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Single bubble sonoluminescenceniat an exotic phenomenon but can quantitatively be accounted

for by applying a few well-known, simple concepts: the Rayleigh—Plesset dynamics of the bubble’s
radius, polytropic uniform heating of the gas inside the bubble during collapse, the dissociation of
molecular gases, and thermal radiation of the remaining hot noble gas, whéi@t&opacity
(transparency for its own radiatipis essential. A system of equations based on these ingredients
correctly describes the widths, shapes, intensities, and spectra of the emitted light pulses, all as a
function of the experimentally adjustable parameters, namely, driving pressure, driving frequency,
water temperature, and the concentration and type of the dissolved gas. The theory predicts that the
pulse width of strongly forced xenon bubbles should show a wavelength dependence, in contrast to
argon bubbles. ©1999 American Institute of Physids$$1070-663(99)01704-3

I. INTRODUCTION propagation inside the bubble. These calculations arrive at
realistic numbers for emission intensities and pulse widths
by taking into account opacityi.e., the degree of photon

Single bubble sonoluminescent8BSL) is a phenom-  apsorption in the mediumand plasma physical processes
enon that was discovered not even a decade'@yul has  such as the cooling of the gas by plasma heat conduction.
triggered a large number of experimental, numerical, anthpart from presenting a formidable task concerning the nec-
theoretical publications in subsequent years. At first, the proessary numerical effort, detailed calculations have also suf-
cess of converting sound energy into visible light seemedered from modeling uncertainties, because very little reli-
mysterious in almost all of its aspects. The light is emitted inable data is available about the microscopic and macroscopic
the collapse phase of the oscillation cycle gfa-sized gas physical properties of a gas at the temperatures and pressures
bubble driven by a standing ultrasound wave excited in a&ncountered inside a SL bubble.
glass flask(cf. Refs. 1, 2 for the experimental sejupn a (i) Parameter regime of SBSIThe basic experimental
small parameter range of driving pressure amplituBgs parameters that can be varied are the forcing pressure ampli-
(typically 1.2-1.5 atmand gas concentrations in the liquid tude, the forcing frequency, the water temperature, the gas
c.. (e.9.,~0.2%—0.4% of the saturation concentratigyfor ~ concentration, and the gas type. The hydrodynamical/
argon), the light pulses are emitted very regularly, once perchemical approach to SBSE;*?which for self-consistency
cycle. Despite the violent collapses, the bubble remaings briefly outlined in the following section, provides a quan-
stable for many hours. titative explanation for the parameter dependences of SBSL.

Two basic questions arisé) What is the mechanism of Moreover, the theory yields a number of predictioisee
the light emission andii) what determines the parameter also Ref. 20, many of which have been confirmed mean-
regime of SBSL? while in experiment:?1-24

(|) |_|ght emission:A |arge number of different models The motivation for the present work is the question of
have been suggested to explain the mechanism of light ravhether the hydrodynamical/chemical approach can be ex-
diation, ranging from bremsstrahluig, collision-induced tended to compute light emissiomaintaining its simple
emissiod and emission from electrons in vofdsto  character Indeed, this turns out to be possible. The central
fractoluminescencéMany of these approaches require a de-idea is to include thermal radiation in the model, taking spe-
tailed description of the gasdynamics inside the bubble t&ial care to considir thénite opacity of the 2h(3ated gas,
include, e.g., the effects of thermal conductiof§ or the  following Mosset al." and succeeding papels?®2°
possible creation of inward-focusing shock wa¥és! The
most elaborate model today is probably the one presented
Moss et al,* including full PDE numerics for the bubble A surprisingly accurate description of the radial oscilla-
interior, computing temperature profiles and shock waveions of a bubbleleven for very nonlinear oscillationhas

A. Converting sound into light

t%l The merits of the bubble dynamical approach

1070-6631/99/11(6)/1318/13/$15.00 1318 © 1999 American Institute of Physics

Downloaded 13 Apr 2005 to 130.89.112.66. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



Phys. Fluids, Vol. 11, No. 6, June 1999 Hilgenfeldt, Grossmann, and Lohse 1319

been known for a long time in form of the Rayleigh—Plesset
(RP) equation, a nonlinear ODE for the bubble radis
whose interior is taken to be uniforf3°

P 2

RR+ § Rz) = pgai R(t)]+ Pvap— P(t)—Po

20

Rd R
s giPeedROI- 47— 2. (D)

Here, pgasis the gas pressure inside the bubble, modeled by
a van der Waals-type process equation,

_ d . 3R?F
pgaiRat): &pga{R(t)]: -¥(R,R,T) W Pgas:
2

whereh represents thécollective van der Waals hard core
radius. The effective polytropic exponeptlescribes the de- £ 1 (5 Time seriesR(t) for f=20kHz, P,=1.3atm, andR,
gree of isothermality or adiabaticity of the bubble motion at=s5.0,m, computed from the complete systém, (4), (6)—(10), (11) over
a given time. Herey is, in general, a function oR, R, and one driving cycle. The time axis is normalized with the driving period
the gas temperaturg which will be discussed in detail be- _ /- The dashed box indicates the range of pldis and (c). (b) A

... close-up ofR(t) (solid line) around the instarit* of minimum radius. Note
low. If v can be assumed constant throughout the oscillationhe asymmetric collapse—rebound behavior. The dashed line gives the dy-

(2) can be integrated to yield namics as computed without the(t) modification discussed in Sec. Il E.
On the scale ofa) these two graphs are indistinguishable. For the same two
20 Rg— he \” cases(c) gives the variation ofy in time. The modification only affects the
Pgad R(1)]=| Po+ R_o m ) 3 innermost~10"°T4 aroundt*.

Ry being the ambient bubble radigstationary radius under
normal temperature and pressutdereR; is related tch via
h=R,/8.86 (for argon.3! The physical parameters ifl)—

(3) are the liquid densityp,, viscosity 7, and speed of b X , )
soundc; , the surface tensiom, the vapor pressurp,qp of millions of cycles. As mentioned above, thitable SBSlis

water, and the constant ambient pressege: 1 atm. We will observed in a small portion of the parameter space of driving

take the material constants to have the values for the case Bfessure amplitudeP, and relative gas concentrations
argon gas dissolved in water at 20 °C throughout this stud)ﬁwlco'

unless otherwise noted. HeR{t) = — P, coswt is the exter- In the past years, the parameter restrictions on bubble
nal ultrasound driving, taken to be a spatially homogeneoustability have been explain&f*!” as a consequence of
standing wave. The driving frequendy w/27 is typically  thresholds for bubble instabilities toward shape oscillations
20-40 kHz in today’'s experiments. Vapor pressure isand diffusive processes, in very good agreement with experi-
crudely represented by the term,,,, whose value is ment; cf. e.g., the results in Refs. 2, 22-24, and 34. Like-
bounded from below by the vapor pressure of water at thevise, the long-standing puzzle of why a small percentage of
ambient temperature, thus setting a lower limit to the bub-noble gas in the gas mixture used in experiment is necessary
ble’s interior pressure at expansion. Note thBt contains for stable SBSE® was solved* by accounting for chemical
viscous damping and sound dampitige terme1/c,), but  reactions in the bubble, which deplete the bubble interior of
no explicit thermal damping term like the one calculated forall gases except noble gases. This argon rectification titory
linear oscillations by Prosperetti in Ref. 32. For argonhas meanwhile been confirmed in various experim&ms=°
bubbles of the size and subject to the driving frequencies il these conclusions were drawn on the basis of the very
SBSL experiments, the first two damping effects are moresimple bubble dynamical description sketched above, with a
important in this linear limif® The modeling of the SBSL constanty=1, as the size of the bubble is so small that heat
bubble dynamics was recently refined by including thermals readily exchanged between its interior and exterior for
damping effects? most of the cycle, resulting in isothermal behavior.

