A dual passive cavitation detector for localized detection
of lithotripsy-induced cavitation in vitro
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A passive cavitation detectdiPCD) identifies cavitation events by sensing acoustic emissions
generated by the collapse of bubbles. In this work, a dual passive cavitation détkztbPCD,
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 then 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 420s 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 fi€2& 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 importad@00©
Acoustical Society of AmericfS0001-4966)0)02503-(

PACS numbers: 43.80.Sh, 43.25.Yw, 43.35.EHD]

INTRODUCTION during SWL, both for stone comminution and tissue damage,
is acoustic cavitation. Acoustic cavitation refers to the
Shock wave lithotripsfSWL) (Chaussyet al, 1980 is  growth and violent collapse of vapor or gas cavities in re-
the most common modality for treating kidney stonessponse to an acoustic pressure field. Cavitation has been pro-
(Holmes and Whitfield, 1991 Despite the widespread use of posed as a mechanism of stone comminution in S\Wale-
SWL, there is no agreement in the literature as to the mechananet al, 1987; Crum, 1988; Vogel and Lauterborn, 1988
nism by which the shock wave destroys kidney stones. IrStudies have shown that the presence of cavitation is critical
addition, although early reports indicated that SWL treat-to stone fragmentatioim vitro (Sasset al,, 1991; Delacretaz
ment did not lead to appreciable damage to the kidnet al, 1995. Studies with biological systems demonstrate
(Chaussy, 1982; Evan and McAteer, 1996is now recog- that significant bioeffects occur when cavitation is present
nized that a clinical dose of shock waves will induce renal(Delius et al,, 1990; Daleckiet al,, 1996. Evidence of cavi-
injury in a majority, if not all, treated kidneyd&audeet al,  tation events occurring in and around the kidneys of human
1985; Evan and McAteer, 1996Both the significance of patients during SWL has been detecté@iolemanet al.,
tissue damage, and the mechanisms that are responsible fi896. These results provide circumstantial evidence that in
the damage, are under dispute. There is an incentive therelinical lithotripsy cavitation could play both a beneficial
fore to develop techniques that can quantify the action ofole in stone destruction and a deleterious role in bioeffects.
possible mechanisms in SWL. In this report a refinement of previous cavitation detection
One mechanism that appears to play a significant rolsystems is presented which can both improve the spatial
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specificity and better quantify the strength of cavitationing a single focused transducer as a PCD. It proceeds to
events produced by a lithotripter. describe how signals from two focused PCD transducers, in
At the focus of an electrohydraulic lithotripter, the pres- association with a coincidence detection algorithm, can pro-
sure waveform consists of a shocked positive pulse, wittvide improved spatial localization of cavitation events. The
peak pressure of order 40 MPa and duratiopns] followed dual PCD system is completed by establishing a calibration
by a negative tail, of about 10 MPa peak pressure andw$-  technique to estimate the pressure radiated by collapsing
duration (Coleman and Saunders, 1989he behavior of cavitation bubbles. The dual PCD was used to map the cavi-
cavitation bubble dynamics in response to a lithotripsy prestation field of two electrohydraulic lithotripters and results
sure pulse was predicted by Chur¢h989 based on the were compared to numerical predictions of single-bubble dy-
Gilmore—Akulichev model. The model predicts that bubblesnamics. The presence of bubble rebounds detected by the
will respond with a characteristic “double-burst” acoustic dual PCD was confirmed with high-speed photography. The
signature(discussed in more detail belpwColemanet al.  dual PCD system described here has the potential to detect
(1992 measured the double-burst acoustic signature fron@ventsin vivoand may be a useful tool in elucidating the role
cavitation in a lithotripter using passive cavitation detectionof cavitation in clinical lithotripsy by providing a means to
(PCD). The PCD system consisted of a single focused hycorrelate cavitation with either stone fragmentation or tissue
drophone listening for acoustic emissions from the focal reinjury.
gion of the lithotripter. The results showed that the measured
response was qualitatively in accordance with the Gilmore—l_ MATERIALS AND METHODS
Akulichev model. Delacretazet al. (1995 measured a
double-burst signature from the cavitation field of an electroA. Lithotripters

magnetic lithotripter using a polyvinylidene fluoride PVDF  The majority of the measurements were conducted in the
needle hydrophone. The double burst has also been recordggsearch electrohydraulic lithotripter at the Applied Physics
in patients undergoing clinical SW{Colemanet al, 1996. | aporatory, University of Washington at Seatt&PL-UW),
Measurements vivo with a pig model indicated that tissue which was designed to mimic the performance of a clinical
has a constraining effect on bubble dynamiZeongetal, |ithotripter, the Dornier HM3Howard and Sturtevant, 1997;
1997, 1998, 1990 Clevelandet al, 2000. Measurements were also taken on a
A number of other techniques have been used to monitogjinical, unmodified, Dornier HM3 lithotripter at Methodist
lithotripsy-induced cavitation. When foil targets are placedHospita| (Indianapolis, Indiana Our experiments are fo-
in the focus of a lithotripter they suffer surface pitting due tocused on the Dornier HM3 because it is the lithotripter in the
cavitation. The pitting has been used to measure both th@idest use in the United Statedingeman, 1998 The
spatial extent and relative intensity of the cavitati@ole-  acoustic field of the lithotripters was characterized by a
man et al, 1987; Lifshitzet al, 1997; Baileyet al, 1999  proadband polyvinylidene fluoridéPVDF) membrane hy-
but does not give information on the time history of the drophone with a 0.5-mm active sp@¥lodel 702, Sonic In-
bubble cloud. Pye and Dineleft999 have recently pub- dustries, Hatboro, Pennsylvahidhe calibration value pro-
lished a technique where translation of a small sphere is usedded with the shock wave hydrophone was confirmed by
to detect cavitation. Sonoluminescence, light emissions frongubstitution calibration, up to 20 MHz, with a PVDF mem-
cavitation collapses, has been measured in the focal region @fane hydrophonéype Y-33-7611, GEC-Marconi, Chelms-
an electrohydraulic lithotriptefColemanet al,, 1992. Laser  ford, UK) that had been calibrated at National Physical
scattering(Jochleet al, 1996; Huberet al,, 1999 and fiber  Laboratorieg Teddington, UK. The waveforms and acoustic
optic transmittanceDelacretazet al, 1995 provide time fields measured in the two lithotripters have been determined
history of the bubble dynamics. to be similar(Clevelandet al, 2000. In each lithotripter,
Perhaps the best measurements ofithétro cavitation  peak positive pressure was variable from 25 MP2kV) to
field are provided by high-speed photograpi8assetal, 40 MPa(24 kV).
1991; Huberet al, 1994; Jochleet al, 1996; Zhonget al, An electrohydraulic lithotripter uses an underwater
1997, 1999. Video images demonstrate that cavitation in thespark to generate a shock wave. The spark is located at the
free field consists of a large cloud of bubbles. This is signifi-internal focus F1) of a hemi-ellipsoidal reflector; the reflec-
cant for PCD systems because even with focused hydraer focuses the spherical shock wave generated by the spark
phones it appears that detected emissions could come fromta the external focusK2) of the ellipsoid. The geometry of
number of cavitation events. Difficulty in specifying the lo- the ellipses in the two lithotripters was identi¢edajor half-
cation of cavitation events using PCD is compounded inaxisa=139 mm, minor half-axid=78 mm; the reflector is
electrohydraulic lithotripters where spark jitter leads to varia-truncated to be 14 mm short of complete hemi-ellipsoid
tion in the location of the acoustic and hence the cavitatiorBoth lithotripters used an 80-nF capacitor to store the high
fields. voltage before discharging it through a refurbished Dornier
An advantage of the PCD over other methods is theelectrode(Service Trends, Kennesaw, Georgi&lectrodes
ability to observe cavitatiom vivo. This work describes an with between 100 and 2000 sparks were used to limit vari-
acoustic cavitation detection system, the dual PCD, whichability in spark amplitude with electrode age. The water in
provides improved spatial information on the location ofboth lithotripters was degassed to between 2 to 4 ppm,of O
cavitation events in comparison to a single transducer PCDapproximately half the gas content of tap watend NaCl
The article first addresses the drawbacks associated with uadded to achieve a conductivity of 62(B5/cm. Gas content
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was measured to increase during experiments at a rate of 03(RyR)*"(Ry,/Ry)>" V) is the pressure in the gaR, the
ppm/hour. The temperature of the water bath in theinitial radius,Ry, the time varying equilibrium radius, ang
APL-UW machine was 20 °C; the HM3 water was main- is the polytropic exponent of the gas.

