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Role of very-high-frequency excitation in single-bubble sonoluminescence
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The fundamental and tenth harmonics were used to produce stable single-bubble sonoluminescence in water.
By varying the phase difference between the harmonics, it was possible to enhance the sonoluminescence light
emission by as much as a factor of 2.7 compared with single-frequency excitation. Absolute measurements of
the bubble radius evolution were carried out using the two-detector technique. Unlike previous observations,
these measurements and complementary fits of the Rayleigh-Plesset equation reveal that the maximum bubble
radius does not change significantly with phase angle between the harmonics. Therefore, increased sonolumi-
nescence intensity does not have to correlate with increases in maximum bubble radius prior to collapse. We
believe that a more violent bubble collapse rate~driven by the very-high-frequency component! is responsible
for the enhanced light emission under this type of mixed excitation. It was further found that the presence of
the tenth-harmonic frequency component led to significant enhancements in the stability of the bubble under-
going sonoluminescence. This allowed the bubble to be driven at the fundamental frequency at 2.0 bars
pressure amplitudes, which are significantly above often-reported thresholds of 1.4 bar itself, thereby leading to
increased levels of light emission~by more than 250%!.

PACS number~s!: 78.60.Mq, 42.65.Re, 43.25.1y
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INTRODUCTION

The motivation of this experiment is to achieve more v
lent bubble compressions than what is generally achieve
single-bubble sonoluminescence. In order to achieve m
violent compressions, one can generate a low pressure a
bubble location at the moment the bubble is at its maxim
radius or generate a high pressure at the bubble locatio
the moment the bubble is collapsing. The latter strategy
selected for this experiment. We used a very-high-freque
standing pressure wave, the highest frequency ever repo
in the literature, to compress the bubble more violently d
ing the collapse. We believe that a pressure oscillation
duration comparable to that of the bubble collapse should
used. During the rest of the cycle, the bubble dynamics
the levitation position are determined mainly by pressure
cillations at the fundamental frequency of the chamber.

Recently, other researchers@1–3# experimentally used the
first harmonics of their resonator to excite the bubble w
two frequencies. In both cases they obtained an increas
the sonoluminescence~SL! light intensity. Delgadinoet al.
@2,3# measured a factor of 2 increase in SL intensity, wh
Holzfusset al. @1# measured a maximum factor of 3. Delg
dino et al. measured an increase in the ratio between
maximum and ambient bubble radius, while Holzfusset al.
expected such an increase from numerical calculations b
on the Rayleigh-Plesset equation. In contrast, our hi
frequency driving scheme aims to intensify the violence
the collapse via minimizing the minimum bubble radius fo
given maximum radius prior to collapse.

*Present address: Rensselaer Polytechnic Institute, T
NY 12180.
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SETUP DESCRIPTION

The resonator was a 65-mm-o.d. glass sphere cus
blown to be of spherical shape. The neck of the chamb
located at the North Pole, was made to accept a stoppe
size 00. Two pairs of disk-shaped piezoelectric ceram
transducers were cemented with epoxy at the equato
plane of the resonator. One pair was used to produce
standing wave at the fundamental mode of the chamberf 0

527.1245 kHz), while the other pair provided excitation
10f 0 . Each pair consisted of two transducers at oppo
sides of an equatorial diameter, with any given transduce
90° of its two neighbors. A piezoelectric ceramic disk of
mm o.d. was glued at the South Pole. It acted as a mic
phone. The experiments were conducted in water at 16 °C
a chamber open to the atmosphere. The chamber was
pended from its neck and was mounted on a thr
dimensional~3D! traversing mechanism.

The power electronics for the low-frequency driving co
sists of a function generator~Hewlett-Packard 33120A! with
2 ppm stability, a low-frequency amplifier, and a resona
RLC circuit where the capacitance is that of the ceram
transducers. A typical root-mean-square voltage at the l
frequency piezoceramic transducers was 186 V. The h
frequency power electronics consisted of another funct
generator~Hewlett-Packard 33120A! and a linear amplifier
~Piezo Systems, Inc., part No. EPA-102-115!. This high-
frequency amplifier has a 0.3-MHz bandwidth and a ma
mum power output of 40 W. The two wave generators w
always phase locked. The 2-ppm stability assured us a c
trollable phase difference between the two frequencies.
high frequency has to be an integer multiple of the low f
quency. This requisite assures us that phase difference
meaningful term. We could have relaxed this requisite
y,
2233 ©2000 The American Physical Society
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have the frequency ratio to be a fractional number. This fr
tional number should be a ratio between two small integ
The factor of 10 between the two frequencies was cho
after verifying that the chamber could produce stand
waves at that frequency and that the quality factor of
chamber was comparable or better to that of other inte
multiples of f 0 in the neighborhood of 10.