Figure ¥a) shows an oscillation period of the typical The importance of the different material parameters has
R(t) dynamics of a bubble in the SL parameter reginie ( been investigated numericalfy'®83" and analytically"’
=20kHz, P,=1.3atm, R;=5.0um). The light pulse is The dependence of viscosity, gas solubility, and water vapor
emitted at the point of minimum radius after the fast collapsgressure on water temperature conspire to allow for larger
following the slow expansion to about ten times the ambientmaximal SBSL light intensities at lower water
radius. Upon collapse, the bubble radius becomes compaemperature$®3Further studie¥’ elucidated the possibili-
rable toh and the density reaches values similar to those irties for achieving SL in larger bubbles or with more violent
condensed matter. The strong collapsing dynamics of such @llapseq‘‘upscaling”).
bubble provides the extreme energy focusing necessary to Whereas all these facts fit together to form a consistent

create light from sound. Surprisingly, for appropriate param-
eter values the bubble survives this catastrophic collapse and
repeats the same oscillation with high precision for many
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picture of bubble dynamics, the process of light emission is T A7

still not included. The most simple explanation, namely, pgas?(RS—h?’):?RgvaT, (4)

thermal blackbody radiation, has been discarded on two ac-

counts:(i) blackbody radiation would be coupled to the dy- With the ideal gas constaf® and the specific molar volume

namics of the temperature in the bubble, i.e., it is expected t§m Under normal conditiong?) yields

change on the time scales of bubble dynamics, which from 3R2R

theoretical calculations seem to be longer than the observed T= —[y(R,R,T)— 1]=5—>T. (5)

pulse widths®*? (i) Gompf et al,>**° and later Hiller R°=h

et al,** experimentally found the pulse width to be indepen-To close the system of equations, we have to spegifigf-

dent of the wavelength\ of the radiation. Moran and fectively, y is meant to describe the interplay of temperature

Sweidef? find only a rather weak dependenaein some changes because of bubble dynant@gpansion or compres-

parameter regimes. However, a blackbody emitter wouldsion of the gason the one hand and temperature changes

yield much longer pulses in the red than in the ultraviolet,because of thermal conduction on the other hand. If e.g. the

unlike what is seen in these experiments; see Sec. lll. bubble motion(time scalerg,,) is faster during collapse than
Our aim in this paper is to capture the essentials of thehe time scale of heat conduction through the bubfje the

light production mechanism by a simple, but quantitative,collapse will be(nearly adiabatic andy~T", wherel’ =5/3

model along the lines of the above-mentioned bubble dyis the adiabatic exponent for argon. Away from collapse,

namical approach. With the uniform bubble interior used inhowever, the bubble wall motion is relatively slow and heat

our calculations, the light emission must necessarily be deconduction acts faster than the bubble motion, so that the

termined by the uniform temperatufét) inside the bubble. bubble is(nearly isothermal, withy~1. An order of mag-

In Sec. Il we will deal with the consistent computation of nitude estimate forry, is R?/ xo, where x, is the thermal

T(t) from R(t). We proceed by presenting results confirm-diffusivity of the gas inside the bubble under ambient condi-

ing the failure of ideal blackbody calculations to account fortions. With yo~2.2% 10~ °m?/s for argon andR of the order

the light emission characteristi¢Sec. 11). The full model  of a few um, we find thatr,~ 100 ns, which is both much

contains a temperature- and wavelength-dependent opacifynger than the crucial time scale for light emissiso that

of the gas(Sec. IV). In Sec. V a systematic comparison of in this regime the bubble can be treated adiabatirallyd

the theoretical results to experimental data is made, whickuch shorter than the driving time sca that isothermal-

turns out to be rather satisfactory. In Sec. VI we presentty holds through most of the oscillation cygle

predictions made and conclusions drawn from our model. The presence of heat conduction modifies the results of
the RP calculations in two ways: not only jsvarying in

II. FEROM BUBBLE DYNAMICS TO TEMPERATURE time, but the heat conduction leads to the formation of a

ESTIMATES thermal boundary layer at the bubble wall, effectively dimin-

. ishing the radius of high-temperature gas. Both effects will
A. Bubble dynamics near collapse be discussed in the following.
Even for bubble oscillations of a strongly nonlinear char-
acter(involving large changes in the bubble radius and vio-
lent collapseg the Rayleigh—Plesset equation provides al
accurate description as long as the speed of the bubble wall’
|R| is smaller than the speed of sound in wate, . For the limit of weak(lineap bubble os_cillations, _the
=1481ms*.*® Although this condition breaks down in the time dependence of the effectlve polytroplc equnant;
last ns before the collapse end., before the minimum known: Prosperefif has Qerlved a rlgorous,'analytlcal for-
radius Ry, is reachey it is reestablished quickly as the Mula thatrelatey to thePeclet numbeiPe. This number, by
bubble decelerates and starts its reexpansion, which is gd€finition, measures the relative importance of heat advec-
nerically much slower{ 100 ms%). Therefore, although the tion a_nd (_jlffusmn. Ir_1$t_ead of using the rather_ complicated
details of the time interval arounB~R,;, will not be de- equathn in Ref. 32 in its full form, we use a fit that repro-
scribed very accurately, the orders of magnitude of thefuces its shape very closely, namely,
bubble dynamical quantitiend also the gas temperature A
following from thesg should be reliable. Especially, the V(P@=1+(F—1)9XP(—(P?), (6)
asymmetric shape of the collapse displayed in Figa). &nd
1(b) not only occurs in the calculated solution @, butis ~ With numerical parametersA~5.8, B~0.6. Obviously,
also seen experimentafff:+445 v(Pe—0)—1 (isothermal behavior, where thermal diffusion

is dominant and y(Pe—x)—I'=2 (adiabatic behavior,
where advection is domingntas it is required. While Pros-
peretti's formula was developed for weak bubble oscilla-
tions, it does retain its physical meaning of interpolating be-

We are looking for a self-consistent extensior(bfand  tween isothermal and adiabatic behavior in the case of
(2), including the gas temperatufieto form a three-variable nonlinear oscillations. Therefore, we venture to extend its
ODE system foR, R, andT. Using the excluded volume van application here to the strong collapses of SL bubbles, using
der Waals equation of state, a time-dependent, instantaneouslBenumber,

Computation of y

B. Including temperature in the Rayleigh—Plesset
picture
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Pe=Pgt)=R(t)|R(t)|/x(R,T), (7)
. . . . 20000 |
which can be obtained from a dimensional argument or
simple estimates of the terms in the PDE of temperature X
; : ~ 10000 |
conduction. Pe changes over several orders of magnitude
during a typical RP oscillation. For a very large part of the
driving cycle, the bubble follows t,he relatively slow time 5 18 | b _ pw:430p’s |
scales of the driving, yielding small Blet numbers. Signifi- g FARSSSN = P,11010ps
.. ! . . / N Tl T P, : 500ps
cant deviations from isothermal behavior only occur in the Q o5 | : Ll
vicinity of the collapse, wheré7) will yield large Pe and, E | 7
consequently, a strong temperature increase under compres- 2 0.0
sion. ' 0 500 1000

D. Dependence of x on state variables FIG. 2. (a) Temperature puls&(t) according to(11), as resulting from the

As the argon bubble becomes very dense at collaps@’snac‘)mics Td}isP'aY?d in Fig. tt il')e'f)azo kHZH P,=13atm, ?”dRo t
. . : =5.0um. The uniform gas in the bubble reaches a maximum temperature
(reaChmg densities of solid state maffere use the EnSkOg of T,,=20 000 K. The dashed line gives the virtually unaltered curve with-
theory of dense gasdsf. e.g., Ref. 4pto compute the de- oyt the modification iny. (b) Light intensities emitted by aideal blackbody
pendence of on R andT. The result is argon bubble withT(t) as in(a), for three different wavelength intervals.

