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Abstract—The acoustic emission from cavitation in the field of an extracorporeal shock wave lithotripter has been
studied using a lead zirconate titanate piezoceramic (PC4) hydrophone in the form of a 100-mm diameter focused
bowl of 120-mm focal length. With this hydrophone directed at the beam focus of an electrohydraulic lithotripter
radiating into water, it is possible to identify signals well above the noise level, at the 1-MHz resonance of the
hydrophone, which originate at the beam focus. Light emission, attributed to sonoluminescence, is also shown to
originate at the focal region of the lithotripter, and the signal obtained from a fast photomultiplier tube directed at
the focus has similarities in structure and timing to the detected acoustic signals. The multiple shock emission
resulting from a single discharge of an electrohydraulic source is shown to result in two separate bursts of
cavitational activity separated by a period of 3-4 ms. The signal burst corresponding to the primary shock has a
duration of about 600 us with little noticeable structure. The signal burst associated with the secondary shock has
a reproducible structure with two distinct peaks separated by about 200 us depending on the shock amplitude. The
timing and structure of each burst is shown to be in reasonable agreement with the theoretical predictions made by
Church (1989) based on the Gilmore model of bubble dynamics. In particular, it is shown that it is possible to
obtain precise measurements of the time delay between the separate peaks within the signal burst detected
following the secondary shock and this may, as predicted, provide a method of determining the size of bubbles

remaining after the primary shock.
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INTRODUCTION

The mechanisms by which the acoustic shock waves
generated in extracorporeal shock wave lithotripsy
(ESWL) interact with tissue and stone are poorly un-
derstood. Several studies, however, have reported evi-
dence of acoustic cavitation occurring in water near
the focus of lithotripters (Coleman et al. 1987; Ried-
linger 1990), and cavitation is generally assumed to
play some part in fragmenting stones (Koch and
Grunewald 1989) and inducing biological effects in
ESWL (Delius et al. 1990; Gambihler et al. 1990;
Brummer et al. 1989). The ability to detect and quan-
tify cavitation at the focus of a lithotripter is likely,
therefore, to contribute to an understanding of the
effectiveness and safety of the treatment, properties
which have proved difficult to assess from the mea-
surement of shock wave parameters alone.
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A search for cavitation induced in blood within
the abdominal aorta of dogs exposed to a lithotripsy
field has been reported by Williams et al. (1989). This
study employed a resonant bubble detector (RBD)
(Miller 1981) and attributed the failure to detect bub-
bles to the inhibition of cavitation resulting from the
high tensile strength of blood under in vivo condi-
tions. Such a detector, however, may not provide the
most appropriate measure of cavitation in lithotripsy
since its design is based on the assumption that biologi-
cal effects are induced primarily by resonant bubbles.
While there is considerable evidence that this is true
of low power cavitation (Nyborg and Miller 1982),
biologically relevant cavitation is unlikely to be con-
fined to stable bubbles of resonant size during litho-
tripsy exposures where high amplitude pulses are em-
ployed.

There are, in addition, some practical problems
which limit the use of an active bubble detector such
as the RBD in lithotripsy. Design considerations indi-
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cate that both sending and receiving transducers of
the RBD be situated within a few centimeters of the
bubble field and that the bubbles be within a moving
fluid (Miller 1981). In addition, the typical delay be-
tween generation and detection of bubbles is more
than 0.5 s, and bubbles smaller than about 10 g may
redissolve in this time and go undetected. Detection
of remnant bubbles of one size some time after the
driving field has ceased may, therefore, not be ex-
pected to provide an accurate record of transient bub-
ble activity induced by the high amplitude pulse from
a lithotripter.

The acoustic emission from cavitation generated
at the focus of an electrohydraulic shock wave source
is examined, here, using a passive, focused hydro-
phone. Some of the advantages of this approach are
discussed by Coakley (1971) and Gavrilov et al.
(1988), and an early use of a directional hydrophone
for cavitation detection is described by Hill et al.
(1969). The present hydrophone can detect acoustic
emission from transient cavitation induced by high
amplitude pulses used in lithotripsy. It can be directed
anywhere in the acoustic field from a position well
outside the relatively violent lithotripter field and, be-
ing focused, also allows some spatial resolution. Its
use is not restricted to examination of bubbles in
moving fluids, and the device could conceivably pro-
vide information on cavitation occurring at depth
within biological tissue. In lithotripsy, where bioef-
fects have been reported in tissues close to the beam
focus, such a detector offers considerable advantages
over an RBD.

Verification that the acoustic signal detected by
this hydrophone arises from cavitation is attempted
by comparing the hydrophone signal with that from a
photomultiplier (PM) tube directed at the beam
focus. Any light emission detected by the PM tube is
attributed to cavitation-induced sonoluminescence
(Walton and Reynolds 1984) and is taken as indepen-
dent evidence that cavitation is present. A second ex-
perimental verification of the association between the
detected acoustic signal and cavitation involves com-
parison of the signals obtained in tap water with those
in carbonated water in which the violence of cavita-
tional activity is expected to be reduced (Young
1989b).

Some of the predictions made in a theoretical
study of lithotripsy-induced bubble dynamics by
Church (1989) are summarized since they allow inter-
pretation of the experimental measurements. The the-
oretical model used by Church (1989) has also been
implemented to extend these predictions to account
for the bubble dynamics in response to double shocks
timed at about 3-ms intervals as are typically gener-
ated by electrohydraulic lithotripters.
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THEORY

Introduction

The fundamental assumptions of the Gilmore
model of bubble dynamics are that the bubble re-
mains spherical throughout its motion, the radius of
the bubble (R) is much smaller than the wavelength of
the applied field, and the motion of the liquid
surrounding the bubble is isentropic. Diffusion of air
in and out of the bubble has been taken into account
since this critically influences the bubble radius.

