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Effect of surfactants on single-bubble sonoluminescence
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The effect of surfactants on single-bubble sonoluminesc€BBSL) 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 Apfél. Acoust. Soc. Am102 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 @BiLOnen). 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 numbsdis): 78.60.Mq

[. INTRODUCTION collapse of a SBSL bubble is quasiadiabatic and that the
quasithermal radiation is the origin of SBSL. Lohse, Bren-
In 1990, Gaitan[1] first reported the experiments of ner, Dupont, Hilgenfeldt, and Johnst¢a0] have clarified
single-bubble sonoluminescen¢8BSL). SBSL is a light that a SBSL bubble in water containing air consists mainly
emission phenomenon from a stably oscillating bubble irof argon by the analysis of the experimental results concern-
liquid irradiated by an ultrasonic way&]. The light is emit-  ing mass diffusion of a SBSL bubble. Thus in the present
ted at the collapse of the bubble. The pulse width of the ligh§tudy, computer simulations of the oscillations of an argon
is experimentally measured to range from under 40 ps t®ubble are performed, taking into account the effect of sur-
over 350 ps[3-5]. The spectrum is broadband and can befactants on evaporation or condensation of water at the
fitted by the blackbody formula with the effective tempera-bubble wall, based on the hot-spot model that includes the
tures ranging from 6000 to 50 000 [6—8]. The light pulse effect of thermal conduction both inside and outside a
is emitted periodically with the frequency of the ultrasonic Pubble, and that of chemical reactions inside a bubble.
wave[3].
Recently, Stottlemyer and Apf¢B] reported the experi- Il. MODEL
ments of SBSL in solutions of surfactants in water. They
reported that the surfactant called Triton X-100, which pro- The model used in the present computer simulations is
vides free interfacial motion, reduced the magnitude of thghat of Ref.[18] for a SBSL bubble in pure water. For a
light pulse from the bubblg9]. It was also reported that the SBSL in a solution of surfactants in water, one modification
protein bovine serum albumifBSA), which hinders interfa- is made: the rate of evaporation and condensation of water
cial motion, allowed the bubble to be driven to higher acousvapor at the bubble wallEqg. (7)]. The following is a brief
tic pressures, and resulted in an increase in the magnitude déscription of the model.
the light pulse from the bubblg9]. The physical situation is that of a single spherical bubble
With the addition of surfactants to water, a bubble isin pure water or in a solution of surfactants in water, irradi-
coated by the surfactants and the following effects areated by an ultrasonic wave. An argon bubble is investigated,
brought about: increase of the resistance of mass transfer which consists of argon, water vapor, and small amounts of
the bubble interfacgl0,11], change of the bulk viscosity of chemical products. Pressumgyj inside a bubble is assumed
the liquid and the appearance of the surface viscddif~  to be spatially uniform. The temperature inside a bubble is
14], and the change of the surface tensjd®,16. In the assumed to be spatially uniform except at the thermal bound-
present study of the effect of Triton X-100 on SBSL, only its ary layer near the bubble wall. The width of the thermal
effect on mass transfer is studied because the other effed®undary layer is assumed to b& wheren is a constant
are negligible on the large amplitude forced oscillations of aand \ is the mean free path of a gas molec[#d]. In the
bubble in this casfl6,17. In the study of the effect of BSA, present calculatiom=7 is assumed21].
the effect of the surface viscosity and that of the enhanced In the model[18], the following effects are taken into
surface tension by the addition of BSA in water are qualita-account: thermal conduction both inside and outside the
tively discussed. bubble, nonequilibrium evaporation and condensation of wa-
As discussed in other papers by the aufli@,19, one of  ter vapor at the bubble wall, and chemical reactions inside
the promising models of SBSL is the hot-spot model that ahe bubble. For a solution of surfactants in water, the effect
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of surfactants on evaporation or condensation at the bubblherea andb are the van der Waals constantdgs the molar

wall is also taken into account as described later. volume, Ry is the gas constant, andl is the temperature
The equilibrium of the gas diffusion into and out of a inside the bubble.