2 Shown are the total poweP, in the UV range (200 nraA <300 nm,
25 mas RT

1/2

(RT) r-1 dashegl the redP, (700 nm<\ <800 nm, dot—dashg¢dand the complete
XU H)=74
48

G(x), (8) detectable spectrumy (200 nm< A <800 nm, solid. All pulses have been
normalized to their respective maximum heights. The computed peak pow-
with the molecular weight of argop 5,~0.040 kg/mol, and ers in absolute units are A0 2W for Py, 6.7x10 4 W for P,, and
; P 46 ; 3.2x10 2 W for P4. The total number of emitted photons is #.407; the
the effective atomic diametex,,~0.34 nm.® Here G(x) is d P '
i . . r ) FWHM of the pulses is indicated itb).
a function of the dimensionless density,

27N as RS
X:ﬁR_g’ (9)

Ar

3unm line]. This is just a cosmetic correction, as numerical tests
have shown that the computed light intensity is modified
only on a 10% level by this modification, the bubble dynam-

ics and temperatures being almost ident{edl Figs. 1 and

where,N, is Avogadro’s number. The virial expansion ap-
proximation used in Enskog theory yields

1 1 2a)].
GO=5 1+ CyX+ Cox2+ Cax°® 1.2
+0.7552(14 ¢y x+ cox2+ cx3) |, (100  F. Thermal cooling in the boundary layer and the
bulk gas

with the virial coefficients ¢,=0.625, ¢,=0.2869, ¢, In the uniform bubble model, the gas in the collapsing
=0.115. Note that, in the limit of small densities, these for-p pple becomes much hotter than the water outside, so that
mulas recover the well-known proportionalitigs< VT/pg,  there should be a vigorous exchange of heat, which generates
wherepg is the gas density. a cool thermal boundary layer inside the bubble wall. The

The system of equationgl), (4)—(10) constitutes a equations presented so far only capture the bulk effects of
closed ODE system foR, R, andT. In the next two para- cooling by expansion.

graphs we will discuss slight modifications of this model. If a hot sphere is instantaneously brought into contact
with an infinite liquid, the solution of the heat conduction

E. Adiabatic and isothermal conditions around equation can be found analyticallyf. Ref. 47, suggesting a

collapse thermal boundary layer of thickness(t)=2[x(t)(t

—to)]¥? for t>t,. Here, &y, grows, starting from O at a

) . ertain timety, reflecting the time it takes the bubble to
according to the equations presented above when the bubb Stablish a sSfficientIy h?gh'létet number after the onset of

decelerates and thg velocity changes sign, g|\{|ng “”e‘“‘?' collapse. Whild is in this way somewhat ambiguously de-
thereforey=1 for R=0. Thus, y(t) looks as displayed in  fineqd, we notice that on the time scales of our interest for
Fig. 1(c) (dashed ling after rising toward" during collapse, light emission(~ 100 p3, we have typicallys;,~ 10 nm, so

it drc_Jps to 1 and then rises again until it finally dro_ps_back tOihat this boundary layer process does not modify the energy
the isothermal value as the bubble expands. This is an uns the pubble interior markediynote that even for small
physical feature of th_e present model, because the computgypples withRy=2 um, the van der Waals hard core radius
tion of Pe fromR(t), R(t) does not account for the fact that s still >200 nm. Indeed, a numerical check shows that tak-
the hot bubble cannot cool instantaneously. To get rid of thisng &,, into account leads to only very minor modifications
behavior,yis kept at its maximum value during the period of of the temperature versus time curve. Therefore, we will not
fall and rise around the instant whelRe=0 [Fig. 1(c) solid  include it into the computations here.

The condition of adiabaticity around collapse is violated
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Thermal cooling of thevhole bubble will, however, be tion of the emitted photons and the atgnesrresponding to
accounted for by adding a diffusive heat loss ternB)pi.e.,  a Planck blackbody radiation spectrum. The source spectral

the full formula we use for the temperature change is intensity (energy per unit time, wavelength interval, solid
. angle, and projected surface gred wavelengthi is thus
: - SRR T-Ta iven by Planck’s law
T=-[¥RRT) -1l gz—3T-x—fz (1y gvendy !
o 2hc?
The time scaleR?/y is greater or equal te-10 ns, so that LWT]= NSTexpho/nkeT) — 17" (12

this cooling has no effect on the fast dynamics during col-

lapse or on the temperatures and light intensities computedVith the Planck and Boltzmann constahtsindkg, and the

It only reduces the temperature back to the ambfesmttes speed of light in vacuuma. The emission changes with time
temperatureT,. during the afterbounce phase of the oscilla-according to the temperature changgs). In order to cal-
tion and ensures that the average energy content of theulate the actually observed radiation, however, we have to

bubble stays constant from cycle to cycle. take into account the degree absorptionof the emitted
photons in the radiating bodyhe hot gas bubbjeatself, i.e.,
G. Resulting temperature pulses its opacity or optical thicknessin this section we consider

the idealized blackbody approximation, where the bubble is

considered asptically thickand absorbs perfectijts opac-

figal yersion of our TOd,erl]' We USF a_standarq F\’"unge—Kutt:fx[y is infinite). Accordingly, it emits light from a thin surface
adaptive step size algorithm to solve it numerically Rit), layer only, since the radiation originating in the bulk of the

R(t), and T(t). Figure 2a) shows the temperature pulse pypple is reabsorbed before it can reach the surface.
computed using the present model for the example param-

eters from Fig. 1, yielding a maximum temperatureTqf,, ) )

~20 000K, which is in accord with many previous theoret- B- Calculating the properties of the pulses

ical predictions and experimental conclusions, e.g., Refs. 2,  For the optically thick case, the emission is completely
4. It is obvious that it reflects the asymmetry of the bubbledescribed by the blackbody radiation equatid®). Together
collapse dynamics: the temperature rise time is much smallegith T(t) calculated according to Sec. ll, this yields a time
than its fall time; the total FWHM is=1100 ps here. Thisis series for the emitted intensity at wavelengih 1,(t)

The system of equationd), (4), (6)—(10), (11 is the

comparable to the turnaround time B{t). Omitting the =If'[T(t)], as well as for the spectral radian@anitted en-

modification in+y discussed in Sec. Il E leavagt) virtually  ergy per time and wavelength interyalbtained by integrat-

unchangedthe dashed line in Fig.(3)]. ing over the projected bubble surface and all solid angles:
Plisy — 4,2 2Pl

