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Temperature and intensity of sonoluminescence radiation in sulfuric acid
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The spectral radiation of sonoluminescence (SL) from sulfuric acid doped with various Xe concentrations has
been studied in a hydrochemical simulation, including radiation effects of both continuum and line emissions.
The simulation considers the same temperature for both continuum and line parts of the SL spectrum and gives
results in agreement with the experiment. Also, it can properly show period-doubling dynamics for a 50 torr
bubble. For most of the allowable driving pressures, it is shown that both the temperature and the intensity of
SL for a 4 torr bubble are greater than those of a 50 torr bubble. However, for the range of pressures near the
maximum driving conditions of the 50 torr bubble, the SL intensity of this bubble can be up to three orders of
magnitude greater than the 4 torr bubble. This case, which is in agreement with the experiment, is obtained when
the light-emitting region of the 50 torr bubble is about three orders of magnitude greater than the 4 torr bubble.
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I. INTRODUCTION

In the sonoluminescence (SL) phenomenon, energy of
sound waves is concentrated inside a collapsing bubble to
produce very short flashes of light [1,2]. The spectrum of a
single stable sonoluminescing bubble is usually continuum
and featureless, extending from 200 to 800 nm [3]. However
driving the bubble by enough low pressures [4] or using
nonvolatile mineral acids such as sulfuric acid [5–7] leads to
appearance of molecular or atomic lines in the SL spectrum.
Due to the smallness of vapor pressure of a nonvolatile acid, the
energy loss by the chemical dissociation of vapor molecules
at the collapse has minor effect on the adiabatic heating of
the bubble. This causes a scale-up of the SL radiation from
sulfuric acid up to three orders of magnitude relative to the
standard SL intensity from water [8].

One of the characteristics of SL radiation from sulfuric
acid is the strong dependency of the intensity on the noble
gas concentration in the acid. The experiment shows that the
intensity of SL from a 50 torr Xe bubble in a concentrated
acid solution can be two orders of magnitude greater than the
SL from a 4 torr Xe bubble in the same solution [9]. This
strong difference between the bubbles of low and high noble
gas concentrations proposes the question: What is the relation
between the intensity and the temperature of SL from different
noble gas concentrations? Also, it has not been experimentally
clarified yet whether a higher SL intensity always arises from
a bubble with a higher temperature. In addition, experimental
approaches for determination of the SL temperature from the
spectrum usually lead to two completely different temperatures
from the continuum and the discrete parts of the spectrum [8].
The question of how the continuum and the discrete emissions
occur during the collapse in addition to the relation between the
intensity and the temperature of SL were the main motivations
of the authors for a systematic study of the SL emission in this
work.

The problem of simulation of the SL spectrum has been
studied by many researchers [10–18]. The SL spectrum in
many experiments has a good compatibility with the black
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body spectrum radiated from a spherical surface [19,20]. This
indicates that a theoretical description of the SL emission
should include the planck emission as a base of the radiation
model. However, the conditions of high temperature and high
pressure at the time of SL emission lead to ionization of the
atoms and molecules and produce free electrons. The existence
of free electrons inside the bubble can considerably disturb the
planck radiation by bremsstrahlung emission from scattering
of free electrons against the neutral atoms and ions. In addition,
the line emission due to the excitation between bound states of
the particles inside the bubble can further disturb the original
planck radiation.

The simulation of SL spectrum using the basic equation
of radiation transfer was first proposed by Hilgenfeldt et al.
[10,11]. In their model, the modifications of the original
Planck radiation by the effects of electron-atom and electron-
ion bremsstrahlung and recombination radiation have been
considered. However, they neglected the excitation of bound
states, mainly because at that time, the line emission of single-
bubble SL had not been observed. This model could well
describe many characteristics of SL spectrum from noble gases
in water. The model was successively improved and applied
for various experimental data by several authors [12–15].
Especially, the modification of the model for a dense plasma
leading to a reduction of the ionization potential was proposed
in Ref. [13].

After the discovery of the line emission from single-bubble
SL [5–8], the first simulation of the line emission in the
SL spectrum was proposed by An and Li [16]. Although
in Ref. [16], the refinement of the Planck emission by the
effects of bremsstrahlung and recombination radiations was
not considered; however, these effects were added to the model
in the subsequent works [17,18]. Very recently, this model
was used for description of the SL emission from different
noble gases in water [18]. The radiation model we used in this
work is similar to that proposed in Ref. [18]. However, we
use the model for an Xe bubble in sulfuric acid to investigate
the relation between the intensity and the temperature of SL
in this liquid and compare the results with corresponding
experimental data.

