Uzyskane
wyniki wskazuja, ze wyznaczony na podstawie proponowanej metody pomiaru i analizy
wejsciowej impedancji naczyniowej stosunek oporu naczyniowego (R,) do peryferyjnego
(R,) moze by¢ wskaznikiem przy wykrywaniu zwezen i niedroznosci tetnic szyjnych
pozaczaszkowych. Opisana w pracy metoda pozwala na wykrywanie zwezen tgtnic szyjnych
wewnetrznych > 30%. Stopien droznosci tetnic szyjnych u 0sob chorych okreslany byl na
podstawie badan arteriograficznych, ktore w 8 przypadkach potwierdzone zostaly operacyj-
nie.

1. Introduction

Diagnosis of the carotid arteries is important in prevention of the brain stroke.
Apart from malignant tumors and heart strokes, this serious disease is, statistically,
the third cause of death. The main reason of the brain stroke is ischemia of the brain
caused by atherosclerotic changes in the brain-supplying arteries, including the
carotid ones.

At the present moment, the basic method in noninvasive diagnosis of the carotid
arteries is the ultrasonic Doppler method. It is used to identify stenosis and
occlusions of the arteries [1, 6, 7, 13, 14, 15, 22, 30, 32, 33, 34, 36, 38, 39]. The
evaluation of the patency of the examined vessel is based on analysis of blood
velocity in the cross-section of the vessel determined by Doppler frequency
measurements [13, 15, 30, 38], or on analysis of the Doppler signal spectrum [7, 14,
16, 34, 36, 39]. However, the results of clinical examinations show that the ultrasonic
Doppler method does not always permit unambiguous evaluation of pathological
changes in the carotid arteries. The reason for this is very complex form of the blood
flow at the point of stenosis in the vessel and beyond this point, whose evaluation
from Doppler frequency measurement is little accurate. Attempts to analyze the
blood velocity measured by the Doppler method before the point of stenosis [30],
also failed to give the expected results [39].

An attempt at a new approach to diagnosis of the carotid arteries is the method
presented in this study based on analysis of the vascular input impedance determined
noninvasively in the common carotid arteries. These arteries are important paths of
blood supply to the brain. Atherosclerotic changes in the bifurcation of these arteries,
at the inlet of the internal carotid arteries, are the main cause of the brain stroke.

2. Method of the noninvasive measurement of the vascular input impedance
in the common carotid arteries

The vascular impedance is a function of the hemodynamic properties of the
vascular system at the input of which it is measured. It is determined in the frequency
domain and defined as the ratio between the blood pressure and the blood flow for
n succesive harmonics of the heart beat frequency according to the dependence

Z(nwg) = p(nwy)/Q(nwy) = Z poq, e M)
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where w, = 2nf,; f, is the frequency of the heart; n=0, 1, 2, ..., ; Z(nw,) is the
vascular input impendance, Z moa, and @, are the modulus and phase; p(nw,) and
Q(nw,) are the spectra of the signals of the blood pressure and the blood flow.

For n = 0, the vascular input impedance expresses the ratio between the meain
pressure p,,.q and the mean blood flow Q,,.q. Assuming that the value of the pressure
at the end of the vena cava is much smaller than the pressure in the arteries in which
the measurement takes place, for n = 0, the input vascular impendance represents
the mean resistance of the examined fragment of the vascular system.

In 1956, RANDALL and STACY [31] were the first to propose the concept of the
measurement of the hydraulic impedance in blood vessels called the vascular input
impedance. So far, the method of investigating the properties of the vascular system
by the measurement of the vascular input impedance has not been widely applied in
medical diagnosis. The reason for this was the inability to measure noninvasively the
instantaneous blood pressure, which is, a part from the blood volume velocity, the
basic parameter in the determination of the vascular input impedance. Investigations
of the vascular input impedance performed in many centres in the world are based
on invasive measurement made mainly on animals. They apply above all to such
vessels as the aorta [4, 10, 17, 18, 37], the femoral artery [8, 19] and the pulmonary
artery [2].

The method of the noninvasive measurement of the vascular input impedance
presented in this study is based on previous investigations by the author [23, 24, 25,
26, 27, 28, 29]. In this method the instantaneous course of the blood pressure is
determined from ultrasonic measurement of the instantaneous vessel diameter. It is
assumed here that between the vessel diameter and the blood pressure there is the
logarithmic dependence of the form

S(p) = (1/y)n(p/py), for p>p,>0, (2)

where p is the blood pressure, S is the cross-section area of the vessel, and po and
y are constant coefficients.

