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Sonoluminescence and phase diagrams of single bubbles at low dissolved air concentrations
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We studied experimentally the dependence of light emission and phase space boundaries of air bubbles in
water on the level of degassing down to low partial pressures of 15 mmHg. We found that the maximum
obtainable light intensity increased monotonically by lowering the concentration of dissolved air in water. We
also present a new technique to obtain the acoustic presByyead ambient radiusR,) parameters, based
on the information provided by the timing of the flashes in the acoustic cycle. Using this technique we give
phase diagrams of the bubble in the,(P,) and (P,, gas concentratiorspace, and discuss the parametric
dependence of the light intensity. The resulting power-law dependence of the relative intensity normalized by
the ambient volume of the bubble on the expansion ratio indicates that more extreme conditions are attainable
inside a bubble at dissolved air concentration of 15 mmHg than at 150 mmHg.
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[. INTRODUCTION argorn). This process was termed as the “dissociation hypoth-
esis” and was later confirmed using several different experi-
Single bubble sonoluminescen¢8BSL) is a phenom- mental approachgd1-13. In short the accumulation occurs
enon where an acoustically levitated gas bubble emits ulbecause at high forcing the temperature of the gas will be
trashort flashes of light. Since its discovéfy many aspects high enough during the collapses, so that molecular com-
of the phenomenon has been studied experimentally as wedounds can dissociate, and form reaction products which will
as theoretically, such as the durat{@j, the intensity and the dissolve in the water. The process also leads to the existence
spectrum[3] of the light pulses and their dependence onof a stable equilibrium phagebserved by many researchers
experimental parametefd,5]. Some of the most successful [11,12) where the growth by rectified diffusion is balanced
light emission theories that are consistent with the experiby the loss of mass due to chemical reactions. At the upper
ments are given in Ref6]. end of this phase the bubble contains almost exclusively just
An acoustically driven bubble exhibit sonoluminescenceargon, which is also reflected in the decreased value of its
(SL) only in a limited part of the P,,R,,C;/C,) parameter ambient radiug4]. When further increasing the excitation,
spacg 7], whereP, is the acoustic pressure amplitudRy, is the bubble starts to emit light until an upper threshold is
the ambient radius, an@;/C, is the ratio of dissolved air reached, which leads to its destruction. During the sonolumi-
concentration set during water preparation to the equilibriunii€scent phase the bubble is in a stable diffusive equilibrium
air concentration at room temperature and an ambient pre@nd seems to be well described by Eller—Flynn thel@)y
sure of 1 atm. The actual path of the bubble in theusingC;/C, values corresponding to the inert gas concen-
(P..R,,Ci/C,) parameter space is specified by rectified dif-trations[7,14,13. Previous studies by Gaitan and Ho®]
fusion[8] and shape instability thresholfi8)]. Increasing the measured these phases i,(R,) parameter space at con-
excitation pressure from zero makes the bubble go throughtantC;/C, values of 0.2, 0.45, and 0.5. In this paper we
different phases whose boundaries depend on the above peencentrate orC;/C,<<0.2 [15], but for comparison pur-
rameters. At the most commonly us€g/C,=0.2 the gen- poses we also made measurement€dC,=0.2 and 0.5.
eral picture is the following. At low excitation the radial Our experimental setup did not allow the direct measure-
oscillations of the bubble are small, and nearly harmonic. Irments ofP, andR,, butin Sec. IV B we show that using the
this regime the net mass transfer of air due to diffusion indirect consequences of the dissociation hypothesis it is pos-
each acoustic cycle is directed from the bubble towards thé&ible to obtain these parameters for stable sonoluminescing
liquid, thus the bubble eventually dissolves in the water. Atbubbles by measuring the timing of the flashes in the acous-
higher acoustic pressures the above process reverses, whiéh period[16]. The standard way to obtain these parameters
results in the growth of the bubble. The bubble grows fromis to use Mie scatterinpl7], or direct imaging of the bubble
cycle to cycle until it reaches the parametric shape instability 18].
threshold[9], then it breaks up and starts to grow again. In
this phase the bubble seen to be “jittering” or “dancing.” Il. EXPERIMENTAL APPARATUS AND MEASUREMENT
On the boundary between these phases the bubble can be In TECHNIQUES
an unstable diffusive equilibrium, where the net mass trans-
fer in and out of the bubble equals zero. At sufficiently large  In the measurements we used a sealed cylindrical resona-
pressure amplitudes the content of the bubble changes duetior in many aspects similar to the one described in Rgf.
chemical reactions, leading to the accumulation of thgsee their Fig. # It consists of two circular aluminum plates
chemically inert argon insidgLO] (air contains about 1% of of thickness 1.5 mm, flat silicon O rings for sealing, ceramic
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piezoelectric PZT transmitters glued on the top and the bot0.15, 0.2, 0.31, 0.5 are calculated from the partial pressures
tom of the plates, and a 1.5 mm thick pyrex glass cylinderusing Henry's law:C;/Cy=P;/P§ , whereP§ is the stan-

