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Direct measurements of individual bubble oscillations in lithotripsy fields have been performed
using light-scattering techniques. Studies were performed with bubble clouds in gassy water as well
as single levitated bubbles in degassed water. There is direct evidence that the bubble survives the
inertial collapse, rebounding several times before breaking up. Bubble dynamics calculations agree
well with the observations, provided that vapor trappiageduction in condensation during bubble
collapse is included. Furthermore, the afterbounces are dominated by vapor diffusion, not gas
diffusion. Vapor trapping is important in limiting the collapse strength of bubbles, and in
sonochemical activity. €2002 American Institute of Physic§DOI: 10.1063/1.1433970

I. INTRODUCTION agrees with these long growth and collapse cytiesccord-

ingly, acoustic cavitation has been an important area of re-

Every year, over 100000 people are treated for kidneysegarch on the mechanisms for stone comminutianwell as
stones in the United States, and many times that worldwidgjssye damagen SWL.

In 1990, about 85% of thezse patiejnlw_ere treated with The SWL cavitation field has been characterized with
shock wave lithotripsfSWL),” a method in which high in- o5\ stic technique¥; Y7 foils,Y7 high-speed vided’~%° and
tensity shock waves are focused at the site of the stone, 1z ey with laser illuminatioR%2! In particular, acoustic
sulting in stone comminution. Despite the widespread use o etection of bubble emissions have proved useful in verify-

S.WL’ there Is no agreement in the Ilteratur.e as to the meCh%g bubble dynamics equations for modeling the radius-time,
nism by which the shock wave destroys kidney stones. Pos-

. . X o . ; or R(t) of bubbles subjected to SWL pulses. Currently most
sible contributors include spallatidijirect acoustic shearing . . ; .
N . .. 7.9 > formulations of bubble dynamics associated with SWL use
of the stoné’ fatigue® focused stress wavés;avitation

: ’ the Gilmore modef? Figure 2 illustrates the success of the
and most recently, squeezikgFurthermore, although early . : ! >
model in matching the time intervél between acoustic sig-

reports indicated that SWL treatment did not lead to appre- . . .
ciable damage to the kidney, it is now recognized that apals from the forced compression and inertial collapse.

clinical dose(=2000 shock waveswill induce renal injury Although indirect methods for measuriift) dynamics
in a majority, if not all, treated kidney. have proved useful for many applications, they are not a
In an electrohydraulic lithotriptefFig. 1), the shock direct measure of bubble dynamics, and do not provide a
wave generated by an underwater explosion at the interngOmplete understanding of bubble motion. High-speed mov-
focus(F1) of an ellipsoidal reflector is focused on the kidney /€S do provide some information as to the radial motion, but
stone at the external focu§2). Typical in vitro measure-  Only over very short times when the bubble is large enough
ments of the shock wave in water indicate that at F2, a 440 be observed, and at a very high cost. Hence, a more direct
MPa, 1us compression is followed by a10 MPa, 5us  Mmeasurement of bubble motion that can detect smaller
rarefaction(the spatial profile is shown in the inset of Fig. bubbles in real time, over their complete motion, is desired.
1).2 The —6 dB region is cigar-shaped and roughly 6 cm  In this paper we examine the detailed dynamics associ-
long by 1 cm in diametel® ated with bubbles subjected to a SWL pulse with experi-
It is commonly accepted that the initial compressionments and theory. Light-scattering techniques are employed
wave compresses preexisting bubbles. The rarefaction foto measure thdx(t) curve of single bubbles in the SWL
lowing the shock then causes these micro-bubbles to grow teavitation field. The experiments described here differ from
millimeter dimensions before collapsing inertially after hun- previous research using light-scattering from bubbles in
dreds of microseconds. Acoustic emission detedtedivo ~ SWL?° in that we measure the instantane¢nsnaveraged
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FIG. 1. Adiagram of the electrohydraulic shock wave lithotrig@&wL). A (hs)

spark discharge located at the first focus of an ellipsoidal reflector is reFIG. 3. Comparison of theoretical shock wave of EX.(short dashed line

flected by the ellipsoid and focused at the second focus, F2.spagal ~ and our artificially extended measured shock wesedid line), together with

profile of a measured shock wave is also shown. our new fitting parameterslong dashed line @=3.5x10° and f
=50.0 kHz.

