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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 ra@gven by the very-high-frequency compongistresponsible
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 emissidby more than 250%

PACS numbsd(s): 78.60.Mq, 42.65.Re, 43.2by

INTRODUCTION SETUP DESCRIPTION

The motivation of this experiment is to achieve more vio- The resonator was a 65-mm-o.d. glass sphere custom
P blown to be of spherical shape. The neck of the chamber,

Ie_nt bubble compressions than what is generally aphleved 'beated at the North Pole, was made to accept a stopper of
single-bubble sonoluminescence. In order to achieve more,

violent com . ize 00. Two pairs of disk-shaped piezoelectric ceramic
pressions, one can generate a low pressure at t . .
bubble location at the moment the bubble is at its maximurr]fr":deucerS were cemented W'Fh epoxy at the equatorial
radius or generate a high pressure at the bubble location B{an€ Of the resonator. One pair was used to produce the
the moment the bubble is collapsing. The latter strategy waStanding wave at the fundamental mode of the chamfgr (
selected for this experiment. We used a very-high-frequency” 27-1245kHz), while the other pair provided excitation at
standing pressure wave, the highest frequency ever reportd@fo- Each pair consisted of two transducers at opposite
in the literature, to compress the bubble more violently dursides of an equatorial diameter, with any given transducer at
ing the collapse. We believe that a pressure oscillation 0P0° of its two neighbors. A piezoelectric ceramic disk of 3
duration comparable to that of the bubble collapse should beym 0.d. was glued at the South Pole. It acted as a micro-
used. During the rest of the cycle, the bubble dynamics anghone. The experiments were conducted in water at 16 °C in
the levitation position are determined mainly by pressure osa chamber open to the atmosphere. The chamber was sus-
cillations at the fundamental frequency of the chamber.  pended from its neck and was mounted on a three-
Recently, other researchdiks-3] experimentally used the dimensional(3D) traversing mechanism.
first harmonics of their resonator to excite the bubble with The power electronics for the low-frequency driving con-
two frequencies. In both cases they obtained an increase Bists of a function generatéHewlett-Packard 33120Awith
the sonoluminescend&l) light intensity. Delgadincet al. 2 ppm stability, a low-frequency amplifier, and a resonant
[2,3] measured a factor of 2 increase in SL intensity, whileRLC circuit where the capacitance is that of the ceramic
Holzfusset al. [1] measured a maximum factor of 3. Delga- transducers. A typical root-mean-square voltage at the low-
dino et al. measured an increase in the ratio between thérequency piezoceramic transducers was 186 V. The high-
maximum and ambient bubble radius, while Holzfessal.  frequency power electronics consisted of another function
expected such an increase from numerical calculations basggnerator(Hewlett-Packard 33120Aand a linear amplifier
on the Rayleigh-Plesset equation. In contrast, our high¢{Piezo Systems, Inc., part No. EPA-102-11%his high-
frequency driving scheme aims to intensify the violence offrequency amplifier has a 0.3-MHz bandwidth and a maxi-
the collapse via minimizing the minimum bubble radius for amum power output of 40 W. The two wave generators were
given maximum radius prior to collapse. always phase locked. The 2-ppm stability assured us a con-
trollable phase difference between the two frequencies. The
high frequency has to be an integer multiple of the low fre-
*Present address: Rensselaer Polytechnic Institute, Troyguency. This requisite assures us that phase difference is a
NY 12180. meaningful term. We could have relaxed this requisite to
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have the frequency ratio to be a fractional number. This frac- '
tional number should be a ratio between two small integers. o»
The factor of 10 between the two frequencies was choser .,
after verifying that the chamber could produce standing o {
waves at that frequency and that the quality factor of the
chamber was comparable or better to that of other integel *
multiples of f, in the neighborhood of 10.