The plates were pushed against the cylinder by means @fard 1 atm. At each degassing level for at least two runs the
three screws. The be§tvalue of the resonator was obtained €Xcitation was increased slowly from zero above the upper
if the screws were tightened just enough to avoid the leakagireshold of SL, and the electric signal amplitudes corre-
of water at theO rings. The water temperature was measuredsPonding to the phase space boundaries were noted down.
by a thermocouple. Bubbles were created by letting an elec>ter this the SL phase was remeasured, where we recorded
tric current run through a tiny tungsten wire, and thus boilth€ output of the PMT and the monitored electric signal,

the water locally. The current was made adjustable to creat®<CePt at the two highest partial pressures. We did not make

bubbles efficiently at any degree of degassing of the water PMT measurements at 233 mmHg, and 382 mmHg, because

The preparation of the water samples with a given aithe fluctuations in the int_ens_ity gnd in the timing of the
concentration were made at room temperature in a reservoij2Shes were already too high in this parameter region, so the
connected to a pressure gauge and a vacuum pump and to ffiat@ could not be represented by snapshots of the PMT sig-
resonator through a filling tube. To set a desired concentrg@!- At lower partial pressures the precision was limited only
tion first the partial pressure of air was reduced by pumpind?Y the performance of the data acquisition software supplied
to a level calculated from Henry's law, correcting for the With the digital scope tat0.3 us for the detection of the

vapor pressure of water. After this the pump was detached b§ming of the flashes and te0.005 V for the monitored
vacuum valves leaving the air—water system Completelflecmc signal. The intensity fluctuations are estimated to be

closed. To accelerate the establishment of thermodynami€Ss then 10%.
equilibrium between the two media the water was mixed by e oo iENTAL RESULTS INDEPENDENT OF THE
means of a magnetic stirrer. The process could be monitored
. - . - . FITTING TECHNIQUE

by measuring the partial pressure of air, which showed slight
increase in the beginning due to the amount diffused out Some qualitative features and trends of the bubble’s re-
from the water and later saturated at a constant valugponse can already be recognized from Fig. 1, which shows
(=5 mmHg higher than the preset vaJuegnplying that the  the raw experimental data before the application of the fitting
air—water system reached thermodynamic equilibrium. Evetechnique. Here the ordinate shows the monitored electric
though the equilibrium already established typically in lesssignal of the PZT transmitters. Multiplied by 1000 this gives
than 20 minutes, altogether we stirred for 30 minutes in eackhe true voltage amplitudes which were necessary to subject
case. The dissolved air concentrations reported in this pap@nto the PZT transmitters in order to excite the correspond-
were calculated from the final values of the partial pressuresng states of the bubble. The lowest set of symtgel$ rep-
After the degassing process the reservoir was brought to atesent the line of diffusive equilibrium which was found to
mospheric pressure, in order to be able to fill the resonatdse unstable fo€;/C,=0.1. At excitation amplitudes below
using gravity flow through the filling tube. The filling took this line the bubbles were observed to dissolve, above it to
typically 2 minutes, during which some air might diffuse grow and exhibit “dancing” motion. We note that the
back into the water, however measurements with a di@ital  “dancing” motion was more prominent at high air concen-
concentration-meter revealed that within the 5% accuracy ofrations, while at the two lowest partial pressures it was hard
the O, meter the concentration in the resonator matched théo tell by eye if the bubble was “jittering” at all or it was
desired value$19]. stable. The other two sets of symbols are the low2) and