response from individual bubbles, not from bubble cloudsPubble dynamics. The experimental system and results fol-
The measurements show that the rebounds, or afterbouncé@W, and comparisons with the model are made. Implications
of the bubble can be matched to numerical simulations onljre then discussed.

when water vapor and heat transfer are included in the simu-

lations. The addition of water vapor in the simulations dra-ll. THEORY

matically affects the bubble dynamics, as well as the hot-spot

conditions that exist in the collapsed bubble. simulating radial bubble pulsations in SWL fields. We use a

The paper is organiz_ed as follows: First, the aCOUStiCmodified Rayleigh—Plesset bubble dynamics equation of mo-
wave generated by SWL is reviewed, followed by a theoret-.

ical d e f1h del q lcul heri Eon, and incorporate mass and heat transfer across the
ical description of the model used to calculate sphericaj, e boundary, as well as chemical reactions. The model is

based on applications to sonoluminesce(&ie) bubbles.

In the following subsections we describe our model for

A. Lithotripter pulse (the bubble driver )
%200» J\// @ For an electrohydraulic lithotripter, a high-voltage spark
2 5 discharge at Fisee Fig. 1 creates an underwater explosion,
< resulting in a finite amplitude, spherically diverging pressure
§0.02 wave. The form of the pressure wave includes a fast rise-
a ~ e time, high-amplitude compressive pulse, followed by a rela-
_ ' ' ' ‘ ' ‘ ' tively long, lower amplitude rarefaction. A portion of the
5-; Rhl=5 Cm' ’ ' ‘ ' (b') wave impinges on the ellipsoidal reflector, reflects, and fo-
@ 10 cuses at F2. Initially, simulations of the SWL pulse were
% 1 modeled &
%01 o p(t)=2p,e *' coq wt+ m/3), 1)
ks wherep, is the peak positive pressure=9.1x10° is the
& : : : : : : : decay constant and=27f (f=83.3 kHz). However, sub-

sequent Polyvinylidene fluoridéPVDF) hydrophone mea-
?0.5_ (c)_ surements have indicated that the negative portion of the
% waveform lasts longer than the model waveform. Further-
@ 0 -4 - * + more, fiber-optic hydrophone studies have shown that the
B 050 | negative portion of the wave form lasts longer than PVDF
8 hydrophone measurements, possibly due to the better adhe-
< sion of water to the glass fiber tf3:* 1t can be argued that

200 -100 O 100 200 300 400 e
Time (us) PVDF measurements of the wave form should be artificially

FIG. 2. (a) A (time domain lithotripter pulse shown in the inset causes a eXtenqed to better match the flber-optlc measurements, rather
preexisting bubble to undergo inertial cavitation, calculated here using théhan simply scale the pressure amplitude of the wave fdrm.
Gilmore equation(b) The corresponding acoustic radiation pressure ampli- Therefore, both measurements of the pressure field in our

tude calculated from the curve (@ at a distance oR,=5cm from the  junnirinter and our simulations have artificially extended
bubble.(c) The measured time interval between compression and collapse

agrees well with calculations. The calculated time interval is matched to théails- In the simulations, We_ taker=3.5x 10> and f
data by varying the pressure amplitud€ourtesy of M. Bailey. =50.0 kHz. The temporal profile of the model and extended
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wave forms can be seen in Fig. 3. The finite rise-time of thaaking these details into account had important consequences
SWL pulsé?is neglected since it is not important for bubble for precisely understanding the state of the gas in violent

growth. cavitation phenomena, the basic physics of the radial dynam-
ics can be captured with simpler modéis3?
B. Bubble dynamics To derive the average model, we start with the complete

Navier—Stokes equations for a multi-species, reacting"gas.

dynamics model. More complete derivations have appeare e will also assume that the pressure inside the bubble is
tially uniform. Despite the fact that the Mach number of

elsewhere so interested readers should consult the referen .
the bubble wall can be very large, it was recently shown

for details and justification of assumptions. We will discuss . o . .
the model for the liquid dynamics, the gas dynamics theanalytlcally that the pressure inside the bubble remains quite
i ’ niform for most of the cyclé® Pressure nonuniformities

boundary fluxes, as well as the spherical shape. The violert _
y P P only exist when the bubble wall undergoes extreme accelera-

nonlinear oscillation of a bubble subjected to a variable prest-_ hen th I i halted and d E .
sure field is formally described by the coupling of the com- lon, as when he coflapse 1S halled and reversed. Even in

pressible Navier—Stokes equations in the liquid and the gai'oIent collapsegusing SL as a test caswhere the pressure

