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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 pressure (Pa) and ambient radius (R0) 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 (R0 ,Pa) and (Pa , gas concentration! space, 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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I. INTRODUCTION

Single bubble sonoluminescence~SBSL! is a phenom-
enon where an acoustically levitated gas bubble emits
trashort flashes of light. Since its discovery@1# many aspects
of the phenomenon has been studied experimentally as
as theoretically, such as the duration@2#, the intensity and the
spectrum@3# of the light pulses and their dependence
experimental parameters@4,5#. Some of the most successf
light emission theories that are consistent with the exp
ments are given in Ref.@6#.

An acoustically driven bubble exhibit sonoluminescen
~SL! only in a limited part of the (Pa ,R0 ,Ci /C0) parameter
space@7#, wherePa is the acoustic pressure amplitude,R0 is
the ambient radius, andCi /C0 is the ratio of dissolved air
concentration set during water preparation to the equilibri
air concentration at room temperature and an ambient p
sure of 1 atm. The actual path of the bubble in t
(Pa ,R0 ,Ci /C0) parameter space is specified by rectified d
fusion @8# and shape instability thresholds@9#. Increasing the
excitation pressure from zero makes the bubble go thro
different phases whose boundaries depend on the abov
rameters. At the most commonly usedCi /C050.2 the gen-
eral picture is the following. At low excitation the radia
oscillations of the bubble are small, and nearly harmonic
this regime the net mass transfer of air due to diffusion
each acoustic cycle is directed from the bubble towards
liquid, thus the bubble eventually dissolves in the water.
higher acoustic pressures the above process reverses, w
results in the growth of the bubble. The bubble grows fro
cycle to cycle until it reaches the parametric shape instab
threshold@9#, then it breaks up and starts to grow again.
this phase the bubble seen to be ‘‘jittering’’ or ‘‘dancing.
On the boundary between these phases the bubble can
an unstable diffusive equilibrium, where the net mass tra
fer in and out of the bubble equals zero. At sufficiently lar
pressure amplitudes the content of the bubble changes d
chemical reactions, leading to the accumulation of
chemically inert argon inside@10# ~air contains about 1% o
1063-651X/2001/63~2!/026301~8!/$15.00 63 0263
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argon!. This process was termed as the ‘‘dissociation hypo
esis’’ and was later confirmed using several different exp
mental approaches@11–13#. In short the accumulation occur
because at high forcing the temperature of the gas will
high enough during the collapses, so that molecular co
pounds can dissociate, and form reaction products which
dissolve in the water. The process also leads to the existe
of a stable equilibrium phase~observed by many researche
@11,12#! where the growth by rectified diffusion is balance
by the loss of mass due to chemical reactions. At the up
end of this phase the bubble contains almost exclusively
argon, which is also reflected in the decreased value o
ambient radius@4#. When further increasing the excitation
the bubble starts to emit light until an upper threshold
reached, which leads to its destruction. During the sonolu
nescent phase the bubble is in a stable diffusive equilibr
and seems to be well described by Eller–Flynn theory@8#
using Ci /C0 values corresponding to the inert gas conce
trations @7,14,12#. Previous studies by Gaitan and Holt@7#
measured these phases in (Pa ,R0) parameter space at con
stantCi /C0 values of 0.2, 0.45, and 0.5. In this paper w
concentrate onCi /C0,0.2 @15#, but for comparison pur-
poses we also made measurements atCi /C050.2 and 0.5.
Our experimental setup did not allow the direct measu
ments ofPa andR0 , but in Sec. IV B we show that using th
direct consequences of the dissociation hypothesis it is p
sible to obtain these parameters for stable sonolumines
bubbles by measuring the timing of the flashes in the aco
tic period@16#. The standard way to obtain these paramet
is to use Mie scattering@17#, or direct imaging of the bubble
@18#.