bubble determines the ambient bubble radiRg)([17]. In The temperature inside the bubhl®) is calculated by

the present computer simulations, the gas diffusion is nesolving Eq.(4),

glected because it is a slow process compared to the bubble

oscillations[17], whereas the ambient bubble radil) is

n
determined by fitting the calculated results of radius-time E= ar CyaT+ ik Cv,nol
curves with the experimental data reported by Stottlemyer Na Na 72
and Apfel[9]. T n\?a
As the equation of bubble radigB), Eq. (1) is employed, +— > n,Cy,— (— NT (4)
of NA a ’ NA \Y

in which the compressibility of liquid and the effect

evaporation and condensation of water vapor at the bubble

wall are taken into accoulfthe derivation of Eq(1) is given
in Ref.[22]]:

(1 Ry R+ - Rl 1 R+_2r'n
C CoopL i 2 3c.. 3C.pyi
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where the dot denotes the time derivatidt), c.. is the
sound speed in the liquid at infinityn is the net rate o
evaporation per unit area and unit tims, ; (p_ ..) is the
liquid density at the bubble wallat infinity), pg(t) is the
liquid pressure on the external side of the bubble walt)
is a nonconstant ambient pressure component such
sound field, andp., is the undisturbed pressurpg(t) is
related to the pressure inside the bublag(t)] by Eq. (2)
[22,23,

20 4
Pa(t)=Pg(h) — =~ (

{2

1 1

PLi Pg

)

whereE is the thermal energy of the bubbte,, (nHzo) is the

number of argor{vapo) molecules inside the bubbldl, is
the Avogadro numbelcv,Ar(CV,Hzo) is the molar heat of

argon(vapop at constant volumeg denotes species of the
chemical products such as OH,,@;, HO,, H,O,, Hy, H,
and O, the summation is for all the chemical products con-
sidered heren; is the total number of molecules inside the
bubble, and/ is the volume of the bubble. The molar heat is
assumed as follows: for monoatomic gases such as Ar, H,
and O, the molar heat iéRg, for diatomic gases such as
OH, O,, and H, itis 3Ry, for the other gases, it &R, [24].

The change of the thermal energy of a bubbdE] in
time At is expressed bj18]

AE(t) = — pg(H) AV(1) +47R? 10N

mey oAt
Moo H,O
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aT
+4mR% K —
ar|
r=R

f 4 3MRﬁz
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TREALY, (rp—T ) AH ¢+ }At,
Y
6)

as a
where AV is the change of the bubble volurma,,zo is the

energy carried by an evaporating or condensing vapor mol-
ecule, x is the thermal conductivity of the gas inside a
bubble,dT/dr|,_g is the temperature gradient at the bubble
wall, r ¢(r ,p) is the forward(backward reaction rate of the
reactiony per unit volume and unit timeAH ¢ is the en-
thalpy change in the forward reactigwhen AH (<0, the
reaction is exothermj¢candM is the total mass of the gases
inside the bubble. The first term on the right hand side of Eq.
(5) is the work by the surrounding liquidp/ work). The

whereo is the surface tension is the liquid viscosity, and second term is the energy carried by evaporating or condens-

pg is the density inside the bubble. When a bubble is irradi

ing vapor molecules. The third term is the energy change due

larger than the bubble radiupg(t) = — p,Sinwt wherep, is
the pressure amplitude of the acoustic wave ands its
angular frequency.

cal reactions inside the bubble. The last term is the change of
the kinetic energy of gases into heat. The brackets mean that
this term is included only when the term is positive, which

In order to calculate the pressure inside the bubbl&orresponds to the decrease of the kinetic energy. When the

[pg(t)], the van der Waals equation of state is employe

(v—b)=R,T, 3

a
pg(t) + ;

d. term is negative, it is replaced by zero.
In the model, the number of water molecules in the
bubble @Hzo) changes with time due to evaporation or con-

