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Ambient pressure and single-bubble sonoluminescence
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We present a theoretical analysis of the influence of ambient pressure on single-bubble sonoluminescence
(SBSL). By combining simulations of gas dynamics, mass diffusion theory, and stability analysis we find a
narrow region of the parameter space where stable SBSL is possible. In particular, the theory predicts a 200%
increase in SL radiation if ambient pressure is decreased only 5%. The results are compared with preliminary
experimental data, and a good agreement is found. Variation of ambient pressure provides a simple and
interesting test for the validity of various SL theories, diffusive or nondiffusive mass flow ideas, and stability
analyses[S1063-651X98)51001-X]

PACS numbdrs): 78.60.Mq, 47.40-x, 42.65.Re, 43.25.y

Single-bubble sonoluminescend&BSL) has been re- spherical perturbations is addressed as {i&l-16. Finally,
cently carefully explored, both experimentallsee[1] for a  as a result of this work, we are able to define the region of
recent review and theoretically. It has been determined thatParameter space where stable SL is possible in experiments
the light emitted from an oscillating gas bubble in liquids is WherePq is varied. It is shown thaP, influences the char-
of very short duration(less than 50 p$2], or about 60— acter of SL radiation in a nontrivial manner, both through
250 ps[3]), high emitted powetmore than 30 mW and that bubble dynamics and througR,. We concentrate on the

the spectrum of the emitted radiation shows similarities to-aS€ of an air bubble in water, do not include the effects of

the black body spectrurid]. gravity, and assume that the bubble remains sphe(eal

While thereyhaz beerﬁl] variety of approaches to SBSL th‘é?pt in the analysis of nonspherical perturbagorisrther-
explanation based on the production of shock waves in a ?(;Ebflth;(;:y?l)p?g i(;tzosgfml%dlﬂf gallgulgtigén;p;?e f;;’t on
oscillating gas bubble seems most successful. Basic featur :

fSrmed with standard values of air and water parameters at
of the SL radiation have been explained, including the ex»q ¢ P

tremely short time scale, high energy concentra{i5r7], The dynamics of the bubble follow from the Rayleigh-
and the main characteristics of the radiated specl®.  pjessetRP) equation, modified in order to include the first

One of the interesting qut_astio.ns js the mass flow between th(?rder corrections proportional f@/c, (whereR is the veloc-
bubble and the surrounding liquid. Standard theory of rectl-Ity of the bubble-liquid interface, ang] is the speed of sound

fied diffusion[8] seems not to be able to explain the exis-i; the liquid) [18]
tence of light-emitting air bubbles, which are stable with the

respect to dissolution or growth during long periods of time R\ 3. R
[1,9]. Recently proposed theory resolves this problem b)RR<1—C— +§R2 1—§)
suggesting that chemical processes in an air bubble are re- ! !
sponsible for the production of purely argon bubhl&g,11. R R
An additional insight to the problem of the mass flow and =—| 1+ — ]| P|(R,t) = Pg— Pyl t+ —
light emission mechanism could be reached by understand- P ¢ ¢
ing the role of ambient pressuRy, in determining the equi- R dP(R,t)
librium bubble sizeR,, bubble dynamics in acoustic field, E —dat (1)

and SL radiation. Using diffusion theof,10-13 we cal-
culateRy; its measurement will give a clear and simple an-Here P|(R,t) is the pressure in the liquid just next to the
swer to the question about the validity of the theory of rec-bubble wall, andP,(t+ R/c,) is the time-delayed driving
tified diffusion and ‘“chemical” hypothesis mentioned pressure. Ambient pressure i, and liquid density isp, .
above. WithR, given, SL radiation follows as a result of The relation between pressure in the d&s, and in the
fully self-consistent computations of the dynamics of the gasiquid, P,= Pg—za/R—4y|p,R/R closes the problem, as-
in a bubble, coupled with radiative transport thefry. The  suming thatPg is known. For the purpose of calculating
guestion of the stability of a bubble with respect to non-mass flow between the bubble and the liquid, and the stabil-
ity of the bubble with respect to surface instabilities, we use
Py(V— V&9 “=const, whereV is the volume of the bubble,
*Electronic address: Kondic@math.duke.edu VE*€ is the excluded volumé¢7], and « is the polytropic
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FIG. 1. Bubble radius versus time during one period of acoustic & 1 E 0.7 IR
field, for two slightly different values oPy. In the inset only first ' “““““““““““““ e
minima of the bubble radius are showthe curvePy=1.1 atm is 08F~~mmce 08
shifted. Note the decrease of the bubble velocity close to the mini- )
mum radius wherP, is increased. 0.6 w'\
o4 L

