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Effect of surfactants on single-bubble sonoluminescence

Kyuichi Yasui
Department of Physics, Waseda University, 3-4-1 Ohkubo, Shinjuku, Tokyo, Japan

~Received 2 April 1998!

The effect of surfactants on single-bubble sonoluminescence~SBSL! is studied theoretically based on the
hot-spot model that a SBSL bubble collapses quasiadiabatically and that the quasi-thermal radiation is the
origin of the light emission. Stottlemyer and Apfel@J. Acoust. Soc. Am.102, 1418~1997!# reported that the
surfactant called Triton X-100, which provides free interfacial motion, reduced the magnitude of the light pulse
from the bubble. It is clarified by the present study that the effect of the surfactant is caused by the inhibition
of condensation of water vapor at the bubble wall at the collapse, which results in lowering the achieved
temperature inside a bubble due to the enhancement of the amount of vapor that undergoes endothermal
chemical reactions. It is predicted, based on the hot-spot model, that the radiation is not thermalized inside a
bubble in the case of SBSL in a solution of the surfactant in water and that the spectrum of SBSL may deviate
from the blackbody spectrum and may have some characteristic lines such as the OH line~310 nm!. It is
suggested that surfactants can be used to enhance the chemical reactions of vapor in sonochemistry. It is also
suggested that some of the surfactants are dissociated by the extremely high temperature at the bubble wall at
the collapse.@S1063-651X~98!06610-0#

PACS number~s!: 78.60.Mq
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I. INTRODUCTION

In 1990, Gaitan@1# first reported the experiments o
single-bubble sonoluminescence~SBSL!. SBSL is a light
emission phenomenon from a stably oscillating bubble
liquid irradiated by an ultrasonic wave@2#. The light is emit-
ted at the collapse of the bubble. The pulse width of the li
is experimentally measured to range from under 40 ps
over 350 ps@3–5#. The spectrum is broadband and can
fitted by the blackbody formula with the effective temper
tures ranging from 6000 to 50 000 K@6–8#. The light pulse
is emitted periodically with the frequency of the ultrason
wave @3#.

Recently, Stottlemyer and Apfel@9# reported the experi-
ments of SBSL in solutions of surfactants in water. Th
reported that the surfactant called Triton X-100, which p
vides free interfacial motion, reduced the magnitude of
light pulse from the bubble@9#. It was also reported that th
protein bovine serum albumin~BSA!, which hinders interfa-
cial motion, allowed the bubble to be driven to higher aco
tic pressures, and resulted in an increase in the magnitud
the light pulse from the bubble@9#.

With the addition of surfactants to water, a bubble
coated by the surfactants and the following effects
brought about: increase of the resistance of mass transf
the bubble interface@10,11#, change of the bulk viscosity o
the liquid and the appearance of the surface viscosity@12–
14#, and the change of the surface tension@15,16#. In the
present study of the effect of Triton X-100 on SBSL, only
effect on mass transfer is studied because the other ef
are negligible on the large amplitude forced oscillations o
bubble in this case@16,17#. In the study of the effect of BSA
the effect of the surface viscosity and that of the enhan
surface tension by the addition of BSA in water are qual
tively discussed.

As discussed in other papers by the author@18,19#, one of
the promising models of SBSL is the hot-spot model tha
PRE 581063-651X/98/58~4!/4560~8!/$15.00
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collapse of a SBSL bubble is quasiadiabatic and that
quasithermal radiation is the origin of SBSL. Lohse, Bre
ner, Dupont, Hilgenfeldt, and Johnston@20# have clarified
that a SBSL bubble in water containing air consists mai
of argon by the analysis of the experimental results conce
ing mass diffusion of a SBSL bubble. Thus in the pres
study, computer simulations of the oscillations of an arg
bubble are performed, taking into account the effect of s
factants on evaporation or condensation of water at
bubble wall, based on the hot-spot model that includes
effect of thermal conduction both inside and outside
bubble, and that of chemical reactions inside a bubble.