tained at body temperature 37 °C. In the HM3, positioning  The radiated pressure was calculated using the Akuli-
was achieved using the three-axis hydraulic positioner proehev formulation
vided with the HM3, or by the mounting hand-controlled

2
stages on the side of the tank. Positioning in the APL-UW Pran(t) = Po+ PoCol( 2 + n-1
lithotripter was accomplished using a computer-controlled n ntl n+1
three-axis systerfiVelmex-Unislide, Bloomfield, NY. 2n/(n—1)

All data were recorded on a digital oscilloscofkek- X1+ n+21(3 —1/, 2
tronix TDS 744, Beaverton, ORvhich has an 8-bit digitizer rco

apd sampling rate up to 2 gigasamples/s. The scope w hereG=R(H-+U?/2) is an invariant of the bubble motion
triggered by a photodiode which detected the light flash fromy, o ated at the bubble wall ands the distance from the
the underwater spark discharge. Data were transferred Onter of the bubble. Equatid®) does not account for non-

ComF’“ter and processed by .LabVIE(Wann.aI INStruments, ey distortion of the radiated pressure as it propagates
Austin, TX). Further processing was done in MatL@bath- from the bubble

works, Natick, MA). The equations were solved using a code writteRGR-

TRAN. The Gilmore equation was integrated using the fourth-

R
H+—|1
c

R'F'e+3 1 R R2=
2 3c/

B. Bubble dynamics model order Runge—Kutta solver from Numerical Recig&sess
I - _etal, 1992, pp. 710-722 The diffusion equation was
Measuremer_lts of cawtapon activity were compared Wlthsolved using a trapezoidal rule as discussed by Church
results.of numerical calcula.t|ons. The ”?Ode' used for bu,bbl?lgsg. The various numerical values used for the parameters
dynamlcs Wa§ the_: G|Imore—A_kuI|chev _ for_mulgtlon were po=10° Pa, co=1485mis, po=1000kg/m, n=7,
(Gilmore, 1952; Akulichev, 1971 with gas d|ﬁu5|oq in-  _0.0725 N/m, u=0.001 Pa.sny=6.93< 10" ®moles, D
c_Iude(_j. The model was proposed and solved numerlcally, for:2_42>< 10 9mfs, C,=0.872 moles/fy C,=0.436
Ilthotrlpsy by Church(1989. We have reproduced Church S moles/nd (i.e., 50% gas saturatipny=1.4, andRy=3 um.
numgncal solution and briefly review the mod.el here; further.l.he acoustic pressuR(t) used as an input to the code was
details can b.e found elsgwheﬁﬁhurch, 1989, C_hOb.t al, taken from waveforms measured by the shock wave hydro-
1.993' The G_llmore equation describes the _oscHIqtmn_ws of a(Ehone systen{Sec. | A. The waveforms were sampled at
single sph.erlca.I bubble drl\{en by an acoustic excitation an 50 MHz (4 n$ and linear interpolation was used to produce
can be written in the following form: a continuous waveform.
R R R\ dH Figure 1 shows a sample calculation of a bubble in re-
(1— < 1+ c E)W' sponse to an acoustic waveform measured in the APL-UW
lithotripter. Figure 1a) shows the measured pressure wave-
) ) o ) ~ form and a corrected waveform. The corrected waveform has
v_vhereR is the bl_Jbee radius, a dot |nd|c_:ates a_tm"_ne derlva-an elongated negative pressure @hiley et al, 1999 to
tive, tis time, c is the speed of sound in the liquid at the ;ompensate for an underestimation of the negative pressure
bubble wall, ancH is the difference in the liquid enthalpy pnase attributed to measurements with PVDF membranes
between the bubble ‘(’g?” and infinity. The expressionscfor  yyrsteret al, 1994. In all the bubble dynamics calcula-
=dp/dp andH=J""dp/p were obtained from the Tait (ions presented here, corrected pressure waveforms were
equation of state for the liquip=po+(c3po/n)-[(p/po)"  used for the acoustic input. Figurgbl and (c) show the
—1], wheren is the Tait parametep, is ambient pressure, radius of the bubble and the radiated pressure 10 mm away
po ambient density, and, small-signal sound speed. The from the bubble as functions of time. The response of a
upper limit of the enthalpy integral is the pressure at thepubble consists of an initial collapse due to the positive-
water—gas interface, i.e., the bubble wa(R) =py—20/R  pressure phase of the shock and the corresponding first burst
—(4u/R)R, wherep, is the pressure in the gas, given be- acoustic emissiorpg (the asterisk indicates a computed
low, o is the coefficient of surface tension, apdthe coef-  valug. This is followed by a rapid growth phase driven by
ficient of viscosity. The lower limit isp..=pg+ P(t), the  the negative-pressure tail of the shock wave. The inertia im-
pressure at infinity wher®(t) is acoustic pressure associ- parted to the bubble wall by the negative tail is large enough
ated with the lithotripter shock wave. that the bubble continues to grow after the shock wave has
Gas diffusion was accounted for by Church with a zero-passed. From this point inertial cavitation dominates, as there
order model for gas diffusion based on a theory by Eller ands no external time-varying driving pressure, and the bubble
Flynn (1965. The number of moles of gat) in the bubble  continues to grow for a relatively long peridth excess of
is given by the following equatiom=n,—4\/#D[jF(r’) 100 us). Eventually the ambient pressure in the fluid stops
X(7—1') "Y', wheren, is the initial number of moles in  the growth and initiates an inward flow of fluid which leads
the bubble,D is the diffusion constantg-zng“(t’)dt’, to a second collapse of the bubble and the corresponding
F(7)=Co(pg/Po) —Ci, Cop the saturation concentration of second burst of the acoustic emissipg,. These two emis-
the gas in the liquidC; the initial concentration of gas in the sions are the double-burst signature and the time between
liquid far from the bubble, py=(po+20/Ry)(n/ng) them is the characteristic tint@ . After the second collapse
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the bubble undergoes a number of growth and collapssignal sound speedthe distance along the axisthe wave-