The wavelength associated with a typical litho-
tripsy pulse (with a centre frequency of around 150
kHz) is, as required, several orders of magnitude
larger than the largest bubbles considered in this
study. However, the assumption that the bubble re-
mains spherical can be considered to apply only in
advance of any violent collapse which may result
from exposure to high amplitude lithotripsy pulses.
Following such a collapse, the bubble may fragment.
Flynn and Church (1984) have estimated the average
number of bubbles resulting from such a collapse to
be between 4 and 50 so that the final bubble radii
achieved in practice can be expected to be between
about 1.6 and 3.7 times smaller than those calculated
here.

High speed photographic evidence (Riedlinger
1990) suggests that a bubble cloud extending 50 mm
in the axial direction around the focus is formed in
water as a result of exposure to an electrohydraulic
lithotripter similar to the Dornier HM3 and it should
be noted that the response of a bubble cloud will be
likely to differ from that of a single bubble modeled
here. Such differences may result, for example, from
interaction between bubbles and the wide variation in
the initial bubble radii. Nevertheless, some gross fea-
tures of the model may apply for a bubble cloud.

The theoretical model as described by Church
(1989) has been implemented on a Cray X-MP/28
supercomputer using a C-compiler (Unix operating
system). With step size optimization, the program
takes around 2 h to run for the examples considered
here. Results are obtained in the form of the bubble
radius variation with time R(f) and as the pressure
variation with time at the surface of the bubble P(¢)
with the boundary conditions specified by the mea-
sured output of the shock wave source and an initial
bubble radius assumed typical of tap water.

Boundary conditions

An important difference between the acoustic
output of an electrohydraulic lithotripter and that of
both piezoelectric and electromagnetic lithotripters
results from the generation of a plasma bubble be-
tween the electrode pair which constitutes the electro-
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hydraulic acoustic source. Oscillations of this bubble
following a single “firing” of the source result in the
emission of multiple, rather than single, shocks. Hy-
drophone measurements show successive shocked
pulses of diminishing amplitude and asymmetry
emitted at intervals of the order of milliseconds
(Hunter et al. 1986).

Only the first two shocks are considered here and
are identified as the “primary” and ‘“‘secondary”
shocks. The delay between primary and secondary
shocks is sensitive to the discharge strength but is typi-
cally about 3 ms for a primary peak pressure, p+, of
50 MPa. The p+ of the secondary shock is assumed,
on the basis of broadband hydrophone measure-
ments, to be 40% of that of the primary.

For convenience, both primary and secondary
shocks (Fig. 1) are assumed to have the same wave-
form, p(t), and a suitable expression for this waveform
(Church 1989) is given by:

p(t) = 2(pH)ecos(2ft + =/3).

For the primary pulse, « is chosen to be 8.0 10°
s7! and fis 83.3 kHz, giving a pulse with an asym-
metry ratio (p+/p—) of 5 and, for the secondary shock,
ais set at 4.2 10° s~ with the same value of f'to corre-
spond with the measured asymmetry ratio of 2. The
effect of pulse rise time is not modeled here since, for
values typical of electrohydraulic sources (<30 ns),
the bubble response as noted by Church (1989) is in-
sensitive to the rise time.

The response of pre-existing bubble nuclei to the
primary shock is calculated with p+ = 50 MPa (corre-

1

sponding to a 25-kV setting), and the initial bubble
radius R, = 3 um, which is assumed to be typical for
the cavitation nuclei in tap water (Keller 1972). The
effect of this choice of R, (and the spread of radii
about R,) on the bubble dynamics is considered be-
low. Diffusion is modeled assuming water to contain
6 moles/m? of dissolved air. The response of any bub-
bles to the secondary shock is calculated with p+ = 20
MPa and with an initial bubble radius corresponding
to the final bubble radius following the primary
shock.

Primary shock

From the plot of bubble radius, R(f), in Fig. 2 it is
noted that the bubble collapses as soon as it en-
counters the compression half-cycle of the primary
shock. The bubble then proceeds to grow rapidly as
the tensile part of the shock arrives. The entire dura-
tion of the shock wave is about 10 us and any bubble
response beyond ¢ = 10 us, therefore, takes place in
the absence of a driving field. The initial rapid growth
is followed by a relatively long period (of about 200
us) where the bubble wall is nearly stationary. The
bubble then collapses violently and, if it survives in-
tact, will continue to rebound and collapse, according
to the model, with a 30-us period. Most of the diffu-
sion of gas into the bubble occurs during the long
period following the shock when the bubble remains
expanded and the 3-um bubble, considered here,
grows to a final radius of about 60 ym.

The plot of P(t) in Fig. 2 illustrates the acoustic
pressure at the bubble wall. This plot indicates an ini-
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Fig. 1. The normalized pressure waveforms of the first two shocks emitted by an electrohydraulic lithotripter

assumed in the theoretical model. Following a single discharge of the lithotripter, a primary shock (1°) of large

amplitude (typically, p+ = 50 MPa) is followed some 3 ms later by a secondary shock (2°) of about 40% amplitude

with a reduced asymmetry ratio. A third shock of considerably reduced amplitude is also occasionally observed
but not considered here.
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Fig. 2. The predicted bubble response to the primary (1°)

shock. The bubble radius variation, R(¢), and pressure varia-

tion, P(t), at the position of the bubble wall are plotted

against time after the primary shock. The calculation as-

sumes the waveform in Fig. 1 with p+ = 50 MPa and an
initial bubble radius, R, = 3 pm.

tial acoustic emission as the bubble collapses on en-
countering the shock wave at ¢ = 0. There then follows
a relatively long period, ¢, between the first and sec-
ond bubble collapses where no acoustic output is ex-
pected and, finally, acoustic emission recommences
as the second and subsequent collapses occur. The
amplitude of the emission corresponding to the sec-
ond collapse is a factor of about 10, higher than the
initial emission at ¢ = 0.

