Inert gas accumulation in sonoluminescing bubbles
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In this paper we elaborate on the iddéahseet al, Phys. Rev. Lett78, 1359-13621997] that

(single sonoluminescing air bubbles rectify argon. The reason for the rectification is that nitrogen
and oxygen dissociate and their reaction products dissolve in water. We give further experimental
and theoretical evidence and extend the theory to other gas mixtures. We show that in the absence
of chemical reactionge.g., for inert gas mixturggas accumulation in strongly acoustically driven
bubbles can also occur. @997 American Institute of Physid$$0021-960807)51241-4

I. INTRODUCTION crobubble could be visualizéd The second type of SBSL is

) stableSBSL, distinguished by a constant phase and intensity
SonoluminescenceSL) has long been known to be Very ot the |ight pulses, repeating for hours with remarkable
sensitive to the gas uséd® This effect is even more pro- 8,9,27

) ) precision?
nounced for single bubble sonoluminesce(®BSL), a phe- In Ref. 18 we calculateghase diagramsf SL bubbles
nomenon in which a single gas bubble is driven by a stron

o ) ! 9 the ambient radius vs forcing pressure and gas pressure vs
acoustic field and can emit short light pulses for hdfts.

; ° 1 forcing pressure phase spaces. These diagrams are based on
Detailed experiments by the Putterman group at UELA Rayleigh—Plesset equation for the bubble ra@(, a

revealed that inert gas as part of the operating gas is essemijar type of approximation for shape distortions, and the
tial. In Figure '1 we show the expgrlmental SL intensity from o4y ection diffusion equation. We call this approach the
a SL bubble in water as a function of the percentggef Rayleigh-Plesset SL bubble approacBhape stabilities and
noble gas mixed with nitrogen, taken from Ref. 11. Pureyit,sional stabilities are considered. The phase diagrams
nitrogen bubbles show hardly any SL emission; the Opt'm”"huantitatively agree with Barbeet al’s'® and Ldstedt

is around¢; = 0.01=1%, i.e., the amount of argon contained ; 4/:515 experiments for argofand other inert gasubbles,

inair. _ but not for air bubbles.
Besides the noble gas percentdgéhe other experimen- For argon bubbles stable SBSL is only possible in a

taIIy_ controllable parameters in SBSL_experimenf[s are thema)l window of tiny gas concentration, see Figure 2 which
forcing pressure amplitude, of the forcing sound field is calculated for a water temperature of 20°C, as all calcula-
P(t)=P, coswt, (1) tions doni in this paper. FdP,= 1:3 atm this window is
betweenp’'/P,=0.002 and 0.004 in very good agreement
the total gas pressure overhgad, and the ambient pressure with Lofstedtet al’s experimental data. Repeating the calcu-
Py, which is normally 1 atm. The frequeney/27 which is  lation of such phase diagrams for air bubbles essentially
in a range between 20 kHz and 40 kHz is fixed as it has to bgives the same result, however, experimentally stable SBSL
adopted to the size of the resonatd€rum cell,” ). Note in air bubbles is found at about one hundred times larger gas
that the ambient radiuR, of the bubble(i.e., the bubble pressure overhedd*?? This discrepancy between air and
radius at ambient standard conditioRg=1 atm and at the argon bubbles was first pointed out byfstedtet al,*® who
temperature of the watelis not a free parameter, but the hypothesized an “as yet unidentified mass ejection mecha-
system adjustR, itself by diffusional processes. nism” in air bubbles which “is the key to SL in a single
There are two types of SBSL: stable and unstablebubble.”
SBSL18 |n unstable SBSL the phase of light emission
(measured relative to the phase of the forcing sound)field
drifts on a diffusional time scale of seconds, interrupted by”' AIR BUBBLES VS ARGON BUBBLES
sudden breakdowns. The same is true for the maximal |n Refs. 28 and 29 we have suggested that this mecha-
bubble size per cycle and for the light intensity. An examplenjsm is chemical The occurrence of chemical reactions has
for the bubble dynamics and light intensity for unstablein fact led to the discovery of multibubble sonoluminescence
SBSL is shown in Figure 6 of Ref. 15. In Ref. 18 we quan-(MBSL)?~>3°-32 Frenzel and Schultésvere stimulated to
titatively accounted for unstable SBSL as light emissionjook for luminescence as the formation of hydrogen peroxide
from a bubble growing by rectified diffusion®>'®**and  in aqueous fluids subjected to sound that had been observed
thereby running into a shape instabifitf?>=2> where it  pefore. Later, Schultes and Ghfound that also nitric and
pinches off a microbubble and starts over. The pinch offhitrous acids were produced. The reason is that the high tem-
leads to arecoil of the bubble which makes it appear “jig- peratures generated by the bubble collapse are beyond the
gling” or “dancing”. ®"** Meanwhile, the pinched off mi- dissociation temperature of oxygen and nitrogen
(=9000 K%, leading to the formation of O and N radicals

3Electronic mail: lohse@stat.physik.uni-marburg.de which react with the H and O radicals formed from the dis-
YElectronic mail: hilgenfeldt@stat.physik.uni-marburg.de sociation of water vapor. Rearrangement of the radicals will
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pletely filled with argon. This argon rectification happens in
SBSL but not in MBSL because it requires long time bubble
stability.

