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Quasiadiabatic approach for laser-induced single-bubble sonoluminescence
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The luminescence parameters of laser-induced bubble in the presence of an acoustic field in water are studied.
A comparison is made between parameters such as bubble radius, interior temperature, and pressure of the bubble
induced by laser and an acoustic field influenced by different driving pressure amplitudes. It is found that the
bubble volume induced by laser at the collapse instant is more than 10° times larger than the one induced by an
acoustic field. It is also noticed, by increasing the driving pressure amplitude, the bubble radius decreases in both
cases, however, the bubble interior pressure and temperature increase.
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I. INTRODUCTION

One of the most interesting topics in physics of fluids is
the generation of a bubble created in different liquids and
its oscillations. Generally, to create bubbles a sound field is
applied, which normally leads to the production of multibubble
sonoluminescence (MBSL) and deals with interaction of
several bubbles and investigating of their dynamics [1,2].
Single-bubble sonoluminescence (SBSL) is also produced in
special exerting conditions [3-5]. Various aspects of SBSL
and MBSL are studied, including intensity and spectrum of
the emitted light [6-8] and its dependency on the ambient
parameters [9,10], the dissolved gas in liquids [11], the phase
diagrams [12,13], the pulse width [14,15], the conditions of
bubble stability [16,17], and the modification of the initial
Rayleigh-Plesset equation considering various effects of the
medium such as compression viscosity of the liquids [2,5,18].

Some other ways are also used to produce transient cavita-
tion bubbles named as single cavitation bubble luminescence
(SCBL), such as electrical discharge [19,20], syringe injection
of gas into a venture flow field [21], or colloidal particle
suspensions [22]. In recent years, the applications of a focused
laser beam have become a very attractive way of obtaining
SCBL due to its unique features [23,24]. In this method, a
laser pulse is focused into a transparent buffer liquid-like
water, and bubbles which are induced by the laser are so-
called laser-induced single cavitation bubble luminescence
(LI-SCBL). Optical breakdown due to the laser radiation
occurs, followed by mechanical effects such as emission shock
wave and cavitation bubble expansion. During the optical
breakdown process, the energy of the laser pulse is transmitted
in the medium, absorbed, scattered, or reflected [25,26]. Part
of the laser energy that is absorbed in the transparent media
goes into the cavitation bubble energy, the shock-wave energy,
the plasma radiation, and the evaporation energy [27]. Due
to the increase of the liquid pressure, the bubble collapses
violently and eventually emits a shock wave and a flash of
light. The bubble’s oscillation is estimated to have only a
few rebounds and after that, the bubble expands again and
has several oscillations [28]. Also the duration of flash light
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for LI-SCBL is of the order of a few nanoseconds and the
photon numbers emitted from these bubbles are of the order
of magnitudes greater than was observed in single-bubble
sonoluminescence [23,29]. The order of emitted photons of
bubbles induced by laser is about 10® photons and it is more
than the one produced from the other methods [23]. Bubbles
produced by LI-SCBL are reported to have maximum radii
10-30 times larger than the SBSL [23,30]. This results in more
than three orders of magnitude radiating species in the bubble
than the earlier SBSL-produced process. Larger bubble volume
makes the LI-SCBL method even more attractive, especially
for the recent application of sound amplification by stimulated
emission of radiation (SASER) due to its larger SASER cavity
[31,32]. In spite of the larger bubble radius induced by laser,
the bubble interior pressure and temperature are smaller than
the ones for SBSL. Therefore, it is not a suitable environment
for sonoluminescence applications for fusion that have been
recently explored [33,34]. However, the obtained temperature
is sufficient for achieving the required population inversion
and producing high-power SASER radiation. As mentioned,
some useful analyses of LI-SCBL are reported in the literature.
However, a complete model to investigate the systematic
behavior of the bubble parameters has never been introduced.

