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Single-bubble sonoluminescence (SBSL) occurs when a tiny bubble with an extremely small volume, isolated within
a liquid, periodically compresses and expands in response to a strong ultrasonic field, emitting a brief burst of bright
light. Sonoluminescence spectroscopy serves as a powerful tool for analyzing the material structure and physical state of
these bubbles. Recent experimental results have demonstrated that the sonoluminescence spectra of moving single bubbles
exhibit the characteristic spectra of divalent europium ions [Eu(II)] in solutions containing europium chloride (EuCl2). To
elucidate the radiation mechanism of the characteristic spectra of Eu(II) ions during sonoluminescence, we combined fluid
mechanics, the Keller–Miksis (KM) equation, and spectral equations to calculate the spectral intensity and radiation power
of SBSL in EuCl2 solutions, as well as the spatial distributions of temperature, pressure, particle number density, ionization
energy, ionization degree and opacity within bubbles. The results indicate that the characteristic spectra of Eu(II) ions may
arise from the transition radiation excited under a localized environment of high temperature, pressure, and density within
bubbles. These findings could enhance our understanding of the mechanisms underlying sonoluminescence and potentially
aid in the development of advanced diagnostic tools for analyzing high-energy processes in fluids.
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1. Introduction

When a solitary bubble immersed within a fluid experi-
ences powerful compression from ultrasonic waves, it under-
goes a swift implosion, leading to the phenomenon known
as single-bubble sonoluminescence (SBSL).[1–3] This pro-
cess is characterized by stable, spatially localized, and time-
synchronized pulsating luminescence. During the collapse
of the bubble, its internal environment becomes extremely
extreme, with pressures reaching thousands of megapascals
and temperatures soaring to about 104 K.[4] This triggers
picosecond-level visible light flickering in the bubble and cre-
ates a transient plasma state in an instant, providing favorable
conditions for ion excitation inside it.[5–9] This study analyzes
the mechanism of spectral line emission from nonvolatile sub-
stances originating from the main liquid into the bubble.

Lanthanide ions (Lnn+) are extensively studied and used
in fields such as energy, biomedical imaging, and laser tech-
nology owing to their high excited-state lifetime and ra-
diation conversion efficiency.[10] When lanthanide ions are
doped into a bubble-forming liquid, the resulting sonolu-
minescence exhibits more pronounced and stable lumines-
cence. In recent years, Ln(III) ions have been used as sono-
luminescence probes, with several research groups recording
characteristic spectral bands of many Ln(III) ions in aque-
ous solutions,[11–15] and the moving SBSL (m-SBSL) spec-
tral bands of colloidal suspensions containing these ions.[16]

To date, the only documented observation of sonochemilumi-
nescence in Ln(II) compounds has been conducted by Gareev
et al., who investigated the behaviors of Eu(II) and Sm(II)
ions during the ultrasound-induced reductions of Eu(III) and
Sm(III) in ethylene glycol.[17,18] In their pioneering work, Ga-
reev et al. successfully identified the luminescent bands asso-
ciated with Eu(II) ions in the m-SBSL spectra of dodecane
suspensions containing nanoparticles of EuCl2, EuBr2, and
EuSO4. These luminescent bands correspond to the photo-
luminescence spectra of Eu(II) ions (specifically pertaining to
the 4f65 d1→ 4f7 electronic transitions), exhibiting maximum
luminescence peaks at the wavelengths of 404 nm, 413 nm,
and 377 nm, respectively. The sonoluminescence bands arise
from the introduction of nanoparticles during the deformation
of the bubble, while the excitation of the Eu(II) luminescence
center is attributed to the collisions between these nanoparti-
cles and charged particles, predominantly electrons, which are
periodically emitted from the core of the plasma under non-
equilibrium thermal conditions.[19]