The experimental configuration consisted of a photomul-upper (x) thresholds of the light emission. The figure shows
tiplier tube (PMT) (GAMMA Type:ND-319/G) to detect the  that the size of the region where the bubble grows tends to
light emission and a 32 MHz digital oscilloscopéelleman  decrease towards low partial pressures, while the size of the
PCS32 linked to a PC to record the timing and the ampli- sonoluminescent phase increases. Below the lower SL
tude of the PMT signal and also of the monitored electricthreshold we also observed the stable non-light-emiting
signal of the PZT transmitters. The PMT has a built-in signalphase, but the excitation amplitudes corresponding to this
shaping preamplifier circuit which transforms a fast inputphase space boundary were not noted down, because the
signal (such as a SL flaghuniformly to a negative output transition from “jittering” to stable behavior was not sharp
spike with 1 us full width at half-maximum(FWHM), so  enough for the eye to clearly identify an exact threshold.
the number of detected photons from a flash in the waveAnother difference in the bubble’s response at the two lowest
length interval of 300—-600 nm could be taken to be proporpartial pressures is that sometimes the bubbles observed to
tional to the amplitude of the output signal. The phase spacdisappear completely before reaching the SL phase and thus
boundaries were observed visually by back-lighting thein these cases the lower SL threshold could be identified only
bubble. Throughout the whole measurement we used thgy creating a new bubble in the SL phase and subsequently
monitored electric signal on the piezo transmitters as a signalecreasing the excitation until the light emissi@nd also
which is proportional to the acoustic pressure amplitBge  the bubblé¢ disappeared. At partial pressure of 385 mmHg
The measurements were carried out at an excitation freC,/C,=0.5) in agreement with Reff7] the “jittering” was
quency of 23354 Hz, a water temperature of 2315de-  observed also in the SL phase, indicating unstable sonolumi-
grees, an ambient pressure of 1820 mbar, and at degas- nescence.
sing to partial pressures of 15, 38, 76, 114, 152, 233, 382 The maximum detected light intensitgt a given gas con-
mmHg. The correspondin@; /C, parameters 0.02, 0.05, 0.1, centration is also found to increase monotonically with low-
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ering the air concentration down to 15 mmlfge the inset mentioned properties can play a role one can think of the
of Fig. 1). This result seems to disagree with the previousinfluence of the shockwave refocused from the resonator
measurements of Hilleet al. [20] using 1% argon in nitro- walls, launched by the bubble at the collapgd]. As yet it

gen mixtures, and Chowt al.[21] using 1% argon in oxy- is unclear which of the above-mentioned possibilities are the
gen mixtures. For comparison see Figs. 23 and 24 in[B¢f. dominant ones to explain the difference between these re-
or the original references. Their data indicate that the maxisults, thus our conclusion on this point is that for a satisfac-
mum obtainable light intensity has a peak at about 130 antbry explanation further theoretical and experimental inves-
100 mmHg, respectively, and decreases by an order of magigation is necessary.

nitude as the gas concentration approaches zero. Since all of
these measurements used 1% argon, and in SL phase, ac-
cording to Refs[10—17, only the inert gas content which is
relevant, one would expect an agreement if all the other ex- Figure 2 shows numerically calculated diffusive equilib-
perimental conditions are the same. However, there are sevium curves for values o€; /CgN) that are 1% of those set
eral differences which make a direct comparison difficult. Induring the water preparations. By this we take into account
the data of Hilleret al. the maximum light intensity corre-