II. EXPERIMENTAL APPARATUS AND MEASUREMENT
TECHNIQUES

In the measurements we used a sealed cylindrical res
tor in many aspects similar to the one described in Ref.@5#
~see their Fig. 4!. It consists of two circular aluminum plate
of thickness 1.5 mm, flat silicon O rings for sealing, ceram
©2001 The American Physical Society01-1
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piezoelectric PZT transmitters glued on the top and the b
tom of the plates, and a 1.5 mm thick pyrex glass cylind
The plates were pushed against the cylinder by mean
three screws. The bestQ value of the resonator was obtaine
if the screws were tightened just enough to avoid the leak
of water at theO rings. The water temperature was measu
by a thermocouple. Bubbles were created by letting an e
tric current run through a tiny tungsten wire, and thus b
the water locally. The current was made adjustable to cre
bubbles efficiently at any degree of degassing of the wa

The preparation of the water samples with a given
concentration were made at room temperature in a rese
connected to a pressure gauge and a vacuum pump and
resonator through a filling tube. To set a desired concen
tion first the partial pressure of air was reduced by pump
to a level calculated from Henry’s law, correcting for th
vapor pressure of water. After this the pump was detache
vacuum valves leaving the air–water system comple
closed. To accelerate the establishment of thermodyna
equilibrium between the two media the water was mixed
means of a magnetic stirrer. The process could be monito
by measuring the partial pressure of air, which showed sl
increase in the beginning due to the amount diffused
from the water and later saturated at a constant va
('5 mmHg higher than the preset value!, implying that the
air–water system reached thermodynamic equilibrium. E
though the equilibrium already established typically in le
than 20 minutes, altogether we stirred for 30 minutes in e
case. The dissolved air concentrations reported in this p
were calculated from the final values of the partial pressu
After the degassing process the reservoir was brought to
mospheric pressure, in order to be able to fill the reson
using gravity flow through the filling tube. The filling too
typically 2 minutes, during which some air might diffus
back into the water, however measurements with a digitalO2
concentration-meter revealed that within the 5% accurac
the O2 meter the concentration in the resonator matched
desired values@19#.

The experimental configuration consisted of a photom
tiplier tube~PMT! ~GAMMA Type:ND-319/G! to detect the
light emission and a 32 MHz digital oscilloscope~Velleman
PCS32! linked to a PC to record the timing and the amp
tude of the PMT signal and also of the monitored elec
signal of the PZT transmitters. The PMT has a built-in sig
shaping preamplifier circuit which transforms a fast inp
signal ~such as a SL flash! uniformly to a negative outpu
spike with 1 ms full width at half-maximum~FWHM!, so
the number of detected photons from a flash in the wa
length interval of 300–600 nm could be taken to be prop
tional to the amplitude of the output signal. The phase sp
boundaries were observed visually by back-lighting
bubble. Throughout the whole measurement we used
monitored electric signal on the piezo transmitters as a sig
which is proportional to the acoustic pressure amplitudePa .
The measurements were carried out at an excitation
quency of 23 354 Hz, a water temperature of 23.561 de-
grees, an ambient pressure of 102062 mbar, and at degas
sing to partial pressures of 15, 38, 76, 114, 152, 233,
mmHg. The correspondingCi /C0 parameters 0.02, 0.05, 0.1
02630
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0.15, 0.2, 0.31, 0.5 are calculated from the partial pressu
using Henry’s law:Ci /C05Pi /P0* , whereP0* is the stan-
dard 1 atm. At each degassing level for at least two runs
excitation was increased slowly from zero above the up
threshold of SL, and the electric signal amplitudes cor
sponding to the phase space boundaries were noted d
After this the SL phase was remeasured, where we reco
the output of the PMT and the monitored electric sign
except at the two highest partial pressures. We did not m
PMT measurements at 233 mmHg, and 382 mmHg, beca
the fluctuations in the intensity and in the timing of th
flashes were already too high in this parameter region, so
data could not be represented by snapshots of the PMT
nal. At lower partial pressures the precision was limited o
by the performance of the data acquisition software supp
with the digital scope to60.3 ms for the detection of the
timing of the flashes and to60.005 V for the monitored
electric signal. The intensity fluctuations are estimated to
less then 10%.

