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Bubble dynamics and sonoluminescence from helium or xenon in mercury and water
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Numerical simulations of bubble pulsation and sonoluminescence (SL) have been performed for helium
or xenon bubbles in mercury and water under the experimental conditions of Futakawa et al. [M. Futakawa,
T. Naoe, and M. Kawai, in Nonlinear Acoustics—Fundamentals and Applications: 18th International Symposium
on Nonlinear Acoustics (ISNA 18), AIP Conf. Proc. No. 1022, edited by B. O. Enflo, C. M. Hedberg, and
L. Kari (AIP, New York, 2008), p. 197]. The results of the numerical simulations have revealed that the bubble
expansion is much larger in water than in mercury mainly because the density of water is one order of magnitude
smaller than that of mercury. The SL intensity is higher in water than that in mercury although the maximum
bubble temperature is lower. This is caused by the much larger amount of vapor inside a bubble as the saturated
vapor pressure of water is four orders of magnitude larger than that of mercury at room temperature. The SL
intensity from xenon is much larger than that from helium due both to lower ionization potential and higher bubble
temperature due to lower thermal conductivity. The instantaneous SL power may be as large as 200 W from
xenon in water. The maximum temperature inside a xenon bubble in mercury may be as high as about 80 000 K.
It is suggested that the maximum pressure in mercury due to shock waves emitted from bubbles increases as
the SL intensity increases, although they are not simply correlated in water because the amount of water vapor
trapped inside a bubble influences the SL intensity in a complex way.
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I. INTRODUCTION

Neutron scattering is a useful method in condensed matter
physics to investigate the lattice structure of especially light
atoms such as oxygen and hydrogen because the scattering
cross section does not increase with atomic number, in contrast
to x rays [1–5]. Furthermore, thermal neutrons of about
25 meV in kinetic energy have a de Broglie wavelength of
about 0.18 nm which is in the same order of magnitude
as atomic spacing in condensed matter. As the energy
(∼25 meV) is comparable to the intermolecular energies in
condensed phases, thermal neutrons are a powerful tool for
the investigation of dynamical and geometrical properties of
matter. In addition, as a neutron has a magnetic dipole moment
without electric charge, neutron scattering can be used in the
study of magnetic materials. Thus, neutron scattering has been
widely used in studies of liquids, glasses, amorphous materials,
biomaterials, polymers, foods, membranes, etc.

There are mainly two types of neutron sources [1,6]. One
is a nuclear fission reactor in which a nuclear chain reaction
takes place (235U + n→A + B + 2.3 n, where A and B are
fission fragments). The other is a spallation source in which
target atoms (mercury) are fragmented by a high energy proton
beam from an accelerator (p + Hg→A + B + xn). Although
the spallation reaction takes place in all elements, mercury is
currently mostly used in spallation sources because the liquid
metal itself is a good coolant when high power proton beams
are penetrated into the target, and there is not much radiation
damage compared to the solid target as well as the high neutron
yield [7,8].

There is, however, a difficult problem in the mercury
target [7–14]. In the spallation sources, a pulsed (25–60 Hz)

*k.yasui@aist.go.jp

high energy (1–3 GeV) proton beam penetrates into the liquid
metal with the beam power of up to 1–5 MW to produce
high neutron fluxes. The duration of each pulse is very short
(<1 μs) and the temperature rise of the affected volume is not
so high (∼10 ◦C). Nevertheless, the extreme local heating rate
(on the order of 107 ◦C/s) may cause the propagation of high
intensity pressure waves in the liquid metal. When the pressure
wave is reflected at the container’s surface, the local pressure
instantaneously becomes negative, which causes cavitation in
the liquid metal. Cavitation is the appearance and subsequent
collapse of bubbles. When the cavitation bubbles collapse near
the container’s surface, microjets as well as micro shock waves
hit the surface. It causes the cavitation damage of the surface of
the liquid container. It is a severe problem because the service
lifetime of the container is extremely shortened.

In order to study the behavior of cavitation bubbles in
mercury, Futakawa and his co-workers [15–18] have studied
bubble dynamics as well as the light emission from collapsing
bubbles called sonoluminescence (SL) in mercury. In the
experimental system, the cavitation event is produced by
imposing mechanical impacts onto the shallow stainless-steel
cylinder filled with mercury (not degassed) using the disk
plate specimen driven with the striker controlled by the
electromagnetic force that is determined by the input electric
power. The input electric power was kept constant (560 W) at
which the morphology of the cavitation damage was similar
to that observed in the actual proton beam experiments [15].
Under the condition, the light emission (SL) from the bubbles
was observed by a photomultiplier tube through the transparent
glass window fixed on the lid of the chamber [15].