Generally, various models have been introduced to investi-
gate the evolution of the processes inside a sonoluminescence
bubble such as isothermal, hydrochemical, and quasiadiabatic
models [35-39]. In the isothermal model some important
parameters such as temperature cannot be calculated [2,13,36].
In the hydrochemical model, heat and mass transfer between
bubble and environment fluid and chemical reactions are
considered. In this model most of the chemical reactions
are endothermic. However, due to the complication of the
process, many chemical reactions are ignored [5]. Therefore,
the calculated temperature in the hydrochemical model is less
than that in the quasiadiabatic model [5]. In the quasiadiabatic
model, the mentioned evolutions at the moment of collapse
will be assumed adiabatic due to the rapid compression of the
bubble wall and it is isothermal in the rest of the cycle [40,41].
All of these models are applied to SBSL, MBSL, and moving
SBSL [2,13,36,37]. A similar discussion for LI-SCBL has not
been proposed before.

In this work, the quasiadiabatic model is used to study
the fluctuation of a single-bubble sonoluminescence in the
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presence of a laser pulse and a sound field. By using this
model, the complete cycle of bubble movement is represented
for LI-SCBL in the presence of the acoustic field. Based
on the mentioned model, some important bubble parameters
such as interior pressure and temperature are investigated. By
comparing the obtained results for LI-SCBL in the presence of
the acoustic field, it is found that the maximum and minimum
bubble radii are about 10 and 100 times larger than the ones
for the SBSL, respectively. This approach and achievement are
discussed in detail.

II. THE MODEL

Using the Rayleigh-Plesset equation, the oscillations of a
transient cavitation bubble induced by laser in the presence of
the sound field is studied. Due to the presence of the laser, the
liquid is assumed to behave as a compressible fluid. To model
the oscillation, the bubble is considered in one acoustical cycle
from t = 0 to t = T (the period of the sound field). This
model is based on the quasiadiabatic process, which is almost
adiabatic near a collapse time due to the very short collapsing
time and it is isothermal during the other cycle time [2,37]. In
this condition the bubble oscillations can be described by the
following Rayleigh-Plesset equation [42]:

(1—R/C)RR +3/2(1 — R/3C)R?
= (1+ R/C)P,— P, — Py)/p+ (R/pC)dP/dt, (1)

where R, R, R, p,and C are the bubble radius, the bubble wall
velocity, the bubble wall acceleration, the density of the liquid,
and the speed of sound on the bubble wall, respectively. Py
indicates the atmospheric pressure and P, denotes the acoustic
driving term, which is supposed to be a sinusoidal driving
pressure [43]:

P,(t) = P4 sin(2m ft), 2)

where P4 and f are the amplitude and the frequency of the
driving acoustic field, respectively. In the previous works, the
frequency of the sound field for water was selected to be
about 30 kHz [13]. In the presence of laser and an acoustic
field to create a bubble with its fluctuations, the magnitude of
frequency is less than that in the SBSL and approximately
between 4.5 and 9 kHz [43]. This is due to the fact that
part of the energy is supplied by the laser. Therefore, a lower
frequency is needed to produce the bubble and its oscillation.
In the presence of the laser, the induced pressure of the laser
that is followed by shock wave is so great that the environment
acts as a compressible fluid. But for SBSL the driving pressure
amplitude is not so great and the fluid could not be considered
as compressible. Therefore, the speed of sound in water is
constant and is equal to Cyp = 1483 m/s. Therefore, all the
equations are the same except for the sound velocity. The effect
of the compressibility in the variation of the sound velocity is
shown as the following [44]:

C =Cl=r = VdP/dp|;=r- 3)

The liquid pressure on the bubble wall, in the quasiadiabatic
process is expressed with [5]

P(R,Ry=P, — — — ——. 4)
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Here © and o are fluid kinematic viscosity and surface
tension. P, is the gas pressure in the bubble [35]:

p_(p 20 Rg—a3 4 5
g_<0+R_0><R(1)3—a3) ' ©)

Ry is the ambient bubble radius which is induced by laser, a =
R(/8.86 indicates a hard-core van der Waals term for water
vapor [45], and y is the polytropic exponent and describes
the degree of isothermality or adiabaticity during the bubble
cycle [46].

One can obtain an equation for the variation of the gas
temperature:

. . 3R%R T —-T

T = _[V(R,R,T) - 1]mT — XgT.