III. EXPERIMENTAL RESULTS INDEPENDENT OF THE
FITTING TECHNIQUE

Some qualitative features and trends of the bubble’s
sponse can already be recognized from Fig. 1, which sh
the raw experimental data before the application of the fitt
technique. Here the ordinate shows the monitored elec
signal of the PZT transmitters. Multiplied by 1000 this giv
the true voltage amplitudes which were necessary to sub
onto the PZT transmitters in order to excite the correspo
ing states of the bubble. The lowest set of symbols~1! rep-
resent the line of diffusive equilibrium which was found
be unstable forCi /C0>0.1. At excitation amplitudes below
this line the bubbles were observed to dissolve, above i
grow and exhibit ‘‘dancing’’ motion. We note that th
‘‘dancing’’ motion was more prominent at high air conce
trations, while at the two lowest partial pressures it was h
to tell by eye if the bubble was ‘‘jittering’’ at all or it was
stable. The other two sets of symbols are the lower (s) and
upper (3) thresholds of the light emission. The figure show
that the size of the region where the bubble grows tend
decrease towards low partial pressures, while the size of
sonoluminescent phase increases. Below the lower
threshold we also observed the stable non-light-emit
phase, but the excitation amplitudes corresponding to
phase space boundary were not noted down, because
transition from ‘‘jittering’’ to stable behavior was not shar
enough for the eye to clearly identify an exact thresho
Another difference in the bubble’s response at the two low
partial pressures is that sometimes the bubbles observe
disappear completely before reaching the SL phase and
in these cases the lower SL threshold could be identified o
by creating a new bubble in the SL phase and subseque
decreasing the excitation until the light emission~and also
the bubble! disappeared. At partial pressure of 385 mmH
(Ci /C050.5) in agreement with Ref.@7# the ‘‘jittering’’ was
observed also in the SL phase, indicating unstable sonolu
nescence.

The maximum detected light intensity~at a given gas con-
centration! is also found to increase monotonically with low
1-2
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FIG. 1. Raw experimental data for excitatio
amplitudes of phase space boundaries as a fu
tion of partial pressure overhead of air above w
ter. The inset shows the maximum obtained lig
intensity at each partial pressure normalized
the value obtained at 150 mmHg. These ma
mum values correspond to bubbles which pe
ished in less than 5 seconds.
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ering the air concentration down to 15 mmHg~see the inset
of Fig. 1!. This result seems to disagree with the previo
measurements of Hilleret al. @20# using 1% argon in nitro-
gen mixtures, and Chowet al. @21# using 1% argon in oxy-
gen mixtures. For comparison see Figs. 23 and 24 in Ref@5#
or the original references. Their data indicate that the ma
mum obtainable light intensity has a peak at about 130
100 mmHg, respectively, and decreases by an order of m
nitude as the gas concentration approaches zero. Since
these measurements used 1% argon, and in SL phase
cording to Refs.@10–12#, only the inert gas content which i
relevant, one would expect an agreement if all the other
perimental conditions are the same. However, there are
eral differences which make a direct comparison difficult.
the data of Hilleret al. the maximum light intensity corre
sponds to a value which was stable for more than a min
~see the caption of Fig. 2 in Ref.@20#!, while in our case we
defined the maximum as the value at which the bubble p
ished in less than 5 seconds. This later definition allows
higher excitation and thus higher light intensities before
destruction of the bubble. Another difference is that Hil
et al. used a resonator with acrylic walls, which passes li
wavelengths longer than 380 nm, while the ultraviolet cut
of our glass cylinder is about 300 nm@22#. Since in the
spectrum of a SL flash the intensity increases strongly
wards the 200 nm cutoff of water@3#, this again results in
different PMT signals even at otherwise identical conditio
The discrepancy due to this fact is expected to be bigge
low gas concentrations, where the bubble dynamics is c
acterized by higher expansion ratios, and lower ambient
dius values, which would likely result in higher internal tem
peratures and more ultraviolet spectra. Finally the location
the extinction threshold in the (Pa ,R0) parameter space
which determines the maximum intensities is likely not u
versal, but may be sensitive to the actual experimental c
ditions. These can include the ambient pressure, tempera
changes in the material properties of the liquid due to im
rities, or the geometry and acoustic properties of the reso
tor. As a physical mechanism where even these two
02630
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mentioned properties can play a role one can think of
influence of the shockwave refocused from the resona
walls, launched by the bubble at the collapse@24#. As yet it
is unclear which of the above-mentioned possibilities are
dominant ones to explain the difference between these
sults, thus our conclusion on this point is that for a satisf
tory explanation further theoretical and experimental inv
tigation is necessary.