IIl. THE FAILURE OF THE IDEAL BLACKBODY PY(O)=47"R(OTLIT(H)]. (13

MODEL In the case of SBSL, only a certain part of the spectrum

In the following paragraphs, we will treat the ideal is detectable. The spectral radiance decreases strongly to-

blackbody light emission from bubbles with temperaturesvard the red, and the major part of the energy is captured in
computed from the above model. Although we show that théhe wavelength ranga <A,~800nm. On the other hand,
assumption of an ideal blackbody is insufficient to explainthe water surrounding the bubble strongly absorbs UV light
the experimental data, we present these results because ma#§jOWAuy~200nm, so that this portion of the emitted light
elements of the refined model presented later in Sec. IV havi§ 10st, and what is measured as the total power of the pulse

. - Ar
gdli_;[(i:(?rl] thermodynamic equilibrium and blackbody PP'(UZJ Pf'(t)d)\. (14)
A

uv

First, we have to make sure that the time scales of |t is of special interest to look at the temporal length of
bubble dynamics we have encountered heteleast a few the light pulses in different wavelength intervals. In several
10~ **s) are sufficient to allow for local thermodynamic experiments these pulse widths have been measured with fil-
equilibration of the bulk gas. The collision time scale in ters of bandwidthA A ~ 100 nn?° and A\ ~40 nm2? or alter-
gases of the densities and temperatures we are dealing wigfatively with a spectrographic proceddfeWnhile Gompf
here is comparable to that in liquids, and will therefore be agt al®*° and Hilleret al** could not detect any spectral varia-
short as~10"*3s, corresponding to typical intermolecular tion of the pulse width, a small increase toward the red wave-
distances of 10'°m and typical particle velocities of |engths is reported by Moran and Sweid®r.

10*m/s. That is, there is enough time for the atoms to un-  within the present formalism, it is easy to integrate the
dergo several collisions in order to attain local thermody-spectral radiance over suitable wavelength intervals and to
namic equilibrium(LTE). One can therefore assume that ev-compare with the experimental results.

ery volume element of gas in the bubble is in thermal

equilibrium with its surroundings. L .

Necessarily, an ensemble of atoms at a well-defined tem(-:' Blackbody approximation of bubble radiation
perature will have a radiatiosource functionthe intensity Figure 2b) shows a simulation of the light pulses from a
of emitted radiation without taking into account the interac-strongly collapsing bubble treated as a blackbdpgram-
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etersP,, Ry as in Fig. 1. The pulse of total power emitted s

into the visible part of the spectrufy in Fig. 2b)] reflects I\(s,t)= fo x\[T(s",1)]
the characteristic asymmetry of the dynamics, i.e., tt?Pen fall
time of the emitted radiance is longer than the rise tfme. s' ” , , ,

The “black” bubble’s pulse width, h%)wever, is well outside ><exp( B fo [ T(s",1)]ds ) ISRICRUICES

the range of experimental observatithd2—with ~500 ps

it is too long. While shorter pulses can be obtained with (19
smaller driving pressures and radii, e.g:275 ps FWHM  Note that the source function is Sti|fl, because of LTE.
with P,=1.2 atm andR,=3.0um, the average pulse widths Keeping the approximation of uniform temperature through-

are clearly overestimated in the blackbody model. out the whole bubble, this reduces to
. There are tyvq more serious shortcoming; of this calcu- |)\(S,t):|§|[T(t)](1—exp{—K)\[T(t)]S}), 0<s<2R.
lation, namely (i) it fails to reproduce quantitatively the ab- (16)

solute magnitude of the pulses, afid) it predicts a too . . . .
strong variation of the pulse width with the photon w::xve-“,l,the I|m|_t of an optically thick bIackbody;_(K_—m), th'.s IS
I5(t), while for smallk, (the transparent limjtthe emitted

length interval. For the example of Fig. 2, the total number'r);tens't is considerably reduced. becoming pronortional to
of photons emitted over one period 4s4.4x 10’ photons, : 1y : y uced, Ing proport

about ten times as many as observed in the strongest Iigtt1rt]e dimensionless absorptivits. A very weakly absorb-

. : 5 48 L ing body is a very weak emitter. To get the total emitted
pulses in argon experimerts®“®The variation of the pulse . . )
width with X is shown in Fig. 2b), where the pulse intensi- power, the intensity(16) (per surface area and per solid
ties in the ultraviolet wavegléngt’h intervaP(,p 200-300 angle must first be integrated over the cross section of the

. ) v, . emitting part of the bubble, the thicknesf the medium
nm), in the red portion of the spectruniP{, 700—800 nm gp

. varying ass=2Rcosf with the angled from the line of
and in the vyhole detectaple spectrr_:ll rangg ( 200_800 view. This gives the emitted power from the total bubble per
nm) are depicted. The “red” pulse is more than twice as

unit solid angle. As we assume isotropy, this quantity multi-

long as the “ultraviolet” pulse, a variation much too large to plied by 4r is the total emitted power per wavelength inter-
be compatible with the observations in Refs. 39-42. Thg,,).

variations do not become significantly smaller if smakgyr

and/orR, are analyzed. This indicates that the assumption of 1. 2p2 Pl exp—2x\R)
P,()dA=4#7°R°,[T(H)]| 1+ ——————
the bubble as a simple blackbody radiation source needs re- A0 4 M1 KR
finement. ex— 2k,R)— 1 " .
2kZR? ' n

In the transparent limit (2,R<1), this yields

IV. FROM TEMPERATURE TO LIGHT EMISSION: °

INCORPORATING FINITE OPACITY dx

4
PYaYt)d\ =47k, | R T(1)] 3

A. The bubble as a volume emitter

4
- Pl
We have assumed in the previous section that the bubble 3 ARP(DAN, (18

emits as an ideally absorbing blackbody with infinite opacity.icp, nicely illustrates the features of a volume emitter,

Comparing to more elaborate simulations, we see that thiﬁqultiplying 1™ by the volume of the bubble anéducingthe

O . 7
may not be the case: in an important study by Mesal,”  gmission as compared to the blackbody limit through multi-
where shock waves inside the bubble play a crucial role anBIication with «, . Obviously, for 2¢,R>1, Eq.(17) yields

heat the gas to central temperatures above<10inite opac- the emitted powePf'(t)d\ from an ideal blackbody, pro-
ity is included in the calculations of their model. Although no portional to the surface ardaf. also(13)].

accurate experimental data on the absorption coefficient of
gases in the relevant temperature and density range is avail-
able, the modeling in Ref. 4 suggests that practically théB. Photon absorption in a weakly ionized gas
whole bubble idgransparent(optically thin) for almost all the To determine the absorption coefficient, and thus via
time. This means that the bubble has to be treated\ad-a (17) the observable emission' we have to find out the domi-
ume emitter The detected radiation does not come just fromnant (microscopia photon absorption processes in the gas.
a thin surface layer, but from the whole volume, as the phoThijs is not an easy task, as pointed out in Ref. 4, mostly
tons are only weakly absorbed inside the bubble. because the combination of high temperatures and large den-
Let us denote the photon absorption coefficighe in-  sities inside the collapsed bubble are not encountered in
verse of the absorption lengtidepending on the wavelength other physics experiments, so that almost no data are avail-
and, via temperature, on the location within the bubble ancible. Nevertheless, some general formulas are applicable.
the time, byx,[T(s,t)]. Then, the emitted intensity at wave- Evaluating the Saha equation for temperatures of several
length \, after traveling a distances in the medium, 10%K shows that the gagrgon is only weakly ionizedi.e.,
become®*° the number density of electromg is much smaller than that
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of neutral atoms), becaus&gT<E,,,, the(first) ionization = Numerical computation d23) and a comparison to the ionic
energy of argon beind,,,~15.8eV. More precisely, the contribution shows thatfor argon K;fo is indeed compa-

