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Alternative method to deduce bubble dynamics in single-bubble sonoluminescence experiments
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In this paper we present an experimental approach that allows to deduce the important dynamical parameters
of single sonoluminescing bubblésressure amplitude, ambient radius, radius-time Quilke technique is
based on a few previously confirmed theoretical assumptions and requires the knowledge of quantities such as
the amplitude of the electric excitation and the phase of the flashes in the acoustic period. These quantities are
easily measurable by a digital oscilloscope, avoiding the cost of the expensive lasers or ultrafast cameras of
previous methods. We show the technique in a particular example and compare the results with conventional
Mie scattering. We find that within the experimental uncertainties these two techniques provide similar results.
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[. INTRODUCTION method in more detail, present its advantages and limitations
and compare its results with Mie scattering.
Single-bubble sonoluminescend&BSL) is a physical
process where an oscillating gas bubble levitated acoustically
in a host liquid emits brief flashes of light in each period of IIl. DESCRIPTION OF THE FITTING TECHNIQUE

is done in resonators the size of a jar, filled with liquid, and (1) The dynamics of the bubble waR(t) is well de-

the acoustic excitation is accomplished by piezoelectriccrined by the Rayleigh-Pless@®P) equation
transmitters(PZT) [2]. The study of SBSL is motivated by

the fact that through it one can study physical processes and 3 1
the properties of matter at extreme conditions of high den- RR+ SR*=—[Py(R(t))—P¢(t)—Po+P,]
sity, pressure, and temperature. The variety of processes as- 2 p
sociated with the phenomenon include hggdtand mas$4]

transfer, chemical reaction§], shape oscillationgs], chaos +— E[pg(R(t))_ P(t)]— 4,,5 _ 2_0,
[7], shock-wave emissiof8], and light emissiofi9] to name pc dt R pR
a few. (1)

In order to validate theories of SBSL it is crucial to be
able to measure several important parameters, such as the ) ) o
pressure amplitude near the bublRe,, the ambient radius WherePyg is the uniform gas pressure inside the bublie,
Ry, or the radius-time curvR(t) in an acoustic period. Pre- = — PaSin(et) is the forcing pressure with angular frequency
vious methods to measure these quantities are variations 6 Po iS the ambient pressure valid during the measure-
the Mie scattering techniquEl0], direct imaging of the Ments, and _thg remaining parameters are mgtenal constants
bubble[11], differential light scattering12], and a method Of the host liquid, e.g.¢ is the speed of soung, its density,
based on the Doppler effe¢L3]. The common factor in andv is the kinematic viscosity. .The gas presskygcan be
these methods is that each of them requires a rather sophiglated toR(t) through an equation of state. We use a poly-
ticated and expensive experimental setup including laseréfopic van der Waals equation of state, modified to include
precision optics, and high-speed cameras. Moreover each e effects of surface tensianand vapor pressure, ,
these methods aliavasive i.e., they involve external action
in the measuring process.g., laser or back-lightingwhich
may disturb the measurement of some other features of Pg(R(1)=
SBSL. The quantity?, can also be measured directly by a
needle hydrophone; however, because of the intrusive nature,
high cost, and relatively low precision of thiB, is usually = Hereais the hard core van der Waals radius of the Gas
deduced from fitting measureR(t) curves to the solutions argona=Ry/8.86) andvy is the ratio of specific heats. In
of the Rayleigh-Plesset equation, which describes the dymost of the acoustic period except the final stages of the
namics of the bubble’s volumetric oscillations. collapse and after bounces, the gas can be considered isother-
These methods confirmed several theoretically predictethic [3], thus we usey=1.
features of SBSL, for example, that stable light-emitting (2) Bubbles emitting light in a stable fashion contain only
bubbles obey diffusive and chemical stabilii4—16. In a  inert gases, and are in stable diffusive equilibrium with the
previous study17] we exploited this fact to develop a tech- surrounding liquid 18]. The points of diffusive equilibrium
nique to deducé,, Ry, or R(t). Here we elaborate on our in the (P,,Ry) space can be calculated from