To elucidate the radiation mechanism of the characteris-
tic spectra of Eu(II) ions and obtain detailed information about
the conditions inside a bubble during the sonoluminescence
process, we used an SBSL model. This model incorporates the
effects of thermal and mass diffusion between the two gases
present within a bubble, namely the inert gas and water va-
por. It also considers the thermal exchange between the bub-
ble’s gas and the enveloping fluid, as well as the processes of
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evaporation and condensation of water vapor at the bubble’s
interface. Additionally, the model accounts for chemical re-
actions and ionization phenomena occurring within a bubble.
By employing the Keller–Miksis (KM) equation to define the
boundary condition, we numerically solved the dynamic equa-
tions governing the fluid mechanics of the gas within a bubble.
In this way, we were able to ascertain the distributional char-
acteristics of pressure and temperature within a single bubble
immersed in an aqueous EuCl2 solution. Moreover, we de-
rived the spatial distributions for spectral intensity, radiation
power, particle number density, ionization energy, the degree
of ionization, and opacity within the SBSL. This was achieved
by integrating contributions from bremsstrahlung emitted by
electron-neutral atom interactions, attachment radiation result-
ing from electron interactions with atoms or molecules, re-
combination radiation, and line spectral radiation from Eu(II)

ions.

2. Theoretical model
The SBSL model adopted in this study is similar to those

reported in previous studies.[7,9,20,21] In the theoretical model,
equation (1) serves as the boundary condition governing the
movement of the bubble wall, while a system of partial dif-
ferential equations derived from fluid mechanics [Eq. (2)] is
employed to elucidate the dynamic characteristics of the gas
contained within the bubble. By coupling Eqs. (1) and (2) and
applying numerical calculation methods, we can accurately
simulate the bubble’s internal temperature and pressure pat-
terns at various temporal intervals.

The KM equation describes the radial motion of the bub-
ble wall, considering the liquid’s compressibility:[22–24]

(1−M)RR̈+
3
2

(
1− M

3

)
Ṙ2 = (1+M)

1
ρl
(pl− p∞− ps(t + tR))+

tR
ρl

ṗl, (1)

where R is the bubble radius, M is the Mach number at the bub-
ble’s boundary, representing the effects of the liquid’s com-
pressibility, pl and ρl are the pressure and density at the fluid
phase of the bubble’s boundary, respectively. Additionally,
p

∞
is the environmental pressure, ps(t) is the driving acous-

tic pressure, and tR = R/c1, where c1 is the sound speed at the
fluid.

In this study, we considered only bubble containing two
types of gaseous constituents, namely argon and water vapor.
According to the basic theory of compressible fluid mechan-
ics, considering the mass and thermal diffusion processes be-
tween gases as well as the viscosity of gases, and assuming
that bubble has spherical symmetry, the forms of the fluid me-
chanics partial equations satisfied by argon and water vapor
within the bubble in the spherical coordinate system are[7,25]

∂ρ1

∂ t
+

1
r2

∂

∂ r

[
r2(ρ1υ + J1)

]
= 0,

∂ρ

∂ t
+

1
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∂
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(r2
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∂ (ρυ)

∂ t
+

1
r2

∂

∂ r
(r2

ρυ
2)+

∂ p
∂ r

=
1
r2

∂

∂ r
(r2

τrr)+
τrr

r
,

∂E
∂ t

+
1
r2

∂

∂ r

{
r2[(E + p)υ +q]

}
=

1
r2

∂

∂ r
(r2

υτrr), (2)

where t represents time, r represents the distance to the bub-
ble’s core, ρ1 is the density of water vapor, ρ2 is the density
of the inert gas, ρ = ρ1 +ρ2 is the total density of the gas, ν

is the average velocity of the gas within the bubble, J1 is the
mass flux of water vapor under the average velocity, p is the
pressure of the gas, q is the energy flux due to thermal motion,
τrr is the normal viscous stress, and E is the total energy of the
gas.

When a sonoluminescent bubble collapses abruptly, the
internal pressure and temperature rise abruptly to extreme lev-
els, causing the gas to decompose, leading to the formation of
many chemical species. The mass-action law was employed to
model the chemical reactions and ionization processes occur-
ring within the bubble. For simplicity, four chemical reaction
processes were considered, including atomic and molecular
ionization processes, as well as atomic or molecular electron
adsorption processes[7]

H2O↔ OH+H, (3)

OH↔ O+H, (4)

O+O↔ O2, (5)

H+H↔ H2, (6)

M↔M++ e, (7)