A Precision Acoustics needle hydrophone was used
measure the acoustic pressure at the center of the reso
and to make sure that standing waves were produced. A
tionally, we used the needle hydrophone positioned at
center of the chamber to make sure that both harmo
could be excited independently within the amplitude ran
used. The Fourier transform of the pressure signals at
center of the chamber for single- and multiple-frequency
citation showed that there is no bleeding of energy from
fundamental to higher harmonics and that the pressure
plitude at the fundamental frequency was independent of
high-frequency driving voltage. The diameter of the hyd
phone tip is 2 mm. The sensor at the tip is a polyvinylide
difluoride disk of 1 mm diameter and 28mm thick. Although
this sensor is small enough to measure standing waves a
fundamental frequency, care should be taken interpreting
measurements of the hydrophone at 10f 0 because of the in-
herent directionality and spatial averaging characteristics
1-mm aperture. Because of this reason, the voltage at
high-frequency piezoceramic transducers was also use
characterize the high-frequency pressure amplitude.

A helium-neon~He-Ne! laser was used to illuminate th
bubble. At 80° in the forward-scattering direction, a lens w
used to collect light in a 27° angle. This light was collimat
on a Hamamatsu R212 photomultiplier. The photomultipl
signal was sent to a 5-MHz bandwidth preamplifi
~Hamamatsu C1053-51!. When the laser was on, the phot
multiplier signal was used to measure the bubble rad
When it was off, the photomultiplier recorded the bubb
light emission. The bubble radiusR is obtained from the
measured voltagesV at the output of the photomultiplie
preamplifier asR5Rm@(V2Vn)/Vm#1/2, whereVn53 mV is
the noise level,Vm@Vn is the maximum measured voltag
andRm is the maximum bubble radius. This relationship a
sumes that the intensity of laser light scattered by the bub
is proportional toR2. This hypothesis is known to hold at th
Brewster angle, particularly for large collecting solid ang
@2,4#, and is valid for our experimental setup. It must
observed that the maximum radiusRm cannot be determined
from the photomultiplier tube~PMT! measurements withou
making a fit with the Rayleigh-Plesset equation. In order
provide a direct absolute measurement of the bubble rad
an avalanche photodiode~APD! was also used to monitor th
laser light scattered by the bubble. The APD was locate
34° in the forward-scattering direction, at 185 mm from t
chamber center, and has a 10-mm-diam circular sens
area. As the bubble radius increases, relative maxima
minima of the light intensity collected by the APD arise. T
change of radius between two consecutive maxima can
calculated using Mie theory@5#. Counting the maxima tha
occur during bubble expansion provides the additional inf
mation necessary to produce absolute numbers for the bu
radius directly from the measurements. An additional adv
tage of this so-called two-detector technique originally d
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veloped by Delgadino@2# is that results are independent
the light intensity and of the bubble position in the las
beam.

EXPERIMENTAL METHOD

In a resonator open to the atmosphere, the concentra
of dissolved air increases with time until the saturation le
is reached. This variation can significantly impact the
light intensity @4#. Our experimental method was based
making sure that the changes in the SL light intensity w
due to the dual-frequency driving scheme employed and
to variations in the dissolved gas concentration. The conc
tration of gas dissolved in the water was measured wit
dissolved oxygen meter~YSI Inc., model 55!. Measured val-
ues for the gas concentration at the beginning and end
run of 1 h, 15 min duration are 1.77 mg/l~18% at 16 °C! and
2.60 mg/l ~27% at 16 °C!, respectively. The probe of th
oxygen meter does not fit into the chamber. Thus the m
surements were made in another container. Since som
will be dissolved when moving the water between conta
ers, the 18% and 27% measurements are an under- and
estimation, respectively. Stable single-bubble sonolumin
cence has been observed for air concentrations of up to
@6#. In order to avoid a temperature transient, the degas
water was cooled down to the chamber temperature be
introducing it in the chamber.

We only considered data sets in which either the hig
frequency amplitude or the phase between frequencies
varied parametrically and in a time scale in the order of a f
minutes to an hour. It is important to stress that anx° change
of phase between wave generators corresponds to anx°
change of phase between the low- and high-frequency p
sure waves at the bubble location, only if the bubble posit
remains the same. For this reason all data presented in
work are for very low amplitudes of the high-frequency si
nal, since at larger amplitudes the bubble position chan
when the wave generators phase angle was varied. Figu
shows the bubble radius time evolution for two bubble po
tions, estimated to be 3 mm apart. The phase angle betw
wave generators is20.8° in both cases. At position 2~see
Fig. 1!, the bubble experiences a small expansion and c
traction right before the main expansion. This small exp

FIG. 1. Normalized bubble radius for two different bubble p
sitions. Phase angle between wave generators520.8°.
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PRE 62 2235ROLE OF VERY-HIGH-FREQUENCY EXCITATION IN . . .
sion and contraction is absent at position 1~see Fig. 1!. It is
evident from Fig. 1 that the bubble radius evolution depe
on the bubble position. Thus, in order to correlate SL int
sities with phase angle between wave generators, it is co
nient to consider only data for a fixed bubble position. T
helium-neon laser was used to make sure the bubble pos
was fixed. In a few selected runs, we used two crossing l
beams to completely identify the position of the bubble.