cycles, rebounds, at the collapse of each rebound a pressuength,F the radius of curvature, ariflithe distance from the

wave is radiateghy , px, ... and theime between rebounds observation point to the transducer edge. The axial pressure

is t} ,th,,... When thebubble becomes quiescent we notefield described by Eq:3) achieves a localized region of high

that its radius has increased to approximately@®because amplitude around the geometrical focas-F. The axial

of gas diffusion into the bubble. length of the “focal spot”A; (full width half-maximun) is
For the simulation shown in Fig. 1 the characteristicgiven by

time was about 52@s, the maximum radius 3 mm, and the

rebound time 33s. At distance 1 cm from the bubble center 0.6\

the calculated radiated pressures weig= 0.8, p¢ =68, and A”:m’ )

pgr=0.24 MPa. These values are similar to those calculated

by Church. We note that the radiated pressure expressionherea=arcsin@/F) is the half-aperture angle of the radia-

does not account for nonlinear distortion of the radiated prestor, anda the radius of the transducer. The lateral distribu-

sure wave. For the pressures predicted, particularly at thgon of the pressure amplitude at the focal plane F) may

second collapse, the radiated pressure wave will form &e expressed as follows:

shock within 10 mm and suffer corresponding nonlinear at-

tenuation which will reduce the collapse pressuysgs Ne- 2J4(2r sin a/)\)‘

glect of nonlinear distortion may contribute to calculated ra- p=pma4 27t sinalN | ®)

diated pressures being larger than measured values.

C. Cavitation detection receivers

The system for measuring cavitation signals is now pre-
sented. Although the dual PCD system consists of two fo-
cused receivers, we first discuss the behavior of a single PCD
receiver. The individual transducers used in this research
were spherical caps of C-5400 lead zirconate titan{R&iT)
(Channel Industries, Santa Barbara, )O&ith a resonance
frequency of 1.08 MHz, aperture diameter of 100 mm, and . .
radius of curvaturdfocal length of either 100 or 200 mm. 0 10 20
The PZT elements were mounted in a stainless steel housing o Time(s)
and were air-backed. When used as receivers of acoustic
emissions from shock waves it was necessary to use a high- 1000
pass filterimodel 3202, Krohn-hite, Avon, MA with a 300-
kHz cutoff frequency, to remove the low-frequency signal of
the radial mode of the transducé@pproximately 20 kHg
The configuration used here is very similar to that described
by Colemanet al. (1992.

The use of focused transducers in PCD is based on the 1
desire to detect cavitation events from a confined volume. 1t
Although focused transducers have a narrow focal region,
the focal region can be relatively long, leading to uncertainty 100
in the axial location of a detected event. The size of the
sensitive region of a focused hydrophone can be determined
from the radiation pattern of the transducer. Because of reci-
procity of the wave equation, the focal region of the trans-
ducer as a hydrophone is identical to the focal region of the
transducer as a source. The acoustic field of a focused piston
source was described theoretically by O’'Ngib49, and it B
has been shown that a focused piezoelectric transducer be- J
haves very much like an ideal focused piston soufcathi- e ,“‘ m
gnol et al, 1997. The O’Neil solution for pressure ampli- 0 200 400 600 800
tude distribution along the transducer axis for sinusoidal Time (is)
excitation can be written as

eiZﬂ'Z/)\_ eiZWR/}\

Pressure (MPa)

100%

-

2
v

Bubble Radius (1m)

(qg* 7

Radiated Pressure (MPa)

FIG. 1. Predicted bubble dynamics in the APL-UW lithotripter at 24(&y/

measured acoustic shock wave and corrected shock wave used for bubble
, (3) dynamics,(b) calculated radius time curve of a;@n bubble,(c) calculated

radiated pressure 10 mm from the bubble. The scattered prgssurehar-

1-z/F
. . . . acteristic timetc*, radiated collapse pressupge*, rebound timeg*, and
whereV, is the amplitude of the normal velocity of the pis- (agiated rebound pressupa* are all indicated. The asterigkdenotes the

ton surfacep the ambient density of the mediumthe small  values are calculated.

p=VopC
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TABLE |. Axial and lateral dimensions of sensitive volume for different 3
PCD transducers: 1, 2, Channel Industries, 3 Coleetaal. (1992, 1996, 4 (a) b
Zhonget al. (1997). 2! Receiver 1 Receiver 1
S
Hydrophone # 1 2 3 4 o
o0
fres, MHZ 1.08 1.08 1.0 1.0 %
2a (mm) 100 100 100 38 -1
F (mm) 100 200 120 102 D
Ay, mm 13 53 20 105
A, mm 2.0 3.9 2.5 5.7 g
o| Receiver 2 Receiver 2
He.re Prmax is the pressure amplitud_e at the focal poihtthe S
cylindrical Bessel function of the first order, andhe lateral 20
distance. The full width half-maximum diameter of the focal &
region is £
0.7\ 2
AJ_ = . (6) 3
Sina 400 800 1200 960 7000 1040
Time (us) Time (us)