To investigate the relation between the intensity and
the temperature of SL, the spectral emission from an Xe
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bubble in the concentrated solution of 85% sulfuric acid has
been calculated in the framework of a hydrochemical model
including radiation mechanisms of both continuum and line
emissions. The model considers a same temperature for both
continuum and line parts of the spectrum. The results indicate
that for most of driving pressures, both the intensity and the
temperature for a typical 4 torr bubble are greater than those
of a 50 torr bubble. However, for a very narrow range of
the driving pressures, in agreement with the experiment, it is
possible that the SL intensity from a 50 torr bubble with a lower
temperature can be considerably greater than the intensity of
a 4 torr bubble with a higher temperature. In this case, the
light-emitting region of the 50 torr bubble is about three orders
of magnitude greater than that of the 4 torr bubble.

The success of the simulation for providing the results
coherent with experiment suggests that the problem of two
different temperatures for the line and the continuum emis-
sions can possibly be resolved by fitting the experimental
data with a more complete model, including both line and
continuum emissions rather than using simple black body or
bremsstrahlung radiation.

II. SIMULATION MODEL

The model we use to simulate the bubble evolution is a
hydrochemical model considering the bubble interior as a uni-
form medium. The model that was successively developed by
many researchers [13,21–29] can provide many characteristics
of the bubble evolution and its outputs in many cases are
coherent with those obtained from the solution of full Navier-
Stokes equations for the bubble inside [30–32]. The uniform
model includes many complexities such as heat transfer at the
bubble interface [24], evaporation and condensation of both
sulfuric acid and water molecules [26], chemical reactions at
the collapse, and contributions of rotational and vibrational
degrees of freedom in the bubble thermal energy [25,27].
In addition, different instabilities preventing the bubble from
stable oscillations are considered in the model [28]. The
hydrochemical model has well been described in the literature
[25–29] and is not repeated here again.

By determining the bubble properties at the collapse, the
SL spectrum can be calculated from a radiation model. A
proper model including both continuum and discrete emission
mechanisms can be developed using the radiation transfer
equation for the bubble inside [33]

dIν

dr
= (1 − e−hν/kTg )κν

(
IP l
ν − Iν

)
, (1)

where Iν is the radiation intensity with the frequency ν at
the point r inside the bubble, IP l

ν is the Planck radiation at the
bubble temperature Tg , and κν is the absorption coefficient. The
general solution of Eq. (1) for an SL bubble can be obtained
from the well-known methods of the solution of a linear first-
order ordinary differential equation [34]:

Iν(R) =
∫ R

0
exp

[∫ r

0
κ ′

ν(s)ds

]
κ ′

ν(r)IP l
ν (r)dr

× exp

[∫ R

0
−κ ′

ν(r)dr

]
, (2)

where the quantity κ ′
ν(r) = (1 − e−hν/kTg )κν(r) is the effective

absorption coefficient at the point r inside the bubble. It should
be mentioned that Eq. (2) is the most general solution of
Eq. (1), without any approximation. This solution is more
complete than the typical solution presented in some literatures
as Refs. [15,33].

Although, Eq. (2) is written versus the absorption coeffi-
cient; however, due to the presence of the factor (1 − e−hν/kTg )
in the effective absorption coefficient, this equation includes
all effects of both absorption and emission of radiation [33]. In
addition, the equation is complete for describing all continuum
and discrete radiations if their corresponding contributions are
properly considered in the absorption coefficient.

A discrete radiation generally originates from the transition
between two bound states of a particle, while the continuum
radiation arises from the transition between two states in which
at least one of them is a free state. Accordingly, the general
form of the absorption coefficient can be written as

κν = κcont
ν + κdisc

ν , (3)

where κcont
ν and κdisc

ν are the corresponding parts of continuum
and discrete radiations in the absorption coefficient at the
frequency ν.