II. MODEL

The model used in the present computer simulations
that of Ref. @18# for a SBSL bubble in pure water. For
SBSL in a solution of surfactants in water, one modificati
is made: the rate of evaporation and condensation of w
vapor at the bubble wall@Eq. ~7!#. The following is a brief
description of the model.

The physical situation is that of a single spherical bub
in pure water or in a solution of surfactants in water, irra
ated by an ultrasonic wave. An argon bubble is investiga
which consists of argon, water vapor, and small amounts
chemical products. Pressure (pg) inside a bubble is assume
to be spatially uniform. The temperature inside a bubble
assumed to be spatially uniform except at the thermal bou
ary layer near the bubble wall. The width of the therm
boundary layer is assumed to benl wheren is a constant
and l is the mean free path of a gas molecule@21#. In the
present calculation,n57 is assumed@21#.

In the model@18#, the following effects are taken into
account: thermal conduction both inside and outside
bubble, nonequilibrium evaporation and condensation of w
ter vapor at the bubble wall, and chemical reactions ins
the bubble. For a solution of surfactants in water, the eff
4560 © 1998 The American Physical Society
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PRE 58 4561EFFECT OF SURFACTANTS ON SINGLE-BUBBLE . . .
of surfactants on evaporation or condensation at the bu
wall is also taken into account as described later.

The equilibrium of the gas diffusion into and out of
bubble determines the ambient bubble radius (R0) @17#. In
the present computer simulations, the gas diffusion is
glected because it is a slow process compared to the bu
oscillations@17#, whereas the ambient bubble radius (R0) is
determined by fitting the calculated results of radius-ti
curves with the experimental data reported by Stottlem
and Apfel @9#.

As the equation of bubble radius~R!, Eq. ~1! is employed,
in which the compressibility of liquid and the effect o
evaporation and condensation of water vapor at the bu
wall are taken into account†the derivation of Eq.~1! is given
in Ref. @22#‡:
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2ṁ

3c`rL,i
D

5
1

rL,`
S 11

Ṙ
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where the dot denotes the time derivative (d/dt), c` is the
sound speed in the liquid at infinity,ṁ is the net rate of
evaporation per unit area and unit time,rL,i (rL,`) is the
liquid density at the bubble wall~at infinity!, pB(t) is the
liquid pressure on the external side of the bubble wall,ps(t)
is a nonconstant ambient pressure component such
sound field, andp` is the undisturbed pressure.pB(t) is
related to the pressure inside the bubble@pg(t)# by Eq. ~2!
@22,23#,

pB~ t !5pg~ t !2
2s

R
2

4m

R S Ṙ2
ṁ
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D

2ṁ2S 1

rL,i
2

1

rg
D , ~2!

wheres is the surface tension,m is the liquid viscosity, and
rg is the density inside the bubble. When a bubble is irra
ated by an acoustic wave the wavelength of which is m
larger than the bubble radius,ps(t)52pasinvt wherepa is
the pressure amplitude of the acoustic wave andv is its
angular frequency.

In order to calculate the pressure inside the bub
@pg(t)#, the van der Waals equation of state is employed

S pg~ t !1
a

v2D ~v2b!5RgT, ~3!
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wherea andb are the van der Waals constants,v is the molar
volume, Rg is the gas constant, andT is the temperature
inside the bubble.