The coefficients p, and y present in formula (2) can be determined from
measurements of the systolic pressure p, and the diastolic pressure p, and the vessel
cross-sections S; and S, for both of the pressures. Putting the two pairs of values
(S5, py) and (S,, p,) into expression (2), it is obtained that

Pa

Po = 1° (3a)
. exp[ Sa In &}
Ss iy Sn‘ P4
1 P
T In==, (3b)
Ss_Sd Pa

The examination carried out by the.author in the common carotid arteries in
healthy and sick persons aged between 9 and 64 showed that the value of the
coefficient p, is positive and smaller than 15 mm Hg [27, 29]. The logarithmic



296 T. POWALOWSKI

function described by formula 2 is applied only to the pressure range between the
systolic and diastolic pressures whose physiological values are greater than 50 mm
Hg. For this range the condition p > p, > 0 shown in formula (2) is met. Putting the
values of p, and y described by formulae (3 a and 3 b) into formula (2), it is obtained
that
S(o) = Sd[l L6 Sd)lﬂ(p/pd)].
Saln(py/pa)

It should be pointed out that the logarithmic function S(p) discussed above,
applies to the so-called static conditions where the blood pressure and the artery
cross-section take values stationary in time. For time variable (dynamic loads), the
vessel walls can show viscoelastic properties. Research by many authors [11, 20]
showed that for large arterial vessels the phase shift between the blood pressure and
a change in the vessel radius does not exceed 10°, permitting the viscoelastic effect to
be neglected in a simplified model.

The assumptions presented here for the mutual relations between the artery
cross-section and the blood pressure are the basis for the concept of noninvasive
determination of the course of the blood pressure p(t) in the common carotid artery
from the measurement of the instantaneous diameter d(t) of this artery by the
ultrasonic echo method. For this purpose, from formula (4), the following dependen-

ce is applied
) =di. (P,
p(t) =Pdexp(m1n P_a) , )

where d,,, and dp;, are the maximum and minimum artery diameters for the systolic
pressure p, and the diastolic one p,.

The blood pressure course p(t) determined in this way in the common carotid
artery is calibrated with the systolic pressure p; and the diastolic pressure p,, which
are identifield by using a cuff method in the brachial artery, with the patient in
supine position.

In assuming for the common carotid artery the value of the systolic and diastolic
pressures determined in the brachial artery, account was, e.g., taken of the results of
the investigations carried out in 1982 by Borow [3]. They were concerned with the
comparative evaluation between the blood pressure in the brachial artery determined
noninvasively by the oscillometric method and the blood pressure found using
a catheter in the ascending aorta. Performed on a group of 30 persons, aged between
30 and 83, these studies showed that, for the patients, in supine position, the
differences in the values of the systolic and diastolic pressures between the aorta and
the brachial artery were respectively 1% and 1.7% mean values, and could, therefore,
be neglected in practice. Since the common carotid artery has a diameter close to
that of the brachial one. it can be believed that the assumed method of the evaluation
of the systolic and diastolic pressures in the common carotid artery from measure-
ments of these pressures in the brachial artery should not introduce any significant
error.

(4)
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The necessary condition for the present method of the determination of the blood
pressure course is the full patency of the arterial vessels between the point of
measurement of the diameter of the common carotid artery and the point of
measurement of the blood pressure in the brachial artery. The presence of stenosis
means that the blood pressures from the two measurements points are different.

Parallel to the measurements of the instantaneous artery diameter, in the same
vessel cross-section, the instantaneous blood velocity uv(f) is measured by the
noninvasive continuous wave ultrasonic Doppler method. Information on the
instantaneous artery diameter, used previously to reconstruct the blood pressure
course, also serves for determining the course of the instantaneous blood flow Q(t),
according to the dependence

nd?(t)
4 ]

0(1) = v,(t) (6)
where v (t) is the blood velocity averaged over the vessel cross-section.

The simultaneous measurement of the blood pressure and the blood flow, made
in the above way, in the same cross-section of the common carotid artery, is the basis
for the noninvasive determination of the vascular input impedance in this artery,
from formula (2).

3. Measurement system

A schematic diagram of the measurement system is shown in Fig. 1. It was
constructed by the author [27, 28] for noninvasive investigations of the vascular
input impedance in the common carotid arteries. This system includes two ultrasonic
probes P1 and P2 set at an angle of 30° to each other. The probe P2 is connected
with a bi-directional continuous wave Doppler flowmeter cwDF, meant for blood
velocity measurements. The probe P1, set perpendicularly to the blood vessel, is
connected with the transmitter T and the receiver R of the pulsed system meant for
the measurement of the instantaneous vessel diameter by the ultrasonic echo
method. To gain large measurement resolution, the ultrasonic beams transmitted by
the probes P1 and P2 are focused. The width of the ultrasonic beam (defined for
the — 20 dB acoustic pressure level relative to the maximum value on the beam axis)
is 1 mm at the focus of the probe P1, and 2.5 mm at that of the probe P2. For both
probes, the ultrasonic wave focusing range varies between 1 and 3 cm. The probe P1
and P2 transmit ultrasonic waves at two different frequencies. The frequency of the
impulse wave transmitted by the probe P1 is 6.75 MHz, and the frequency of the
continuous wave transmitted by the probe P2 is 4.5 MHz.