IV. NUMERICAL RESULTS

sponds to a value which was stable for more than a minute 10 , , i i i
(see the caption of Fig. 2 in Rdf20]), while in our case we "
defined the maximum as the value at which the bubble per- 9 | Ci/Cy=0.008

ished in less than 5 seconds. This later definition allows for
higher excitation and thus higher light intensities before the
destruction of the bubble. Another difference is that Hiller 7F
et al. used a resonator with acrylic walls, which passes light
wavelengths longer than 380 nm, while the ultraviolet cutoff
of our glass cylinder is about 300 nf22]. Since in the

spectrum of a SL flash the intensity increases strongly to-
wards the 200 nm cutoff of watéB], this again results in 4t
different PMT signals even at otherwise identical conditions.

Ry (um)

T1cM-0.0002 ]

The discrepancy due to this fact is expected to be bigger at 3F

low gas concentrations, where the bubble dynamics is char- 2k E
acterized by higher expansion ratios, and lower ambient ra-

dius values, which would likely result in higher internal tem- 1 : : : :

1.2 1.3 1.4 15 1.6 17 1.8

peratures and more ultraviolet spectra. Finally the location of P. (bar)
a

the extinction threshold in theP(,R,) parameter space
which determines the maximum intensities is likely not uni- |G, 2. Numerically calculated diffusive equilibrium curves for
versal, but may be sensitive to the actual experimental core, /c{V values corresponding to the inert gas content. The choice
ditions. These can include the ambient pressure, temperaturg, c; /C{V=0.01x C; /C, takes into account that a stable light
changes in the material properties of the liquid due to impuemitting air bubble contains only argon. From left to right the
rities, or the geometry and acoustic properties of the resonaurves correspond t&; /C{Y) values of 0.005, 0.0031, 0.002,
tor. As a physical mechanism where even these two lag.0015, 0.001, 0.0005, and 0.0002.
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that in stable SL phase the bubble contains only argon. Theum curves calculated for argon concentrations. The mea-
superscript ‘N distinguishes numerically calculated dimen- surements in these references were made at air concentra-
sionless concentrations from those set during the watedions of C;/Cy=0.2, 0.14, and 0.1. Assuming that this
preparation. The part of the curves with positiveegative  behavior holds for any € C;/C;<0.2 one can give an em-
slope represent stabl@instable diffusive equilibria. Note pirical formula for the gas concentration dependence of the
that the meta-stable poinfthe part of the curves with infi- lower SL threshold by connecting the meta-stable points on
nite slope tend to be shifted towards highBg, and lowerR, Fig. 2. We found the best fit to the numeric data in the form
values, and the stable parts of the curves get steeper as b

C;/CYY) decreases. Sind®y,yincreases monotonically with Sliower=2a-(Ci/Co) . (4)

P, at a givenRy, this already implies that by decreasing For the actual values of the fit parameters see R2f]. It

Ci/Co the expansion ratio&ma/R, will grow, and thus must be noted, that the validity of this prediction must break

more extreme conditions are expected within bubbles at Iovﬁown at higher values o, /C,. in the parameter region of
i 0>

dissolved air concentrations, if the corresponding states A& <table SL. For instance @ /C,=0.5 the light emitting

23:\/;?5\12?: gbgintehdebor?;; cf{fhesgapfoégiti?'gtr'g;n;hes%ubble follows the path of the parametric instability curve
y 9 bp " rather than the stable diffusive equilibrium curve with

9], which is basically to calculate weighted averages over . .
Ehl acoustic period. y 9 9 c, 1cM=0.005, [see Fig. 1a) in Ref.[7]].