The temperature inside the bubble~T! is calculated by
solving Eq.~4!,

E5
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NA
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1
T

NA
(
a

naCV,a2S nt

NA
D 2 a

V
, ~4!

whereE is the thermal energy of the bubble,nAr (nH2O) is the

number of argon~vapor! molecules inside the bubble,NA is
the Avogadro number,CV,Ar (CV,H2O) is the molar heat of
argon ~vapor! at constant volume,a denotes species of th
chemical products such as OH, O2, O3, HO2, H2O2, H2, H,
and O, the summation is for all the chemical products c
sidered here,nt is the total number of molecules inside th
bubble, andV is the volume of the bubble. The molar heat
assumed as follows: for monoatomic gases such as Ar
and O, the molar heat is32 Rg , for diatomic gases such a
OH, O2, and H2, it is 5

2 Rg , for the other gases, it is62 Rg @24#.
The change of the thermal energy of a bubble (DE) in

time Dt is expressed by@18#

DE~ t !52pg~ t !DV~ t !14pR2
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5
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~5!

whereDV is the change of the bubble volume,eH2O is the
energy carried by an evaporating or condensing vapor m
ecule, k is the thermal conductivity of the gas inside
bubble,]T/]r ur 5R is the temperature gradient at the bubb
wall, r g f(r gb) is the forward~backward! reaction rate of the
reactiong per unit volume and unit time,DHg f is the en-
thalpy change in the forward reaction~when DHg f,0, the
reaction is exothermic!, andM is the total mass of the gase
inside the bubble. The first term on the right hand side of
~5! is the work by the surrounding liquid (pV work!. The
second term is the energy carried by evaporating or cond
ing vapor molecules. The third term is the energy change
to thermal conduction. The fourth term is the heat of chem
cal reactions inside the bubble. The last term is the chang
the kinetic energy of gases into heat. The brackets mean
this term is included only when the term is positive, whi
corresponds to the decrease of the kinetic energy. When
term is negative, it is replaced by zero.

In the model, the number of water molecules in t
bubble (nH2O) changes with time due to evaporation or co
densation at the bubble wall and chemical reactions. For p
water, it is expressed by Eq.~6!.
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nH2O~ t1Dt !5nH2O~ t !14pR2
103NA

MH2O
ṁDt

1
4

3
pR3Dt@S~production!

2S~destruction!#. ~6!

The first sum in the right hand side of Eq.~6! contains the
contribution of all reactions producing H2O, and the second
one contains that of all the reactions consuming H2O. Details
of the chemical kinetics are described in Refs.@18,19,25#.
For a solution of surfactants in water, it is expressed
Eq. ~7!,

nH2O~ t1Dt !5nH2O~ t !1F4p~R22R0
2!

103NA

MH2O
ṁDtG

1
4

3
pR3Dt@S~production!

2S~destruction!#, ~7!

whereR0 is the ambient bubble radius, and@¯# means that
the term is included only whenR>R0 , otherwise it is re-
placed by zero. The meaning of the term in the brackets@¯#
is that the bubble is completely coated by surfactants w
the bubble radius is less than the ambient one (R0) and that
the fraction of the bubble surface coated by the surfacta
completely inhibits evaporation and condensation of wa
vapor, assuming that the coated area is a constant (4pR0

2)
during the bubble oscillations due to the slowness of
diffusion of surfactants compared to the bubble oscillatio
This picture of the reduction of evaporation or condensat
at the bubble wall by surfactants is a crude one but is at l
qualitatively accepted@11#. The rate of evaporation per un
area and unit time in the case of pure water (ṁ) is calculated
by the formula described in Ref.@18#.

In the model, the thermal conduction outside a bubble
taken into account and the liquid temperature at the bub
wall (TL,i) varies with time@18,22#. Physical quantities of
the liquid at the bubble wall are all calculated as functions
liquid temperature (TL,i) @22#; density, saturated vapor pre
sure, thermal conductivity, latent heat of evaporation, visc
ity, and surface tension. Their formulas are all described
Ref. @22#.