Equationg4) and(6) define the axial and lateral dimensions
of the sensitive area of a single PCD transducer. When sen§!G. 3. Dual PCD signals for a single shock wave at 24 (eVlong time
ing cavitation events from the bubble cloud, a single PCD*¢@e.(b) closeup of main burst
transducer receives signals coming from all collapsing
bubbles sitting in a cigar-shaped volume of dimensidps events. The transducers were mounted on a rigid frame but
by A, . each transducer could be independently rotated and moved
Table | presents corresponding values for the PCD transvertically. Fine alignment was achieved by placing a needle
ducers we employedNos. 1 and 2 the PCD transducer hydrophone at the desired focus; each of the PCD transduc-
used by Colemaet al. (1992, 1996 (No. 3), and the PCD ers was used as a source and independently positioned so
transducer used by Zhorgt al. (1997 (No. 4). Table | il-  that a maximum signal was recorded at the needle.
lustrates that all PCD transducers have good spatial resolu- The concept behind the use of coincident detection using
tion, of the order of a few millimeters, in the lateral direction the dual PCD is illustrated by an example. Figure 3 presents
(A)), but have a poor resolution, of the order of tens ofsignals registered by the two confocal PCD transducers
millimeters, in the axial directionX;). The resolution is (200-mm focal lengthaligned with the focal region of the
especially poor for small apertufee., smalle) PCD trans-  APL-UW lithotripter for a single spark discharge at a voltage
ducers, which can be deduced from the @iterm in the of 24 kV. Figure 3a) shows the signals received by both
denominator of both Eqg4) and (6). transducers, where zero time corresponds to the firing of the
spark. The travel distance of the shock wave from the elec-
trode to the reflector, and then @ is 276 mm; the distance
from F2 to either PCD hydrophone is 200 mm. The time
Dual PCD, illustrated in Fig. 2, uses two perpendiculardelay for the total distance is 31Zs, assuming a speed of
confocal transducers to produce a detector with an effectiveound 1500 m/s, which corresponds to the first peak seen in
focal dimension proportional to the width, not the length, of Fig. 3(a). This first signalps results from nonlinear acoustic
the focal region of each transducer. Although each receivescattering, which can be interpreted as being comprised of
in the dual PCD suffers from the same long focal region as @wo inseparable effect$i) scattering of the lithotripter shock
single PCD, it is possible to take advantage of the fact thatvave from small bubbles or particles that are typically
signals coming from the union of the two focal regions will present in waterii) acoustic radiation from the bubbles dur-
have the same arrival time. A coincidence detection algoing their first collapse. As described in Sec. | B, the cavita-
rithm was constructed so that only events that originatedion field then proceeds through a growth and collapse cycle
from the effective focal region were identified as cavitationand radiates a second acoustic emisgign In Fig. 3 a sec-

D. Coincidence detection: dual PCD

FIG. 2. Diagram of the concept of in-
tersecting focal volumes is shown on
the left. The cigar-shaped volumes are
the focal regions of the individual
transducers; the shaded region is the
effective focal volume of the dual
PCD. On the right is a photograph of
the dual PCD in APL lithotripter. The
brass ellipsoidal reflector and spark
plug are at the bottom of the tank; the
two confocal bowls are also confocal
with F2 of the ellipsoid.

Lithotripter Axis

Cavitation

PCD

Transducer PCD

Transducer ,
g
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ond, large amplitude, emission is detected by both PCDwvere found by looking for maxima in the recorded signals
transducers at around 10Q@s; however, additional emis- beyond the primary collapse by performing the same win-
sions are registered by both transducers before and after thikowing and cross-correlation algorithm.
event. Figure &) shows a closeup view of the signal around Once coincident events were identified, the sigfml
1000 us which consists of a number of “events.” Each pulse amplitudes on each channel were compared to deter-
event consists of a decaying sinusoid, the impulse responseine if the event had occurred at the focus. Coincident
of the transducer. The signal from one PCD transducer doesvents do not necessarily occur at the focus; because only
not allow one to deduce whether the detected events origiwo transducers were used coincident events could in fact
nated in the focal region or not. The structure of the detectedccur anywhere in the equal travel-time plane that bisects the
signals becomes clear when comparing signals from the twtwo transducers. However, the focused nature of the trans-
PCD transducers. Only the signals arriving at similar timesducers meant that events outside of the focal region, but
and having similar amplitude are of interest, all other signalsvhich still lie on the plane of equal travel time, were de-
do not originate near the effective focal region of the dualtected with very low amplitude. These events were identified
PCD. It is apparent from the traces that only the burst arrivand excluded on two groundsl) if the amplitude of the
ing at 1017us is similar on both transducers, therefore onlysignals received on the two channels differed by more than a
this burst corresponds to a bubble collapsing in the effectivdactor of three it was assumed that the bubble was outside of
focal region. The characteristic time in this casetjs the focal region of one of the transducers &ayif the am-
=700us. plitude of the signal from the second burst was less than
Note that, in addition to the main collapse, a furthertwice the amplitude of the signal received from the first
simultaneous collapse, at approximately 1289 is also ap- burst, i.e.pc<2ps, it was assumed that the bubble was not
parent from the dual PCD traces. This second collapse apn the focal region. The signal from the first burst was very
pears to be from a “rebound,” a second growth-and-collapseconsistent and it appeared that there was always some sort of
cycle, and occurs about 240 after the main collapse. The bubble or scatterer present to generate this signal in the focal
rebound will be discussed in more detail in Sec. II. region of the dual PCD. For a cavitation event to occur in the
The signals displayed in Fig. 3 were unwieldy to per-first side lobe of a PCD and appear to have come from the
form analysis on. Significant data reduction was achieved bjocal zone(that is, exceed the detection threshold given here
demodulating the signals to remove the sinusoidal oscillawould require a collapse pressure in excess of 30 MPa which
tions yet maintain the structure of the envelope. The dewas larger than anything we measured. In summary, a “focal
modulation process was carried outiBVIEW immediately ~ event” was deemed to have occurred when

after the waveforms had been transferred from the digitatl) The arrival times of the pulses on both channels were

oscilloscope to the computer. A full-wave rectification de- = qqe enough for the event to have been somewhere on
modulation process was used; it consisted of taking the ab- o plane of constant travel time for the transducers.

solute value of the signal, followed by a low-pass filBut-  (2) The amplitudes of both pulses were consistent with a
terworth, 300 kHz, second ordeand finally decimation by a sighal emanating from the focal region of both transduc-
factor of five. The demodulation process also reduced the oo

peak amplitude of the signal by a factor of 2.5.

Detection of simultaneous events was carried out in  The action of the algorithm is demonstrated in Fig. 4,
post-processing using MatLab by the following procedurewhich shows demodulated signals received by a pair of
The demodulated signals from each channel were convertagansducers(PCD#2, F=200mm from five consecutive
from volts to pressure by a calibration fact@escribed in  shots. The lithotripter was at a setting of 18 kV and fired
the following section The first burst(corresponding to the approximately every 3 setimited by the time necessary to
arrival of the shockwas located by windowing each wave- transfer data from the scope to the computEor the signals
form to within 20 us of the calculated arrival time of the first in Fig. 4 the focus of the dual PCD was aligned 10 mm in
burst. The windowed waveforms were oversampled by a facfront of F2 of the lithotripter. The signal from the second
tor of five to smooth the signals and then the peak in the?CD transducer was inverted to assist in visual comparison
cross correlation between the two channels was used to def the signals. The vertical scale has been calibrated to rep-
termine the location of the first burst. The second burst, asresent the peak radiated pressure 10 mm from the bubble
sociated with the primary inertial collapse, was determinectenter as discussed below in Sec. | E.
by finding the location of the maximum signéor time Locations where a maximum in the cross correlation
greater than 2@s after the first burgton each channel. The was detecte¢hot necessarily a focal evergre marked by an
20-us delay was used to skip over spurious signals assocl- X.” The uppermost tracesshot 1 of the fivé show no
ated with the coda of the first burst. For each of the maximasignificant emissions on either channel. Shot 2 shows cavi-
the two channels were windowed fromil0 to 30us around  tation activity on channel 1 only but no activity on channel 2.
the time of the peaKlarge enough to capture the impulse The third shot yielded a coincident evestmultaneous sig-
response of the PCDlocally resampled and a cross corre- nals on both channel®ut of such low amplitude that it was
lation performed. If a maximum occurred in the cross corre-assumed the signals did not originate from the focal region
lation for time shifts less than 3 4s (which corresponded to of the dual PCD. Shot 4 shows an event and apparent re-
the 5-mm cross-sectional region of the PCD transducers bound detected on channel 2 but no events on channel 1,
coincident event was deemed to have occurred. Reboundghich indicates the cavitation collapse was in the focal re-
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FIG. 4. Five consecutive dual PCD recordings at 18 kV. The radiated pre