This argument immediately suggests that thartial
pressure of argon

pér: glpoc (2)

determines bubble stabilityjot the total pressure,, . In-
A—aAHe deed, if we include Holt and Gaitan’s experimental data for
] air bubble$? on inert gas-nitrogen mixtures arahly con-
s . ) sider the inert gas partial pressuras the relevant quantity
10 10 10 for diffusive stability, excellent agreement with the theoreti-
Percentage of noble gas in N, cal phase diagrant$is found.
The phase diagram shows that Bg=1.3 atm argon

FIG. 1. SL intensity(normalized to air from a SL bubble in water as a . Ar
function of the percentagenole fraction of noble gas mixed with nitrogen. bubbles exist between 0.083../P,<0.004. Forpure ar-

The gas mixture was dissolved in water at a pressure head of 150 mm HgON dissolved in WatefpérZ p... For air bubbles, however,
i.e.,p../Pg~0.2. The data are taken from Figure 1 of Hillgral. (Ref. 1. the partial pressure of argon is Ol’ﬂaﬁr=0.01pw which re-
quires 0.2 p,,/Py<0.4 for stable SL with “air” bubbles, in
good agreement with experiment. Since this amount of de-
lead to the formation of NO, OH, and NH, which eventually gassing is easily achieved, air with its 1% argon is a particu-
dissolve in water to form KO,, HNO,, and HNQ, among larly friendly gas for SL experiments. The theory suggests
other products. that for an argon ratio of ~0.0033 atP,=1.3 atm there is
Based on fits of SBSL spectf&® and hydrodynamic stable SL between 0s6p../P,<1.2, so that degassing is not
calculations:*3® it is assumed that internal bubble tempera-required. Also, the window of stability is even wider than for
tures in SBSL are even higher than in MBSL. Therefore, theair. The major problem in experimentally achieving SBSL
same reactions as in MBSL will occur. The reaction productsvithout degassing is spontaneous cavitation, provoked by
(NO,, NO,..) are pressed into the surrounding liquid, and areimpurities in the liquid. These must be eliminated for the
not recollected during the next bubble cycle, since their soluexperiment to work. Another way to obtain stable SL with-
bility in water is enormous. These chemical processes desut degassing would be to slightly increase the ambient pres-
prive the gas in the bubble of its reactive components. Smabure P, so that the ratigp2'/P, is in the required window.
amounts of N and Q that diffuse into the bubble during the Indeed, with such a kind of experiment stable SBSL without
expansion react and their dissociation products are expelledegassing could recently be achievéd.
back into the surrounding liquid at the bubble collapse. The  Before we proceed with a quantitative analysis, we will
only gases that can remain within a SBSL bubble over mangive further support for the nitrogen dissociation
bubble cycles are those which at high temperatures do ndtypothesi&®?° from comparison with various experimental
react with the liquid vapor, i.e., inert gases. Hence, when airesults on gas mixtures.
is dissolved in water, a strongly forced bubble is almost com- (1) Transition toward SLThe transition toward SL with
increasing forcing pressui, is shown in Figure 3 for both
argon and air bubbles. For pure argon bubbles the transition
to SL is very smooth. For air, however, one can observe a
‘ng';tidfz'tt:‘ breakdown of the bubble radius at about 1.1 atm, signaling
' that the dissociation threshold of, & achieved. Before the
transition the bubble is filled with a mixture of nitrogen,
oxygen, and argon, and the ambient radius is determined by
the combination of all three gases. Beyond the dissociation
threshold, only argon is left in the bubble. The transition
from the no SL regime in Figure 2 to the SL regime can also
be seen in Figure 1, where the SL light intensity is plotted as
a function of ¢, for fixed P, (we assumé?,=1.3 atm and
fixed p../Py~0.20. According to our theory we expect SL

1 12 13 14 for pA'/P,>0.002 or
Pa/PO pAr/PO
&> o IP, =0.01, ()

—_
o

SL intensity

o
-

1

10°

unstable SL

FIG. 2. Phase diagram for pure argon bubbles inpfféP, versusP, /P,

parameter space. Stable SL is only possible in a very small window of argon
concentration. The experimental data points included for comparison refejpn pretty good agreement with Figure 1 where we indeed
to observed stable Stfilled symbolg or stable non-SL bubble®pen sym- e an s " .
bols) from Refs. 15(diamond$ and 22(circles and show good agreement Observ_e that strong SL is SWItChed on” at about tha_t con
with the theory. Note that only those data can be included for wRighp.. centration. Our theory also predicts that near the switch on

and ¢, are experimentally known. we always have stable SL, whereas for lar§eunstableSL
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FIG. 3. Transition in the maximal radius towards the SL regime for argonFIG. 4. The transitiorfin R,,,) to SL for a bubble filled with an initial 0.1%
bubbles(dots and for air bubblegsquares Bubbles around®,=1.1 atm xenon in nitrogen gas mixture at a partial pressure of 150 mm Hg. Only the
start to glow. Only for air bubbles a breakdown in the radius is seen neabubble atP,=1.4 atm emits light. According to the dissociation hypothesis
that onset of SL, signaling the threshold for nitrogen dissociation. The datahis corresponds t@X®/P,=0.0002 for a pure sonoluminescing xenon
for argon are taken from Figure 4 of Hillet al's work (Ref. 11), the total bubble. From the phase diagram Figure 2 whicliwigh tiny correction$

gas concentration is abogpt, =150 mm Hg.This meang’/P,=0.2 and  also valid for xenon we conclude that bubbles driverPat=1.3 atm dis-
according to Figure 2 the bubble should be in the unstable SL regime iolve for these low concentrations, whereas bubbleB,at1.4 atm show
agreement with the observations of Ref. 11. The data for air are taken frorgtable SL, just as seen here. The data are taken from Figure 1ifsietb
Figure 2 of Barbeet al’s work (Ref. 36. The gas saturation is about 10%, et al. (Ref. 15.

corresponding t@2/P,=0.01: 0.1=0.001. According to Figure 2 we have
stable SL aroundP,~ 1.4 atm which again is in agreement with the experi- . ) .
ment reported in Ref. 36. (4) Large P, bubble dissolution islandsurther support

comes from the recent work of Holt and GaitZrnwho mea-

sured detailed phase diagrams as a function of the ambient
develops. The window of stable SL is only in betweenadiusR, and the forcing pressure, for different air pres-
0.002< pA'/P,<0.004, so that beyond,=0.00Py/p, we Sure overheadp../Py. Their central result is that at
expect unstable SL, a prediction which should be verified. P=/Po=0.2 there is a relatively large forcing pressure