III. RESULTS

Stottlemyer and Apfel@9# measured the bubble radius as
function of time from the images of a bubble captured with
microscope and a video camera. They reported the rad
time curves for three cases;~A! a SBSL bubble in pure wate
driven by the acoustic wave of which the frequency (f a) and
the amplitude (pa) are 16.8 kHz and 1.25 atm, respective
~B! a SBSL bubble in a solution of 0.1 critical micelle co
centration~CMC! Triton X-100 in water withf a516.4 kHz
and pa51.26 atm, and~C! a SBSL bubble in a solution o
1.0 CMC BSA in water with f a516.3 kHz and pa
51.327 atm@9#. However, the resolution of the bubble im
ages below a radius of about 5mm is low and the measure
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values of the bubble radius at the bounces after the stron
collapse cannot be used to determine the ambient radiusR0)
which is a fitting parameter in the present calculations. Th
in the present study, the maximum bubble radius (Rmax) and
the maximum radius after the first rebound~secondRmax) are
used to determine the ambient bubble radius (R0).

The calculations are performed for the above three ca
@~A!–~C!#. For all the cases, the ambient liquid temperatu
(T`) and pressure (p`) are assumed to be 20 °C and 1 at
respectively.

A. Pure water

In Table I the experimental data@9# and the calculated
results ofRmax and the secondRmax are listed for the case o
SBSL in pure water. It is seen that at the acoustic drive le
of 1.25 atm, which is the experimentally reported value@9#,
the calculated results deviate significantly from the expe
mental data for any value ofR0 . WhenR058 mm, the cal-
culated value ofRmax coincides with the experimental data
but the calculated value of the secondRmax is considerably
larger than the experimental data. AsR0 is decreased, the
calculated value of the secondRmax decreases and coincide
with the experimental data at some value ofR0 , but Rmax
also decreases and becomes substantially smaller than
experimental data. Thus it is impossible to reproduce
experimental result of the radius-time curve by the theor
cal calculations usingpa51.25 atm. The agreement betwee
the experimental data and the calculated results is achie
using a little bit larger value ofpa ~1.3 atm! as seen in Table
I.

The calculated results for the case of SBSL in pure wa
usingpa51.3 atm andR055.5mm are shown in Fig. 1 and
Figs. 2~a!–2~d!. In Fig. 1 the bubble radius~R! is shown as a
function of time for one acoustic cycle~59.5ms!; the circles
are the experimental data@9# and the line is the calculate
result. It is seen that at first a bubble expands due to
negative acoustic pressure, followed by a strong collap
After the collapse, small bounces are seen.

In Figs. 2~a!–2~d! the calculated results at around th
minimum bubble radius are shown as functions of time
2000 ps~0.002 ms!. In Fig. 2~a!, the bubble radius~R! is
shown. In Fig. 2~b! the temperature inside a bubble is show
It is seen that the temperature rises up to 16 500 K. In F
2~c! the blackbody radiance is shown, which is calculated
the Stefan-Boltzmann law of radiation@18#. The half-width

TABLE I. The experimental data@9# and the calculated result
of the maximum bubble radius (Rmax) and the maximum bubble
radius after the first rebound~secondRmax) for the case of SBSL in
pure water.pa is the amplitude of the acoustic wave, andR0 is the
ambient bubble radius.

Experiment
@9#

Theory

pa51.25 atm
R053 mm

1.25 atm
8 mm

1.3 atm
5.5 mm

Rmax 65 mm 43 mm 65 mm 65 mm
Second
Rmax 15 mm 10 mm 19 mm 16 mm
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PRE 58 4563EFFECT OF SURFACTANTS ON SINGLE-BUBBLE . . .
of the blackbody radiance is 260 ps, which is consistent w
the experimentally observed pulse width of SBSL@4,5#.

