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Inhomogeneous pressure field inside a collapsing bubble accelerated by an acoustic pulse
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The temperature inside a collapsing bubble could become very high if a converging shock wave were
launched inside the bubble. Even if the collapse speed reaches Mach 4, the recent models and experiments
show that this shock wave is not necessary to explain the sonoluminescence. Its hypothetical existence depends
strongly on the assumption made in the various numerical models proposed. However, it has been established
that its generation depends strongly on the acceleration of the bubble surface. This work presents an experi-
mental parametric study demonstrating that a pressure pulse applied on the bubble with an accurate timing
significantly accelerates the bubble collapse. It is shown that the induced brightness gain is very sensitive to the
time of arrival of the pulse. Moreover, a numerical simulation of these experiments relates this dependence to
the gas dynamic in the bubble.
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Single bubble sonoluminescen@BSL) [1] is one of the  argon or helium filled bubbles, whereas for a xenon bubble, a
most effective systems to concentrate energy by inertial conwave disturbance exists only in the last instant of the col-
finement[2,3]. This remarkable result is obtained by fast lapse and evolves actually in a shock wave after a rebound
compression of the gas contained inside the bubble, which isn the bubble wal[12]. This paper addresses the feasibility
collapsing with a speed close to Mach2]. This very fast of modifying the SBSL domain of stability to reach this
compression of the gas induces a rise in the gas pressure gfiock wave dynamic in the bubble interior. This study is
several tens of thousands of atmospHdie The gas density ~conducted by focusing an acoustic pulse on a bubble in the
is then close to that of the liquid. The estimate of the ga§ono_lum|nescence regime. Th'_S manuscript reports a para-
temperature fluctuated by four orders of magnitude accordMetric study of the effect of this acoustic pulse by varying
ing to the assumptions controlling the gas dynanjissg.  the time of arrival of the acoustic pulse and the amplitude of

These fluctuations mainly come from the hypothetical exisne low monochromatic pressure field driving the sonolumi-
tence of an acoustic shock wave inside the bubble, whicfl€SCing bubble. These experimental results are compared

would come to still improve the inertial confinement and with a numerical simulation, and the validity of a uniform

. inside the bubble is discussed.
lead to very high temperature at the bubble core. Severd]'€SSUre Insia oS
arguments do not support this last assumption. The first oéoTh'S technique must be distinguished from the methods

them came from orecise m rement of the flash durati nsisting in increasing and lengthening the phase of expan-
€m came 1rom precise measuremert ol the flash duratiofl, of the pubble by the addition of a pulse at the beginning
by time correlated single photon countifj. Values ranging

- of this stagg13]. In this last case, the bubble gas mixture is
between 50 and 350 ps were thus obtained and are compajzopap)y grﬁicged with water vapor before thg collapse. The
ible with radiation mechanisms such as bremsstrahlung rasmpjification of the sonoluminescence is obtained here by
diation in a weakly ionized plasn{8,7]. However, radiation  focysing a positive pressure pulse at the end of the bubble
by a tiny blackbody is another possiblif#,3]. The second collapse in sonoluminescence reginie4,15. Moreover,
argument came from recent models, which predict that thyhen the experiment is repeated, several seconds of intervals
vapor ends up saturating the effectiveness of the inertial congre ysed to be sure to set out again under the same condi-
finement[8]. This last argument is supported, on the onetions. The water temperature is 25°C, the measurement of
hand, by the quenching induced by the molecular eXCitatioraissohled Oxygen after degasing lies between 1.0 and
of the liquid vapor that absorbs 100 times more energy than 2 mg/L, and the frequency is 27 855 Hz. The experimental
the optically radiated ongl0]. On the other hand, it is sup- setup and the procedure used to focus the pulse wave are
ported by the tenfold bubble brightneSS rise when the temdescribed in a previous pape_’t4] However, the electric
perature of water is lowered close to 0” ®/oreover, in a  yoltage delivered on the eight transducers has been multi-
recent numerical study, homologous bubble interior dynampjied by 4.
ics has been shown to be compatible with a uniform gas An average on 44 measurements of the Mie scattering
pressure for the SBSL domain of stabilifg1]. However, with a He-Ne laser is fitted by the radius square resulting
water vapor by decreasing the speed of sound in the bubbigom a simulation of the Rayleigh-Plesset equati®PBE),
could promote the occurrence of a shock wa@e]. This  Fig. 1. In this figure, the electric signal from the photomul-
effect is reinforced by taking into account water vapor diffu-tiplier gives both the time evolution of the radius square and
sion in the gas mixture, but again no shock wave occurs fofhe intensity of the flash. One finds the best agreement for
Ry=6 um andP,=1.37 atm, which corresponds well to the
high threshold of the stability domain measured by Gaitan
*Email address: thomasjl@ccr.jussieu.fr and Holt[16]. In this numerical simulation, | used the equa-
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tudes; the pressure pulse has a constant time shift of