SL in mercury was experimentally observed by Kuttruff in
1962 [19]. The optical spectrum of SL from cavitation driven
by an acoustic wave in mercury showed a strong continuum.
Smith et al. [20] reported SL from liquid metals such as Hg,
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Ga, In, Sn, and Bi at 20 ◦C above each melting point. The
brightest SL among the liquid metals studied by them was
mercury.

The bubble dynamics in mercury has been numerically
studied by Ida and his co-workers [16–18,21]. However,
in their studies, effects of nonequilibrium evaporation and
condensation of mercury vapor, ionization of vapor and gas
molecules, and the light emission were completely neglected.
In the present paper, we have performed numerical simulations
of bubble dynamics and SL taking these effects into account.

II. MODEL

The present model has been described in Refs. [22–24]. A
part of the model has been validated from studies of single-
bubble SL which is the light emission from a single stable
bubble trapped at the pressure antinode of a standing ultrasonic
wave [25]. The other part of the model on the bubble-bubble
interaction for a multibubble system has also been validated
from studies of cavitation bubbles under an ultrasonic horn
[26].

When there are many bubbles in the liquid, as in the
case of cavitation in mercury in the experiment of Futakawa
et al. [15], it is necessary to take into account the effect
of the bubble-bubble interaction in the calculations of the
bubble pulsation [22,26,27]. The bubble-bubble interaction
is the influence of acoustic waves radiated by surrounding
bubbles on the pulsation of a bubble. When we assume that
the equilibrium radii of the bubbles are the same and that the
spatial distribution of the bubbles is uniform, then this complex
problem is simplified as Eq. (1):

(
1 − Ṙ
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where R is the instantaneous bubble radius, Ṙ = dR
dt

, t is time,
c is the sound velocity in the liquid near the bubble wall, ṁ is
the rate of evaporation of liquid at the bubble wall (negative
value means condensation), ρL,i is the liquid density at the
bubble wall, R̈ = d2R

dt2 , ρL,∞ is the liquid density far from a
bubble, pB is the liquid pressure at the bubble wall, pa(t) is
the instantaneous applied pressure at time t , p0 is the ambient
static pressure, m̈ = dṁ

dt
, and S is the coupling strength of a

bubble cloud introduced in Refs. [22,26,27] as follows:
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TABLE I. The van der Waals constants of gas and vapor inside a
bubble [30].

a (10−1 J m3/mol2) b (10−5 m3/mol)

He 0.0346 2.38
Xe 4.19 5.16
Hg 5.19 1.06
H2O 5.54 3.05

where di is the distance between the bubble and another bubble
i, the summation is for all the bubbles, n is the number density
of bubbles, lmax is the radius of the bubble cloud in which
bubbles are assumed to be homogeneously distributed, lmin

is the distance between a bubble and the nearest bubble, and
lmax � lmin has been assumed in the last equation. The last term
of Eq. (1) represents the effect of the bubble-bubble interaction.

It has been theoretically indicated that the bubble wall
velocity (Ṙ) never exceeds the sound velocity in the liquid
near the bubble wall (c) [28]. Thus, in the present numerical
simulations, when |Ṙ| exceeds c during the bubble collapse
(Ṙ < −c), |Ṙ| is replaced by c (Ṙ = −c). For water, c is
calculated as a function of pressure at the bubble wall (pB)
as follows: c = √

7.15(pB + B)/ρL,i , where B = 3.049 ×
108 Pa [29]. For mercury, c = 1450 m/s is assumed.

The liquid pressure at the bubble wall (pB) is related to the
pressure inside a bubble (p) as follows:

pB = p − 2σ
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, (3)

where σ is the surface tension, μ is the liquid viscosity, and
ρin is the density inside a bubble. The pressure inside a bubble
(p) is estimated by the van der Waals equation of state:(

p + a

v2

)
(v − b) = RgT , (4)

where a and b are the van der Waals constants, v is the molar
volume of gas and vapor inside a bubble, Rg is the gas constant
(=8.3145 J/mol K), and T is the temperature inside a bubble.
The van der Waals constants for gases and vapor are listed in
Table I [30].