Now we will discuss the condition of the thermalizatio
of radiation inside a bubble. For the thermalization of rad
tion, the bubble radius must be larger than the mean free

FIG. 1. The bubble radius as a function of time for one acou
cycle ~59.5 ms! for the case of SBSL in pure water withpa

51.3 atm andR055.5mm. The open circles are the experimen
data@9# and the line is the calculated result.
h

-
th

of a photon (lphoton). The mean free path of a photon
crudely estimated bylphoton51/sb fNn , where sb f is the
cross section of photoionization of a highly excited atom a
Nn is the number density of such highly excited atoms@19#.
In Fig. 3 the size of the hot spot (Rh) necessary for the
thermalization of radiation is shown as a function of te
perature; above the line is the optically thick region whe
radiation is completely thermalized and below the line is
optically thin region where radiation is not thermalized.
the calculation of the line,Rh55lphoton is assumed as the
criterion and the number density of molecules is assume
be 1028 ~m23! which is that when all the molecules underg
the van der Waals hard core collisions, and the number d
sity of the highly excited molecules is assumed to beNn
;qN, whereq is the degree of ionization calculated by th
Saha equation@19#. More details of the thermalization o
radiation are described in Ref.@19#. In Fig. 3 the solid circle
is the calculated result for the case of SBSL in pure wa
and it is seen that the radiation is nearly thermalized insid
bubble.

In Fig. 2~d! the numbers of molecules inside a bubble a
shown with the logarithmic vertical axis. It is seen that
appreciable amount of OH is created inside a bubble at
collapse.

c

s

lecules
FIG. 2. Calculated results for the case of SBSL in pure water withpa51.3 atm andR055.5mm at around the minimum bubble radiu
as functions of time for 2000 ps~0.002ms!. ~a! The bubble radius~R!. ~b! The temperature inside the bubble~T!. ~c! The blackbody
radiance. ~d! The number of molecules inside the bubble with the logarithmic vertical axis. The solid line is the total number of mo
(nt), the dotted line is the number of Ar molecules (nAr), the dash-dotted line is that of the H2O molecules (nH2O), and the dotted line is
that of the OH molecules.
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B. Triton X-100

In the case of SBSL in a solution of 0.1 CMC Trito
X-100 in water, the best fitting parameters arepa51.3 atm
andR054.5mm. In Figs. 4~a!–4~c! and Figs. 5~a!–5~f! the
calculated results are shown as functions of time. In F
4~a!–4~c! physical quantities are shown for one acous
cycle ~61.0 ms!. In Fig. 4~a! the bubble radius~R! is shown
with the same vertical axis as that of Fig. 1~a!; the circles are
the experimental data@9# and the line is the calculated resu
As in the case of SBSL in pure water, the calculated resu
the radius-time curve fits well with the experimental da
under the chosen parameters ofpa andR0 . In Fig. 4~b! the
temperature inside a bubble~T! is shown with the logarith-
mic vertical axis. It is seen that the expansion of a bubbl
isothermal while the collapse is quasiadiabatic as in the c
of SBSL in pure water. In Fig. 4~c! the liquid temperature a
the bubble wall (TL,i) is shown with the same vertical axis a
that of Fig. 4~b!. It is seen thatTL,i increases up to the sam
order of magnitude with the maximum temperature insid
bubble as in the case of SBSL in pure water. It is sugges
that the surfactants at the bubble wall may be dissociated
the high temperature.

In Figs. 5~a!–5~f! the calculated results at around th
minimum bubble radius are shown as functions of time
2000 ps~0.002 ms!. In Fig. 5~a! the bubble radius~R! is
shown with the same vertical axis as that of Fig. 2~a!. In Fig.
5~b! the temperature inside a bubble is shown with the sa
vertical axis as that of Fig. 2~b!. It is seen that the maximum
temperature inside a bubble~10 700 K! is much lower than
that in the case of SBSL in pure water~16 500 K!. As shown
in Table II, if the effect of chemical reactions is complete
neglected in the calculation, the result is the inverse;
maximum temperature inside a bubble in the case of SB
in a solution of Triton X-100 in water is larger than that
the case of SBSL in pure water. Thus it is concluded that
lower maximum temperature in the case of Triton X-100
caused by chemical reactions. In the case of Triton X-1
condensation of vapor at the collapse is inhibited by the s
factants at the bubble wall and many vapor molecules rem
inside, which results in the increase of the amount of va

FIG. 3. Optically thick and thin regions in the phase space of
temperature and the radius of the hot spot (Rh). Above the line is
the optically thick region and below the line is the optically th
region. The solid circle~the open circle! represents the calculate
result for the case of SBSL in pure water~in a solution of 0.1 CMC
Triton X-100 in water!.
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undergoing chemical reactions as seen in Table III. Due
the endothermal nature of the chemical reactions, the m
mum temperature inside a bubble in the case of Triton X-1
is lowered considerably, as seen in Table III.

