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Numerical study of electronic impact and radiation in sonoluminescence
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A hydrodynamic simulation of pure argon single-bubble sonoluminescence including electron collisional
ionization, recombination, and radiative energy loss has been performed. We find that near the moment that the
bubble reaches its minimum radius the atoms inside a very thin layer around the origin of the bubble are
strongly ionized, and the light emission occurs nearly simultaneously. Therefore we conclude that multiple
ionization and recombination, which mainly occur in the thin layer of plasma, play a dramatically important
role in the noble gas sonoluminescence. We also find that the temperature and the intensity of luminescence are
not so high as those predicted by previous models, which consider only neutral gases.
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PACS number~s!: 78.60.Mq, 44.40.1a, 47.40.2x, 34.80.Dp
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A gas bubble trapped and driven by ultrasound in wa
generating picosecond light emission has long been kn
as sonoluminescence~SL!. Single-bubble sonoluminescenc
~SBSL! was first observed by Gaitan and Crum in 1990@1#.
Most of the recent research paid more attention to SB
since it is localized luminescence and much simpler to st
than multibubble sonoluminescence~MBSL!, which is a
kind of luminescence randomly caused by a large numbe
bubbles. Experiments have indicated that SL is very sens
to experimental parameters, e.g., the temperature of w
and the intensity of acoustic pressure@2#, and is extremely
sensitive to the doping with a noble gas in a single bub
@3#. Heavy water also has a dramatic effect on the spect
of light emitted by hydrogenic gases@4#. To construe the
cause of the light emission, a lot of theoretical research
been done@5–10# and thus several theories were establish
Shock-induced emission is one of the dominant explanat
of SL @5–7#. In this opinion shocks are formed during th
collapse of the bubble boundary, which heat the gas to a h
enough temperature to ionize and induce light emiss
Collision-induced emission@8# and quantum vacuum radia
tion @9,10# are two other theoretical explanations of SL.

Previous numerical simulations show that during the c
lapse of the bubble wall, high temperatures up to hundred
eV will be obtained. Under such high temperature gases
be ionized. A region of plasma should exist near the cen
of the bubble. In this paper we consider the processe
electronic impact with atoms and ions in order to gain a m
detailed description of the inner gas motion. Because of h
temperature high levels of ionization are discussed here
such circumstances of plasma, some kinds of radiation
have been observed in a confined plasma will probably
cur. It has not been clear up to now which kind of radiati
SL is. Therefore we only consider bremsstrahlung to s
plify the simulation.

The problem discussed here is a pure argon gas bubb
water driven by a periodic acoustic field. The bubble is h
pothetically in spherical symmetry. Therefore the motion
the bubble wall can be described by the Rayleigh-Ple
equation@11#
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3@P~R,t !2Pa~ t !#24n
Ṙ

R
, ~1!

whereR is the bubble radius, overdots denote differentiati
with respect to time,P(R,t) is the gas pressure next to th
bubble wall, Pa(t)52Pasinvat is the acoustic pressur
with a circular frequency ofva , P0 is the ambient pressure
r l is the density of the water,cl is the speed of sound in
water, andn is the kinematic viscosity of the water. We hav
neglected the surface tension and other additional terms,
mass diffusion and the compressibility of the water, whi
might have something important to do with SL.

The motion of the inner gases is controlled by the follo
ing gas dynamics equations in the Lagrangian formulatio
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]

]j
~r 2v !50, ~2!

r0

]v
]t

1
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j2

]P

]j
50, ~3!

]e

]t
1P

]~1/r!

]t
52Ur , ~4!

wherer is the gas density,r0 is the initial equilibrium gas
density,r is the distance from the origin of the bubble,v is
the gas velocity,P is the gas pressure, ande is the internal
energy per unit mass. The Lagrangian coordinatej is defined
as

j353E
0

r r

r0
r 2dr. ~5!
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FIG. 1. The temporal evolution of density, velocity, temperature, and pressure in the pure argon gas bubble near the momen
bubble reaches its minimum radius. The duration is 0.2907 ns, which contains twelve curves representing twelve instants. The twelv
in turn are t1522.428 8937ms, t25t110.0338 ns,t35t110.0383 ns,t45t110.0401 ns,t55t110.0429 ns,t65t110.0458 ns,t75t1

