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The most recent spectroscopic studies of moving-single bubble sonoluminescence (MSBSL) and multi-bubble sono-
luminescence (MBSL) have revealed that hydrated electrons (e;]) are generated in MSBSL but absent in MBSL. To explore
the mechanism of this phenomenon, we numerically simulate the ionization processes in single- and multi-bubble sono-
luminescence in aqueous solution of terbium chloride (TbClz). The results show that the maximum degree of ionization
of single-bubble sonoluminescence (SBSL) is approximately 10000 times greater than that of MBSL under certain special
physical parameters. The hydrated electrons (eaq) formed in SBSL are far more than those in MBSL provided these elec-

trons are ejected from a bubble into a liquid. Therefore, the quenching of e, to SBSL spectrum is stronger than that of the
MBSL spectrum. This may be the reason that the trivalent terbium [Tb(III)] ion line intensities from SBSL in the TbCls
aqueous solutions with the acceptor of e, are stronger than those of TbCl3 aqueous solutions without the acceptor of e;y.
Whereas the Tb(III) ion line intensities from MBSL are not variational, which is significant for exploring the mechanism

behind the cavitation and sonoluminescence.

Keywords: sonoluminescence, Tb(III) ion emission, hydrated electrons, ionization processes

PACS: 78.60.Mq, 47.55.dd, 43.35.+d

1. Introduction

Single-bubble sonoluminescence (SBSL) is a phe-
nomenon wherein light is emitted during the intense collapse
of a single isolated gas bubble driven by a strong ultrasound
wave.[! In contrast, multi-bubble sonoluminescence (MBSL)
is the light emission from the intense collapse of clouds of
bubbles in liquids by high-intensity ultrasound.?! At present,
it is generally considered that both SBSL and MBSL result
from extremely high temperature and pressure conditions that
occur during the intense compression heat of gas and vapor in
a collapsing bubble. 3131

Under such extreme conditions, chemical reactions occur
at the inner of the bubble, that is, sonochemistry.l'*! Further,
the products of the chemical reaction are ejected into the solu-
tion from the bubble and may generate subsequent new prod-
ucts, which may affect the characteristics of the spectrum ob-
tained from sonoluminescence (SL),[>! sonochemilumines-
cence (SCL),!">) and sonophotoluminescence (SPL).116:171

Recently, Sharipov et al. reported the possibility of hy-
drated electrons (e,y) generation upon sonolysis of water in
SBSL and the absence of e,, in MBSL after they studied the
spectra of SBSL and MBSL in solutions of Ru(bpy)g+ (18] and
Ce(II)/Ce(IV).I1%]

In addition, they confirmed the formation of e,, during
the moving SBSL (MSBSL) by the activation of Tb(III) ion
sonoluminescence owing to e, acceptors in aqueous solution,
whereas ¢, is absent in MBSL in the same solution. 2! This
fCorresponding author. E-mail: jfliang @gznu.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac6745

is because the peak temperature achieved during MSBSL is
2000-2500 K higher than that achieved during MBSL, which
results in a higher degree of ionization during SBSL than dur-
ing MBSL. For MSBSL, the electrons ejected from the bubble
into the solution form the Caq combination with H,O, while
the electronic component of the plasma in the bubble is absent
for MBSL. Thus, during MBSL, the generation of e, in the
solution does not allow the sonolysis products to eject from
the bubble into the solution more effectively than during MS-
BSL. However, the process of generating electrons in an MS-
BSL and the reason for the absence of electron components in
the plasma in the bubble remain unknown. In this study, we
simulate the ionization processes in SBSL and MBSL, which
further illustrates the difference in e;, generation between the
SBSL and MBSL.