To model the discrete emissions in the SL spectrum, the
absorption coefficient for a transition between two energy
levels of E1 and E2 for a hydrogen-like atom, with the
frequency ν0 = (E1 − E2)/h, can be written as [16,35]

κdisc
ν = A21

c2

8πν2
0

g(ν,ν0)n2
(
1 − ehν/kBTg

)
, (4)

where A21 is the spontaneous Einstein coefficient for the
transition and n2 is the number density of the particles at the
upper energy level E2. Here, we only consider the discrete
transitions of Xe atoms in the SL spectrum. The function
g(ν,ν0) is the Lorentzian line profile for the transition with
the central frequency ν0

g(ν,ν0) = �ν/2π

(ν − ν0)2 + (�ν/2)2
, (5)

where �ν is the natural broadening of the transition enlarged
by the collisions of the high pressure conditions at the collapse
[36]. The quantity n2 in Eq. (4) is calculated from the partition
function of Maxwell-Boltzmann distribution for the Xe atoms,

n2 = n
g2e

−E2/kBT∑
Ei

gie
−Ei/kTg

, (6)

with n the number density of Xe atoms in the bubble and Z =∑
Ei

gie
−Ei/kTg is the partition function for different energies

Ei and degeneracies gi of Xe atoms. The spectroscopic data
for different transitions of Xe were extracted from the NIST
database [37].

The continuum part of the SL radiation occurs from
the transition between free states. The transition between a
bound state to a free state is known as the photoelectric
absorption. However, the transition between two free states
makes a bremsstrahlung emission or absorption. Since all
radiation information can be extracted from the absorption
coefficient, only the absorption processes should be considered
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in the calculations. In the high-temperature and the high-
pressure conditions of the bubble collapse, three absorption
mechanisms are important:

(1) the free-free transition of electron-ion bremsstrahlung;
(2) the free-free transition of electron-atom bremsstrahlung;
(3) the bound-free transition of photoionization.
It should be mentioned that the emission processes of

bremsstrahlung and recombination are the inverse phenomena
of the three aforementioned absorptions and consequently they
are implicitly considered in the radiation transfer equation
[33]. All three absorption mechanisms strongly depend on
the number density of the free electrons inside the bubble,
which can be determined for a weakly ionized gas by the Saha
equation:

n2
e

n − ne

=
(

2πmekBT

h2

)3/2

exp

[−Eion

kBT

]
, (7)

where Eion is the first ionization energy of Xe atoms and me

and h are the electron mass and Planck constant, respectively.
It should be mentioned that the Saha equation is valid only
for a dilute plasma. Consequently, for the case of a dense
plasma like an SL bubble in water, a modification of the Saha
equation is required and consists of a reduction of the potential
of ionization as that presented in Ref. [13]. However, in sulfuric
acid, the bubble collapse seems less violent than in water and
the pressure and the density reached by the bubble may be
smaller. Therefore, the correction is perhaps less required.
Accordingly, we restrict our calculations to the case of a dilute
plasma and the normal Saha equation is used.

The absorption coefficient for the free-free transition of an
electron in the Coulomb field of a positive ion Xe+ can be
written as [38]

κe−i
ν = 4

3

(
2π

3mekBT

)1/2
Z2

Xee
6

hcmeν3
n2

e (8)

where ZXe is the atomic number of Xe. The electron-ion
bremsstrahlung absorption coefficient is proportional to the
square of the electron number density.

In a weakly ionized gas, another bremsstrahlung process
that should be taken into account is the electron-neutral
atom bremsstrahlung. The absorption coefficient for this
mechanism, which is proportional to the electron number
density, can be written as [38]

κe−n
ν = 4ne2

3ν2c

(
2kBTg

πme

)3/2 (
3ctr + dtr

kBTg

)
ne, (9)

where for Xe, the parameters are ctr = 1.6 × 10−20 m2/eV and
dtr = −1.39 × 10−20 m2 [11,39].

The third continuum absorption process is the photoion-
ization of a neutral atom. The corresponding absorption
coefficient is given by [33]

κph
ν = 64π4

3
√

3

e10meZ
4
Xen

h6cν3

∞∑
j=2

1

j 3
exp

[−(Eion − |Ej |)
kBT

]
, (10)

where, Ej = Eion/j
2. The total absorption coefficient of all

continuum and discrete emissions is the sum of four mentioned
absorption coefficients

κ tot
ν = κe−i

ν + κe−n
ν + κph

ν + κdisc
ν . (11)

The spectral SL intensity of the bubble at the collapse
time can be determined from the time average of the bubble
emission during the collapse given by

I SL
ν = 1

Tl

∫
collapse

Iν(t)dt, (12)

where the integration is taken on the collapse time interval, Tl .
The radiated energy spectrum in the unit area is given by I SL

ν Tl .
Consequently, the radiated energy calculated in the simulation
strongly depends on the value chosen for the quantity Tl . In the
experiment, this quantity is determined by the response time
of the photodetector used for measuring the SL radiation. In
this work, we consider that Tl is of the same order as the SL
time interval.