degree of ionizationx=n,/n is* rable to;cg\er in most regions of the SL parameter range.
2 mmeksT)| ¥4 2u., | 12 E. Photonicbound—fre_ei(_)nization of already excited gtoms
a[T]= g ) ( ) ex;{ — ﬂ) (19 and bound-bound excitations of electrons on the discrete
h NUo 2kg energy levels of the atom in question also contribute to the

wherem, is the electron mass and, ,u, are the statistical photon absorption. In both cases the discrete energy levels of
weights for the ionic and the neutral ground state, respecthe neutral atom must be known or modeled. For the bound—
tively. Consistent with the hydrogen-like atom model of Ref. free processes, we follow the “hydrogen-like atom” model
49, which we will use below to evaluate atomic energy lev-0f Ref. 49, which results in
els, we specify B, /up=1 for the statistical weights. 64t 7%e1%m

As the maximum temperatures encountered in the SL <T1= e

parameter range are only of the order of a few(&és than 3v3 (4mep)°hc?

2 eV in the case of Fig.)2 the degree of ionization, even -

during the most violent collapses, is stitk< 1% for argon. > iex;{ _ Eion— Ej) (24)
Therefore, the free—free interactions of electrons and ions Sl kT /°

(inelastic collisions of charged partic)eare not necessarily
the dominant processes of photon absorptesit would be
the case in every considerably ionized §aswe have to
compare their contribution to absorption, denoted:<l§§1+ ,
with the absorption coefficient!'® due to the interaction of
photons with electrons colliding inelastically witheutral
atoms, for whichk! %< an? instead ofx|"* o a?n?.
According to Ref. 49, we have

wherej is the index of the bound state$=1 being the
ground statg and EJ-=Ei0n/j2 the corresponding energies,
with E; increasing fromE.,=0 to E;=Ej,,. The sum starts
at the lowest-lying levej* for which Ejx<hc/\. Adding
this absorption to<§\er (which is also due to the presence of
ions), we get the total ionic absorption coefficiexf" .
The atomic level system for arggand the other noble

gases as wellfeatures a large gap between the ground state

27 \Y2  72eB)\3 - and the next-lowest levetescribed here by=2). Above
3mkeT) (4meg)3hcim, a[T]n%, (20 j=2, the term system has a lot of relatively closely spaced

, ) ) energy levels, which suggests a continuum model Xor
with the effective charg& of the ions(taken to bez=1

~ >N\,, whereE;=hc/\,. Indeed, with these assumptions the
here, the electron charge and the vacuum permeabilis.  sm overj in (24) can be replaced by an integral and com-
To evaluatex, ~ we need the effective inelastic collision

, , puted analytically*® Insertinga from (19), we finally get the
cross section of electrons with neutral atoms, the So'ca”epelatively simple formula

transport scattering cross sectian, .>! It is normally of the

rm=g|

order of(mostly somewhat larger thathe geometrical cross on 16m*  e%kgTn |

section of the neutral atoms. The quantity is tabulated as Kx LT1= 3v3 (4mey)3hic?

a function of the kinetic energk, of the incident electron;

with good accuracy, we have for argon a linear dependence Eion—hc/max A\, \,}

of the cross section 0B, Xexp - KT : (29
B

oy(Ee)~CyEetdy, ) The wavelength\, corresponding to the lowest-lying level
in the relevant range of electron energies, with the constanf3bove the ground state can be retrieved from tables, e.g., in
Cy~1.6X10 2°m/eV, dy~—0.6X 10 °m? Ref. 53.

Using the linearity of this formula, we arrive at an ex-  The bound—bound processes are harder to model. The
pression forx![v,] for interacting electrons of velocity absence of emission or absorption lines in the SL spéttra
ve=\2E./m,, namely, suggests that the line contributions are either very weak and

swamped by the continuum spectrum, or suffer so much line
2y 2 4d v . . w .
K1y ] = a[T]n2<C p34 1 e). 22) broadening that they form part of the continudmWhile we
NPT (Amreg) e twel 3m, cannot decide this case at present, we remark that inserting

the maximum values of temperature and pressure from the
rpresented calculations into the well-known formulas for
pressure broadeninghe most plausible candidate for exten-
sive line broadening in our situation; cf., e.g., Ref. 50) 56
agives considerable, but not excessively large, line widths, so
that a line structure would still be visible in the spectrum.

Equation (22) uses the long wavelength approximation
hc/NkgT<1, but should yield reasonable values for smalle
wavelengths, to8° Inserting(19) in (22) and averaging the
equation over théMaxwell-distributed electron velocities,
we obtain the absorption coefficient as a function of temper

ture, .
Since they are not observed, we neglect the bound—bound
for 11— e’ (2kgT)¥n%? 22 ot die contributions here, bearing in mind that, by only considering
o 1T1= 7€o h323m 73 Cur 3kgT the absorption fron{23) and (25), we have underestimated

the optical thickness and therefore the emitted power from
wexd — Eion 23 the bubble. Moreover, we do not account for impurities in
2kgT /" the argon bubble due to the presence of a small percentage of
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molecular gases and/or water vapor. The presence of these 20000 -
more easily excitable species could cause a larger opacity,
too”"%8 . é 10000 |
Although the formulas for the contributions to absorp-
tion may look lengthy, they are easily implemented into the . 0 .
formalism and present no computational difficulties. We can GB) 10l b - P, :146ps
now straightforwardly compute the temperature and wave- 8 --= P,:163ps
length dependence ok,[T]=«!"[T]+«°T]. We see g 05 — Py:152ps
from (23) and(25) that it decreases strongly with decreasing 5
temperature, because of the exponential factors in these < 00
equations. Therefore, we can expect a fast cutoff in the light LAVAN 1
intensity when the temperature drops during the reexpansion 202 / \\ ——
phase of the oscillation. This will reduce the unrealistically AN
high photon numbers from the ideal blackbody calculations ,' \\\
(cf. Sec. II1 Q. . _ ' ' 0.0 o 500 1000
In the next sections, we will use the absorption coeffi- t/ps

cient x,[T] to compute length and spectral properties of
SBSL light pulses fron{17). That it is sufficient to compute FIG. 3. (a) Temperature puls&(t) in an argon bubble, identical with the
absorption in order to calculate emission is a consequence §P!id line of Fig. 2a). (b) Resulting light intensities emitted by an argon
Kirchhoff's | hich states that ab ti d . . bubblewith a wavelength- and temperature-dependent photon absorption

Irc 0 S law, whic _S ates at a Sorp Ion and emiSsION,etficientfor different wavelength intervalgparameters as in Fig.)2
are reciprocal mechanisms. Thus, the primary processes f@gain, Py, , P,, and P4 are shown. Here, the variation of the indicated
the emission of sonoluminescence photons are precisely imulse widths is smaldonlsc1 ~10% with respect t04the red pulséhe peak
verse to those responsible for absorptiGhbremsstrahlung Poi%ﬁgsw (aFr)e) tﬁ@! 10 ItW(F’;Nt),| isgx 11%5 dV\{(F;r)t.)l anc_itt dl-?]9