exponent, whichcrudely includes the effects of heat flow

between the bUb_ble and the_ surroundlng liofuid]. FIG. 2. Equilibrium bubble radius for a 20% air saturated water:
In our S|r_nulat|0ns _of the_ |nter_|or of the bubble, we relax (@) ¢, /co=0.2 (air is in the bubbli (b) relevantc, /co=0.002(e.g.,

the constraint of spatial uniformity of the gas, solve the gagny Ar is left in the bubbl@ Dissolution (growth) occurs below

dynamics equations, and obtain the required pressure in thgphove the curves. In@ the equilibrium is mostly unstable. The

gas next to the bubble wélf]. We find a shock wave solu- |ines with arrows show possible pathsRf asPy is increased from
tion which breaks down the approximation of spatial unifor-1.0 to 1.1 atm.

mity of the gas; still, the results of our simulations show that
the values of the pressure in the gectto the interface are The ratioc;/c, refers to its value folPy=1.0 atm, and is
comparable to the values obtained from the polytropicbeing modified ifP, is varied, in accordance with Henry's
model. In other words, we do not expect a strong influence ofaw. We choose; /c,=0.2, since this is a commonly used
the shock propagation in the bubble on the dynamics of thexperimental value. For larger valuesiRf (>7 um for P
bubble itself. =1 atm), period doubling and chaotic bubble oscillations are
Let us now concentrate on two quantities that are of in-observed(not presented in Fig.)2 The lowest value oR,
terest to usPy andR,. Figure 1 shows that increase Bf ~ for which period doubling occurs decreases Ris is de-
decreases the expansion ratio; in the inset of Fig. 1 we segreased.
that the velocity of the collapsing bubble is smaller as well. Figure Za) shows that ifP, is increased, an@, is kept
So, one expects weaker SL radiation. However, in what folconstant,R, has to jump to another curve, leading to an

lows, it is shown that the variation &, also influence®,, increaseof R, [a possible path is shown in Fig(a®]. This is
so the influence oP, on the bubble dynamics and SL radia- the observation that can be checked experimentally. On the
tion is more involved. other hand, this equilibrium is unstable; dissolution or

R, follows from the dynamical condition that the mass growth could occur. However, the estimate of the time scale
outflow and mass inflow during an acoustic cycle are balon which instability grows gives very long times measured in
anced. We account for diffusion of the gas from the bubblesecondg19].
to the liquid, and also for rectified diffusion, which effec-  We see that the diffusion theory alone is not able to ex-
tively leads to the flow of gas in the opposite direction plain stable mass equilibrium, which has been obtained in
[8,12,13. The important parameter, which determifi®s is  SL experiments with an air bubble. In what follows, we
the ratio of the concentration of the dissolved gas in theslaborate about the suggestion that there is some additional
liquid c;, and the saturation concentratiopn Thus, we ob- mass flow mechanism. In particular, we explore the recently
tain the equilibrium bubble size that depends on applieduggested theory that chemical reactions inside an air bubble
acoustic pressure, normalized concentration of the gas, aridad to the production of solvable products which leave the
ambient pressure. bubble, producingalmos} pure argon bubblegl0,11] (ex-