Comparisons between the SL intensity for single- a
double-frequency excitation are made using the sing
frequency intensity measured immediately before and/or
ter the double-frequency excitation data and for the sa
bubble. Moreover, in order to avoid changes of bubble po
tions when the high-frequency driving was turned on~off!, a
potentiometer was used to change continuously the h
frequency driving from~to! a small value that could not b
detected by the needle hydrophone to~from! the target value.
At every other point, the laser was used to verify that
bubble did not move and that the bubble image was fu
inside the sensitive area of the photomultiplier.

RESULTS

Figure 2 shows the sonoluminescence light intensity v
sus the phase angle between wave generators. A p
change of 36° corresponds to a complete cycle of the h
frequency. It must be noticed that the actual phase an
between the high- and low-frequency pressure waves at
bubble location depends on the bubble position. Each ru
Fig. 2 corresponds to a bubble at a fixed position. The p
tion uncertainty is that of the beam thickness. The nomi
beam diameter ate22 intensity is 0.7 mm. In contrast, th
wavelength corresponding to 10f 0 is 5.5 mm. Because th
bubble position changed from one run to the next, it ismean-
ingless to compare phase angles between different ru
However, since the bubble did not move during any giv
run, anx° phase change between wave generators in a g
run corresponds to anx° phase change between the press
waves at the bubble location. A relatively smooth and c

FIG. 2. SL intensity as a function of phase angle for two hig
frequency pressure amplitudes. Low-frequency pressure ampli
51.50 bars.
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tinuous variation of the SL intensity with the phase angle
observed, strongly indicating that the phase angle is a par
eter very important in determining the SL intensity. Thr
runs at 0.26-bar and two runs at 0.52-bar high-freque
pressure amplitudes can be seen in the figure~0.64 and 1.29
V root mean square, respectively, at the high-freque
transducers!. The lines indicate the chronological order
which the data points were acquired. Thus run 3 at 0.26
and run 1 at 0.52 bar definitely prove that the measu
dependence on phase angle is not an artifact of the gas
centration slowly increasing. That is, the same trends
observed after reversing the direction in which the ph
angle is changed. The observed differences in SL inten
between runs can be attributed to differences in gas con
tration and ambient bubble radius. Indeed, the data in Fi
show a coarse correlation between maximum SL inten
achieved in a given run and age of the water batch used.
older the water, the larger the SL intensity@7#. We were
unable to conduct a run that spans a whole cycle of the h
frequency, 36° in Fig. 2. This fact might also contribute
differences of the SL intensity between runs. The horizon
lines indicate the single-frequency SL intensity measured
mediately before and/or after the double-frequency data
0.26 bar there seems to be a phase angle that maximize
SL intensity. At 0.52 bar there is no definitive indication
local minima or maxima. However, this could be partial
due to the observed fact that in a neighborhood of the m
mum SL emission the bubble changed position very ea
when the phase angle was changed. Thus mapping alocal
maximum becomes difficult. The enhancement in SL inte
sity is 2.75 times for run 1 at 0.26 bar. There is no cle
indication as to which of the two amplitudes is more ef
cient, since changes in gas concentration could be impor
when comparing two different runs. At higher-frequency a
plitudes, it was difficult to keep the bubble in a fixed positio
for more than a few data points.

Figure 3 shows the bubble radius for different pha
angles at 1.50 and 0.26 bar of the low and high press
respectively. No clearly noticeable correlation between ph
angle and radius change with time can be noticed. The r
of the maximum to equilibrium radius,Rm /Re , is a little less
than 10 for all cases. The Rayleigh-Plesset equation

