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Single-bubble sonoluminescence from noble gases
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Single-bubble sonoluminescence~SBSL! from noble gases in water is studied theoretically in order to clarify
the reason of the distinguished feature that the luminescence is strong for all noble gases, while the other
systems of cavitation luminescence are greatly enhanced by the presence of the heavy noble gas~xenon!. It is
clarified that in spite of the larger thermal conductivity of lighter noble gases the maximum temperature in a
SBSL bubble of lighter noble gases is higher due both to the segregation of water vapor and noble gas inside
a SBSL bubble and the stronger acoustic drive of a SBSL bubble of lighter noble gases.
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Single-bubble sonoluminescence~SBSL! is a light emis-
sion phenomenon from a stably oscillating bubble in liqu
irradiated by a standing ultrasonic wave@1#. The light is
emitted at each bubble collapse as a pulse. In 1991, Ba
and Putterman@2# reported that the pulse width of SBSL
extremely small~;50 ps!. Since the report, many researche
have studied the phenomenon both theoretically and exp
mentally @3#.

In 1999, Weninger, Camara, and Putterman@4# reported
that there are two categories in the luminescence fr
bubbles: one is the systems which are greatly enhance
the presence of xenon, and the other is single-bubble son
minescence in water which is strong for all noble gases.
first category includes multibubble sonoluminescence@5–7#,
single-bubble sonoluminescence in nonaqueous liquids@8#,
sonoluminescence from a hemispherical bubble on a s
surface @9#, and the luminescence associated with flo
induced cavitation@10#.

Multibubble sonoluminescence~MBSL! in the first cat-
egory is the luminescence from hundreds or thousand
bubbles in liquid irradiated by a strong ultrasound@5–7#. It is
widely accepted@7,11,12# that the maximum temperature in
side a MBSL bubble is higher for heavier noble gases du
the lower thermal conductivity: a bubble is less cooled
the thermal conduction from the heated interior of the bub
to the surrounding liquid when the thermal conductivity
lower. Thus, in MBSL, xenon bubbles are the brightest a
helium bubbles are the dimmest@5–7#.

In the present study, computer simulations of collapse
noble-gas bubbles are performed under conditions of SB
in water in order to study the reason of the distinguish
feature of SBSL in water that it is strong for all noble gas

In 1999, Storey and Szeri@13# predicted theoretically tha
a gas mixture is mildly segregated inside a collapsing bub
under a condition of SBSL in water by the thermal and pr
sure diffusion. The lighter gas molecules are driven to
bubble center and the heavier gas molecules are driven to
bubble wall. Thus inside a xenon bubble, water vapor
driven to the bubble center and xenon is driven to the bub
wall. On the other hand, inside a helium bubble, water va
is driven to the bubble wall and helium is driven to th
bubble center. Inside an argon bubble, no significant mixt
segregation takes place because molecular mass of arg
not so different from that of water vapor@14#.
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Although the mixture segregation inside a SBSL bubble
mild, it affects the bubble dynamics through the change
the rate of vapor condensation at the bubble wall. At
bubble collapse, vapor condenses at the bubble wall du
the increase of pressure inside a bubble@15#. The rate of
vapor condensation at the bubble wall is nearly proportio
to the vapor pressure at the bubble wall@15#. By the mild
mixture segregation, the vapor pressure at the bubble
changes and accordingly the rate of vapor condensa
changes.