FIG. 1. Gray curve, photomultiplier output; solid line, fit by a -0.62+0.03us.
RPE simulate the dynamics of the bubble subjected to a pressure
tion derived by Prosperretti and Lezi7], which uses the Pulse, the signal emitted by one of the eight transducers was
enthalpy rather than the pressure. This equation was a@aeasured_ at bubble range, i.e., 3 cm, in a free environment
derived by a nonpertubative analysis for a homologoud!ith @ calibrated hydrophone. To compute the pressure ap-

: . . . plied on the bubble, this figure is multiplied by the number
Bﬁ:OGbSISeerLterlori[nlE!V]v.h'il;rr\]englgtri??;cfsézoggnt_rﬁeegsgljéﬁCl, of transducers, i.e., eight. Indeed, the adaptive focusing tech-
Ro. ) lique [14] ensures that a constructive interference is

pressure 1S then me_asured with a needle hydrophone Ca[o']\chieved on the bubble position with an interelement accu-
brated by this estimateP,=1.37 atm,Ry=6 um). The 50y ofT/25 where 1T=700 kHz is the central frequency

threshold for which the bubble becomes unstable and starisf the piezoelectric transducer. This experimentally mea-
to dance is 1.41 atm. sured signal is then added to the computed low-frequency

When a focused acoustic pulse is sent with a good timingapplied pressure driving the dynamics of the bubble in the
a brightness gain of about 500% is obtair{édy. 2 scale of numerical simulation, Fig. Zscale of the right-hand side,
the left side, gray curve The Mie scattering measurement solid line). Its precise location is determined by the travel
shows unambiguously that the bubble dynamic is periodigime of the pressure pulse from the transducer to the bubble.
before the acoustic pulse arrival. The gain is computed as th order to correct for any jitter of the trigger, the periodic
ratio between the intensity of the amplified flash and an avtiming of the flashes is used as a time reference. Thus, a first
erage on the flash intensity of the 29 acoustic cycles precegrumerical simulation without any acoustic pulse is carried
ing the acoustic pulse. Heie,=1.37 atm and the pulse im- out in order to compute the location of the end of the col-
pinges on the bubble 0s before the end of its collapse. lapse. This time is synchronized with the experimentally
This behavior was simulated with the RPE previously de-measured time location of the flash. Thereafter, the origin of
scribed(Fig. 2 scale of the left side, black solid lip€To  time, t=0, is determined by the measurement of the flash

occurrence when no acoustic pulse is applied, see Fig. 2.

%’&103 . ) Then in a second simulation, the acoustic pulse is added.

Sqat ] This applied pressure including the low frequency at
27 855 Hz and the acoustic pulse starting at -@s5is dis-
played in Fig. 2(scale of the right-hand side, solid line
Note that only the first rather small lobe of the pulse is used
to boost the collapse and that thereafter the acoustic pulse
induces a fast inflation of the bubble followed by another
collapse. This behavior is very well reproduced by the RPE
equation up to the second inflation stage, which last a longer
time in the RPE simulation.

The brightness gain varies according to the amplitude of
the applied pressure of frequency 27 855 Hz and its evolu-
tion is displayed in Fig. 3. For instance, a gain of about
Tirﬁ?eo(ps) 2 1400% is obtained for an applied pressure amplitude of

1.28 atm. Thereafter, the applied pressure amplitude is fixed

FIG. 2. Scale of right: the gray curve is the photomultiplier at P,=1.37 atm just below the threshold of bubble instability
output, the superposed solid line is the fit by a RPE. Scale of leftmeasured at 1.41 atm.
the upper solid line is the applied pressure. Without the acoustic To study the influence of this pressure pulse on the dy-
pulse, the flash would occur &t0. namics of the bubble, the position of the pulse is shifted from
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FIG. 4. Brightness gain with acoustic pulse time shift ranging g 6. Computed time evolution af, before the first rebound

from 0.2 to —1.1us before the normal flash location. for pulses arriving on the bubble between 1.1 and@s2vith a step
of 0.1 us before the normal flash location.

