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Mechanism of single-bubble sonoluminescence
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The mechanism of the light emission of single-bubble sonoluminesd@&®8L) is studied theoretically

based on the quasiadiabatic compression model. It is concluded that SBSL is not the blackbody radiation but
the thermal radiation. It is clarified that the shape of the spectrum is determined by the temperature inside the
bubble and the intensity is determined by the rates of the microscopic processes of the light emission. For a
noble-gas bubble, radiative recombination of electrons and ions and electron-atom bremsstrahlung are the
dominant microscopic processes of the light emission, and the intensity is mainly determined by the degree of
ionization of the gas inside the bubble. It is also clarified that for a noble-gas bubble the pulse width of the light
is nearly independent of wavelengfl$1063-651X99)10708-§

PACS numbss): 78.60.Mq

[. INTRODUCTION almost uniformly. In the present study of the mechanism of
the light emission, the quasiadiabatic compression mi@el

Single-bubble sonoluminescent®BSL) is a light emis- s used.
sion phenomenon from a stably oscillating bubble in liquid In the first part of the present paper, a result of the com-
irradiated by the ultrasonic waviel]. SBSL was first re- puter simulation of radiation processes inside an argon
ported by Gaitaret al.[2] less than ten years ago. Since thebubble under a condition of SBSL is presented. In the latter
discovery, many researchers have investigated SBSL botpart of the paper, the theoretical analysis of the experimen-
experimentally and theoreticall}d]. However, the mecha- tally observed spectra of SBJl14,15 is presented.
nism of the light emission of SBSL is still unclefs].

There are two theoretical models of the bubble collapse
under a condition of SBSL. One is the shock-wave model
[4—6] in which a spherically symmetric shock wave develops In the present study, a computer simulation of radiation
inside the bubble and converges at the center of the bubblerocesses inside an argon bubble is performed under a con-
The light is emitted from the bubble center where plasma islition of SBSL. The model of the bubble dynamics is fully
created by the shock-wave convergence. The other is thedescribed in Ref[8]. In the model[8], the pressure is as-
quasiadiabatic compression mod&|8] in which no shock sumed to be spatially uniform inside a bubble and the tem-
wave develops inside the bubble and the whole bubble iperature is assumed to be spatially uniform inside a bubble

1. MODEL

heated up by the quasiadiabatic compressi6quasi” except at the thermal boundary layer near the bubble wall
means that appreciable thermal conduction takes place be/ose thickness is\, wheren is a constant and is the
tween the bubble and the surrounding liguid mean-free path of a moleculé the present calculatiom

Recently, Weningeet al.[9] observed sonoluminescence =7 is assumed16]). In the present mod¢B], the effect of
from an isolated bubble on a solid surfa@ehemispherical thermal conduction both inside and outside a bubble, that of
bubble and found that the spectrum is similar to that of nonequilibrium evaporation and condensation of water vapor
SBSL. It suggests that the mechanism of sonoluminescencs the bubble wall, and that of chemical reactions inside a
from the surface bubble is the same as that of SBSL. Thipubble are taken into account.
disagrees with the shock-wave model because the surface The following is the present model of radiation processes
bubble is not an accurate hemisphere due to the frictionghside a bubble. The number of free electrong)(inside a
force at the solid surface. For the shock-wave convergence, fubble is calculated by the Saha equalfidri7).
should be an accurate hemisphere.

Theoretically, Vuong, Szeri, and Your@0,11] clarified 2 1
that no shock wave develops inside a noble-gas bubble by 9 =2 4X 10132~ XIKTZ (1)
numerical simulations of the gas dynamics within a collaps- (1—-a) N’
ing bubble, taking into account the diffusive transport such
as thermal conduction and viscosity. It should be noted that n.—24-R3
e=37RQN, 2

the diffusive transport inside a bubble has been neglected in
the numerical simulations of the shock-wave molde}6].