In this equation, T, Ty, and yx, are the gas temperature,

the ambient temperature, and the thermal diffusion of the gas

inside the bubble [46,47]. (R, R, T) is a function of R, R, and
T as follows [48]:

A
yPe)=1+ T —1)exp <—W) , @)

Q)

where A and D are constant and I is the adiabatic exponent and
equal to I' = 5/3 for argon [48]. Pe indicates Peclet number
and yields [47]

R@)IR(®)|

According to Eq. (7), y(Pe) is related to Peclet number
and is used for a strong collapse of a sonoluminescence
bubble. By considering heat diffusion during the bubble’s
expansion, the isothermal behavior can be taken into account
and due to the low speed of the bubble wall, the Peclet number
is small: y(Pe — 0) — 1. While during rapid comparison,
there is a large increase in the bubble temperature, when
Pe becomes large the system deviates significantly from
isothermal behaviory (Pe — oco0) — 5/3 [35,46].

In the presence of a laser, the surrounded liquid acts as a
compressible fluid so the pressure of the liquid is a function of
density as shown by the following:

P(R.R)+ B
LA A — " 9
Pt B (p/po) ©
n and B are constants and depend on the type of
fluids [43].
In the hydrochemical model, gas pressure in the bubble is
expressed with [49]

Pe = Pe(t) = ®)

Niotkp T,
Pg _ tothBlg (10)

~ V—NguB’
Here Ny, kp, and V are the total number of particles inside
the bubble, Boltzmann’s constant, and the bubble volume,
respectively. B = 5.1 x 1072 m? is the hard-core parameter
which assumed to be equal for all particles.
Variation of the gas temperature in the hydrochemical
model is calculated from [49]

. Beh’- . . .
T, atTJN-" =0 - PV —) en;N,
8 j

+ Echem + Y _ hu jNY. (11)
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T, shows the gas temperature in the hydrochemical model, N,
indicates the vapor species j inside the bubble, and N; denotes
the rate of change in vapor species j inside the bubble. Q and
V are the rate of heat transfer and bubble volume, respectively.
The quantity E chem denotes the rate of change in the chemical
energy of the bubble due to reactions considered in the model.
hy,j =14 (fj/2)kpTy is the molecular enthalpy of the
particles of species j at the bubble wall temperature Ty, with
f; as its number of translational and rotational degrees of
freedom. Because of mass diffusion and chemical reactions at
the collapse time, the number of particles in the bubble changes
with time and five more molecules and chemical radicals are
produced inside the bubble. In Eq. (11) N 4 is the diffusion rate
of particles of species j and is equal to [49]

d 21 o RD 5
N =—-4nR°D—, Il; =min| |——, . (12)
J ld |R| T

D is the diffusion constant given by D = Dy(n¢/nt), where
Dy =23.55 x 107 mz/s. ny: and ng are the instantaneous
total number density of the bubble and equilibrium concen-
tration of the bubble, respectively. Here the quality /; is the
thickness of the diffusive boundary layer.

ew,j 18 thermal energy of the molecule j given by [49]

k®
en; = kT +Z o N (13)

il Te —

©;;, 1 =1,...,lnax, denotes the various characteristic vibra-
tion temperatures of the particle species j. ln,x = 3m — 6
except for diatomic molecules, which is I;,,x = 3m — 5, where
m is the number of particle species. The different values for
©;; correspond to characteristic vibration temperatures (in K)
of the particle species j listed in Table 1.

The chemical reactions inside the bubble in liquid water at
the collapse time are as follows [50]:

O+0+Ar < Oy + Ar,
O+ H + Ar < OH + Ar,
O+ H,; < H+ OH,

H+ 0, < O+ OH,

H+ H+ Ar <+ H, + Ar,
H + OH + Ar < H,0 + Ar,
OH + H, < H + H,0,
OH + OH <« O + H,O.

TABLE 1. The characteristic vibration temperatures (in K) of the
various particle species in the hydrochemical model and their numbers
of translation and rotational degrees of freedom [49].

