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A passive cavitation detector~PCD! identifies cavitation events by sensing acoustic emissions
generated by the collapse of bubbles. In this work, a dual passive cavitation detector~dual PCD!,
consisting of a pair of orthogonal confocal receivers, is described for use in shock wave lithotripsy.
Cavitation events are detected by both receivers and can be localized to within 5 mm by the nature
of the small intersecting volume of the focal areas of the two receivers in association with a
coincidence detection algorithm. A calibration technique, based on the impulse response of the
transducer, was employed to estimate radiated pressures at collapse near the bubble. Results are
presented for thein vitro cavitation fields of both a clinical and a research electrohydraulic
lithotripter. The measured lifetime of the primary growth-and-collapse of the cavitation bubbles
increased from 180 to 420ms as the power setting was increased from 12 to 24 kV. The measured
lifetime compared well with calculations based on the Gilmore–Akulichev formulation for bubble
dynamics. The radiated acoustic pressure 10 mm from the collapsing cavitation bubble was
measured to vary from 4 to 16 MPa with increasing power setting; although the trends agreed with
calculations, the predicted values were four times larger than measured values. The axial length of
the cavitation field correlated well with the 6-dB region of the acoustic field. However, the width of
the cavitation field~10 mm! was significantly narrower than the acoustic field~25 mm! as bubbles
appeared to be drawn to the acoustic axis during the collapse. The dual PCD also detected signals
from ‘‘rebounds,’’ secondary and tertiary growth-and-collapse cycles. The measured rebound time
did not agree with calculations from the single-bubble model. The rebounds could be fitted to a
Rayleigh collapse model by considering the entire bubble cloud as an effective single bubble. The
results from the dual PCD agreed well with images from high-speed photography. The results
indicate that single-bubble theory is sufficient to model lithotripsy cavitation dynamics up to time of
the main collapse, but that upon collapse bubble cloud dynamics becomes important. ©2000
Acoustical Society of America.@S0001-4966~00!02503-0#

PACS numbers: 43.80.Sh, 43.25.Yw, 43.35.Ei@FD#
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INTRODUCTION

Shock wave lithotripsy~SWL! ~Chaussyet al., 1980! is
the most common modality for treating kidney ston
~Holmes and Whitfield, 1991!. Despite the widespread use
SWL, there is no agreement in the literature as to the mec
nism by which the shock wave destroys kidney stones
addition, although early reports indicated that SWL tre
ment did not lead to appreciable damage to the kid
~Chaussy, 1982; Evan and McAteer, 1996!, it is now recog-
nized that a clinical dose of shock waves will induce re
injury in a majority, if not all, treated kidneys~Kaudeet al.,
1985; Evan and McAteer, 1996!. Both the significance of
tissue damage, and the mechanisms that are responsib
the damage, are under dispute. There is an incentive th
fore to develop techniques that can quantify the action
possible mechanisms in SWL.

One mechanism that appears to play a significant
1745 J. Acoust. Soc. Am. 107 (3), March 2000 0001-4966/2000/10
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during SWL, both for stone comminution and tissue dama
is acoustic cavitation. Acoustic cavitation refers to t
growth and violent collapse of vapor or gas cavities in
sponse to an acoustic pressure field. Cavitation has been
posed as a mechanism of stone comminution in SWL~Cole-
manet al., 1987; Crum, 1988; Vogel and Lauterborn, 1988!.
Studies have shown that the presence of cavitation is crit
to stone fragmentationin vitro ~Sasset al., 1991; Delacretaz
et al., 1995!. Studies with biological systems demonstra
that significant bioeffects occur when cavitation is pres
~Delius et al., 1990; Daleckiet al., 1996!. Evidence of cavi-
tation events occurring in and around the kidneys of hum
patients during SWL has been detected~Coleman et al.,
1996!. These results provide circumstantial evidence tha
clinical lithotripsy cavitation could play both a benefici
role in stone destruction and a deleterious role in bioeffe
In this report a refinement of previous cavitation detect
systems is presented which can both improve the spa
17457(3)/1745/14/$17.00 © 2000 Acoustical Society of America
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specificity and better quantify the strength of cavitati
events produced by a lithotripter.

At the focus of an electrohydraulic lithotripter, the pre
sure waveform consists of a shocked positive pulse, w
peak pressure of order 40 MPa and duration 1ms, followed
by a negative tail, of about210 MPa peak pressure and 4-ms
duration ~Coleman and Saunders, 1989!. The behavior of
cavitation bubble dynamics in response to a lithotripsy pr
sure pulse was predicted by Church~1989! based on the
Gilmore–Akulichev model. The model predicts that bubb
will respond with a characteristic ‘‘double-burst’’ acoust
signature~discussed in more detail below!. Colemanet al.
~1992! measured the double-burst acoustic signature fr
cavitation in a lithotripter using passive cavitation detect
~PCD!. The PCD system consisted of a single focused
drophone listening for acoustic emissions from the focal
gion of the lithotripter. The results showed that the measu
response was qualitatively in accordance with the Gilmo
Akulichev model. Delacretazet al. ~1995! measured a
double-burst signature from the cavitation field of an elect
magnetic lithotripter using a polyvinylidene fluoride PVD
needle hydrophone. The double burst has also been reco
in patients undergoing clinical SWL~Colemanet al., 1996!.
Measurementsin vivo with a pig model indicated that tissu
has a constraining effect on bubble dynamics~Zhonget al.,
1997, 1998, 1999!.

A number of other techniques have been used to mon
lithotripsy-induced cavitation. When foil targets are plac
in the focus of a lithotripter they suffer surface pitting due
cavitation. The pitting has been used to measure both
spatial extent and relative intensity of the cavitation~Cole-
man et al., 1987; Lifshitz et al., 1997; Baileyet al., 1999!
but does not give information on the time history of t
bubble cloud. Pye and Dineley~1999! have recently pub-
lished a technique where translation of a small sphere is u
to detect cavitation. Sonoluminescence, light emissions f
cavitation collapses, has been measured in the focal regio
an electrohydraulic lithotripter~Colemanet al., 1992!. Laser
scattering~Jochleet al., 1996; Huberet al., 1999! and fiber
optic transmittance~Delacretazet al., 1995! provide time
history of the bubble dynamics.

Perhaps the best measurements of thein vitro cavitation
field are provided by high-speed photography~Sasset al.,
1991; Huberet al., 1994; Jochleet al., 1996; Zhonget al.,
1997, 1999!. Video images demonstrate that cavitation in t
free field consists of a large cloud of bubbles. This is sign
cant for PCD systems because even with focused hy
phones it appears that detected emissions could come fr
number of cavitation events. Difficulty in specifying the lo
cation of cavitation events using PCD is compounded
electrohydraulic lithotripters where spark jitter leads to var
tion in the location of the acoustic and hence the cavitat
fields.

An advantage of the PCD over other methods is
ability to observe cavitationin vivo. This work describes an
acoustic cavitation detection system, the dual PCD, wh
provides improved spatial information on the location
cavitation events in comparison to a single transducer P
The article first addresses the drawbacks associated with
1746 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000
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ing a single focused transducer as a PCD. It proceed
describe how signals from two focused PCD transducers
association with a coincidence detection algorithm, can p
vide improved spatial localization of cavitation events. T
dual PCD system is completed by establishing a calibra
technique to estimate the pressure radiated by collap
cavitation bubbles. The dual PCD was used to map the c
tation field of two electrohydraulic lithotripters and resu
were compared to numerical predictions of single-bubble
namics. The presence of bubble rebounds detected by
dual PCD was confirmed with high-speed photography. T
dual PCD system described here has the potential to de
eventsin vivo and may be a useful tool in elucidating the ro
of cavitation in clinical lithotripsy by providing a means t
correlate cavitation with either stone fragmentation or tiss
injury.