This section will outline the derivation of the bubble

Fortunately, the equations can be simplified and still describ eld has significant nonuniformities around the time of col-
the bubble dynamics accurately.

apse, this variation does not influence the radial dynamics.
If we assume an ideal gas equation of state and ideal
1. The dynamics of the liquid mixture rules it is straightforward to derive an ODE for the
If one assumes that the liquid surrounding a bubble igPressure in the bubble with the unknowns being the fluxes of
incompressible(or only mildly compressiblethe Navier— heat and mass across the interface. Becauséahsimilan
Stokes equations of the liquid may be reduced to a nonlinediesults have appeared elsewti&ré' we present only the re-
ordinary differential equatiotODE) for the bubble radius. Ssult
This equation, typically known as the Rayleigh—Plesset i 3dT
equation(RPB), has various versions and derivations in the  p_—p_,|—— —(y— 1)[2 IiHi—k=—
literature?® The form we use, which accounts for liquid com- 9 %n R dr
pressibility, is given &8+’ wherey is the ratio of specific heats, is the total number of
532\ (DD ; moles of gas and vapod’; is the volumetric rate of
pL(RF2R%)=(Pp =P —Pe) + RP/c,, @ production—destruction due to chemical reactidfsjs the
whereR is the bubble radiusy, is the liquid densityP., is partial molar enthalpy of specieégthe sum is taken over all
the ambient pressur®g is the variable pressure due to the specie k is the thermal conductivity of the gas, add/dr
acoustic forcingg, is the speed of sound in the liquiBy, is is the temperature gradient at the bubble wall.
the pressure at the bubble wall in the liquid, and dots denote  One must also consider the total conservation of mass
derivatives with respect to time. The pressure at the bubblgor the bubble. The rate of change in the number of moles of

)

3R
R

wall is related to the internal gas pressueg, by eachn; species is given by the rate of chemical production—
5 R destruction and flux due to either the phase change of the
_p % 4. liquid at the bubble interface or the flux due to dissolved gas
Pp="Pyq du—, (3) quid ce 0
R R diffusion, n/ . The expression is
whereo is the surface tension and is the liquid viscosity. fi=n/A+T;V (6)

whereA is the bubble surface area aNdis the bubble vol-

ume. The volumetric rate of chemical productibnis found

To closg the Rayleigh—Plesset gquatlon one must havgg coupling the gas dynamic equations to a standard chemi-
an expression fgr th_e gas pressure in the bubt_)le. The. MOBHI kinetics reaction mechanism: This step is not necessary
basic simplification is to assume that the gas is 0beying peqs one is interested in the chemical output from the
polytropic law and that the pressure inside the bubble is SP&;5,bbles.

tially uniform. Under these assumptions the pressure is sim- Coupling of bubble dynamics to the chemical reaction
ply related to the bubble volume and the RPE is closed anechanism (by computing T',) is outlined in several

the expression references?~*®The reaction mechanism we use in this work
o |3 accounts for reactions of oxygen, nitrogen, water, and argon

Pgy(t)= Po(m) : (4)  with 70 forward and reverse reactions with 19 different spe-
cies. Again, this chemical coupling only matters when one is

The polytropic assumption is not appropriate for the violentinterested in the chemical output of a collapsing bubble,
phenomena that we will investigate in the current work, thusyhich will be presented later.

we will adopt a different approach.

Formally, the Navier—Stokes equations for the gas can
be solved to obtain the gas pressure at the bubble wall; thig Models of the boundary flux
was done in recent simulaticfisof the gas—vapor mixture To solve the pressure and mass equations above, we
which accounted for heat transfer, mass transfer, phaseeed expressions for the flux of heat and mass at the bound-
change, and chemical reactions. While it was shown thaary (dT/dr andn;’). One simple method is based on compe-

2. The dynamics of the gas
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tition of time scales® When the bubble is moving rapidly
compared to the time for heat diffusion out of the bubble, the
bubble is assumed to behave adiabaticaltyT/dr=0).
When the bubble is moving slowly compared to heat diffu-
sion, the bubble is assumed isothermal.