Species H, H (0] 0, OH H,O Ar
O; 6325 2273 5370 2295
B;» 5255
03 5400
fi 5 3 3 5 5 6 3
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III. NUMERICAL RESULTS

In this section, the numerical results of the bubble sim-
ulation are presented. The calculations are carried out by
using the simulation code with the Runge-Kutta algorithm.
The parameters are given as Cy = 1483 m/s, Py = 1.013 bars,
po =998 kg/m, o =0.07275 N/m, p = 0.001 Ns/m>. n
and B are constants and for water are equal to n =7 and
B = 3122 bars [43]. A and D in Eq. (7) are constant and
equal to A = 5.8, D = 0.6. The initial gas temperature is
selected to be 293.16 K. To induce bubbles, a Nd:YAG laser
pulse with FWHM of 8 ns at a wavelength of 1064 nm is used
in addition to a sound field with frequency f = 6000 Hz. The
pulse energy for nanosecond pulses is between 1.8 and 3 mJ.
The part of the laser energy that is absorbed in the transparent
media goes into the cavitation bubble energy, the shock-wave
energy, the plasma radiation, and the evaporation energy. The
parameters mentioned in this work are similar to the reported
experimental values where in this condition the absorbed laser
energy is about 91%, where almost 25% of this energy is
consumed to produce the bubble [27], and this is what we
have considered in our calculations to compare the obtained
results with the reported experimental measurements by using
lasers with the mentioned parameters.

In Figs. 1-3, the difference between the bubble radius, the
interior pressure, and the temperature for a bubble in a sound
field with and without laser radiation is denoted. In Figs. 4-6,
the variations of these parameters are investigated for three
driving pressure amplitudes.

Figure | indicates the bubble radius in one cycle in the
luminescence parameter regime for two conditions: (a) in
LI-SCBL in the presence of the acoustic field for the lumines-
cence parameter regime P, = 2.0 bars, Ry = 1.2 x 1074 m,
and f = 6000 Hz (solid line), and (b) in SBSL with the
driving pressure amplitude, the ambient bubble radius, and
the frequency equal to P, = 1.6 bars, Ry = 2 x 107® m, and
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FIG. 1. The bubble radius as a function of time for two models:
LI-SCBL in the presence of the acoustic field (solid line), with
P, =2.0bars, Ry=1.2x 10" m, and f = 6000 Hz, and SBSL
(dash-dotted line), with P, = 1.6 bars, Ry =2 x 107 m, and f =
26500 Hz.

016302-3



RASOUL SADIGHI-BONABI et al.

PHYSICAL REVIEW E 85, 016302 (2012)

6T T T T [ T T T 1] T T T T 5000 PET ] —ELNNLENL I N LN B L U L L =
= a) 2 = 3
11 @ N 40000 @ 3
= LI-SCBL -1 4000 = LI-SCBL 3
12— vossssssssss SBSL . < 35000~ sereserses SBSL E
= F . = = =
3 10 ] 2000 g 30000 ;— _;
=) - ] - — =
T sk ] T 25000F 3
I - 8 20000F =
2 6 J20 £ S E
e E . & 15000 3
Q4 ] = 3
= — 1000 10000 — 3
2 N = 3
= ] 5000 = =
°F IR DRI AN MR RN AN RAN | TR I AR AR 0 0 E i | S | E
0 0.25 0.5 0.75 1 ) L1 |o 25| L1 =L L1 '0 75| L1 !
tiT tT
T T T 1 T T T 1
0 I I | = B I N A N R R LU L
10 - -
= b)
10° [~ eeeevesresss SBSL T
) 4 LI-SCBL
[} 107 — -
; 't
o 10° e F 3
|
= 2 =
7 © | i
(7] @ "
o 10* o - i -
o £ 5 Zz
, & 10’ & =
10 = é 3
TN TN T T TN T T T N T T T T Y 3%
0 0.25 0.5 0.75 1 TN TN N T NN TN NN T N TN N T N N AN N
tiT 0 0.25 0.5 0.75 1
tiT

FIG. 2. Variation of bubble interior pressure as a function of
time (a) for two models: LI-SCBL in the presence of the acoustic
field (solid line) with P, = 2.0 bars, Ry = 1.2 x 10™* m, and f =
6000 Hz, and SBSL (dash-dotted line) P, = 1.6 bars, Ry = 2 x
107 m, and f = 26 500 Hz. (b) Variation of bubble interior pressure
as a function of time with semilogarithmic scale for LI-SCBL in the
presence of the acoustic field and SBSL.