10.0471 ns,t85t110.0500 ns,t95t110.0754 ns,t105t110.0825 ns,t115t110.2489 ns, andt125t110.2907 ns. The three curves i
each column obey a time order of dashed line, dotted line, and solid line. The left column is with earlier instant than the right on
rit
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The additional termUr on the right side of Eq.~4! is the
energy loss due to radiation. In order to supplyP(R,t) to
close Eq.~1!, we adopt the gas state equation, which is w
ten as

P5
nkT

12br
, ~6!

e5
3

2

nkT

r
1

k

r (
i 51

L

(
j 5 i

j <L

~njTi !, L<18, ~7!

where n5ne1( j 50
L nj is the total number density of a

kinds of particles,ne is the electron number density,nj is the
number density of atoms (j 50) or ions with charge ofj , L
is the upper critic level of the ionization that we consider
simulation, T is the gas temperature,Ti is the ionization
potential of a particle with charge of (i 21), k is the Boltz-
mann constant, andb is the van der Waals excluded volum
which avoid the gases being infinitely compressed. The
terms on the right side of Eq.~7! represent the energy o
particles and the energy required for ionization. The gas d
sity r andne ,nj are related by

r5mene1(
j 50

L

~mjnj !, ~8!
-

o

n-

whereme is the mass of an electron, andmj is the mass of an
atom (j 50) or an ion with a charge ofj . Each kind of
particle obeys

]nj

]t
1

rnj

r0j2

]

]j
~r 2v !5ṅ j ~ j 5e,0,1, . . . ,L !, ~9!

where ṅ j is the net changing rate ofnj . We treat all the
particles in a fluid element with the same temperature
velocity to simplify the problem. To some degree, this si
plification is reasonable.

We solve the equations above numerically in two ste
dividing the bubble radius by 800 moving points. The la
point coincides with the bubble wall. The points are selec
according to the Lagrangian coordinate, which makes
mass of gases between the center of the bubble and
point be fixed. The time revolutions for computation a
changeable, which are determined by the conditions of
inner gas motion. In step 1, during the growth and init
collapse of the bubble wall, we use the Saha equation
obtain the number density of ions and electrons, and the t
revolutions are relatively large, since no sharp chan
emerge in the bubble. Step 2 starts whenne /n0 reaches a
certain small number, which is chosen artificially. The pu
pose is to obtain nonzero electron density to pursue our
culation. Here we determine it to be 1026. We change the
time revolutions to 1023 ps and less according to the viole
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FIG. 2. The time evolution of number density of electrons and all kinds of ions that we discuss. The duration is the same as what
in Fig. 1. The curves also have the same time order as in Fig. 1.
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motion of the gases. In this step we consider the process
electron collisional ionization, radiative recombination, a
three-body recombination. Bremsstrahlung is the only rad
tive energy loss that we consider. Under such condition,ṅ j is
given by

ṅ j5nj 21nea j 21→ j
ion 2njnea j→ j 11

ion 1nj 11ne~a j 11→ j
rrec

1a j 11→ j
trec !2njne~a j→ j 21

rrec

1a j→ j 21
trec ! ~ j 50,1, . . . ,L !, ~10!

wherea j→ j 11
ion , a j→ j 21

rrec , anda j→ j 21
trec represent the rates o

ionization, radiative recombination, and three-body recom
of

-

i-

nation of particles with charge ofj . When j 50, the first and
the fourth terms on the right side of Eq.~10! will disappear.
The second and the third terms of Eq.~10! will similarly
vanish for j 5L. ṅe can be obtained by the hypothesis
quasineutrality.

We assume the particles to be in Maxwellian distributio
The following are theoretical expressions of the rates
used in the simulation.

The rate of collisional ionization@12# is

a j→ j 11
ion 51.8631027T1/2 exp~2x j !@12exp~2x j !#

3S I H

I j
D 2

G @cm3 s21#, ~11!
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where I H and I j are the ionization potentials~in keV! of
hydrogen and an ion with charge ofj or an atom (j 50),
x j5I j /T, andG is the Gaunt factor.

The rate of radiative combination@13# is

a j→ j 21
rrec 521.8645310212~ j !4~M jc

2!21/2~kT!23/2e1/x

3Ei S 2
1

x DS~x! @cm3 s21#, ~12!

where x5kT/Es j , Es j5
1
2 ( j /a)2M jc

2, M j is the reduced
mass of an electron and an ion with charge ofj , a
51/137.036 is the fine-structure constant, and

S~x!

55
0.70421.146 log10 x, if x<1022,

1.59220.340 log10 x10.113~ log10!
2 x

20.031~ log10!
3 x10.003~ log10!