Toegel et al2® proposed a similar model giving an ap-
proximate form for the fluxes of heat and mass based on
scaling arguments for a boundary layer. We adopt this model -
here as it provides physically realistic heat loss, which is
important for modeling thermal damping. The temperature \@

gradient is estimated as

dT_T-T.

dr & @ /
where the boundary layer thickness is givendas\tta, «
is the thermal diffusivity of the multispecies gas, and the 18.87

time scale for temperature changes is giventasR/3(y

—1)R. The thickness of the thermal boundary layer is not
allowed to grow beyond the radius of the bubble. Note that | |
since the thermal diffusivitye is proportional to 14, the | 9.385 cm !

thermal boundary |ayer thickness SCB‘ESM so that FIG. 4. Underwater levitation system used to place a single bubble at the
. . T [Pcus of the lithotripter.

the boundary layer can be quite thin when the radius is smal

and the bubble is moving rapidly.

An approximation for the flux of vapor out of the bubble and stop the calculation when the amplitudes on nonspheri-
can be derived in a similar manner. The mass flux is given asal modes grows to the order of magnitude of the bubble
the minimum of the rate of phase change from kinetic theorsize.
and the rate limited by inter-species mass diffusion. The flux

of vapor out of the bubble is given as lll. EXPERIMENT
N—Neq All experiments were performed in a research electrohy-
ni":min( D Vo ,n'évap>, (8) draulic shock wave lithotriptéf modeled after the Dornier

HM3, the most widely used clinical lithotripter in the United
whereng, is the number of moles of vapor in the bubble at States!" Detailed characterization of the acoustic field for
equilibrium, andnj,,, is the evaporative flux from kinetic this I|thotr|3plt$r is not described here, but can be found
theory. The boundary layer thickness= \t\D, is defined elsewheré®!” An example of the PVDF-measured wave
with the mass diffusion coefficient, D and the time scale forform at the center of the 6 cm long by 1 cm diameter focus is
the change in mole numbets,=R/3R. Justification for shown in Fig. 3. For all experiments, the sparker voltage was

these flux models can be found in the refererfidé$3¢ set to 21 kv.
Expressions for the flux for dissolved gas species is, .
given in detail by Fyrillas and Szeti. These equations are A. Single-bubble apparatus
applied to compute the rate of change of the number of Bubble response experiments were carried out in a spe-
moles of dissolved gas as the volume of the bubble changesially designed underwater levitation chamber. Bubble levi-
tation is a well-known technique that uses an acoustic stand-
ing wave to generate a time-averaged acoustic radiation force
on the bubble that opposes the buoyancy force. With suffi-
cient pressure amplitude, a bubble can be levitated at a pres-
Due to the violent collapse, one must determine if thesure node or antinode, depending on the size of the
assumption of spherical symmetry of the bubble is justifiedbubble*?>*3 For our studies, bubbles smaller than resonance
The spherical stability of bubbles has been analyzed by varisize were levitated, and thus they were held at the pressure
ous authors and will not be repeated h&&°Nonspherical antinode.
perturbations grow on the collapse due to the acceleration of The underwater levitation chambéFig. 4) is almost
a heavy fluid into a light one. The afterbounces couple to theompletely surrounded by air, which provides good bound-
nonspherical oscillations causing parametric instability. Lin-aries that reinforce a standing wave structure. However, a
ear stability analysis can accurately predict the growth ofortion of two opposing walls of the chamber are coupled
nonspherical modes; this analysis has proved to be quite adirectly to the surrounding water tank in order to allow the
curate even in the violent collapses found in single-bubbleshock wave to pass through relatively unimped@uplitude
sonoluminescenc€éSBSL). We simply apply the analysis of decreases by=5%). These walls are made of black Noryl
the Rayleigh—Taylor instability found in the literatdtd®  polyphenylene oxidéPPQ plastic (specific gravity~1.06,

4. Spherical stability
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sound speed=2293 m/3. The outer enclosure houses the 1¢8 . . i ; .
optical detection system, and provides support for the bubble @ Mie solution

o ; 7k .
levitation chamber. Two sides of the chamber are transparen '° —— Angle averaging
. L . c — — Ray approx.
to allow laser illumination. The bottom-mounted PZT exci- & 108t
tation transducer is used to generate the standing wavig