(2) Hysteresis:Above we have seen that by decreasingpa”1-2_1-3 atm regime where bubbles dissolve, see Figure

the percentaget, of inert gas down to&~0.0033 at 5. Such dissolution islands do not exist within theories of
P,=1.3 atm, we obtain a very wide window of stable SL
aroundp.,/Py=1. When the percentag§ of inert gas is

even lower, the argon partial pressm@/P():gpx/Po can &
be pushed below the stable SL regime in Figure 2 even for KLm
p../Po=1. An example of this has been observed in Figure 154

11 of Lofstedt et al.,’® see Figure 4 of the present work,
which studies SBSL of xenon doped nitrogen bublf¥esich
behave like argon doped nitrogen bubblés water at
£=0.001 and p./Py=0.2, corresponding topZ'/P,
=0.0002, provided that the gas temperature is high enough
to exceed the dissociation temperature of nitrogen. This is :
the case aP,=1.3 atm and according to Figure 2 no stable S+
SL is possible. However, for largd?,= 1.4 atm stable SL
becomes possible agafas the window of stable SL moves
down to smaller concentrations with increasiRg), just as 0 4 l .
observed in experiment. Moreover, the system shows hyster- 0.75 10 125 p Jatm
esis: the SL state &,=1.4 atm can be reached by continu- a
ously increasing the forcing and thus continuously substitutg|, 5. Adopted from Holt and Gaitan's measurement Figui af Ref.
ing N, with xenon. On the other hand, decreasing the forcing?2. It is the phase diagram in the,—P, parameter space for air at
pressure below the stability threshold for pure xenon bubbleg~/Po=0.20; the driving frequency is 20.6 kHz. Arrows indicate whether
eacs to the dissolution of the bubble. e o g e
(3) Unstable SLAn example for unstable SL is Shown ghaded area shows the shape stable parameter domain. Note that in the SL
in Figure 6 of Ref. 15. For that figure we hage=0.05 and  region the onset of shape instabilities is B§~7 um rather than at
P../Py=0.20. Thus, from Equation(2) we have R¢~5um as theoretically calculated in Ref. 18. One contribution to this

Ar _ ; : - eviation is that the driving frequency chosen by Holt and Gaitan is smaller
P /PO 0.01 and accordlng to the phase d|agram Figure ?han thew/27w=26.5 kHz used by Barbat al. (Ref. 36 and throughout the

we are well in the unstable SL regime, just in agreement With.a|culations presented here; another one is the oversimplified model of ther-
the observations. mal effects we use.
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rectified diffusiont>8-2°which predict the bubbles to grow 5
in that regime. However, considering the nitrogen dissocia- .
tion at largeP,, one realizes that the observed dissolution 0 \_/\/\
islands are a direct consequence: chemical reactions deplete -2
the bubbles from air and only argon is left. As the relevant =20 |
partial pressure’'/P,=0.002 is so low, bubbles must in- T 10 |
deed shrink in that regime. 0
(5) Isotope scramblingExperiments with hydrogen gas = 0
also support the dissociation hypothesis. Hikerll? ana- = 51
lyze SL in H, and D, gas bubbles, both in normal and in -10
heavy water. Since the gas dynamics inside the bubble de- S 405
termines the strength of the light emission, the SL intensity ®

curves should group according to the gas content. However 0‘3‘ 5 5'5 6.5
the four experiment&H, in H,O, H, in D,O, D, in H,O, and ) : '
D, in D,O) group according to the surrounding liquids, cf. vT
Figure 2 of Ref. 12. This suggests the following scenarioig. 6. Forcing pressuréin atm) with amplitudeP,=1.3 atm, bubble ra-
Both the gas and the liquid vapor in the bubble dissociate taiusR(t) (in um) with the typical collaps¢"Rayleigh collapse’) after the
some extent during théhot) compression phase and recom- maximum, Mach numbeW (t) =R(t)/c4(t) (wherec is the speed of sound
bine later on during expansion. Even if there is only a minoH”_ the gag, and temperatur®(t) (in K) as function of time for a bubble
amount of this isotope “scrambling,” after thousands of "' Re=2#m (top to bottor.

cycles the gas in solution around the bubble would contain

the same hydrogen isotope as the bulk liquid. This kind of ) )
“scrambling” is well known in MBSL 38 The acoustic reso- Thermalconduction effects can approximately be taken

nator theory of SBS¥ stipulates that the light intensity de- into account by simply putting the polytropic exponent1

creases with increasing acoustic transmission, which scaldd Equation(5). The reason is that the bubbles employed in
with the ratio of the gas density to the liquid density. SinceSL experiments are so tiny and the oscillation period
D, is heavier than ki SBSL in heavy water should be dim- T~38 us so long that the gas in the bubble equilibrates with

mer than in normal water, as observed by Hiller andthe water temperatur®,. A quantitative analysis was car-
Puttermant2 ried out by Prosperefti (see also the review in Ref. #@/ho

calculated how the polytropic exponeptdependsin linear
approximation on the(therma) Peclet numbePe= ng/K,
see Figure 1 of Ref. 42. For experimental support of this
analysis, see Cruiti. The Peclet number gives the ratio be-
tween the bubble length scalg and the thermal diffusion
We now proceed to a quantitative calculation of phasdength Vklo. The thermal diffusivity « for argon is
diagrams for gas mixtures. The dynamics of the bubble rax~2X10"° m?/s, which yieldsPe~0.2 for Ry=5 um and
dius R(t) is well described by the Rayleigh—Plessetaccording to Figure 1 of Ref. 42, the polytropic exponent