IV. NUMERICAL RESULTS

Figure 2 shows numerically calculated diffusive equili
rium curves for values ofCi /C0

(N) that are 1% of those se
during the water preparations. By this we take into acco

FIG. 2. Numerically calculated diffusive equilibrium curves fo
Ci /C0

(N) values corresponding to the inert gas content. The cho
of Ci /C0

(N)50.013Ci /C0 takes into account that a stable ligh
emitting air bubble contains only argon. From left to right th
curves correspond toCi /C0

(N) values of 0.005, 0.0031, 0.002
0.0015, 0.001, 0.0005, and 0.0002.
1-3
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that in stable SL phase the bubble contains only argon.
superscript ‘‘N’’ distinguishes numerically calculated dimen
sionless concentrations from those set during the w
preparation. The part of the curves with positive~negative!
slope represent stable~unstable! diffusive equilibria. Note
that the meta-stable points~the part of the curves with infi-
nite slope! tend to be shifted towards higherPa and lowerR0
values, and the stable parts of the curves get steepe
Ci /C0

(N) decreases. SinceRmax increases monotonically with
Pa at a givenR0 , this already implies that by decreasin
Ci /C0 the expansion ratiosRmax/R0 will grow, and thus
more extreme conditions are expected within bubbles at
dissolved air concentrations, if the corresponding states
not forbidden by the onset of shape instabilities. The
curves were obtained by using the approach of Brenneret al.
@9#, which is basically to calculate weighted averages o
the acoustic period:

Ci /C0
(N)5

E
0

T

R~ t !4Pg„R~ t !…dt

P0* E
0

T

R~ t !4dt

. ~1!

HerePg is the uniform gas pressure inside the bubble, giv
by the van der Waals equation of state, modified to inclu
the effects of surface tensions and of vapor pressurePv ,

Pg„R~ t !…5S P01
2s

R0
2PvD ~R0

32a3!g

„R~ t !32a3
…

g
, ~2!

andR(t) is a solution to the Rayleigh–Plesset~RP! equation
@23#, which governs the radius of the bubble

RR̈1
3

2
Ṙ25

1

rw
@Pg„R~ t !…2Pf~ t !2P01Pv#

1
R

rwcw

d

dt
@Pg„R~ t !…2Pf~ t !#24n

Ṙ

R
2

2s

rwR
,

~3!

wherePf52Pa sin(vt) is the forcing pressure with angula
frequencyv, P0* is the standard atmospheric pressure,P0 is
the ambient pressure valid during the measurementsa
5R0/8.86 is the hard core van der Waals radius for arg
andg is the ratio of specific heats for the gas. The rest of
parameters appearing in the formulas arecw , the speed of
sound,rw the density, andn the kinematic viscosity of wa-
ter. The material constants and the vapor pressure were
sen to match the tabular values valid at the measured w
temperature~see Ref.@22# for their temperature dependence!.
In most of the acoustic period the gas can be conside
isothermic@25#, thus in our calculations we usedg51.