R3_3y
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whereP§ =1 atm is the standard atmospheric pressure anc

T, is the acoustic period. For air in wates; is the concen- ggs L
tration of argon set during the liquid preparatid@y, is the
tabulated dissolved air concentration of water under normal gg [
conditions. If the liquid preparation is done by degassing,

then C;, can be calculated from Henry's lawC; 0gEs -
=0.009%,P;/P§ , whereP; is the partial pressure of air set
during the preparatiorair contains 0.93% of arggnThe 05 175

diffusive equilibrium is stable where the curve in the _

(P.,R,) space set by Eq3) is characterized by a positive 10 gmae %

slope. B s
(3) The acoustic pressure amplitud, at the bubble’s Ry Lum]5 43

position is directly proportional to the excitation voltage on

the piezoelectric transmittet$p,,

7

FIG. 1. The curve of diffusive equilibrium in theP¢,Rg, &)
P.=AUpom. (4) space, and its projections on the(Ry) and (P,,£) planes for
@ Pzt C;/Cy=0.00135. Stable sonoluminescing bubbles follow the

This assumption is reasonable when the amplitude of digstable part of this curvéwheredR,/dP,>0 ordé/dP,>0). The
placement of the resonator walls can be considered smafidvantage of using the quantiéyis that, contrary tQR,, it can be

For values typical in SBSL experimentB,<2 bars this asSily measured with high precision.

displacement is on the order of micrometers, thus(Egcan

be used safely. We define the dimensionless phase of a flaspee, for instance, Refgl6,14,19). After A andB are found,
E=t:,/Ta as the time elapsed from the beginning of thethe experimental data points can also be plotted in the
acoustic period until the bubble reaches its minimum radiuéPa:Ro) plane and, in principleR(t) curves and other dy-
tni, Normalized by the acoustic period. The phggbat can  hamical parameters such as the expansion Rig /R, are

be calculated numerically is the sum of the measured phag¥so determined. We stress here that only those parts of the
&, and a constant parametBr which accounts for the pos- numeric R(t) curves contain useful information about the

sible phase shift due to electronics, size of the bubble where the assumption of isothermigity
=1 holds. These include the expansion phase, the maximum
&=¢,+B. (5)  radius, and the initial stages of the collapse, but exclude the

region near the minimum radius and after bounces.
The phase can be measured, for instance, by displaying the
photomultiplier tube(PMT) signal of the flashes and the
sinusoidal excitation voltage 7 on an oscilloscope. IIl. EXPERIMENTAL APPARATUS AND THE DETAILS
The detailed procedure is the following. At an experimen- OF THE MEASUREMENT
tally knpwn dissolved gas co_nc_entration, liquid temperature 14 test our method and to compare it with Mie scattering,
T, ambient pressure, and driving frequency, one measurgge performed the following experiment. In a degassing

ém(Upz7) at several excitation levels from the smallest pos-gquipmen{21], a distilled water sample was prepared with a
sible light emission to the upper limit of J19]. After this,  gissolved air concentration 0.185 at a temperature of

Egs.(1)—(3) are solved systematically !n a wide range of the _ 55 o This corresponds to an argon concentratiolCof
parameters, andR,, and the quantitieg, (Pg)4/P5 are  —0 001 3%,. The water was transferred to the resonator
extracted from the numeri®(t) data. From the resulting [21] using gravity flow. During the filling, the gas pressure in
&(Pa,Ro.(Pg)4/Pg) data, one selects by interpolation a the resonator was kept at the same level as in the degassing
subset for whicP,), /P equals the experimentally known equipment, thus no air could diffuse in or out of the water.
value of C;/C,. This subset is the curve of diffusive equi- Such care had to be taken because the precision of our
librium in the (P,,Ry,£) space(see Fig. 1 The equilibrium  method is guaranteed only if the gas concentration in the
is stable wheredR,/dP,>0 or equivalentlydé/dP,>0. resonator is the same as set by the water preparation. After
The final step is to fit the measurég,(Upz7) data to the this, the resonator was placed in a setfjg. 2) used for
stable part of the diffusive equilibrium curve in thB 4, ¢) recording the SL flashes and the intensities of Mie scattered
plane by adjusting the parameté&sandB. This fit is highly  laser light.