—-0.2 us down to —1.1us, Fig. 4. Until —0.5us, the gain is
increasing; then a plateau is observed and finally a decreaggoustic pulse is applied. One observes a quasilinear evolu-
starting from —0.9us. The interpretation of the first part of tion with a slope of 0.44. This confirms that the flash shift
this curve is obvious: the more the pulse arrives early and thfycreases less quickly than the pulse shift. The first positive
more the induced acceleration has time to affect the dynanhajf-cycle of the acoustic pulse is Ous. Thus the applied
ics of the bubble, the faster is the CO”apse and the better iéressure Sign Changes before the end of Co||apse for an
the inertial confinement. In the second part, this effect isacoustic pulse shift of about —0.68s, for which the flash
balanced by the braking generated by the change of sign @ift is —0.15us. This behavior has been fitted with the RPE.
the acoustic pulse after 04s, i.e., the duration of the first The measured time shift of the flash is compared with the
positive half-cycle; see Fig. 2 for the pulse shape. It wouldcomputed time shift of the end of the collapse when the
not occur if one were able to synthesize monopolar pressurgcoustic pulse shift is varyingrig. 5, solid ling. For this
waves. Moreover, this braking may induce an instability deparameter, very good agreement is obtained with the experi-
stroying the bubble sphericity before the end of collapse. Irment. Thus, this result seems to confirm that, even for these

the third part, this braking is increasingly significant and re-very violent collapses, a RPE closed by a homogeneous
duces the gain. Longer time shifts are not presented since, ¥olytropic gas is a valid approximation.

most cases, the bubble is destroyed. This threshold around To check this last assumption, the results of efral. [11]

~1.2 us is probably due to bubble shape instability. Thisand Elzeet al.[18] for homologous bubble interior dynamics

point will be discussed below. By the way, another very ef-are used. To this end, the values gf and e, are com-

ficient way to destroy the bubble is to send a negative prespyted, Eqs. 2.9 and 4.12 of Rél1]. These two parameters

sure pulse_. _ _measure the pressure difference between the center and the
To confirm the increase of the collapse speed, the shift o§yrface of the bubble and the amplitude of the acoustic wave

the flash according to the position of the acoustic pulse wagmitted inside the bubble, respectively. We use here the sim-

measuredFig. 5, full circleg. Again, a negative time shift pler expression of Liret al. [11],

signifies that the flash occurs sooner than usual when the
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0.1 and simply take the uniform Van de Waals pressure as pres-
o015 sure at the bubble centep.(t). This crude approximation

'“.52, underestimates the variations ef as the pressure at the
aE>'°'2 o bubble center should increase more slowly as soon as the
=025 pressure becomes heterogeneeyss negative up to the end

2 03 . of the collapse and hence the pressure at the center is smaller
[ }

puted by usingR(t) from the preceding simulation leads to
Fig. 6. Ten curves are plotted corresponding to an acoustic
pulse shifted from —0.2 to —1.&s with a —0.1us step. One
clearly observes a first fast variation ef as soon as the
FIG. 5. Flash time shift vs acoustic pulse time shift. Full circles, pressure pulse hits the bubble and a second one at the end of
measurements; solid line, numerical simulation. the collapse. This result shows that the interior of the bubble

osst than the pressure at the bubble wall. The value:ptom-
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can no longer be regarded as uniform as soon as the acoust 67
pulse reaches the bubble. One can also see the appearance
a plateau for acoustic pulse shifts lying between -0.6 and 41
—-0.9 us. This plateau is replaced by a slight bump for the
longest shifts —=1.0 and -1,4s. Thus, this behavior closely

matches the brightness gain variation of Fig. 4. To check the 27
other possibility, namely the shape instability hypothesis,

even longer time shifts were simulated. Only for — L8 is EO'
the acoustic pulse strong enough and the bubble wall accel,,®

eration becomes positive before reaching the hard-core ra
dius. In contrast, for shorter time shift the inertia of the 2|
bubble is too high and hence the acceleration keeps decrea:
ing monotonously. This threshold matches the empirically -4}
assessed bubble destruction threshold. This is perfectly ir
agreement with a Rayleigh-Taylor instability. So, the most

probable hypothesis is that the brightness gain variation is adi ‘ . ‘ . s
actually related to the gas interior dynamics and the gas pres -06 -05 04 -0.3 -0.2
sure nonuniformity. Time (us)