The reason for the no shock formation is described in detaitvhere all the quantities are expressed in Systdnterna-
in Ref.[11]. Recently, Yuaret al.[12,13 also showed that tional (SI) units, q is the degree of ionizatiorT, is the tem-
no shock wave develops inside a SBSL bubble by numericgberature,y is the ionization potential of the gak, is the
simulations of the gas dynamics including the diffusive Boltzmann constanty is the number density of atoms, aRd
transport. Thus, it is expected that no shock wave developis the bubble radius. The ionization potential of argon
inside a SBSL bubble and the whole bubble is heated up=15.8€eV=2.53x10*8 J.

is

1063-651X/99/6()/17545)/$15.00 PRE 60 1754 © 1999 The American Physical Society



PRE 60 MECHANISM OF SINGLE-BUBBLE SONOLUMINESCENCE 1755

The spectra of SBSL are continuous and have no charac- RN
teristic lines such as the OH lifé4,15. In the temperature
range considered her@0000-20000 K the continuous
spectra from noble gases are due to radiative recombination
of electrons and ions or thermal bremsstrahlung of electrons
[17]. Radiative attachment of electrons to neutral atoms is
neglected because noble gases do not form stable negative
ions [18]. The rate of radiative recombinatiom, ] is esti-
mated by

RADIUS (um)

rr=§7TR3q2N20'fb7, (3)
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0 10 20 30

whereayy, is the cross section of radiative recombination and TIME (us)

v is the mean velocity of a free electron < 8kT/7m,,

wherem, is the electron magsThe cross section of radiative FIG. 1. Calculated radius-time curve for one acoustic cy8&
recombination of hydrogen is known to be on the order ofus).

10725~ 10 2 (m?) [19] depending on the initial electron ve-

locity and the final energy state. The cross section of argon igrgy of a photon emitted by radiative recombination. In the
not known but it is probably on the same order as that ofpresent calculatioiy=3kT is assumed.

hydrogen or even larg¢i9]. Thus in the present calculation,
oip=10"%*(m?) is assumed.

For the thermal bremsstrahlung, two mechanisms exist:
electron-ion bremsstrahlund.7] and electron-atom brems- The computer simulation is performed under a condition
strahlung[20,21]. The electron-ion bremsstrahlung is the of SBSL [3]: a single bubble in 20 °C water driven by the
light emission from an electron accelerated in the Coulomkacoustic wave whose frequency and amplitude are 26.4 kHz

IIl. RESULTS

field of a positive ion, and the intensity is given [4,17] and 1.47 bar, respectively. An argon bubble is studied based
on the Lohse’s hypothesj23] that a SBSL bubble in water
Pgrion=1.57x 10 *°q2N?TY% 7R3, (4)  containing air consists mainly of argon.

The ambient bubble radius is determined agM to re-
where all the quantities are expressed in Sl units. Th@roduce the maximum radius of 56n [3]. The calculation

electron-atom bremsstrahlung is the light emission from arptarts fromt=0 and at first the bubble expands due to the
electron accelerated in the field of a neutral atom, and th8€9ative acoustic pressure. It reaches the maximum radius of
intensity is crudely estimated 1] 56 um att=18.4us as shown in Fig. 1. Then it begins to

collapse rapidly to the minimum bubble radius of Q6 at
t=22.9985us. The calculated results at around the mini-
mum bubble radius for 2000 #6.002.s) are shown in Figs.
2(a)—-2(f). In Fig. 2a), the bubble radius is shown. In Fig.
Next, we consider the mean-free path of photdpg,(d.  2(b), the temperature inside the bubble is shown. It is seen
The mean-free path of the photoionizatioly) is I, that the temperature increases up to 20000 K. In Fig), 2
=1/o,iN,,, whereay; is the cross section of photoionization the intensity of the emitted light from the bubble is shown;
andN, is the number density of highly excited atoms. In thethe line is the result of the present simulation and the dotted
present calculationgy;=10"2°(m? and N,=qN are as- line is the result estimated by Stefan-Boltzmann’s law of
sumed. It should be noted that the cross sections of photdlackbody radiatiori17]. It is seen that both the pulse width
ionization listed in the literaturg22] are usually those for the and the intensity calculated by the present model are smaller
case where the initial state is the ground state, while it is ahan those predicted by the blackbody formula. The pulse
highly excited state in the present case. The mean-free pathidth is 80 ps, while that estimated by the blackbody for-
of photons by free-free transitiofpremsstrahlung(ls¢) is  mula is 170 ps. The maximum intensity is 3 mW, while that
[17] 15 =(2.34x10 2T 292Ny ~3) "1, wherevis the fre-  estimated by the blackbody formula is 40 mW. The light
quency of the photon. The mean-free path of photons shouldmission is mainly by radiative recombination of electrons
be larger than the wavelength of the photoRgy(,) in the  and ions and electron-atom bremsstrahlung as shown in Fig.
present case, because the emission of a photon is complet@); the dash-dotted line is the intensity of the light emitted
after it moves its wavelength. Thus, in the present simulaby radiative recombination, the dotted line is that emitted by
tion, the mean-free path of photonig, () is estimated by electron-atom bremsstraulung, and the dashed line is that
| photor™ MY X photons MIN(lpis154) . In the present study, emitted by electron-ion bremsstrahlung. It should be noted
Nphotori= NC/KT is assumed, wherh is the Planck constant that the scale of the vertical axis of Fig(d® is about an
andc is the light velocity. order of magnitude smaller than that of FigcR The much
The escape rate of the emitted photons from the bubblehorter pulse width compared with that estimated by the
(re) is assumed to be=[R3®—(R—Iu0n®]/R?, when  blackbody formula is due to the fact that the light is emitted
| photor= R WhenR<I goi0n, (re=1) is assumed. The inten- only when an appreciable amount of electrons exists inside
sity of the emitted light from the bubbl@) is estimated by the bubble. As seen in Fig(&, the degree of ionizatio(g)
I =(rchv+Pgriont Perawomle, Wherehv is the mean en- changes in a very short time due to the exponential depen-