constrained by the experimental fact that for a given dis- The digital oscilloscopes were triggered by the monitored
solved gas concentration, the lower limit of SL is linked to driving signalUp,1. For each excitation level, 54 snapshots
the smallestP, on the stable diffusive equilibrium curve of Up,t, scattered laser intensity, and SL flashes were aver-
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500 Mhz scope The quantityA is the proportionality constant from E4)
\\He—Ne laser

. and AS=0.00156¥ is the vertical resolution of the digital
\ '\ scope corresponding to the eight-bit digitization. Both the
N ‘_ zero line and the maximum of thdp,t signal are known
70% N Lens faser passfilter ©Q with a precision ofAS, thus there is a factor of 2 in E¢6).
RS Using the calculated(P,,R,) data and the values @fand
R;;oﬁgt;;\ LAEML e ARl P, from the fit of Fig. 3a), one can plot the measured data
vV Upzt points in the P,,Ry) plane[see the filled squares with error
1 100 MHz scope bars in Fig. 8b)]. The errors oft andP, determine a range
laser block filter : H i
: of Ry in the §(P,,Ry) data, which sets the error bAR,,.
: ~] |
a9 H
‘— Q0 IV. COMPARISON WITH MIE SCATTERING
................... M_451

The Mie scattering method is based on the detection of
FIG. 2. The oscillating bubble was illuminated by a 30-mw laser light scattered from the bubble, whose intensity under
He-Ne laser, and the scattered laser light was focused by a lergertain conditions is proportional to the square of the radius.
through an aperture into the PM(Hamamatsu R34j§8Another  More precisely, the following relation holds:
PMT of the same kind detected the SL flashes. The signals of the
PMTs were amplified and shaped by spectroscopy amplifiers
(Ortec-model 451and visualized together with the monitored elec-
tric signal of the piezoelectric transmitters on digital oscilloscopes

(HP-54616C 500 MHz, HP-54600B 100 MHz where U(t) is the output signal of the PMT detecting the

scattered intensity andq is the background scattered in-
aged, and the resulting traces were transferred to a PC. Thensity in the absence of the bubble. The square root of the
measurement was done at an excitation frequency of 22 70@corded intensity is then fitted to a solution of the RP equa-
Hz, the water temperature was=21.9-22.4°C, and the tion, and the desired parametePs, Ry, Rnax, etc., are
external pressuré,=1017 mbars. Figure (8 shows the determined from the best fit. There are several difficulties of
fitting of the measured(Up,1) data to the calculated curve the technique that one must overcome.
of stable diffusive equilibrium a€;/C,=0.00135. The er- (1) The scattered intensity has a very strong angle depen-
ror of £ is determined by the jitter in the phase of the flasheglence. This is reduced by choosing an appropriate angle and
~0.2 us, thusA &~0.0023(the time resolution was 25 y)s by use of a lens that averages out the light from different
while the error of the pressure amplitud®,=0.014 63 bar  angles. In our measurement we used a setup similar to that of
is calculated from Barber and Puttermaf1992 in Ref.[10].

(2) The background scattered intensity is changing on a
time scale of seconds because of small dust particles passing

R(t)?=a[U(t) = Upgl, )

AP,=A2AS. (6) by near the position of the bubble due to a slow convection
0.62 10 -
|
9 \ 0»«3;«
06 | = \
[9) )
@ 8 ! LS
= IS \ =)
o 0.58 F o 7 i T
= o \ \\
@ E 5 \
— 056 F @ \ %u
o o 3 | \
@ ] \ \
0.54 : e 4 3
e 5 SR
0.52 g U
s £ <C \\
2 '\fla—«
0.5 — : ‘ ‘ : s 1 ; ;
1.25 1.3 1.35 1.4 1.45 0.9 1 1.1 1.2
Acoustic pressure [bar] Acoustic pressure [bar]