I. MATERIALS AND METHODS

A. Lithotripters

The majority of the measurements were conducted in
research electrohydraulic lithotripter at the Applied Phys
Laboratory, University of Washington at Seattle~APL-UW!,
which was designed to mimic the performance of a clini
lithotripter, the Dornier HM3~Howard and Sturtevant, 1997
Clevelandet al., 2000!. Measurements were also taken on
clinical, unmodified, Dornier HM3 lithotripter at Methodis
Hospital ~Indianapolis, Indiana!. Our experiments are fo
cused on the Dornier HM3 because it is the lithotripter in t
widest use in the United States~Lingeman, 1996!. The
acoustic field of the lithotripters was characterized by
broadband polyvinylidene fluoride~PVDF! membrane hy-
drophone with a 0.5-mm active spot~Model 702, Sonic In-
dustries, Hatboro, Pennsylvania!. The calibration value pro-
vided with the shock wave hydrophone was confirmed
substitution calibration, up to 20 MHz, with a PVDF mem
brane hydrophone~type Y-33-7611, GEC-Marconi, Chelms
ford, UK! that had been calibrated at National Physic
Laboratories~Teddington, UK!. The waveforms and acousti
fields measured in the two lithotripters have been determi
to be similar ~Clevelandet al., 2000!. In each lithotripter,
peak positive pressure was variable from 25 MPa~12 kV! to
40 MPa~24 kV!.

An electrohydraulic lithotripter uses an underwat
spark to generate a shock wave. The spark is located a
internal focus (F1) of a hemi-ellipsoidal reflector; the reflec
tor focuses the spherical shock wave generated by the s
to the external focus (F2) of the ellipsoid. The geometry o
the ellipses in the two lithotripters was identical~major half-
axis a5139 mm, minor half-axisb578 mm; the reflector is
truncated to be 14 mm short of complete hemi-ellipsoi!.
Both lithotripters used an 80-nF capacitor to store the h
voltage before discharging it through a refurbished Dorn
electrode~Service Trends, Kennesaw, Georgia!. Electrodes
with between 100 and 2000 sparks were used to limit v
ability in spark amplitude with electrode age. The water
both lithotripters was degassed to between 2 to 4 ppm of2

~approximately half the gas content of tap water! and NaCl
added to achieve a conductivity of 650mS/cm. Gas conten
1746Cleveland et al.: Localized cavitation detection
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was measured to increase during experiments at a rate o
ppm/hour. The temperature of the water bath in
APL-UW machine was 20 °C; the HM3 water was mai
tained at body temperature 37 °C. In the HM3, position
was achieved using the three-axis hydraulic positioner p
vided with the HM3, or by the mounting hand-controlle
stages on the side of the tank. Positioning in the APL-U
lithotripter was accomplished using a computer-control
three-axis system~Velmex-Unislide, Bloomfield, NY!.

All data were recorded on a digital oscilloscope~Tek-
tronix TDS 744, Beaverton, OR! which has an 8-bit digitizer
and sampling rate up to 2 gigasamples/s. The scope
triggered by a photodiode which detected the light flash fr
the underwater spark discharge. Data were transferre
computer and processed by LabVIEW~National Instruments,
Austin, TX!. Further processing was done in MatLab~Math-
works, Natick, MA!.

B. Bubble dynamics model

Measurements of cavitation activity were compared w
results of numerical calculations. The model used for bub
dynamics was the Gilmore–Akulichev formulatio
~Gilmore, 1952; Akulichev, 1971!, with gas diffusion in-
cluded. The model was proposed and solved numerically
lithotripsy by Church~1989!. We have reproduced Church
numerical solution and briefly review the model here; furth
details can be found elsewhere~Church, 1989; Cholet al.,
1993!. The Gilmore equation describes the oscillations o
single spherical bubble driven by an acoustic excitation
can be written in the following form:

S 12
Ṙ

c DRR̈1
3

2 S 12
Ṙ

3cD Ṙ25S 11
Ṙ

c DH1
R

c S 12
Ṙ

c D dH

dt
,

~1!

whereR is the bubble radius, a dot indicates a time deriv
tive, t is time, c is the speed of sound in the liquid at th
bubble wall, andH is the difference in the liquid enthalp
between the bubble wall and infinity. The expressions foc
5Adp/dr and H5*p`

p(R)dp/r were obtained from the Tai

equation of state for the liquidp5p01(c0
2r0 /n)•@(r/r0)n

21#, wheren is the Tait parameter,p0 is ambient pressure
r0 ambient density, andc0 small-signal sound speed. Th
upper limit of the enthalpy integral is the pressure at
water–gas interface, i.e., the bubble wallp(R)5pg22s/R
2(4m/R)R̊, wherepg is the pressure in the gas, given b
low, s is the coefficient of surface tension, andm the coef-
ficient of viscosity. The lower limit isp`5p01P(t), the
pressure at infinity whereP(t) is acoustic pressure assoc
ated with the lithotripter shock wave.

Gas diffusion was accounted for by Church with a ze
order model for gas diffusion based on a theory by Eller a
Flynn ~1965!. The number of moles of gasn(t) in the bubble
is given by the following equation:n5n024ApD*0

tF(t8)
3(t2t8)21/2dt8, wheren0 is the initial number of moles in
the bubble,D is the diffusion constant,t5*0

t R4(t8)dt8,
F(t)5C0(pg /p0)2Ci , C0 the saturation concentration o
the gas in the liquid,Ci the initial concentration of gas in th
liquid far from the bubble, pg5(p012s/R0)(n/n0)
1747 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000
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3(R0/R)3h(R0n /R0)
3(h21) is the pressure in the gas,R0 the

initial radius,R0n the time varying equilibrium radius, andh
is the polytropic exponent of the gas.

The radiated pressure was calculated using the Ak
chev formulation

pRAD~ t !5p01
r0c0

2

n F S 2

n11
1

n21

n11

3A11
n11

rc0
2 GD 2n/~n21!

21G , ~2!

whereG5R(H1U2/2) is an invariant of the bubble motio
evaluated at the bubble wall andr is the distance from the
center of the bubble. Equation~2! does not account for non
linear distortion of the radiated pressure as it propaga
from the bubble.

The equations were solved using a code written inFOR-

TRAN. The Gilmore equation was integrated using the four
order Runge–Kutta solver from Numerical Recipes~Press
et al., 1992, pp. 710–722!. The diffusion equation was
solved using a trapezoidal rule as discussed by Chu
~1989!. The various numerical values used for the parame
were p05105 Pa, c051485 m/s, r051000 kg/m3, n57,
s50.0725 N/m,m50.001 Pa.s,n056.93310215moles, D
52.4231029 m2/s, C050.872 moles/m3, C150.436
moles/m3 ~i.e., 50% gas saturation!, h51.4, andR053 mm.
The acoustic pressureP(t) used as an input to the code wa
taken from waveforms measured by the shock wave hyd
phone system~Sec. I A!. The waveforms were sampled a
250 MHz ~4 ns! and linear interpolation was used to produ
a continuous waveform.