In Fig. 2 each line gives the equilibrium valuesRy, for ~ perimental support for this thesis appeared rece®ly. If
which total mass flow during one acoustic period is zero. Inthis is the case, then the diagram where relevant concentra-
Fig. 2(a) the equilibrium is mostly unstable, since the slopetion of the gasc; /cy~0.002 is valid. This diagram is shown
of the curves is negativéour results forP,=1 atm differ in Fig. 2(b).
slightly from[13], since we use a different bubble equajion Let us first concentrate on the curve corresponding to
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FIG. 3. SL radiation in the visible part of the spectrum. The

circles (solid line) refer to fixedP,= 1.4 atm; the ellipsegbroken 0.%' SR TR T
line) to fixed ratioP,/Py=1.4. Experimental data are preliminary P, (atm)’ )
[20,21] and were obtained with 50% degassed water. The inset
shows the dependence of SL intensity Bp; here Po=1.0 atm, FIG. 4. (a) SL power.t=0 is the time when the bubble velocity
P,=1.4 atm. changes signb) Spectrum of emitted SL pulséc) Phase diagram:
SL is possible just in the small window between the threshold value

P,=1.0 atm in Fig. 2b). The equilibrium is now mostly of P, for SL emission(solid line) and the onset of Sbroken ling.
stable, since the slope of the equilibrium curve is positive, af he experimental values were obtained with 50% degassed water;
least for typical values dR, used in experiments. In contrast Rq requiregl for theoretical results was calculated using the “re-
to Fig. 2a), the increase o, now leads to alecreasef R,  duced” ratioc;/co=0.005.
[a possible path is shown in Fig(t8]. So, a variation oP,
and measurement &, can test the validity of the diffusion P,/P, is kept constant, the change of SL radiation is
theory. One needs to determine whetRgrincreases or de- weaker; in this case our calculations predict an increase of
creases with an increase Bf, and to determine whether the the intensity of SL radiation with an increase Bf, due to
bubble is in the stable regime or not. Rg is decreased, the the increase oR, (the details depend also an/cy). Ry is
slope of the equilibrium curves is decreasing, so that forcalculated assuming the “reduced/c,=0.005, following
Po~0.3 atm, it is mostly negative, meaning that it might notthe same approach which led to Figtb2 The influence
be possible to achieve stable equilibrium for small values ofvhich Ry has on SL radiation is shown in the inset of Fig. 3.
Po. The experimental results are insufficient at this point.There is a value oR, for which SL radiation is strongest;
While some experiments have explored the variatioP@f  sinceR; is defined by P,, Py, ¢;/cy), we understand why,
no results folRy were giver{1]. Our preliminary experimen- e.g., a change in the degree of degassing leads to a change in
tal results are not conclusive at this poj20,21. However, the brightness of SL pulse.
it is interesting to note that SL has been obtained in water Figure 4a) shows the emitted powein the visible part of
which was not degassed in the usual sense. An increase tife spectrumversus time. It is important to note that the
P, increasesc, (according to Henry's layy so the ratio theory predicts that the duration of the SL pulse stays ap-
c;/cq is effectively decreased, allowing for the existence ofproximately constant wheR|, is decreased, so the increase
stable bubbles. We have observed stable sonoluminescenceSL radiation comes from the increase in the power of the
from nondegassed water wifPy~1.4 atm[20,21]. pulse, not from the increased time of emission. In Figp) 4