A. Empirical formula for the lower SL threshold

The figures of experimental data in Refs.@7,14,12# indi-
cate that the onset of light emission~at least within experi-
mental uncertainty! is linked to values ofPa andR0 which
correspond to the metastable points of the diffusive equi
02630
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rium curves calculated for argon concentrations. The m
surements in these references were made at air conce
tions of Ci /C050.2, 0.14, and 0.1. Assuming that th
behavior holds for any 0<Ci /C0<0.2 one can give an em
pirical formula for the gas concentration dependence of
lower SL threshold by connecting the meta-stable points
Fig. 2. We found the best fit to the numeric data in the fo

SLlower5a•~Ci /C0!2b. ~4!

For the actual values of the fit parameters see Ref.@26#. It
must be noted, that the validity of this prediction must bre
down at higher values ofCi /C0 , in the parameter region o
unstable SL. For instance atCi /C050.5 the light emitting
bubble follows the path of the parametric instability cur
rather than the stable diffusive equilibrium curve wi
Ci /C0

(N)50.005, @see Fig. 1~a! in Ref. @7##.

B. Fitting technique

The new fitting technique to obtain the parameters of
bubble dynamics such asPa , R0 is based on the information
provided by the timing of the flashes in the acoustic per
and the following assumptions:~1! The dynamics of the
bubble is well described by the RP equation, which is
same assumption as the Mie-scattering technique relies u
@17#. ~2! In stable SL phase the bubble follows the path
the stable diffusive equilibrium~SDE! curves calculated for
the inert gas concentrations. This later assumption is the
rect consequence of the dissociation hypothesis, which
been confirmed experimentally by several authors using
ferent approaches@11–13#. To describe the timing of the
flashes we use the dimensionless quantityj5t f /T, wheret f
is the elapsed time between the beginning of the acou
period (T) and the arrival of the flash. Since the light emi
sion occurs at the instant of the minimum radius in ea
acoustic cycle, this fact can be used to obtainj numerically
at given values of the parametersR0 andPa . We solved Eqs.
~3!, ~2!, and~1! for a wide range ofR0 andPa and from the
numericalR(t) data extractedj, Ci /C0

N , andRmax for each
pair of the parametersPa andR0 . As can be seen in Fig. 3
pair of parameters (R0 ,Pa) uniquely determines a value o
j, and vica versa, ifPa and j is specified it determines
uniquely theR0 . According to assumption~2! Ci /C0

N is a
constant of the motion, thus by making contour plots in t
(Pa ,j,Ci /C0

N) space at the experimentally known argo
concentrations one can obtain curves in (Pa ,j) space that
are one-to-one representations of the SDE curves. This
resentation allows direct comparison with the experimen
data, since we have the relations

Pa5A•Upzt, j5jm1B, ~5!

where the suffix ‘‘m’’ stands for a measured value,Upzt is
the monitored voltage amplitude on the PZT transmittersA
is the coefficient of proportionality, andB accounts for a
possible phase shift between the monitored electric sig
and the resulting acoustic pressure in the water. ParameA
was fitted individually for each set of experimental data~ob-
tained at the sameCi /C0), because during refilling proce
1-4
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dures theQ value of the resonator could slightly change. T
other fit parameterB was assumed to be the same in
measurements, since the origin of the phase shift was e
tronic, which does not depend on theQ value of the resona
tor. Figure 4 shows that by using this approach the exp
mental data could be fit reasonably well to the numerica
obtained SDE curves in the (Pa ,j) plane. Near the uppe
thresholds the experimental data seem to deviate system
cally towards lowerj, which is equivalent with a lowerR0
~compare Fig. 4 and Fig. 3!. This deviation however is no
surprising if one considers that near the destruction the

FIG. 3. The timing of the minimum radius in the acoustic cyc
as a function ofPa for different values ofR0 . Between R0

53 mm and 9 mm the increment is 1mm. The definition ofj is
given in the text.