A Precision Acoustics needle hydrophone was used to ..
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measure the acoustic pressure at the center of the resonat . i

and to make sure that standing waves were produced. Addi . ﬁj °y
tionally, we used the needle hydrophone positioned at the * iy TR T oy
center of the chamber to make sure that both harmonics o} S T Rat—ca * e =
could be excited independently within the amplitude range | ) ;

used. The Fourier transform of the pressure signals at the = 2et0 ax0 axio Bxi0e sxi0” Teawe

center of the chamber for single- and multiple-frequency ex- Tme

citation showed that there is no bleeding of energy from the FIG. 1. Normalized bubble radius for two different bubble po-
fundamental to higher harmonics and that the pressure amgitions. Phase angle between wave generate®.8°.

plitude at the fundamental frequency was independent of the

high-frequency driving voltage. The diameter of the hydro-veloped by Delgading2] is that results are independent of

phone tip is 2 mm. The sensor at the tip is a polyvinylidenethe light intensity and of the bubble position in the laser
difluoride disk of 1 mm diameter and 28n thick. Although  beam.

this sensor is small enough to measure standing waves at the
fundamental frequency, care should be taken mterpretmg the EXPERIMENTAL METHOD
measurements of the hydrophone afjlbecause of the in-
herent directionality and spatial averaging characteristics of a In a resonator open to the atmosphere, the concentration
1-mm aperture. Because of this reason, the voltage at thef dissolved air increases with time until the saturation level
high-frequency piezoceramic transducers was also used ig reached. This variation can significantly impact the SL
characterize the high-frequency pressure amplitude. light intensity [4]. Our experimental method was based on
A helium-neon(He-Ng laser was used to illuminate the making sure that the changes in the SL light intensity were
bubble. At 80° in the forward-scattering direction, a lens wasdue to the dual-frequency driving scheme employed and not
used to collect light in a 27° angle. This light was collimatedto variations in the dissolved gas concentration. The concen-
on a Hamamatsu R212 photomultiplier. The photomultipliertration of gas dissolved in the water was measured with a
signal was sent to a 5-MHz bandwidth preamplifier dissolved oxygen metely'SI Inc., model 5%. Measured val-
(Hamamatsu C1053-%1When the laser was on, the photo- ues for the gas concentration at the beginning and end of a
multiplier signal was used to measure the bubble radiusiun of 1 h, 15 min duration are 1.77 mg1l8% at 16 °G and
When it was off, the photomultiplier recorded the bubble2.60 mg/l (27% at 16 °Q, respectively. The probe of the
light emission. The bubble radiuR is obtained from the oxygen meter does not fit into the chamber. Thus the mea-
measured voltage¥ at the output of the photomultiplier surements were made in another container. Since some air
preamplifier aR=R[ (V—V,)/V,]Y2 whereV,=3mVis  will be dissolved when moving the water between contain-
the noise levelV,,>V,, is the maximum measured voltage, ers, the 18% and 27% measurements are an under- and over-
andR,, is the maximum bubble radius. This relationship as-estimation, respectively. Stable single-bubble sonolumines-
sumes that the intensity of laser light scattered by the bubbleence has been observed for air concentrations of up to 50%
is proportional toR?. This hypothesis is known to hold at the [6]. In order to avoid a temperature transient, the degassed
Brewster angle, particularly for large collecting solid angleswater was cooled down to the chamber temperature before
[2,4], and is valid for our experimental setup. It must beintroducing it in the chamber.
observed that the maximum radiRg, cannot be determined We only considered data sets in which either the high-
from the photomultiplier tub€PMT) measurements without frequency amplitude or the phase between frequencies was
making a fit with the Rayleigh-Plesset equation. In order tovaried parametrically and in a time scale in the order of a few
provide a direct absolute measurement of the bubble radiuspinutes to an hour. It is important to stress thakarchange
an avalanche photodiod@&PD) was also used to monitor the of phase between wave generators corresponds ta°an
laser light scattered by the bubble. The APD was located athange of phase between the low- and high-frequency pres-
34° in the forward-scattering direction, at 185 mm from thesure waves at the bubble location, only if the bubble position
chamber center, and has a 10-mm-diam circular sensitiveemains the same. For this reason all data presented in this
area. As the bubble radius increases, relative maxima angork are for very low amplitudes of the high-frequency sig-
minima of the light intensity collected by the APD arise. The nal, since at larger amplitudes the bubble position changed
change of radius between two consecutive maxima can be&hen the wave generators phase angle was varied. Figure 1
calculated using Mie theor5]. Counting the maxima that shows the bubble radius time evolution for two bubble posi-
occur during bubble expansion provides the additional infortions, estimated to be 3 mm apart. The phase angle between
mation necessary to produce absolute numbers for the bubbleave generators is-0.8° in both cases. At position &ee
radius directly from the measurements. An additional advanFig. 1), the bubble experiences a small expansion and con-
tage of this so-called two-detector technique originally de-raction right before the main expansion. This small expan-
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FIG. 2. SL intensity as a function of phase angle for two high- =0.26 bars.