2. Theoretical model
2.1. SBSL theoretical model

The SBSL model employed herein is similar to that re-

5.[10.21-23] The dynamic computation

ported in previous studie
of the sonoluminescent bubble motion involves solving the
equation of radial motion of the bubble wall, which is re-
ferred to as Keller—Miksis (KM) equation, in conjunction with
the fluid mechanics equation, the formula of water evapora-
tion and vapor condensation at the bubble wall, and the energy

equation in liquid for exterior temperature evaluation.
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The KM equation describes the radiation motion of the
bubble wall, 24251 expressed as

L3 M\,
1-M)RR+—-(1—— )R
(1-m) +2( 3)

= (M) (pr—po—plet i)+ K ()
p1 P
where M =R /cy is the bubble wall Mach number, represent-
ing the effects caused by the compressibility of the liquid,
R = R(t) is the radius of the bubble, R is the speed of the bub-
ble wall, and ¢ is the speed of sound in the liquid. The - and
-- operators denote the first and second order derivatives with
respect to time 7, respectively. Further, pj is the liquid density
on the liquid side of the bubble wall. p; = py — 47]7 — 22 is
the pressure on the liquid side of the bubble wall, where 11 is
the dynamic viscosity, and o is the surface tension coefficient
— MJZT + py,
where u, Z, and T represent the gas mole number, gas con-

of the liquid. p. is the ambient pressure, py =

stant, and temperature of the surrounding liquid, respectively.
V = 47R3 /3 is the bubble volume, where b and py denote the
van der Waals hard core volume and vapor pressure of the lig-
uid, respectively. ps(t) = — pa sin(27 f1) is the driving acoustic
pressure, and p, is the amplitude of the sound pressure. Fur-
ther, f is the frequency of the acoustic wave, tg = R/c|.

To simulate the ionization processes occurring inside a

bubble, we consider the chemical dissociation reactions as

follows: 101
H,0 <+ OH+H, 2
OH < O+H, 3)
H+H + H,, “4)
0+0 ¢ 0,, 5)

and the ionization process
M Mt +e, (6)

where M denotes argon (Ar) and the atoms and molecules ap-
pearing in Eqgs. (2)—(5). Further, the processes of the attach-
ment of electrons to hydrogen and oxygen atoms or related
molecules is expressed as

M+ee M, @)

where M~ represents the negative ions O™, H™, O, , and OH™.
The law of mass action can be used to evaluate the number
density of the products of the chemical dissociation and ion-
ization electrons, as well as the positive and negative ions. The
processes of the radiative attachment of electrons to atoms or
molecules or ions are expressed as

O+e< O +hv, (8)
H+e< H +hv, 9

O2+e > 0, +hv, (10)
OH+e <« OH +hv, (11)

where i = 6.626 x 1073* J-s is the Planck constant, v = c/A,
and ¢ = 3.0 x 10% m/s is the speed of light, and A is wave-
length of light. The total radiation power is the integral over
the relevant wavelength A (19231 a5

900 nm
P() = /2 P(A,1)dA, (12)

J200 nm
where

P(A,1) —Sn//kl

R2—r2(1—x2)
X exp (— / k, ds> Pdrdx, (13)
Ix

which describes the total power emitted from the bubble for
each acoustic cycle at a wavelength A. Further, in Eq. (13), r
is the radial distance from the center of the bubble, & is the ab-

sorption coefficient, and P{" is the Plank radiation intensity !
2mhe? 1

P (r) = 14

2 1) = 35 e Ak T) = 4

where kg denotes the Boltzmann constant.
For the line emission from Tb(III), the absorption coeffi-
cient is expressed as
)‘5
k, = ehc/ AKT
2= el
where P represents the radiation power per unit volume per

— 1P, s)

unit wavelength interval of the line spectrum. Herein, we
mainly consider the "Dy—'F; (J =6,5,4,...
TbID).

In addition, Eq. (16) expresses the cumulative radiation
energy emitted from a sonoluminescent bubble over time 0 to
¢ within each acoustic period as

! N 2
E;L(t):/(;P(l,t)dt, Ogtgg. (16)

,0) transitions of

2.2. MBSL theoretical model

A bubble in the MBSL construct may pulse at one lo-
cation over an acoustic period, even though it is subjected to
the pressure from other bubbles. The wall of a bubble among
dense cavitation bubbles is determined by using the modified

M;\ .
_’>Ri2

KM equation!?®]

3
(1-M)RiRs+ 5 (1 .

t
—p)+ i (17)
o}
whereM,c,pl,fpg, 4nR 27(;7pgl:!l TJer,sz
47'cR
3 9
cation in the liquid is employed in the equation for cavitation

1
= (1+Mi);(p1i

g, = C—l and the pressure p of driving the bubble at a lo-

cloud, expressed as follows: 27281
2 1 8217 .2 5
Vip— g = A LNQRRSHRIR), - (18)
1 i
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where N; is the number density of cavitation bubbles with the
initial radius Rjp. Based on the Egs. (17) and (18), we can
obtain the pressure distribution by numerical calculation. The
pressure driving the bubble at a location in liquid is derived
approximatively. In present paper, we consider that the MBSL
and SBSL constructs have the same chemical dissociation re-
actions and ionization processes in a bubble.