The dynamics of the bubble in response to the
primary shock illustrated in Fig. 2 are essentially iden-
tical to those considered in detail by Church (1989).
By varying the boundary conditions including, in par-
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ticular, the shock amplitude (p+) and the initial bub-
ble radius (R,), Church has made some important ob-
servations concerning the predicted duration of the
“quiet” period (z.) and the radii of the bubbles imme-
diately following the second collapse:
(a) The period ¢, increases as a simple function of p+
and is weakly dependent on R,.
(b) Measurement of z. may provide a means of mea-
suring R, if p+ can be accurately determined.
(c) Any bubble with R, between 1 and 10 um will
expand to the same (60 um) final radius in re-
sponse to a shock if p+ is sufficiently large.
Measurement of the time variation of the acous-
tic emission or sonoluminescence signal may be ex-
pected to provide a means of testing at least the first
two predictions if signals above the noise level can be
detected. The output of an electrohydraulic shock
wave source offers an additional potential since the
secondary shock, following within a few milliseconds
of the primary shock, encounters the bubbles acti-
vated and enlarged by the primary shock.

Secondary shock

The bubble response to the secondary shock has
been modeled, here, by assuming that this shock en-
counters a bubble with an initial radius (R, = 60 um)
which has been enlarged (from 3 um) as a result of
diffusion following the primary shock. If bubble frag-
mentation takes place during the second (most vio-
lent) collapse initiated by the primary shock, as indi-
cated by Flynn and Church (1984), the bubble popula-
tion encountered by the secondary shock will still
have a larger initial radius than that encountered by
the primary shock but will be between about 16 um
and 38 um rather than the value of 60 um as used in
the calculations generating the curves for R(¢) and F(¢)
in Fig. 3.

The time variation of the bubble radius and wall
pressure, R(¢) and P(z), in response to the secondary
shock (Fig. 3) have similar forms to those obtained for
the primary shock (Fig. 2). The most notable differ-
ence is that diffusion is less significant in the second-
ary bubble response than in the response to the pri-
mary shock with the initial bubble radius (60 pm)
remaining unchanged.

The plot of P(1) for the secondary shock (Fig. 3)
suggests that the pressure amplitude of the emission
from the secondary shock may be expected to be
smaller than from the primary shock, and the dura-
tion of the acoustically quiet period, ¢., following the
secondary shock wave may be similar to that resulting
from the primary shock.

Discussion
The maximum bubble wall velocity in the main
collapse, R,,.., can be obtained from the data used to
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Fig. 3. The predicted bubble response to the secondary (2°)

shock. The bubble radius, R(?), and pressure variation, P(¢),

at the bubble wall are plotted against time after the second-

ary shock. The calculation assumes, p+ = 20 MPa and an

initial bubble size, R, = 60 um, this representing the bubble
radius following the primary shock.

plot the graphs of R(7) in Figs. 2 and 3, and R_,, is
greater than 2000 ms™! and can achieve 4000 ms™" if
the bubble remains spherical. Since this exceeds the
sound velocity in both water and air, shocks are there-
fore likely to be generated both in the gas within the
bubble and the water surrounding it. The shocks in
the water constitute the expected wideband acoustic
emission from the bubble, and the formation of a
shock in the gas within the bubble is taken as an indi-
cation that the processes within the bubble are possi-
bly sufficiently violent for sonoluminescence produc-
tion (Vaughan and Leeman 1986) so that the bubble

may be expected to emit light. The amplitude of the
pulse emitted at the second collapse of a single bubble
(of initial radius 3 um) in response to the primary
shock is estimated to be about | MPa at a detector
placed 120 mm from the bubble, as here.

The modeled behavior of a single bubble driven
by a single lithotripter shock wave suggests that the
emission of either sound or light will take the form of
an initial burst immediately following the shock (at ¢
= 0) followed by a “quiet” period of duration .. This
period is predicted to last of the order of 200 us, de-
pending on the initial bubble radius and the ampli-
tude of the driving shock pulse. Following this delay,
there will be a second burst of emission corresponding
to more violent bubble collapse. Subsequent behavior
depends on whether or not the bubble fragments but
will, in any case, consist of more rapid collapses and
rebounds of steadily decreasing amplitude.

In practice, there will be a wide range of initial
bubble sizes in tap water, and the acoustic emission
from bubbles activated by the primary shock is likely
to have a poorly defined quiet period as different size
bubbles collapse out of phase. In addition, the high
collapse pressure makes fragmentation of the bubbles
more likely in response to the primary shock than in
the secondary, increasing the variability in bubble dy-
namics which may result from primary shock expo-
sure.

The prediction that any bubble with a radius be-
tween 1 and 10 um will achieve the same final radius
provided the shock amplitude is high (Church 1989)
is particularly interesting. It suggests that bubble be-
haviour following the initial expansion period (¢,) pro-
gresses independently of the initial bubble radius.
Most importantly, it implies that the secondary shock
may encounter a narrower range of bubble sizes than
the primary shock, and the detected acoustical and
optical signal may be more coherent with a better re-
solved ¢,.