In Table III, the changes of the physical quantities in t
final 2000 ps~0.002ms! of the collapse are listed. It is see
that the number of vapor molecules undergoing chem

e

FIG. 4. Calculated results for the case of SBSL in a solution
0.1 CMC Triton X-100 in water with pa51.3 atm and R0

54.5mm as functions of time for one acoustic cycle~61.0
ms!. ~a! The bubble radius~R!. The open circles are the exper
mental data@9# and the line is the calculated result.~b! The tem-
perature inside the bubble~T!. ~c! The liquid temperature at the
bubble wall (TL,i).



e
line

PRE 58 4565EFFECT OF SURFACTANTS ON SINGLE-BUBBLE . . .
FIG. 5. Calculated results for the case of SBSL in a solution of 0.1 CMC Triton X-100 in water withpa51.3 atm andR054.5mm at
around the minimum bubble radius as functions of time for 2000 ps~0.002ms!. ~a! The bubble radius~R!. ~b! The temperature inside th
bubble~T!. ~c! The blackbody radiance.~d! The number of molecules inside the bubble with the logarithmic vertical axis. The solid
is the total number of molecules (nt), the dotted line is the number of Ar molecules (nAr), the dash-dotted line is that of H2O molecules
(nH2O), and the dotted line is that of OH molecules.~e! The number of O, O2, and O3 molecules inside the bubble.~f! The number of H
and H2 molecules inside the bubble.
n
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reactions in the case of Triton X-100 is one order of mag
tude larger than that in the case of pure water as mentio
above. The much lower maximum temperature in the cas
Triton X-100 is due to the much smaller increase of t
internal energy of a bubble in the final 2000 ps of the c
lapse. The main reason is the larger reduction of the inte
energy by the endothermal chemical reactions in the cas
i-
ed
of

-
al
of

Triton X-100, while the much smaller increase bypV work
is also important.

It is concluded that the maximum temperature inside
bubble in the case of Triton X-100 is much smaller than t
in the case of pure water, which is caused by the much la
amount of chemical reaction in the case of Triton X-100 d
to the much larger amount of vapor remaining inside
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bubble at the collapse by the inhibition of condensation
the bubble wall by the surfactants. It is suggested that
factants may be used to increase the amount of chem
reaction of vapor inside a bubble in sonochemistry.

In Fig. 5~c! the blackbody radiance is shown. It should
noted that the scale of the vertical axis of Fig. 5~c! is about
one order of magnitude less than that of Fig. 2~c!, which is
consistent with the experimental result that the intensity
SBSL in the case of Triton X-100 is much lower than that
the case of pure water@9#. However, as seen in Fig. 3, th
radiation is not thermalized inside a bubble in this case. I
suggested that the spectrum of the light in this case m
deviate significantly from the blackbody spectrum and t
some characteristic lines such as the OH line~310 nm! may
be seen. If such a spectrum is experimentally observed,
hot-spot model will be verified.

In Figs. 5~c!–5~f! numbers of molecules inside a bubb
are shown with the same logarithmic vertical axes as tha
Fig. 2~d!. It is seen that much larger amounts of O
O2, O3, H2, HO2, and H2O2 are created inside a bubble com
pared with those in the case of pure water, which is due

TABLE II. The calculated results at the minimum bubble radi
including chemical reactions~CR! and those excluding CR.T is the
temperature inside a bubble,E is the internal energy of a bubble
andnt is the total number of molecules in a bubble.