FIG. 4. Experimental data~symbols! fitted to the representation
of the SDE curves in the (j,Pa) plane. From left to right the lines
correspond toCi /C0

(N)50.002, 0.0015, 0.001, 0.0005, 0.0002. T
symbols are representing data measured at air concentration
Ci /C050.2 ~pluses!, 0.15 ~open boxes!, 0.1 ~crosses!, 0.05
~circles!, 0.02 ~filled boxes!.
02630
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cillations of the bubble are possibly no longer spherica
symmetric. This would result in an increased surface a
thus an excess inward gas transfer, so in order to be in
fusive equilibrium with the surrounding water the bubble h
to have smaller effectiveR0 ~and thus a smallerj) at the
samePa . The fit parameters are summarized in Table I. F
the relative variance ofA the table gives a value around 2%
indicating that indeed theQ value of the resonator change
slightly when the water was replaced between the meas
ments. This sensitivity of the resonator is also confirmed
the observation that if one pushed slightly on the alumin
plates or the glass cylinder by hand, a perturbation in
light intensity could be observed. Despite this sensitivity t
Q value of the unperturbed resonator can be safely con
ered as constant.

Given the acoustic pressure andj of an experimental data
point from the above fit, the correspondingR0 parameter is
uniquely determined and can be easily looked up in the
culated (R0 ,Pa ,j,Ci /C0

N ,Rmax) data. SinceRmax is also
uniquely determined by a pair of the parametersR0 and Pa
~and thus also byj and Pa) it can be obtained in the sam
way asR0 . Figure 5 shows the measured data in the (R0 ,Pa)
plane. The errors inPa ~not shown on the figure! are esti-
mated by multiplying the detection error of the monitor
PZT signal (DUpzt'60.005 V) by the corresponding fitting
parametersA. This gives errors inPa around 0.013 bar. The

TABLE I. The parameters of the fitA and B for sets of data
measured at different dissolved air concentrations.

Ci /C0
(N) B A ^A& A2^A& ^uA2^A&u&

~bar/V! ~bar/V! ~bar/V! ~bar/V!

0.0002 2.62 0.1104
0.0005 2.47 20.0396
0.001 0.303 2.525 2.5096 0.0154 0.050 48
0.0015 2.51 0.0004
0.002 2.423 20.0866

of
FIG. 5. Experimental data and stable diffusive equilibriu

curves withCi /C0
(N)50.013Ci /C0 in the R0 ,Pa plane. The sym-

bols correspond to the measurements atCi /C050.2 ~pluses!, 0.15
~open boxes!, 0.1 ~crosses!, 0.05 ~circles!, 0.02 ~filled boxes!.
1-5
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error bars of the ambient radius for a given data point w
then obtained by collecting everyR0 which were allowed
within the errors inPa andjm , and finding among them th
smallest and biggest. (Djm560.3 ms/42.8 ms560.007).
The errors inRmax were obtained in the same way, aft
which the error ofRmax/R0 could already be calculated in
straightforward manner. We note that because of the un
tainties in the other experimental parameters the actual e
of these quantities might be slightly higher, thus our ove
estimate is60.03 bar forPa and61.5 mm for the ambient
radius.

The data points on Fig. 5 with the highestPa at a given
Ci /C0

(N) define the onset of the hydrodynamic instabilit
which sets the upper threshold of SL. Hilgenfeldtet al. in
Ref. @9# calculated the phase diagram of SBSL in (R0 ,Pa)
space, where they show that the accessible part of this
rameter space is bounded from above by long and short t
scale shape instabilities. A comparison of our Fig. 5 w
their Fig. 5 yields good qualitative agreement, however th
shape instability curves restrict the parameter region
smaller values ofR0 and Pa than we found. AtCi /C0
50.2 our data gives an upper bound onR0 at around
6 –7mm, the same value as measured by Holt and Gaita
Ref. @7#, and also in Ref.@14#.