IIl. MODELING THERMAL EFFECTS WITHIN
RAYLEIGH-PLESSET BUBBLE DYNAMICS

equatiore*° y=1.
. 3. 1 R d The RP equation obviously contains much smaller time
RR+ 35 R2=E(p(R,t)— P(t)—Po) + oG giP(RY scales thano~!. One could therefore argue that these
) smaller time scales may enter into the calculatiorPef so
R 20 that the frequency should be replaced bjR|/R. This es-
_4V§_ pR 4) timate leads to an instantaneous Peclet number
with a van der Waals pressure |R|R3

o Rg_h3 b4 Pe= Rr ' (6)
Y(Rit)=p(R(t))=| Po+ R_) RO-n )

0 which can become as large as*l the Rayleigh collapse.
Typical parameters for an argon bubble in water at roomAccording to Figure 1 of Ref. 42 showing(Pe) or Pros-
temperatur® are the surface tension=0.073 kg/é, the  peretti, Crum, and Commander's fit of that cuflémplies
water viscosityr=10 ® m?/s, densityp,=1000 kg/n?, the =~ y~5/3 for argon at the time of the collapse. However, since
polytropic exponenty=1, and speed of sound in water Pe(t)>1 only holds in very small time intervals 1 ns, the
¢,=1481 m/s. For all calculations in this work we picked the global dynamics are hardly affected by setting the effective
same driving frequency as in the SL experiments performegolytropic exponenty=1 uniformly in time. Note that with
on argon bubble¥ namelyw/27=26.5 kHz, corresponding =1 Equation(5) should not be thought of as an equation of
to a periodT=27/w=38 us. Finally, h=R,/8.86 is the state but rather as a process equation parametrizing the iso-
hard core van der Waals radius for argon bubbféEypical ~ thermal conditions at the bubble wall, induced by the large
time series for the bubble radil(t) resulting from Equa- heat capacity of water. The choice &1 is confirmed by
tion (4) for given forcingP(t) are shown in Figure 6. the full numerical simulations of Vuong and SZérand by
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the analysis of Kamatkt al*® Note that, as a consequence, 1.0 , : : ,
there are heat fluxes back and forth across the bubble wall. »
Another confirmation for puttingy=1 for the bubble - 0.5

dynamics comes from a recent work of Ya&livho mod- T 0.0
eled the heat flow through the bubble wall and also included
water evaporation and condensation. Consideration of thes: = 10
effectd” fits the experimentally measurd{t) curves>1436
pretty well*® However, the essence of the dynamics is the
same as with simply puttingg=1 and the phase diagrams
we are going to calculate in this paper are hardly affected by
neglecting the details of the thermal effects.

Even if thermal effects are simply treated by putting ¥ 10
y=1 for most of the time during the bubble oscillation, they . ! ]
are essential at the final stage of the collapse and thus fo 10 10 11 1'2 13 1.4 15
estimates of théemperatureachieved in the bubble. The ' ) ) ) ' )
present understandingf* is that the only way to reliably pre- P_./atm
dict the temperatures in the bubble is a full numerical simu-

lation of the gas dvnamical equations inside the bubbleFIG. 7. The minimal radius, the maximal radius, the maximal effective
9 y a polytropic exponenty, and the maximal temperatué,,,, are shown for

Clearly, for strong enough forcing, shock waves will bounceyyo different ambient radiRy=2 xm (solic) andR,=5 xm (dashedl as a
back and forth inside the bubble and the spatial temperaturenction of the forcing pressure amplitud®,. For smaller bubbles the

distribution in the bubble will be highly inhomogenedﬁs_ crossover from the _harmonically c_)scillating regime for snid}l to the
Such full numerical calculation is not within the spirit of Pouncing bubble regime for large, is more abrupt.

the Rayleigh—Plesset SL bubble approdthVe therefore )

come back to Prosperettt’smodel and estimate also in the the temperature from the spectral shape and obtained 30000

case of nonlinear bubble oscillations the temperature withit® 60000 K, depending on the gas contents.

that model. For example, we calculate the instantaneous Pf\? PHASE DIAGRAMS FOR AIR BUBBLES

clet number(6), determine the resulting effective polytropic

exponent—yeﬁ from Figure 1 of Ref. 42 and assume a van der Now consider a bubble in water Containing a mixture of

=
S
>2

0
1.4
1.1

5

max

2

Waals behavior of the internal gas according to a reactive gagtaken to be M) and an inert gas Ar. The total
number of moles of gas in the bubble is
R3—h3 | 7er1 4mR3P,
O =0 s—m ; ) Niot=3G@, ~ NN, Nar, )

where ®,=273 K is the normal temperature and
where®), is the temperature of the liquid. This, as any modelG=8.3143 Jimol K) is the gas constant. The argon raitio
which neglects spatial inhomogeneities in the gas, is a verihe bubble is

crude model for the temperature and will only be able to give N
orders of magnitude. The physical statements resulting from fb:N_: 9
. . . tot
it, however, donotdepend on details of this model and so we )
feel that such an approach is justified. and that of nitrogen
It can be seen from Figures 7c and 6d that this tempera- N,
ture model gives the correct trends. In Figure 7c we show the 1—§,= Nog, (10
(o]

maximaly per cycle as a function d?,. We also give the
minimal and the maximal bubble radius in Figures 7a and b.
For smallP, the maximal effective polytropic exponemts;
is close to one and jumps toward 5/3 at the transition from
the sinusoidal to the bouncing bubbR{t) dynamics. This
transition has been analyzed in detail in Ref. 50. The tem-
perature® (t) from Equation(7) is shown in Figure 6d. It
strongly peaks at the collapse; for all other times it essen-
tially equals the liquid temperatuf®, (=293 K in this ex-
ample. The heating at the collapse can be enormous.
What are the temperatures achieved in this approach? Ii
Figures 7d and 8 we plot thmaximaltemperature within our
model as a function oRy, andP,. In the parameter regime 1
of interest for SL, values as high as 20000-60000 K are
achieved. These values agree order of magnitude-wise Withg. g. maximal temperature in the bubble as a functionRgfand P,
the independent results of Bernsteinal,>>°*who extracted  within our model calculation.