: . ) . X d); IS results In a total o OX etectable emittea pno-

from |nelast.|c CO||I?fIg)nS of free electrons with neutral atoms,tons_(c) Optical thickness=(2x, R)(t) at the center of the UV250 nm.
corresponding toc, [ T]; (i) bremsstrahlung of free elec- gashey and red(750 nm, dot—dashedspectral intervals. The bubble is
trons in the field of ions ;{I\H[T]); and (iii ) photon emis- clearly an optically thintransparentvolume emitter throughout the oscil-
sion from the recombination of free electrons and ions tdation (even at collapse but is absorbing red light considerably stronger

. than UV photons.
form excited atoms 27 T7). an LV photons

C. Light pulses and spectra in the refined model 16). This is completely in accordance with the present

Figure 3 shows the light pulses computed from thismodel, as will be discussed below.
model including the calculated opacity due to thermal brems-  The wavelength independence of the pulse widths arises
strahlung and recombination radiatiofagain for P,  from the fact that the temperature dependence@®f and
=1.3atm,Ry;=5.0um). Let us first look at the dimension- (25) are dominated by terms varying exponentially with the
less optical thickness, (t)=2k,[T(t)]R(t) of the bubble. inverse of the temperature, but practically independent of the
In Fig. 3(c) we see that the bubble in this example stayswavelength, so that the cutoff occurs for the UV and the red
optically thin (r,<<1) for the whole oscillation cycle. Fig- light alike. The spectral intensity of the emitted power for the
ures 3a) and 3b) show how different the pulse widths of the present choice of parameters is given in Fig)Adisplayed
temperatureT(t) and the total emitted detectable poweris the spectral radiance averaged over one driving period,
P4(t) are: the small time interval in which, is relatively  which is the quantity detected in experiment. In absolute
large “cuts out” a short window from the temperature pulseintensity as well as in spectral distribution it compares well
to yield intense radiation for only about 150 ps. The lightto the experimental valués® The explicit modeling of the
emission quenches very quickly as soon as the temperatuebsorption edge foj=2 [cf. Sec. IV B, Eqs(24), (25)] has,
drops by just 10% or so of its maximum value. The physicalhowever, led to a spectral maximum ®p(Ar) ~294 nm,
origin of this is the exponential dependence of the absorptiomhich is not clearly resolved in experimefén observed
coefficients on the rati&;,,/kgT, which, moreover, takes on maximum for argon is generally attributed to the onset of
large values because of the hugg, for noble gases, so that absorption by the watér%. A possible explanation is that
the variation of opacity withT is enormous. the level system of argon is modified near collapse because

Comparing the pulse width in the UV and red wave- of the close packing of atoms under the high pressure. The
length regiongFig. 3(b)], we see that the pulse width differ- actual\, may then be shifted to smaller wavelengths.
ences that were present in the ideal blackbody model have How does the spectrum differ for other noble gases? The
almost disappeared, the “red” pulse centered arownd essential parameter distinguishing them is the ionization en-
=750nm being only=~10% longer than the UV pulse. A ergyE,,,. For the samé, andR,, Fig. 4a) also shows the
small difference like this, amounting t816 ps herdat very  spectrum for a xenon bubble, computed with the appropriate
different absolute intensitigscan hardly be detected in to- changes in material parameters. As in experiment, the emis-
day’s experiment&?~*?>Moran and Sweidéf do find longer  sion is much more intense than for argon, and it displays a
pulses in the red, but only for lower water temperaturesmaximum ati,(Xe)~336 nm, which is quite close to the
where the bubbles can be driven at lar§grandR, (cf. Ref.  actually measured maximufnin Fig. 4(b) the variation of
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FIG. 4. (a) Spectral radiance of emitted SL ligteveraged over one driving
periodT4) from an argon bubble witl?,=1.3 atm andR,=5.0um (solid
line); the driving frequency isf=20kHz. A xenon bubble driven at the . :
same parameters yields a much higher spectral radiatashedl A com- &t f=20kHz at dissolved gas concentrations/c,=0.07%, 0.20%, and
parison with the experimental spectra in Ref. 2 shows good agreement boffy35%(this corresponds to the concentrations reported in Ref. 3% solid

in intensity and in variation across the detectable part of the spectrunParts of the curves represent stable equililiRf#P,), the dashed parts are
(200 nm<A <800 nm): the experimentally reported spectra decay some-Unstable. The parametrlt_: surface |nstab|I!ty rest.rlcts_ the radius to less than
what faster toward the redb) The variation of the pulse width with, ~5.5 um (c:gl_culgted in Ref. 37, thin solid lineor ~6.5 um
computed for the total power contained in intervalsAof=100 nm, cen- (experimentaf? indicated as the hatched regjon

tered aroundh =250 nm, 350 nm,...,750 nm. This corresponds to experi-

ments using filters 0o~100 nm bandwidti® The calculation for argon

(solid) yields very small variations: those for xen¢ashed are more pro-

nounced and should be detectable in experiment.

FIG. 5. Curves of diffusive equilibriéhick lineg for argon bubbles driven

From studies on diffusive equilibrig;*®*"we know that

for stableSBSL there is a unique stable equilibrium ambient
the pulse widths with wavelength is shown for both Ar andradiusRg determined byP, at constanf andc../c, (Fig. 5).
Xe. Unlike Ar, Xe displays a moderate variatithough still ~ HereRg(P,) is a monotonically growing function, so that at
considerably below what one finds for the ideal blackbpdy largerP, the bubbles are not only more strongly driven, but
which should be observable, if bubbles of high intensiiyd  also larger in ambient size. Therefore, the brightest bubbles
therefore large pulse widthsan be sufficiently stabilized in  should be found at the shape instability threshold, which de-
the experiment. Both the stronger light emission and theermines the largest bubbles stable toward shape oscillations.
higher variance of the pulse width for Xe are well explainedThe calculations of Ref. 13, which neglect the effect of ther-
by the smaller ionization energy of xenorki,,(Xe) mal damping on the bubble oscillation, locate the maximum
~12.1 eV, which yields smaller exponential damping factorsR, near 5-6um, almost independent ¢, whereas aP,
in «, at givenT, and therefore raises opacity. Thus, xenon=1.5atm, bubbles of all sizes become unstaBlayleigh—
bubbles become more similar to the optically thick idealTaylor instabilities.® Experiment& and more elaborate nu-
blackbody discussed in Sec. Ill than argon bubbles. For americal calculations? which include thermal effects in more
gon bubbles, stronger collapses lead to higher temperaturetail, have shown that the stability threshold lies somewhat
and therefore likewise to a behavior closer to an ideal blackhigher, e.g., um=1 um for 20 kHz driving®? As the ambi-
body due to larger absorptivity via smallgf,,/kgT. In par-  ent water temperature influences viscosity, solubility, and
ticular, for largerP, and R, the pulse width variation be- water vapor pressure, the threshold depends alsb.qnal-
tween the red and ultraviolet pulse becomes more significanfowing for largerR, and larger forcing pressuf, in cooler
This is corroborated by the experimental data in Ref. 42yvaterl®

where a lower water temperatufe, (allowing for stronger If the experiment we want to understand is conducted
driving and larger bubblgdeads to measurable variations of using a gas mixture containing molecular gases, the chemical
the pulse widths. dissociation theorl predicts that only the monatominoble

ga9 constituents will remain in the bubble. Therefore, the
relevant gas concentratian, for the experiment is the noble
gas partial concentration. If, e.g., air, which contains 1% ar-
gon, is degassed to 20% of saturation, the actually relevant
In the last section we have seen that the present interpreoncentration i€, /cy=0.2%.
tation of sonoluminescence is capable of producing pulses of Moving along a curve of stable diffusive equilibria at a
the correct shape, size, intensity, and spectrum. Because fiked gas concentratioa,, /c, (Fig. 5, we can compute the
the simplicity of the equations used, we are able to computéundamental properties of the light emission, namely, pulse
these characteristics for the whole parameter space of Swidths and light intensities, for all stable SL bubbles at a
bubbles with very little numerical effort. Therefore, we can prescribed gas concentration and driving frequency. The cur-
show that the numbers reported above for our particular exrently available experimental data were obtainedig26.5
ample of P, and R, are not special cases, but fit into a kHz (Ref. 2, only intensities are repordedii) 20 kHz (Refs.
consistent picture. 39, 40; only pulse widths are reporjedii) 29 kHz (Ref. 42,