V. PARAMETRIC DEPENDENCE

Once the parametersPa , R0 , Rmax, and Rmax/R0 are
found for the experimental data, we can revisit our Fig. 1 a
present the resulting phase diagram in the (Pa ,Ci /C0) space
~Fig. 6!. ~For the data at the two highest gas concentrati
we used the average value of the fit parameterA, since there
were no measurements done with the PMT.! The resulting
Pa values for the unstable diffusive equilibrium~1!, lower
(s) and upper (3) SL thresholds are in good agreeme
with the data of Holt and Gaitan@7#, as can be compared a
Ci /C050.2 and 0.5, and also with Ref.@14# at Ci /C0
50.14. Note that because of the slightly higher acoustic

FIG. 6. Phase diagram of an air~in the SL phase argon! bubble
in the (Pa ,Ci /C0) plane. The dotted lines connecting the averag
of data points are guides to the eye. The continuous line repres
the empirical equation~4! for the lower SL threshold.
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quency we used~23.354 kHz vs 22.6 kHz!, the phase space
boundaries in our case expected to lie at slightly higher p
sure amplitudes, which is indeed the case.@For numerical
calculations of phase diagrams in the (Pa ,Ci /C0) space as a
function of acoustic frequency see Fig. 19 in the recent w
of Prosperetti and Hao@27#, or Fig. 4 in Ref.@28# of Hilgen-
feldt and Lohse.# Also good agreement is found between t
experimental data of the lower SL threshold and Eq.~4!,
implying that it could be used for a rough calibration b
tween the excitation signal and the resultingPa near the
bubble.

The intensity of the emitted light normalized to the max
mum obtained value atCi /C050.2 is plotted as a function o
the driving pressure amplitude in Fig. 7. Within experimen
uncertainty we find a linear dependence, the same qualita
behavior as reported by several authors~see Barber and
Putterman in Ref.@2#, Gaitan and Holt in Ref.@14#!. An
interesting feature of Fig. 7 is that the data taken at differ
degassing levels seem to have nearly the same slope. Th
surprising if one considers that theR0 and the corresponding
Rmax/R0 parameters and their dependence onPa ~determined
by the SDE curves of Fig. 2! are quite different for different
values ofCi /C0

(N) . Nevertheless these findings are cons
tent with the recent measurements of Ketterling and Ap
@29#, who observed variations of the slope as a function
degasing for krypton and xenon bubbles, but not in the c
of helium, neon, or argon.

In further investigation of parametric dependence of
light emission we checked the relative intensity divided
the ambient volume of the bubble. This quantity is prop
tional to the average energy emitted by a gas atom in
flash. Its dependence on the expansion ratio is shown in
8. Confirming the results of Gaitan and Holt@14# we found a
power-law dependence in an extended range of the ex
sion ratio,

I rel /R0
3;~Rmax/R0!3.44. ~6!

s
nts FIG. 7. Light intensity~relative to the maximum PMT signal a
Ci /C050.2) as a function ofPa , for different gas concentrations
The symbols represent the same data as in Fig. 4.
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Although our best fit produced a smaller exponent, the
errors in our data also allow for the value of 4.1, found
Ref. @14#. Note that the data obtained at different levels
degassing lie on different, almost separate parts of the cu
This indicates that the accessible conditions inside
bubble are strongly dependent on the degree of degas
confirming the importance to control theCi /C0 parameter.
We would like to emphasize the importance of studying
parameter region of SBSL with strong degassing, beca
our data suggest that the biggest expansion ratios and
most extreme internal conditions are attainable there. N
that the expansion ratios shown in Fig. 8 are consistent w
previous measurements where the experimental condit
were similar to ours. Indeed the open squares of our d
(Ci /C050.15) lie in the same range between 10 and 15
measured by Gaitan and Holt forCi /C050.14 @14#. For a
rough estimate of the internal temperatures let us appr
mate the light emission with a blackbody radiation, in whi
case the average energy emitted by an atom in one flash
be expressed roughly as;T4