M+ e↔M−, (8)

where M represents Ar atoms and other atoms or molecules
appearing in Eqs. (3)–(6), M− stands for negatively charged
ions such as H−, O−, O−2 , etc. The radiation-related processes
involving interactions of electrons with atoms, molecules, or
ions can be described as follows:

O+ e↔ O−+hv, (9)

H+ e↔ H−+hv, (10)

O2 + e↔ O−2 +hv, (11)

OH+ e↔ OH−+hv. (12)

The chemical equilibrium constant is obtained by using
the theory of statistical thermodynamics, and the chemical
reaction is calculated based on the equilibrium constant. In
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chemical reactions of the form A ↔ B +C, the equilibrium
constant K is

K =
nBnC

nA
, (13)

where ni (i = A,B,C) represents the molecular number density
of gas. Owing to the high pressure when the chemical reac-
tion occurs inside the bubble, the particle concentration inside
the bubble approaches the limit value of 1/b. According to
Ref. [26], the modified chemical equilibrium constant is

Kp = K
(

1− Nb
V

)
exp
(
− Nb

V −Nb

)
, (14)

where V represents the volume of the bubble, N is the total
number of particles within the bubble, and b is the van der
Waals hard core volume.

By integrating over the relevant wavelength λ , the total
radiated power is

P(t) =
∫ 430 nm

360 nm
P(λ , t)dλ . (15)

The radiation power function, which is the overall power
radiated by the bubble at wavelength λ per period, is derived
from Ref. [7]

P(λ , t) = 8π
2
∫ R

0

∫ 1

−1
kλ (r)P

PI
λ
(r)

× exp

(
−
∫ R2−r2(1−x2)

rx

kλ ds

)
r2dr dx, (16)

where PPI
λ
(r) is the Planck radiation intensity, and kλ is the

absorption coefficient of spectral line emission; in the case of
Eu(II), this coefficient is defined as

kλ =
λ 5

2hc2 [exp(hc/λkT )−1]Pλ . (17)

This paper mainly focuses on the 4f76p → 4f76s tran-
sition of Eu(II) ions (see Fig. 1).[27,28] For the linear emis-
sion of Eu(II) ions, we hypothesize that the formation of ex-
cited Eu(II) ions in a single luminescent bubble during single-
bubble sonoluminescence is mainly due to the thermal excita-
tion. The radiated power per unit volume for state transition
i→ j can be calculated as follows:

Pi, j =
nagi e−Ei/kT

∑gi/kT
Ai, jhνi, j, (18)

where na represents the density number of the Eu(II) ions
within the bubble; in this case, we set the number density of
the Eu(II) ions to 10−5 of the overall particle number within
the bubble. Moreover, gi is the Lande factor of the i-th energy
level Ei, Ai, j is the transition probability,[27,28] and hνi, j is the
photo energy.
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Fig. 1. Eu(II) ion transition.

Assuming that the spectral intensity emitted during SBSL
is uniformly distributed, the radiation power per unit volume
of the Eu(II) radical within a specified wavelength interval can
be computed using the following equation:

Pλ d λ = Pi, jgi, j

(
ν =

c
λ

) c
λ 2 d λ , (19)

where ν is the emission frequency and gi, j is the Lorentz func-
tion, defined as

gi, j(ν) = π
∆ν/2

(ν−νi, j)
2 +(∆ν/2)2 , (20)

where ∆ν is the collision spread and resonance spread of the
spectral lines,[29]

∆ν = σ0ν0n/π +50
na fa

νi, j
, (21)

where σ0 is the collision cross-section, which is determined
based on the diameter of the gas molecules.

Finally, the total energy radiated from the sonolumines-
cent bubble from time 0 to t during every sound cycle is given
by

Eλ (t) =
∫ t

0
P(λ , t ′)d t ′, 0≤ t ≤ 2π

ω
. (22)

As SBSL is present, it is only during this short period of time
that P(λ , t ′) does not disappear.

3. Results and discussion
3.1. Physical process of bubble luminescence

In this study, certain parameters from the experiment con-
ducted by Gareev et al.[19] were referenced in the numeri-
cal calculations; however, R0 and other parameters were not
provided in the paper. Therefore, our calculations are con-
sidered “conceptual calculations” and cannot be directly com-
pared with the data obtained from the experimental procedure.
The parameters used in our calculations are listed in Table 1.
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Table 1. Simulation parameters. The unit 1 atm = 1.01325×105 Pa.