Information on the instantaneous vessel diameter is gained from ultrasonic
measurements of the instantaneous distances between the probe P1 and the internal
surfaces of the two vessel walls. The measurement of the internal diameter of the
blood vessel requires high resolution of the ultrasonic pulsed system. For this
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Fig. 1. A schematic diagram of the developed system: A4/D and D/A4 — analog to digital and digital to

analog converters, B — buffer, C — comparator, cwDF — bi-directional continuous wave Doppler

flowmeter, GP — oscillator of impulse for copying data into the computer, K — computer, M — monitor,

0SC — oscilloscope tube, P — recorder, P1 and P2 — ultrasonic_probes, T — impulse transmitter,

R — impulse receiver, TR — trigger impulse oscillator, USP1 and USP2 — digital systems for tracking
and measuring the position of echos. Z — clock impulse oscillator

purpose, apart from the previously mentioned focusing of the probe P1, a narrow
transmitted impulse was used in the measurements, with the duration of 0.3 ps (2
cycles of a transmitted wave) corresponding to its length in tissue equal to 0.45 mm.
As a result this made it possible to obtain single echos from the external and internal
surfaces of the walls of the investigated common carotid arteries. The repetition
frequency of the transmitted ultrasonic wave impulses was 18 kHz. This permits the
measurement range to reach 4.2 cm into the patient’s body.

The echos obtained in the course of the measurement at the output of the
receiver R are transformed into rectangular signals by the level comparator C.
The echos thus formed are fed to two digital systems (USP1 and USP2), using which
it is possible to track the displacements of chosen slopes of echos detected from the
front and back walls of the blood vessel [12, 27, 28]. In these systems for every work
cycle of the impulse transmitter T the time is digitally measured between the on set of
the transmitted pulse and the tracked slopes of the echos from both walls of the
vessel. This provides the basis for calculation, by the computer K, of the
instantaneous distances u, and u, between the ultrasonic probe and the blood vessel
surface. For the successive n-th measurement cycle, these distances are

¢N, cM,
u, = 7 U, = o

()
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where N, and M, are the numbers of clock impulses counted in the n-th cycle of the
impulse transmitter by the two channels USP2 and USP2 of the measurement
system; f, is the clock frequency and ¢ is the ultrasonic wave velocity in the
investigated medium.

From dependence (7), there follows the accuracy of representation of disp-
lacements of the vessel walls, which for the clock frequency used in the measure-
ments, f. = 27 MHz, was 3-107° m.

11-bit data obtained at the outputs of USP1 and USP2 are fed to the output
buffer B of the device, along with two 8-bit data on the frequencies f,, of the Doppler
signals. These frequencies are measured by the ultrasonic Doppler flowmeter cwDF
for blood velocity in two directions. The frequency f, is determined by the method of
“zero crossings” and is proportional to mean blood velocity v, in the vessel
cross-section, from the dependence [9, 21, 27]

v.=4a e
9 Ay vds 0!

(8)

where: f, is the frequency of the ultrasonic wave transmitted by the probe P2 of the
flowmeter ¢wDF, c is the ultrasonic wave velocity in the studied medium, 0 is the
angle between the direction of the transmitted and received ultrasonic wave and that
of the blood flow. and a is the proportionality coefficient [9, 21, 27].

In calculating the blood velocity from the Doppler frequency f,. measured by the
flowmeter, it was assumed that the angle 0 between the direction of the transmitted
and received ultrasonic wave and the axis of the blood vessel was 60°. This resulted
from the constant angle of 30° between the probes and from the assumption that the
probe P1 was set perpendicularly to the vessel axis. The gaining of the maximum
amplitude of the echos from both vessel walls was assumed to indicate the
perpendicular position of the probe P1 relative to the blood vessel. These echos can
be observed in the course of measurements, on the oscilloscope tube OSC of the
system. At the same time, on the oscilloscope screen the measured diameter of the
studied vessel is shown in the form of the gate D.

The digital data from the buffer B of the measurement system were fed to
a MERA-60 computer (equivalent to PDP-11) and written into its memory. Along
with them. the values p of the systolic and diastolic pressures, measured by using
a cuff method in the brachial artery for the patient’s supine position, were fed to the
computer. The data set thus formed provided the basis for the determination of the
instantaneous blood volume velocity Q(r) and of the blood pressure p(t), according to
the previously given dependencies (5) and (6).

The input vessel impedance was measured from the discrete Fourier transforms
of the time courses of the blood flow and blood pressure for a cardiac cycle. 64
discrete values of the blood pressure and flow, occurring for one cardiac cycle, were
used in the calculations. The sampling frequency was defined by using the oscillator
GP of the impulses for copying data from the output of the measurement system into
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the computer. In the calculations, the fast Fourier transform, FFT, algorithm was
applied [5]. In its final form, the vascular input impedance is represented by the
modulus Z,., and the phase ¢, (see Fig. 2).
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Fig. 2. The modulus Z_ , and phase ¢ of the input impedaﬁcc determined noninvasively in the common
carotid artery in healthy persons aged: a) 20. b) 30, ¢) 43, d) 52, e) 60 and in 59 year old patient in whom
occlusion of the internal carotid artery was found by the X-ray arteriographic method on the studied side (f).
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4. Analysis of the vascular input impedance determined noninvasively
in the common carotid arteries in healthy and sick persons

The previously described method and equipment were applied is noninvasive
measurements of the vascular input impedance in the common carotid arteries. The
investigations were carried out, for two groups of persons. The first group (38)
persons, aged between 9 and 64, did not show any pathological changes in the
carotid arteries. The second group (9 persons) included patients aged between 53 and
62, in whom, using X-ray arteriography, atherosclerotic changes were found in the
area of the extracranial carotid arteries in the form of stenosis or occlusions of these
arteries. In 8 cases the results of the X-ray examinations were confirmed by
surgical operations!.