•t, wheret is the duration of
the flash. Assuming equal durations the;20-fold difference
in the data in Fig. 8 predicts that roughly twice as big te
peratures are attainable at a partial pressure of 15 mm
than at 150 mmHg. This factor can be even higher if o
takes into account that the flash durations tend to decr
with decreasing partial pressure, as it is clearly indicated
the measurements of Gompfet al. ~97! in Ref. @2# and Hiller

FIG. 8. Relative intensity normalized by the ambient volume
the bubble as a function of the expansion ratio for different
concentrations. The symbols correspond to the measured data
concentrations ofCi /C050.2 ~pluses!, 0.15 ~open boxes!, 0.1
~crosses!, 0.05 ~circles!, 0.02 ~filled boxes!.
.
-

.
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et al. ~98! in Ref. @3#. This prediction could be tested exper
mentally by making spectral measurements at different lev
of degassing.

VI. CONCLUSION

We performed measurements of light emission and ph
diagrams of acoustically driven air bubbles, focusing on
parameter region of strong degassing withCi /C0<0.2. A
new experimental technique has been developed to ob
the parameters of the bubble dynamics (Pa ,R0 ,Rmax/R0) in
the SL phase, which is based on the information provided
the timing of the flashes in the acoustic period, and the
lowing assumptions:~1! The dynamics of the bubble is we
described by the RP equation.~2! The light emitting bubbles
follow the stable diffusive equilibrium curves calculated
values ofCi /C0 corresponding to the inert gas content. U
ing this fitting technique we presented phase diagrams
(R0 ,Pa) and (Pa ,Ci /C0) planes, which are in good agree
ment with previous measurements, and consistent with
cent theoretical models. Our findings regarding the param
ric dependence of the light emission can be summarized
follows. The maximum obtainable light intensity~deter-
mined by the SL upper threshold! is found to be;3-times
bigger at degassing to a partial pressure of 15 mmHg tha
150 mmHg, a different qualitative behavior as found in p
vious measurements of Hilleret al. and Chowet al. The dif-
ference of these results can partly be explained by the dif
ences in the experimental apparatus and method~see Sec. III
for details!. As the main reason however we hypothesiz
that the location of the extinction threshold in the (Pa ,R0)
space is not universal, but it can depend on specific exp
mental conditions. We believe that in order to confirm
refute this hypothesis further experimental and theoret
investigation is necessary, which would probe the sensitiv
of the SL upper threshold to changes in the experime
conditions. In agreement with the measurements of Ga
et al. we also found a power-law dependence of the aver
intensity of a gas atom on the expansion ratio. Our d
suggest that the attainable conditions inside a SL bubble
more extreme at a partial pressure of 15 mmHg than at
mmHg. This power-law dependence can also serve as a
for SL light emission theories in a wide range of the para
eter space.
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G. SIMON, I. CSABAI, Á. HORVÁTH, AND F. SZALAI PHYSICAL REVIEW E 63 026301
69, 1182 ~1992!; R. A. Hiller, S. J. Putterman, and K. R
Weninger,ibid. 80, 1090~1998!.

@4# B. P. Barber, C. C. Wu, R. Lo¨fstedt, P. H. Roberts, and S.
Putterman, Phys. Rev. Lett.72, 1380~1994!.

@5# B. P. Barberet al., Phys. Rep.281, 65 ~1997!.
@6# L. Yuan, H. Y. Cheng, M.-C. Chu, and P. T. Leung, Phy

Fluids 57, 4265 ~1998!; W. C. Mosset al., Phys. Rev. E59,
2986 ~1999!; K. Yasui, Phys. Fluids60, 1754 ~1999!; S.
Hilgenfeldt, S. Grossmann, and D. Lohse,ibid. 11, 1318
~1999!.

@7# R. G. Holt and D. F. Gaitan, Phys. Rev. Lett.77, 3791~1996!.
@8# A. Eller and H. G. Flynn, J. Acous. Soc. Am.37, 493 ~1965!;

M. M. Fyrillas and A. J. Szeri, J. Fluid Mech.277, 381~1994!;
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