METHOD

Shock wave sources

Two, nominally identical, electrohydraulic
shock wave sources have been used in this study. Both
have the same specifications which are based on those
of the Dornier HM3 commercial lithotripter (having
an 80 nF capacitance and a discharge circuit induc-
tance < 100 nH) and use the same disposable elec-
trodes and focusing reflector dimensions. The first de-
vice, referred to as the experimental lithotripter, is
described by Coleman et al. (1989). The second de-
vice is a commercial prototype based on the experi-
mental lithotripter (manufactured by EEV Ltd., Lin-
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coln) and is referred to here as the EEV lithotripter.
Experiments on the acoustic and light emission were,
for convenience, carried out independently on the ex-
perimental lithotripter at St. Thomas’ Hospital, Lon-
don, and the EEV lithotripter at the Cavendish Labo-
ratory, Cambridge, respectively.

No significant difference is expected between the
acoustic output of the two nominally identical
sources. However, while it has been noted that the
emission of multiple shocks by electrohydraulic
sources is a reproducible feature, the delay between
shocks is sensitive to the strength of the discharge, and
slight differences in the delay between shocks are ob-
served in successive discharges on the same source.
Similar differences may be expected between delays
from the two electrohydraulic sources used here.

The discharge strength is affected not only by the
output setting but also by such factors as the size of
the electrode gap and the water condition. At a con-
stant output setting of 20 kV, the delay between pri-
mary and secondary shocks was found to increase
from 3.1 ms to 4 ms in tap water as a new electrode
ages (from 1 to 100 discharges). At the highest output
setting using an old electrode, where the electrode gap
has widened considerably, delays of 6 ms can be
achieved. The standard deviation (SD) (expressed as a
percentage of the mean of consecutive readings) for
the delay between the primary and secondary shocks
from discharges of the same source is 4% and corre-
sponds to a variability in delay of about +150 us fora
typical 20 kV output setting using a new electrode. In
addition to this random variation in primary to sec-
ondary shock delay, there is a systematic increase in
the delay of about 900 us as a new electrode ages over
100 discharges. Where nominally identical sources
are operated at the same setting and with new elec-
trodes, as here, the differences in the delay between
primary and secondary shocks could reasonably be
expected to be less than 900 us although not better
than the random variability of +150 us.

Measurement of sound emission

Evidence in the literature (reviewed by Young
1989a) suggests that, for high drive levels, the acoustic
emission from cavitation may be expected in the form
of white noise generated at an intensity which domi-
nates any detectable acoustic emission at harmonics
of the driving frequency. This white noise generation
is attributed to the emission of steep-fronted shocks
by transient cavitation (Neppiras 1968).

A hydrophone having a wide bandwidth would
be considered ideal for detecting white noise emis-
sion; however, in practice, focused hydrophones of
sufficient sensitivity having a wide bandwidth are not
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readily available and for this study a commercially
produced 1 MHz piezoceramic crystal of the desired
type and shape was obtained.

The 1.65 mm thick (1 MHz thickness resonance)
focal disc of lead zirconate titanate piezoceramic
(PZT-PC4), manufactured by Morgan Matroc Ltd.,
Wrexham, with a 100 mm diameter and 120 mm fo-
cal length was mounted with electrical connections to
both silvered surfaces for use as an air-backed hydro-
phone. The bowl has a focusing gain of the order of
1000, and the —6 dB focal region of the reception
zone is about 5 mm long (in the axial direction) and 3
mm wide (in the focal plane).

This hydrophone was immersed in tap water and
the beam focus was aligned with the focus of the exper-
imental electrohydraulic shock wave generator oper-
ated at stated voltages with a new electrode (less than
100 shots) of the Dornier type. It was positioned with
its axis of symmetry perpendicular to that of the shock
wave source (Fig. 4a). The tank containing the source
and hydrophone was lined with an anechoic matting,
and the source was mounted on sound absorbent ma-
terial.

The hydrophone cable was connected via a high
pass filter with a 100 kHz lower band cut-offinto the 1
Mohm (23 pF) impedance of a LeCroy 9450 digital
oscilloscope with a 400 - 10° sample/s and Fast-Four-
ier Transform (FFT) capability. The high pass filter
was employed to remove signals which appeared at
the radial resonance of the hydrophone (18 kHz).
Without the filter, the amplitude of the signal at the
radial resonance (1 V) overwhelms that at the thick-
ness resonance (1 mV) when the shock wave source 1s
discharged. With the filter in place, the radial mode
resonance 1s not observed.

Signals at 1 MHz were attributed to acoustic
emissions from within the hydrophone reception
zone, and it was assumed that there was no contribu-
tion to the 1 MHz signal direct from the shock wave
source. This assumption is supported by the need for
reasonable alignment of the hydrophone with the
beam focus to obtain a detectable signal at 1 MHz.
The signal at 18 kHz, on the other hand, is attributed
to the direct effect of the generated shock wave field
on the hydrophone. The oblique incidence of any
pulse originating from the source is assumed to en-
hance the observed excitation of the hydrophone ra-
dial resonance.

An additional property of the acoustic field of an
electrohydraulic source was noted, using a broadband
hydrophone, as a signal in the frequency range 5 to 10
kHz of similar amplitude at all positions within the
tank. This was identified as the “ringing” of the ellip-
soidal reflector following a discharge. This, being at a
similar frequencys, is also expected to enhance the sig-
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Fig. 4. The experimental set-up for (a) acoustic emission and (b) sonoluminescence measurements showing

relative positions of the shock wave source and the hydrophone or PM tube, respectively, in an anechoic tank, The

focus of the hydrophone is chosen to coincide with that of the shock wave source (F2). A high pass filter eliminates

a relatively large amplitude signal at the radial resonance of the hydrophone (18 kHz). The PM tube is positioned

within an opaque cylindrical container with acoustical windows made of aluminium foil. The ellipsoidal reflector
is also shielded with aluminum foil to omit light produced by the electrical discharge.

nal picked up by the ceramic hydrophone at its radial
resonance.