The pressure (P ) of acoustic waves radiated from bubbles
in the bubble cloud is expressed by the following equation
using the coupling strength (S) [31]:

P = SρL,∞(R2R̈ + 2RṘ2). (5)

TABLE II. Physical property of mercury and water at normal
condition [30].

Mercury Water

Density (g/cm3) 13.5 1.0
Saturated vapor pressure (Pa) 0.2 2300
Surface tension (N/m) 0.48 0.073
Sound speed (m/s) 1450 1480
Viscosity (10−3 Pa s) 1.56 1.00
Heat capacity [J/(kg K)] 140 4200
Thermal conductivity [W/(m K)] 8 0.6
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The physical properties of mercury and water at normal
conditions are listed in Table II [30]. In the present numerical
simulations, the liquid temperature at the bubble wall is
calculated as a function of time using the model described in
Refs. [24,32]. Thus, the saturated vapor pressure is calculated
as a function of the liquid temperature using the formula de-
scribed in Refs. [32,33] for water and in Ref. [34] for mercury.
The thermal conductivity of the liquid is also calculated as a
function of temperature by the formula in Ref. [35] for water
and by interpolating the experimental data [36] for mercury.

The temperature inside a bubble is calculated as follows.
The temperature (T ) is related to the thermal energy (E) of a
bubble as Eq. (6):

E = nCV T − an2

V
, (6)

where n is the number of molecules inside a bubble in moles,
CV is the molar specific heat of gas and vapor inside a bubble, a
is the van der Waals constant, and V is the bubble volume. The
temporal change in the thermal energy is calculated by Eq. (7):

�E = −p�V + 4πR2κT
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+�H − �Hion +
[
−3

5
MṘR̈
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where �E is the change of the thermal energy in a short time
�t , p is the pressure inside a bubble, �V is the change in
the bubble volume, κT is the thermal conductivity of gas and
vapor inside a bubble, ∂T

∂r
|r=R is the temperature gradient at

the bubble wall, e is the energy carried by evaporating or
condensing vapor molecules per unit mass, �H is the heat of
chemical reactions which is absent in mercury, �Hion is the
heat of ionization of gas and vapor molecules inside a bubble,
and M is the total mass of the gases and vapor inside a bubble.
The last term of Eq. (7) is the change in the macroscopic kinetic
energy of gas and vapor inside a bubble that is transferred into
heat. The term is included only when the term is positive. The
thermal conductivity (κT ) of gas and vapor is estimated as a
function of temperature as listed in Table III [37,38].

The number (n) of molecules inside a bubble changes with
time due to nonequilibrium evaporation or condensation at the
bubble wall. The rate of evaporation (ṁ) at the bubble wall is
calculated as follows:

ṁ = ṁeva − ṁcon, (8)

ṁeva = αMp∗
v√

2πRvTL,i

, (9)

ṁcon = αM	pv√
2πRvTB

, (10)

TABLE III. Thermal conductivity (κT ) of gas and vapor inside a
bubble [W/(m K)] assumed in the present numerical simulations as
a function of temperature (T in K) [37,38]. For Hg (MW = 201), the
experimental data for Rn (MW = 199–226) are used.

He 2.4 × 10−4T + 7.8 × 10−2

Xe 1.5 × 10−5T + 1.3 × 10−3

Hg 1.1 × 10−5T − 7.2 × 10−4

H2O 1.0 × 10−4T − 1.2 × 10−2

where ṁeva (ṁcon) is the actual rate of evaporation (conden-
sation), αM is the accommodation coefficient for evaporation
and condensation, p∗

v is the saturated vapor pressure, Rv is the
gas constant of vapor in J/(kg K), TL,i is the liquid temperature
at the bubble wall, 	 is the correction factor, pv is the partial
pressure of vapor inside a bubble, and TB is the temperature of
gas and vapor at the bubble wall. In the present model, TL,i and
TB are different due to the presence of the temperature jump
at the bubble wall. For water, the accommodation coefficient
(αM ) decreases from 0.35 to 0.05 as the liquid temperature at
the bubble wall increases from 350 to 500 K according to the
molecular dynamics simulation by Matsumoto [24,39]. For
mercury, αM is assumed as 1.