V. PARAMETER DEPENDENCE OF LIGHT EMISSION
IN THEORY AND EXPERIMENT
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107 ' deviate from the experiment by about 0.10-0.15 atm. Apart
from the obvious inaccuracies and simplifying assumptions
in our model, this could also, in part, result from the experi-
mental difficulty of measuring the true driving amplitullg
(a systematic error of about the size of the reported devia-
tions is possibl&).
The data in(iii) do not have calibrateR, values, so that
10° a direct comparison is not possible. Nevertheless, the ob-
served pulse widths again agree with the range of values
125 180 185 140 145 cpmputed from t'he presented model. The important observa-
P /atm tion of longer widths for the longer-wavelength part of the
spectrum when working at lovi,, was already explained in
FIG. 6. Calculated total numbers of emitted photons in the detectable waveggac. |V/.

length interval[200 nm n function ofP,, with R rmin . . s
e e, The most extensive dataset i presented i casé! or
kHz, as in Ref. Athe solid line is a guide to the eye Ar, Xe, and He at 0.004 atn{3 Torr) partial pressure
(€ /cy=0.4%). In that work, the intensities are given rela-
tive to the maximum intensity obtained from a 0.2 ath80

whereP, is not calibrateyl and(iv) 34 kHz (Ref. 41, inten-  Torr) air bubble(i.e., a 0.002 atm or 1.5 Torr Ar bubble
sities are given in relative unijts which is not given in absolute numbers for this casef of

Let us first compare the photon numbers and spectrat 34kHz driving. Figure 1 of the experimental paper
intensities obtained ifi) to the present model predictions for shows examples of the pulse widths in air at that partial
the given concentration,, /c,=0.4%: assuming a maximum pressure, together with the fraction of maximum intensity.
R, of 7.5 um, we conclude that the maximum intensity oc- As we can compute the intensity corresponding to the given
curs atP,=1.46 atm. The number of emitted photons at thispulse widths, we can deduce the maximum intensity for 0.2
point is ~8x 10°, which is in close agreement with the re- atm air from this data. In Fig. 8 we have normalized all
ported value in Refs. 2, 38 for well-cooled water. Following theoretical intensity data by this value=6.5x 10° photons
the diffusive equilibria with varyind®,, we obtain the pho- or 3.9x10 *3J emitted per oscillation cycle
ton numbers displayed in Fig. 6 in R, interval, which is One of the most striking features of Fig.agin Ref. 41
clearly inside the range reported for SBSL experiments. Thés the high intensity of xenon SBSL, which is clearly repro-
weakest light pulsegat high ambient temperatudeare re- duced in our Fig. 8). The values for both pulse width and
ported to have~10* photons; according to our model, these relative intensity are in very good accord with the experi-
correspond to bubbles of sify~3.5um. ment. Even more important is the fact that the dependence of

In Ref. 39 of casdii), pulse widths as a function ¢,  the pulse width on the intensity agrees very well with the
were given, reproduced in Fig(aJ. The corresponding cal- measurements, because this indicates that the basic mecha-
culations in the present model yield the values in Fi(p) as  nisms of light emission are represented correctly in the
a function of P, . The shortest pulse widths are obtained forpresent approach. Figurg$ corresponds to Fig. (B) of
the smallest bubbles at the turning point of the diffusiveRef. 41, showing the same graph in the region of smaller
equilibrium line (cf. Fig. 5. The range of pulse widths intensities for Xe and Ar bubbles af,/c,=0.4%, as well as
agrees well with experiment; also, the shape of the growtlior Ar atc.,/cy=0.03%, corresponding to the 0.026 a0
with P, is reproduced, apart from the apparent saturation ifforr) air bubbles used in the experiment. The dependences
FWHM at the lowest gas concentrations and the higlgst of the pulse widths on the intensities again compare well
[circles in Fig. Ta)]. These particular experimental data, with the measured values, especially considering the simplic-
however, display a quite large uncertainty in the measureity of the model we presented. Moreover, at the same gas
ment of concentration; for the theoretical curve in Fih)7a  concentration, Xe and Ar bubbles follow practically identical
mean concentration was used. The absolute valueB,of curves in this diagram, although a given pulse width corre-
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FIG. 7. (a) Measured pulse widths, reproduced from Ref. 39 for argon bubbles drivea 2@ kHz at three different concentrations of dissolved(tie

oxygen concentrations are given herg) Calculated pulse widths for diffusively stable argon bubbles at relative gas concentrations corresponding to the
experimental values ifa). The stableéR, values can be read off Fig. 5. The discrepancy onRhaxis to experiment may be due to inaccuracies of the model

or to the difficulties of calibratind®, in the experiment. The pulse widths and the shape of fhgidependence are, however, in good agreement, with the
exception of the apparent saturation of the experimental data at the lowest concentrations and th® highest
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siderable change in gas concentration from 0.4% to 0.03% in

. * the experiments results in a corresponding change in the
30 @ ] functional dependence of width on intensity, which is very
well covered by the present calculations; see F{g).8
@ 300 | The values for helium from Ref. 41 could not be repro-
s duced; the computations yield much too faint bubbles if only
L 050 ! the material parameters are changed, mostly because of the
E huge ionization energy;,,(He)~24.6 eV. While experi-
ments report that He bubbles are about a factor of 10 less
200 | brigh? than xenon, the present model would predict about
four orders of magnitude difference. A possible explanation
150 is our neglect of the presence of water vapor molecules or—

0 S5 10 15 20 25 30 35 after the bubble becomes hot enough—the radicals derived

rel. intensity from them. They are also capable of light absorption and
I - emission, probably at loweF than the noble gases, because
220 | . 1 their ionization energies are lovfe(in the range of~14 eV

200 ¢ for both H and Q. Thus, for He with its extremely high

180 | ionization energy, it is possible that it is rather the “impuri-
QL 160 |, ties” (water vapoy in the gas that are responsible for the
S 140 | # major part of the light emission than the noble gas itself
é 120 | (Ref. 57; cf. also Ref. 58
i 100 §