-
de

FIG. 3. Bubble radius vs time for different phase angles~run 1
at 0.26 bar in Fig. 2!. High-frequency pressure amplitud
50.26 bars.
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implemented in@8# was fit to the single-frequency data
Fig. 3. The ambient radiusR0 and the pressure amplitudeP
resulting from the fit are 7.00mm and 1.50 bars, respec
tively. We believe that the increased SL intensity is due t
decreased minimum radius at the moment of the bubble
lapse. Unfortunately, our experimental setup cannot res
the minimum radius. In order to verify that the maximu
radiusRm is independent of the phase angle, the two-dete
technique was used. Figure 4 shows the bubble radius
lution as measured by both detectors for single freque
and for the high frequency at 0.26 bar. The single-freque
data from the PMT angled at 80° were used to fit t
Rayleigh-Plesset equation, which predictsR058.50mm and
P51.57 bars. The output of the APD angled at 34° show
series of maxima and minima. For both cases, single and
frequencies, the number of maxima observed between
maximum and equilibrium radius is 14. Our Mie theory ca
culations conducted using the software in@5# predict that the
change of radius between two consecutive maxima is 4
mm. Therefore the radius change is 1434.84 mm
567.76mm and the maximum radius is approximatelyRm
'R0167.76mm576.26mm. As shown in Fig. 4, this maxi-
mum radius is in excellent agreement with the maxim
radius predicted by the fit of the Rayleigh-Plesset equatio
is stressed that in Fig. 4 the number of maxima observed
consequently the radius change between equilibrium
maximum radius are the same for single- and doub
frequency excitation. Thus the maximum radius does
change by the presence of the high-frequency driving.

Figure 5 shows the bubble radius at constant phase a
for different high-frequency pressure amplitudes. The ra
Rm /Re takes values similar to those of Fig. 3. A small osc
lation is visible just before the bubble starts to expand. Ot
researchers@3# have found similar radius oscillations fo
single-frequency excitation. They were unstable and las
only a few cycles. However, the oscillations we observ
were very stable.

Additionally, we found that the presence of the ten
harmonic frequency component@i.e., even at the lowes
achievable pressure amplitudes~at 10f 0! in our system# can
lead to significant enhancements in the stability of the bub
undergoing SL. This allowed the bubble to be driven w
pressure amplitudes of 2.0 bars which are far above
often-reported thresholds of 1.4 bars at the fundamental

FIG. 4. Bubble radius evolution as measured by two detector
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quency itself, thereby leading to increased levels of SL lig
emission~by more than 250%!. Notably, the maximum drive
voltage to the piezoelectric drivers at the fundamental f
quency we could attain without the 10f 0 component was
usually about 220 V, after which the bubble became de
bilized enough to breakup and dissolve. According to o
needle hydrophone calibration, this voltage~220 V! corre-
sponds to 1.4 bar driving pressure amplitude. By mer
turning on the high-frequency component~i.e., drive the
voltage to the high-frequency piezoelectric drivers at
lowest setting possible of 50 mV from the wave generator!, it
became possible to increase the drive voltage to the pie
electric drivers at thef 0 frequency to;317 V, without los-
ing the bubble. This gave us the ability to increase the d
ing pressure to 1.43317/22052.0 bars, which is;50%
higher than the published, often-quoted 1.4-bar barrier w
documented in the literature@6,9,10#. We verified that the
relationship between voltage and pressure is linear atf 0 in
this chamber. The phase diagrams in Ref.@10# indicate that

FIG. 5. Normalized bubble radius at228.5° for different high-
frequency amplitudes. Low-frequency pressure amplitu
51.5 bars.

FIG. 6. Rebound region of normalized bubble radius vs ti
evolution ~averaged over eight cycles! for a non-SL bubble driven
at 9f 0 for 23.9° between wave generators. Fundamental freque
pressure amplitude50.97 bars. The voltages in the legend are t
rms voltage at the high-frequency piezoceramics. The sharp
formed rebounds produced by the high-frequency excitation sho
be noted.
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stable SL is not possible above 1.5 bars due to after-bou
shape instabilities. Figure 6 shows the rebound regions o
normalized radius versus time evolution for a stable bub
driven with single- and double-frequency excitatio
schemes, respectively. The high-frequency rebounds f
dual-frequency excitation are clearly visible, but are abs
for single-frequency excitation. These sharp fluctuatio
from dual-frequency excitation may be acting to dampen
the after-bounce instabilities described in Ref.@10#. Alter-
nately, the higher-frequency component may be assistin
keep the bubble levitated by trapping it in the high-frequen
antinode.

CONCLUSIONS

It has been shown that stable sonoluminescence bub
can be produced when the fundamental and tenth harmo
are used. Moreover, it was shown that for a fixed bub
ut
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position, there is a strong correlation between the SL li
emission and the phase angle between harmonics. Adjus
the phase angle, it is possible to enhance the SL emissio
as much as a factor of 2.7. No changes of the maxim
radius were measured, strongly suggesting that the h
frequency driving produces more violent collapses witho
affecting the maximum radius. It has also been shown t
stable single-bubble SL is possible at pressures as high a
bars when a small-amplitude high-frequency excitation
used. Since only a small portion of parameter space
explored, it is conceivable that even more intense SL can
achieved. A great advantage of using very high frequenc
at small amplitudes is that it is possible to decouple the
namics of the bubble levitation and of bubble collapse. Th
not only can one obtain substantial gains in SL intensity a
bubble stability, but also studies on bubble instability beh
ior can be carried out.
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