40000 @/
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If cA'(r,t) andcNz(r,t) are the concentration fields of Ar and 7 :
N, in the liquid, respectively, the rate of change of the num- A B —— 000K
ber of moles of N and Ar in the bubble is given by
C
477'R2DAr(?rCAr|r=R 5t \L l
Ar— ’ (11)
MAr £
=
Ny, = 47TRZD,\IZ(MNZh:R—AN expg — o (12 o T

Here,Dp, Dy, mar @and uy, are the respective diffusion
constants and molecular masses. The concentration fields

obey a mass advection diffusion equatié®whose bound- 11_0 1:2 1 :4

ary conditions are set by the external concentrations

Py/atm

P . . .
c“(oo,t):(;cj‘(:{:(;(‘)”—oc FIG. 9. Phase diagram for air @t,/P,=0.20 in theR,—P, space. The
Po arrows denote whether the ambient radius grows or shrinks at this parameter

, . . value. Curve A denotes the equilibrium for an air bubble, on curve C the
(Henry's law and by the partial gas pressurne(t) in the  pypple only contains argon. The intermediate curve B necessarily exists

bubble because of the topology of the diagram, and represents an additional stable
equilibrium. The thin line shows when the nitrogen dissociation threshold
p*(R(t)) 9000 K is reached.

c(R(D),)=C5 5,
0 For further simplification in the numerical calculations to
a=Ar, N,. The solubilities for nitrogen and argon are dif- come we in addition employ the saddle point approximation
ferent,cy"=0.061 kg/m andcy?=0.020 kg/ni.% The diffu-  of the integrall defined by
sion constants are approximately the safhé) =Dy, - dh’
=2x10° _mzls. The second term in E¢12) represents the I= fo (3h + R(0) ),
bubble’s nitrogen loss by chemical reaction. The reaction
rate will depend on the temperatu@gt) in the bubble. For asl~1/Ry., as already done in Ref. 15.
simplicity, we assume that the reactions follow an Arrhenius ~ The last term in Eq(14) will only contribute at the
law, with empirical parameters appropriate for nitrogencollapse wher®(t) is large. The chemical reaction rate will
dissociation (Ref. 51: A=6X 1019(®O/®)2'5(p0/MN2) depend on the detailed space and time dependence of the
X(Ro/R)® cm?/(mol 9 giving the time scale of the reaction; temperature in th_e bupble which we modgl by the polytropic
®*=113000 KL is the activation temperature ang, the |aw (7)—as explained in the previous section. _
equilibrium gas density. This reaction law is rather crude, as  With  these  approximations  equilibrium  points
it neglects backward reactions as well as the kinetics of théNar=ANy,=0 in the two dimensional spaceNg,,Ny,),
expulsion of reaction products; however, it is sufficient foror equivalently in the spacef(,R,), can easily be calcu-
this demonstrative calculation. lated from the RP dynamidg) via Equationg13), (14). As
We can straightforwardly extend the adiabatic approxi-in Ref. 18, only averages of tygé5) have to be determined
mation of the slow diffusional dynamits'®%(i.e., separa- for each parameter paiRg,P,); therefore, phase diagrams
tion of times scalésto Equations(11), (12). The only re- can be calculated solely from the Rayleigh—Plesset equation
quirement is that the involved chemical reactions are fast4). The equilibrium radiiRg in the Ry—P, plane for air
compared to diffusional processes which definitely is the(é=0.01) atp../P,=0.20 are shown in Figure 9. For small
case. The result of the adiabatic approximation is that théorcing the temperatures are not high enough to initiate
change per cycle is given by chemical reactions, so that the equilibrium curve corresponds
to the prediction of Ref. 18 for this gas concentration. This
equilibrium is unstable: The bubble either shrinks or grows

(16)

AN, 47D CY'

— Ar__
T tarPol P = {P)a), (13 by rectified diffusion. As pointed out above the growing
N bubble eventually runs into a shape instability where mi-
ANy, 4mDycy? Ny crobubbles pinch off and make the bubble dance because of
T Pl (P2~ (1= &)(P)a) the recoil'® In the opposite limit of high forcindcurve Q,
2 the reactions burn off all the N so that the bubble contains
—Nn(A exp(—0%/0)), (14)  pure argon; this equilibrium corresponds to tfsable
equilibrium at the argon partial pressupé’/Py=0.01p../
with the weightedtime averages P,=0.002.
[THORI(H)dt Figure 9 displays a regime of shrinking bubbles at high
<f(t)>i=OTi—_ (15  forcing pressurefleft of curve Q and an adjacent region of
JoR'(t)dt growing bubbles(right of curve A. This necessitates the
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FIG. 10. The top curve shows the equilibrium argon rgfidin aRy=5 um details qf temp_erature dynamics and the chemical reaction

bubble as a function of the forcing pressiite. The bottom curve presents Mechanism which are both poorly understood? The |&ge

the corresponding argon and nitrogen loss/gain per cycle, normalized to thparts of branches A and C do not depend at all on these

total amount of moles. details. The reason becomes clear from Figure 11 in which
we show the equilibrium compositiaff as a function oR,
andP,. It is given by

existence of an additional equilibrium at intermediate forcing AN (&) &
pressures, curve B in Figure 9, for which growth by rectified AN (&) 1—&
diffusion and mass loss by reactions balance. This additional Nz( &) &b
equilibrium occurs close to the point of nitrogen dissociation,p|ugging(13) and(14) into (17) gives the quadratic equation
and turns out to be stable; the argon fractigh for this  for the equilibrium argon ratig? ,
equilibrium is slightly larger than the fractia in the liquid o2 .
(for not too strong forcing (at+e)éy "+ (B—e€)éy +6=0 (18