sure is calibrated in terms of the peak pressure at a distance 10 mm from
collapsing bubble. The shape of the waveform is related to the impuls

plitude of the acoustic emission generated by the cavitation
collapse. Calculations by Chur¢h989 predict that the sec-
ond collapse produces an outgoing shock wave with peak
pressure of order 30 MPa at a distance of 1 cm from the
bubble. Pressures nearer the bubble would be higher. Vogel
and Lauterborn(1988 performed an experiment with a
single laser-produced vapor bubble. They measured the am-
plitude of the pressure wave radiated by a collapsing bubble
at a distance of 1 cm from its center. For the same maximum
bubble radius as in the calculations of Church, their measure-
ments give a value of about 10 MPa, which is three times
less than corresponding computed value. Our goal was to
estimate, from the PCD signals, the pressure generated by a
bubble excited by a lithotripter pulse.

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

The acoustic waveform detected by the PCD transducer
cannot be easily reconstructed from the voltage it produces.
The transducer is a hig@-resonator and its response to cavi-

Station emission is a tone burst with exponentially decaying
e&welope, as seen in Figl3. Therefore the sensitivity of the

response of the PCD transducer and is not representative of the pressii@nsducer at its resonant frequer®y cannot be used for

waveform of the acoustic emission.

determining the pressure amplitude of a wide bandwidth sig-
nal such as the radiation from a bubble collapse. The mea-

gion of transducer 2 but outside the focal region of transsured voltagei(t) from the PCD transducer can be described
ducer 1. The last shot shows a large cavitation event at 658s a convolution of the incident acoustic presspf® and

us and a rebound signal at 80fas evident on both

h(t) the impulse response of the transducer,

channels—the algorithm described above identified this as a

focal event. The collapse time, or characteristic tirhe,
=340us, is the time between the first collapses
=2.2 MPa and the main collapge. =12 MPa. The rebound
time tg was 150us and the radiated pressysg= 3.3 MPa.

Note that upon examination of the traces associated with th

last shot there appeared to be a second bubble nearby t

collapsed a little sooner than the bubble that was detecte

This second bubble also appeared to generate a rebound.
coincident detection algorithm rejected this signal as bein

u(t)=f:h(t’)p(t—t’)dt’. (7)

If h(t) is known it is technically possible to recover the
ressure waveform by deconvolving the impulse response

m the measured signal. Unfortunately, if the pressure
ulse is wideband and the receiver narrow band, as is the
Sse here, then the presence of noise leads to significant er-
Yors in the inversion processee, e.g., Prest al, 1992, pp.

outside the volume of interest because the signal was dispr(5\5-47_549

portionately strong on channel 1.
Measurements taken at the focus of the lithotripter
studied here provided simultaneous cavitation events for a

proximately 2/3 of the shots at 18 kV. Observation with a
single PCD transducer would lead one to observe cavitatio
events in at least 90% of the shots because it does not el

clude events outside of the focal region.

E. PCD pressure calibration

We propose a new calibration scheme to estimate the
S’amplitude of a pressure wave radiated during lithotripsy
Hsubble collapse. For excitation by a very short pulse, as oc-
curs in emissions from a bubble collapse, a simple approxi-
thation for the transducer response can be made which al-
ws a calibration value to be determined from the impulse
response of the transducer. If the incident wave is shorter
than the resonant period of the transdu@drout 1us for the
PCD transducers used hgréhe excitation is effectively an

In addition to being able to localize cavitation events itimpulse function to the PCD transducer and Ef).reduces
was also considered useful to obtain an estimate of the ante
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u(t)=h(t)- f o, ) h(t)=hoe™ """ sin 2mfe{, (10

where the parametely,, 7, andf, . were to be determined.

i.e., the PCD transducer responds with its impulse responsghe resonant frequendy.s was determined from the period

scaled by a factor that depends on the integral of the acoustRf oscillation of the impulse response. The decay constant

pulse over time. was determined from the envelope of the impulse response.
We determine whether the acoustic pulse from a cavita- Accurate determination of the parametes directly

tion bubble is short enough from measurements of Vogel anffom the damped sinusoid was found to be difficult as it

Lauterborn(1988. They reported that a shock wave emitted involved extrapolation of the exponential envelope. Instead

by a collapsing bubble has an exponential waveform, ho was determined from the response at reson&@efor a
sinusoidal excitationp= pyaxSin 27f,.&, the peak measured
p(t)=po-H(t)e Y™, (9)  voltageuma=GoPmax- Equationg7) and(10) predict that the

peak measured voltage is also givenuay,,~pPmao7 /2 and
whereH(t) is the Heaviside step functidnTheir measure- thereforeny=2G,/7*. The sensitivity at resonan€g, was
ments gaver,=35ns andp,=10MPa at 10 mm from the determined by exciting the PZT needle with a 20-Vpp, 40-
bubble center. We require that the duration of the pulse at theycle tone burst at..s. The 40-cycle pulse was long enough
face of the PCD transducéa distance of 100 mm from the that the transducer attained steady state while avoiding rever-
bubble be short compared to Ls. The pulse is intense beration problems in the tank. First, the field of the needle
enough that nonlinear distortion will occur as it propagategvas measured with the Marconi hydrophone to confirm that
from the bubble to the PCD transducer; the distortion willit behaved as a spherical wave along the axis and to deter-
lead to an increase of the duration of the pulse and decreageine the acoustic pressure at the face of the transducer
in amplitude(more rapidly than given by spherical spread- Prace: Then the PZT needle was placed at the focus of one of
ing) (see, e.g., Rudenko and Soluyan, 1977, p. 36; Blackthe PCD transducers and the peak voltage from the
stock et al, 1998, pp. 102—110 In the case of spherically transducer was recorded. If the PZT needle were an ideal
spreading shock waves it is possible to use weak shockpherical source the sensitivity of the bowl at resonance
theory to model the nonlinear effects. For the waveformwould be Go=Vg/prsce- HOwever, a correction was neces-
measured by Vogel and Lauterbormpo=10MPa, 7,  sary because the needle source was not perfectly omni-
=35ns, atr,=10mm, spherical spreading, without nonlin- directional. The PZT needle can be considered a piston
ear effects, would predict that a&100 mm,p=1 MPa, and source with a directivity function given byD(6)
=35 ns. When nonlinear effects are taken into account one 2J1(27asin6/\)l2rasind/I\, wherea is the source ra-
calculatepp=0.41 MPa and—=130 ns. Therefore, nonlinear- dius, andé the observation angle from the axis. We mea-
ity distorts the waveform, reducing the peak pressure morgured the transverse amplitude distribution of the PZT needle
than two times and increasing the pulse duration almost fouand it compared well with the Bessel directivity function. As
times. The duration is still much shorter than the period ofthe transducer response is a result of averaging of pressure
oscillation of the hydrophoné26 ns at 1.08 MHgand the  over its surface, it is necessary to correct for the change in
approximation given in Eq(8) is valid. A useful property of amplitude across the face of the transducer. This procedure
the nonlinear distortion that we shall also exploit is that thegives a 3% correction to the sensitivity of the 100-mm focal
area under pressure curve is independent of nonlinear distoength bowl and a 1% correction for the 200-mm focal length
tion, i.e.,S(r)=S~..p(r,t")dt" will vary according to linear bowl, i.e., the effect of the directivity pattern of the PZT
theory (spherical spreading in this casé¢herefore S(r) needle was very small. The resonant sensitivity for the
=S(ro)ro/r. For the Vogel and Lauterborn pulse the time 100-mm bowl wass,= 111 V/MPa. For the case of the pair