frequency pressure amplitudes. Low-frequency pressure amplitude . . . . .
:1(]_'50 ba);sp.) P . yP P tinuous variation of the SL intensity with the phase angle is

observed, strongly indicating that the phase angle is a param-

eter very important in determining the SL intensity. Three
.26- 52- high-f

evident from Fig. 1 that the bubble radius evolution depend%ﬂgzsitreoargpﬁidzgdC;\r/]V%erusgsena'i[nothse ﬁqu?]rr@igandrelq;gncy

on the bubble position. Thus, in order to correlate SL inteny, .00+ 1aan square, respectively, at the high-frequency
sities with phase angle between wave generators, it is CONVgz, i ceps The lines indicate the chronological order in

nient to consider only data for a fixed bubble position. TheWhiCh the data points were acquired. Thus run 3 at 0.26 bar

helium-neon laser was used to make sure the bubble positioghd run 1 at 0.52 bar definitely prove that the measured
\k/)vas f|xetd. In a flevtv ]se!gctet(_j “:ES' we .LtJ.SEd th\{ﬁ Cr[:(,)sstlgr;g Ias'Qtfependence on phase angle is not an artifact of the gas con-
eams to completely identify the position of the bubble.  opation slowly increasing. That is, the same trends are

. ; . : c
Comparisons betwgen. the SL intensity for smgle-_ andobserved after reversing the direction in which the phase
double-frequency excitation are made using the single

f ; . di diatelv bef "y fZemgle is changed. The observed differences in SL intensity
requency intensity measured immediately before and/or alpeyeen runs can be attributed to differences in gas concen-
ter the double-frequency excitation data and for the sam

. ) 'fration and ambient bubble radius. Indeed, the data in Fig. 2
bubble. Moreover, in order to avqu;l changes of bubble posigy,q, 4 coarse correlation between maximum SL intensity
tions when the high-frequency driving was turned(off), a achieved in a given run and age of the water batch used. The

potentiomete_r was used to change continuously the hig Sider the water, the larger the SL intensfj]. We were
frequency driving from(to) a small value that could not be unable to conduct a run that spans a whole cycle of the high

detected by the needle hydrophonéftom) the target value. o4 ency. 36° in Fig. 2. This fact might also contribute to

At every other point, the laser was used to verify that thed-ff f the SL intensity betw The horizontal
bubble did not move and that the bubble image was fully; . oo Of 1€ b INIENSIY bEAEEN TUNS. 1S horzoma