In all the examined persons, the measurements were performed at a distance of
2-3 cm before the bifurcation of the common carotid artery.

As an example the courses of the vascular input impedance determined for
5 healthy persons aged between 20 and 60 and for a 59-year-old patient with
occlusion of the internal artery are shown in Fig. 2.

The results of the investigations of the vascular input impedance obtained for
healthy and sick persons indicate the characteristic course of the modulus and phase
for the first few n harmonics of the heart, beat frequency. The value of the modulus
shows a small minimum between the second and fifth harmonics, which is
accompanied by a change in the phase from negative to positive. This form of the
vascular input impedance suggests that its course is affected by the compliance
properties the (negative phase) and the inertia properties the (positive phase) of the
studied vascular system. In older persons, in particular those with atherosclerotic
changes in the area of the examined arteries, less negative phase was found compared
with that for young healthy persons.

The modulus of the vascular input impedance for n = 0 represents the mean
resistance of the vascular system supplied by the common carotid artery. This
resistance was determined in kg m™* s~ ', (u.r.).

The value of the resistance determined for the examined group of healthy persons
aged between 19 and 64 fell in the interval 11.6-10% — 22.9-108 w.r., whereas its mean
value was (15.84+2.6) 10® u.r. A distinct increase in the resistance was observed in the
sick in whom the critical (90%) stenosis of the internal carotid artery (1 person) and
occlusion of the internal carotid artery (3 persons) were found. For these patients the
resistance varied between 25.8-10® and 27.3-10® u.r,, and, in one case, was 40.2- 108
ur. An arteriographic examination for this person showed the occlusion of the
internal carotid artery and a stenosis in the initial section of the external carotid
artery.

! The examinations on the gtoup of sick persons were carried out in cooperation with the
Department of General and Thoratic Surgery of the Institute of Surgery, Medical Academy of Warsaw
headed by Prof. dr M. SzosTEk.
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For the others in the group of sick persons, in whom the stenosis of the internal
carotid arteries, determined by the X-ray arteriographic method, were found to be
vary between 30% and 70%, the values of the resistance fall in the upper range of the
value internal for healthy persons, varying between 17.9-10% and 21.9-10° u.r.

Assuming the linearity of the studied vascular system, a four-element model was
used in further analysis of the vascular input impedance. The electric equivalent
circuit of the model is shown in Fig. 3 [24, 27].

This model includes the elements representing the inertance L, the vessel
compliance C, the vessel resistance R, and the peripheral resistance R, These
elements were determined through computer simulation of the input vascular
impedance by means of the impedance Z,(w) of the model

Z\(@) = Ro+joL+R,/(1+joCR)) 9)

Z ik

_gm 3
Fig. 3. The electric circuit equivalent to the model of the vascular system, and the modulus Z_ 4 and phase
¢ of its input impedance

In the simulation of the vascular input impedance, the following parameters were
taken into account:
— the value of the modulus Z,q, of the impedance for n =0,
_ the real value RE, and the imaginary value IM, of the impedance for the first
harmonic, and
— the frequency f,, for which the impedance phase changes its sign from negative to
positive.
The frequency f, was matched. In a general case, it cannot be determined from
the course of the discrete values of the input vascular impedance. Only the internal of
values where it falls, is known. The limits of this interval are defined by two
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frequencies corresponding to two adjacent harmonics between which the impedance
phase changes its sign for the first time (see Fig. 2).

The assumption of the first harmonic of the vascular input impedance as the basis
of the simulation resulted from the fact that its value is the quotient of two
components with the greatest amplitude in the spectra of the signals of the blood
pressure and flow rate, therefore, it is least dependent on the noise of the
measurement device.

From the above-mentioned paraméters, the elements of the model were deter-
mined by solving for this purpose the following system of equations

Ro + Rp = Zmudox

Ro+R,/[1+Q2nf,CR,)’] = RE,, (10)

2nf,L—2nf, CRZ/[1+ (2nf,CR,*]1 = IM,,
L = CR%/[1+ (2nf,CR,)*],

where L, C, R, and R, are the elements of the model, f, is the frequency of the heart
rate and f,, is the frequency for which the impedance phase changes its sign.
It. follows from the above system of equations that the values of the elements L,

RZ
Q, (k-At)
. FFT L.C.R,.R, P
Q(k-At) Q(n-w,)
1 TOM(n-w,,)
| 2w | Zylw)] -

o——= FFT —Yplnw,)

Fig. 4. The flow chart of operations in the computer analysis of the input impedance: M — model of the
vascular input impedance by means of the impedance Z,,(w) of the four-element equivalent model, EET
and FFT — the algorithms of the fast Fourier transform and invérse fast Fourier transform, R* — the
coefficient of agreement between the measured Q and simulated Q,, blood flows described by formula (11)

11 — Arch. of Acoust. 3-4/89
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C, Ry and R, depend on f,. This frequency is so matched as to ensure the best
simulation of the input vascular impedance. The optimum simulation was indicated
by the degree of agreement between the measured course of the blood flow Q and the
course of the flow Q,, determined from the measured pressure and from impedance
of the model Z,,(w). The agreement between the two courses of the blood flow was
compared by means of the determination coefficient R? given by the formula [35]:

(
Z:JJk J’k )
Z(y m’

where v, is the value of y measured experimentally for the independent variable
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Fig. 5. The measured (dashed line) and simulated (solid line) blood flows in the common carotid artery in
healthy persons aged: a) 12, b) 30, c) 52, d) 64. The simulated flow was determined from the course of the
blood pressure and the input impetlance of the model (see Fig. 3.). The value of the determination
coefficient R? applied in evaluating the agreement between the simulated and measured courses (see
formula 11) is marked in this figure
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x equal to x,, y is the arithmetic mean of N measurements, and y, = f(x,), if /(x)
denotes the approximating function applied.

The flow chart of the operations performed in the implementation of the above
computer simulation of the vascular input impedance is shown in Fig. 4.

For all the investigated cases, the value of R? was close to unity, falling in the
interval from 0.988 to 0.998, meaning an almost ideal agreement between the
compared flow courses (see Figs. 5 and 6). The elements of the model thus
determined were the basis for comparative examinations of healthy and sick persons
(Tables 1 and 2). It was found that the parameter which distinguished best between
the sick and the healthy was the ratio between the vascular resistance R, and the
peripheral ratio R,. For the healthy the ratio R,/R, was less than 0.5, whereas for
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Fig. 6. The measured (dashed line) and simulated (solid line) blood flow in the left (LCCA) and right

(RCCA) common carotid arteries of 58-year old patient in whom a stenosis of left internal carotid artery

(LICA) was found by the arteriographic method. Determination from the input impedance of the model,

the ratio between the vascular resistance R, and the peripheral one R, was: 0.37 in the artery RCCA and
1.03 in the artery LCCA. R® — determmation coefficient

most sick persons with atherosclerotic changes identified in the area of the carotld
arteries, it was greater than 0.5.

The values of the ratio R,/R,, determined for healthy and sick persons are shown
in Fig. 7. Assuming values of tlm ratio exceeding 0.5 to indicate pathology this
criterion was evaluated on the basis of the results of X-ray arteriographic examina-
tions. It is shown in Table 3. It follows from the table that for the total number of 17
examined arteries in the sick, only in two cases a false, negative result was obtained,
in terms of the X-ray arteriographic diagnosis. These cases were those of small
stenosis of the internal carotid artery.
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Table 1. The values of the elements L, C, R, and R, of the equivalent model of the vascular system,
determined from the vascular input impedance in the common carotid arteries for a group of healthy
persons; p, and p, arc the systolic and diastolic pressures in the brachial artery,

Age group 2 9-16 19-30 32-40 41-50 52-64
(years)

No. of persons 7 9 8 8 11
Average age 12.3 244 36.8 449 56.2
S 2.3 46 32 29 39
(years)

Py 104.3 117.8 116.9 110.0 122.7
S.D. 10.6 19 7.0 10.0 13.8
(mmHg)

Pa 60.7 77.2 80.0 70.6 80.0
SD. 6.1 74 59 8.6 8.7
(mmHg)

& 10728 3.14 3.68 3.49 37 3.34
SO0 5 1.63 0.88 0.72 0.92 0.81
(kg”' m* s?)

L 10° 419 354 7225 59.85 86.37
S.D. 10° 12.6 8.6 23.0 29.53 19.23
(kg m™%)

R, 10® 15.51 13.38 1225 10.35 13.53
S.D. 10® 2.06 2.14 173 143 2.11
(kg m™* s7Y)

R, 10® 372 2.55 3.14 3.16 4.09
S.D. 108 0.68 073 . 0.99 0.68 1.28
(kg m™* s7h)

Ry/R, 0.26 0.20 0.26 0.31 0.30
S.D. 0.06 0.06 0.09 0.07 0.08

S.D. — standard deviation
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Table 2. The values of the elements L, C, R, and R, of the equivalent model of the vascular system

determined from the vascular input impedance in the common carotid arteries in sick patients; p, and p,

are the systolic and diastolic pressures in the brachial artery ICA-internal carotid artery, ECA-external
carotid artery

R ogia Stenosis of Occlusion
Degree of Without of ICA ICA 90% (1) of ICA and
stenosis stenosis 30—80J° Y occlusion of stenosis
? ICA (2) of ECA

Number of arteries 3 10 3 1
Py 141.7 148.5 146.7 150.0
S.D. 16.1 19.2 15.3 -
(mmHg)
P 80.0 81.0 81.7 90.0
S.D. ) 0.0 7.4 29 —
(mmHg)
Gyl 12 2.21 3.12 2.29 227
SDo1nste 3 1.02 1.31 1.45 -
(kg™! m* s?) |
L 10° 103.4 - 117.8 126.3 48.7
S.D. 10% 53.5 71.2 85.6 -
(kg m™%)
R, 10° 13.00 12.66 13.67 16.08
S.D. 10® 3.38 248 243 ~
kgm=* 57}
R 4.90 7.06 12.87 24.14
S 10° 1.61 2.09 237 —
(kgim 45
Ry/R, : 0.39 0.58 0.98 1.50
Sb. 0.08 0.17 0.32 -