Figure 1 shows a sample calculation of a bubble in
sponse to an acoustic waveform measured in the APL-U
lithotripter. Figure 1~a! shows the measured pressure wav
form and a corrected waveform. The corrected waveform
an elongated negative pressure tail~Bailey et al., 1999! to
compensate for an underestimation of the negative pres
phase attributed to measurements with PVDF membra
~Wurster et al., 1994!. In all the bubble dynamics calcula
tions presented here, corrected pressure waveforms w
used for the acoustic input. Figure 1~b! and ~c! show the
radius of the bubble and the radiated pressure 10 mm a
from the bubble as functions of time. The response o
bubble consists of an initial collapse due to the positiv
pressure phase of the shock and the corresponding first b
acoustic emissionpS* ~the asterisk indicates a compute
value!. This is followed by a rapid growth phase driven b
the negative-pressure tail of the shock wave. The inertia
parted to the bubble wall by the negative tail is large enou
that the bubble continues to grow after the shock wave
passed. From this point inertial cavitation dominates, as th
is no external time-varying driving pressure, and the bub
continues to grow for a relatively long period~in excess of
100 ms!. Eventually the ambient pressure in the fluid sto
the growth and initiates an inward flow of fluid which lead
to a second collapse of the bubble and the correspon
second burst of the acoustic emission,pC* . These two emis-
sions are the double-burst signature and the time betw
them is the characteristic timetC* . After the second collapse
1747Cleveland et al.: Localized cavitation detection
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the bubble undergoes a number of growth and colla
cycles, rebounds, at the collapse of each rebound a pres
wave is radiatedpR* , pR2* ,... and thetime between rebound
is tR* ,tR2* ,... When thebubble becomes quiescent we no
that its radius has increased to approximately 60mm because
of gas diffusion into the bubble.

For the simulation shown in Fig. 1 the characteris
time was about 520ms, the maximum radius 3 mm, and th
rebound time 33ms. At distance 1 cm from the bubble cent
the calculated radiated pressures were:pS* 50.8,pC* 568, and
pR* 50.24 MPa. These values are similar to those calcula
by Church. We note that the radiated pressure expres
does not account for nonlinear distortion of the radiated p
sure wave. For the pressures predicted, particularly at
second collapse, the radiated pressure wave will form
shock within 10 mm and suffer corresponding nonlinear
tenuation which will reduce the collapse pressurespC* . Ne-
glect of nonlinear distortion may contribute to calculated
diated pressures being larger than measured values.

C. Cavitation detection receivers

The system for measuring cavitation signals is now p
sented. Although the dual PCD system consists of two
cused receivers, we first discuss the behavior of a single P
receiver. The individual transducers used in this resea
were spherical caps of C-5400 lead zirconate titanium~PZT!
~Channel Industries, Santa Barbara, CA! with a resonance
frequency of 1.08 MHz, aperture diameter of 100 mm, a
radius of curvature~focal length! of either 100 or 200 mm.
The PZT elements were mounted in a stainless steel hou
and were air-backed. When used as receivers of acou
emissions from shock waves it was necessary to use a h
pass filter~model 3202, Krohn-hite, Avon, MA!, with a 300-
kHz cutoff frequency, to remove the low-frequency signal
the radial mode of the transducer~approximately 20 kHz!.
The configuration used here is very similar to that descri
by Colemanet al. ~1992!.

The use of focused transducers in PCD is based on
desire to detect cavitation events from a confined volum
Although focused transducers have a narrow focal reg
the focal region can be relatively long, leading to uncertai
in the axial location of a detected event. The size of
sensitive region of a focused hydrophone can be determ
from the radiation pattern of the transducer. Because of r
procity of the wave equation, the focal region of the tran
ducer as a hydrophone is identical to the focal region of
transducer as a source. The acoustic field of a focused p
source was described theoretically by O’Neil~1949!, and it
has been shown that a focused piezoelectric transduce
haves very much like an ideal focused piston source~Cathi-
gnol et al., 1997!. The O’Neil solution for pressure ampli
tude distribution along the transducer axis for sinusoi
excitation can be written as

p5V0rcUei2pz/l2ei2pR/l

12z/F U, ~3!

whereV0 is the amplitude of the normal velocity of the pi
ton surface,r the ambient density of the medium,c the small
1748 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000
e
ure

d
on
s-
e
a

t-

-

-
-
D
h

d

ng
tic
h-

f

d

he
e.
n,
y
e
ed
i-
-
e
on

e-

l

signal sound speed,z the distance along the axis,l the wave-
length,F the radius of curvature, andR the distance from the
observation point to the transducer edge. The axial pres
field described by Eq.~3! achieves a localized region of hig
amplitude around the geometrical focusz5F. The axial
length of the ‘‘focal spot’’D i ~full width half-maximum! is
given by

D i5
0.6l

sin2~a/2!
, ~4!

wherea5arcsin(a/F) is the half-aperture angle of the radia
tor, anda the radius of the transducer. The lateral distrib
tion of the pressure amplitude at the focal plane (z5F) may
be expressed as follows:

p5pmaxU2J1~2pr sina/l!

2pr sina/l U. ~5!

FIG. 1. Predicted bubble dynamics in the APL-UW lithotripter at 24 kV~a!
measured acoustic shock wave and corrected shock wave used for b
dynamics,~b! calculated radius time curve of a 3-mm bubble,~c! calculated
radiated pressure 10 mm from the bubble. The scattered pressurepS* , char-
acteristic timetC* , radiated collapse pressurepC* , rebound timetR* , and
radiated rebound pressurepR* are all indicated. The asterisk* denotes the
values are calculated.
1748Cleveland et al.: Localized cavitation detection
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Herepmax is the pressure amplitude at the focal point,J1 the
cylindrical Bessel function of the first order, andr the lateral
distance. The full width half-maximum diameter of the foc
region is

D'5
0.7l

sina
. ~6!

Equations~4! and~6! define the axial and lateral dimension
of the sensitive area of a single PCD transducer. When s
ing cavitation events from the bubble cloud, a single PC
transducer receives signals coming from all collaps
bubbles sitting in a cigar-shaped volume of dimensionsD i

by D' .
Table I presents corresponding values for the PCD tra

ducers we employed~Nos. 1 and 2!, the PCD transduce
used by Colemanet al. ~1992, 1996! ~No. 3!, and the PCD
transducer used by Zhonget al. ~1997! ~No. 4!. Table I il-
lustrates that all PCD transducers have good spatial res
tion, of the order of a few millimeters, in the lateral directio
(D'), but have a poor resolution, of the order of tens
millimeters, in the axial direction (D i). The resolution is
especially poor for small aperture~i.e., smalla! PCD trans-
ducers, which can be deduced from the sina term in the
denominator of both Eqs.~4! and ~6!.

D. Coincidence detection: dual PCD

Dual PCD, illustrated in Fig. 2, uses two perpendicu
confocal transducers to produce a detector with an effec
focal dimension proportional to the width, not the length,
the focal region of each transducer. Although each rece
in the dual PCD suffers from the same long focal region a
single PCD, it is possible to take advantage of the fact t
signals coming from the union of the two focal regions w
have the same arrival time. A coincidence detection al
rithm was constructed so that only events that origina
from the effective focal region were identified as cavitati

TABLE I. Axial and lateral dimensions of sensitive volume for differe
PCD transducers: 1, 2, Channel Industries, 3 Colemanet al. ~1992, 1996!, 4
Zhonget al. ~1997!.