FIG. 3. The fitting of the measured phases of the flashes to the numerically calculatedaguavel the same datélled squares with
error barg in the (Pa,Ry) plane(b). Also in (b) the left and right triangles correspond to best fits using Mie scattering and the bounding
values for the background signal. The open circles stand for the best Mie fits assuming {8th&tfls precisely, while the background was
allowed to vary between the bounding values. The open squares indicate best Mie fits of non-light-emitting bihpleduats found from
the present technique, and finally the filled circles are best Mie fits, whereFhptind R, were fitted. The arrows indicate regions of
shrinking and growing bubbles.
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FIG. 4. The contour plots of the error of the Atfor the light-emitting bubble at the smallest excitation. The background level used in
the fitting wasUpg=—0.0011 V in(a) andUy,=—0.001 75 V in(b). The average noise level on the intensity sigdét) corresponds to
an error valuel =0.013. Fits withA=<0.013 look good to the eye.

in the resonator. This can be handled partly by using arvery measuredJ(t) curve, we obtained the values of

aperture and a laser beam as narrow as possible, but canno(P,,R;) in a wide range ofP, and R, and thus the dy-

be eliminated completely. namical parameters appropriate for the smallest error could
(3) Modification of the excitation level makes the bubble pe identified. Figure 4 shows the contour plotsioffor a

change its equilibrium position above the pressure antinodgarticular case at two levels of the background. As can be

as the averaged Bjerkness and buoyancy forces cH@2e  seen, the fits are best along a line in iR, (Ry) space, and
The intensity of the laser light in the cross section of they,q fitting is very sensitive to the value bk,
g

beam is a Gaussian, thus one always has to adjust the direc- In our measurements, the precision 0, was con-

tion of the laser, in order to keep the bubble in the center otstrained by the vertical resolution of the digital scope and the

the beam. For this reason, the proportionality constairt : . . . §
Eq. (7) may be different for each excitation level, dependingprewously mentioned slow variance due to moving dust par

on how precisely one can follow the bubble. Because of thi%gllﬁzstoo_fgf O(}oﬁei%%i(;ir?éo?g fﬁevhzgiincfgezgﬁoxé?:
difficulty we fitted the shape of the measured intensity sig- 0.05317 to—0.07742 V. In Fig. 4 the points within the

nals for each excitation level, rather than using a proportion- . .
ality constant found from a single fit g aprop contourA=0.013(which equals the noise level on the scat-
We used a numeric code that accomplished the fitting autflr?ed |gt$n5|t)/ (ijetermllne tlhele(rjrortsr,] cxfsPa~(€.Q4t bz;; and

tomatically in a user defined range Bf andR,. The mea- o~ V. um. 1T We aiso Include the uncertainty Qlpg,

suredU(t) curve was transformed into a normalized positiveTin theTl;:naI es|t|mates ara P_a:O:[OS.ﬂ??L andARy .
signal u(t)=[U(t) — Upgl/(U* —Upg), where U* is the pum. These values are consistent wi e errors given

minimum of the negative(t), which corresponds to the by others[16,15. The best fits with the bounding values of

maximum radius of the bubble. Then a solution of the RPIthf? baclégrqur;l? a;r('a shlown i?hFiq'E& vll/here ig theacs:ase_ of
equation is generated at a giveg andR,, and the values of et and 19 rangies, the background  Wabpg

Roax @d t,, are extracted from the numeric radius-time _0-0011, andUpg=—0.00225 accordingly. The filled

curve. After this, R(t) was transformed intor(t)=R(t squares found from the f|tt|r}g t.echnlqu.e c.)f Sec. 1l in each