f =126500 Hz, respectively (dash-dotted line). It should be
noted that the left scale chart is based on 10~* m, which
shows the oscillation period of a bubble in the condition of
LI-SCBL in the presence of the acoustic field, but the right
scale chart is based on 10~% m, which shows the oscillation
period of SBSL. Diagrams show that the maximum of the
bubble radius for LI-SCBL in the presence of the acoustic field
is more than ten times larger than the maximum of the bubble
radius for SBSL. But it is observed that the difference between
the maximum and the minimum bubble radius is larger for
SBSL than the one related to LI-SCBL in the presence of the
acoustic field. As shown in the diagram, in SBSL, the bubble
radius reaches more than 30 times its initial radius, while in
LI-SCBL in the presence of the acoustic field the maximum
of the bubble radius is almost five times its initial radius. In
addition, LI-SCBL in the presence of the acoustic field reaches

FIG. 3. Variation of bubble interior temperature as a function of
time (a) for two modes: LI-SCBL in the presence of the acoustic
field (solid line), with driving pressure amplitude, the ambient
bubble radius, and the frequency equal to P, = 2.0 bars, Ry =
1.2 x 107* m, and f = 6000 Hz, and SBSL (dash-dotted line), with
driving pressure amplitude, ambient bubble radius, and frequency
equal to P, =1.6bars, Ry=2x 10°m, and f = 26500 Hz.
(b) Variation of the bubble interior temperature as a function of
time with semilogarithmic scale for LI-SCBL in the presence of the
acoustic field and SBSL.

the collapse time faster and fewer afterbounces are observed
due to its larger bubble radius. The bubble radius induced by
laser in this simulation is consistent with the experimental
results [51].

Figure 2(a) represents the pressure inside the bubble for
LI-SCBL in the presence of the acoustic field and SBSL, for
the same parameters mentioned in Fig. 1. In this figure the
left scale chart is based on 107 bars, which shows the pressure
inside the bubble of LI-SCBL in the presence of the acoustic
field and the right scale charter presents the bubble evolution
for SBSL. As shown, the pressure inside the bubble of SBSL
is more than 300 times larger than that in the bubble interior
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pressure of LI-SCBL in the presence of the acoustic field. This
is due to a large difference between the maximum and the
minimum of the bubble radius, as mentioned in Fig. 1, and
the smaller collapsing time in SBSL rather than in LI-SCBL
in the presence of the acoustic field. By comparing Figs. 1
and 2, it is seen that the peak of the interior gas pressure
is at the collapse time, and the time difference between
these two peaks is associated with the time delay in their
collapse time, as shown in Fig. 1. Figure 2(a) presented with
semilogarithmic scale in Fig. 2(b) to indicate the structure.
During the bubble’s expansion, the bubble interior pressure
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FIG. 4. Comparison of the bubble radius for three driving
pressures in two modes: (a) LI-SCBL in the presence of the
acoustic field in the luminescence parameter regime P, = 1.2 bars,
with Ry = 0.4 x 107* m, P, = 2 bars with Ry = 1.2 x 10™* m, and
P, =3 bars with Ry = 2.1 x 107* m, and (b) SBSL in the lumi-
nescence parameter regime P, = 1.5 bars with Ry = 1.3 x 107% m,
P, = 1.6 bars with Ry = 2 x 107® m, and P, = 1.7 bars with Ry =
2.5 % 107° m.
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decreases until it reaches its minimum amount in the maximum
radius. By rapid compression, the bubble interior pressure
increases violently and reaches its maximum amount at the
collapse time. The several peaks in SBSL are related to
bubble rebounds that are shown in Fig. 1, whereas there is
only one peak for LI-SCBL in the presence of the acoustic
field.