Hydrophone # 1 2 3 4

f res, MHz 1.08 1.08 1.0 1.0
2a (mm) 100 100 100 38
F ~mm! 100 200 120 102
D i , mm 13 53 20 105
D' , mm 2.0 3.9 2.5 5.7
1749 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000
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events. The transducers were mounted on a rigid frame
each transducer could be independently rotated and mo
vertically. Fine alignment was achieved by placing a nee
hydrophone at the desired focus; each of the PCD trans
ers was used as a source and independently positione
that a maximum signal was recorded at the needle.

The concept behind the use of coincident detection us
the dual PCD is illustrated by an example. Figure 3 prese
signals registered by the two confocal PCD transduc
~200-mm focal length! aligned with the focal region of the
APL-UW lithotripter for a single spark discharge at a volta
of 24 kV. Figure 3~a! shows the signals received by bo
transducers, where zero time corresponds to the firing of
spark. The travel distance of the shock wave from the e
trode to the reflector, and then toF2 is 276 mm; the distance
from F2 to either PCD hydrophone is 200 mm. The tim
delay for the total distance is 317ms, assuming a speed o
sound 1500 m/s, which corresponds to the first peak see
Fig. 3~a!. This first signalpS results from nonlinear acousti
scattering, which can be interpreted as being comprised
two inseparable effects:~i! scattering of the lithotripter shock
wave from small bubbles or particles that are typica
present in water;~ii ! acoustic radiation from the bubbles du
ing their first collapse. As described in Sec. I B, the cavi
tion field then proceeds through a growth and collapse cy
and radiates a second acoustic emissionpC . In Fig. 3 a sec-

FIG. 3. Dual PCD signals for a single shock wave at 24 kV~a! long time
scale,~b! closeup of main burst.
n
re

e

f

k
e
l

FIG. 2. Diagram of the concept of in-
tersecting focal volumes is shown o
the left. The cigar-shaped volumes a
the focal regions of the individual
transducers; the shaded region is th
effective focal volume of the dual
PCD. On the right is a photograph o
the dual PCD in APL lithotripter. The
brass ellipsoidal reflector and spar
plug are at the bottom of the tank; th
two confocal bowls are also confoca
with F2 of the ellipsoid.
1749Cleveland et al.: Localized cavitation detection
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re-
ond, large amplitude, emission is detected by both P
transducers at around 1000ms; however, additional emis
sions are registered by both transducers before and after
event. Figure 3~b! shows a closeup view of the signal arou
1000 ms which consists of a number of ‘‘events.’’ Eac
event consists of a decaying sinusoid, the impulse respo
of the transducer. The signal from one PCD transducer d
not allow one to deduce whether the detected events o
nated in the focal region or not. The structure of the detec
signals becomes clear when comparing signals from the
PCD transducers. Only the signals arriving at similar tim
and having similar amplitude are of interest, all other sign
do not originate near the effective focal region of the d
PCD. It is apparent from the traces that only the burst ar
ing at 1017ms is similar on both transducers, therefore on
this burst corresponds to a bubble collapsing in the effec
focal region. The characteristic time in this case istC

5700ms.
Note that, in addition to the main collapse, a furth

simultaneous collapse, at approximately 1260ms, is also ap-
parent from the dual PCD traces. This second collapse
pears to be from a ‘‘rebound,’’ a second growth-and-collap
cycle, and occurs about 240ms after the main collapse. Th
rebound will be discussed in more detail in Sec. II.

The signals displayed in Fig. 3 were unwieldy to pe
form analysis on. Significant data reduction was achieved
demodulating the signals to remove the sinusoidal osc
tions yet maintain the structure of the envelope. The
modulation process was carried out inLABVIEW immediately
after the waveforms had been transferred from the dig
oscilloscope to the computer. A full-wave rectification d
modulation process was used; it consisted of taking the
solute value of the signal, followed by a low-pass filter~But-
terworth, 300 kHz, second order! and finally decimation by a
factor of five. The demodulation process also reduced
peak amplitude of the signal by a factor of 2.5.

Detection of simultaneous events was carried out
post-processing using MatLab by the following procedu
The demodulated signals from each channel were conve
from volts to pressure by a calibration factor~described in
the following section!. The first burst~corresponding to the
arrival of the shock! was located by windowing each wave
form to within 20ms of the calculated arrival time of the firs
burst. The windowed waveforms were oversampled by a
tor of five to smooth the signals and then the peak in
cross correlation between the two channels was used to
termine the location of the first burst. The second burst,
sociated with the primary inertial collapse, was determin
by finding the location of the maximum signal~for time
greater than 20ms after the first burst! on each channel. The
20-ms delay was used to skip over spurious signals ass
ated with the coda of the first burst. For each of the maxim
the two channels were windowed from210 to 30ms around
the time of the peak~large enough to capture the impuls
response of the PCD!, locally resampled and a cross corr
lation performed. If a maximum occurred in the cross cor
lation for time shifts less than 3.4ms ~which corresponded to
the 5-mm cross-sectional region of the PCD transducers!, a
coincident event was deemed to have occurred. Rebou
1750 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000
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were found by looking for maxima in the recorded signa
beyond the primary collapse by performing the same w
dowing and cross-correlation algorithm.

Once coincident events were identified, the signal~or
pulse! amplitudes on each channel were compared to de
mine if the event had occurred at the focus. Coincid
events do not necessarily occur at the focus; because
two transducers were used coincident events could in
occur anywhere in the equal travel-time plane that bisects
two transducers. However, the focused nature of the tra
ducers meant that events outside of the focal region,
which still lie on the plane of equal travel time, were d
tected with very low amplitude. These events were identifi
and excluded on two grounds:~1! if the amplitude of the
signals received on the two channels differed by more tha
factor of three it was assumed that the bubble was outsid
the focal region of one of the transducers and~2! if the am-
plitude of the signal from the second burst was less th
twice the amplitude of the signal received from the fi
burst, i.e.,pC,2pS , it was assumed that the bubble was n
in the focal region. The signal from the first burst was ve
consistent and it appeared that there was always some so
bubble or scatterer present to generate this signal in the f
region of the dual PCD. For a cavitation event to occur in
first side lobe of a PCD and appear to have come from
focal zone~that is, exceed the detection threshold given he!
would require a collapse pressure in excess of 30 MPa wh
was larger than anything we measured. In summary, a ‘‘fo
event’’ was deemed to have occurred when

~1! The arrival times of the pulses on both channels w
close enough for the event to have been somewhere
the plane of constant travel time for the transducers.

~2! The amplitudes of both pulses were consistent with
signal emanating from the focal region of both transdu
ers.

The action of the algorithm is demonstrated in Fig.
which shows demodulated signals received by a pair
transducers~PCD#2, F5200 mm! from five consecutive
shots. The lithotripter was at a setting of 18 kV and fir
approximately every 3 sec~limited by the time necessary t
transfer data from the scope to the computer!. For the signals
in Fig. 4 the focus of the dual PCD was aligned 10 mm
front of F2 of the lithotripter. The signal from the secon
PCD transducer was inverted to assist in visual compari
of the signals. The vertical scale has been calibrated to
resent the peak radiated pressure 10 mm from the bu
center as discussed below in Sec. I E.