S.D. — standard deviation
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Fig. 7. The ratio between the vascular resistance R, and the peripheral one R, determined from the

vascular input impedance in the common carotid arteries in healthy (o) and sick (x) persons with

atherosclerotic changes in the extracranial carotid arteries (see Table 3). The age of the examined persons
is marked on the horizontal «axis

Table 3. Evaluation of detectability of pathological changes in the carotid arteries by means of the
resistance ratio compared with the X-ray arteriography results

Vascular input impedance

Arteriography Ry/R, > 0.5 Ry/R, < 0.5

Number of cases

ICA occlusion 3 3 -
ICA stenosis >75% 2 2 -
ICA stenosis 50% —75% 1 1 -
ICA i CCA stenosis 40% —50% 1 1 -
ICA stenosis 30% —50% 4 3 1
ICA stenosis 30% 3 2 1
no stenosis 5 - 3
Number of arteries 17 12 true 3 true
positive negative
2 false
negative

ICA — internal carotid artery
CCA — external carotid artery
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5. Conclusions

The method and system presented in the study for the noninvasive determination
of the input impedance in the common carotid artery is a proposed of a new
approach to diagnosis of human circulation system. The results of the investigations
permit the following conclusions to be drawn:

a. The investigations of the vascular input impedance in the carotid artery carried
out on a group of 38 healthy persons aged between 9 and 64 and a group of sick
patients (17 arteries) aged between 53 and 62. indicate a characteristic course of the
values of the modulus and the phase of the vascular impedance for the first 6-7
harmonics of the heart beat frequency (see Fig. 2). The value of the modulus show
a slight minimum between the second and fifth harmonics, accompanied by a change
in the sign of the phase from negative to positive. This form of the dependence
suggests the influence of the compliance properties (the negative phase) and the inertia
properties (the positive phase) in the vascular system supplied with blood by the
common carotid artery.

b. Using a simple four-element equivalent model of the vascular system, it is
possible to simulate the course of the vascular input impedance determined
noninvasively in the common carotid artery. This is indicated by large agreement
obtained for all examined persons between the measured blood flow and that
determined from the impedance of the model and the blood pressure. The
determination coefficient R? determining this agreement, fell within the interval
between 0.988 and 0.998.

¢. The method of analysis of the vascular input impedance elaborated by the
author permits the determination of the element of the equivalent model of vascular
system. These elements represent the four basic hemodynamics parameters, namely
the compliance of the vascular system C the inertance L, the vessel resistance R, and
the peripheral resistance R,

d. The total mean resistance of the vascular system (R,+R,), determined in
the common carotid artery for the examined group of healthy persons aged between
19 and 64, fell in the internal 11.6-10%-22.9-10® kg m~* s~ '. A distinct increase in
the resistance was observed in the patients in whom a critical (90%) stenosis in the
internal carotid artery (1 persons) or occlusion of the internal carotid artery (3
persons) were found. For these sick persons, the resistance varied between 25.8 108
and 27.3-10° kg m~* s~!, and, in one case, it was 40.2-10®* kg m~* s~ '. In this
person, an X-ray arteriographic examination showed occlusion of the internal
carotid artery and a stenosis in the initial section of the external carotid artery. For
the others in the sick group, in whom, using the arteriographic method, stenosis of
the interval carotid arteries were found to vary between 30% and 70%, the values of
the resistance fell in the upper range of the values for the healthy. varying between
179-10® and 21.9-10% kg m™* s~

e. Atherosclerotic changes in the extra-cranial carotid arteries are identified from
the input impedance and the adopted model of the vascular system by the ratio
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between the vessel resistance R, and the peripheral resistance R, This ratio increases
if stenosis or occlusions of the carotid arteries are present. Assumed by the author to
indicate pathology, the ratio R,/R, > 0.5 seems to be a sufficiently sensitive criterion
for identifying stenosis or occlusions. It permits the detection of 30% of stenosis of
the internal carotid arteries (see Table 3).

[. The preliminary results of clinical investigations indicate that the determined
resistance ratio R, /R, tends to increase as a function of the degree of stenosis the
carotid arteries beyond the point of measurement of the vascular input impedance (see
Table 2).

g. The method for detecting stenosis and occlusion of the extracranial carotid
arteries proposed in this study has a few advantages over the currently used
ultrasonic methods. Firstly, the measurement is performed before the point of
stenosis where the blood flow is not perturbed. Secondly, the measurement is taken
in the common carotid artery which is easily accessible to ultrasonic examinations.
The blood flow rate measurement carried out so far in this artery does not detect so
small stenosis as those in the case of the vascular input impedance. Analysis of blood
flow changes based on the pulsatility index permits only the detection of critical
stenosis of more than 80% [30, 33, 39].

References

[1] R. AasLip, K. F. LINDEGAARD, Cerebral hemodynamics, in: Transcranial Doppler sonography, [Ed.]
R., Aaslid Springer Verlag, Wien and New York 1986.

[2] D. BerGeL, D. ScHULTZ, Arterial elasticity and fluid dynamics, Progress in biophysics and molecular
biology, Pergamon Press, New York 1971.