In Figure 10 we present the net loss/gain per cycle fokyith the coefficients
both argon and nitrogen for By=5 wm bubble. At small

17

N

P,<1.15 atm the second term in Equatid) is not impor- 47 (p)a [ DnCo°  Dach”
tant as the gas does not become hot enough. The bubble %~ 7|~ Po |\ an.  par | (19
diffusively shrinks(for P,<<1.045 atm or grows because of z

rectified diffusion; the argon ratio is constant at 47 [ Dy ’8'2 DA CA

g; =£=0.01. In between the shrinking and the growing re- = TN 2 (P2 (p),y) + — 0 (P2 +(p)a) |,
gime is the unstable equilibrium point A. Around 0\ Mn,

P,=1.17 atm the heating is sufficient to lead to some nitro- (20
gen dissociation and aP,=1.18 atm the nitrogen loss 4PR3 O*
through dissociation balances its gain through rectified diffu- e=-—F5~-— - , (21

. . - o 3G0O, (C)
sion. At that forcing pressure also argon is in equilibrium as 0
the argon ratio has increased up #~0.1 so that 4D 5 C™
pa'=&r(p)s: We have reached the stable equilibrium point 5= — ST (22
B. At larger forcing pressur®, the bubble is in the disso- Har

lution island. For increasing, the nitrogen loss becomes From the two solutions only the one with<(¢; <1 has
less because less and less nitrogen is left in the bubble. Thehysical meaning. The interpretation of Figure 11 is straight-
argon loss, on the other hand, diminishes because we afsrward: Weakly forced bubbles havey~§, thus
proach the stable diffusive equilibrium point C at p./Py=0.20 is relevant for stability. Strongly forced
P,~1.4 atm. Beyond this forcing pressure, the bubblebubbles havé}~1> ¢, thusp’'/P,=0.002 is the relevant
grows again by rectified argon diffusion; essentially no ni-quantity. The transition between these regimes is abrupt, and
trogen is left in the bubble (2&i~6Xx10° at occurs when the bubble temperature surpasses the dissocia-
P.,=1.40 atm. Note that because of the separation of timetion temperaturé~9000 K for N,). Where exactly this hap-
scales the values o#; refer to anaveragevalue over the pens depends on the model of the temperature and thus so
whole cycle. When the bubble is close to its maximum, thedoes the equilibrium curve B in Figure 9.
nitrogen concentration will be slightly larger, right at the However, theexistenceof this additional stable equilib-
collapse the argon concentration will be slightly larger. rium is independent of the model details. It simply follows
How robust is this picture, i.e., how does it depend onfrom topological reasons: To the right of the curve A the
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1.0 1:2 1:4 / 1.0 1.2 1.4
P /atm P /atm

FIG. 12. The solid linegcurves A, B, G show the same phase diagram for FIG. 13. R,—P, phase diagram for nitrogen with a small amogpt 0.001

air as in Figure 9, but now fap,, /Py=0.50, i.e. pA/P,=0.005. For com-  of argon dissolved. The relative pressure overhegul,itP,=0.20. These
parison, the open symbolsurves A, B, C') show the phase diagram for parameters correspond to the experimental situation in Figure 1ifsteldy

a nitrogen-argon mixture with an argon ratio &t 0.025 atp.. /P;=0.20, et al. (Ref. 19, see Fig. 4 of the present work.

which beyond the nitrogen dissociation threshold results in the same patrtial

argon pressurg’,'/P,=0.005. Indeed, for largd>, the phase diagrams

agree. Only curves A and 'Abelow the nitrogen dissociation threshold

differ. the corresponding phase diagram Figure 13 to the experi-

to the left of curve C they are Shrink_mental situation in Figure 11 of Ref. 15, see Figure 4 here,

ing, so in between there must be an equilibrium. Indeed, ag/herepw/Pozo.ZO andg;=0.001. The total gas concentra-

mentioned already above and shown in Figure 5, Holt ancﬁ'on P-/Po has the same value as in Figure 9. Therefore, the
Gaitan'€? recent detailed measurements R§— P, phase curves A and B are also essentially as in that figure, because
a

diagrams found such a classically unexpected equilibriurrlihe_y are determined by_ the nitrogen (_:or_lcentration. Curve C
(for the same air pressue, /P,=0.20 as chosen herand which is beyond the nitrogen dissociation threshold, how-

the connected large, “dissolution island” between curves ever, is further to the right, reflecting the lower argon con-
B and C centrationp’/P,=0.0002.
Holt and Gaita repeated the experimental phase space  What happens ifP, is slowly increased? For small

measurements for larger air pressunes/Py=0.40 and P,=1atm the bubble will be repelled from the unstable
p../P,=0.50. The theoretical phase 0 dia'gram forequilibrium A. It either dissolves or grows by rectified dif-

p../Po=0.50 and¢ =0.01 (air) is shown in Figure 12. The fusion and runs into the shape instability where it pinches off

island of dissolution between curves B and C is now smaller® Microbubble and the whole process starts over, as de-

as the partial argon pressurgi§/P,=0.005 and curve C is scribed in det_ail inhRefH 18. FoPagl;.15 atm the SUb.bleh
thus shifted to the left, whereas the nitrogen dissociatiofﬁjoes not run into the shape instability any more but in the

curve is hardly affected and consequently neither are curve%ttr""(:ti\,’e diffusive eguilibrium curve B where it.stays. On
A and B. In experiment we see the samualitative behav- further increase oP, it follows that curve and shrinks dras-

ior, but even more strongly pronounced, see Figure la 0tfically. Exactly this sequence of events has experimentally