—to ot YR " Wheret® . is the time value of the end C2S€ lie between the best Mie fits, confirming that these two
min min. max» min

of the collapse in the measureH(t) data, This way we got rr;erigﬁlotlisesprowde identical results within the experimental un-
.tWO normalizefd' time Se”‘?s for whiqh thg phases correspondp- For further confirmation of the assumptions in Sec. I, we
ing to the minimum radius were |dent|cal. To be able ©4is0 fitted the Mie scattered data by a different strategy,
compareu(t) andr(t), these time series had to haye thewhere the background was allowed to vary between
same number of elements, thus we interpolat@dl at time — _ 1411 and-0.002 25, and th&(t) data of the fits had to
values taken fromu(t). Finally the difference of the signals '

\ . satisfy Eq.(3) exactly. The best fits of this strategy are
could be characterized by a single error parameter shown as open circles in Fig. 3. As can be seen, all the circles

Nmin are within the error bars found from our technique. The qual-
1 D Ir2—y| ®) ity of these Mie fits are also shown individually in Fig. 5.
Npin =11 For another independent test to confirm the assumptions
of our technique, we also analyzed the measurements of
whereN,i, is the index of the minimum radius. The reasonUp,1 and Mie scattered data of non-light-emitting “bounc-
for calculating the error only until the end of the collapse ising” bubbles. The open squares with error bars in Fid) 3
that in the after-bounce region, the assumptionyefl used show the case where the pressure amplitudes were calculated
in Eq. (2) is not valid anymore. By using this strategy for from Eq. (4) using the value ofA found from the fitting of

A:

026320-4



ALTERNATIVE METHOD TO DEDUCE BUBBLE . .. PHYSICAL REVIEW E 67, 026320 (2003

1.2 1.2

1t P,=1.308 bar q P=1.323 bar
08 r 1 0.8
Ry=2.8 Ry=3.25
0.6 el 0.6 \ o=3-2 KM
0.4 Ubg=-0.001 6V 0.4 Ubg=-0.001 5V
0.2 0.2
[ 0 |

\\
0 5 10 15 20 25 30 35 40 45

o

5 10 15 20 25 30 35 40 45

Time [us] Time [us]
1.2 1.2
1 P,=1.331 bar q P=1.342 bar
08 r 1 0.8
Rg=3.42 =3.
06 0 pum | 0.6 Ry=3.67 um
0.4t Upg="0.00175V ] 0.4 \ Upy=-0.00175V
02t \ ] 0.2 i
Q [roenas [ e i
0 5 10 18 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time [us] Time [us]
1.2 1.2
1 P,=1.363 bar 1 Po=1.377 bar
0.8 0.8 _
0.6 Rg=4.08 um 06 Rg=4.36 um
0.4 Upg=0.0019 V 0.4 \ Upg=-0.0016 V
0.2 \ 0.2 \
0 \ [V I !
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time [us] Time [us]
1:2 1.2
1 P,=1.390 bar 1 q P_=1.404 bar
08 r 1 0.8
Ry=4.588 =4.
66 | \ o um | 0.6 Rg=4.82 um
0.4 Ubg=—0.001 75V 4 0.4 \ Ubg=-0.001 75V
02 \ ] 0.2 i
0 oo g — \
0 5 10 18 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time [us] Time [us]
1.2
1 P_=1.426 bar
0.8
06 Ro=5.15um
0.4 \ Ubg=-0.001 5V
0.2 \
[ — i

0 5 10 15 20 25 30 35 40 45
Time [us]

FIG. 5. The best fits of the normalizedt) andr(t)? time series corresponding to the open circles in Fi).3The parameters of the
fit are indicated in the corner of the figures.

the light-emitting bubbles. The ambient radii were deter- V. VARIATIONS OF THE METHOD
mined afterwards by best Mie fits at the prescrilBgdand by
using the averag¥,,. Then the fitting of the Mie scattered

data is also accomplished by using the saiyg, but both 5"\ \seq or without any unknown fit parameter, if the phase
the P, andR, parameters are allowed to vary, and the infor- ,a5surement is done with a hydrophone. We will briefly
mation of theUp,+ data is not used. The best fits using this 4iscuss these variations.