Symbol Definition (value)

T0 liquid temperature (273.15 K)
R0 initial radius of the bubble (4.8 µm)

Ṙ(0) initial velocity of the bubble wall (0 m·s−1)
f ultrasound frequency (27.0 kHz)

Pa driving sound pressure amplitude (1.2731 atm)
p∞ environmental pressure (1.0 atm)
η liquid viscosity coefficient (1.01×10−3 Pa · s)
cl speed of sound (1483.0 m·s−1)
ρl liquid density (1000.0 kg ·m−3)
σ surface tensile strength (0.07275 N ·m−1)

To understand the mechanism of plasma generation
within a bubble during the SBSL phenomenon, we conducted
a simulation of the photoemission process within an argon
bubble in a solution containing EuCl2 at 0 ◦C. This simula-
tion allowed us to observe the behavior of the bubble under
specific conditions in great detail. A sound pressure amplitude
at 1.2731 atm was employed to drive the bubble, simulating
the actual SBSL conditions. To predict more accurately the
characteristic peaks of Eu(II) ions in the SBSL emission spec-
trum, we postulated that these peaks result from light emitted
by Eu(II) ions produced inside the bubble owing to thermal ex-
citation. In addition, we set the number density of Eu(II) ions
to 10−5 of the overall particle number within the bubble. This
approach enabled us to approximate quantitatively the Eu(II)
peaks within the SBSL spectrum range. As the bubble is com-
pressed, it heats the internal gas and emits a flash; accordingly,
we evaluated the radiation pulse of each flash and the changes
in the bubble radius over time (see Fig. 2(a)). We then selected
five moments during the flash (labeled points A–E) to evalu-

ate the internal bubble conditions such as temperature, pres-
sure, and the spectral characteristics of the transition radiation
pertaining to Eu(II). The internal temperature and pressure in-
crease considerably as the bubble collapses during compres-
sion, and after the peak radiation, both temperature and pres-
sure decrease rapidly [Figs. 2(b) and 2(c)]. Furthermore, at
each evaluated time point, the core of the bubble experiences
the maximum temperature, which decreases abruptly as it ap-
proaches the bubble’s perimeter [Fig. 2(b)]. It is observed that
the bubble’s internal pressure is evenly distributed throughout
[Fig. 2(c)]. This occurs because when a bubble is compressed,
the thermal movements of the gas molecules inside it increases
owing to the temperature rise, leading to the rapid diffusion
of heat within the bubble. This rapid thermal transfer con-
tributes to an even distribution of pressure within the bubble,
as the transfer of heat reduces the temperature difference be-
tween different regions within the bubble. In addition, when a
bubble bursts, the fluid undergoes compression or dilation due
to the internal pressure of the bubble. The compressibility of
a liquid determines how much its volume changes with pres-
sure. Within the bubble, the compressibility of the liquid helps
equalize the pressure in different areas; the liquid can com-
press in regions wherein the pressure is higher and expand in
regions wherein the pressure is lower, thus allowing the pres-
sure to achieve a relatively uniform state. From point A to
point D, the radiation spectrum accumulates over time as the
radiation power increases, leading to an increase in the total
intensity [Fig. 2(a)]. Within the wavelength region of 0.36 µm
to 0.43 µm, the spectral peaks of Eu(II) gradually fade into
the continuous spectrum’s backdrop and ultimately disappear
[Fig. 2(d)].
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Fig. 2. Ar bubble in an EuCl2 solution at 0 ◦C at the driving sound pressure amplitude of 1.2731 atm: (a) evolution of bubble radius and radiated power over
time, (b) relationship between temperature and radius, (c) relationship between pressure and radius, (d) energy spectrum.
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During the process of Eu(II) excitation inside a bubble
with argon and water gas, the OH, Ar, and Ar+ may be excited.
We calculated the Ar spectra of a bubble (within the wave-
length range of 0.2 µm–0.9 µm) with and without an EuCl2
solution. It can be observed that the variation trends of the OH
line spectra and the Eu(II) ion line spectra within the range
of 0.30 µm–0.36 µm are approximately the same. However,
the Ar atomic line spectrum in the range of 0.68 µm–0.88 µm
becomes obvious at time E. This is because Ar increases over
time. However, at a subsequent stage, the continuous spec-
trum increases more owing to the high temperature and high
pressure; therefore, the Ar atomic line spectrum gradually be-
comes less obvious [Fig. 3(a)]. Figure 3(b) shows that the Ar+