densation at the bubble wall and chemical reactions. For pure
water, it is expressed by E).
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10°N, . TABLE I. The experimental datg9] and the calculated results
nHZO(t+At)=nH20(t)+4ﬂ-R2 7 mAt of the maximum bubble radiusR(,,) and the maximum bubble
H0 radius after the first reboun@decondr,,,,) for the case of SBSL in
4 pure waterp, is the amplitude of the acoustic wave, aRglis the
+ 3 17R3At[2(productior) ambient bubble radius.
— X (destruction]. (6) Theory
Experiment p,=1.25atm 1.25atm 1.3 atm
The first sum in the right hand side of E@) contains the [9] Ro=3 um 8 um 5.5 um
contribution of all reactions producing,B, and the second
one contains that of all the reactions consumin@HDetails Rmax 65 um 43 um 65um  65um
of the chemical kinetics are described in Rdfs8,19,25. Second
For a solution of surfactants in water, it is expressed by Rmax 15 pum 10 um 19pum  16um
Eq. (7).
) 10°N, . values of the bubble radius at the bounces after the strongest
Nho(t+At)=ny o(t)+| 47(R?—Rg) v MAt collapse cannot be used to determine the ambient raBig)s (
H20 which is a fitting parameter in the present calculations. Thus,
4 in the present study, the maximum bubble radiRg,{) and
+ 3 wR3At[S (production the maximum radius after the first rebou@dcondr,,,,) are
used to determine the ambient bubble radiRg)(
— 3 (destruction], (7) The calculations are performed for the above three cases

[(A)=(C)]. For all the cases, the ambient liquid temperature
whereR, is the ambient bubble radius, aftd-] means that (T..) and pressurep(..) are assumed to be 20 °C and 1 atm,
the term is included only wheR=R,, otherwise it is re- respectively.
placed by zero. The meaning of the term in the bracket$
is that the bubble is completely coated by surfactants when
the bubble radius is less than the ambient dRg) (and that
the fraction of the bubble surface coated by the surfactants In Table | the experimental daf®] and the calculated
completely inhibits evaporation and condensation of wateresults ofR,5 and the secon®,,,, are listed for the case of
vapor, assuming that the coated area is a constamRf#  SBSL in pure water. It is seen that at the acoustic drive level
during the bubble oscillations due to the slowness of thedf 1.25 atm, which is the experimentally reported val@g
diffusion of surfactants compared to the bubble oscillationsthe calculated results deviate significantly from the experi-
This picture of the reduction of evaporation or condensatiormental data for any value &,. WhenR,=8 um, the cal-
at the bubble wall by surfactants is a crude one but is at leastulated value oR,, coincides with the experimental data,
qualitatively accepte@l11]. The rate of evaporation per unit but the calculated value of the secoRg,, is considerably
area and unit time in the case of pure wat®) (s calculated larger than the experimental data. Ry is decreased, the
by the formula described in Ref18]. calculated value of the secoii},,, decreases and coincides

In the model, the thermal conduction outside a bubble isvith the experimental data at some valueRy, but Ry
taken into account and the liquid temperature at the bubblalso decreases and becomes substantially smaller than the
wall (T, ;) varies with time[18,22. Physical quantities of experimental data. Thus it is impossible to reproduce the
the liquid at the bubble wall are all calculated as functions ofexperimental result of the radius-time curve by the theoreti-
liquid temperature T ;) [22]; density, saturated vapor pres- cal calculations using,= 1.25 atm. The agreement between
sure, thermal conductivity, latent heat of evaporation, viscosthe experimental data and the calculated results is achieved
ity, and surface tension. Their formulas are all described irusing a little bit larger value ap, (1.3 atm) as seen in Table
Ref. [22]. l.

The calculated results for the case of SBSL in pure water
Ill. RESULTS usingp,= 1.3 atm andRy=5.5 um are shown in Fig. 1 and

Figs. 2a)—2(d). In Fig. 1 the bubble radiud) is shown as a

Stottlemyer and Apfel9] measured the bubble radius as afunction of time for one acoustic cycl&9.5 us); the circles
function of time from the images of a bubble captured with aare the experimental daf8] and the line is the calculated
microscope and a video camera. They reported the radiusesult. It is seen that at first a bubble expands due to the
time curves for three case@y) a SBSL bubble in pure water negative acoustic pressure, followed by a strong collapse.
driven by the acoustic wave of which the frequenty)(and  After the collapse, small bounces are seen.
the amplitude p,) are 16.8 kHz and 1.25 atm, respectively, In Figs. 2a)—-2(d) the calculated results at around the
(B) a SBSL bubble in a solution of 0.1 critical micelle con- minimum bubble radius are shown as functions of time for
centration(CMC) Triton X-100 in water withf,=16.4 kHz 2000 ps(0.002 us). In Fig. 2a), the bubble radiugR) is
and p,=1.26 atm, andC) a SBSL bubble in a solution of shown. In Fig. 2b) the temperature inside a bubble is shown.
1.0 CMC BSA in water with f,=16.3kHz and p, It is seen that the temperature rises up to 16 500 K. In Fig.
=1.327 atm[9]. However, the resolution of the bubble im- 2(c) the blackbody radiance is shown, which is calculated by
ages below a radius of aboutifn is low and the measured the Stefan-Boltzmann law of radiatidi8]. The half-width