In the present computer simulations, the mild mixtu
segregation is taken into account by simple model equatio
For a xenon bubble,pXe,B5 p̄Xe1(pg2 p̄Xe)nXe /nt , pv,B
5pg2pXe,B , wherepXe,B is the partial pressure of xenon a
the bubble wall,p̄Xe is the spatially averaged partial pressu
of xenon,pg is the pressure inside a bubble,nXe andnt are
the number of xenon atoms and the total number of partic
inside a bubble, respectively, andpv,B is the vapor pressure
at the bubble wall. The equations are derived by the follo
ing requirements: when the bubble content is mostly
non, pXe,B;pg , and when the content is mostly vapo
pXe,B; p̄Xe . The obvious requirementp̄Xe,pXe,B,pg is au-
tomatically satisfied bypXe,B5 p̄Xe1a(pg2 p̄Xe), where 0
,a,1. The above requirements are satisfied bya
5nXe /nt . Adding the condition thatpXe,B1pv,B5pg , the
model equations are derived. In the computer simulatio
the model equations are used from 0.01ms before the time of
the minimum bubble radius (Rmin) according to the results in
Ref. @13#. The model equations yield values ofpXe,B / p̄Xe

TABLE I. The effective black-body temperature (Teff) and the
energy of the emitted light per SBSL pulse estimated from
spectra reported by Hiller and co-workers@3,29#. The degree of
saturation of the gas in water is 0.002 for He and Ar and 0.004
Xe. The values in brackets are for the degree of saturation of
The frequency of ultrasound is 33 kHz and the ambient liquid te
perature is 24 °C.

Gas He Ar Xe

Teff 15 000 K 15 000 K 10 000 K
~20 000 K! ~15 000 K! ~10 000 K!

Energy per SBSL pulse 0.4 pJ 0.4 pJ 1.2 pJ
~0.1 pJ! ~0.1 pJ! ~0.4 pJ!
©2001 The American Physical Society01-1
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;1.1 at 0.01ms beforeRmin , which is in agreement with the
results in Ref.@13#.

Similarly for a helium bubble, the following model equa
tions are used: pv,B5 p̄v1(pg2 p̄v)nH2O /nt , pHe,B5pg

2pv,B , wherep̄v is the spatially averaged partial pressure
water vapor,nH2O is the number of water vapor molecule

inside a bubble, andpHe,B is the partial pressure of helium a
the bubble wall.

For a bubble collapse under a condition of SBSL, th
are two theoretical models: one is the shock-wave mo
@16–19# that a spherical shock-wave develops inside a c
lapsing bubble, and the other is the quasiadiabatic comp
sion model@15,20# that no shock-wave is formed inside
bubble and a bubble is almost uniformly heated by a qua
diabatic compression, where ‘‘quasi’’ means that apprecia
thermal conduction takes place between a bubble and
surrounding liquid. In 1998, Cheng and co-workers@21,22#
clarified by computer simulations of the fundamental eq
tions of fluid dynamics inside a collapsing bubble that
shock-wave develops inside a SBSL bubble and the sp
variation of pressure and temperature inside a bubble is
a few tens percent. The reason of no shock formation
theoretically clarified by Vuong, Szeri, and Young in 19
@23#. Thus, in the present computer simulations of bub
collapses, a quasiadiabatic compression model is used@15#.

In the model@15#, the effect of thermal conduction bot
inside and outside a bubble, that of nonequilibrium evapo

TABLE II. The calculated results of a SBSL bubble for vario
amplitudes of ultrasoundpa when Ar is dissolved in 24 °C wate
with the degree of saturation of 0.002. The frequency of ultraso
is 33 kHz.R0 is the ambient bubble radius that is calculated by
Eller-Flynn formula@37#. Tmax is the maximum bubble temperatur
‘‘energy’’ is that of the emitted light per pulse, ‘‘pulse width’’ is
that of the emitted light, ‘‘mechanism’’ is that of the light emissio
‘‘atom bremss.’’ is electron-atom bremsstrahlung, and ‘‘rad. re
is radiative recombination.

pa 1.44 bar 1.47 bar 1.52 bar
R0 4 mm 4.5mm 5 mm

Tmax 14 000 K 14 000 K 15 000 K
Energy 0.3 pJ 0.5 pJ 0.9 pJ

Pulse width 110 ps 120 ps 130 ps
Mechanism atom bremss.

rad. rec.
atom bremss.

rad. rec.
atom bremss.