Locations where a maximum in the cross correlati
was detected~not necessarily a focal event! are marked by an
‘‘ 3.’’ The uppermost traces~shot 1 of the five! show no
significant emissions on either channel. Shot 2 shows c
tation activity on channel 1 only but no activity on channel
The third shot yielded a coincident event~simultaneous sig-
nals on both channels! but of such low amplitude that it wa
assumed the signals did not originate from the focal reg
of the dual PCD. Shot 4 shows an event and apparent
bound detected on channel 2 but no events on channe
which indicates the cavitation collapse was in the focal
1750Cleveland et al.: Localized cavitation detection
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gion of transducer 2 but outside the focal region of tra
ducer 1. The last shot shows a large cavitation event at
ms and a rebound signal at 800ms evident on both
channels—the algorithm described above identified this a
focal event. The collapse time, or characteristic time,tC

5340ms, is the time between the first collapsepS

52.2 MPa and the main collapsepC512 MPa. The rebound
time tR was 150ms and the radiated pressurepR53.3 MPa.
Note that upon examination of the traces associated with
last shot there appeared to be a second bubble nearby
collapsed a little sooner than the bubble that was detec
This second bubble also appeared to generate a rebound
coincident detection algorithm rejected this signal as be
outside the volume of interest because the signal was dis
portionately strong on channel 1.

Measurements taken at the focus of the lithotript
studied here provided simultaneous cavitation events for
proximately 2/3 of the shots at 18 kV. Observation with
single PCD transducer would lead one to observe cavita
events in at least 90% of the shots because it does no
clude events outside of the focal region.

E. PCD pressure calibration

In addition to being able to localize cavitation events
was also considered useful to obtain an estimate of the

FIG. 4. Five consecutive dual PCD recordings at 18 kV. The radiated p
sure is calibrated in terms of the peak pressure at a distance 10 mm fr
collapsing bubble. The shape of the waveform is related to the imp
response of the PCD transducer and is not representative of the pre
waveform of the acoustic emission.
1751 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000
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plitude of the acoustic emission generated by the cavita
collapse. Calculations by Church~1989! predict that the sec-
ond collapse produces an outgoing shock wave with p
pressure of order 30 MPa at a distance of 1 cm from
bubble. Pressures nearer the bubble would be higher. V
and Lauterborn~1988! performed an experiment with
single laser-produced vapor bubble. They measured the
plitude of the pressure wave radiated by a collapsing bub
at a distance of 1 cm from its center. For the same maxim
bubble radius as in the calculations of Church, their meas
ments give a value of about 10 MPa, which is three tim
less than corresponding computed value. Our goal wa
estimate, from the PCD signals, the pressure generated
bubble excited by a lithotripter pulse.

Calibration of a single PCD system has been reported
Zhonget al. ~1997!. The calibration value was the sensitivit
of their transducer at resonance. Based on this technique
report that the pressure 10 mm from a cavitation bubble c
sisted of a pulse with 1.8 MPa compressive pressure an
3.3-MPa tensile pressure for a spark discharge of 18
These values are an order of magnitude less than pred
by Church, and in addition, it seems unlikely that a collap
ing bubble will produce a stronger tensile pulse than co
pressive pulse. We discuss below that a resonance calibra
is not appropriate for extracting the peak amplitude of pul
type excitations.

The acoustic waveform detected by the PCD transdu
cannot be easily reconstructed from the voltage it produc
The transducer is a high-Q resonator and its response to cav
tation emission is a tone burst with exponentially decay
envelope, as seen in Fig. 3~b!. Therefore the sensitivity of the
transducer at its resonant frequencyG0 cannot be used for
determining the pressure amplitude of a wide bandwidth s
nal such as the radiation from a bubble collapse. The m
sured voltageu(t) from the PCD transducer can be describ
as a convolution of the incident acoustic pressurep(t) and
h(t) the impulse response of the transducer,

u~ t !5E
2`

`

h~ t8!p~ t2t8!dt8. ~7!

If h(t) is known it is technically possible to recover th
pressure waveform by deconvolving the impulse respo
from the measured signal. Unfortunately, if the press
pulse is wideband and the receiver narrow band, as is
case here, then the presence of noise leads to significan
rors in the inversion process~see, e.g., Presset al., 1992, pp.
547–549!.

We propose a new calibration scheme to estimate
amplitude of a pressure wave radiated during lithotrip
bubble collapse. For excitation by a very short pulse, as
curs in emissions from a bubble collapse, a simple appro
mation for the transducer response can be made which
lows a calibration value to be determined from the impu
response of the transducer. If the incident wave is sho
than the resonant period of the transducer~about 1ms for the
PCD transducers used here!, the excitation is effectively an
impulse function to the PCD transducer and Eq.~7! reduces
to

s-
a

e
ure
1751Cleveland et al.: Localized cavitation detection
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u~ t !5h~ t !•E
2`

`

p~r ,t8!dt8, ~8!

i.e., the PCD transducer responds with its impulse respo
scaled by a factor that depends on the integral of the acou
pulse over time.

We determine whether the acoustic pulse from a cav
tion bubble is short enough from measurements of Vogel
Lauterborn~1988!. They reported that a shock wave emitt
by a collapsing bubble has an exponential waveform,

p~ t !5p0•H~ t !e2t/t0, ~9!

whereH(t) is the Heaviside step function.1 Their measure-
ments gavet0535 ns andp0510 MPa at 10 mm from the
bubble center. We require that the duration of the pulse at
face of the PCD transducer~a distance of 100 mm from th
bubble! be short compared to 1ms. The pulse is intense
enough that nonlinear distortion will occur as it propaga
from the bubble to the PCD transducer; the distortion w
lead to an increase of the duration of the pulse and decr
in amplitude~more rapidly than given by spherical sprea
ing! ~see, e.g., Rudenko and Soluyan, 1977, p. 36; Bla
stock et al., 1998, pp. 102–110!. In the case of spherically
spreading shock waves it is possible to use weak sh
theory to model the nonlinear effects. For the wavefo
measured by Vogel and Lauterborn:p0510 MPa, t0

535 ns, atr 0510 mm, spherical spreading, without nonli
ear effects, would predict that atr 5100 mm,p51 MPa, and
t535 ns. When nonlinear effects are taken into account
calculatesp50.41 MPa andt5130 ns. Therefore, nonlinear
ity distorts the waveform, reducing the peak pressure m
than two times and increasing the pulse duration almost
times. The duration is still much shorter than the period
oscillation of the hydrophone~926 ns at 1.08 MHz! and the
approximation given in Eq.~8! is valid. A useful property of
the nonlinear distortion that we shall also exploit is that
area under pressure curve is independent of nonlinear di
tion, i.e.,S(r )5*2`

` p(r ,t8)dt8 will vary according to linear
theory ~spherical spreading in this case! therefore S(r )
5S(r 0)r 0 /r . For the Vogel and Lauterborn pulse the tim
integral at the source isS(r 0)5p0t0 .2

We now need to determineh(t), the impulse respons
of the transducer for Eq.~8!. This was done by placing a
PZT needle hydrophone of 0.635-mm active element dia
eter ~Dapco Industries, Ridgefield, CT! at the focus of the
PCD transducer. The PZT needle had a 6-dB bandwidth
covered the frequency range 1 to 10 MHz. The needle
excited by a short, 0.5-ms duration, electrical pulse; th
bandwidth of the needle was broad enough that it gener
an acoustic pulse that was as short as the electrical sig
The short duration was confirmed by measuring the acou
signal with the Marconi PVDF membrane mentioned abo
The response of the PCD transducer to the acoustic imp
was similar to those in Fig. 3~b!, and it appeared to be a
exponentially damped sinusoid, which is typical for a simp
damped resonance system. The measured waveform wa
sumed to be a good representation of the impulse resp
and was fitted to the following function:
1752 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000
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h~ t !5h0e2t/t* sin 2p f rest, ~10!