What happens with SL radiation whd®y, is varied? As  we show the spectrum of emitted radiation. The spectrum is
mentioned earlier, an increase Bf leads to weaker bubble steeper for lowelPy; this is another prediction that can be
oscillations, so less SL radiation is emitted. The other effectested experimentally. WheR, is increased, the spectrum
is the change oR,, which also influences the intensity of saturates for higher frequencies. We comment that the theo-
SL radiation, at least if one assumes that SL radiation isetical results given in Figs.(d) and 4b) are in good quali-
emitted as the result of shock wave implosion. Figure 3ative agreement with experiments performedPgt1 atm
shows the results for the intensity of SL radiation following (e.g.,[1]); calculated SL energy is slightly larger than the
from the calculations of the gas dynamicg. There is a experimental ongtheoretical results are not corrected for
sharp decrease of SL intensityRf, is increased an&, kept  absorption of radiation in the water and in the flask walls
constant, in agreement with preliminary experimg¢@&21.  and the duration of the puld@pproximately 40 psis con-
It is perhaps even more interesting that a decreasPqof sistent with[1], but shorter than the recent resUl8s.
below 1 atm leads to strorigcreaseof SL pulse(this effect Finally, let us briefly address the question of bubble sta-
has been recently experimentally obsery2#)). If the ratio  bility with respect to surface instabilitigSl). Here we con-
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sider only parametri¢Faraday instabilities, and follow the higher allowed values d?, in the experiments performed at
approach developed by other researches in the[field 16, lower temperatures, where the viscosity of the water is
in particular, the viscous effects are assumed to be importamtigher[1]. Though the size and the position of the allowed
only in a narrow boundary layer around the bubpl®].  region depend on the choice of parameters, the general trend
Following the time evolution of a small azimuthal distur- of the results shown in Fig.(d) does not; the theory predicts

bance from the spherical shape, we calculate the Floquefpproximately constant range of the allowed valueR pfs
transition matrix; the maximal eigenvalue serves as the crip, s varied.

terion for instability(for details, se¢16]). As the result, we
obtain the Sl line, which divides parameter spakg ,(Po)
into stable and unstable parts.

To the right of the S[broken line in Fig. 4c), the bubble
becomes unstable and eventually disappears. This typical
happens for large values &f,. The maximum “allowed”
value of P, increases a®, is increased. This is expected,

We present the analysis of the influence of ambient pres-
sure on SBSL. It is shown that variation of ambient pressure
influences SL emission through changes of bubble dynamics,
Fmd also through changes of equilibrium bubble size. SL ra-
éfiation, calculated using previously developed simulations of
gas dynamics, combined with radiative transfer theory,

. . : : : . strongly increases with decrease of ambient pressure. The
since increasing, reduces the intensity of bubble oscilla- intriggixg theoretical result is that both the minri)mum value

tions. For lower values d?, [no SL regime in Fig. &)], the
shock theory predicts no SL radiation, since the oscillationsmc P4 that produces SL, and the lower thresholdgffor S|

are too weak to produce the imploding shock w&7g In increase approxi_mately linearly w_ith an increaseF_’@f. An
the small region in betwedSL in Fig. 4c)], all conditions increase of ambient bressure while the rEmQ/F.’O 1S kept
for SL radiation are satisfied. constant leads also t®low) increase of SL radiation. Fur-

pvaiable experimental resuls for the onst of Sfy 1%, S SR eon slons e o e e Sa
=1.0 atm find the narrow region of allowed values f

aboutP,=1.20 atm[9], so they are at slightly lower values pressures, and the degree of degassing. Assuming that only

than our theoretical results. Also, while the theory does pregrgon is left in the bubble, the theory predicts a decrease of

dict that the size of the allowed range Bf, increases as equilibrium bubble size with an increase of ambient pressure.
: 9 : In particular, stable mass equilibrium might not be possible
ci/cy decreases, the theoretical range underpredicts the e

perimental ond1.9]. The polytropic approach might be one for small values of ambient pressure, less than 0.3 atm. Ex-

of the important factors leading to these discrepancies Alsdoerimental verification of these predictions should bring us a
P -ading . P .~ gtep closer towards understanding of single-bubble sonolu-
the results are very sensitive to the choice of gas and liqui

. : X 7 inescence.
parameters, e.g., if the viscosity of the liquid were doubled,
the parametric instability line would have shifted to the right We thank Tom Chou and Detlef Lohse for useful discus-
for about 0.1 atm, while the SL threshold would have notsions. This work was supported in part by DOE Grant No.
been modified significantly. This is probably the reason forDE-FG02-88ER25058L.K.).
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