integral at the source i8(r o) =po7o.2 of 200-mm bowls the resonant frequency sensitivities were
We now need to determinie(t), the impulse response Go=118 andG,=164 V/IMPa.
of the transducer for Eq@8). This was done by placing a Once the response of the transducers had been charac-

PZT needle hydrophone of 0.635-mm active element diamterized it was possible to determine the calibration. The short
eter (Dapco Industries, Ridgefield, GTat the focus of the duration of the excitation indicates that the response is given
PCD transducer. The PZT needle had a 6-dB bandwidth thdty Eg. (8); it follows from the form of the impulse response
covered the frequency range 1 to 10 MHz. The needle wathat the peak voltage from the transducer will bg,
excited by a short, 0.s duration, electrical pulse; the =hyS(r). We noted above that for nonlinear distortion of
bandwidth of the needle was broad enough that it generateéte exponential pulse the pulse integ®(r)=po7oro/r,

an acoustic pulse that was as short as the electrical signavherepy is the peak pressure ang the shock wave dura-
The short duration was confirmed by measuring the acoustion at a distance, from the bubble. It is now possible to
signal with the Marconi PVDF membrane mentioned abovedetermine the peak pressure of the radiated acoustic emission
The response of the PCD transducer to the acoustic impulgd a distance, from the center of the collapsing bubble,

was similar to those in Fig.(B), and it appeared to be an

exponentially damped sinusoid, which is typical for a simple r

damped resonance system. The measured waveform was as- Po= Umax 2Gqromo’ (D
sumed to be a good representation of the impulse response
and was fitted to the following function: Herer is distance from the center of the bubble to the surface
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of the PCD transducer, that is, the focal distance of the trans-
ducer. L—— , L high-pass
For the case of the 100-mm bowl the appropriate values oscilloscope o filtere .,
arer =100 mm, 7 =7.4 us, andG,=111V/MPa. The only T ’
value we did not measure wag, which we took to be 35 ns —
from the measurements of Vogel and Lauterb@®88. The
calibration value relating the maximum voltage at the focus-
ing hydrophone to the peak pressure of the shock waves at
the distance 10 mm from the bubble center is
Po(10mm) —9 EMPa

J

Umax V

-+

¥

12

This is the sensitivity for the focusing hydrophone of
100-mm aperture and 100-mm focal length. The sensitivity
of the two 200-mm focal length transducers were determined
to be 26 and 17 MPa/V. The larger calibration values for the
200-mm transducers are consistent with their reduced solid
angle. These calibration values relate the peak in the mea-
sured PCD signals to the peak radiated acoustic pressure 10
mm from the bubble. The shape of the measured PCD sig-
nals is related to the impulse response of the PCD transducer
and is not an accurate representation of the pressure wave-
form emitted by the bubbles. Recall, that the demodulation
process reduced the signal amplitude by a factor of 2.5 and
so the calibration values have to be multiplied by 2.5 when
applied to demodulated signals.

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

F. High-speed camera 1992; Zhonget al, 1997. We note that the scatter in the
measurement of the characteristic time was 20%, whereas
$he scatter in the peak pressure value was 100%. One reason
for the large variation imp¢ is that measurements pf. are
highly sensitive to the location of the bubble in the focal
region of the dual PCD system, wherdgasis not. In com-
?)aring the two lithotripters we observed that the characteris-

High-speed camera images of the focal region wer
taken with a Kodak EktaPro 454@®an Diego, CA The
APL-UW lithotripter has a water tank made of optically clear
acrylic. The focal region was backlit with either a 400- or a
1000-W light bulb which meant that bubbles appeared a

dark regions(shadow$ on the image. The camera had atie times were comparable; howevaye in the APL-UW

maximum frame rate O.f 40500 frames per second and storel hotripter was about twice that measured in the HM3. One
up to 5120 full frames in memory. The size of each frame at

the maximum framing rate was 8464 pixels. In these ex-
periments, the focal depth was 3 cm and the image area was

9 by 9 mm. The camera was triggered with the photodiode 400 400
and operated simultaneously with the dual PCD system, see
. L . 300 300
Fig. 5. The digital images obtained by the camera were
stored on videotape and analyzed with NIHImabktional %zoo ; 2001 ;
Institutes of Health, Bethesda, MD
100 100
Il. RESULTS 0 _ 0
A. Cavitation field of an electrohydraulic lithotripter ASO 10
£25
We first report onin vitro measurements of the cavita- 520 8
tion field performed in both the APL-UW lithotripter and the - 6
clinical Dornier HM3 lithotripter. Figure 6 shows the char- 515
L oL o 4
acteristic timet; and collapse pressumg. of the cavitation s10 g )
at F2 for charging voltages between 12 and 24 kV. Twenty L5t 2
shock waves were fired at each voltage and each detected olL. 0
focal event is marked with a +.” The solid line connects 12 V:;ﬁage (2kc\>/) 24 12 \}gltage%(lzv) 24

the mean values from the focal events. The results from the

two lithotripters were similar with an almost monotonic in- FIG. 6. Measured characteristic timig and the radiated collapse pressure

crease in both the radiated pressure at collggs@nd the pc as a function of voltage fofa) the APL-UW lithotripter and(b) HM3
L. . . . lithotripter. The crosses+) represent individual measurements and the

characteristic timéc with applied voltage. The results are in sgjiq fine is the mean value. The dashed linestinare mean values for

agreement with measurement by othéfolemanetal,  APL-UW lithotripter.
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FIG. 8. Axial cavitation fielda) APL-UW lithotripter, (b) HM3 lithotripter
(dashed lines are mean values for APL-UW lithotript&the geometrical
focus (F2) is at zero and negative distances are toward the source; the spark
was fired at 18 kV.