where the parametersh0 , t* , and f res were to be determined
The resonant frequencyf res was determined from the perio
of oscillation of the impulse response. The decay constant*
was determined from the envelope of the impulse respon

Accurate determination of the parameterh0 directly
from the damped sinusoid was found to be difficult as
involved extrapolation of the exponential envelope. Inste
h0 was determined from the response at resonanceG0 ; for a
sinusoidal excitationp5pmaxsin 2pfrest, the peak measured
voltageumax5G0pmax. Equations~7! and~10! predict that the
peak measured voltage is also given byumax'pmaxh0t* /2 and
thereforeh052G0 /t* . The sensitivity at resonanceG0 was
determined by exciting the PZT needle with a 20-Vpp, 4
cycle tone burst atf res. The 40-cycle pulse was long enoug
that the transducer attained steady state while avoiding re
beration problems in the tank. First, the field of the nee
was measured with the Marconi hydrophone to confirm t
it behaved as a spherical wave along the axis and to de
mine the acoustic pressure at the face of the transd
pface. Then the PZT needle was placed at the focus of one
the PCD transducers and the peak voltageVR from the
transducer was recorded. If the PZT needle were an id
spherical source the sensitivity of the bowl at resona
would beG05VR /pface. However, a correction was nece
sary because the needle source was not perfectly om
directional. The PZT needle can be considered a pis
source with a directivity function given byD(u)
52J1(2pa sinu/l)/2pa sinu/l, where a is the source ra-
dius, andu the observation angle from the axis. We me
sured the transverse amplitude distribution of the PZT nee
and it compared well with the Bessel directivity function. A
the transducer response is a result of averaging of pres
over its surface, it is necessary to correct for the chang
amplitude across the face of the transducer. This proced
gives a 3% correction to the sensitivity of the 100-mm foc
length bowl and a 1% correction for the 200-mm focal leng
bowl, i.e., the effect of the directivity pattern of the PZ
needle was very small. The resonant sensitivity for
100-mm bowl wasG05111 V/MPa. For the case of the pa
of 200-mm bowls the resonant frequency sensitivities w
G05118 andG05164 V/MPa.

Once the response of the transducers had been ch
terized it was possible to determine the calibration. The sh
duration of the excitation indicates that the response is gi
by Eq. ~8!; it follows from the form of the impulse respons
that the peak voltage from the transducer will beumax

5h0S(r ). We noted above that for nonlinear distortion
the exponential pulse the pulse integralS(r )5p0t0r 0 /r ,
wherep0 is the peak pressure andt0 the shock wave dura
tion at a distancer 0 from the bubble. It is now possible to
determine the peak pressure of the radiated acoustic emis
at a distancer 0 from the center of the collapsing bubble,

p05umax•
r t*

2G0r 0t0
. ~11!

Herer is distance from the center of the bubble to the surfa
1752Cleveland et al.: Localized cavitation detection
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of the PCD transducer, that is, the focal distance of the tra
ducer.

For the case of the 100-mm bowl the appropriate val
are r 5100 mm,t*57.4 ms, andG05111 V/MPa. The only
value we did not measure wast0 , which we took to be 35 ns
from the measurements of Vogel and Lauterborn~1988!. The
calibration value relating the maximum voltage at the foc
ing hydrophone to the peak pressure of the shock wave
the distance 10 mm from the bubble center is

p0~10mm!

umax
'9.5

MPa

V
. ~12!

This is the sensitivity for the focusing hydrophone
100-mm aperture and 100-mm focal length. The sensitiv
of the two 200-mm focal length transducers were determi
to be 26 and 17 MPa/V. The larger calibration values for
200-mm transducers are consistent with their reduced s
angle. These calibration values relate the peak in the m
sured PCD signals to the peak radiated acoustic pressur
mm from the bubble. The shape of the measured PCD
nals is related to the impulse response of the PCD transd
and is not an accurate representation of the pressure w
form emitted by the bubbles. Recall, that the demodulat
process reduced the signal amplitude by a factor of 2.5
so the calibration values have to be multiplied by 2.5 wh
applied to demodulated signals.

F. High-speed camera

High-speed camera images of the focal region w
taken with a Kodak EktaPro 4540~San Diego, CA!. The
APL-UW lithotripter has a water tank made of optically cle
acrylic. The focal region was backlit with either a 400- or
1000-W light bulb which meant that bubbles appeared
dark regions~shadows! on the image. The camera had
maximum frame rate of 40 500 frames per second and st
up to 5120 full frames in memory. The size of each frame
the maximum framing rate was 64364 pixels. In these ex-
periments, the focal depth was 3 cm and the image area
9 by 9 mm. The camera was triggered with the photodio
and operated simultaneously with the dual PCD system,
Fig. 5. The digital images obtained by the camera w
stored on videotape and analyzed with NIHImage~National
Institutes of Health, Bethesda, MD!.

II. RESULTS

A. Cavitation field of an electrohydraulic lithotripter

We first report onin vitro measurements of the cavita
tion field performed in both the APL-UW lithotripter and th
clinical Dornier HM3 lithotripter. Figure 6 shows the cha
acteristic timetC and collapse pressurepC of the cavitation
at F2 for charging voltages between 12 and 24 kV. Twen
shock waves were fired at each voltage and each dete
focal event is marked with a ‘‘1.’’ The solid line connects
the mean values from the focal events. The results from
two lithotripters were similar with an almost monotonic i
crease in both the radiated pressure at collapsepC and the
characteristic timetC with applied voltage. The results are
agreement with measurement by others~Coleman et al.,
1753 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000
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1992; Zhonget al., 1997!. We note that the scatter in th
measurement of the characteristic time was 20%, whe
the scatter in the peak pressure value was 100%. One re
for the large variation inpC is that measurements ofpC are
highly sensitive to the location of the bubble in the foc
region of the dual PCD system, whereastC is not. In com-
paring the two lithotripters we observed that the characte
tic times were comparable; however,pC in the APL-UW
lithotripter was about twice that measured in the HM3. O

FIG. 5. Setup for high-speed photography and dual PCD.

FIG. 6. Measured characteristic timetC and the radiated collapse pressu
pC as a function of voltage for~a! the APL-UW lithotripter and~b! HM3
lithotripter. The crosses~1! represent individual measurements and t
solid line is the mean value. The dashed lines in~b! are mean values for
APL-UW lithotripter.
1753Cleveland et al.: Localized cavitation detection
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notable difference between the two lithotripters was that
water in the APL-UW lithotripter was at 20 °C and that in th
HM3 was at 37 °C. We speculate that the warmer wate
the HM3 may have increased diffusion of gas into the bub
and led to a softening of the collapse and reduced radi
pressure.