In the present study, the diffusion of gas across the bubble
wall is taken into account although it is negligible under the
present condition [40,41]:

dNdiff

dt
= −4πR2D

A

B

ci − c∞
(R0/R)2R0

, (11)

where dNdiff/dt is the number of gas molecules flowing into
the bubble per unit time, D is the diffusion coefficient of the
gas in the liquid, A = 〈(R/R0)〉, B = 〈(R/R0)4〉, 〈〉 denotes
the time averaged value, R0 is the ambient bubble radius which
is defined as the bubble radius when an acoustic wave is absent,
ci is the concentration of the gas near the bubble surface, and
c∞ is the concentration far from a bubble. The gas diffusion
rate is proportional to the bubble surface area (4πR2) and the
gradient of gas concentration in the liquid near the bubble
wall. The concentration gradient is inversely proportional to
(R0/R)2 because the thickness of a constant material volume
becomes smaller as a bubble expands, which is called the shell
effect [42].

The model for the ionization of the gas and vapor molecules
has been described in Ref. [23]. The ionization potentials of
gas and vapor molecules in vacuum are listed in Table IV [30].
In the present model, the reduction in ionization potential by
the high density inside a bubble has been taken into account as
follows [23,28,43,44]. The reduction is caused by the overlap
of the electron wave functions of gas and vapor molecules.
Thus, the reduced ionization potential (χred) is estimated by
Eq. (12):

χred = χ

(
1 − 1

y

)
, (12)

TABLE IV. The ionization potential of gas
and vapor in vacuum in eV.

He 24.6
Xe 12.1
Hg 10.4
Hg+ 18.8
H2O 12.6
OH 13.0
H2 15.4
H 13.6
O 13.6
O2 12.1
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where χ is the ionization potential in vacuum (Table IV),

y = 1

2aBk′
3

√
V

nt

, (13)

where aB is the Bohr radius (5.29 × 10−11 m), k′ is the ratio of
the radius of the gas molecule to that of a hydrogen atom, V

is the bubble volume, and nt is the total number of molecules
inside a bubble. The reduction in ionization potential inside SL
bubbles has been experimentally suggested [45]. For mercury,
the ionization of Hg+ is also taken into account.

The model for the light emission has been described in
Refs. [23,28]. The light emission processes taken into account
in the model are electron-atom bremsstrahlung, electron-ion
bremsstrahlung, radiative recombination of electrons and
ions, radiative attachment of electrons to neutral atoms and
molecules, and chemiluminescence of OH. Electron-atom

bremsstrahlung is the light emission from free electrons
accelerated by the collisions with neutral atoms and molecules
during their thermal motion, which has been regarded as
the main source of SL emission in water [23,46,47]. As the
optical spectrum of SL in mercury showed a strong continuum
according to Kuttruff [19], the line emissions from Hg are
neglected in the present study.

The amplitude of a distortion of the spherical bubble surface
is also calculated as a function of time. A small distortion of
the spherical surface is described by R + anYn(θ,φ), where R

is the mean radius of a bubble, an is the distortion amplitude,
Yn(θ,φ) is a spherical harmonic of degree n, and θ , φ are
angles in the polar coordinates. The dynamics for the distortion
amplitude an is given by the following equation [40,48]:

än + Bn(t)ȧn − An(t)an = 0, (14)

FIG. 1. (Color online) The result of numerical simulations as a function of time for 3 ms. (a) The applied pressure plus the ambient static
pressure assumed in the simulations. (b) The radius of a He bubble in mercury for various values of S. The initial bubble radius (R0) is 10 μm.
(c) The distortion amplitude of the mode n = 3 relative to the instantaneous bubble radius for S = 105 m−1. (d) Sames as in (c), but for
S = 106 m−1.
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where the overdot denotes the time derivative (d/dt),

An(t) = (n − 1)
R̈

R
− βnσ

ρR3

−
[

(n − 1)(n + 2) + 2n(n + 2)(n − 1)
δ

R

]
2μṘ

R3
,

(15)

and

Bn(t) = 3Ṙ

R
+

[
(n + 2)(2n + 1) − 2n(n + 2)2 δ

R

]
2μ

R2
, (16)

where βn = (n − 1)(n + 1)(n + 2), σ is the surface tension, μ
is the liquid viscosity, and δ is the thickness of the thin layer
where fluid flows,

δ = min

(√
μ

ω
,

R

2n

)
, (17)

where ω is the angular frequency of ultrasound.