In addition, for an acoustic pulse shift of -Ou&, the
time evolution ofeqyo, Which accounts for the fast change in ~ FIG. 7. Computed time evolution ofer before the first re-
surface acceleration when the pulse arrives, shows th&ound for a pressure pulse arriving on the bubble/s€oefore the
acoustic waves of great amplitude are radiated inside thBormal flash location.
bubble at this time, Fig. 7. Another fast change is observed at
-0.2 us, which corresponds to the end of the collapse, seand hence it has a lot of time to build up by spherical con-
Fig. 5. vergence. However, if this wave is launched too soon, i.e.,

This simple numerical simulation captures the main charthe acoustic pulse is too weak, then the pressure tends to
acteristics of the brightness gain evolution with the time ofbecome uniform again before the end of the collapse.
arrival of the acoustic pulse. On the one hand, for an acoustic Even if this demonstrates that the collapse is much more
pulse shifted more than —12s, the bubble wall acceleration violent than in classical SBSL, a more complete modeling of
becomes positive before the minimum radius is reached. Thighe bubble interior dynamic is required to conclude about the
is the necessary condition to get a Rayleigh-Taylor instabilityexistence of a shock wave. Another experimental challenge
without the stabilizing mechanism of bubble expansion. Onwvould be to measure the spectra of the boosted flash to look
the other hand, the appearance of a plateau followed by for a shift of the spectral weight. In any case, if the shock
decrease of the brightness gain, Fig. 4, is correlated with thevave is not yet present, nothing seems to limit this method
departure from uniform pressure inside the bubble. Indeedpwards stronger acoustic amplitudes. This impulse tech-
after the first fast decrease gf induced by the pulse arrival, nique opens a new domain of stability for SBSL, for which
there is a plateau and even an increase for the longest tinthe gas interior dynamics has to be taken into account. Re-
shift of the acoustic pulse, Fig. 6. The wave disturbance igiprocally, the measured bubble brightness variation with the
generated much soon€s00 ns before the end of the col- pulse shift could also be used to validate bubble interior
lapse than in classical SBSL, in the last nanosecond if anydynamics and sonoluminescence models.

[1] D. F. Gaitan, L. A. Crum, and R. A. Roy, J. Acoust. Soc. Am. [8] B. D. Storey and A. J. Szeri, Proc. R. Soc. London, Se455,

91, 3166(1992. 1685(2000.
[2] B. P. Barber, R. A. Hiller, R. Lofstedt, S. J. Putterman, and K. [9] B. Gompf, R. Gunther, G. Nick, R. Pecha, and W. Eisen-
R. Weninger, Phys. Re281, 65 (1997). menger, Phys. Rev. LetfZ9, 1405(1997).

[3] M. P. Brenner, S. Hilgenfeldt, and D. A. Lohse, Rev. Mod. [10] Y. T. Didenko and K. S. Suslick, Natur@.ondon) 418 394
Phys. 74, 425(2002. (2002

4] R. Pecha and B. Gompf, Phys. Rev. Le@d, 1328(2000. . . .

{5} e mobers éhys' v Lo 3424(1893. [11] H. Lin, B. D. Storey, and A. J. Szeri, J. Fluid Mech52, 145

[6] W. C. Moss, D. A. Young, J. A. Harte, J. L. Levatin, B. F. (2002. o
Rozsnyai, G. B. Zimmerman, and I. H. Zimmerman, physl[lz] Ning Xu, Robert E. Apfel, Anthony Khong, Xiwei Hu, and
Rev. E 59, 2986(1999. Long Wang, Phys. Rev. B8, 016309(2003.

[7] S. Hilgenfeldt, S. Grossmann, and D. A. Lohse, Nature[13] K. Hargreaves and T. J. Matula, J. Acoust. Soc. A7, 1774
(London 398 402 (1999. (2000.

016305-4



INHOMOGENEOUS PRESSURE FIELD INSIDE A PHYSICAL REVIEW E 70, 016305(2004)

[14] J.-L. Thomas, Y. Forterre, and M. Fink, Phys. Rev. L&8, [16] D. F. Gaitan and R. G. Holt, Phys. Rev. 39, 5495(1999.

074302(2002. [17] A. Prosperetti and A. Lezzi, J. Fluid Meci68 457 (1986.
[15] W. C. Moss, D. B. Clarke, J. W. White, and D. A. Young, [18] H.-T. Elze, T. Kodoma, and J. Rafelski, Phys. ReV5E 4170
Phys. Lett. A211, 69 (1996. (1998.

016305-5