3. Results and discussion

In the present study, certain parameters in the experiment

[20]

conducted by Sharipov were referenced in the numerical

calculation. Table 1 lists the parameters used.

Table 1. Parameters used in the numerical simulation.

Variable (unit) SBSL MBSL
Ty (K) 273 278
R,'() (um) 4.8 4.8
f (kHz) 26 20
Pa (atm) 1.34 2.5
N; (m™3) 3%x10°
¢ (ms™1h) 1481 1481
pr (kgm™3) 1000 1000
n (Pa-s) 0.0017 0.001
o (N-m™ 1) 0.075 0.0725
Poo (atm) 1.0 1.0
y 14 14

3.1. Plasma in a single sonoluminescent bubble

To understand the process of plasma formation in the
SBSL bubble, we simulated the light emission pulse inside an
Ar bubble in an aqueous solution of TbCl3 at 0 °C, driven by
an acoustic pressure of 1.34 atm.

Figure 1(a) illustrates the total radiation power per flash

1028
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of the simulated bubble. Five moments (points marked A—
E) were selected on the cure to evaluate the temperature
[Fig. 1(b)], corresponding pressure [Fig. 1(c)], radiation en-
ergy spectra [Fig. 1(d)], and the number density of various
particles inside a bubble [Fig. 2]. Figure 1 depicts that as the
radiation power increases from A to D [Fig. 1(a)], the temper-
ature [Fig. 1(b)] and pressure [Fig. 1(c)] inside the bubble, as
well as the intensity of the continuum background, increase;
the OH, Ar™, and Tb(III) spectral peaks gradually disappear
[Fig. 1(d)].

Because the radiation energy spectrum accumulates over
time, the total intensity increases at each moment. In addition,
at every moment, the maximum temperature generates at the
center of bubble, and intense decreases at the wall of bub-
ble [Fig. 1(b)]. While the pressure inside the bubble is almost

Z of@® 4o SN0 —A
5 g 20f —B
g 6 T —0cC
= sl £ 10f —D
Qo —
£ ABC|| E g ~ —E
£ of 2 £ of R
Pt 1 1 1 1 [}
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Fig. 1. Simulation results for an Ar bubble in a TbCl3 aqueous at 0 °C,
driven by an acoustic pressure amplitude of 1.34 atm. (a) Radiation
power of the bubble versus time. (b) Temperature. (c) Pressure. (d)
Energy spectrum.
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Fig. 2. Spatial profiles of the calculated number densities of various particles filled circles in Fig. 1(a). (a) e~, (b) H>O, (¢) Ar, (d) Hp, (e) OH, (f) OH™,
(@) H,(h)H™, (1) O, (j) 07, (k) Oz, and (1) O; . The black, red, blue, megenta and olive lines corresponds to A, B, C, D, and E in Fig 1(a), respectively.
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uniform [Fig. 1(c)]. The reason may be the effects caused by
the thermal conductivity of gas and compressibility of the lig-
uid.

Figures 2 illustrates the spatial variations of the number
densities of the various particles inside a bubble. Inside the
bubble, except for those of the HyO molecules [Fig. 2(b)] and
Ar atoms [Fig. 2(c)], the maximum number densities of other
particles occur at the center of the bubble throughout the cycle,
and subsequently decreases precipitously in the vicinity of the
bubble wall.

To illustrate the generating in SBSL in TbCl3 aqueous
solution, the ionized electron density should be considered
by assuming that the reaction process occurs during water

sonolysis, 2]

H0 ) - H0" +e ZSOH +H +ey.  (19)
The ionized electron density was positively correlated with
temperature. When the bubble reached its maximum tem-
perature of approximately 21000 K [corresponding to the D
megenta line in Fig. 1(b)], the ionized electron density reached

approximately 2 x 102’ m—3 [Fig. 2(a)].