III. RESULTS AND DISCUSSIONS

In the experiment of Futakawa et al. [15], a cavitation
experiment was performed for mercury in which helium
was dissolved. Thus, in the present paper, we will first
discuss dynamics and sonoluminescence of helium bubbles.
In Fig. 1(b), the bubble radius is shown as a function of
time for various values of S when the temporal pressure
variation [pa(t) + p0] is given by Fig. 1(a) as experimentally
measured by Futakawa et al. [15]. As expected from the
previous studies [22,26,27], the bubble expansion is strongly
suppressed by the bubble-bubble interaction and the maximum
bubble radius decreases as S increases. The initial bubble
radius (R0) is assumed as 10 μm because a bubble does not
sufficiently expand to emit light for R0 � 9 μm as has already
been pointed out by Ida et al. [16,17]. For S = 104 and 105 m−1,
a bubble disintegrates into daughter bubbles just after the
violent bubble collapse and the second collapse, respectively,
because the distortion amplitude exceeds the mean bubble
radius [a3/R exceeds 1 in Fig. 1(c) for S = 105 m−1]. For
S = 105 (104) m−1, the distortion amplitude of the mode n =
3 (n = 6) is the largest. On the other hand, for S = 106 m−1,
a bubble is shape stable and never disintegrates into daughter
bubbles because the bubble collapse is milder compared to the
cases of S = 104 and 105 m−1 and the distortion amplitude is
always smaller than the mean bubble radius [Fig. 1(d)]. For this
case, the distortion amplitude of the mode n = 3 is the largest.
For all the cases, bubbles experience the violent collapse and
shape instability takes place only after the violent collapse.

The temperature inside a bubble dramatically increases
at the end of the bubble collapse as seen in Fig. 2 for
helium bubbles in mercury with S = 105 m−1. The maximum
temperature is about 10 000 K [Fig. 2(a)]. The number of
mercury atoms inside a bubble is more than four orders
of magnitude smaller than that of helium atoms due to the
very small saturated vapor pressure of mercury [Fig. 2(b)].
Although the ionization potential of helium is reduced by
about 44% due to the high pressure inside a bubble at the
end of the bubble collapse, the degree of ionization of helium
atoms is only 10−4. On the other hand, the degree of ionization

FIG. 2. (Color online) The result of the numerical simulation for
a He bubble in mercury as a function of time for 200 ns near the end
of the bubble collapse (R0 = 10 μm, S = 105 m−1). (a) The bubble
radius (dotted line) and the temperature inside a bubble (solid line).
(b) The number of atoms (ions) inside a bubble with the logarithmic
vertical axis. (c) The SL intensity (solid line) and its time integral
(dotted line).

of mercury vapor is as high as about 0.2 because the ionization
potential is much lower than that of helium. In the present case,
the number of free electrons is about three orders of magnitude
smaller than the total number of atoms inside a bubble at the
end of the bubble collapse. Nevertheless, the SL intensity of a
few milliwatts is comparable to that of normal single-bubble
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FIG. 3. (Color online) The comparison between the result of the numerical simulation for He bubbles in water and that in mercury as a
function of time for 3 ms (R0 = 10 μm, S = 105 m−1). (a) The bubble radius in water, mercury, and imaginary mercury with the density of
water. (b) The bubble radius in water, mercury, and imaginary mercury with the surface tension of water. (c) The number of molecules inside a
bubble in mercury with the logarithmic vertical axis. (d) Sames as in (c), but in water.

sonoluminescence (SBSL) in water under ultrasound due to
a larger equilibrium radius (10 μm) of a bubble compared to
that for SBSL (about 5 μm) [47,49,50].

Now we discuss the difference in bubble dynamics between
mercury and water. A bubble expands much more in water
than in mercury mostly due to the smaller density of water
[Fig. 3(a)]. A bubble in water disintegrates into daughter
bubbles just after the second collapse as in mercury. For
the case of S = 106 m−1, a bubble in water disintegrates
after the fifth collapse during the bouncing motion after the
violent collapse although a bubble in mercury is shape stable
because the bubble expansion in water is much larger and the
subsequent bubble collapse is much stronger than in mercury.

The dotted line in Fig. 3(a) is the calculated result for the
density of water with the other physical quantities being the

same as those of mercury. The difference between the dotted
line and the dash-dotted line for water in Fig. 3(a) is due to
the difference in the surface tension and the saturated vapor
pressure. The effect of surface tension on the radius-time curve
is shown in Fig. 3(b). In water, much more vapor diffuses
into the bubble during the bubble expansion due to the much
higher saturated vapor pressure compared to mercury, which
also causes more expansion of a bubble [Figs. 3(c) and 3(d)].
On the other hand, the effect of the diffusion of gas across the
bubble wall is negligible because the change in the number
of helium (or xenon) atoms inside a bubble is less than 1%
according to the present numerical simulations.