-
o
()]
T

in the water-filled chamber f(~23 kHz). Fluid ports
(not shown are incorporated to allow filling and draining of
water. S 4
Because the chamber is completely closed to its sur-g10 r
roundings, a nichrome wire inserted into the chamber is usec™ 142
to generate bubbléé.We also partially degas~100 Torp 1
the levitation chamber water. Degassing serves two purposes '©—25—20 80 80 100 150 140 160

ve Scattere
L
o
. H

First, by removing most of the air from the water, the lithot- Angle (degrees)
ripter pulse will not nucleate cavitation bubbles on its own. 1 , -
We verified this several times during the course of the ex- 0.9} () ---- Mie solution
periment; sonoluminescence and acoustic signals were oh -‘E,o.a- — Rt
served only when a bubble was levitated. £0.7}
Second, we want to perform experiments on bubbleséo_e_ /

whose initial size is on the order of microns, not orders of g5l
magnitude larger. The initial creation of a bubble typically §0.4_
produces a larger-than-desired bubble, so that degassin 203
serves as a means to decrease the bubble size through ot %0.2-
ward diffusion. Towards this end, we standardized our tech- ©
nigue so that bubble dissolution lasted about 20-30 s. We . . . ’ .
then measured the bubble size in the submerged chambe % 50 100 150 200 250 300
using back-light imaging, and generated a calibration curve _  Bubble Radius (um) _
of size vs time. During an experiment, we fired the lithot-~'C: 5 (8 Mie scatered intensity for a 20m radius bubble vs detection

. . angle. Finite angle collection and geometrical optics approximation curves
ripter when the bubble radius was expected to be less thage also shown(b) Comparison of Mie scattered intensity to geometrical
10—-20um. Although bubble dynamics calculations indicate optics approximation vs bubble size.

that the initial bubble radius is not important with respect to

the overall growth and collapse sequence, one might expect

that very large bubbles would experience asymmetries fro _ . . .
the SWL pulse. We, therefore, tried to keep the initial bubblgg)ubbIes 1S form.ally des_cnbgd by Mie §cattenng the‘sé‘ﬂ]h_e

size small. features associated with Mie scattering can be complicated,

The bubble was aligned with the SWL pulse using Iaser""SISh.OWdn In_lgg.zﬁi). Helre we assumettan_ mudftfent,hllnearly
illumination (=2 to 3 mm beam waigtof the predetermined polarized ¢ = nm) plane wave scattering off a homoge-

SWL focus. The levitation chamber positioned the bubble€0US 2Qum radius bubble in wateindex of refraction ratio

within the beam using a three-dimensioriab) translation of water to airn=1.332. The scattered intensity depends on

system. This same laséa 0.5 MW HeNe sourgealso was bubble size, as well as scattering angle. The intensity gener-

: . . . r’illy decreases with increasing angle, and contains substantial
used as the light scattering source, directed perpendicular . 2 .
JYne oscillatory structure. This fine structure is smoothed out

to the SWL pulse propagation direction. The light scattere If light is collected over a relatively large angle. For ex-

from the bubble was focused onto a photomultiplier tubeam le. collecting the liaht over an anaular ranae that Spans
(PMT; Thorn EMI 9956KB, 12 ns responsasing a 5 cm- p'e, 9 9 9 9 P

. . 10° results in the solid curve of Fig(&. We also show as a
diameter bi-convex lens mounted near the top of the er]CIOE:om arison the scattered light intensity in the geometrical
sure. The output of the PMT was terminated into the 50 ohm0 ticps limit 55 9 y 9
impedance of an oscilloscopéd.ecroy LC334 AL, 500 P X

MHz), which was triggered with the SWL spark discharge. In tohe e_xp_enments, we c_ollected “ght spanning the range
64-96°, similar to what is used in sonoluminescence

experiments2°3 This range is a compromise that provides a
relatively good signal—noise ratio. The Mie solution vs ra-
Originally used to size stationary bubbles in wétef®  dius for small bubbles, averaged over this finite angular
and to quantify radial instabilities in waté&tight-scattering  range, is shown in Fig.(6). The scattered intensity follows
techniques have been refined to measure nonlinear pulsatioti'e geometrical optics approximatioh{(R?) even for rela-
of bubbles? including the highly nonlinear oscillations of tively small bubbles. Because SWL-generated bubbles spend
sonoluminescing bubbl@$=>*The overwhelming success of most of the time at relatively large sizes, we can use the
this technique in measuring bubble oscillations—especiallymuch simpler geometrical optics approximation to relate the
with respect to sonoluminescing bubbles—suggests that thiscattered intensity to bubble size. Thus, for our experiments
technique can be applied to measuring bubbles in SWL. we takeRe /I —1,, wherel, is the background light inten-
The mathematics of light scattering from sphericalsity. The proportionality constant is determined by single-