80 VI. SUMMARY, PREDICTIONS, AND CONCLUSIONS

ig i q"w In summarizing, we repeat that the main contributors to

— the light emission from the hot bubble are thermal brems-
0.0 04 08 1.2 16 20 24 28 32

strahlung and recombination radiation from an ensemble of
atoms, ions, and electrons. All these processes depend cru-
FIG. 8. () Calculated pulse widthgopen circles for diffusively stable  Cially on the degree of ionization, which is generally quite
xenon bubbles at=34 kHz andc.. /c,=0.4% (as reported in Ref. 4lasa  small (~1% for Ar, <10% for X&. The inherent blackbody
function of pulse intensity. The filled symbols are the experimental values ocharacter of the thermal radiation is Changed because of the
Ref. 41. The intensities are given relative to the maximum intensity for 0.2 : . :
atm (150 Torp air (argon concentration.. /cy~0.2%). In experiment the Sma” opacity or absorptlylty of the bUbe,e' Its small Optlca|.
brightest bubbles were obtained at lower water temperatures, where strongfiCkness leads to a considerable reduction of the total emit-
forcing and larger bubble radii are possiljRef. 16. (b) A comparison of ~ ted intensity compared with the results for a blackbody of
the pulse widths for diffusively stable Atriangles and Xe(circles bubbles infinite opacity, thus Coming much closer to the observed
for the same parameters ag(@, now in the range of smaller intensities and . . _
widths. Solid symbols denote experimental data, open symbols theoreticéptensmes' Moreoverf the transparency of the bUb_ble ac
results. Diamonds represent values for argon,dt,=0.03%, correspond- counts for the experimentally observed short duration and
ing to the 0.026 atnf20 Torn air experiment reported in Ref. 41. approximate wavelength independence of the pulse widths,
which calculations assuming an ideal blackbody fail to ex-
plain. When using explicit formulas for the opacity contribu-
sponds to differenP, andR, for Ar and Xe, respectively. tions due to absorption and reemission of photons in the gas
This is another experimental feature of FigbRin Ref. 41 bubble(Secs. IV and Y, the simple approach presented here
reproduced within the present approach. Note that the largegioes surprisingly well in predicting the pulse shapes and
numerical values for pulse widths and intensities displayedvidths, as well as the spectral shape and intensity of the light
for Ar and Xe atc../co=0.4% in Figs. 8a) and 8b) occur ~ emission for both Ar and Xe SBSL bubbles.
for bubbles of the same size and at the same driving pres- It is the various features of the optical thicknesgt)
sure: in both case®)®~1.47 atm andRy®~5.5um. This =2k, T(t)]R(t) that are responsible for the characteristic
is consistent with the concept of shape instabilities as théeviations of the emitted light pulses from those of simple
limiting factor for R, and P,, cutting off the growth along black body theory. In particular, the optical thickness is pro-
the curve of diffusive equilibriacf. Fig. 5, as the shape portional to an exponential switch that determines the pulse
instability thresholds are virtually identical for both Ar and widths, namely,
Xe.

rel. intensity

Note that the dataset for 0.026 atm falfamonds in Fig. T}\(t)OCeXF< - kE.I'_°n ) (26)
8(b)] probes all salient features of the theory presented here: sT(D)
The values foP, andR, are calculated using the diffusive Thus, a characteristic energy scale—the ionization energy of
stability formalism, under the assumption that only argonthe noble gas atom—enters the picture, whichaspresent
remains in the bubbldthe relative concentration is thus in blackbody radiation. Even the maximum temperatures at
taken to be 0.03%, not 3p4From the resulting parameters of collapse are still fairly small compared E,,/kg for noble

bubble dynamics, the light emission is calculated. The congases, making the switch extremely sensitive. This explains

Downloaded 13 Apr 2005 to 130.89.112.66. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



Phys. Fluids, Vol. 11, No. 6, June 1999 Hilgenfeldt, Grossmann, and Lohse 1329

both the reduced width and the reduced intensity of theelatively narrow window of ~20000-25000 K(much
pulses in the optically thin case. As the switt®6) is A smaller tharE,,,/kg, even for Xe.

independent, the counterintuitive finding of nearly equal  Our aim in this work is to demonstrate the feasibility of
pulse widths in the red and UV part of the spectrum is acalculating realistic light emission for SBSL usingery
natural consequence of the model. The absolute value ¢fimple physicsThe dynamical equations contain just the
photon absorption, however, ) dependent and leads to a Rayleigh—Plesset equation, a rudimentary modeling of heat
pronouncedly larger opacity for longer wavelengths due t&xchange between the gas bubbles and the ambient water via

the terms proportional ta? and\® in (23) and(25), respec- @ polytropic exponent, and thermal photon emission, taking
tively [cf. Fig. 3c)]. proper care of the reduced gas opacity. The emission mecha-

Note that for an only slightly different range of values Nisms mentioned above, as well as all other elements of the

bubbles that are either very opaque and would behave simil&ysics” has to be proposed. In fact, there is a growing
to blackbody bubblegsee Sec. I), or they would be opti- COnSensus among theorists that SBSL light can be accounted

for by photon emission involving the relatively few ions and

cally very thin (transparentall of the time, with emission ] A !
efaee electrons present in the interior of the collapsed bubble.

rates many orders of magnitude lower than those observ bis ineludes th ; b 1% and 25
experimentally. This strong sensitivity 8y, gives us fur- | S Includes the computations by Mossal.” and Yasur,

ther confidence that our interpretation captures the essentiaﬁlge CEM m.odeF, and bremsstrahlup g calculatictfsExperi-
of the light emission mechanism of sonoluminescingmental findings have paralleled this convergence, as all data

bubbles on the pulse widths and their dependence on parameters

The most reassuring feature is probably the agreemerﬁgree very well today. We are confident that the essentials, as

with the experimentally observed dependence of the puls\('eveII as the details of SBSL emission, can be understood

: . . along these lines. As the principle of Occam'’s razor tells us,
width on the pulse intensit§Fig. 8), two accurately measur- . ; .
. " . : . we should not choose a more complicated model if a simple
able physical quantities for which unambiguous experimen- . . .
. ; .explanation already agrees with reality.
tal data are available. The successful reproduction of this . -
relationship over the whole range of observed intensities and In the present paper, the light emission of SBSL bubbles
>Nip 0) '€ rang IS treated as an integral part of the bubble dynamical calcu-
pulse widths is a strong indication that the present theory i

indeed generally applicable for SBSL bubbles and not just i
special cases.

Tations governed by the Rayleigh—Plesset equation All
Mhe various features of the RP-SL bubble approach—shape
stability, diffusive stability, chemical processes in the

Acc_ordin_g FO the now widely ac%etzpted- pict.ure of mol- bubble, and, finally, light emission as thermal emission from
ecule dissociation in hot SBSL bubbleshe interior of sta- optically thin body—fit together and give a consistent

bly oscillating SBSL bubbles prepared with some gas miXy,;cqre of SBSL in its whole experimental parameter range.

ture eventually consists of almost pure noble gases, WhoS,ere are no free parameters in the calculations: no functions
first ionization potentials vary from 24.64€) t0 12.1 V' o constants are chosen arbitrarily. Due to the simplicity of
(Xe). As the quotienon/kgT becomes smaller for Xe, and o approach, the complete parameter space of SL is acces-
the temperatures become higher because of the smaller thefip|e 1o these calculations. With the predictions given above,
mal diffusivity x of Xe computed from(8), the switch(26)  measurements will be able to show if this approach holds
loses its sensitivity. Consequently, Xe bubbles should, acyye, whose most satisfactory feature may be its ability to
cording to the present mode) be brighter, as seen in Fig. 8, explain as outlandish an effect as single bubble sonolumines-

increased opacity. Therefore, not only should the pulse width

for Xe be longer, but we predict that also its variation with
wavelength should be detectable for the brightest bubbIeéA,‘CKNOWLEDG'vIENTS
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