o .. - Mines indicate the single-frequency SL intensity measured im-
inside the sensitive area of the photomultiplier. mediately before and/or after the double-frequency data. At
0.26 bar there seems to be a phase angle that maximizes the
RESULTS SL intensity. At 0.52 bar there is no definitive indication of
local minima or maxima. However, this could be partially
Figure 2 shows the sonoluminescence light intensity verdue to the observed fact that in a neighborhood of the maxi-
sus the phase angle between wave generators. A phasaum SL emission the bubble changed position very easily
change of 36° corresponds to a complete cycle of the higlwvhen the phase angle was changed. Thus mappiloga
frequency. It must be noticed that the actual phase anglmaximum becomes difficult. The enhancement in SL inten-
between the high- and low-frequency pressure waves at thsity is 2.75 times for run 1 at 0.26 bar. There is no clear
bubble location depends on the bubble position. Each run iindication as to which of the two amplitudes is more effi-
Fig. 2 corresponds to a bubble at a fixed position. The posieient, since changes in gas concentration could be important
tion uncertainty is that of the beam thickness. The nominalvhen comparing two different runs. At higher-frequency am-
beam diameter a¢~ 2 intensity is 0.7 mm. In contrast, the plitudes, it was difficult to keep the bubble in a fixed position
wavelength corresponding to flpis 5.5 mm. Because the for more than a few data points.
bubble position changed from one run to the next, ih&san- Figure 3 shows the bubble radius for different phase
inglessto compare phase angles between different runsangles at 1.50 and 0.26 bar of the low and high pressure,
However, since the bubble did not move during any givenrespectively. No clearly noticeable correlation between phase
run, anx® phase change between wave generators in a giveangle and radius change with time can be noticed. The ratio
run corresponds to axf phase change between the pressureof the maximum to equilibrium radiug,,,/Re, is a little less
waves at the bubble location. A relatively smooth and conthan 10 for all cases. The Rayleigh-Plesset equation as

sion and contraction is absent at positiofsge Fig. 1 It is



2236 MORAGA, TALEYARKHAN, LAHEY, AND BONETTO PRE 62

8x 1077 = Single freq. 80 degrees detector. 008 E m M
« Two freq. 80 degrees detector. 0.90 l/ ,//
——single frequency

Fit. Ry=8.5 ym. P=1.57

006 080 y i
ox 108 bars. // ——— 0.26 bars [/ﬁ/
— - Single freq. 34 degrees detector. 0.70 7 .

- -+ - Two freq. 34 degrees detector.

R(m)

Arbitrary units.

el
. X :k-\.‘“-‘
.
g
R/
o o
2 3

|
S
k
b

1x 1078 2x107% 3x10°% 4x107° 5x107° 6x107° 7x107"

4x10°® 5x10- 6x10°% 7x10° 8x10- 9x 10" Time (s)
Time (s)
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FIG. 4. Bubble radius evolution as measured by two detectors. frequency amplitudes. Low-frequency pressure amplitude
=1.5bars.

implemented in[8] was fit to the single-frequency data in

Fig. 3. The ambient radiuR, and the pressure amplitudke  quency itself, thereby leading to increased levels of SL light
resulting from the fit are 7.0um and 1.50 bars, respec- emission(by more than 2509 Notably, the maximum drive
tively. We believe that the increased SL intensity is due to avoltage to the piezoelectric drivers at the fundamental fre-
decreased minimum radius at the moment of the bubble cojuency we could attain without the fi component was
lapse. Unfortunately, our experimental setup cannot resolvasually about 220 V, after which the bubble became desta-
the minimum radius. In order to verify that the maximum bilized enough to breakup and dissolve. According to our
radiusR,, is independent of the phase angle, the two-detectoneedle hydrophone calibration, this voltag#0 V) corre-
technique was used. Figure 4 shows the bubble radius eveponds to 1.4 bar driving pressure amplitude. By merely
lution as measured by both detectors for single frequenciurning on the high-frequency componefite., drive the
and for the high frequency at 0.26 bar. The single-frequencyoltage to the high-frequency piezoelectric drivers at the
data from the PMT angled at 80° were used to fit thelowest setting possible of 50 mV from the wave genepator
Rayleigh-Plesset equation, which prediRs=8.50um and  became possible to increase the drive voltage to the piezo-
P=1.57 bars. The output of the APD angled at 34° shows alectric drivers at thd, frequency to~317 V, without los-
series of maxima and minima. For both cases, single and twimg the bubble. This gave us the ability to increase the driv-
frequencies, the number of maxima observed between thieg pressure to 1X4317/226=2.0bars, which is~50%
maximum and equilibrium radius is 14. Our Mie theory cal- higher than the published, often-quoted 1.4-bar barrier well
culations conducted using the softward %j predict that the documented in the literaturs,9,10. We verified that the
change of radius between two consecutive maxima is 4.84elationship between voltage and pressure is linedr ah