; - 15
Ref. 22. We expect the poor modeling of both the temperapeen observed, see I_:lgurg 11 oftstedtet al.
For largerP, on first sight there seems to be a contra-

ture dependence and the chemistry as the origin of the quan- . i :
titative disagreement of the theoretical and experimenta iction to the experimental observation Figure 11 of Ref. 15.
phase diagrams. Theoretically, the bubble should always stay on table

For comparison we also calculated the phase diagram fdfauilibrium curve B. Experimentally, however, between
p../Po=0.20 ands,=0.025 and plotted it into the same Fig- P,=1.3 atm and 1.4 .atm no _bubple seems to eX|_st .and at
ure 12. For this situation the argon percentagepa:l'A' atm the ambient radius is much larger, similar to
pA/Po=£p../Po=0.005 is the same as fqn../Py=0.50, that of.curve. C rather than that of curve B. '
£=0.01. Indeed, the phase diagram demonstrates very con- IS variance may be resolved when we consider the
vincingly that for large forcing pressure it is only the partial Unavoidabléjitter in the forcing pressure amplitude, . At
argon pressure which is the relevant parameter for diffusivé a=1-3° atm, the equilibrium curves A and B are so close

stability: The equilibrium curves B and C for the two casesthat_a s_mall jitterAP, (to sm:_all_erPa) of I?SS than 0.05 atm
agree very well. (which is less than the precision to whiéh, can be deter-

mined; also the translational movements of the bubble and its
V. PHASE DIAGRAMS FOR FURTHER NITROGEN- distortion on the pressure fiéftin the liquid could contrib-
ARGON MIXTURES ute to a jittey suffices to make the bubble jump to the un-
Our theoretical method can be applied to many othestable domain below curve A where it dissolves. Thus,
experimental situations. As a further example we calculatéhough the equilibrium B in that regime is stable from a

bubbles are growing,
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ther to the right and may not be reached in experiment be-
cause of thé¢short time scaleshape instabilities discussed in
Refs. 18 and 25.
Let us discuss the situation in the limiting cage=0,
i.e., pure nitrogen. As explained above f§r=0.001, on
increasingP, the bubble should first “dance” because of
growth by rectified diffusion and pinching off of mi-
crobubbles and then it should be caught by stable (but
not necessarily sonoluminescjngquilibrium curve B. At
this equilibrium bubble growth by rectified diffusion and ni-
trogen loss by dissociation again just balance. For large
P,~1.3 atm the bubble should dissolve by the same mecha-
nism discussed above: Curves A and B are so close that a
1.3 : ~ jitter in P, leads to a jump from the stable equilibrium curve
C B to the dissolution domain below the unstable curve A. We
T 1 suggest to experimentally look for the stable equilibrium
curve B which is suggested by the nitrogen dissociation hy-
pothesis.

What experiments on pure nitrogen bubbles have been
done up to now? To our knowledge only one experiment has
been reportedHiller et allh. In that experiment the nitro-
gen was 99.7% pure. Hillest al'* managed to measure ex-
tremely weakly sonoluminescing unstable bubbles which
0'81 5 1:6 1:7 18 were hard to keep alive. This supports the presented theory
that in the strong forcing regime the high temperature de-
stroys the nitrogen and thus the bubbles. However, the light
FIG. 14. Phase diagram Ry—P, space fop.. /P,=0.20 and a tiny argon  Intensity Figure 5 of Ref. 11 shows an oscillating pattem
concentration of,=0.0001. Only for very high forcing pressure diffusively a time scale of seconfgvhich we do not understand.

stable bubbles are possilileut are likely to be unstable towards the surface
shape instability The bottom figure shows an enlargement of the lower

right part of the top figure. VI. INERT GAS MIXTURES

R,/um

R,/um

P, /atm

It is interesting to note that the chemical instability of
mathematical point of view, from a physical point of view it one component of the gas mixture is not a necessary require-
may be not and the bubble can dissolve. Support for thignent for the accumulation of one gas species in the bubble.
claim could come from an experiment in which the jitter is A similar accumulation can be achieved for inert gas mix-
artificially increased: the gap in Figure 4 where no bubbletures if the diffusion constants and the equilibrium concen-
exists should widen. trations of the two gases in the mixtures are different. As an

With the help of the phase diagram Figure 13 we nowexample we consider a 1:1 mixture of helium and argon at
better understand the above-mentioned hysteresis. The stalfie/P,=0.20, i.e.,§,=0.50 for the argon ratio. The diffusion
part of branch C is reached by a fast increaségf The  constants ar®,=2X10"°m?%s andD=5.8X10"° m?/s>®
bubble is then boosted into the growing regime below theand the equilibrium concentrations aod'=61 g/nt and
stable branch of curve C. Subsequently, this stable branch Cg'e=0.78 g/nt.%2 The molecular masses age,, =40 g/mol
is reached through rectified diffusion. On the other hand, ifand wp.=4 g/mol. The resulting equilibrium concentration
P, is decreased fron?,=1.4 atm, the bubble will first fol- & in the bubble is shown in Figure 15. For small forcing,
low the stable equilibrium curve C and shrink. At the bifur- helium accumulates in the bubble and for large forcing, ar-
cation point it falls off the equilibrium curve and shrinks gon accumulates. The borderline between these two regimes
toward the stable curve B. Because of the jittePipcurve B is the unstable diffusive equilibrium curve calculated in Ref.
may not be able to trap the bubble as explained above antB and denoted “curve A” within the plots shown here. As
the bubble dissolves. Even a fast decreasePgftoward no reactions occur, this is the only equilibrium: Below that
much smaller values=1.1 atm does not save the bubble curve bubbles diffusively shrink, above it they grow by rec-
from dissolution as it only contains argon and the nitrogertified diffusion. From this behavior the helium or argon ac-
needed for a stable equilibrium has been burned off in theumulation can immediately be qualitatively understood:
first part of the cycle during whiclP, was increased and The diffusive change of mass is proportional to the product
recollecting nitrogen only happens on the slow diffusive timeof the material constant©cy/u, see Eq.(13). Now
scale. Dach/ua=3.1x10"°mol s *m™ and Duch¥une=1.1