[3] K. M. Borow, J. W. NEWBURGER, Noninvasive estimation of central aortic pressure using the
oscillometric method for analyzing systemic artery pulsatile blood flow: Comparative study of indirect
systolic, diastolic and mean brachial artery pressure with simultaneous direct ascending aortic pressure
measurements, Amer. Heart J., 103, 879-886 (1982).

[4] Y. LE Bras, G. FONTENIER, J. P. MERILLON, Methods for in vivo determinations of the impedance
spectrum and reflection coefficients at the human aorta input calculation of the characteristic
impedance, Med. and Biol. Eng. and Comput., 24, 329-332 (1986).

[5]1 E. O. BRIGHAN, The Fast Fourier Transform, Prentice Hall, Inc., Englewood Cliffs, New Jersey 1974

[6] G. R, Curry, D.N. WHitE, Color coded ultrasonic differentional velocity scanner (Echoflow),
Ultrasound in Medicine and Biology, 4, 27-35 (1978).

[71Y. DouviLLe, K. W. JOHNSTON, M. KAssAN, Determination of the hemodynamic factors which influence
the carotid Doppler spectral broadening, Ultrasound in Medicine and Biology, 11, 3, 417-423 (1985).

[8] D. J. FARRAR, G. S. MALINDZAK, G. JOHNSON, Dynticmic pressure-flow diagrams and impedance in
experimental arterial stenosis and in stenotic atherosclerosis, Annals of Biomedical Engineering, 6,
413-428 (1978).

[9] L. Fruipczysskl, R. HErczyNski, A, Nowickl, T. PowArowskr, Przeplywy krwi — hemodynamika
i ultradiwigkowe dopplerowski metody pomiarowe, PWN, Warszawa 1980.

[10] J. P. GioLna, N. WESTERHOF, Aortic input impedance in normal man: Relationship to pressure wave
forms, Circulation, 62, 1 (1980). ;

[11] B. S. Gow, M. G. TAYLOR, Measurements of viscoelastic properties of arteries in the living dog,
Circulation Research. 23 (1968).



A NONINVASIVE ULTRASONIC METHOD ... 311

[12] D. H. Groves, T. Powarowskl, D. H. WHITE, A digital technique for tracking moving interfaces,
Ultrasound in Med. and Biol, 8, 2, 185-190 (1982).

[13] M. S. Kassam, R. S. C. CossoLp, K. W. Jounston and C. M. GRAHAM, Method for estimating the
Doppler mean velocity waveform, Ultrasound in Medicine and Biology, 8, 537-544 (1982).

[14] Y. LANGLOIS, G. O. REODERER, A. CHAN, D. J. PHiLips, K. W. BEACH, D. MARTIN, P. M. CHIKoOS and
D. E. STRANDNESS, Evaluating carotid disease. The concordance between pulsed Doppler/spectrum
analysis and angiography, Ultrasound in Medicine and Biology, 9, 1, 51-63 (1983).

[15] K. F. LINDEGAARD, S. J. BAKKE, A. Grip, H. NorNES, Pulsed Doppler techniques for measuring
instantaneous maximum and mean flow velocities in carotid arteries, Ultrasound in Medicine and
Biology, 10, 4, 419-426 (1984).

[16] T. MEropE, P. Hick, A. P. G. Hoeks, R. S. RENEMAN, Limitations of Doppler spectral broadening in
the early detection of carotid artery disease due to the size of the sample volume, Ultrasound in
Medicine and Biology, 9, 6, 581-586 (1983).

[17] J. P. MUrGO, N. WESTERHOF, J. P. GIOLMA, S. A. ALTOBELLI, Aortic input impedance in normal man
relationship to pressure wave forms, Circulation, 62, 1 (1980).

[18] M. F. O'ROURKE, M. G. TAYLOR, Input impedance of the systemic circulation, Circulation Research,
20, 4 (1967).

[19] M. F. O'ROURKE, M. G. TAYLOR, Vascular impedance of the femoral bed, Circulation Research, 18,
(1966).

[20] D.J. PateL, J. C. GREENFIELD, D. L. FRY, In vivo pressure-length-radius relationship of certain blood
vessels in man and dog. Pulsatile Blood Flow Proceedings. Editor E. O. Attinger. New York 1964.

[21] T. Powarowskl, An ultrasonic c.w. Doppler method of measurements of the blood flow velocity,
Archives of Acoustics 6, 3, 287-306 (1981).

[22] T. Powarowskr, J. ETIENNE, L. FiLipczyNski, A. Nowicki, M. PIECHOCKI, W. SECOMSKI
A. WLECIAL, M. BARANSKA, Ultrasonic gray scale Doppler imaging angiography, Archives of
Acoustics, 9, 1-2, 131-136 (1984).

[23] T. Powarowskl, B. PeNsko, Z. TRAWINSKI, L. FILIPCZYNSKI, An ultrasonic transcutaneous method of
simultaneous evaluation of blood pressure, flow rate and pulse wave velocity in the carotid artery,
Abstracts of Satellite Symp. of the XIlI-th World Congress of Neurol., Aachen, M-68 (1985).

