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Boosting Sonoluminescence
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Single-bubble sonoluminescence has been experimentally produced through a novel approa
optimized sound excitation. A driving consisting of a first and second harmonic with selec
amplitudes and relative phase results in an increase of light emission compared to sinusoidal dri
We achieved a raise of the maximum photocurrent of up to 300% with the two-mode sound sig
Numerical simulations of multimode excitation of a single bubble are compared to this res
[S0031-9007(98)06986-5]
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By focusing ultrasonic waves of high intensity into a
liquid, thousands of tiny bubbles appear. This process
breakup of the liquid is called acoustic cavitation. Th
bubbles begin to form a fractal structure that is dynam
cally changing in time. They also emit a loud chaoti
sound because of their forced nonlinear oscillations
the sound field [1]. The large mechanical forces on o
jects brought into contact with the bubbles enable th
usage of cavitation in cleaning, particle destruction, an
chemistry. Marinesco and Trillat [2] found that a photo
plate in water could be fogged by ultrasound. This mult
bubble sonoluminescence (MBSL) has been analyzed
many researchers, and a great amount of knowledge
been gained [3]. The discovery by Gaitan [4] that
is possible to drive a single stable bubble in a regim
where it emits light pulses of picosecond duration [5,6
called single-bubble sonoluminescence (SBSL), has be
encouraging scientists to explore the phenomenon a
the associated effects with a multitude of experimen
theories, and simulations. The experimental results sh
picosecond synchronicity [7], quasiperiodic and chaot
variability of interpulse times [8,9], a blackbody spec
trum [10], and mass transport stability [11]. The theo
ries to explain the source of SBSL range from hot spo
bremsstrahlung [12], collision induced radiation [13], an
corona discharges [14] to nonclassical light [15]. Nu
merical simulations have been focusing on the bubb
dynamics, behavior of the gas content [12,16], properti
in magnetic fields [17], and the stability of the bubbl
[18]. However, the final answer concerning the natu
of SBSL still remains open.

The amount of energy concentration from low energ
acoustic sound waves to 3 eV photons [5,19] raises t
question of whether the effect can be upscaled. In th
paper, we report an experimental enhancement of SB
light production by a bimodal excitation of the bubble
oscillation. The experiment follows an idea stated in [20
We also present numerical simulations of multi-mod
sound driving that reveal how multiharmonic excitatio
can adapt to the highly nonlinear bubble oscillation in th
sense of a strong collapse.
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The experimental setup is as follows: An air bubb
is trapped in a water filled cell consisting of two piezoc
ramic cylinders connected via a glass tube [21]. The levi
tion cell (“Crum cell”) [22] is standing upright with a glass
plate covering the lower end of the cell. The upper end
mains open. A video camera pointing from the side allow
for online monitoring of the experiment. The experimen
were done with distilled and degassed water at room te
perature and an ambient pressure of 1 atm. The bimo
driving signalPestd­P1 coss2pftd1P2 coss2p2ft 1fd
is produced by synchronized sine wave generators t
allow us to fix the amplitudesP1, P2, and the relative
phasef.

Using a multifrequency driving signal, however, i
complicated by two facts. First, the transducers ha
a complex transfer function; second, the standing wa
conditions at each frequency in the cell have to
obeyed [23]. Therefore multifrequency driving resul
in space dependent phases and amplitude relations
thus in an effective sound signalPasr , z, td (with cylinder
coordinatesr , z of the levitation cell). To measure the
amplitudes and the relative phase that actually appea
the bubble position, a small hydrophone is used. T
correct position is adjusted by first focusing the camera
the bubble and then inserting the hydrophone at the bub
site. The driving signal is digitally recorded and phas
and amplitudes are recovered via a Fourier transfor
The light flashes emitted at collapse are measured w
a photomultiplier.

Levitating small oscillating bubbles of volumeV std in
nonzero gravity is possible through the interaction wi
the driving sound fieldPasr , z, td, which depends on space
and time. The time averaged primary Bjerknes force [2

FB ­ 2kV std=Pasr , z, tdl (1)

can overcome the buoyancy force and attract the bub
to a fixed position in space. Weakly sinusoidally drive
bubbles of equilibrium radiusR0 are trapped near a pres
sure antinode if they are driven below their linear res
nance (Minnaert) frequencyfM ­ s2pR0d21

p
3kp0yr ø

3yR0fHzg for the experimental conditions used here (wi
© 1998 The American Physical Society 1961



VOLUME 81, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 31 AUGUST 1998

ng
al
al
ch

e

e
ll,
s

he

ld
est
g
res
l

y
ual
ays

to

le
se
ust
lly

d
It
by

als
e
de
polytropic exponentk, ambient pressurep0, and liquid
densityr) [25]. However, the situation is more compli-
cated for strongly driven bubbles [26] and also for mult
modal excitation, where the standing wave pattern in t
resonator, the Bjerknes forces, and thus the bubble po
tion are changed by a variation of the sound signal p
rametersP1, P2, andf. The bubble oscillation responds
to the sound signal at the trapping site.