The maximum temperature inside a bubble at the bubble
collapse in water is lower than that in mercury due to the much
larger amount of vapor [Figs. 4(a) and 4(b)]. Water vapor has
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FIG. 4. (Color online) The result of the numerical simulation for
a He bubble in water. The other conditions are the same as those in
Fig. 2.

a larger molar heat than that of monoatomic gases such as
He, Xe, and Hg. In addition, water vapor is dissociated inside
a heated bubble and consumes an appreciable fraction of the
thermal energy inside a bubble. The SL intensity, however,
is higher than that in mercury because the number of free
electrons inside a bubble in water is much larger than that in
mercury [Figs. 2(b) and 4(b)]. This is because the ionization
potentials of water vapor and its dissociation products are
lower than that of He (Table IV).

FIG. 5. (Color online) The result of the numerical simulation for
a Xe bubble in mercury. The other conditions are the same as those
in Figs. 2 and 4.

Next, the collapse of Xe bubbles is discussed. The
maximum temperature inside a Xe bubble in mercury is
much higher than that inside a He bubble due to lower
thermal conductivity which results in a smaller amount of
thermal conduction from the heated bubble interior into the
surrounding liquid [Figs. 2(a) and 5(a)]. Under the present
condition, the maximum temperature inside a Xe bubble is as
high as 78 000 K. It should be noted that in SBSL in water
the maximum temperature inside a bubble is usually less than
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FIG. 6. (Color online) The summary of the results of numerical simulations as a function of S (R0 = 10 μm). (a) The maximum bubble
temperature. (b) The number of vapor molecules inside a bubble at the end of the violent bubble collapse. (c) The SL intensity [S (proportional
to the number of bubbles) times the SL energy in picojoules per bubble collapse]. (d) The maximum pressure in the liquid due to shock waves
radiated by bubbles.

20 000 K [28,47]. Due to the very high temperature inside a Xe
bubble as well as the much lower ionization potential compared
to He, the number of free electrons inside a Xe bubble is
a few orders of magnitude larger than that in a He bubble
[Figs. 2(b) and 5(b)]. The ionization potential of Xe is reduced
by about 44% inside a bubble and the maximum degree of
ionization is as high as 0.46, while it is only 10−4 for He. It
may be consistent with the experimentally determined degree
of ionization of 0.19 for a Xe bubble at the bubble temperature
of 10 000 K in dehydrated phosphoric acid [45]. As a result,
the SL intensity from a Xe bubble is four orders of magnitude
higher than that from a He bubble [Figs. 2(c) and 5(c)]. Thus
it is concluded that Xe is much more suitable than He for the
monitoring of the cavitation activity by the SL light emission.

The results of the numerical simulations are summarized in
Fig. 6. The maximum temperature inside a Xe bubble is higher
than that inside a He bubble both in mercury and in water due to
lower thermal conductivity [Fig. 6(a)]. The maximum bubble
temperature in mercury is higher than that in water both for
He and Xe bubbles due to a much smaller amount of vapor
inside a bubble [Fig. 6(b)]. The maximum temperature inside
a Xe bubble in mercury decreases as S increases because the
bubble expansion becomes less [Fig. 1(b)] and the subsequent
bubble collapse becomes milder. On the other hand, the
maximum temperature inside a Xe bubble in water increases as
S increases above 105 m−1 because the amount of water vapor,
which cools the bubble, substantially decreases [Fig. 6(b)]. In
contrast, for a He bubble in water, the maximum temperature
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does not significantly increase as S increases above 105 m−1.
For a He bubble in mercury, the maximum temperature does
not increase as S decreases in contrast with a Xe bubble. The
both tendencies are due to the much higher thermal conduc-
tivity of He than that of Xe (Table III) as much of the thermal
energy is lost by the thermal conduction for a He bubble.

The amount of mercury vapor inside a Xe bubble is
larger than that in a He bubble because the minimum bubble
radius is larger due to higher bubble temperature and pressure
[Fig. 6(b)]. The drop in the amount of water vapor at S =
106 m−1 for Xe bubbles in water compared to that for He
bubbles is due to the dissociation of water vapor caused by the
much higher temperature inside a bubble [Fig. 6(a)].