The open circuit, end-of-cable sensitivity of the
hydrophone and filter system at 1| MHz was estimated
from tabulated data to be 10 pV/Pa for a spherical
wave emitted at the beam focus. The noise amplitude
was less than 0.2 mV so that pressures above about 20
Pa could be expected to be detectable.

A relatively crude control experiment was
carried out following all measurements with the hy-
drophone in which a 14-mm thick sheet of expanded
polystyrene was placed in front of the aperture of the
shock wave source. This thickness is able to attenuate
the shock wave by more than —50 dB so that any
signal still registered by the hydrophone could be
identified as being unrelated to cavitation at the beam
focus. In all cases, the observed signal at | MHz was
suppressed, and only an electrical spike associated
with the discharge was recorded.

Measurement of light emission

Light emission in the water around the beam
focus of the shock wave source was examined using a
fast PM tube (EMI 9789B) which has a 50-mm physi-
cal diameter and a 10-mm effective cathode diameter.
The arrangement of the PM tube in the shock wave
field is shown in Fig. 4b. The EEV lithotripter was
used for this experiment and was operated at a setting
of 20 kV. The PM tube output was connected to the
LeCroy oscilloscope via a preamplifier. The special
precautions necessary to shield the PM tube from the
light flash which occurs at the moment of the electri-
cal discharge made it difficult to obtain simultaneous
measurements of light and sound emission as would
have been ideal.

The reflector aperture of the shock wave source
was covered by a plane sheet of 50-um aluminium foil
which transmits the shock wave with negligible attenu-
ation but is opaque to the light of the discharge. The
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PM tube was positioned out of the water with its front
face 60 mm directly above the beam focus (F2) point-
ing into the water in a direction perpendicular to the
acoustic beam axis (Fig. 4b). As additional protection
from extraneous light, a thin cardboard cylinder (170-
mm diameter) closed at both ends was placed in the
water containing the beam focus. This cylinder was
modified by cutting an aperture of 80 mm at one end
to allow the PM tube a clear view of the focus and a
140-mm aperture covered with a double layer of alu-
minium foil in the side as a light opaque window for
the acoustic beam. The PM tube, thus, viewed a vol-
ume of water surrounding the beam focus contained
within a light opaque cylinder with an acoustic win-
dow. Care was taken to ensure that the aluminium
foil remained opaque since it was found to become
dented and eventually ruptured by the cavitation.

To identify any part of the detected signal which
had an electrical origin, the 14-mm thick sheet of ex-
panded polystyrene was inserted in front of the aper-
ture of the shock wave source. A single electrical spike
was observed to be associated with the electrical dis-
charge of the source, but all signals following this were
completely suppressed. As an additional control,
water was drained from the tank at the end of the
experiment so that the shock wave source fired in air.
Again, no signal other than the initial electrical spike
was obtained. This was interpreted as excluding the
possibility that the PM tube was detecting light from
the electrical discharge.

These experiments on the EEV lithotripter were
later repeated on the experimental lithotripter. In this
case an RCA 4880C/V2 PM tube was positioned and
shielded as before with the output going via a pream-
plifier to the LeCroy oscilloscope. The experimental
arrangement was otherwise unaltered. The results
were essentially identical to those obtained previously
although the time constant for the pulse decay on the
RCA tube was about three times that from the EMI
tube and the resulting traces appeared smoothed. Al-
though these traces were more reproducible, the rela-
tive timing of signals is better resolved without
smoothing and only results from the EMI tube are
presented.

Water condition

Tap water contains sufficient particulate impuri-
ties to act as nucleation sites for cavitation and may,
therefore, be expected to support cavitation relatively
well (Keller 1972). In an attempt to verify the associa-~
tion between the hydrophone signal at | MHz and the
presence of cavitation, an experiment was carried out
in which the condition of the water was altered in a
way that was expected to reduce the acoustic emission
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from cavitation without affecting the shock wave am-
plitude.

To suppress cavitation it was considered imprac-
tical to reduce the number of nucleation sites by, for
example, filtering the water and an alternative ap-
proach was used. This approach is based on evidence
that saturation of water with carbon dioxide gas, while
lowering the cavitation threshold, inhibits cavita-
tional collapse and consequently reduces acoustic and
optical emission from cavitation. This effect is attrib-
uted to the high solubility of carbon dioxide gas which
allows it more easily to diffuse into expanded bubbles
and cushion their subsequent collapse (Young
1989b). The theoretical model described above con-
firmed this assumption for the case of a typical litho-
tripter pulse. For water containing 33 moles/m> of
dissolved carbon dioxide, the predicted bubble re-
sponse leads to a similar duration “quiet” period, ¢,
but the amplitude of the acoustic emission from the
second bubble collapse is predicted to be reduced by a
factor of about 10 for both primary and secondary
shocks.

The experiment to suppress cavitational collapse
was attempted initially by filling the entire tank with
carbonated water. It was found, however, that in the
carbonated water the secondary shock was com-
pletely inhibited, presumably as a result of the alter-
ation of the behaviour of the plasma bubble at the
electrode gap. To overcome this problem the experi-
ment was repeated with a thin (20 pm) polythene bag
suspended in the anechoic tank so that the beam focus
was contained within the bag. The bag was filled with
the same amount of either tap water or carbonated
tap water while the shock wave source operated in tap
water in both cases. The hydrophone was placed in
the same position as in Fig. 4a and remained outside
the bag.