[24] T. Powarowskl, B. PeNsko, Noninvasive ultrasonic method of pressure and flow measurements Jor
estimation of hemodynamical properties of cerebrovascular system, Archives of Acoustics, 10, 3,
303-314 (1985).

[25] T. Powarowskl, B. PeNsko, L. FILIPCZYNSKI, A. MALEK, W. STASZKIEWICZ, M. SZOSTEK,
Transcutaneous ultrasonic examination of cerebro-vascular system by means of hemodynamic impedan-
ce method, Proc. Sixth Congress of the Furopean Federation of Societies for Ultrasound in Med. and
Biol. EROSON 87, 346-347, Helsinki (1987).

[26] T. Powarowski, B. PENsko, Elasticite d'artere carotide de sujets normaux et pathologiques, Colloque
sur les Ultra-sons et Acoustique Physique, 63-73, Paris 1987.

[27] T. Powarowskr, Ultradzwigkowe metody wyznaczania parametréw hemodynamicznych ukiadu naczy-
niowego pod kqtem diagnostyki tetnic szyjnych, Prace IPPT, 36, Warszawa 1988.

[28] T. Powarowsk, Ultrasonic system for noninvasive measurement of hemodynamic parameters of human
arterial-vascular system, Archives of Acoustics, 13, 1-2, 89-108 (1988).

[29] T. Powarowskl, B. PENSKO, A noninvasive ultrasonic method for the elasticity evaluation of the carotid
arteries and its application in the diagnosis of the cerebro-vascular system, Archives of Acoustics, 13,
1-2, 109-126 (1988).

[30] L. Pourcerot, C. W. Doppler technique in cerebral vascular disturbances, in: Doppler ultrasound in
the diagnosis of cerebrovascular disease, Ed. Reneman R. S. and Hoeks A. P. G., Research Studies
Press, Chichester 1982.

[31] J. E. RANDALL, R. W. STACY, Mechanical impedance of dog’s hind leg to pulsatile blood flow, Amer. J.
Physiol., 187, 94-98 (1956).

[32] J. M. Rem, M. P. SPENCER, Ultrasonic Doppler technique for imaging blood vesels, Science, 176,
1235 1236 (1972).



312 T. POWALOWSKI

[33] R. S. REnemaN and A. P. G. HoEks, Doppler ultrasound in the diagnosis of cerebrovascular disease,
Research Studies Press, Chichester, 1982.

[34] R.S. RENEMAN, M. P. SPENCER, Local Doppler audio spectra in normal and stenosed carotid arteries in
man, Ultrasound in Medicine and Biology, 5, 1, 1-11 (1979).

[35] J. T. Roscok, Fundamental Research Statistics for the Behavioural Sciences, Holt, Rinehart, Winston,
New York, 1969.

[36] C. D. SHELDON, J. A. MuURig, R. O. QuiN, Ultrasonic Doppler spectral broadening in the diagnosis
internal carotid artery stenosis, Ultrasound in Medicine and Biology, 9, 6, 575-580 (1983).

[37] N. WESTERHOF, P. SIPKENA, G. ELZINGA, Arterial Impedance, in: Cardiovascular studies, Hweny,
Gross, Patel, University Park Press, Baltimore 1979.

[38] J. P. Woopcock, Doppler ultrasound in clinical diagnosis, British Medical Bulletin, 36, 3, 243-248
(1980).

[39] W.J. ZWIEBEL, Spectrum analysis in carotid sonography, Ultrasound in Medicine and Biology, 13, 10,
625-636 (1987).

Received March 15, 1989.



Acknowledgements

No scientific journal could survive without the help of experts who have agreed to act as referees. It is
encouraging to note that despite the conditions under which researchers work, a pure and unselfish
scientific spirit is preserved by the reference who ensure the very existence of scientific communication.

Because of the large diversity of typics that Archives of Acoustics covers and our efforts to shorten the
publication process, it is impossible for our Editorial Board members to review all the papers we are
receiving.

Here we are give a list of colleagues who have kindly agreed to review manuscripts for Archives of
Acoustics 14 volume. 1 would like to thank all of them for their assistance and hope that they will continue
to give us the benefit of their invaluable advice.

Eugeniusz DANICKI

Editor-in-chiefl

J. DEPUTAT A. MARKIEWICZ
S. ERNST W. MYSLECKI

L. FILIPCZYNSKI A. OPILSKI

S. Gisowicz W. PaJEWSKI

G. GRELOWSKA R. PLOWIEC

A. JAROSZEWSKA R. SALAMON

A. JUSZKIEWICZ M. SZUSTAKOWSKI
J. KACPROWSKI M. TAJCHERT

E. KozAaczka R. WYRZYKOWSKI

M. LABOWSKI B. ZOLTOGORSKI



	aa_14_3-4_01
	aa_14_3-4_02
	aa_14_3-4_03
	aa_14_3-4_04
	aa_14_3-4_05
	aa_14_3-4_06
	aa_14_3-4_07
	aa_14_3-4_08
	aa_14_3-4_09
	aa_14_3-4_10
	aa_14_3-4_11
	aa_14_3-4_12
	aa_14_3-4_13
	aa_14_3-4_14
	Acknoweledgements