Ny
o
(=]

£ @ -7 )

§’45_ et - | duced in the calculations by varying the amplitude of the

> I - acoustic waveform by 10%which is the typical variation in
830 ~ i the measurements of the peak negative pressure of the shock
> wavesg. The comparison betweepc: and pg shows that

% 151 Pc B measured and calculated values have the same trends but the
S calculated values were about four times larger than the mea-
o

: 26 - surements. The qualitative correlation between characteristic
5 Charging potential (V) time, collapse pressure, and @scharge voltage has been ob-
served before in both calculatio€hurch, 1989 and mea-
FIG. 7. Comparison between measured and calculated cavitation dynami@urementgColemanet al, 1992. Although correcting the
(a) measured waveforms used as inputs to the Gilmore—Akulichev modelnegative phase of the pressure waveforms made it possible to
(b) calculated characte_ristic time (dashed ling e_tnd measuredc: (solid_ obtain quantitative agreement for the characteristic time; it
g?:()j ézscifglcat(esgnﬁféfd pressupg (dashed linpand measured radi- o ot possible to obtain quantitative agreement with the
collapse pressure. We have already commented that our
model for the radiated pressure neglects nonlinear distortion
notable difference between the two lithotripters was that theand that we expect the calculated values to overestimate the
water in the APL-UW lithotripter was at 20 °C and that in the pressure. In addition, the model assumes a spherical col-
HM3 was at 37 °C. We speculate that the warmer water irlapse; in the case of an aspherical collapse one would also
the HM3 may have increased diffusion of gas into the bubbleanticipate the model to overestimate the radiated pressure.
and led to a softening of the collapse and reduced radiate@ther losses, such as thermal damping, are also neglected
pressure. (Church, 198%
Figure & shows pressure waveforms measured at 15, Figure 8 shows the variation of the characteristic time
18, 21, and 24 kV in the APL-UW lithotripter. Plots of the and radiated pressure along the axis of each lithotripter for a
calculated characteristic time: and calculated collapse fixed charging voltage of 18 kV. The two lithotripters have
pressureg based on these waveforms are compared to measimilar characteristic times but again the radiated pressure in
sured values. There is reasonable agreement between ttree HM3 is approximately one-half of the APL-UW ma-
measured and calculated characteristic times. Recall that tlehine. Data were compared using Studertitest. For the
negative tail of the pressure waveform was elongated to co-IM3, the maximumts occurred atz=—20mm (p<0.1);
rect a measurement problem with the hydrophone. The elorthere was no statistically significant peak . In the
gation factor was based on the measurements by Wurst&PL-UW lithotripter the peak in the characteristic time
et al. (1994 and was not used as a free variable to ensure aould not be distinguished betweer —10 andz=0 mm
fit betweentc andtg . Reducing the elongation factor would (p<0.1). There was a peak ipc at z=0 mm (p<0.001).
have brought the calculated values closer to the measuréthese results are in agreement with single PCD measure-
values. Without the correction the calculated characteristienents that showed that the characteristic time peaked about
time t§ was about one-half of the measured characteristid0 to 20 mm in front of~2 (Colemanet al,, 1992. It is also
time tc. The 20% variation in the measurégd was repro-  consistent with the location of the peak negative pressure in

(=]
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an electrohydraulic lithotripter as determined by both meaFIG. 10. Bubble rebound as captured @& dual PCD, (b) sequence of
surement$Colemaret al, 1989; Clevelanet al, 2000 and high-speed camera image_s ano), area oct_:upigd by the bubble cloud. The
. . . . . dual PCD traces show spikes representing inertial collapses at 880, 1060,

numerical S|mulat|ons(CoIeman etal, 1991; Chr'StOPher’ and 114Qus. These times correspond to a minimum in the size of the bubble
1994; Averklou and Cleveland, 1999The 6-dB length of cloud.
pc is approximately 50 mm and it corresponds (o the
region where the negative pressure in the lithotripter is in
excess of-5 MPa(Clevelandet al,, 2000, (2) the length of ~ tected at 114Qus. The correlation between the dual PCD
the lithotripsy-induced bubble cloud as determined by high-system and the high-speed video images is excellent. It can
speed video image@Huber et al, 1994, and (3) the axial be seen from the images that although bubbles are generated
size of pitting created in aluminum foiBailey et al., 1999. over a region approximately 8 mm in diameter, the bubbles

Figure 9 shows measurements for a transverse G@tan appear to collapse collectively, as a cylindrical cluster, to a
the geometrical focysof tc and pc for a discharge voltage line along the acoustic axis rather than spherically to their
of 18 kV for both lithotripters. Two notable features of the center of radius. This is in accordance with other high-speed
data areg(1) that the characteristic timig is almost uniform  video images(Zhong et al, 1999 and explains why very
across the beam of the lithotripter af®) that very few cavi- few cavitation events were recorded by the dual PCD off-
tation events were detected more than 5 mm off-axis—axis (see Fig. 9.
despite the fact that the peak negative pressure in the lithot- In Fig. 10(c) the size of the bubble cloud is plotted as a
ripter exceeds-5 MPa in excess of 10 mm off-axis. Recall function of time. The size of the bubble cloud at each instant
that the spatial resolution of the dual PCD is 5 mm and thevas based on the light intensity of each camera frame. The
region of collapse may be even narrower than indicated byverage light intensity(t) was calculated by averaging over
Fig. 9. Indeed, high-speed photography presented belowll the pixels[O (white) to 255(black]. A background inten-
shows that the collapse of bubbles occurs almost as a lingity I, was obtained from a frame recorded halfway between
along the acoustic axis. It appears that during their collapsgpark discharge and the arrival of the acoustic wave in the
bubbles are drawn toward the acoustic axis of the lithotripterfocal area. The corrected intensity(t) =1(t) -1, was cal-
culated in order to compensate for naturally occurring shad-
ows that varied between tests but were unrelated to the cavi-
tation bubbles. The plot of intensitpubble cloud sizewith

The apparent rebound signal, seen in Figs. 3 and 4, waime confirms that the bubbles undergo a main growth and
investigated using dual PCD and high-speed photography séollapse followed by rebounds. There is excellent agreement
multaneously. Figure 10 showa) dual PCD traces antb) between the minima in the bubble cloud size and the pres-
high-speed video images of the cavitation from a single shoénce of acoustic emissions from the dual PCD.
at 18 kV in the APL-UW lithotripter. At 310Qus the shock In Fig. 11 the rebound timég and rebound collapse
wave impinged upon bubbles &2 and the first acoustic pressurepg are shown as a function of discharge voltage.
burst was emitted. The bubbles then grew to form a broad’hese values were obtained from the same data that was used
cloud and then collapsed in a line at 9p8 (t-=600us), to generate Fig. 6. Rebound events are marked byod “
emitting a second burst measured by the dual PCD. Thand the solid line is the average rebound time. The charac-
cloud then rebounded and generated a rebound signal at 106ristic timest. associated with the bubbles that had re-
us recorded by the dual PCD. A second rebound was debounds are marked by+" and the dashed line is the aver-