3.2. Plasma in a bubble among sonoluminescencing multi-
bubble

Firstly, we calculated the evolution of the pressure field
and bubble radii with time [Fig. 3] in the MBSL condition us-
ing Egs. (17) and (18). For simplicity, we consider only one
bubble, with an ambient radius of R;jp. The number density
(N;) of bubbles is homogeneous in the TbCls aqueous solu-

(a) r=0,2=0.2cm (b) 7=0,2=0.2 cm

—1F

() r=0.5, 2=0.2 cm (f) r=0.5, 2=0.2 cm

—1F

1_(i) r=0,z=0.7 cm (j) r=0,2=0.7cm

=
a,
©
2 of
<
ISH

—1F

1
0 300

900

1
900 850
t (us)

1
600 950

tion. The calculation method was similar to that described in
previous studies. 2739

Figure 3 presents the evolution of pressure and bubble ra-
dius with time at three locations N; (r,z) = (0,0.2 cm), N,
(0.5 cm, 0.2 cm), and N3 (0, 0.7 cm) shown in Fig. 4. The
pressure was periodically pulsed with an ultrasound frequency
of 20 kHz [Figs. 3(a), 3(b), 3(e), 3(f), 3(i), and 3(j)]. Further,
the radius of the bubble in the MBSL exhibits period motion
wherein the bubble expands, intensely collapses, and bounces
with an ultrasound frequency of 20 kHz [Figs. 3(c), 3(d), 3(g),
3(h), 3(k) and (I)]. Additionally, the pressure peak of each
pulse corresponds to the minimum radius of the collapsing
bubble, which is exhibited in the fluctuation of the pulsation
of the bubble. This indicates that the same type of bubbles
are in synchronous resonance near the horn tip (approximately
1 cm).

To determine the region of MBSL in the sound field, we
estimated the light intensity of the sonoluminescent bubble
by introducing a specific value, Rmax/Rio- Here, Rpax Tep-
resents the maximum radius of a bubble driven by the sound
field. Generally, SBSL can be observed by the naked eye when
Rumax/Rio > 5. However, in this study, we introduced this ra-
tio to estimate the area of the MBSL.!>*3% Figure 4 illustrates
that when 0 <z < 0.6 cm, and 0 < r < 0.5 cm, light emission
can be observed from the bubbles in the acoustic field region.

We used an existing method!!%??3% to illustrate the ion-
ization processes in one sonoluminescent bubble among the
cavitation bubbles. The light pulse, number densities of vari-
ous particles, and degree of ionization (¢¢) inside a bubble at
different locations in the sound field were also calculated.

30 |-(c) 7=0,2=0.2 cm l (d) r=0,2=0.2 cm
g .
=
a4
0 _| L L L C L
10 | (8) r=0.5,2=02cm| |[(h) 7=0.5,2=0.2 cm
£ L
=
a4
1 1 1 1 1
L (1) =0, 2=0.7 cm
/E\ L
=
a4 L
1 1

1
900 850
t (us)

1 1
0 300 600 900 950

Fig. 3. Evolution of acoustic pressure and bubble radius with 7. Results at location (a)—(d) Ny (r =0, z = 0.2 cm), (e)-(h) N, (r =0.5 cm,

z=0.2 cm), and (i))-(1) N3 (r =0, z=0.7 cm).
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0 0.2 0.4 0.6

r (cm)
Fig. 4. Contour of close to the horn. The magenta cycles correspond to
locations Ny (r =0, z=0.2 cm), N> (r =0.5 cm, z= 0.2 cm), and N3
(r=0,z=0.7 cm).