In the experiment, we proceeded in the following way
For fixed drive amplitudesP1 andP2, a bubble is injected
into the fluid with a syringe. Once the bubble fixe
itself spatially at a stable position, where the Bjerkne
force equals the buoyancy force, the phase differen
between the locked sine wave generators, one operat
at f ­ 23.4 kHz and the other at2f, is sequentially
increased while the sonoluminescence (SL) intensity a
the bubble itself are monitored. Figure 1 (lower) show
the SL intensity as a function of the phase differenc
for P1 ø 1.25 bars,P2 ø 0.3 bar. With increased phase
difference two maxima appear in the light intensity. Th
dashed line indicates the maximum achievable SL intens
using single-mode driving. This value is obtained short
before and after the two-mode experiment to allow dire
comparison by keeping all other experimental condition
unchanged. It is seen that the two-mode driving yield
100% more SL intensity than the maximal single-mod
driving. By further increase ofP1 and P2 at selected
phases an intensity gain of 300% can be achieved,
shown by the open circles. Beyond that, the bubble ge
destroyed.

Figure 1 (upper) reveals that with increased pha
difference the bubble traverses vertically through stab
and (surface) unstable regimes.
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FIG. 1. Bubble response for two-mode driving as a func
tion of the phase difference (in degrees) between t
driving sinusoidal signal and its second harmonic. Uppe
Vertical position of the bubble. The thick dotted lines denot
unstable bubble behavior. Lower: Photo current. The op
circles show the maximum SL intensity achieved. Th
dashed line is the maximal photo current for pure sine wa
driving.
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Numerical simulations have been carried out usi
the Gilmore model [27], which describes the radi
motion of a single bubble. The model includes the usu
components of the Rayleigh-Plesset equation [28], su
as surface tensions and liquid viscositym, and also
the compressibility of the liquid to allow damping of th
bubble motion by the shedding of shock waves;µ
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R is the bubble radius,R0 ­ 5 mm is its equilibrium
radius, andC, r, and p are the speed of sound in th
liquid, its density, and the pressure at the bubble wa
respectively. H is the enthalpy of the liquid. Parameter
were set to c0 ­ 1500 mys, r0 ­ 998 kgym3, p0 ­
1 bar, k ­ 4y3, s ­ 0.0725 Nym, m ­ 0.001 Nsym3,
n ­ 7, B ­ 3000 bars. a ­ R0y8.54 is a hard-core van
der Waals term [28]. The pressure at infinity includes t
multimodal driving pressure:p` ­ p0 1 Pestd, Pestd ­PM

m­1 Pm coss2pmft 1 fmd.
First we calculated the driving sound signal that wou

lead to the most violent collapse, indicated by the small
minimum radius during a bubble oscillation cycle usin
the above equation. The search for suitable pressu
Pm and phasesfm was carried out by a heuristica
optimization algorithm [29] with the boundary condition
of a constant driving signal power, i.e.,P2

e ­
PM

m­1 P2
m ­

const. Pe was fixed to 1.3 bars and the driving frequenc
was the same as in the experiment. Comparing eq
power signals is convenient, because the power st
constant upon phase changes, making it possible
compare numerics and experiments.

Figure 2 shows the driving pressure and the bubb
response of different driving signals. A strong increa
in the maximum radius can be seen already by adding j
the second harmonic to a sine wave. The numerica
computed optimal phase difference is166.4± and the
individual amplitudes areP1 ­ 1.026 bars and P2 ­
0.798 bar. The radius and the adiabatically calculate
temperature around the collapses are shown in Fig. 3.
is seen that the bubble radius at collapse is decreased
a large amount and is approaching the van der Wa
hard core already for the two-mode driving. Also th
maximum temperatures almost double. The higher-mo
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FIG. 2. Time series of the driving (top) and the radius o
calculated bubble collapses (bottom) for single (dashed) a
optimized multi-mode driving signals (two-mode: line, eight
mode: dotted).

driving signals are better adapted to the nonlinear bub
oscillation than the sine signal: They show a deep
rarefaction phase before collapse, followed by a mo
rapid rise to the compression phase during collapse.