4 x, if 1022x<

2.302x20.107, if x.106,

~13!

Ei S 2
1

x D52 ln x1g1 (
n51

`
~21!n

nn!xn , ~14!

FIG. 3. The radiative power, maximum density, maximum te
perature, and the change of entropy during the time interval
tween 22.4287 and 22.4293ms.

FIG. 4. The time evolution of number density of electrons a
ions at the center of the bubble. The time interval is the same
what is shown in Fig. 3.
06,

whereg is Euler’s constant.
The rate of three-body recombination@12# is

a j→ j 21
trec

5
5.25310227

T3/2 ne

gj

gj 21
exp~ I j 21 /T!a j 21→ j

ion @cm3 s21#,

~15!

where theg’s are statistical weights.
The equilibrium radius of the bubble in our simulation

4.5 mm. We consider such a case:P051 atm, Pa
51.425 atm,va/2p526.5 kHz,b58.0631024 m3 kg21, n
5731026 m2 s21, cl51481 ms21. The initial temperature
in the bubble is 293 K and the ionization levelL that we
choose is five.

The radius of the bubble oscillates with the acoustic pr
sure periodically. Our focus is on a short time range arou
the moment when the radius reaches its minimum value.
minimum bubble radius is about 0.57mm, which is obtained
whent'22.428 9730ms. Figure 1 shows the time evolutio
of the thermodynamic quantities and gas velocity in wh
we are interested during the time interval of 0.2907 ns
ginning from t522.428 8937ms. For every variable we
draw twelve curves corresponding to twelve instants. In t
figure, each column contains three curves, standing for s
tial profiles of different instants. The time order of the
curves is the dashed line, dotted line, and solid line. Ther
also a time sequence among the four columns. We find
two shocks generate and reflect from the origin of the bub
before the minimum bubble radius. The temperature atta
about 120 eV after the divergence of the first shock.

The time evolution of the number density of electrons a
ions is shown in Fig. 2. The curves here in turn correspond
what are shown in Fig. 1. We can see that along with
increase of temperature, atoms are strongly ionized. After
first shock explosion, almost all the atoms are ionized. I
very thin layer around the center of the bubble, which
about 0.01mm thick, multiple ionization is dramatic. The
ions with higher charge offer the main part of the total nu
ber of electrons within such a thin layer. The inner gases
consequently in a state of plasma with extremely high d
sity and pressure, as shown in Fig. 1. The high tempera
and high density of charged particles cause bremsstrahl
When the temperature drops, ions and electrons recomb
Accompanying with recombination, radiation will also tak
place to release the energy. The processes of radiation
be extraordinarily complex due to high density and pressu
Therefore only considering bremsstrahlung may not be s
ficient. However, it can reflect some respects that are hel
for us to study SL.
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FIG. 5. The shock propagation inside the pure argon gas bu
for the case with 1.425 atm acoustic pressure.
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FIG. 6. The time evolution for the case that the bubble is driven by 1.5 atm acoustic pressure. The duration is about 0.6 ns sta
23.2886ms.
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Figure 3~a! shows the evolution of radiative power caus
by bremsstrahlung. The spike is about 60 mW and the d
tion is about 26 ps, which is obtained approximately 32
before the bubble reaches its minimum radius. Figures 3~b!
and 3~c! present the maximum density and maximum te
perature of the gases as functions of time. The density att
more than 1000 kg/m3, which is larger than water, and th
maximum temperature is about 120 eV. Figure 3~d! shows
the change of entropy at the center of the bubble. A dram
increase of entropy occurs when the gases undergo s
changes.

Figure 4 shows the time evolution of electron and i
density at the center of the bubble. It is obvious that ato
are highly ionized during a short time interval and recomb
swiftly as the temperature drops down. Figure 5 shows
shock propagation, which delineates the motion of the sh

FIG. 7. The comparison of cases involving electronic imp
and radiation~EIR! and involving neither~NEIR!. The acoustic
pressure is 1.425 atm. The dotted lines represent the NEIR m
and the solid lines represent the EIR model.
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front. Referring to these two figures, we can see that at
time immediately after the shock reflection, the number
ions of Ar51 is the greatest amount among all the ions th
we concerned with. We have simulated other cases by ch
ing the amplitude of the acoustic field and found that as
amplitude increases, multiple ionization plays a more a
more important role in the contribution of the total electr
number.