T B. Fitting technique
f R(1)*Pg(R(1))dt
0

The new fitting technique to obtain the parameters of the
T : 1) bubble dynamics such #%,, R, is based on the information
Péf R(t)dt provided by the timing of the flashes in the acoustic period
0 and the following assumptiongl) The dynamics of the
HereP, is the uniform gas pressure inside the bubble, giverpubble is well described by the RP equation, which is the
by the van der Waals equation of state, modified to includéame assumption as the Mie-scattering technique relies upon

C/Ic{V=

the effects of surface tensian and of vapor pressur@v, [17] (2) In stable SL phase the bubble follows the path of
the stable diffusive equilibriungSDE) curves calculated for
20 (Rg—a3)7 the inert gas concentrations. This later assumption is the di-
Pg(R(1))=| Po+ Ry Pu)my (20 rect consequence of the dissociation hypothesis, which has

been confirmed experimentally by several authors using dif-
andR(t) is a solution to the Rayleigh—Plesg®P) equation ~ ferent approachefl1-13. To describe the timing of the
[23], which governs the radius of the bubble flashes we use the dimensionless quaritityt¢ /T, wheret;
is the elapsed time between the beginning of the acoustic
period (T) and the arrival of the flash. Since the light emis-
sion occurs at the instant of the minimum radius in each
] acoustic cycle, this fact can be used to obtainumerically

d R 20 at given values of the parametd&tg andP,. We solved Eqgs.
+ m a[Pg(R(t))_ Pf(t)]_‘h’ﬁ_ PW_R’ (3), (2), and(1) for a wide range oRy andP, and from the

numericalR(t) data extracted, C; /C’g', andR,,, for each

) pair of the parameteB, andR,. As can be seen in Fig. 3 a
whereP;=— P, sin(wt) is the forcing pressure with angular pair of parametersRy,P,) uniquely determines a value of
frequencyw, P} is the standard atmospheric pressitgjs &, and vica versa, ifP, and ¢ is specified it determines
the ambient pressure valid during the measuremeats, uniquely theR,. According to assumptioii2) Ci/CQ is a
=R,/8.86 is the hard core van der Waals radius for argongonstant of the motion, thus by making contour plots in the
andv is the ratio of specific heats for the gas. The rest of thd P, ,¢,C; /CQ) space at the experimentally known argon
parameters appearing in the formulas age the speed of concentrations one can obtain curves B, (£) space that
sound,p,, the density, and’ the kinematic viscosity of wa- are one-to-one representations of the SDE curves. This rep-
ter. The material constants and the vapor pressure were cheesentation allows direct comparison with the experimental
sen to match the tabular values valid at the measured watelata, since we have the relations
temperaturgésee Ref[22] for their temperature dependence
In most of the acoustic period the gas can be considered Pa=A-Upy, €=&mtB, ®)
isothermic[25], thus in our calculations we used= 1.

.3, 1
RR+ SR=——[Pg(R() ~Py(1) =Pyt P, ]

where the suffix ‘m” stands for a measured valug,, is

the monitored voltage amplitude on the PZT transmittérs,

is the coefficient of proportionality, anB accounts for a
The figures of experimental data in Refg,14,17 indi- possible phase shift between the monitored electric signal

cate that the onset of light emissidat least within experi- and the resulting acoustic pressure in the water. Parareter

mental uncertaintyis linked to values o, andR, which  was fitted individually for each set of experimental déaib-

correspond to the metastable points of the diffusive equilibtained at the sam€;/C,), because during refilling proce-

A. Empirical formula for the lower SL threshold
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0.7 TABLE I. The parameters of the fih and B for sets of data
measured at different dissolved air concentrations.
065 cicd B A (A A-(A) (A-(A))
(bar/V)  (bar/V)  (bar/V) (bar/V)
0.6
0.0002 2.62 0.1104
0.0005 2.47 —0.0396
» 055 0.001 0303 2525 25096 00154  0.05048
0.0015 2.51 0.0004
05 0.002 2.423 —0.0866
0.45 cillations of the bubble are possibly no longer spherically
symmetric. This would result in an increased surface and
0.4 thus an excess inward gas transfer, so in order to be in dif-
12 13 14 15 16 17 18 fusive equilibrium with the surrounding water the bubble has