B. Light-scattering
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FIG. 6. Experimental and simulated radial dynamics from an SWL pulse FIG. 7. Light scattered signal from a bubble in a cavitation field. The model
The fitted pressure amplitude is 33 MPa. The bubble was determined to bgp,=25.5 MPa) fits the main growth and collapse sequence, but there are
spherically unstable when the calculation ends. no large afterbounces observed. A bubble in the cavitation field will likely
collapse nonspherically due to bubble—bubble interactions.

parametelpressure amplitudditting of the data to the cal-

cuIate_dR(t) Curve. . . .. dicted by the Gilmore model, and decrease with each after-
Finally we remark that the light scattered intensity is bounce: This effect will be explained shortly

presumed to be from spherical bubbles, though it is probable
that some bubbles undergo nonspherical pulsations. Al
though mathematical solutions exist for spheroidal
°6.57\ve are unaware of solutions that might involve

We were also able to observe individual bubble dynam-
ics from a cavitation cloud generated by an SWL pulse. Here
we used the same single-bubble levitation chamber, but did

Fart_l(;:lgst,t. i . Wi p | ‘ not degas the water prior to the experiment. A very typical
Iquid Jetling, capiiiary waves, €tc. We confin€ ourselves 10,qq 1t of the light-scattered intensity from such a bubble is

this study only to spherical dynamics. However, it is possible

liah . d bubble i biliti d shown in Fig. 7. Although the main growth and collapse
to use g tscgttgrlng to record bubble |nsFa llities an . rlon'sequence agrees well with the model, we did not observe the
spherical oscillations. Hornsburthused light scattering

nto t te photodiodeo determine the threshold large afterbounces that are normally observed from the single
(into two separate photo |qde etermine the reshold eyitated bubble. Of the very many data sets we obtained
for bubble instabilities, while Matula and Cruth,using

Fig. 71i typi ly ob d afterb
light-scattering and direct imaging together, recorded Iighr{ 'g. 7 is very typical werarely observed afterbounces simi

ttered sianals that " dt q ar to those shown in Fig. 6. One possible explanation is that
zcsziillzt[?onslgnas at apparently correspond 1o quadrupOifie nitial bubble was adjacent to the laser beam path, and

not inside it. Then, upon expansion the bubble intersected the
beam, resulting in an increase in light scattering, while the
subsequent afterbounces were again outside the beam path.
An example of data obtained from the experiments isOther likely possibilities include bubble—bubble interactions
shown in Fig. 6. The model is fit to experiments by varyingthat result in nonspherical collapses, causing the bubble to
the pressure amplitude to match the experimentally measuratisintegrate during the collapse, or that adjacent bubbles coa-
time interval between compression and first collapse. Théesce, resulting in a soft, cushioned collapse. If nearby
simulated initial bubble radius wa®,=4.5um. The initial  bubbles are illuminated, we probably would not be able to
bubble size does not play a large role in the maximumdistinguish the bubbles, and coalescence would not be ob-
bubble size attained, nor in the afterbounces as the initial geserved.
is overwhelmed by the vapor that evaporates into the bubble We wish to emphasize that Figs. 6 and 7, although typi-
(this will be explained further below The pressure pulse cal, do not encompass all the different signals we have ob-
parameters were taken to be those in Fig. 3, and the liquiderved. Many signals show qualitatively similar behavior, but
was water at 298 K degassed with air down to 100 Torr. vary greatly in the quantitative nature of the collapse time,
In Fig. 6 the bubble grows to almost 2 mm before un-amplitude, symmetry during expansion and collapse, number
dergoing an inertially dominated collapse about 4@0later.  of afterbounces, etc. High-speed photographs of cavitation
The bubble then rebounds several times. It is uncleaclouds due to shock-wave lithotripsy also show a great vari-
whether or not the bubble remains intact throughout, or if itety of bubble behavidf® It is somewhat surprising that evi-
fragments and then reforms during the rebound. The calcudence of single bubble oscillations in a cavitation cldbi).
lation stops when the model predicts that the bubble hag) can even be observed with laser scattering, given the ap-
gone spherically unstable. The model and the data indicatearent high density of bubbles observed with high-speed
that the bubble apparently survives the inertially dominateghotographs. Our results suggest that the separation distance
collapse. The afterbounce intervals are much longer than prdéetween neighboring bubbles can be larger than 1 to 2 mm.