The calculations for optimal eight-mode driving exhib
only small additional gain compared to bimodal driving
Because of the increased difficulties regarding the sp
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FIG. 3. Zoom into the first collapses of Fig. 2. Shown ar
the curves for one-mode (dashed), optimized two-mode (lin
and optimized eight-mode (dotted) driving. The time serie
of the bubble collapses exhibit a decrease in minimum rad
(left) and an increase in the adiabatically calculated temperat
(right) as a function of the number of modes in the drivin
sound. The minimum radius comes very close to the van d
Waals hard core, shown by the horizontal line in the left grap
The time axis is shifted so that the collapses take place at
0.5, and 1 ns, respectively.
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tial stability of bubbles in the resulting complicated soun
field, eight-mode driving may not be worth being con
sidered experimentally. Though two-mode driving is a
early truncation of a series expansion, one sees that
ready this approximation shows a trend for a more inten
driving of this nonlinear system.

The optimal results are located on a single bro
plateau in parameter space. This is in contrast to
experimental finding of two maxima. To understand th
reason for this obvious discrepancy, the bubble mod
[Eq. (2)] has been integrated numerically along with th
primary Bjerknes [Eq. (1)] and the buoyancy forces
examine spatial dependencies. This is also motivated
the observation that the vertical position of the bubble
altered when the phase is changed (Fig. 1 upper). T
change of position leads to different effective excitatio
amplitudes forf and 2f and thus to a more complex
scenario. The system of equations is integrated using
spatially dependent driving force

Pestd ­ P1 coss2pftd cossky2zd
1 P2 coss2p2ft 1 fd coss2kz 2 py2d

(k is the acoustic wave number2pfyc0, P1 ­ 1.25 bars,
P2 ­ 0.357 bar, f ­ 23.4 kHz). The spatial modes are
approximately the same as the experimental modes, wh
have been measured with a needle hydrophone. T
points in vertical z space where the Bjerknes forc
vanishes and the stability criterion is met represent t
position of the bubble. The resulting minimum radii ar
shown in Fig. 4. Comparing this with the experiment
results in Fig. 1 shows a very close agreement.

The almost sinusoidal variation of the position of th
bubble gives rise to two minima of the minimal radius
phase dependence. Each of these minima is smaller t
the minimum of the single-mode driving. The minim

FIG. 4. Numerically calculated vertical bubble position (up
per) and resulting minimum radius (lower) as a function of th
phase difference for double harmonic driving of a bubble. T
dashed line in the lower plot is the minimum radius for sing
frequency driving with the same power. The solid straight lin
is the van der Waals hard core.
1963
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coincide with the experimental observation of increas
SL intensity. The slight asymmetry in the experime
can be described by the difference in acoustic impeda
of the glass bottom and the open top of the cell. Als
imperfect standing waves may lead to small travelin
components in the experimental driving. Changing t
amplitude ratio of the driving signal closer to unity whil
keeping the power constant results in a complex scena
of stable bubble positions and effective drivings includin
hysteretic jumps.

In summary, we have shown that a bimodal sound e
citation can enhance light production of SBSL. Thoug
spatial modes play a crucial role in double harmonic dri
ing, it increased the photo current to a gain of maxima
300% compared to sine excitation. We suppose that m
tifrequency driving can shift the bubble oscillation to
regime of strong stable SBSL, which is not reachab
by pure harmonic driving. Numerical simulations of a
acoustically driven bubble including Bjerknes and buo
ancy forces show that the increased SBSL light intens
is caused by a larger compression. To give quantitat
estimates, however, elaborate models have to be con
ered that include gas dynamic equations for the interior
the bubble and thus can model the shedding of a sh
wave inside a bubble [12,16,30].

Other methods have been proposed to increase
violence of bubble collapses. For example, calculatio
for thermonuclear D-D fusion inD2O within this context
have been done using a large pressure pulse superimp
on a sine wave [16]. However, whether advanced forci
by higher modes is large enough to achieve a reasona
neutron production rate is an open question. Apart fro
sonoluminescence, the increase of cavitation strength
means of optimized multiharmonic sound signals [2
can also be of use in the context of sonochemistry [3
and related areas, where higher reaction rates could
induced.

The authors wish to thank R. G. Holt and W. Laute
born for stimulating discussions and the TU Darmstadt f
making the research possible. The work has been fun
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