line spectral changes can be detected near 0.4 µm, which is
also within the Eu(II) ion line spectral band. As the energy
spectrum of Ar+ is not as high as that of Eu(II) ions, there-
fore, it is not shown in Fig. 3(a).

Figure 4 shows how particle number density varies in dif-
ferent regions of the bubble. Owing to the extremely high tem-
perature and pressure conditions inside the bubble, most par-
ticles exhibit a peak density at the bubble’s core and an abrupt
decline near the bubble’s wall. The distribution patterns of Ar
atoms [Fig. 4(a)] and H2O molecules [Fig. 4(l)] is different
from that of other particles, which is consistent with the inert
gas rectification hypothesis that only argon and a small amount
of water vapor remain in the bubble.

Additionally, points A–E indicate that both the elec-
tron number density and temperature exhibit upward trends
[Figs. 2(b) and 4(c)]. In particular, when the bubble reaches
its maximum temperature of roughly 16371 K [Fig. 2(b)],
the density of the ionized electrons increases considerably to
about 4.7096×1026 m−3 [Fig. 4(c)]. However, this ionization
process is accompanied by substantial heat energy consump-
tion, which limits additional temperature increases to some ex-
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tent. As the temperature decreases, we observe that the elec-
tron number density also declines rapidly. There is a strong
positive correlation between the ionized electron density and
temperature, which contributes to the short SBSL duration.

To understand the ionization process within the bubble,
we also computed the spatial distribution of the ionization
energy as well as the degree of ionization and opacity of
SBSL at different time points using the method reported in
Refs. [24,30] [see Fig. 5]. It was found that ionization mainly
occurred during the scintillation stage of the bubbles. When
the bubble reached its highest temperature at point D, at the
bubble’s core, the ionization energy of Ar atoms was substan-
tially lowered to approximately 10.38 eV, surpassing the ini-
tial ionization energy of Eu(II), which is approximately equal
to 2.95 eV. Given that the standard ionization energy for Ar
is 15.8 eV, this indicates a reduction of roughly 34.30% in
the ionization energy of the Ar atoms. In addition, we calcu-

lated the degree of ionization that represents the proportion
of electrons within the bubble relative to the overall count
of atoms and molecules present, and found that it was about
5.79%. Throughout the cycle, the maximum ionization oc-
curred in the bubble’s core, decreasing abruptly around the
bubble’s perimeter. The opacity was calculated by multiply-
ing the absorption coefficient (kλ ) with bubble’s radius (R).[21]

In scenarios where kλ R is considerably greater than one, the
spectral line emission is inhibited. Conversely, when kλ R is
much less than one, these lines become observable. At the
wavelengths of 381 nm and 413 nm, kλ R is approximately one
at moment D, making the bubble translucent. During other
instances of A, B, C, and E, kλ R is much less than one, ren-
dering the bubble transparent, allowing for the appearance of
line emissions (with the exception of moment E owing to the
accumulation of spectral radiation).
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Fig. 5. Spatial distributions of (a) ionization energy, (b) the degree of ionization, (c) kλ R at λ = 381 nm, and (d) kλ R at λ = 413 nm in the bubble. The black,
red, blue, green, and purple lines correspond to the specific moments A, B, C, D, and E as indicated in Fig. 2(a).

3.2. Spectral characteristics of Eu(II) emission

In order to further explore the characteristics of the Eu(II)
emission spectrum of SBSL, we simulated eight driving pres-
sures (Pa1,Pa2,Pa3,Pa4,Pa5, . . . ,Pa8) under 0 ◦C EuCl2 solution
of Ar bubbles (see Figs. 6 and 7), where the bubble’s origi-
nal radius is R0 = 4.80 µm and the acoustic drive frequency is
27 kHz. This simulation shows the physical changes inside the
bubbles at different driving pressures and the effects of these
changes on the Eu(II) emission spectrum.