RESULTS

Comparison of sound and light emission

Figure 5a shows the oscilloscope trace of the 1-
MHz signal registered by the hydrophone using the
experimental lithotripter and Fig. 5b shows the oscil-
loscope trace obtained from the EMI PM tube using
the EEV lithotripter. Both traces were recorded with
an oscilloscope time base of 1 ms per division with a
shock wave generator setting of 20 kV using a new
electrode (i.e., between 1 and 100 shocks). The oscil-
loscope sensitivity was set at 20 mV per division and
0.5 V per division for acoustic and optical traces, re-
spectively, with the bar shown in each figure represent-
ing one division on both horizontal and vertical axes.
In both cases the scope is triggered by the electrical
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Fig. 5. Signal traces representing (a) 1-MHz sound and (b) light emission over a 10-ms period detected from a

region around the beam focus of the two different (nominally identical) electrohydraulic shock wave sources

following a single discharge of each source. The time delay between emission of primary (1°) and secondary (2°)

shocks by each of the two sources is highly sensitive to the discharge strength, and the difference in the relative
timing between the secondary shocks in (a) and (b) is within the variability expected (+900 us).

spike which occurs at the moment of discharge and
this acts as a reference pulse (¢ = 0) which is used to
compare the timing of later signals.

The traces (Figs. 5a and b) show that there occur
at least two distinct bursts of sound and light emission
following the reference pulse which, from consider-
ation of the relative timing of the pulses, can be asso-
ciated with the arrival of the primary and secondary
shock waves at the beam focus. The acoustic trace
shows, in addition, a third burst associated with a
third shock. The difference (of 400 us) in the timing of
the secondary acoustic and optical signal bursts (2°
pulses in Figs. 5a and b) is within that expected from
the random and systematic variations in delay be-
tween primary and secondary shock emission which

is known to result from different discharge strengths
generated by the two different shock wave sources.

In the acoustic trace (Fig. 5a) a signal burst (1°)
occurs about 200 us after the reference pulse. The
maximum amplitude of this acoustic signal is about
0.005 MPa and falls roughly exponentially with a
time constant of about 1 ms. There then follows a
second signal burst (2°) of similar maximum ampli-
tude associated with the arrival time of secondary
shock at 3.9 ms after the primary shock. This second
signal dies away, again roughly exponentially with a
1-ms time constant. Finally, there follows, 2 ms later,
a signal burst of significantly smaller amplitude (3°)
associated with the arrival at F2 of a third shock emit-
ted by the source.
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The optical trace (Fig. 5b) shares certain features
with the acoustic trace (Fig. 5a). Following the refer-
ence pulse, the signal appears to build up slowly in
amplitude over the 200 us after which some large sig-
nal spikes appear. This signal burst (1°) is associated
with the primary shock and lasts for less than 0.5 ms.
A second signal burst significantly above the noise
level (2°) occurs 3.5 ms after the onset of the first and
is attributed, as in the case of the acoustical trace, to
the arrival at F2 of the secondary shock. No third
signal burst was observed.

Primary shock wave

Figures 6a and b show, respectively, details of the
acoustic and optical traces associated with the pri-
mary shock wave. The time bases are both set to 200

Reference
pulse

o
1 sound pulse

Reference
pulse

o
1 light pulse

s e

—

2OOPS

(b)

Fig. 6. Signal traces of (a) the 1-MHz sound and (b) the light

emission over a 2-ms period due to the primary (1°) shock.

These both show the expected delay between the reference

(electrical) pulse and the commencement of sound and light

emission during which the shock wave travels to F2. The
time base is 200 us/division.
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us per division so that, in both cases, the signal dura-
tion is 2 ms. This time scale allows better resolution of
the delay between the reference pulse, on the left of
each trace, and the onset of signal burst. Time differ-
ences can be resolved with an accuracy of about
+10 us.

The acoustic emission resulting from the pri-
mary shock, shown in Fig. 6a, has a complicated
structure. The first signal above the noise level occurs
130 ps after the reference pulse. This time is too short
to be attributed to a signal originating at the beam
focus and is identified from its timing as the edge
wave generated at the aperture of the reflector. Since
the shock duration is 10 us, no structure of the pulse
itself can be resolved at this time base setting. At 260
us after the reference pulse the acoustic signal peaks
again. This delay corresponds with the time (180 us)
for the shock to travel from the source to the focus at
F2 (Fig. 4a), a distance of 276 mm, plus the time for a
signal to reach the hydrophone from F2 (80 us), a
distance of 120 mm and is, therefore, attributed to a
source of sound originating at the beam focus. The
signal then decays with a long (1 ms) time constant.
Within this period there are various fluctuations in
amplitude which do not appear to be particularly re-
producible features.

The light emission due to the primary shock is
shown in Fig. 6b. In this trace the reference pulse can
be more clearly identified than in Fig. 5b. The first
signal above the noise level occurs about 180 us after
the reference pulse and is attributed to light emission
from the beam focus associated with the arrival of the
shock wave at F2. As expected, therefore, the optical
signal commences some 80 us in advance of the sound
signal, the difference representing the additional delay
for the sound from F2 to reach the hydrophone.
There is some indication of a decay in the underlying
signal amplitude from a peak which occurs about 220
us after the reference pulse. The time constant of this
decay is about 100 us.

Secondary shock wave

Figures 7a and b show details of the acoustic and
optical signal bursts, respectively, both of which are
associated with the secondary shock wave. The oscil-
loscope time base is set at 200 us per division in both
cases. These signals occur some 3 ms after the refer-
ence pulse which, obviously, does not appear on these
traces.

The acoustic signal (Fig. 7a) shows a small initial
spike which, as for the trace associated with the pri-
mary shock, is attributed to the arrival at the hydro-
phone of the edge wave. The main peak occurs 130 us
after the edge wave, the same delay as in the acoustic
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Fig. 7. Signal traces of (a) the [-MHz sound and (b) the light

emission over a 2-ms period due to the secondary (2°)

shock. Both the sound and light emission have a similar

structure showing two reproducible peaks separated by

times of the order of 100 us. The time base is 200 us/divi-
sion.

pulse from the primary shock and this peak is, there-
fore, attributed to an acoustic signal originating at F2.
A small intermediate peak is followed by a large am-
plitude pulse which occurs 400 us after the edge wave
pulse. A long exponentially decaying signal with a 1-
ms time constant then follows as in the acoustic signal
from the primary shock.