Per atom= 46X 10" *qN°T4 7R3, (5
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dence on temperaturéSaha equation The light emission  x107°(J), due both to the pV(pressure-volume change
starts and finishes as the degree of ionization increases amgbrk by the surrounding liquid5.7x10°°(J)] and the
decreases, respectively. It means that the pulse width ishange of the macroscopic kinetic energy of gases to heat at
nearly independent of wavelength, as experimentally obthe end of the collapsel.0x 10~ ° (J)]. The reduction of the
served 24,25, because the lights of any wavelength turn onenergy is mainly by thermal conductign-1.9x10"°(J)]

and off by the same mechanism. and the heat of chemical reactions 1.1x 10 ° (J)].

In Fig. 2(f), the number of molecules inside the bubble is  The present formulation of bubble dynamics described in
shown; the line is the total number of molecules inside theRef. [8] is a rather crude one because it is assumed that
bubble, the dotted line is the number of argon molecules, themperature is spatially uniform inside a bubble except at the
dash-dotted line is that of water vapor molecules, and thehermal boundary layer and pressure is spatially uniform in-
dashed line is that of OH molecules. It is seen that almost akide a bubble. Nevertheless, the present m¢8khas the
the vapor molecules are dissociated. The chemical reactiorgivantage that the effect of chemical reactions is taken into
decrease the bubble temperature considerably as alreadgcount while in the first principles calculations of the hy-
pointed out in Ref[8]. At the last 1500 ps of the collapse, drodynamic equations it is practically impossible because the
the internal energy of the bubble increases by 3.7ates of chemical reactions spatially vary in such a model.
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unit frequency per unit solid angle and per unit volumejs
defined as the loss of the intensity of light of frequemnqyer
unit distance divided by the specific intensity), 1, is de-
fined as the energy of light of frequeneycrossing unit area
per unit time per unit solid angle and per unit frequency, and
B,(T)=2hv3c™2/[exphw/kT)—1], which, in other words, is
the blackbody formuld17]. The equation of the radiative
transfer is given by17]

Radiance (10°'' W/nm)

dl,
ds

:_aV|V+jV:_aV|V+aVBV(T)7 (6)

200 400 600
Wavelength (nm)

wheres is a distance and Kirchhoff's law is used. The solu-
FIG. 3. Spectrum of SBSL from a bubble of the mixture of 2% tion of Eq. (6) is
Xe and 98% N in water. The open circles are the experimental data
[14], the line is the calculated blackbody spectrum with the effec-
tive temperature of 10000 K, and the dash-dotted line is that of [,(s)=[1,0)—-B,(T)]e **+B,(T). (7)
thermal bremsstrahlung with the effective temperature of 32 000 K.
It should be noted that the absolute values of the calculated spectra
are arbitrarily determined just to see the shape of the spectra. It is seen that the spectrum of the thermal radiation is the
blackbody typg «B,(T)] from the beginnindin this case,
IV. SPECTRA OF SBSL 1,(0)=0]. After passing a distance much longer thaa,1/
the radiation reaches the complete thermodynamic equilib-
The following is the theoretical analysis of the spectra ofrium, blackbody radiatioil ,=B,(T)]. The answer to the