rad. rec.
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tion and condensation of water vapor at the bubble wall, a
that of chemical reactions inside a heated bubble includ
the thermal dissociation of water vapor are taken into
count. In the present study, radiative processes insid
bubble are also simulated by the model described in R
@24#. The radiative processes considered are bremsstrah
of electrons, radiative recombination of electrons and io
and radiative attachment of electrons to neutral atoms.
bremsstrahlung, there are two mechanisms, electron-a
bremsstrahlung@25# and electron-ion bremsstrahlung@26#,
that are the light emissions from free electrons accelerate
a field of a neutral atom and that of a positive ion, resp
tively. In the present simulations, the number of free el
trons inside a bubble is calculated by the Saha equation@27#,
taking into account the reduction of ionization potentials
gases by the extreme high density inside a SBSL bub
@28#.

The present simulations are performed under the co
tion of the experiment reported by Hiller and co-worke
@3,29#. In 1994, Hilleret al. @29# reported the SBSL spectr
from various noble gases. Each spectral shape repo
@3,29,30# can be fitted by the black-body formula~Planck
function!. In other words, an effective black-body temper
ture exists for each spectrum. In Table I, the effective bla
body temperature (Teff) and the energy of the emitted ligh
per pulse estimated from the reported spectra@3,29# are
listed. It should be noted that in the experiment@3,29# nitro-
gen is also dissolved in water in addition to noble gas
However, according to Lohseet al. @31#, a SBSL bubble
consists of noble gases because nitrogen molecules ins
bubble change to the soluble species such as NOx and HNOx
by chemical reactions and dissolve into the surrounding
ter. The hypothesis of Lohseet al. @31# has been confirmed
experimentally@32,33#.

According to the recent theories@24,34,35#, SBSL is not
the black-body radiation. Nevertheless, the theor
@24,35,36# predict that the spectral maximum of SBSL shif
towards shorter wavelengths as the bubble temperature
creases, which is the same trend as that of the black-b
radiation. Thus, it is concluded from Table I that the ma
mum bubble temperature is higher for lighter noble gases
contrast to the MBSL case. In the present Rapid Commu
cation, the difference between SBSL and MBSL is a
dressed.

In Table II, the calculated results of an Ar bubble a

d
e

’

z.
is
TABLE III. The calculated results of a SBSL bubble for various amplitudes of ultrasoundpa when Xe is
dissolved in 24 °C water with the degree of saturation of 0.004. The frequency of ultrasound is 33 kHR0

is calculated by the Eller-Flynn formula@37#. For Tmax, the values when the mild mixture segregation
neglected are also listed.

pa 1.40 bar 1.43 bar 1.47 bar
R0 5 mm 5.5mm 6 mm

Tmax 9 000 K 10 000 K 10 000 K
~without mix.seg.! ~12 000 K! ~13 000 K! ~13 000 K!

Energy 0.2 pJ 0.5 pJ 1.0 pJ
Pulse width 170 ps 180 ps 190 ps
Mechanism atom bremss. atom bremss. atom bremss.
1-2



re
m

on

,

en
e

re
te
al

th
. I
itu
f
he

-

x
io
a

de

por
s a
and
ases
the
be

ll is
fast

an

nn
bey
of

an
re
ays

the
He

ble
e of
ich
side
axi-
f the

um
he
stic
ra-

.
or

ter
by
of

e
is

T.
n-
rdi-

om

is
Hz
te

RAPID COMMUNICATIONS

SINGLE-BUBBLE SONOLUMINESCENCE FROM NOBLE GASES PHYSICAL REVIEW E63 035301~R!
listed for various amplitudes of ultrasound when the f
quency of ultrasound is 33 kHz and the ambient liquid te
perature is 24 °C. The ambient bubble radius (R0) is calcu-
lated by the condition of the balance of gas diffusi
between the bubble and the surrounding liquid~the Eller-
Flynn formula! @37#: *0

TbR4((pg2pv)2p`ci /c0)dt50,
whereTb is the period of ultrasound,R is the bubble radius
(pg2pv) is the partial pressure of noncondensable gas@the
total pressure (pg) minus the vapor pressure (pv)# inside a
bubble,p` is the ambient pressure~1 atm!, ci is the actual
gas concentration in water apart from the bubble, andc0 is
the solubility of the gas in water. From Table II, it is se
that the maximum bubble temperature is nearly independ
of the driving pressure.