III. SIMULATION RESULTS

The simulation was carried out for three different concen-
trations of Xe in the concentrated solution of H2SO4 (85%).
Figure 1 shows the phase parameters of diffusively stable SL
bubbles for the Xe concentrations of 4, 20, and 50 torr. It is seen
that the initial radii of the SL bubbles increases with the noble
gas concentration. The radii of the 50 torr bubbles are between
two and ten times greater than those of the 4 torr bubbles. Also,
the driving pressures of diffusively stable bubbles are greater
for lower partial pressures of Xe in the acid.

Figure 2 shows the bubble radius evolution during three
periods of the ultrasound field for the concentrations of 4 and
50 torr. The driving pressures are very similar for these
bubbles. The graph of “Transient” shows the radii evolutions
during three first periods of the external ultrasound pressure.
In this graph, we see a nonperiodic dynamic for the evolution
of the bubble of 50 torr. Note that maximum radius of this
bubble gradually decreases during the three periods and the
bubble has a transient evolution. However, for the bubble of
4 torr, a periodic dynamic is seen during the same time interval.

The graph “Stable” shows the bubble evolutions during
three periods after passing 200 initial periods of the ultrasound
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FIG. 1. The phase parameters (driving pressure Pa and initial
radius R0) for diffusively stable SL bubbles in the sulfuric acid
solution (85%), containing Xe with concentrations of 4, 20, and
50 torr.
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FIG. 2. The bubble radius evolution during three periods for the
two concentrations of 4 and 50 torr. The driving pressures of the 4 and
50 torr bubbles are Pa = 1.61 atm and Pa = 1.60 atm, respectively.
The graphs “Transient” and “Stable” show the radii evolutions at
the beginning of the ultrasound field and after passing 200 periods,
respectively.

field. In this case, the dynamics of both the 4 and 50 torr bubbles
are periodic. However, the periodicity of the 50 torr bubble is
twice the ultrasound period. The evolution of the 50 torr bubble
in this case is an example of period doubling dynamic, which
has already been reported in many experiments [40–42]. So
far, two different mechanisms of anisotropy for the bubble
due to either the bubble translation [9,43] or breaking the
spherical symmetry during the collapse [44,45] are suggested
to be the origin of the period doubling phenomenon. Our
results here indicate a third mechanism can be proposed for the
period doubling, in which the bubble is at a fixed location and
spherically oscillates. However, the long-lived rebounds after
the main collapse lead to the period doubling effect. Note that
no period doubling effect is seen for the 4 torr bubble. Details
of our calculations show that for the high concentration of 50
torr, the radius evolution becomes completely period-doubled
only after passing a large number of periods of the ultrasound
field (about 100 periods).
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FIG. 3. The time variations of the temperatures and the pressures
of the 4 and 50 torr bubbles described in the legend of Fig. 2, during
the three periods of stable dynamics.

The lack of periodicity of the 50 torr bubble in the transient
evolution originates from the extension of the afterbounce
oscillations from one period to the next period. This perturbs
the bubble evolutions in several beginning periods resulting in
the lack of periodicity in the transient curve. However, after
passing a large number of periods, the 50 torr bubble adjusts its
evolution with the external field in the manner that a periodic
dynamic occurs. Our calculations indicate that depending on
the driving pressure amplitude, the periodicity in this case
can be multiple ultrasound periods (twice in Fig. 2) and this
result is in agreement with experimental reports [9]. On the
other hand, for the 4 torr bubble, due to the smallness of
the afterbounce oscillations, the bubble reaches to its periodic
evolution after the first period with the same periodicity as the
external ultrasound field.

In Fig. 3, the variations of the temperatures and the
pressures of the 4 and 50 torr bubbles have been shown during
the stable evolution. It is seen that the peak values of the
bubble temperature and pressure at the time of SL emission
are considerably greater for the 4 torr bubble than the 50 torr
bubble, while the driving pressures are very similar for these
bubbles (1.61 atm for the 4 torr and 1.6 atm for the 50 torr).
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FIG. 4. Comparison of the SL spectrums of the radiated energy
from the bubbles of 4, 20, and 50 torr. The 20 torr bubble is driven
by the pressure of Pa = 1.5 atm. While the driving pressures of the
4 and 50 torr bubbles are the same as those described in the legend
of Fig. 2.