P, (bar) to have smaller effectiv®®, (and thus a smalle£) at the
sameP, . The fit parameters are summarized in Table |. For
the relative variance oA the table gives a value around 2%,
indicating that indeed th® value of the resonator changed
slightly when the water was replaced between the measure-
ments. This sensitivity of the resonator is also confirmed by
i the observation that if one pushed slightly on the aluminum
dures t_hEQ value of the resonator could slightly change_. Theplates or the glass cylinder by hand, a perturbation in the
other fit parameteB was assumed to be the same in alljjght intensity could be observed. Despite this sensitivity the
measurements, since the origin of the phase shift was elegy yajue of the unperturbed resonator can be safely consid-
tronic, which does not depend on tievalue of the resona- ored as constant.
tor. Figure 4 shows that by using this approach the experi- Gjyen the acoustic pressure andf an experimental data
mental data could be fit reasonably well to the numerlcallypoint from the above fit, the correspondifg parameter is
obtained SDE curves in theP(,£) plane. Near the upper niquely determined and can be easily looked up in the cal-
thresholds the experimental data seem to deviate systemafi|ated Ro.P, & C-/CQ R,.) data. SinceR, is also

. A - . 1har sVl shima . max
cally towards loweré, which is equivalent with a loweR, uniquely determined by a pair of the parametRgsand P,

(compare Fig. 4 and Fig.)3This deviation however is not (and thus also by andP,) it can be obtained in the same

surprising if one considers that near the destruction the O%ay asR,. Figure 5 shows the measured data in R, P.)
0' il a

plane. The errors iP, (not shown on the figujeare esti-

FIG. 3. The timing of the minimum radius in the acoustic cycle
as a function ofP, for different values ofR,. BetweenR,
=3 um and 9 um the increment is Am. The definition of¢ is
given in the text.

0.66 mated by multiplying the detection error of the monitored
S m PZT signal AU~ +0.005 V) by the corresponding fitting
064t E parameterd\. This gives errors iP, around 0.013 bar. The
062 ] 9 . . .
0.002 0.0015
06 F E 8EF 0001 ]
wp 7 F E
058 | ]
6 F 0.0005
056 ] ®
S E
054 E «
4 F 0.0002 -
052 F [/ 1 ak E
L d 1 1 1
1.3 1.4 15 16 1.7 2F + 3
P, (bar)
1 B . . . . .
. . . 1.3 1.3 1.4 1.4 1. 1. 1.6 1.6 7
FIG. 4. Experimental datesymbols fitted to the representations ° ° P, (b:,) % o

of the SDE curves in theg(P,) plane. From left to right the lines

correspond tcCi/CBN)=O.002, 0.0015, 0.001, 0.0005, 0.0002. The  FIG. 5. Experimental data and stable diffusive equilibrium
symbols are representing data measured at air concentrations cfirves withC; /CE)N)=O.01>< C;/Cy in the Ry, P, plane. The sym-
Ci/Cy=0.2 (pluse3, 0.15 (open boxeg 0.1 (crosseg 0.05 bols correspond to the measurement€atC,=0.2 (pluses, 0.15
(circles, 0.02(filled boxes. (open boxeg 0.1 (crossey 0.05(circles, 0.02(filled boxes.
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FIG. 6. Phase diagram of an &in the SL phase argorbubble P, (bar)
a