strategy ar¢shown as filled circles in Fig.(B)] in excellent (1) If the experimental conditions such as the dissolved
agreement with the best fits of the previous case. The phagfys concentrations, liquid temperature, ambient pressure, and
diagram of Fig. 8) can also be compared to a measurementhe material properties of the liquid are known, then the dif-
of Ref. [15], where the experimental conditions were quitefusive stability curve for the inert gas content in tH,(Ro)
close to ourgwater was prepared with a dissolved air con-plane can be calculated. The point on this curve with the
centration of 0.1€,, and the excitation frequency was 20.6 smallestP, corresponds to the onset of stable Gee Sec.
KHz). The comparison with Fig. 4 of Ref15] shows a good IV of Ref. [17]). By measuring accurately the value @ ;1
guantitative agreement, further justifying our method. at the lower threshold of SL, the unknown parameéteran

The method described in Sec. Il can also be used in
slightly different forms, where only a single-fit paramesger
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be obtained, after which the pressure amplitudes can be cal- VI. CONCLUSION
culated from Eq.(4). After the pressure amplitudes of the
data points are given, the correspondiRgvalues are deter-

mined by the calculated stability curve. Although, in prin-
ciple, this method should work too, it is still desirable to

measure the phasg, together withUpzy, because it pro- o .o i confirmed theoretical assumptions and the mea-
vides the means of testing the self-consistency of the method! y P . i
surement of the phase of the flashes in the acoustic period

and its assumptions. For instance, if the dissolved gas co%-

In this paper we presented an alternative method for the
deduction of important dynamical parameters of SBSL,
namely, the pressure amplitudky, the ambient radiu,,
and the expansion ratiB,,,/Ry. The method is based on

centration changes considerably compared to the pres (fgetherwith the qriving signal on the piezoeleptric transmit-.
level, then the measured dai& precise enoughcannot be ers and the precise knowledge of the experimental condi-

fitted to a simulated curve corresponding to the original ga%\c/)ns, especially the dissolved gas concentration in the liquid.
concentration. e demonstrated the method by measuring Rheand R,

Barameters of light-emitting bubbles for a given argon con-

(2) with access to a hydrophone, one can measure thcentration At the same time, measurements of these param-
phase of the flash compared to the sinusoidal driving pres: ) ' P

sure near the bubble without the unknown paramBteFor eters were also done by the conventional Mie scattering

this, one needs to have the aperture of the hydrophone ﬁethod, revealing that within experimental uncertainties,

close to the bubble as possible and detect the pressure var lese wo approaches produced identical results. The phase

tions during an acoustic cycle together with the spike remi: lagram obtained is in good quantitative agreement with that

niscent of the shock wave launched by the bubble at its mini9]c Ref.[15]. The limitation of the method is that, unlike Mie

mum radius. Although the finite propagation time of thescattering, it cannot be used to measure non-light-emitting
shock wave .wiII introduce a small phase shift, it should bebubbles, and is also unable to measure unstable SL. However

possible to account for this effect by using a model for shoclghe Important advant_age of_the_ _method_ IS msninvasive
propagationfas in Ref.[8] (1998] and measuring the dis- chararcter, and thus_lts appllcabl!|ty to situations Where the
tance to the bubble either by the pulse-echo method of Ref).ther .methods are either |_mprfict|cal or even poten.tlally de-
[20] or by a microscope as in Ref8] (1997). From the structive to use as, e.g., in smgle-photon_correlatlon mea-
measured phase and the calculated diffusive stability curv urements or in measuring the pgrametnc dependence of
one can then work backwards and find the corresponBing BSL spectra. MOFGO\;GI’, trr11e techgl_ql_Jeldoes_”not require dex-
andR, values. If the hydrophone is pressure calibrated, the i;]Ts_lve Czjipﬁargtus ot Ier than a .I'g'ta OSC'.OS(;:Ope and a
the deducedP, values can also be compared to the measured = ' and the data analysis Is easily automatized.

P., providing a test of self-consistency. This method, al-
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