The optical trace associated with the secondary
shock (Fig. 7b) shows a similar structure to that of the
acoustical trace with two main peaks with a small am-
plitude intermediate peak. The separation between
the two main peaks in this case is 170 us. There is no
evidence, however, of the subsequent long decay pe-
riod as seen in the acoustical trace. This signal is no-
ticeably less reproducible than the acoustic signal and,
in a series of 20 records, about one trace in three
showed the three peak structure, the others showing
only one or two of the peaks.

The durations of both acoustical and optical
traces associated with the secondary shock (270 us
and 170 us, respectively) are of the same order of mag-
nitude as those predicted using the Gilmore model for
the delay between the expected emissions from first
and second bubble collapses, 7., in response to a

shock. The theoretical model also suggests that z, in-
creases with shock wave amplitude and it is, therefore,
possible that the smaller (170 us) delay measured for
the light emission may result simply from the genera-
tion of a smaller amplitude shock by the particular
source used in that experiment as indicated by the
reduced separation between primary and secondary
shocks (Fig. 5b).

A correlation between shock strength and the de-
lay between the initial and second bubble collapses, ¢,
is suggested by the theory and would, if verified experi-
mentally, provide additional evidence that the separa-
tion of the peaks within a signal burst is associated
with .. A further experiment was, therefore, carried
out to examine this relation.

Signal variations with output setting

The time interval between the two main peaks
within the acoustic trace associated with both primary
and secondary shock waves was examined at different
output settings of the shock wave generator in 1-kV
steps over the range 15 to 25 kV using a new electrode.
The time interval was more conveniently obtained
from smoothed plots of the signal amplitude against
time rather than from the signal itself. These plots
were obtained relatively simply using the FFT facility
of the LeCroy oscilloscope by obtaining the 1-MHz
signal amplitude over a 100-us record length and by
stepping the 100-us record at 10-us intervals through
the entire signal. At each interval the peak amplitude
of the spread of amplitudes close to the resonant fre-
quency was obtained. While a better signal-to-noise
ratio could be obtained by integrating under the reso-
nance curve either side of 1 MHz, this was not a conve-
nient procedure and was unnecessary because the
peak value of amplitude remained well above the
noise level.

Plots of 1-MHz amplitude (in mV) against time
for the acoustic signal associated with the primary
shock are shown in Fig. 8 for 15-kV and 25-kV output
settings of the Dornier HM3 type generator. The error
bars indicate SD of a series of four repeated readings
which, for the primary pulse, is found to be about 50%
of the mean value.

Both graphs (in Fig. 8) show an initial increase in
1-MHz amplitude about 50-100 us following the on-
set of the signal burst (¢ = 0). The initial peak in am-
plitude appears to be reproducible as does the final
peak but in between these there are less reproducible
peaks. The two plots in Fig. 8 illustrate that the separa-
tion of the first and final peaks increases with output
setting of the generator. Repeated readings of separa-
tion at one output setting show a 25% variation. This
corresponds closely to the expected pulse-to-pulse
variation in shock wave amplitude, p+ (Coleman and
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Fig. 8. Plots of the 1-MHz amplitude of the acoustic signal

associated with the primary (1°) shock at source output set-

ting 15 kV and 25 kV. These show an increase in signal

duration with increased output setting. Error bars indicate
the observed SD of 50% of the mean value.

Saunders 1989). At 15-kV separation of the peaks is
230 us and increases to 430 us at the 25-kV setting.
Between 15 and 19 kV, there is little change in separa-
tion. Above 19 kV, the variation with voltage setting
is approximately linear.

Plots of 1-MHz amplitude against time for the
secondary shock are given in Fig. 9 for 15-kV and
25-kV settings. Error bars here represent the mea-
sured standard deviation of a series of four readings of
about 40% of the mean value. The signal amplitude
increases to a peak more than 50 us after the first
signal above the noise level. In this case, there are two
clearly identifiable peaks which have a reproducible
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separation with little intermediate signal. The separa-
tion increases from 120 us to 275 us as the output
increases from 15 kV to 25 kV.

The measured values of ¢, obtained from plots of
the signal burst following the secondary shock (as in
Fig. 9) over the range 15-25 kV have been compared
with theoretical predictions of #, at different pressures
(p+) made using the Gilmore model. Since the abso-
lute value of p+ was not recorded in this experiment,
it was necessary to convert the voltage setting to an
estimated value for p+ due to the secondary shock in
order to make the comparison. Using previous mea-
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Fig. 9. Plots of the 1-MHz amplitude of the acoustical signal

associated with the secondary (2°) shock at source output

settings 15 kV and 25 kV. These show an increase in peak

separation as well as an increase in amplitude at increased

output setting. Error bars indicate the observed SD of 40%
of the mean value.
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Fig. 10. A plot of the measured value of t. (from the secondary shock) against shock amplitude estimated from the
voltage setting. The error bars indicate the uncertainty in the estimated shock amplitude. The two solid lines
indicate the theoretical variation of ¢, with p+ for bubbles with initial radius (R,) of 3 um and 60 ym.

surements of the primary shock amplitude at the
beam focus at different voltage setting (Coleman and
Saunders 1989) the secondary shock amplitude,
which is around 40% of that of the primary shock, can
be estimated to be within about +25%. The measured
values of ¢, at each voltage setting are plotted in Fig.
10 against the secondary shock amplitude estimated
from the voltage setting with error bars indicating the
estimated 25% uncertainty in p+. Measured values of
t, corresponding to voltages between 15 and 19 kV are
all within +20 us of that for 15 kV and, for clarity, are
represented by a single point in Fig. 10 at 120 us. The
solid lines indicate the theoretical predictions of 7. at a
given shock amplitude using the Gilmore model for
bubbles with initial radii 3 and 60 um.