For even lower argon concentration as, e.g., in Figure 14<10 °mol s ' m~L. Thus in the shrinking regime argon can
where we chosé =0.0001 andp.,/Py=0.20 the situationis escape faster and helium accumulates. By contrast, in the
similar. The only difference is that curve C moves even fur-growing regime the rectified diffusion of argon into the
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tial pressurep?’ of argon(or of any other inert gasvhich is
relevant for stability’® The dynamics of the bubble is de-
scribed by the Rayleigh—Plesset equation; chemical reactions
are assumed to obey an Arrhenius type law; back reactions
are neglected. The bubble pressure is approximated by a van
der Waals law. The slow diffusive processes can be treated
in an adiabatic approximation. The theory contains no adjust-
able fit parameter.

Finally, we make detailed suggestions of experiments to
further test the nitrogen dissociation hypothesis.

(1) Phase diagrams in the gP, vs P,/P, parameter
space:The most basic prediction is that in the large forcing
regime the partial pressugg,’/ P, is the relevant parameter
for obtaining stable Sl(or the partial pressure of any other
FIG_. 15. Argon equilibrium raticc} in a bubble as af_unction of _ambient inert gag. We suggest mapping out the phase diagram in
radius R, and forcing pressur®,. The external gas is a 1:1 mixture of _. . - .
argon and helium at an overhead pressurp,ofP,=0.20. Only the differ- Figure 2 for argon-nitrogen mixtures at various pressure
ence in the diffusion constants and in the equilibrium concentrations beoverhead9../Py and various argon ratiog : (i) Only the
tween argon and helium leads to the argon accumulation in the bubble fopartia| argon pressurpér/ Po=&p../Pgy should matter and
large forcing. (i) the measured phase diagram should look like the theoret-

ical one in Figure 2.
bubble wins and it accumulates. In the process of helum  (2) Stable SL without degassintg particular, stable SL
accumulation the helium equilibrium concentration- &} will be po_ss_lble without d_egassmg, ie., pg/Pf 1, if the
may never be achieved as the bubble dissolves earlier. Thffgon ratio is properly adjusted. FB,=1.3 atm it must be

problem does not occur for the process of argon accumulai=0-0033. To test this prediction, extremely pure water has
tion, as the diffusively growing bubble runs into the shapet© be used to avoid spontaneous cavitation. An alternate way

instability and can survive after microbubble pinchtt. to achieve stable SL without degassing is to increase the
The maximal argon concentration achieved is onlyambient pressure correspondingly. o
& mar=0.73, less than the resufft ,..~=1 of the previous (3) Oxygen-argon mixturesOxygen has a dissociation

section where the chemical instability of nitrogen caused itéemperature which is only slightly lower than that of nitro-
complete extinction. Also the transition in Figure 15 is lessgen. Therefore, oxygen-argon mixtures should behave very
abrupt than in the above case Figure 11 for which chemica$imilar to nitrogen-argon mixtures. In particular, at large
reactions occurred. forcing only argon is left in the bubble, so even the light
The maximal argon concentration can easily be calcuintensities and spectra should be very similar. This prediction
lated analytically from equation&l8)—(22) with the index  has recently been confirmed in experimeht.
N, replaced by the index He. Obviously=0 as no reac- (4) Other inert gas doped molecular gaségart from
tions take place. From Figure 7 of Ref. 18 we realize that forICO, nitrogen is the most stable molecular gas. Other molecu-
large forcing(p), is small compared tp2'=p"®=0.1. With  lar gases dissociate earlier. Therefore, mixtures of them with
this large forcing pressure approximation we obtain inert gases will show a slight shift of the stable equilibrium
curve B toward smaller forcing pressure. As the temperature

Ar
DacC- increase with forcing pressure is very suddsee Figure 8
x  _ Mar this shift will, however, be very small and may be undetect-
=—x———1~0.73 23
€b,max DacCY  Dpch® (23 able.
UAr + Lhe (5) Stable nitrogen bubble#\nother very basic predic-

tion of the nitrogen dissociation theory is the existence of the
equilibrium curve B in the phase diagrams of the type shown
in Figure 9. For air Holt and Gaitan have observetf Ve

VIl. CONCLUSION, PREDICTIONS, AND SUGGESTED predict that it exists for any reactive gas. In particular, we
EXPERIMENTS expect that pure nitrogen bubbles can be stable.

We conclude this paper with a summary of the nitrogen  (6) Island of bubble dissolution for large P Between
dissociation theor§®?°which we elaborated here in detail. It the equilibrium curves B and C, bubbles dissolve. The size
accounts for the dependence of SBSL on the percentage 6f this largeP, island of dissolution should only depend on
inert gas in the bubble. It is based on a combination of printhe partial argon pressugg’/Py=&p../Py, hardly on the
ciples from sonochemistry and hydrodynamic stability. Theargon ratio, or the pressure overhegu./P, individually.
main result is that strongly forced air bubbles eventually conFor largerp5’/P, the size of the dissolution regime should
sist of pure argon because at the high temperatures achievetirink, for smallem’'/P,, it should grow.
in the bubble the nitrogen and oxygen molecules dissociate (7) Radon doped SL bubbleBy using radon-nitrogen
and react to water soluble gases. Consequently, it is the pagas mixtures it may be possible to detect the inert gas accu-

in agreement with the numerical result Figure 15.
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