A. Pure water
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o777 of a photon §pnoton- The mean free path of a photon is
L 4 crudely estimated b\ jpotor= 1/opiNy, Where oyt is the
cross section of photoionization of a highly excited atom and
N, is the number density of such highly excited atdrbg].
In Fig. 3 the size of the hot spotR{) necessary for the
thermalization of radiation is shown as a function of tem-
perature; above the line is the optically thick region where
radiation is completely thermalized and below the line is the
optically thin region where radiation is not thermalized. In
the calculation of the lineR,= 5\ jpo0n iS assumed as the
criterion and the number density of molecules is assumed to
be 13® (m3) which is that when all the molecules undergo
the van der Waals hard core collisions, and the number den-
sity of the highly excited molecules is assumed to Nye
FIG. 1. The bubble radius as a function of time for one acoustic~dN, whereq is the degree of ionization calculated by the
cycle (59.5 us) for the case of SBSL in pure water with, Saha equatiof19]. More details of the thermalization of
=1.3 atm andR,=5.5um. The open circles are the experimental radiation are described in Réfl9]. In Fig. 3 the solid circle
data[9] and the line is the calculated result. is the calculated result for the case of SBSL in pure water
and it is seen that the radiation is nearly thermalized inside a
of the blackbody radiance is 260 ps, which is consistent wittbubble.
the experimentally observed pulse width of SB&IL5]. In Fig. 2(d) the numbers of molecules inside a bubble are
Now we will discuss the condition of the thermalization shown with the logarithmic vertical axis. It is seen that an
of radiation inside a bubble. For the thermalization of radia-appreciable amount of OH is created inside a bubble at the
tion, the bubble radius must be larger than the mean free pattollapse.
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FIG. 2. Calculated results for the case of SBSL in pure water pjth 1.3 atm andRy= 5.5 um at around the minimum bubble radius
as functions of time for 2000 p®.002 us). (a) The bubble radiusR). (b) The temperature inside the bubKIB. (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 molecules
(ny), the dotted line is the number of Ar moleculas,f), the dash-dotted line is that of the,® molecules (IHZO), and the dotted line is
that of the OH molecules.
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FIG. 3. Optically thick and thin regions in the phase space of the TIME (us)
temperature and the radius of the hot sggt)( Above the line is
the optically thick region and below the line is the optically thin (b)
region. The solid circlgthe open circlg represents the calculated
result for the case of SBSL in pure wat@ar a solution of 0.1 CMC
Triton X-100 in watey.

10t 3
B. Triton X-100

In the case of SBSL in a solution of 0.1 CMC Triton
X-100 in water, the best fitting parameters grg=1.3 atm
andRy=4.5um. In Figs. 48)—4(c) and Figs. %a)—5(f) the
calculated results are shown as functions of time. In Figs.
4(a)-4(c) physical quantities are shown for one acoustic
cycle (61.0 us). In Fig. 4@ the bubble radiusR) is shown \ ' . . ,
with the same vertical axis as that of Figa}t the circles are 10% 20 40 60
the experimental daf®] and the line is the calculated result. TIME (ps)

As in the case of SBSL in pure water, the calculated result of

the radius-time curve fits well with the experimental data ()

under the chosen parameterspafandRy. In Fig. 4b) the
temperature inside a bubb(&) is shown with the logarith-
mic vertical axis. It is seen that the expansion of a bubble is
isothermal while the collapse is quasiadiabatic as in the case
of SBSL in pure water. In Fig. #) the liquid temperature at
the bubble wall T\ ;) is shown with the same vertical axis as
that of Fig. 4b). It is seen thal_; increases up to the same :
order of magnitude with the maximum temperature inside a & 10°F J E

T (K)

10°¢

].04 E E

(K)

bubble as in the case of SBSL in pure water. It is suggested
that the surfactants at the bubble wall may be dissociated by
the high temperature.