SBSL experimentally observed by Hillet al.[14,15. above question is that SBSL is not the blackbody radiation
The reported spectra of SBSL are all continuous and havpyt the thermal radiation.
no characteristic lines such as the OH I[id,15. In Fig. 3, From the above discussion, it is also concluded that the

the spectrum of SBSL from a bubble of the mixture of 2%effective blackbody temperature observed experimentally
Xe and 98% N in water is shown by open circl¢d4]. The  [3,14,15 is the real temperature inside the bubble. It sup-
line is the calculated blackbody spectrum with the effectiveports the quasiadiabatic compression model because the ef-
temperature of 10000 K and the dash-dotted line is that ofective blackbody temperature observed (10000-20 000K
thermal bremsstrahlung with the effective temperature 0f3,14,19) coincides with the bubble temperature predicted
32000 K. It should be noted that the calculated curves reppy the quasiadiabatic model (10 000—20 0008<26)).
resent just the shape of the spectra, and the absolute valuesNext, the intensity of SBSL is considered. According to
are arbitrarily determined. the calculated results in Sec. lll, the mean-free path of pho-
The spectral radiance of the blackbody radiation is protons is determined by the wavelength of the light. The wave-
portional toX ~>[exphckT\)—1]"%, where\ is the wave- |ength of the visible ligh{0.2—0.8um) is comparable to the
length, h is the Planck constang, is the light velocity,k is  minimum bubble radiug0.6 um). Thus, SBSL emission is
the Boltzmann constant, aridis the temperaturgl?7]. The  nearly a volume emission; the intensity is nearly proportional
spectral radiance of thermal bremsstrahlung is proportionay the bubble V0|umé§7TRﬁ1in’ whereR, is the minimum
to N~ +%exp(=hakT\) [7]. bubble radius It should be noted that the blackbody radia-
From Fig. 3, it is seen that the experimentally observedion is a surface emission and the intensity is proportional to

spectruni14] is fitted by the blackbody formula remarkably the emitting are417]. Thus the intensity of SBSILggs,) is
well, while it is not fitted by the formula of thermal brems- estimated by

strahlung. All the experimentally observed spectra described

in Refs.[14,15 are well fitted by the blackbody formula,

while they are not fitted by the formula of thermal brems- lsai=37R3, (rhvAD)f, (8

strahlung. Thus, it is concluded that the bare thermal brems-

strahlung is excluded as the mechanism of SBSL, though it is

regarded as the mechanism in some theoretical werks. wherer is the rate of the microscopic emission process per
From the above analysis, an important question ariseginit volume and unit timef is the Planck constant, is the

Why is the spectrum of SBSL fitted by the blackbody for- mean frequency of the emitted lighkt is the pulse width of

mula remarkably well, despite the fact that the result of theSBSL (duration of the light emissignandf is the frequency

computer simulation indicates that SBSL is not the black-of the ultrasoundthe number of SBSL flashes per unit time

body radiation[Fig. 2(c)]? The solution is Kirchhoff's law It should be noted that for the blackbody radiation the in-

that the source functionS) of thermally emitting material tensity is determined by the emitting area, temperature, pulse

is equivalent to the Planck functidiB,(T)], whereS, is ~ width, and frequency of the ultrasound[lyy,

defined as the ratio of the emission coefficiepf)(to the = (72k*/60c?%%) T*x 47R2, fAt, wherek is the Boltzmann

absorption coefficientd,)(S,=j,/«,); j, is defined as the constant andi =h/27]. It is seen from Eq(8) that SBSL

energy of the light of frequency emitted per unit time per intensity from noble gases strongly depends on the degree of
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ionization of the gas(), becauser is proportional tog? mal radiation. The shape of the spectrum is determined by

[radiative recombination, E@3)] or q [electron-atom brems- the bubble temperature and the intensity is determined by the

strahlung, Eq(5)]. rates of the microscopic processes of the light emission. For

a noble-gas bubble, radiative recombination of electrons and

V. CONCLUSION ions and electron-atom bremsstrahlung are the dominant mi-

croscopic processes of the light emission. The pulse width is

The mechanism of SBSL is investigated theoreticallyalmost independent of wavelength for a noble-gas bubble

based on the quasiadiabatic compression model. It is corbecause the light of any wavelength is emitted only when an
cluded that SBSL is not the blackbody radiation but the therappreciable amount of electrons exists inside the bubble.
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