C. Data
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FIG. 9. Comparison of model wittsolid curve and without(dashed curve

FIG. 8. Number of moles of ga&ir) and water vapor contained in the .
. =0 ) water vapor taken into account. The afterbounces are much smaller when
bubble over the life of the oscillations, normalized by the number of moles

originally in the bubble. The parameters are the same as those used in Fig'\sgrat:llre\r/?s%oer 'lzsign?lected because the total mass inside the bubble is much

IV. DISCUSSION

Although our direct measurements of bubble oscillationsgg(;;l?s(g ?,;[Z tgstrl]r;tplzi\go: Sp:g;gsr’nsvgr:fe?tgreg?; t?;ﬁdthe
in SWL are not c_ompletely unexpected, these studies haVFhodel is very sensitive to vapor trapping: less is trapped
reveal_ed several issues that h‘?“’e heretofore b_een negleCt%en the boundary layer is made thinner. Because the bubble
Most |mpo_rtantly, vapor trapping softens ﬂ_“_e |nert|al_co|- is composed primarily of vapor the amount trapped by col-
lapse, leading to large afterbounces. In addition, we d'scuﬁﬁpse controls the dynamics of the afterbounces. This limita-

below the possibility of bubble translation due to the acoustiGion and sensitivity of the model should be understood
radiation force. We conclude with a discussion of the rel- '

evance to multibubble cavitation fields that are normallyg a.oustic radiation force on bubble

generated in SWL. _ _ _ .
An immediate concern prior to our experiments was

A. Importance of water vapor, and limitations whether or not the levitated bubble would experience large
. o . acoustic radiation forces from the SWL pulse, causing it to
, Wh|le most models of bubb!e dynamics n SWL mclude translate within, or even out of the laser beam. The transla-
diffusion of dissolved gas, we ,f'nd that gas diffusion is S€C%ional equation of motion for the bubble, assuming it remains
ondary to vapor trapplng.. In Fig. 8 we show the number Ofspherical, can be calculated fréfn
moles of gas and vapor inside the bubble for the same con- g .
ditions shown in Fig. 6. Vapor comprises the majority of the : 1 2
bubble contents throughout the growth phase, and over sev- MUb= ~VVPa= 5o [VU ] = 59 UrAC,. ©)
eral afterbounces. The physics of the vapor trapping mecha-
nism is discussed in the references seéfiamdetail. Essen-
tially, the collapse becomes so rapid that there is insufficient
time for vapor deep in the bubble interior to escape.
Significant dissolved gas diffusion does occur as seen by
the rapid growth in the amount of air in the bubble during the 2000
expansion. This growth in the dissolved gas overwhelms the
amount of gas that was initially in the bubble: This answersgwoo_
the question of why the initial bubble radius is not important ¢
for fitting the experimental radial dynamics. In Fig. 9 we g
show the change in radial dynamics if vapor is neglected:® 1000
The afterbounces are of smaller amplitude and higher fre-
quency. 500k
The model presented here is based on approximation:
for the heat and mass transfer out of the bubble. The bound i
ary layer approximation, while physically relevant, is only 0 0 500 200 600 800
based upon scaling arguments. There is no reason that a.. Time (us)
order unity scale factor cannot be included in the definitionFIG. 10. Influence of the scaling law for mass transport of vapor _Within th(_e
of the ransport boundary layer hickness n BGs.and(8). (hule 1 S0 o e erounees. e i v e serive
The difference in the radial dynamics with a prefactor of 1,scajing factor of 1(solid), 2 (dashed| and 4(dash—dotin the term for the
2, and 4 added to the boundary layer thickness is shown iboundary layer thickness.
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compresses the bubble and a very high temperature is

9000} @ achieved. Due to the thinness of the shock front compared to
__ 8000 1 the bubble radius, the bubble will not be forced spherically
E:;7000- 1 when the initial shock impacts the bubble, therefore this tem-
%5000. . perature is likely to be unphysical. Despite the high tempera-
3 5000} | tures, there are few OH radicals produced in the forced com-
$ 4000k pression as the bubble is nearly a pure air bubble; vapor
'_3000_ provides the fuel for production of OH radicals.