In Figs. Fa)—5(f) the calculated results at around the
minimum bubble radius are shown as functions of time for
2000 ps(0.002 us). In Fig. 5a) the bubble radiugR) is
shown with the same vertical axis as that of Figa)2In Fig. FIG. 4. Calculated results for the case of SBSL in a solution of
5(b) the temperature inside a bubble is shown with the samg.1 cmc Triton X-100 in water withp,=1.3 atm and R,
vertical axis as that of Flg(B) It is seen that the maximum =45um as functions of time for one acoustic cycl€1.0
temperature inside a bubb{&0 700 K is much lower than  us). (a) The bubble radiugR). The open circles are the experi-
that in the case of SBSL in pure waié6 500 K). As shown  mental datd9] and the line is the calculated result(b) The tem-
in Table Il, if the effect of chemical reactions is completely perature inside the bubbld@). (c) The liquid temperature at the
neglected in the calculation, the result is the inverse; théubble wall (T ;).
maximum temperature inside a bubble in the case of SBSL
in a solution of Triton X-100 in water is larger than that in undergoing chemical reactions as seen in Table IIl. Due to
the case of SBSL in pure water. Thus it is concluded that théhe endothermal nature of the chemical reactions, the maxi-
lower maximum temperature in the case of Triton X-100 ismum temperature inside a bubble in the case of Triton X-100
caused by chemical reactions. In the case of Triton X-100is lowered considerably, as seen in Table IIl.
condensation of vapor at the collapse is inhibited by the sur- In Table Ill, the changes of the physical quantities in the
factants at the bubble wall and many vapor molecules remaifinal 2000 ps(0.002 us) of the collapse are listed. It is seen
inside, which results in the increase of the amount of vapothat the number of vapor molecules undergoing chemical

03406 80
TIME (us)
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FIG. 5. Calculated results for the case of SBSL in a solution of 0.1 CMC Triton X-100 in watempwittl.3 atm andRy=4.5um at
around the minimum bubble radius as functions of time for 200@@)2us). (a) The bubble radiugR). (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 moleculesy), the dotted line is the number of Ar moleculas,f), the dash-dotted line is that of,8 molecules
(nu,0), and the dotted line is that of OH molecul¢s) The number of O, @ and G molecules inside the bubble(f) The number of H
and H, molecules inside the bubble.

reactions in the case of Triton X-100 is one order of magni-Triton X-100, while the much smaller increase py work
tude larger than that in the case of pure water as mentioned also important.

above. The much lower maximum temperature in the case of It is concluded that the maximum temperature inside a
Triton X-100 is due to the much smaller increase of thebubble in the case of Triton X-100 is much smaller than that
internal energy of a bubble in the final 2000 ps of the col-in the case of pure water, which is caused by the much larger
lapse. The main reason is the larger reduction of the internamount of chemical reaction in the case of Triton X-100 due
energy by the endothermal chemical reactions in the case ¢ the much larger amount of vapor remaining inside a
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TABLE Il. The calculated results at the minimum bubble radius ~ TABLE IV. The experimental datf9] and the calculated results
including chemical reaction&€R) and those excluding CR.is the  of the maximum bubble radiusR(,,,) and the maximum bubble
temperature inside a bubblE,is the internal energy of a bubble, radius after the first reboun@decondr,,,,) for the case of SBSL in
andn; is the total number of molecules in a bubble. a solution of 1.0 CMC BSA in watep, is the amplitude of the
acoustic wave, an®, is the ambient bubble radius.