The results shown in Fig. 6 are obtained by changing
acoustic pressure to 1.5 atm, which also come from the c
ter of the bubble. In this case, nearly all the atoms are ioni
to be ions of Ar51 near the minimum bubble radius. Ther
fore ions with a charge of six or more should be included
such a simulation. The radiative power has a peak of ab
0.42 W and the maximum temperature is nearly 300 e
These values are larger than those obtained in the case
cussed above. It is consistent with the parameter sensit
to the acoustic pressure observed in experiments. Two
tinct thermal spikes emerge before the maximum power o
put. The calculation shows that the second thermal sp
appears simultaneously with the maximum density of Ar51

and electrons at a time of less than one-half of a picosec
prior to the maximum light emission. This means that t
ions with high charges contribute the main part of the lum
nescence.

During the processes of inelastic electronic impact w
atoms or ions, the kinetic energy of particles has to be c
verted to ionization energy. The results are the increase
particle number and the drop of temperature. The involv
of radiation also results in such influence. In Fig. 7 we co
pare the model including electronic impact and radiat
~EIR! with the one not considering these two effects~NEIR!.
The solid lines represent the results obtained by the E
model and the dotted lines are drawn for the NEIR mod
Figure 7~c! shows the evolution of radii near the minimu

t
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value. We can see from Fig. 7 that the instant when
bubble reaches its minimum radius delays in the EIR mo
and the instants that gases undergo sharp changes of diff
properties also lag behind those in the NEIR model. We u
the Saha equation to determine the density of electrons
ions in the NEIR model in order to calculate the emitt
power. Figures 7~a! and 7~b! show that the radiative powe
and the maximum temperature obtained by the NEIR mo
is much larger than those gained by the EIR model. In
NEIR model the second thermal spike shown in Fig. 7~b! is
higher than the previous one, while the EIR model has
contrary conclusion. This should be attributed to the effec
involving radiative energy loss in the EIR model. Due to t
generating of different kinds of ions and electrons, the s
ond obvious change of entropy in the EIR model is larg
than that in the NEIR model, which is shown in Fig. 7~d!.

In this paper we have recommended a method to re
the detailed processes of single bubble sonoluminesc
theoretically. Unlike previous models, our model stresses
study of nonequilibrium. The motion of the inner gases
cluding ionization and recombination has been delinea
Shock is still the cause of heating in our opinion. Two ma
shocks propagate in our work before the maximum lig
emission, and become remarkable as the amplitude of
acoustic field increases, which cause the appearance of
.
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distinct thermal spikes. The inclusion of radiation and ele
tronic impact leads to the descendence of temperature c
pared with the previous work, e.g., Wu and Roberts’ mo
@5#. The results show that near the minimum bubble rad
the gases undergo strong multiple ionization and sharp
combination. Moreover, as the amplitude of the acous
field increases, the emitted power grows larger, the ma
mum temperature is higher, and more ions with high
charges are produced and offer the main part of the electr
During a very short time interval, in a very thin layer aroun
the center of the bubble, the gases are in the state of pla
with high pressure and density, which leads to the trans
flash of light. The duration of the light emission accords w
with experiments. The study of the action of this kind
plasma may help us discover the mystery of sonolumin
cence and should attract more attention. We believe that
strong ionization and recombination of noble gases in
plasma layer should have something to do with the extre
dependence of noble gas doping in SBSL.

In further study, we plan to include more kinds of ion
that might be mainly produced in the problem. We will tre
the different particles with different temperature and velo
ity. We will consider heat conduction and other radiati
processes of plasma. And we will try to find an accurate s
equation of the inner gas for the extreme conditions in S
,
@1# D. F. Gaitan and L. A. Crum, J. Acoust. Soc. Am. Suppl. 187,
S141~1990!; D. F. Gaitan, L. A. Crum, C. C. Church and R. A
Roy J. Acoust. Soc. Am.91, 3116~1992!.

@2# B. P. Barber, C. C. Wu, R. Lo¨fstedt, P. H. Roberts, and S.
Putterman, Phys. Rev. Lett.72, 1380~1994!.

@3# R. Hiller, K. Weninger, S. J. Putterman, and B. P. Barb
Science266, 248 ~1994!.

@4# R. A. Hiller and S. J. Putterman, Phys. Rev. Lett.75, 3549
~1995!.

@5# C. C. Wu and P. H. Roberts, Phys. Rev. Lett.70, 3424~1993!.
,

@6# W. C. Moss, D. B. Clarke, J. W. White, and D. A. Young
Phys. Fluids6, 2979~1994!.
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