Pure water
0.1 CMC

Triton X-100

R0 5.5 mm 4.5 mm
pa 1.3 atm 1.3 atm
T 16 100 K 10 600 K

~without CR! ~19 000 K! ~19 800 K!

E 7.931029 J 3.931029 J
~without CR! @9.031029 J# @6.731029 J#

nt 2.431010 1.831010

~without CR! (2.231010) (1.431010)

TABLE III. The change of the physical quantities in the fin
2000 ps of the collapse.R is the bubble radius,T is the temperature
inside a bubble,nH2O is the number of vapor molecules inside
bubble,DE is the change of the internal energy of a bubble in
final 2000 ps of the collapse. The contribution of each term in
~5! to DE is also listed.

Pure water
0.1 CMC

Triton X-100

R 2.97–0.82mm 2.83–0.68mm
T 2900–16 100 K 2600–10 600 K

nH2O 5.63108– 2.83104 2.13109– 1.23107

DE 16.5831029 J 13.0631029 J
pV work 110.4731029 J 16.2931029 J
Thermal

conduction 23.8631029 J 21.5931029 J
Change of

kinetic energy 11.2831029 J 11.1031029 J
Heat of

chemical reactions 21.3131029 J 22.7431029 J
t
r-
al

f

is
y
t

he

of

to

the much larger amount of vapor undergoing chemical re
tions.

C. BSA

The protein bovine serum albumin hinders interfacial m
tion of a bubble by high surface viscosity and high surfa
tension@16#. In this case, it is impossible to reproduce t
experimentally observed radius-time curve@9# by the theo-
retical calculations using any values ofpa andR0 . As seen
in Table IV, the calculated secondRmax is always much
larger than the experimental data when the parameterspa
and R0) are chosen to reproduce the experimental data
Rmax. Thus it is concluded that in the case of BSA the s
face viscosity and the enhanced surface tension play an
portant role in bubble dynamics, which is not taken into a
count in the present calculations. For the discussion of
light emission in the case of BSA, these effects should
taken into account.

IV. CONCLUSION

The effect of surfactants on single-bubble sonolumin
cence is studied theoretically based on the hot-spot mo
that a SBSL bubble collapses quasiadiabatically and that
quasi-thermal radiation is the origin of the light emission.
is clarified that the reduction of the magnitude of SBSL lig
by the addition of Triton X-100@9# is due to the increase o
the amount of endothermal chemical reactions, which res
in the lower maximum temperature inside a bubble. The
crease of the chemical reactions is due to the inhibition
condensation of vapor at the bubble wall by the surfacta
which results in the increase of the amount of vapor in
bubble at the final stage of the collapse when the chem
reactions take place. It is suggested that surfactants ma
useful in increasing the amount of chemical reactions of
por inside a bubble in sonochemistry. It is also suggested
some of the surfactants may be dissociated by the extrem
high temperature at the bubble wall. It is predicted by t
hot-spot model that in the case of SBSL in a solution
Triton X-100 in water the radiation inside a bubble is n
thermalized and that the spectrum of the light may devi
significantly from the black-body spectrum and have so
characteristic lines such as the OH line~310 nm!. In order to
study theoretically SBSL in a solution of BSA in water@9#,
the surface viscosity and the enhanced surface tension sh
be taken into account in the calculations of bubble dynam

.

TABLE IV. The experimental data@9# and the calculated result
of the maximum bubble radius (Rmax) and the maximum bubble
radius after the first rebound~secondRmax) for the case of SBSL in
a solution of 1.0 CMC BSA in water.pa is the amplitude of the
acoustic wave, andR0 is the ambient bubble radius.

Experiment
@9#

Theory

pa51.33 atm
R054.5mm

1.38 atm
3 mm

Rmax 68 mm 68 mm 70 mm
Second less than
Rmax 10 mm 17 mm 21 mm
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