2000L On the free collapse, the temperature inside the bubble

reaches~3000 K. Significant OH radical production occurs
1000+ from this heating of the nearly pure vapor bubble. We see

0 0 500 700 6500 800 that the OH production slowly decays with spurts of OH
Time (us) production and destruction in subsequent afterbounces: simi-

lar behavior has been predicted in sonoluminescence.
(b)
&l D. Relevance to multibubble cavitation

The model thus far has provided good agreement with

o1 | the single bubble cavitation experiments, but this is clearly

5 very different than the behavior of multibubble cavitation. In
Sy Fig. 7 we show our fit of the model to the multibubble data,
100 3 showing agreement with the main growth and collapse se-
quence, but not in the dynamics of the afterbounces. While
100} 1 the model presented in this paper is clearly not directly ap-
plicable to predicting precise dynamics and behavior of mul-
0 200 400 600 800 tibubble fields(with associated nonspherical pulsations, coa-
Time (us) lescence, et} the model nevertheless is very useful to

FIG. 11. Temperaturéa) and OH radical productiofb) for the same pa- lithotripsy. The single bubble model can be thought of as a

rameters used in Fig. 6. The temperature peaks in the forced compressi . . )

because the bubble contains very little water vapor at that time. ?ﬂmtlng case_. For example’ if _One wants to assess the_ p‘?te”
tial biochemical effects of radicals produced from cavitation
this model could provide an upper limit: A nonspherical col-

The three terms on the right are the acoustic radiation forcé@Pse would not get as hot and produce fewer radicals.
the added mass force, and the drag force, respectively. Buo@ubble fragmentation would also serve to limit radical pro-
ancy is neglected here. The parameters include the mass @_p_ction. If the radical .production from this model is not sig-
the bubblem,=p,V, p, is the gas densityA=7R? is the nificant for cell and tissue damage, then the effect can be
projected area of the bubble, a6 is the drag coefficient. A neglected.
Stokes drag law is assumed here for simplicity; tiTCig
=24/Re, where the Reynolds number=R@p,/w)U,;R, uis V. CONCLUSION
the absolute shear viscosity, abld=U,—U,, whereU, is
the velocity of the liquid.

Calculations suggest that the translational motion of th

Direct measurements of individual bubble dynamics
rom SWL have been performed for the first time. It was

bubble is negligible compared to the beam diamdtétev- ound that simulations of single bubble dynamics are in

ertheless, we attempted to measure the translational displac%s-:’reement with the datq, prowded.vapo.r trapping is taken
ment by narrowing the laser beam with a lens-t®.5 mm into account. Vapor trapping dramatically influences the hot-

positioning the bubble adjacent to the beam, on the near si I cit conglt|onrs1_W|thc;n\;he bttjbble.’ I|m|T|ng the.;emperatuhr_e
of the SWL spark, and measuring the scattered light intensit at can be achieved. vapor-rapping also provides a cushion

as the bubble translated through the beam path. If successf E,at causes the bubble to rebpund tq mgch greater amplitudes
we would expect to observe an increase in the scattered IigII\ an previously thought. This cushioning may prevent the

intensity as the bubble entered the beam path, followed by ubble from catastrophic disintegration upon collapse. Fur-
’ ermore, the formation of hydroxyl radicals are closely tied

decrease in intensity as the bubble exited the beam path. th t of wat ; 4 in the bubble. Th
observed no such displacement signals. Bubbles placed near € amount of water vapor trapped in the bubble. The

the far edge of the laser beafwith respect to the sparker ability OT this mode_I to predict bubble motl_on n vaf”ls
unit) also showed no evidence of translation. well as in sonoluminescencenay be useful in calculations

of the upper limit for radical production rates under various

C. Thermal and chemical effects conditions.

The model used for this work allows for predictions of
the temperature of the bubble collapse and the amount of O
radicals produced. The thermal and chemical activity of the  The authors wish to thank M. Bailey, D. Sokolov, and L.
bubble is shown in Fig. 11. We see that the initial shockCrum for many fruitful discussions. T.M. was supported by
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