Figure 7~a! shows pressure waveforms measured at
18, 21, and 24 kV in the APL-UW lithotripter. Plots of th
calculated characteristic timetC* and calculated collaps
pressurepC* based on these waveforms are compared to m
sured values. There is reasonable agreement between
measured and calculated characteristic times. Recall tha
negative tail of the pressure waveform was elongated to
rect a measurement problem with the hydrophone. The e
gation factor was based on the measurements by Wu
et al. ~1994! and was not used as a free variable to ensu
fit betweentC andtC* . Reducing the elongation factor woul
have brought the calculated values closer to the meas
values. Without the correction the calculated characteri
time tC* was about one-half of the measured characteri
time tC . The 20% variation in the measuredtC was repro-

FIG. 7. Comparison between measured and calculated cavitation dyna
~a! measured waveforms used as inputs to the Gilmore–Akulichev mo
~b! calculated characteristic timetC* ~dashed line! and measuredtC ~solid
line!, ~c! calculated radiated pressurepC* ~dashed line! and measured radi-
ated pressurepC ~solid line!.
1754 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000
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duced in the calculations by varying the amplitude of t
acoustic waveform by 10%~which is the typical variation in
the measurements of the peak negative pressure of the s
waves!. The comparison betweenpC and pC* shows that
measured and calculated values have the same trends b
calculated values were about four times larger than the m
surements. The qualitative correlation between character
time, collapse pressure, and discharge voltage has been
served before in both calculations~Church, 1989! and mea-
surements~Colemanet al., 1992!. Although correcting the
negative phase of the pressure waveforms made it possib
obtain quantitative agreement for the characteristic time
was not possible to obtain quantitative agreement with
collapse pressure. We have already commented that
model for the radiated pressure neglects nonlinear distor
and that we expect the calculated values to overestimate
pressure. In addition, the model assumes a spherical
lapse; in the case of an aspherical collapse one would
anticipate the model to overestimate the radiated press
Other losses, such as thermal damping, are also negle
~Church, 1989!.

Figure 8 shows the variation of the characteristic tim
and radiated pressure along the axis of each lithotripter fo
fixed charging voltage of 18 kV. The two lithotripters hav
similar characteristic times but again the radiated pressur
the HM3 is approximately one-half of the APL-UW ma
chine. Data were compared using Student’st-test. For the
HM3, the maximumtC occurred atz5220 mm (p,0.1);
there was no statistically significant peak inpC . In the
APL-UW lithotripter the peak in the characteristic tim
could not be distinguished betweenz5210 andz50 mm
(p,0.1). There was a peak inpC at z50 mm (p,0.001).
These results are in agreement with single PCD meas
ments that showed that the characteristic time peaked a
10 to 20 mm in front ofF2 ~Colemanet al., 1992!. It is also
consistent with the location of the peak negative pressur

ics
l,

FIG. 8. Axial cavitation field~a! APL-UW lithotripter, ~b! HM3 lithotripter
~dashed lines are mean values for APL-UW lithotripter!. The geometrical
focus (F2) is at zero and negative distances are toward the source; the s
was fired at 18 kV.
1754Cleveland et al.: Localized cavitation detection
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an electrohydraulic lithotripter as determined by both m
surements~Colemanet al., 1989; Clevelandet al., 2000! and
numerical simulations~Colemanet al., 1991; Christopher,
1994; Averklou and Cleveland, 1999!. The 6-dB length of
pC is approximately 50 mm and it corresponds to~1! the
region where the negative pressure in the lithotripter is
excess of25 MPa~Clevelandet al., 2000!, ~2! the length of
the lithotripsy-induced bubble cloud as determined by hi
speed video images~Huber et al., 1994!, and ~3! the axial
size of pitting created in aluminum foil~Bailey et al., 1999!.

Figure 9 shows measurements for a transverse sca~at
the geometrical focus! of tC and pC for a discharge voltage
of 18 kV for both lithotripters. Two notable features of th
data are~1! that the characteristic timetC is almost uniform
across the beam of the lithotripter and~2! that very few cavi-
tation events were detected more than 5 mm off-axi
despite the fact that the peak negative pressure in the lit
ripter exceeds25 MPa in excess of 10 mm off-axis. Reca
that the spatial resolution of the dual PCD is 5 mm and
region of collapse may be even narrower than indicated
Fig. 9. Indeed, high-speed photography presented be
shows that the collapse of bubbles occurs almost as a
along the acoustic axis. It appears that during their colla
bubbles are drawn toward the acoustic axis of the lithotrip

B. High-speed photography and bubble rebound

The apparent rebound signal, seen in Figs. 3 and 4,
investigated using dual PCD and high-speed photograph
multaneously. Figure 10 shows~a! dual PCD traces and~b!
high-speed video images of the cavitation from a single s
at 18 kV in the APL-UW lithotripter. At 310ms the shock
wave impinged upon bubbles atF2 and the first acoustic
burst was emitted. The bubbles then grew to form a br
cloud and then collapsed in a line at 900ms (tC5600ms),
emitting a second burst measured by the dual PCD.
cloud then rebounded and generated a rebound signal at
ms recorded by the dual PCD. A second rebound was

FIG. 9. Lateral scan~at F2 and 18 kV! of the cavitation field~a! APL-UW
lithotripter, ~b! HM3 lithotripter ~dashed lines are mean values for APL-U
lithotripter!.
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tected at 1140ms. The correlation between the dual PC
system and the high-speed video images is excellent. It
be seen from the images that although bubbles are gene
over a region approximately 8 mm in diameter, the bubb
appear to collapse collectively, as a cylindrical cluster, to
line along the acoustic axis rather than spherically to th
center of radius. This is in accordance with other high-sp
video images~Zhong et al., 1999! and explains why very
few cavitation events were recorded by the dual PCD o
axis ~see Fig. 9!.

In Fig. 10~c! the size of the bubble cloud is plotted as
function of time. The size of the bubble cloud at each inst
was based on the light intensity of each camera frame.
average light intensityI (t) was calculated by averaging ove
all the pixels@0 ~white! to 255~black!#. A background inten-
sity I b was obtained from a frame recorded halfway betwe
spark discharge and the arrival of the acoustic wave in
focal area. The corrected intensityI c(t)5I (t)2I b was cal-
culated in order to compensate for naturally occurring sh
ows that varied between tests but were unrelated to the c
tation bubbles. The plot of intensity~bubble cloud size! with
time confirms that the bubbles undergo a main growth a
collapse followed by rebounds. There is excellent agreem
between the minima in the bubble cloud size and the p
ence of acoustic emissions from the dual PCD.

In Fig. 11 the rebound timetR and rebound collapse
pressurepR are shown as a function of discharge voltag
These values were obtained from the same data that was
to generate Fig. 6. Rebound events are marked by a ‘‘s’’
and the solid line is the average rebound time. The cha
teristic times tC associated with the bubbles that had r
bounds are marked by ‘‘1’’ and the dashed line is the aver

FIG. 10. Bubble rebound as captured by~a! dual PCD,~b! sequence of
high-speed camera images and,~c! area occupied by the bubble cloud. Th
dual PCD traces show spikes representing inertial collapses at 880, 1
and 1140ms. These times correspond to a minimum in the size of the bub
cloud.
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21
age value. Only two shots, one at 15 kV and one at 21
produced cavitation that was determined to have two
bounds; these events are marked by ‘‘3.’’

In general, the measured rebound times were sho
then the characteristic timetR,tC and radiated pressure a
rebound was lesspR,pC . Calculations@see, for example
Fig. 1~c!# are in agreement with these trends. The monoto
increase intR and pR with discharge voltage was also i
agreement with calculations and is consistent with the
that at higher voltages the bubbles are driven harder. H
ever, the agreement is qualitative; the measured timetR was
about five times longer thantR* and the measured radiate
pressurepR about ten times larger thanpR* . We note that for
the main collapse the measuredpC was smaller thanpC* .
The two second rebound events that were detected h
shorter rebound time and smaller collapse pressure tha
ther the main burst or the rebound, also in qualitative agr
ment with the model.