um. Therefore the radius change is X4.84 um  this chamber. The phase diagrams in R&f] indicate that
=67.76um and the maximum radius is approximateéty,
~Ry+67.76um=76.26um. As shown in Fig. 4, this maxi- os
mum radius is in excellent agreement with the maximum
radius predicted by the fit of the Rayleigh-Plesset equation. It
is stressed that in Fig. 4 the number of maxima observed ant
consequently the radius change between equilibrium anc oz
maximum radius are the same for single- and double-
frequency excitation. Thus the maximum radius does not
change by the presence of the high-frequency driving. g o=

Figure 5 shows the bubble radius at constant phase angl o
for different high-frequency pressure amplitudes. The ratio
R /R takes values similar to those of Fig. 3. A small oscil-
lation is visible just before the bubble starts to expand. Other *
researcherg3] have found similar radius oscillations for 005
single-frequency excitation. They were unstable and lastec
only a few cycles. However, the oscillations we observed s 2552070 Bx107t aaxar? e 45x107 Bx0s
were very stable. Time (¢)

Additionally, we found that the presence of the tenth- g 6 Rebound region of normalized bubble radius vs time
harmonic frequency componeifite., even at the lowest gyoiytion (averaged over eight cyclefor a non-SL bubble driven
achievable pressure amplitudes 10fo) in our systemhcan 4t of, for —3.9° between wave generators. Fundamental frequency
lead to Signiﬁcaﬂt enhancements in the Stablllty of the bUbbl%ressure amp"tudeo_g? bars. The Vo|tages in the |egend are the
undergoing SL. This allowed the bubble to be driven withrms voltage at the high-frequency piezoceramics. The sharp de-
pressure amplitudes of 2.0 bars which are far above th&rmed rebounds produced by the high-frequency excitation should
often-reported thresholds of 1.4 bars at the fundamental frese noted.
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stable SL is not possible above 1.5 bars due to after-boungaosition, there is a strong correlation between the SL light
shape instabilities. Figure 6 shows the rebound regions of themission and the phase angle between harmonics. Adjusting
normalized radius versus time evolution for a stable bubblehe phase angle, it is possible to enhance the SL emission by
driven with single- and double-frequency excitation as much as a factor of 2.7. No changes of the maximum
schemes, respectively. The high-frequency rebounds frorfadius were measured, strongly suggesting that the high-
dual-frequency excitation are clearly visible, but are absenfrequency driving produces more violent collapses without
for single-frequency excitation. These sharp fluctuationgffecting the maximum radius. It has also been shown that

from dual-frequency excitation may be acting to dampen oukape single-bubble SL is possible at pressures as high as 2.0
the after-bounce instabilities described in Rf0]. Alter-  parq \when a small-amplitude high-frequency excitation is

nately, the higher-frequency component may be assisting tQseq * gince only a small portion of parameter space was
keep the bubble levitated by trapping it in the hlgh'fre(wencyexplored, it is conceivable that even more intense SL can be

antinode. achieved. A great advantage of using very high frequencies
at small amplitudes is that it is possible to decouple the dy-
namics of the bubble levitation and of bubble collapse. Thus,

It has been shown that stable sonoluminescence bubbl&®t only can one obtain substantial gains in SL intensity and
can be produced when the fundamental and tenth harmonidsibble stability, but also studies on bubble instability behav-
are used. Moreover, it was shown that for a fixed bubblgor can be carried out.

CONCLUSIONS
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