It is clear from Fig. 10 that, while the measure-
ment of £, can be made to within 5%, the large uncer-
tainty in the estimation of p+ limits the use of 7, in
obtaining reasonable estimates of bubble radius. This
problem could be overcome by making simultaneous
measurements of the secondary shock pressure wave-
form. While the absolute values of estimated p+ are
subject to large errors since they were not directly
measured, the graph in Fig. 10 does illustrate that the
measured values of £, increase in much the same way

as predicted by the theory for any initial bubble ra-
dius.

Suppression of cavitation

The mean values of three consecutive readings of
the 1-MHz amplitude obtained with the hydrophone
directed at F2 in the bag containing tap water do not
differ significantly from those shown in Figs. 8 and 9
for the primary and secondary shocks. In contrast,
with carbonated water in the bag the mean values of
three consecutive readings, 1-MHz amplitude at 10-
us intervals between 50 us and 350 us for the primary
shock were less than 50% of those obtained in tap
water. Similarly, for the secondary shock between 50
us and 200 us the mean 1-MHz amplitude was also
more than 50% lower than was the case for tap water.
In both cases the values outside this range did not
differ significantly from those in tap water. At the rela-
tively low signal-to-noise levels in the detected emis-
sion from carbonated water it was not possible to ob-
serve any structure in the signal such as the double
peaks that are reproducibly noted in the emission
from the secondary shock in tap water. The experi-
ment is interpreted tentatively as indicating a reduced
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acoustic emission from cavitation as a result of the
enhanced diffusion of carbon dioxide into the bubble.

DISCUSSION

The sound and light emission from cavitation oc-
curring near the beam focus of an electrohydraulic
lithotripter have been examined using a hydrophone
and a PM tube. It has been demonstrated that the
hydrophone, which is placed outside the cavitation
field, is capable of detecting acoustic emission from
cavitation at the beam focus and that the timing and
structure of the detected signal corresponds closely
with the signal attributed to sonoluminescence ob-
tained independently using a PM tube.

The correspondence between the time variation
of the detected sound and light emission is taken as
strong evidence that the focused hydrophone detects
the acoustic emission from cavitation. Both sound
and light emissions resulting from the primary shock
indicate the generation of relatively incoherent signals
of decaying amplitude as would be expected from the
shock wave activation of a bubble population of
widely varying initial radius. In contrast, the sound
and light emission resulting from the secondary shock
indicate the generation of coherent signals as might be
expected from a population of similarly sized bubbles.
The observation of differences in the coherence of the
primary and secondary bubble response provides pre-
liminary evidence supporting Church’s (1989) predic-
tion that diffusion tends to equalize the radii of bub-
bles exposed to lithotripsy shock waves of sufficient
amplitude.

The reduced amplitude of the detected acoustic
emission resulting from both the primary and second-
ary shocks in carbonated water provides additional
evidence that the acoustic emission results from cavi-
tation. This evidence is based on the model prediction
that cavitational collapse will be cushioned as a result
of increased gas diffusion into the bubble. The sono-
luminescence generation, which was not examined in
this case, would also be expected to be reduced.

On the assumption that the “quiet” period, ¢, is
indeed measured by the separation of the peaks in the
acoustic signal associated with the secondary shock it
1s possible, as suggested by Church (1989), that an
estimate of bubble radius could be obtained provided
a simultaneous measurement of p+ were made. The
values of z, measured here overlap with those pre-
dicted for bubble with radii within the range 3—-60 pm.
However, the large uncertainty in the estimation of
the secondary shock amplitude and waveform, due to
the lack of simultaneous measurements of pressure,
makes it difficult to obtain more precise estimates of
the bubble size. It should be noted that the model
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indicates that predicted values of 7. are more sensitive
to negative peak pressure, p—, than to positive peak
pressure, p+, and that, consequently, any simulta-
neous measurements of the secondary shock pres-
sures should include the recording of p— as well as p+.

CONCLUSIONS

This study demonstrates some qualitative
aspects of cavitational activity occurring at the beam
focus of an electrohydraulic shock wave lithotripter.
The reasonable agreement between the experimental
measurements of the time variation of the cavitation
signals and those predicted using the Gilmore-Akuli-
chev model of bubble dynamics provide encourage-
ment that some useful quantitative information, such
as the bubble radius, can be extracted.

Further studies of the detection of acoustic emis-
sion from cavitation might usefully examine the spec-
trum of the acoustic emission using a broadband hy-
drophone. This would allow some estimate of the
likely attenuation of the signal by any intervening tis-
sue if such a hydrophone were used to search for cavi-
tation at depth in tissue. It might also allow identifica-
tion of resonances such as that predicted following the
main (second) bubble collapse at around 0.03 MHz
which may allow some estimate of bubble size follow-
ing the main bubble collapse.

The multiple shock output of an electrohydraulic
lithotripter clearly influences the quality of the cavita-
tional activity generated in these fields and may well
influence the performance and safety of this type of
lithotripter. With the increasing evidence that cavita-
tion plays a role in stone fragmentation as well as in
certain side effects of treatment, differences in the per-
formance and safety of lithotripters, some of which
generate single rather than multiple shocks, may well
be more directly assessed by measurement of the qual-
ity of the cavitation fields which they generate than on
the basis of the measurement of shock wave parame-
ters alone.
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