The SL intensity from Xe bubbles is higher than that from
He bubbles both in mercury and water [Fig. 6(c)] due to higher
temperature and lower ionization potential. The SL intensity
in water is higher than that in mercury both from He and Xe
bubbles. Jarman [51] and Golubnichii et al. [52] showed that
the SL intensity increases as σ 2/p∗

v of the liquid increases,
where σ is the surface tension and p∗

v is the saturated vapor
pressure. According to their hypothesis, the SL intensity in
mercury should be much higher than that in water. However,
the results of the present numerical simulations have indicated
that it is not always the case.

The SL intensity from He bubbles in water decreases as S

increases because the amount of water vapor decreases due
to less expansion of the bubble [Fig. 6(b)]. Water vapor is the
source of free electrons and intensifies SL. Thus, as the amount
of water vapor inside a bubble decreases, the SL intensity
decreases.

For Xe bubbles in water, the SL intensity has a minimum
around S ∼ 105 m−1. On one hand, the amount of water vapor
inside a bubble decreases as S increases [Fig. 6(b)]; on the
other hand, the temperature inside a bubble as well as the
number of bubbles increases [Fig. 6(a)]. Due to these contrary
tendencies for SL, there is a minimum at around S ∼ 105 m−1.

For He bubbles in mercury, the SL intensity monotonously
increases as S increases because the number of bubbles
increases. The maximum pressure in the liquid due to shock
waves emitted from bubbles monotonously increases as S

increases for all the cases because the number of bubbles
increases [Fig. 6(d)]. Thus, for He bubbles in mercury, the
SL intensity is well correlated with the maximum pressure
due to shock waves (Fig. 7). It suggests that SL may be a good
indicator of the physical effect of acoustic cavitation for He
bubbles in mercury. On the other hand, for Xe bubbles in water,
the SL intensity is not at all correlated with the maximum
pressure due to shock waves because the SL intensity depends
on S in a complex way; there are many factors which determine
the SL intensity such as the amount of water vapor inside a
bubble, the maximum temperature inside a bubble and the
number of bubbles.

According to the present numerical simulations, the max-
imum SL intensity from a Xe bubble in water is as high as
200 W for R0 = 10 μm and S = 104 m−1. It is comparable to
the experimentally reported value of 100 W from a Xe bubble
in phosphoric acid driven by a strong acoustic pulse [53].

Finally, the diffusion-limited vapor transport model is
discussed. According to the numerical simulations by Storey
and Szeri [54], the mass transport of vapor across the bubble

FIG. 7. (Color online) The relationship between the SL intensity
and the maximum pressure in the liquid due to shock waves radiated
by bubbles according to the numerical simulations (R0 = 10 μm).

wall is limited by the slow diffusion of vapor inside a bubble.
In the present model [Eqs. (8)–(10)], however, the mass
transport of vapor is assumed to be limited by a nonequilibrium
phase change rather than the diffusion. Toegel and Lohse
[55] have constructed a simple model of diffusion-limited
vapor transport. In the present study, we also have performed
numerical simulations using the model of Toegel and Lohse
[55] instead of Eqs. (8)–(10). According to Toegel and Lohse
[55] the rate of evaporation (ṁ) is calculated by the following
equation:

ṁ = Dvapor
cvapor, 0 − cvapor

lvapor
, (18)

where Dvapor is the diffusion constant of vapor in the gas
phase, cvapor, 0 is the saturated vapor concentration at the
liquid temperature near the bubble wall, cvapor is the vapor
concentration inside a bubble, and lvapor is the diffusive
boundary layer thickness of vapor. The diffusion constant
(Dvapor) is estimated by the equation given in Ref. [56]. The
saturated vapor concentration at the liquid temperature at the
bubble wall (cvapor, 0) is calculated by the following equation:

cvapor, 0 = cvapor+gasp
∗
v

p
, (19)

where cvapor+gas is the total concentration of gases and vapor
inside a bubble, p∗

v is the saturated vapor pressure at the liquid
temperature near the bubble wall, and p is the pressure inside
a bubble [Eq. (4)]. The diffusive boundary layer thickness of
vapor (lvapor) is estimated by the following equation:

lvapor = min

(√
RDvapor

|Ṙ| ,
R

π

)
. (20)

Here, we recall the result of numerical simulations by
Storey and Szeri [29] that a gas mixture is mildly segregated
inside a collapsing bubble due to the temperature and pressure
gradients within the bubble. The lighter gas molecules are
driven to the bubble center and the heavier gas molecules
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TABLE V. The comparison between the results of numerical
simulations based on the present model and the diffusion-limited
vapor transport model for xenon bubbles in mercury (S = 105 m−1,
R0 = 10 μm).