In the assumed quasiadiabatic model, there is no heat and
particle exchange in the collapse time and there is a huge
accumulation of energy in the gas bubble. Therefore, a more
intense collapse results in the higher interior pressure and
temperature. As shown in Fig. 3(a), the temperature inside
the bubble in SBSL reaches 45000 K, almost nine times
larger than the one for LI-SCBL in the presence of the
acoustic field. That is due to the sharp and intense collapse
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FIG. 5. Compare the bubble interior pressure as a function of
time for different driving pressure amplitudes as indicated in Fig. 4
in two modes: (a) LI-SCBL in the presence of the acoustic field and
(b) SBSL.
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and higher gas pressure in SBSL rather than LI-SCBL in the
presence of the acoustic field. Moreover, one can see several
peaks in the temperature profile for SBSL that are related
to the bubble rebounds, whereas there is only one peak for
LI-SCBL in the presence of the acoustic field. It is shown that
although the maximum radius of the sonoluminescing bubble
in LI-SCBL in the presence of the acoustic field is larger than
that in the SBSL, because of the more intense and the shorter
collapse time in SBSL, the bubble interior gas pressure and
temperature is larger than that in the LI-SCBL in the presence
of the acoustic field. Therefore, the presence of the laser
beam beside the acoustic field results in a larger and colder
sonoluminescence bubble. The bubble interior temperature
in this work is consistent with the experimental results [51].
Figure 3(a) presented with semilogarithmic scale to indicate
the structure. Before the bubble reaches its maximum radius,
the bubble interior temperature is constant. At the collapse

7000

=

6000 cerssresrens Pa= 1.2 bar

Pa= 2 har

5000 — — — Pa=3bar

4000

3000

temperature (K)

2000

+

PPTTTTTITON
P
Y
=
b
H
i

1000

=

bl N UL UL LBLLELE LN LN AN LRARE

=
~
&n
-

WO =TT T T T T T T T[T T T T[T T 11T

45000
(b)
40000

35000

sereareses Pa=1.5bar
Pa=1.6 bar
— — — — Pa=1.7 bar

30000
25000
20000

temperature (K)

15000

10000

5000

=]

o L LN LI LILILE LRLLILE LALULEE LA OO

I IN1 (RNTE FRAEY ARNEN FRAE1 FRNE FRAEN Funy fReny A I

05
tT

FIG. 6. Temperature changes at the collapse time for differ-
ent driving pressure amplitudes as indicated in Fig. 4 in two
modes: (a) LI-SCBL in the presence of the acoustic field and
(b) SBSL.
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time, due to rapid compression, the temperature increases
violently. The several peaks in SBSL are related to bubble
rebounds that are shown in Fig. 1, whereas there is only one
afterbounce for LI-SCBL in the presence of the acoustic field.

In Figs. 4-6, the effect of the driving pressure is compared
for LI-SCBL in the presence of the acoustic field and SBSL.
To ensure the bubble stabilities by changing the pressure
amplitude, the bubble initial radius is changed [52]. It should
be realized that in each case an appropriate phase diagram is
used [53,54]. The achieved theoretical results are shown in
Figs. 4-6.

Figure 4 denotes the oscillation of the bubble for three
driving pressure amplitudes and suitable initial bubble radii;
one can see the following cases: (a) LI-SCBL in the presence
of the acoustic field in the luminescence parameter regime
P, = 12bars with Ry =0.4x 10~*m, P, =2 bars with
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FIG. 7. Bubble interior temperature variations for different driv-
ing pressure amplitudes as indicated in Fig. 6 in two modes:
(a) LI-SCBL in the presence of the acoustic field and (b) SBSL
with logarithm scale.
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Ry=12x10"%m, and P, =3bars with Ry=2.1x
10*m, and (b) SBSL in the luminescence parameter
regime P, = 1.5 bars with Ry = 1.3 x 107° m, P, = 1.6 bars
with Rp =2 x 107°m, and P, = 1.7 bars with Ry = 2.5 x
107% m. As shown in the diagrams, by increasing the driving
pressure amplitude, the decreased bubble maximum radius
occurs later. By comparing Figs. 4(a) and 4(b), one can notice
that in LI-SCBL in the presence of the acoustic field, the
minimum bubble radius at the collapse time is more sensitive
to the pressure change than in SBSL.

