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Diagnosing temperature change inside sonoluminescing bubbles by calculating line spectra
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With the numerical calculation of the spectrum of single bubble sonoluminescence, we find that when the
maximum temperature inside a dimly luminescing bubble is relatively low, the spectral lines are prominent. As
the maximum temperature of the bubble increases, the line spectrum from the bright bubble weakens or even
fades away relative to the background continuum. The calculations in this paper effectively interpret the
observed phenomena, indicating that the calculated results, which are closely related to the spectrum profile,
such as temperature and pressure, should be reliable. The present calculation tends to negate the existence of

a hot plasma core inside a sonoluminescing bubble.
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Cavitation is known to lead to an extreme condition of
high pressure and high temperature inside the cavitation
bubble [1-4]. However, due to the small dimensions (micron
size) of the bubble and the short duration (hundreds of pico-
seconds) of the extreme condition, this temperature is diffi-
cult to measure. Thus, sonofusion experiments [5-7] have
caused controversy [8,9] rather than a sensation: except for
counting very few emitted neutrons, there is no other way to
determine whether the temperature inside the bubble could
meet the criteria for thermonuclear fusion. A few years ago,
moving single bubble sonoluminescence (SBSL) in 85% sul-
furic acid (H,SO,) was observed. The bubble was thousands
of times brighter than the SBSL in water (H,O) [10]. In
addition, the prominence of atomic and ionic spectral lines or
bands could be measured [11]. Therefore, it was assumed
that a high temperature plasma core existed inside the
sonoluminescing bubble. Nevertheless, no other evidence
was found to support this supposition.

Recently, experiments have detected stable SBSL in 85%
H,SO, with similar brightness [12,13]. Although the bright-
ness of the sonoluminescing bubble may be roughly indica-
tive of the temperature, we have found that some SBSL
bubbles of a larger size are much brighter than the hotter, but
smaller, ones. In fact, the brightness is correlated with both
the maximum temperature and the bubble size [14]. Some of
the SBSL spectra look similar to a blackbody radiation spec-
trum [15,16], and it is possible to obtain the fitted tempera-
ture using the blackbody radiation formula. However, it is
unreasonable to simply take the fitted temperature as the real
temperature inside the sonoluminescing bubble for a number
of reasons. First of all, the temperature inside the bubble
varies temporally and spatially as the bubble flashes. Second,
many of the sonoluminescing bubbles are not opaque [17], a
condition inappropriate for the application of the blackbody
radiation formula. Lastly, the wavelength range of the SBSL
spectrum (200-800 nm) is too narrow to obtain a reliable
fitted temperature [18].

Since a direct measurement of the temperature inside the
bubble is impossible, one may suggest an indirect way, for
instance through calculations. A numerical simulation can
prove quite helpful in this type of situation. In general, the
calculation involves partial differential equations of the fluid
mechanics and depends on many thermodynamic parameters
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of the gases and the liquids, as determined by experiments
[18]. In addition, the slightly different Rayleigh-Plesset (RP)
equations [19] governing the bubble motion result in a rela-
tively large difference to gas dynamics [20]. The question
then arises with respect to the reliability of these types of
calculated results. The latest SBSL calculation illustrates that
the emission of an atomic or molecular line spectrum com-
petes with the processes of the free-free or free-bound con-
tinuum, and the relative strength between these is sensitively
dependent on temperature [17]. When the temperature inside
the bubble is around 10 000 K, the emission of an atomic or
molecular line spectrum dominates the SBSL. As the tem-
perature rises, the emission of the free-free or free-bound
continuum gradually overwhelms the spectral line emission
processes and the spectral lines gradually merge into the
background of the continuum spectrum. Thus, if the calcula-
tions can reproduce the phenomena such as the relative
strength between the spectral lines and the continuum of the
SBSL spectrum, then the other results tightly related to those
phenomena, such as the temperature inside the bubble, are
likely to be correct.

The present calculation is based on the numerical simula-
tion model reported in Refs. [17,18] but covers the additional
computation of molecular, atomic, and ionic spectral lines, as
well as their broadening caused by the collisions between
particles (atoms, molecules, ions, and electrons) or reso-
nance. In this model, the equations of fluid mechanics of two
gas components, i.e., inert gas [21] and water vapor, are em-
ployed to describe gas dynamics inside the bubble. The mass
action law [22] is applied to evaluate the production of the
chemical reaction and the ionization. At the boundary of the
bubble, the phase transition of vapor and heat exchange are
considered, while outside the bubble, the energy balance
equation is solved to calculate the heat flow. The free-free or
free-bound continuum processes of the electron-neutral atom
bremsstrahlung [23], the electron-ion bremsstrahlung and re-
combination radiation [24], and the radiative attachment of
electrons to atoms and molecules [18,25-27] are included in
the light emission calculation. The calculation formulas are
almost the same as those deduced in Refs. [17,18], with a
few others listed below. First of all, for the RP equation
governing the variation of the bubble radius, we adopt the
following form:
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FIG. 1. An Ar bubble in 85% H,SO, at 20 °C under four different p,=1.5, 1.7, 2.0, and 4.0 atm marked as A, B, C, and D, respectively.
(a) Energy spectra, (b) temperatures as the bubbles are at their minimum size, and (c) corresponding pressures.
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where 7 is the time, R(7) is the radius of the bubble, p., is the
ambient pressure, p,(f)=—p, sin(wt) is the driving acoustic
pressure, 1r=R/c;, ¢; is the speed of sound in the liquid at
ambient temperature and 1 atm pressure, and p;=p,(R,?)