Figure 5(a) illustrates the total radiation power per flash
of the bubble at location N; (r,z) = (0,0.2 cm) in the sound
field, and five moments (points marked A-E) were selected
to evaluate the temperature [Fig. 5(b)], pressure [Fig. 5(c)],
radiation energy spectrum [Fig. 5(d)], and the corresponding
number densities of various particles [Fig. 6]. In Fig. 6, ex-
cept for those of the H,O molecules [Fig. 6(b)] and Ar atoms
[Fig. 6(c)], the maximum number densities of other particles
occur at the center of the bubble throughout the cycle, and sub-
sequently decreases precipitously in the vicinity of the bubble
wall. SBSL also exhibited a similar phenomenon [Fig. 2].
When the bubble reached its maximum temperature of ap-
proximately 21000 K [Fig. 5(b)], the ionized electron den-
sity reached approximately 2x 10?7 m— [D megenta line in
Fig. 6(a)]. If these electrons are ejected into the solution to
combine with H,O, €aq is formed in the solution. However, in

1027: (a) P (b)
o F |
c? 1024: E 1026 3
E [ =
N 3 o
o 1021: ——"‘——j 5
1018: —_—
i 1 1 1025k, 1 1
1077k (e) E (D)
—~ P 1027 F=——x
T 102f T 2
£ g 10%¢
= 10} o —
S O 1nisE
1024_ \ £ 10% ET
L L L 1011 al L L
F /. 27 |
1027k (i) 10 ()
;ﬁ\ i ~‘\ 1026 L
g L \E/ 1025
241 !
:O 10 g 1024 F
N 1023}
0 1 2 0 1 2
7 (pm) 7 (pm)

aq
trum lines of Tb(III) ions. This is probably because most of

the experiment, the e, was absent when analyzing the spec-
the bubbles are broken when they cannot reach their mini-
mum radii, and the temperature inside cannot attain a suffi-
cient value to ionize more electrons. The experimental data
presented in a previous study!®!*?l concluded that the tem-
perature inside the bubble in MBSL in water reaches approx-
imately 5000 K, which approaches to the temperature at mo-
ment point C, as depicted in Fig. 5(a). At point B, the ion-

0** m~3 [red line in

ized electrons are approximately 6Xx 1
Fig. 6(a)].
To further explore the plasma inside a bubble at other

locations in the sound field, we simulated the light emission

2 5 £ [ —A
. 3 20f —B
2 10 g —cC
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= 0 3 O
& 0 1 2 3
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Fig. 5. Simulation results of an argon bubble at the location N; (r = 0,
z = 0.2 cm) during the 18t acoustic cycle (850-900 s) demonstrated in
Fig. 3(b). The number density of Tb(III) ions is n x 1075, n is the total
number density of particles inside a bubble. (a) Radiation power of the bub-
ble versus time. (b) Temperature. (c) Pressure. (d) Energy spectrum.
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Fig. 6. Spatial profiles of the calculated densities of various particles at the given points of A, B, C, D, E denoted by filled circles in Fig. 5(a). (a) e,
(b) H20, (c) Ar, (d) Ha, (e) OH, (f) OH™, (g) H, (h) H™, (i) O, (j) O™, (k) O3, and (1) O, . The black, red, blue, megenta and olive lines corresponds to

A, B, C, D, and E in Fig 5(a), respectively.
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pulse, temperature, pressure, radiation energy spectra, and
the number density of various particles inside an Ar bub-
ble at two locations N, (r,z) = (0.5 cm,0.2 cm) and N3 (0,
0.7 cm). Figures 7 and 8 illustrate the case for the bubble at
Ny (r,z) = (0.5 cm,0.2 cm).

Figure 7(a) demonstrates the total radiation power per
flash of the bubble, and five moments (points marked A-E)
were selected to evaluate the temperature [Fig. 7(b)]), pres-
sure [Fig. 7(c)], radiation energy spectrum [Fig. 7(d)], and the
corresponding number densities of various particles [Fig. 8].
Figure 7(b) depicts that the maximum temperature inside the
bubble is approximately 5800 K, approaching the experimen-
tal value of 5000 K, as reported in previous studies.?-3?! The
corresponding maximum ionization electrons were approxi-
mately 4x10%> m~3 [megenta line in Fig. 8(a)], which is ap-
proximately 10* times less than that in SBSL [bule line in
Fig. 2(a)].
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= 102 7
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~ 1019[ ° 10251
N L )
1017L S
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‘E 1025 é 10251
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1024 S 1024
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Fig. 7. Simulation results of an Ar bubble at the location N> (r =0.5 cm,
z=0.2 cm) during the 18" acoustic cycle (850-900 s) depicted in
Fig. 3(f). The number density of Tb(IIl) ions is n x 1075. (a) Radia-
tion power of the bubble versus time. (b) Temperature. (c) Pressure. (d)
Energy spectrum.
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Fig. 8. Spatial profiles of the calculated densities of various particles at the given points of A, B, C, D, E denoted by filled circles in Fig. 7(a).
(a) e, (b) HyO, (¢) Ar, (d) Hy, (e) OH, (f) OH ™, (g) H, (h) H™, (i) O, (j) O, (k) O3, and (1) 02’. The black, red, blue, megenta and olive lines

corresponds to A, B, C, D, and E in Fig 7(a), respectively.