Present model Diffusion-limited

Tmax 78 000 K 78 000 K
Rmin 1.75 μm 1.75 μm
nHg at Rmin 1.8 × 107 5.6 × 109

nXe at Rmin 2.0 × 1011 2.0 × 1011

SL 6.1 × 10−8 J 6.5 × 10−8 J
Acoustic emission 7.1 × 104 MPa 5.4 × 104 MPa

are driven to the bubble wall by the thermal and pressure
diffusion. In a helium bubble in mercury, helium atoms are
driven to the bubble center and mercury (Hg) atoms are driven
to the bubble wall because the molecular weight of helium
(MW = 4) is much smaller than that of mercury (MW =
201). Thus the concentration of mercury vapor near the bubble
wall is higher than that near the bubble center during the
bubble collapse. It contradicts Eq. (18) because the numerical
simulations have indicated that cvapor, 0 < cvapor during the
bubble collapse. Thus, this model cannot be used for a helium
bubble in mercury.

On the other hand, the molecular (atomic) weights of xenon
(MW = 131) and mercury (MW = 201) are not so different.
In this case, mixture segregation may not be significant and
Eq. (18) can be used. In Table V, the comparison between the
results of the numerical simulations based on the present model
and the diffusion-limited vapor transport model is shown.
There is not a significant difference between them with regard
to the SL and acoustic intensities.

In Table VI, the results for xenon bubbles in water are listed
for the two models. For the diffusion-limited vapor transport
model, however, the number of water vapor molecules inside
a bubble is three orders of magnitude larger than that of
xenon atoms. It means that Eq. (18) no longer holds because
Eq. (18) means a strong accumulation of Xe atoms near the
bubble wall or a large pressure drop near the bubble wall as
cvapor, 0  cvapor. The strong accumulation of Xe atoms near
the bubble wall means that the concentration of Xe atoms near
the bubble wall should be a few orders of magnitude larger
than that of water vapor, although the total number of Xe
atoms is three orders of magnitude smaller than that of water
molecules. It is not realistic because the results of numerical
simulations by Stroey and Szeri [29] suggest that the mixture
segregation is much milder. On the other hand, if there is a

TABLE VI. The comparison between the results of numerical
simulations based on the present model and the diffusion-limited
vapor transport model for xenon bubbles in water (S = 105 m−1,
R0 = 10 μm).

Present model Diffusion limited

Tmax 6,700 K 4500 K
Rmin 2.76 μm 16.3 μm
nH2O at Rmin 3.2 × 1011 2.9 × 1014

nXe at Rmin 1.2 × 1011 1.2 × 1011

SL 4.3 × 10−8 J 3.5 × 10−7 J
Acoustic emission 7.2 × 105 MPa 1.7 × 105 MPa

pressure drop near the bubble wall, the diffusion of water vapor
is strongly accelerated by the pressure difference and Eq. (18)
cannot be used. Thus the diffusion-limited vapor transport
model [Eq. (18)] is not self-consistent in this case. The same
problem also arises for helium bubbles in water.

In conclusion, the diffusion-limited vapor transport model
[Eq. (18)] only works for xenon bubbles in mercury. The results
are not significantly different from those based on the present
model with regard to the SL and acoustic intensities from
bubbles. Thus the conclusions based on the present model are
at least qualitatively correct.

IV. CONCLUSION

Numerical simulations of pulsation and light emission (SL)
of He or Xe bubbles in mercury and water have been performed
under the conditions of the experiment by Futakawa et al.
[15]. The SL intensity from Xe bubbles is much higher than
that from He bubbles due to lower ionization potential and
higher bubble temperature due to lower thermal conductivity.
It suggests that SL from Xe may be more suitable than that from
He as an indicator of cavitation damage in mercury. On the
other hand, SL is not an indicator of cavitation damage in water
because the amount of water vapor inside a bubble influences
the SL intensity in a complex way through the amount of free
electrons and the maximum temperature inside a bubble.
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