—49R/R-20/R is the pressure on the liquid side of the
bubble wall, p,(R,t) is the pressure on the gas side of the
bubble wall, 7 is the dynamic viscosity, and o is the surface
tension coefficient of the liquid. For water, p; and ¢; are
calculated with the Tait equation, while for 85% H,SO,, ow-
ing to the lack of relevant parameters, p; and ¢, are treated as
constants. Applying a fixed p; and ¢; in Eq. (1) would affect
the calculation results; however, since the viscosity and den-
sity of 85% H,SO, are about 13 and 1.8 times of water,
respectively, we find that, unlike the case for water, whether
p; and ¢; are variable or not, the calculated results do not
change substantially. In particular, no significant differences
occur in terms of the calculated profile of the spectrum. Sec-
ond, we suppose that the spectral line emission of Ar or Ar*
is attributed to thermal excitation, and for the transition i
— j, the power of radiation per unit volume may be evalu-
ated as

—hv; kT
n,g.e i
p,=—8i€ T 4 hy 2)

bi _EgkT WURP
Ek gre *

where n, is the number density of Ar or Ar* inside the
bubble, g; is the Landé factor of the ith energy level £}, A, ; is
the transition probability [28], and & is the photon energy.
Finally, for the O,/Ar bubble, the emission of oxygen mol-
ecules can be negligible [29]; however, the vibrational and
rotational transitions of A *IT,— X ZHg second negative sys-
tem of the O," should be taken into account because these
spectral lines have been observed in the SBSL spectrum.
Using an analogy of the OH radical light emission
[25,30-32], we assume that the ionic O," emission is attrib-
uted to the chemical excitation, which is supposed to be

O+0+M=0,"*+e +M. (3)

Here, M represents other atoms, molecules, or ions. Consid-
ering a transition from the excited state O,"* (A ’T1,) with
vibrational and rotational quantum numbers v and J, respec-
tively, to the O," (X 2Hg) state with v’ and J’, the power of
radiation per unit volume of that transition can be calculated
as

(2J+ l)e—E(U,J)/kT

_ vv' 4 JJ'
PvJ,v’./’ = knononyf 0 U,'bA hVuj,v’J' ,
v,J

rot

(4)

where #; is the particle number density of i species, f is the
factor for estimating the radiation quenching by collisions
with other particles [25,33], Q,; is the partition function, and
E(v,J) is the energy of the vibrational and the rotational state

(v,J). The relative vibrational transition probability Aﬁfb’ can
be found in Ref. [34], and the rotational part A” can be

evaluated by the Honl-London formulas [31]. Tﬁé photon
energy is given by hwv,;, ;. We notice here that k, is the
coefficient of the reaction rate, but no data are available for
the reaction [Eq. (3)]. As a rudimentary attempt, k, for the
reaction O+H+M — OH*+M is applied to the reaction [Eq.
(3)]. More details regarding reaction [Eq. (3)] will follow
later.

We shall now calculate the case of an argon bubble with
an ambient radius Ry=13.5 wm in 85% H,SO, at 20 °C at
the sound wave frequency f=37.8 kHz. The calculated
SBSL spectra for four cases are illustrated in Fig. 1(a). The
OH radical spectral lines at the region of 0.30-0.36 um and
Ar atom spectral lines at the regions of 0.41-0.45 wm and
0.68—0.88 um are visible for the case of lowest amplitude
of driving acoustic pressure p,=1.5 atm. As p, increases,
the light intensity of the SBSL rapidly goes up and the OH
molecular spectral lines quickly disappear as the vapor pres-
sure of 85% H,SO, is low. As well, the Ar atom spectral
lines gradually diminish relative to the continuum. If one
compares these curves to those in Fig. 2a in Ref. [10], the
calculated results can be seen to demonstrate a similar trend
to that of the measured data in terms of the change of the
intensity of the atomic spectral lines relative to the con-
tinnum. Some data, such as the ambient radius of bubbles,
are not mentioned in Ref. [10], making an exact comparison
between the calculation and observation impossible in the
present calculation. Nonetheless, the calculated spectrum of
the SBSL seems reasonable. Corresponding to the four cases
in Fig. 1(a), the distributions of temperature and pressure
inside the bubbles, when they are at their minimum size, are
illustrated in Figs. 1(b) and 1(c), respectively. When the tem-
perature is below 20 000 K, it is readily apparent that those
molecular or atomic spectral lines are prominent at the back-
ground of the continuum and that they decline as the tem-
perature rises. These findings reveal that the sonoluminesc-
ing bubbles experiencing different maximum temperatures
also present different profiles of their spectra. The spectrum
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FIG. 2. An Ar bubble in 85% H,SO, for case D in Fig. 1. (a)
Radiation power of the bubble vs time for moments marked from A
to F, (b) energy spectra, (c) temperatures, (d) number densities of
ionized electrons, (e) absorption coefficient x, times the bubble
radius R at A=310 nm, and (f) at A=812 nm.

of the SBSL in H,SO, with the prominence of spectral lines
probably indicates that the temperature inside the bubble at
its minimum size is lower than 20 000 K. However, if only
the fuzzy spectral lines appear in the spectrum or the spec-
trum is just the continuum, the maximum temperature inside
the bubble should be higher than or much higher than
20 000 K. In addition, one may notice that there is a huge
difference between these temperatures in Fig. 1(b) and the
blackbody fit temperatures in Fig. 2b in Ref. [10].