For simplicity, we treated the EuCl2 solution as a sim-
ple water-based treatment in our calculations. The spectral
line of the Eu(II) ion in the range of 0.36 µm–0.43 µm
is prominent when the minimum driving sound pressure

Pa = 1.2 atm. The SL spectra of the EuCl2 solution [Fig. 6(a)]
at the wavelengths of 372 nm, 381 nm, 390 nm, 393 nm,
397 nm, 413 nm, and 420 nm show peak values, sug-
gesting that the Eu(II) ion underwent ultrasonic decompo-
sition. The continuous spectrum of sonoluminescence is
mainly generated by five types of radiation: electron-atomic
bremsstrahlung, electron-atom attachment radiation, electron-
ion bremsstrahlung, electron–ion complex radiation, and
electron-molecular attachment radiation. In contrast, the char-
acteristic spectrum is mainly generated by molecular vibration
and rotational radiation, including transition radiation of elec-
trons in atoms and ions. Figures 6(b), 6(c), 7(a), and 7(b)
show the simulated distribution of temperature, pressure, ion-
ization energy, and degree of ionization inside the bubble when
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it attains its smallest dimension under different driving pres-
sure conditions. The temperature, pressure, and degree of
ionization inside the bubble were found to be positively cor-
related with the driving sound pressure Pa, while the ioniza-
tion energy was inversely proportional to the driving sound
pressure. The bubble’s core experiences the highest levels of
ionization and temperature, while the lowest values are ob-
served at the bubble’s wall, with pressure being uniformly dis-
tributed throughout the bubble. As shown in Fig. 7(a), at a
driving sound pressure of 1.4 atm, the ionization energy for
argon atoms at the bubble’s core is notably diminished to ap-
proximately 8.77 eV, surpassing the initial ionization energy of
Eu(II) at around 2.95 eV. Given that the standard ionization en-
ergy for argon is 15.8 eV, this suggests a reduction of roughly
44% in the ionization energy of the argon atoms. Figure 7(b)
shows that the ionization degree around the bubble’s core can
reach up to 28.17% at this point, with the bubble reaching
a maximum temperature of 24628 K. When the temperature
of the bubble core is maintained below about 16371 K, the
pressure is about 3.4243× 109 Pa, and the Eu(II) emission
peak stands out from the continuous spectral background in
the spectrum. However, as the temperature rises, the Eu(II)
emission peak gradually merges into the continuous spectrum
and disappears. This suggests that the light emission of the
Eu(II) line decreases as the overall brightness of the bubble in-
creases, indicating that sonoluminescent bubbles reaching dif-
ferent maximum temperatures will exhibit different spectral
emission profiles.

Both experimental[4,6,30,31] and theoretical[9,21,32] studies
have shown that, in single-bubble sonoluminescence, the line
spectrum of a dark bubble’s light is relatively distinct. As the
bubble becomes brighter, both the line emission intensity and
the continuous emission intensity increase with rising tem-
perature, but the continuous emission intensity increases at
a faster rate. Consequently, the line spectrum gradually be-
comes blurred or disappears into the background of the con-
tinuous spectrum, allowing the continuous spectrum to domi-
nate. This indicates that the spectral characteristics of single-
bubble sonoluminescence are closely related to the extreme
conditions within the bubble when luminescence occurs.

4. Conclusions
Although the presented calculations cannot fully repro-

duce all the experimental data, they qualitatively reveal the
characteristics of SBSL. Our simulations showed that the char-
acteristic spectra of Eu(II) ions likely originate from the tran-
sition radiation of Eu(II) ions when excited under high tem-
perature, pressure, and density conditions. The simulations
clearly showed that as the radiation power increased, the Eu(II)
ions became gradually blurred and eventually merged into the
continuous spectral background until they completely disap-
peared. Furthermore, the temperature, pressure, and ioniza-
tion within the bubble all increased as a function of the driv-
ing sound pressure, and resulted in a progressively brighter
bubble. Consequently, the light emission from the Eu(II) line
diminished as the brightness of the bubble increased.
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