Figures 9 and 10 illustrate the case where the bubble is
at the location N3 (r,z) = (0,0.7 cm). Figure 9(a) shows the
total radiated power per flash of the bubble, and five moments
were selected (points marked A—E) on the curve to evaluate
the temperature [Fig. 9(b)], pressure [Fig. 9(c)], radiation en-
ergy spectrum [Fig. 9(d)], and the corresponding number of
densities of various particles, which is similar to the cases of
the bubbles located at the points Ny (0, 0.2 cm) and N, (0.5,
0.2 cm). As depicted in Fig. 9(b), the maximum tempera-
ture inside the bubble was approximately 3800 K, less than
the experimental value of 5000 K,3!-3?] and the corresponding
maximum ionized electrons were approximately 2x 102 m—3
[megenta line in Fig. 10(a)].

To further understand the ionization processes inside a
bubble, we calculated the degree of ionization (¢t) in SBSL
and MBSL. Figures 11(a) and 11(b) show ¢ at different mo-
ments for SBSL and MBSL at location N; (0, 0.2 cm), respec-
tively. The maximum o occurs at the center of the bubble
throughout the cycle, and subsequently decreases in the vicin-
ity of the bubble wall.

Figure 12 illustrates the spatial profiles of o at the max-
imum temperature corresponding to the minimum radius of
the bubble for SBSL and at locations N; (0,0.2 cm), N, (0.5,
0.2 cm), and N3 (0, 0.7 cm) in the sound field generating
MBSL. As depicted in Fig. 12, the maximum o inside a bub-
ble at location Nj (0. 0.2 cm) was slightly more than that in
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SBSL. However, the temperature after fitting the experimental
MBSL spectrum %311 was far less than the calculated temper-
ature [Fig. 5(b)]. Further, the temperature obtained by fitting
the experimental spectrum is close to the calculated tempera-
ture inside a bubble at N, (0.5, 0.2 cm). Therefore, we con-
sider  inside a bubble at locations N, (0.5, 0.2 cm) as that in
MBSL.

Figure 12 illustrates that ¢ in SBSL is approximately
10000 times greater than that in MBSL (only for the bubble
at location N). Assuming that o is generated similarly for
both SBSL and MBSL by combining the ionized electrons
with H,O, the number density of Caq formed in the solution
for SBSL is considerably higher than that for MBSL. There-
fore, the quenching of e, to Tb(III) line emission from SBSL
is stronger than that from MBSL,?°! which possibly explains
the absence of e,, in MBSL.
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Fig. 9. Simulation results of an Ar bubble at the location N3 (r = 0,
z=0.7 cm) during the 18t acoustic cycle (850-900 s) illustrated in
Fig. 3(j). The number density of Tb(III) ions is n x 107>. (a) radiation
power of the bubble versus time. (b) Temperature. (c) Pressure. (d)
Energy spectrum.
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4. Conclusion

We obtained the total radiated power and energy spec-
tra from SBSL and MBSL, respectively. The corresponding
spatial profiles of temperature, pressure, number densities of
various particles, and degree of ionization inside an Ar bubble
were also obtained. Under certain special conditions, the de-
gree of ionization in SBSL (generated by p, = 1.34 atm and
f =26 kHz) was approximately 10000 times greater than that
in MBSL (generated by p, = 2.5 atm and f = 20 kHz). How-
ever, certain parameters in our calculations, such as the num-
ber density of bubbles (N) and type of bubble, were assumed
instead of being calculated through experiments. In addition,
we did not consider the contribution of SPL to Tb(III) ion
line emission, which results in a slight difference in the pro-

17,33,34

file between the experimental! I'and calculated spectra

in SBSL.
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