The large differences between the peak pressures and the
peak temperatures of these bubbles mainly originate from the
large difference between the minimum radii of these bubbles
(0.52 μm for the 4 torr bubble and 4.21 μm for the 50 torr
bubble). The difference between the minimum radii also goes
back to the difference between the initial radii of the bubbles
shown in Fig. 1.

In Fig. 4, the SL spectrums of the radiated energy from
the bubbles of 4 and 50 torr are shown in addition to the
spectrum of a 20 torr SL bubble driven by the pressure of
Pa = 1.5 atm. Qualitatively, the simulation results are in good
agreement with the experimental results of Ref. [9] as in both
cases the scale of the SL spectrum for the 50 torr bubble is
between two to three orders of magnitude smaller than that
of the 4 torr bubble. Further quantitative adaptation of the
simulation results with experiment requires the response time
of the photodetector used in the experiment for measuring the
SL light emission, which is not mentioned in Ref. [9]. Although
the SL temperature of the 4 torr bubble is almost twice that
of the 50 torr bubble, the considerably larger light-emitting
region of the 50 torr bubble leads to a remarkably greater SL
emission for this bubble. This result indicates that reaching to

a higher temperature is not sufficient for getting a higher SL
emission from the bubble. In fact, the size of the light-emitting
region is an important factor, which may show that a hotter SL
bubble has a lower SL radiation.

The coherency of the results of Fig. 4 with the experimental
results of Ref. [9] seems to propose a way for resolving
the problem of incompatibility between the temperatures of
the line and the continuum emissions in experiment. Since
the results of the simulation are obtained with a common
temperature for both discrete and continuum emissions, this
suggests that the experimental incompatibility can possibly be
removed by fitting the experimental spectrum with a proper
model of SL, including simultaneous effects of both line
and continuum emissions. In the experimental works, the
continuum spectrum is fitted by the black body or simple
bremsstrahlung spectrum. The incompleteness of the modeling
may produce an error in the temperature obtained from the
fitting and this error can be removed by a proper model for the
SL spectrum.

To provide a more complete insight about dependency of
SL intensity on the temperature and the size of the light-
emitting region, the results of variations of the temperature,
the intensity, and the minimum radius with variation of driving
pressure are shown in Fig. 5. It is seen that the range of SL
temperature of the 50 torr bubble is between 4000 and 9000 K.
While the temperature of the 4 torr bubble increases from
9000 K to more than 40000 K. Note that for most driving
pressures, both the temperature and the SL intensity of the
4 torr bubble are considerably greater than those of the 50 torr
bubble. However, the minimum radius of the 4 torr bubble is
between six and ten times smaller than the 50 torr bubble.

In Fig. 5, we also see that around the driving pressure
of Pa = 1.6 atm, the SL intensity of the 4 torr bubble
can be about three orders of magnitude smaller than the
50 torr bubble. Similar to this result was that observed in
the experiment of Ref. [9]. In this case, the light-emitting
region of the 50 torr bubble is more than 500 times greater
than the 4 torr bubble. The results of this figure indicate
that although both the temperature and the size of the
light-emitting region are important for determination of the
SL intensity, the temperature has a more significant role on
the SL intensity. This mainly arises from the exponential
dependency of the SL intensity on the bubble temperature
against the direct proportionality of the intensity to the bubble
volume.
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FIG. 5. Variations of the SL temperature, the SL radiated power, and the minimum radius for Xe bubbles of 4 and 50 torr with variation of
the driving pressure.
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IV. CONCLUSIONS

In this work using a radiation model including effects of
both continuum and line emissions, the spectral intensity of
an Xe sonoluminescing bubble was simulated. Considering
various driving pressures for the bubbles of 4 and 50 torr,
it was shown that in agreement with the experiment, the
periodicity of the bubble dynamics for a 50 torr bubble can
be multiple ultrasound periods. While for a 4 torr bubble, the
same periodicity as the ultrasound period is observed. Also,
the temperature and the intensity of SL for most of allowable
driving pressures of the 4 torr bubble are greater than those of
the 50 torr bubble. However, for the range of driving pressures
that the 50 torr bubble is near its maximum driving conditions,

its SL spectral emission can be up to three orders of magnitude
greater than the SL emission of the 4 torr bubble. The latter
result is also in agreement with experimental reports. The
simulation suggests that the intriguing experimental result of
two different temperatures for the line and the continuum
emissions can possibly be resolved by fitting the data with
a more complete model of SL, including simultaneous effects
of both line and continuum emissions.
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