0.1 CMC
Pure water Triton X-100 Theory
Ro 5.5 um 4.5 pum Experiment pa=1.33 atm 1.38 atm
Pa 1.3 atm 1.3 atm [9] Ro=4.5um 3 um
T 16 100 K 10600 K
R 68 um 68 um 70 um
(without CR (19000 K (19 800 K max K K ¥
9 9 Second less than
E 7.9<10°°J 3.9x10°7J R 10 um 17 um 21 um
(without CR [9.0x10°° J] [6.7x107° J] max ® ® H
n, 2.4x 1010 1.8x 10
ith 2.2X1 1.4x1 . .
(without CR ( ) ( o) the much larger amount of vapor undergoing chemical reac-
tions.
bubble at the collapse by the inhibition of condensation at C. BSA

the bubble wall by the surfactants. It is suggested that sur-
factants may be used to increase the amount of chemical The protein bovine serum albumin hinders interfacial mo-
reaction of vapor inside a bubble in sonochemistry. tion of a bubble by high surface viscosity and high surface

In F|g ac) the blackbody radiance is shown. It should betension[le]. In this case, it is imDOSSib|e to reproduce the
noted that the scale of the vertical axis of Figc)5s about ~ experimentally observed radius-time cuf\@ by the theo-
one order of magnitude less than that of Fi¢c)2which is  retical calculations using any values pf andR,. As seen
consistent with the experimental result that the intensity ofn Table 1V, the calculated seconl,., is always much
SBSL in the case of Triton X-100 is much lower than that inlarger than the experimental data when the parameteys (
the case of pure watd®]. However, as seen in Fig. 3, the and R,) are chosen to reproduce the experimental data of
radiation is not thermalized inside a bubble in this case. It ifRmax- Thus it is concluded that in the case of BSA the sur-
suggested that the spectrum of the light in this case maface viscosity and the enhanced surface tension play an im-
deviate significantly from the blackbody spectrum and thafortant role in bubble dynamics, which is not taken into ac-
some characteristic lines such as the OH ({880 nm) may  count in the present calculations. For the discussion of the
be seen. If such a spectrum is experimentally observed, thight emission in the case of BSA, these effects should be
hot-spot model will be verified. taken into account.

In Figs. 5c)—5(f) numbers of molecules inside a bubble
are shown with the same logarithmic vertical axes as that of IV. CONCLUSION
Fig. 2(d). It is seen that much larger amounts of OH,
0O,, O3, Hy, HO,, and HO, are created inside a bubble com-
pared with those in the case of pure water, which is due t

The effect of surfactants on single-bubble sonolumines-
ence is studied theoretically based on the hot-spot model
hat a SBSL bubble collapses quasiadiabatically and that the

TABLE Ill. The change of the physical quantities in the final _quasi-thermal radiation is_ the origin of th.e light emissiOI_”l. It
2000 ps of the collaps® is the bubble radiusT is the temperature IS clarified that the reduction of the magnitude of SBSL light
inside a bubblen,,, is the number of vapor molecules inside a DY the addition of Triton X-10Q9] is due to the increase of
bubble,AE is the change of the internal energy of a bubble in theth® amount of endothermal chemical reactions, which results
final 2000 ps of the collapse. The contribution of each term in Eqin the lower maximum temperature inside a bubble. The in-

(5) to AE is also listed. crease of the chemical reactions is due to the inhibition of
condensation of vapor at the bubble wall by the surfactants,
0.1 CMC which results in the increase of the amount of vapor in a
Pure water Triton X-100 bubble at the final stage of the collapse when the chemical
reactions take place. It is suggested that surfactants may be
R 2.97-0.82um 2.83-0.68um useful in increasing the amount of chemical reactions of va-
T 2900-16 100 K 2600-10600 K por inside a bubble in sonochemistry. It is also suggested that
Nh,0 5.6x10°-2.8x10"  2.1x10°-1.2<10' some of the surfactants may be dissociated by the extremely
AE +6.58x10°J +3.06¢10°°J high temperature at the bubble wall. It is predicted by the
pV work +10.47x107° J +6.29¢<107° J hot-spot model that in the case of SBSL in a solution of
Thermal Triton X-100 in water the radiation inside a bubble is not
conduction —3.86x10°°J —-1.59x10°°J thermalized and that the spectrum of the light may deviate
Change of significantly from the black-body spectrum and have some
kinetic energy +1.28x107°%J +1.10x10°°%J characteristic lines such as the OH lig8.0 nm). In order to
Heat of study theoretically SBSL in a solution of BSA in wafé],
chemical reactions  —1.31x10°° J —2.74x10°°] the surface viscosity and the enhanced surface tension should

be taken into account in the calculations of bubble dynamics.
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