In Table III, the calculated results of a Xe bubble a
listed. For the maximum bubble temperature, the calcula
values when the mixture segregation is neglected are
listed. As in the case of Ar, the ambient bubble radius (R0) is
calculated by the Eller-Flynn formula@37#. It is seen that the
maximum bubble temperature is nearly independent of
acoustic amplitude and lower than that of an Ar bubble
should be noted that even under the same acoustic ampl
(pa) and ambient radius (R0), the maximum temperature o
a Xe bubble is lower than that of an Ar bubble due to t
effect of the mixture segregation. For example, whenpa
51.47 bar andR054.5mm, the maximum bubble tempera
ture of Xe is 10 000 K with the mixture segregation~15 000
K without the mixture segregation!, while that of Ar is
14 000 K.

Now we discuss the reason of the reduction of the ma
mum bubble temperature by the mild mixture segregat
inside a Xe bubble. By the mild accumulation of xenon ne
the bubble wall, the vapor pressure at the bubble wall

TABLE IV. The calculated results of a SBSL bubble when He
dissolved in 24 °C water. The frequency of ultrasound is 33 k
For Tmax, the value when the mild mixture segregation is neglec
is also listed.

pa 1.7 bar
R0 3 mm

Tmax 16 000 K
~without mix. seg.! ~9 000 K!

Energy 0.1 pJ
Pulse width 80 ps
Mechanism atom bremss.
d
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creases, which results in the decrease of the rate of va
condensation at the bubble wall at the bubble collapse. A
result, the amount of water vapor trapped inside a bubble
dissociated by the high temperature increases. It decre
the maximum bubble temperature considerably due to
increase of the endothermal heat of dissociation. It should
noted here that the vapor condensation at the bubble wa
a nonequilibrium process since the bubble collapse is so
@38#.

For a He bubble, the maximum temperature is lower th
that of an Ar bubble~;15 000 K! for any driving pressure if
the ambient bubble radius is calculated by the Eller-Fly
formula. Thus, it is expected that a He bubble does not o
the Eller-Flynn formula. In Table IV, the calculated result
a He bubble whenpa51.7 bar andR053 mm is shown. Un-
der the condition, the maximum temperature is higher th
that of an Ar bubble. On the other hand, if the mild mixtu
segregation is neglected, the calculated temperature is alw
much lower than that of an Ar bubble. It suggests that
mild mixture segregation indeed takes place inside a
bubble.

The increase of the maximum temperature in a He bub
by the mild mixture segregation is caused by the increas
the amount of vapor condensation at the bubble wall, wh
results in the decrease of the amount of vapor trapped in
a bubble and dissociated by the high temperature. The m
mum bubble temperature increases due to the decrease o
endothermal heat of dissociation. The higher maxim
bubble temperature than that of Ar is not only due to t
mild mixture segregation but also to the stronger acou
drive. At the same acoustic amplitude, the bubble tempe
ture of He is lower than that of Ar. For example, whenpa
51.47 bar andR054.5mm, Tmax of He is 9 000 K even
with the mixture segregation, while that of Ar is 14 000 K

In conclusion, inside a SBSL bubble in water, water vap
and noble gas~helium or xenon! are mildly segregated. As a
result, the maximum temperature in a SBSL bubble of ligh
noble gases becomes higher with the fact that it is driven
stronger ultrasound. It results in the distinguished feature
SBSL in water that it is bright for all noble gases, with th
fact that the ionization potential of heavier noble gases
lower.
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