in the (P,,C;/C;) plane. The dotted lines connecting the averages
of data points are guides to the eye. The continuous line represents F|G. 7. Light intensity(relative to the maximum PMT signal at
the empirical equatioi@) for the lower SL threshold. C;/C,=0.2) as a function oP,, for different gas concentrations.
The symbols represent the same data as in Fig. 4.
error bars of the ambient radius for a given data point were
then obtained by collecting everi®, which were allowed quency we use@3.354 kHz vs 22.6 kHz the phase space
within the errors inP, and&,,, and finding among them the boundaries in our case expected to lie at slightly higher pres-
smallest and biggestA¢,,= +0.3 us/42.8 us==*=0.007). sure amplitudes, which is indeed the cadeor numerical
The errors inR,,, Were obtained in the same way, after calculations of phase diagrams in the,(,C;/C,) space as a
which the error ofR,,,«/ Ry could already be calculated in a function of acoustic frequency see Fig. 19 in the recent work
straightforward manner. We note that because of the uncenf Prosperetti and Hal®27], or Fig. 4 in Ref[28] of Hilgen-
tainties in the other experimental parameters the actual errofsldt and Lohség.Also good agreement is found between the
of these quantities might be slightly higher, thus our overallexperimental data of the lower SL threshold and &4,
estimate is+0.03 bar forP, and+ 1.5 um for the ambient implying that it could be used for a rough calibration be-
radius. tween the excitation signal and the resultiRg near the
The data points on Fig. 5 with the highd®t at a given  bubble.
C;/CN) define the onset of the hydrodynamic instability, ~The intensity of the emitted light normalized to the maxi-
which sets the upper threshold of SL. Hilgenfegdtal. in ~ mum obtained value &;/C,=0.2 is plotted as a function of
Ref. [9] calculated the phase diagram of SBSL Ry(P,) the driving pressure amplitude in Fig. 7. Within experimental
space, where they show that the accessible part of this pancertainty we find a linear dependence, the same qualitative
rameter space is bounded from above by long and short timéehavior as reported by several authésee Barber and
scale shape instabilities. A comparison of our Fig. 5 withPutterman in Ref[2], Gaitan and Holt in Ref[14]). An
their Fig. 5 yields good qualitative agreement, however theiinteresting feature of Fig. 7 is that the data taken at different
shape instability curves restrict the parameter region télegassing levels seem to have nearly the same slope. This is
smaller values ofR, and P, than we found. AtC;/C,  surprising if one considers that tfg and the corresponding
=0.2 our data gives an upper bound & at around Rmad/Ro parameters and their dependencePgridetermined
6—7um, the same value as measured by Holt and Gaitan iRy the SDE curves of Fig.)2are quite different for different
Ref.[7], and also in Ref[14]. values ofCi/Cf)N). Nevertheless these findings are consis-
tent with the recent measurements of Ketterling and Apfel
[29], who observed variations of the slope as a function of
degasing for krypton and xenon bubbles, but not in the case
Once the parameterB,, Ry, Ryax, and Ry./R, are  of helium, neon, or argon.
found for the experimental data, we can revisit our Fig. 1 and In further investigation of parametric dependence of the
present the resulting phase diagram in tRg (C;/C,) space light emission we checked the relative intensity divided by
(Fig. 6). (For the data at the two highest gas concentrationghe ambient volume of the bubble. This quantity is propor-
we used the average value of the fit paramétesince there tional to the average energy emitted by a gas atom in one
were no measurements done with the PMThe resulting flash. Its dependence on the expansion ratio is shown in Fig.
P, values for the unstable diffusive equilibriufr), lower 8. Confirming the results of Gaitan and Hpl¥4] we found a
(O) and upper &) SL thresholds are in good agreementPower-law dependence in an extended range of the expan-
with the data of Holt and Gaitafv], as can be compared at slon ratio,
Ci/Cy=0.2 and 0.5, and also with Refl4] at C;/C, 5 -
=0.14. Note that because of the slightly higher acoustic fre- rel/Rg~ (Rmax/Ro) ™™ (6)

V. PARAMETRIC DEPENDENCE
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et al. (99) in Ref.[3]. This prediction could be tested experi-
mentally by making spectral measurements at different levels
of degassing.