In Fig. 5, a comparison is made to investigate the effects of
the driving pressure amplitude on the interior pressure of the
gas bubble in LI-SCBL in the presence of the acoustic field
and SBSL. The applied pressure amplitude and the initial
bubble radius are similar to the ones mentioned in Fig. 4.
The increase of the driving pressure results in an increase of
the bubble interior pressure for both cases, but the gas pressure
change in LI-SCBL in the presence of the acoustic field is more
than that in the SBSL. However, the applied pressure amplitude
steps of the LI-SCBL in the presence of the acoustic field
are slightly higher than the other one. By increasing the driving
pressure amplitudes, the bubble size decreases and its pressure
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increases. It can be noticed that the pressure in Fig. 5(b) is
almost 200 times larger than that in Fig. 5(a). By increasing
the driving pressure amplitude in LI-SCBL in the presence
of the acoustic field from 1.2 bars to 2 bars, the pressure
increases to about 13x 107 bars. A similar increment occurs
as the pressure amplitude increases from 2 bars to 3 bars and
this is a considerable amount of pressure change in the bubble
interior. The driving pressure amplitude for the SBSL increases
from 1.5 bars to 1.6 bars and finally to 1.7 bars. These changes
increase the bubble interior pressure from 4 x 10'" bars to
5 x 10" bars and finally to 7 x 10'° bars. It can be realized that
the order of pressure increases almost two times. Although the
order of pressure inside the SBSL is about 200 times larger than
LI-SCBL in the presence of the acoustic field, the gas pressure
change in LI-SCBL in the presence of the acoustic field is
more in the case of SBSL. As a consequence, in LI-SCBL in
the presence of the acoustic field the bubble interior pressure
is more sensitive to the applied pressure amplitude.

Figure 6 indicates the temperature variations of the in-
terior bubble in the two mentioned situations by various
driving pressure amplitudes and proper ambient bubble radius
(a) in LI-SCBL in the presence of the acoustic field by
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FIG. 8. Comparison of the bubble radius for (a) LI-SCBL in the presence of laser for two models: the quasiadiabatic model (dash-dotted
line) and the hydrochemical model (solid line). The bubble radius for SBSL (dash-dotted line) and LI-SCBL in the presence of the acoustic
field (solid line) is compared for two models: (b) the quasiadiabatic model and (c) the hydrochemical model for the luminescence parameter
regime Fig. 1.
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driving pressure amplitudes and ambient bubble radius of
P, =1.2bars with Ry =0.4 x 107* m, P, =2 bars with
Ry=12x10"*m, and P,=3bars with Ry=2.1x
10~* m, and (b) in SBSL for P, = 1.5 bars with Ry = 1.3 x
10°m, P,=1.6bars with Ry =2x 10°m, and P, =
1.7 bars with Ry = 2.5 x 107% m. By increasing the driving
pressure amplitude in LI-SCBL in the presence of the acoustic
field, temperature increases from about 2000 to 7000 K,
which is more than three times larger. Although the order
of temperature in SBSL is more than seven times larger than
that in the LI-SCBL in the presence of the acoustic field,
increasing the driving pressure amplitude cannot considerably
affect the bubble interior temperature. As seen in Fig. 6(b), the
temperature varies from about 40 000 K to 47 000 K. The laser
effect on the fluid causes a larger bubble interior temperature
change compared to that in the SBSL. This diagram shows
several peaks for SBSL and this is due to bubble afterbounces
induced by the acoustic field.

Figure 7 shows the variation of the bubble interior tem-
perature in the two mentioned situations by various driving
pressure amplitudes and proper ambient bubble radius that is
presented in Fig. 6 with semilogarithmic scale to indicate the
structure.