B. High-speed photography and bubble rebound
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time of the void astg/2. The corresponding maximum
bubble radius using Rayleigh’s expression Ry,
=(tx/2)\Py/p/0.915, whereP, and p are the ambient pres-
sure and density of the liquid. For wateR,,~5.5
10" 3tg, whereR ., is measured in millimeters arg in
microseconds. The rebound time in Fig. 11 was
=175us, from which we obtain a maximum bubble size
Rmax=0.5mm. This corresponds well to the size of the
bubble observed with high-speed photography. It appears
that after the main collapse the cavitation field acts as an
effective single bubble system; but because of agglomeration
of bubbles during the main growth and collapse phase the
oL — - : . . - s single rebound bubble is larger than what would be predicted
using single-bubble theory for the entire cavitation life cycle.
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= 25¢ pPc — — 1 Ill. DISCUSSION
::; o0l ] The dual passive cavitation detecti@ual PCD system
% - has been developed for the localized detection of cavitation
Q5 * - -, events in the field of a shock wave lithotripter. Two confocal
§ AN /:/ receivers(PCD transducejswere used to detect acoustic
g_j 10 P RN PRGN emissions from cavitation bubbles. Signal processing tech-
r ~ i + 1 . L . .
z e <7 o ? niques were used to resolve coincident signals that originated
s 5 Y 9 5 ° > from a volume approximately 5 mm in diameter. The spatial
3 L/,‘J//o'/ localization is a significant improvement over a single trans-
o ¥ ° I . . .
° - °o - . . ducer PCD which is sensitive to signals from a relatively
052 6 18 20 22 24 long volume. It was necessary to use both the arrival time
Voltage (kV)

and the amplitude of received signals to localize an event to
FIG. 11. Bubble duration and collapse pressure for the rebound signal anh€ volume of interest.
the main collapse as a function of voltage in the APL-UW lithotripter. A calibration technique was described that was appro-

Individual rebound gvents are marked with a®™ and the solid_line is the priate for estimating the peak pressure of spherically spread-
mean. Corresponding main collapse events are denoted with'adhd

dashed line is the mean. Second rebounds were detected at 15 and 21 KV9 ShOFk Waves eml_tted by 'collapsmg cavitation bubbles.
and are marked by anxX.” The calibration technique relied on the fact that the pulse

duration of the acoustic wave from the cavitation event was
much shorter than the resonant period of the PCD transducer.

age value. Only two shots, one at 15 kV and one at 21 kV|t was also necessary to estimate the pulse duration near the
produced cavitation that was determined to have two rebubble, which was done from previously reported measure-
bounds; these events are marked by." ments of cavitation bubbles generated by a laser pulse. The

In general, the measured rebound times were shortaralibration is not valid for bubbles collapsing asymmetri-
then the characteristic timg<tc and radiated pressure at cally; also forin vivo measurements the effects of tissue
rebound was lespr<pc. Calculations[see, for example, attenuation would need to be taken into account.
Fig. 1(c)] are in agreement with these trends. The monotonic  The dual PCD system was used to measure the cavita-
increase intg and pg with discharge voltage was also in tion fields of two electrohydraulic lithotripters: a Dornier
agreement with calculations and is consistent with the facHM3 and the APL-UW research machine. Measurements
that at higher voltages the bubbles are driven harder. Howmwere compared to predictions of the Gilmore—Akulichev
ever, the agreement is qualitative; the measured tgngas  model for a single spherical bubbl€hurch, 1982 We cor-
about five times longer thatf, and the measured radiated roborated previous observations that the cavitation signature
pressurepg about ten times larger thaf, . We note that for can be characterized by two acoustic emissions, “bursts”;
the main collapse the measured was smaller tharpg . the first associated with the arrival of the lithotripter shock
The two second rebound events that were detected hadveave and the second, hundreds of microseconds later, result-
shorter rebound time and smaller collapse pressure than é@ng from an inertial growth and collapse cycle. The cavita-
ther the main burst or the rebound, also in qualitative agreetion was quantified in terms of the characteristic tiraeand
ment with the model. the radiated pressure at collagge. The two machines were

Because the main collapse was that of a bubble cloud cobserved to have similar cavitation fields. The measured
cluster it is not surprising that the rebound no longer behavesharacteristic times were in agreement with results from
in accordance with a theory that assumes a single sphericaingle-bubble theory after a correction to the tensile portion
bubble for the entire dynamics. We can model the rebounaf the pressure waveform was appliéghailey et al, 1999.
with the Rayleigh model for a spherical void collapsing in aThe peak pressure radiated at the primary collapse of the
fluid (see, e.g., Church, 1989V e approximate the collapse bubblep. was measured to be on order of 10 MPa at 10 mm
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from the bubble center. The collapse pressure of théo ensure that detected events originated from a volume
APL-UW machine was between 30% to 100% higher tharabout 5 mm in diameter. A novel calibration technique al-
that of the HM3, an effect which may be attributable to thelowed the peak pressure radiated by the bubble to be esti-
higher water temperature in the HM3. Shot-to-shot variationrmated. It was seen that the measured characteristic time of
in pc was much larger than the variation ig and may be the bubbles was close to that predicted by single-bubble
becausep. was more sensitive to either variations in the theory, whereas the pressure radiated at collagsand sub-
water conditions or shock wave variability associated withsequent bubble dynamics were not. It appeared that once the
the electrohydraulic spark source. The calculgtgdvalues  bubbles started to collapse, cloud dynamics affected the sys-
were three to four times larger than the measurements. Wiem and single-bubble theory was no longer appropriate. It is
suspect that this is because the model is idealized and thptanned to use the dual PCD systémvivo. Preliminary
effects such as thermal damping of the bubble, asymmetry iresults indicate that the coincidence algorithm can be used to
bubble shape, and finite-amplitude distortion of the radiatedocalize cavitatiorin vivo, as the variations in speed of sound
pressure wave have been neglected in the model. The me#wough tissue are small enough that arrival times across dif-
sured values opc andtc increased monotonically with in- ferent paths should vary by less than LS5 (a localization
creasing discharge voltage as observed by otf@odeman  error of less than 1 mmWhat has not yet been accounted
et al, 1992 and in accordance with calculations. for is the effect of tissue absorption on the calibration tech-
The dual PCD was used to obtain a spatial map of théique.
cavitation field in both lithotripters. An axial scan of the
f:avitation field showed that inertial' cavitation was detectedyckNOWLEDGMENTS
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