3 VI. CONCLUSION

We performed measurements of light emission and phase
diagrams of acoustically driven air bubbles, focusing on the
3 parameter region of strong degassing w@fyCy<0.2. A
new experimental technique has been developed to obtain
the parameters of the bubble dynami€s, (Ry,Rmax/Ro) In
the SL phase, which is based on the information provided by
the timing of the flashes in the acoustic period, and the fol-
lowing assumptions(1l) The dynamics of the bubble is well
described by the RP equatiof2) The light emitting bubbles

0.0001 ! follow the stable diffusive equilibrium curves calculated at
10 100 values ofC; /C, corresponding to the inert gas content. Us-

RmaxRo ing this fitting technique we presented phase diagrams in
o ) i ) (Ro,P,) and (P,,C;/Cy) planes, which are in good agree-

FIG. 8. Relative intensity normalized by the ambient volume Ofment with previous measurements, and consistent with re-
the bubble as a function of the expansion ratio for different 98%ent theoretical models. Our findings regarding the paramet-
concentrations. The symbols correspond to the measured data at ﬁi& dependence of the light emission can be summarized as
concentrations .OfCi/COZO'Z. (pluses, 0.15 (open boxes 0.1 follows. The maximum obtainable light intensitideter-
(crossek 0.05(circles, 0.02 filled boxes. mined by the SL upper threshgldé found to be~3-times

Although our best fit produced a smaller exponent, the big?!99€r at degassing to a partial pressure of 15 mmHg than at
errors in our data also allow for the value of 4.1, found by120 mmHg, a different qualitative behavior as found in pre-

Ref. [14]. Note that the data obtained at different levels Ofvious measurements of Hillet al. and Chowet al. The dif-

degassing lie on different, almost separate parts of the curvégrence of these results can partly be explained by the differ-

This indicates that the accessible conditions inside th%nces in the experimental apparatus and metsed Sec. Il

0.01 |

0.001 E

Relative intensity / Ro?‘ (arb. units)

bubble are strongly dependent on the degree of degassintp! detailS. As the main reason however we hypothesized
confirming the importance to control th@,/C, parameter. at th? Iocatlon of the extinction threshold in thé?({ Ro) ,
We would like to emphasize the importance of studying theSPce is not universal, but it can depend on specific experi-
parameter region of SBSL with strong degassing, becaus@ental c_ondltlons. We believe that in order to confirm or
our data suggest that the biggest expansion ratios and tfigfute this hypothesis further experimental and theoretical
most extreme internal conditions are attainable there. Not1vestigation is necessary, which would probe the sensitivity
that the expansion ratios shown in Fig. 8 are consistent witlf th?_ SL upper threshold to changes in the experlmental
previous measurements where the experimental conditiofOnditions. In agreement with the measurements of Gaitan
were similar to ours. Indeed the open squares of our dat§t & We also found a power-law dependence of the average
(C,/Co=0.15) lie in the same range between 10 and 15 ad1tensity of a gas atom on the expansion ratio. Our data
measured by Gaitan and Holt f@ /C,=0.14 [14]. For a suggest that the attama_ble conditions inside a SL bubble are
rough estimate of the internal temperatures let us approxi'—‘nore extreme at a partial pressure of 15 mmHg than at 150
mate the light emission with a blackbody radiation, in whichrnrm_'g'.-rhIS pqwgr-law de.pen.dence_ can also serve as a test
case the average energy emitted by an atom in one flash c&y SL light emission theories in a wide range of the param-

be expressed roughly asT*- 7, wherer is the duration of eter space.
the flash. Assuming equal durations the0-fold difference

in the data in Fig. 8 predicts that roughly twice as big tem-

peratures are attainable at a partial pressure of 15 mmHg The authors would like to thank Detlef Lohse, Thomas J.
than at 150 mmHg. This factor can be even higher if oneMatula, and Mogens T. Levinsen for valuable discussions,
takes into account that the flash durations tend to decreasend Andrea Prosperetti for providing us with some of his
with decreasing partial pressure, as it is clearly indicated byapers. This work was supported by the Hungarian National
the measurements of Gomeff al. (97) in Ref.[2] and Hiller = Research Foundation, OTKA under Grant No. F025840.
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