Because the main collapse was that of a bubble clou
cluster it is not surprising that the rebound no longer beha
in accordance with a theory that assumes a single sphe
bubble for the entire dynamics. We can model the rebo
with the Rayleigh model for a spherical void collapsing in
fluid ~see, e.g., Church, 1989!. We approximate the collaps

FIG. 11. Bubble duration and collapse pressure for the rebound signa
the main collapse as a function of voltage in the APL-UW lithotript
Individual rebound events are marked with an ‘‘s’’ and the solid line is the
mean. Corresponding main collapse events are denoted with a ‘‘1’’ and
dashed line is the mean. Second rebounds were detected at 15 and
and are marked by an ‘‘3.’’
1756 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000
,
-

er

ic

ct
-

a
ei-
e-

or
s
al
d

time of the void astR/2. The corresponding maximum
bubble radius using Rayleigh’s expression isRmax

5(tR/2)AP0 /r/0.915, whereP0 andr are the ambient pres
sure and density of the liquid. For water,Rmax'5.5
•1023 tR , whereRmax is measured in millimeters andtR in
microseconds. The rebound time in Fig. 11 wastR

5175ms, from which we obtain a maximum bubble siz
Rmax50.5 mm. This corresponds well to the size of t
bubble observed with high-speed photography. It appe
that after the main collapse the cavitation field acts as
effective single bubble system; but because of agglomera
of bubbles during the main growth and collapse phase
single rebound bubble is larger than what would be predic
using single-bubble theory for the entire cavitation life cyc

III. DISCUSSION

The dual passive cavitation detection~dual PCD! system
has been developed for the localized detection of cavita
events in the field of a shock wave lithotripter. Two confoc
receivers~PCD transducers! were used to detect acoust
emissions from cavitation bubbles. Signal processing te
niques were used to resolve coincident signals that origina
from a volume approximately 5 mm in diameter. The spa
localization is a significant improvement over a single tra
ducer PCD which is sensitive to signals from a relative
long volume. It was necessary to use both the arrival ti
and the amplitude of received signals to localize an even
the volume of interest.

A calibration technique was described that was app
priate for estimating the peak pressure of spherically spre
ing shock waves emitted by collapsing cavitation bubbl
The calibration technique relied on the fact that the pu
duration of the acoustic wave from the cavitation event w
much shorter than the resonant period of the PCD transdu
It was also necessary to estimate the pulse duration nea
bubble, which was done from previously reported measu
ments of cavitation bubbles generated by a laser pulse.
calibration is not valid for bubbles collapsing asymmet
cally; also for in vivo measurements the effects of tiss
attenuation would need to be taken into account.

The dual PCD system was used to measure the ca
tion fields of two electrohydraulic lithotripters: a Dornie
HM3 and the APL-UW research machine. Measureme
were compared to predictions of the Gilmore–Akulich
model for a single spherical bubble~Church, 1989!. We cor-
roborated previous observations that the cavitation signa
can be characterized by two acoustic emissions, ‘‘burst
the first associated with the arrival of the lithotripter sho
wave and the second, hundreds of microseconds later, re
ing from an inertial growth and collapse cycle. The cavi
tion was quantified in terms of the characteristic timetC and
the radiated pressure at collapsepC . The two machines were
observed to have similar cavitation fields. The measu
characteristic times were in agreement with results fr
single-bubble theory after a correction to the tensile port
of the pressure waveform was applied~Bailey et al., 1999!.
The peak pressure radiated at the primary collapse of
bubblepC was measured to be on order of 10 MPa at 10 m

nd

kV
1756Cleveland et al.: Localized cavitation detection
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from the bubble center. The collapse pressure of
APL-UW machine was between 30% to 100% higher th
that of the HM3, an effect which may be attributable to t
higher water temperature in the HM3. Shot-to-shot variat
in pC was much larger than the variation intC and may be
becausepC was more sensitive to either variations in t
water conditions or shock wave variability associated w
the electrohydraulic spark source. The calculatedpC* values
were three to four times larger than the measurements.
suspect that this is because the model is idealized and
effects such as thermal damping of the bubble, asymmetr
bubble shape, and finite-amplitude distortion of the radia
pressure wave have been neglected in the model. The m
sured values ofpC and tC increased monotonically with in
creasing discharge voltage as observed by others~Coleman
et al., 1992! and in accordance with calculations.

The dual PCD was used to obtain a spatial map of
cavitation field in both lithotripters. An axial scan of th
cavitation field showed that inertial cavitation was detec
in the range where the peak negative pressure exceede25
MPa. The longest characteristic time and largest radia
pressure occurred approximately 10 to 20 mm in front of
focus which correlated with the location of the maximu
peak negative pressure in the lithotripter. These results
consistent with reports that the inertial behavior
lithotripsy-induced cavitation is controlled primarily by th
negative pressure of the lithotripsy pulse~Church, 1989;
Ding and Gracewski, 1994!.

In contrast, a transverse scan at the focus indicated
althoughtC was nearly uniform out to 20 mm,pC dramati-
cally dropped for distances more than 5 mm off-axis. In a
dition, very few events occurred more than 5 mm off-ax
which was also the size of the sensitive region of the d
PCD. The peak negative pressure in the lithotripters exce
25 MPa to a distance of at least 12 mm and so one wo
expect that cavitation field to be at least 25 mm in diame
High-speed photography indicated that the lithotripter pu
created a cloud of bubbles that collapsed collectively alo
the axis rather than individually to their own center. The
fore the response of cavitation bubbles off-axis was not s
ply related to the negative pressure of the shock wave
appeared that cloud dynamics strongly affected the off-a
bubble dynamics and high-speed video images indicated
the bubbles were attracted to the axis.

The dual PCD system also provided the ability to det
bubble rebounds that occurred after the main collapse
single PCD would not provide enough specificity to dist
guish between a rebound and a second bubble collap
with a long tC . High-speed photography confirmed that t
coincident events detected by the dual PCD after the prim
collapse did indeed coincide with rebounds of the bub
cloud. Comparison with calculations provided only quali
tive agreement. However, the rebound times and maxim
bubble radius of the rebound observed on the high-sp
photography were in agreement with Rayleigh collap
theory.

In conclusion, we have demonstrated an effective n
technique for localized passive cavitation detection in
case of shock wave lithotripsy. An algorithm was develop
1757 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000
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to ensure that detected events originated from a volu
about 5 mm in diameter. A novel calibration technique
lowed the peak pressure radiated by the bubble to be
mated. It was seen that the measured characteristic tim
the bubblestC was close to that predicted by single-bubb
theory, whereas the pressure radiated at collapsepC and sub-
sequent bubble dynamics were not. It appeared that once
bubbles started to collapse, cloud dynamics affected the
tem and single-bubble theory was no longer appropriate.
planned to use the dual PCD systemin vivo. Preliminary
results indicate that the coincidence algorithm can be use
localize cavitationin vivo, as the variations in speed of soun
through tissue are small enough that arrival times across
ferent paths should vary by less than 1.5ms ~a localization
error of less than 1 mm!. What has not yet been accounte
for is the effect of tissue absorption on the calibration te
nique.
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calibration it is only the energy contained in a time scale much less tha
ms that is important and so Eq.~7! is appropriate.

2For the case of a waveform with a negative tail the integral could
modified to the area of the leading positive portion only. Weak sho
theory predicts that the area of the positive section alone will also rem
constant.
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