A comparison is done between quasiadiabatic and hy-
drochemical models in the bubble induced by laser in the
presence of the acoustic field for the bubble radius in Fig. 8.
Figure 8(a) indicates the fluctuations of the bubble radius
induced by laser in the presence of the acoustic field in one
cycle in the luminescence parameter regime as used in Fig. 1
for two models: (i) the quasiadiabatic model (dash-dotted
line) and (ii) the hydrochemical model (solid line). One can
find the lower bubble radius in the hydrochemical model
by considering condensation and evaporation on the bubble
wall and the vapor effects, which is about 10% less than the
equivalent quantity, by using the quasiadiabatic model for the
similar condition. However, the relative difference of the two
mentioned models for SBSL and LI-SCBL in the presence of
the acoustic field is only 5%. This is presented in Figs. 8(b) and
8(c), where a comparison of the bubble radius for the SBSL
and LI-SCBL in the presence of the acoustic field is done
for (b) the quasiadiabatic model and (c) the hydrochemical
model. The driving parameters are considered the same as
for Fig. 1. As can be noticed, the bubble radius difference of
the 92% from Fig. 8(b) and 97% from Fig. 8(c) is observed
between the SBSL and LI-SCBL in the presence of the acoustic
field for the quasiadiabatic model and the hydrochemical
model, respectively, which is only 5% and this is half of their
absolute difference. As a consequence, using the quasiadia-
batic model in this work to show the relative difference of
SBSL and LI-SCBL in the presence of the acoustic field is
justified.

Figure 9 indicates the variation of (a) total particles and
(b) H,O particles for SBSL and LI-SCBL in the presence of
the acoustic field during one cycle in the semilogarithmic scale
in the hydrochemical model in the luminescence parameters
regime as used in Fig. 1. It should be noted that the left scale
chart is based on 10'*, which shows the number of particles in
LI-SCBL in the presence of the acoustic field, but the right
scale chart is based on 10!', which shows the number of
particles in SBSL. As seen in Fig. 9, the number of particles
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FIG. 9. Comparison of the bubble interior (a) H,O particles and
(b) total particles between LI-SCBL in the presence of the acoustic
field and SBSL in logarithmic scale.

in LI-SCBL in the presence of the acoustic field is larger than
SBSL. This is due to the larger LI-SCBL bubble volume in the
presence of the acoustic field than the one in SBSL. However,
the effect of chemical reactions in LI-SCBL in the presence of
the acoustic field is less than 10%. Therefore, it can be ignored
with good approximation. However, this is more effective in
SBSL as shown in Fig. 8. This could be due to the much lower
temperature at the collapse time for LI-SCBL in the presence
of the acoustic field than one in SBSL. Figure 9 also shows
that the number of particles in the bubble increases during the
bubble radius expansion and reaches to its maximum value
in the maximum bubble radius. During the compression, the
particles are removed from the bubble, therefore, the number
of particles inside the bubble decreases quickly. At the end of
the cycle, the number of particles reaches its initial value.

IV. CONCLUSION

In the present work, the bubble parameters and its evolution
induced by laser is completely explained. The bubble radius,
the bubble interior pressure, and the temperature in one
cycle are investigated and compared with the single-bubble
sonoluminescence in the presence of an acoustic field. The
main difference between these situations is compressibility
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that is shown by the variable speed of sound: C = /dp/dp.
In other words, the compressible fluid induced by laser creates
the conditions so that the bubble radius of LI-SCBL in the
presence of the acoustic field is larger than that in the SBSL.
A comparison is also made between SBSL and LI-SCBL in
the presence of the acoustic field with respect to different
driving pressure amplitudes. It should be realized that the
consistency of these results for LI-SCBL in the presence of
the acoustic field with the reported experimental observation
for the maximum bubble radius and the maximum interior
temperature in the collapse time indicates the reliability of
this method for the other mentioned calculated parameters.
The obtained results indicate that by increasing the driving
pressure amplitude, the bubble radius decreases in both cases
but the bubble interior pressure and the related temperature
increases. The magnitude of the bubble interior pressure
and the temperature in SBSL are much larger than that in
the LI-SCBL in the presence of the acoustic field. This is

PHYSICAL REVIEW E 85, 016302 (2012)

because of the large difference between the maximum and
the minimum of the bubble radius in the SBSL with that
in the LI-SCBL in the presence of the acoustic field. The
magnitudes of the pressure and the temperature in LI-SCBL
in the presence of the acoustic field are not as big as those
in the SBSL, which is the main reason it would make it
less desirable for sonofusion applications. However, the 10°
times obtained larger bubble volume contains more radiating
species in the collapse time, which is an important step
forward for obtaining the larger cavity needed for stronger
stimulated emission required for the newly proposed SASER
applications.
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