Recently, the streak camera has captured the way in which
the spectral continuum gradually overwhelms the atomic
spectral lines within a single flash duration of a bright SBSL
[13]. Since some parameters, such as the ambient radius of
the bubble, are not provided in the paper, we will not process
the exact simulation of the measured data. However, we are
able to reproduce this observed phenomenon with the nu-
merical simulation and can even diagnose the temperature
changes inside the sonoluminescing bubble during one flash
period. We choose the case of p,=4.0 atm in Fig. 1. Figure
2(a) illustrates the radiation pulse per flash of this bubble,
and we select six moments during the flash, i.e., points A-F,
to evaluate the time-dependent radiation energy spectrum
[see Fig. 2(b)] and corresponding temperatures and number
densities of the electron [see Figs. 2(c) and 2(d)]. Since the
radiation energy spectrum is a time-accumulating effect of
light emission, it always increases as time progresses. As the
radiation power increases from A to E [see Fig. 2(a)], the
entire background of the continuum rises. The OH lines in
the region of 0.30-0.36 wm and the Ar* ionic lines near
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0.4 um quickly disappear, while the prominence of the Ar
atom spectral lines at the regions of 0.41-0.45 um and
0.68-0.88 wm gradually decreases [see Fig. 2(b)]. At F, the
light goes out and the corresponding energy spectrum di-
vided by the sound wave period is just the radiation power
observed in experiments.

From A to E, there is an obvious increase in temperature
and electron number density [see Figs. 2(c) and 2(d)]. The
ionized electron number increases with the temperature, but
the ionization consumes a substantial amount of thermal en-
ergy and hinders the further increase of that temperature.
Through calculation, we find that if no molecular dissocia-
tion and ionization were to take place, the maximum tem-
perature inside this bubble would be 220 000 K instead of
60 000 K. In addition, at the center of the bubble, almost all
of the atoms are ionized, but as the temperature decreases
along the bubble radius, the number density of ionized elec-
tron rapidly declines [see the curves in Fig. 2(d)]. This indi-
cates that the ionization is sensitive to the temperature. In the
present calculation, only the ionization of one electron from
one atom is considered. If the temperature gets much higher,
the ionization of the second electron of the atom should also
be taken into account and there should be a greater consump-
tion of the thermal energy. The ionization energy of the sec-
ond electron is much higher, and its ionization should pre-
vent any further increase in the temperature. Thus, it seems
to be impossible to reach a temperature of millions of de-
grees inside the bubble, through acoustic cavitation, because
all of the electrons in the atom should be taken off in order to
reach that temperature.

On the other hand, the intensity of the spectral lines rela-
tive to the continuum is of significant concern in terms of the
absorption coefficient k). For the transparent case kyR<<1,
the spectral lines may appear, while for the opaque case
k\R>1, these lines are suppressed. For A=310 nm, the
bubble remains transparent most of the time, only becoming
opaque at its maximum temperature [see Fig. 2(e)]. The ab-
sence of the OH lines at 310 nm is due to too few OH
radicals and their radiations are overwhelmed by the con-
tinuum. For A=812 nm, in cases D and E, except for the
inner rim, the bubble is opaque [see Fig. 2(f)], which means
that during the flash, it is mostly opaque [see Fig. 2(a)].
However, the Ar atomic lines at vicinity of 812 nm are vis-
ible even though they look fuzzy at the end. There are two
reasons for this. (1) The spectra of Fig. 2(b) are accumulated
results; for example, at moment C, the bubble is not com-
pletely opaque [see Fig. 2(f)]. Therefore, the line spectrum
emission occurs, which will scrape up to the spectrum; (2) at
moment D, the inner rim of the bubble is still transparent
where the line spectra survive.

Relatively speaking, explaining the appearance of an O,*
ionic line spectrum in the SBSL is problematic. Since the
excitation energy of O, is about 18 eV, which corresponds
to a temperature of 180 000 K or so, it is natural and under-
standable that one assumes the occurrence of a hot plasma
core inside the bubble when the temperature of a blackbody
fit is only about 10 000 K [10]. However, in the present
calculation, the maximum temperature inside the sonolumi-
nescing bubble is a few tens of thousands of degrees. Plasma
forms in the center of the bubble but it is not hot enough
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FIG. 3. A bubble filled with 50% Ar and 50% O, in 85% H,SO, at 20 °C under three different p,=1.9, 2.2, and 2.5 atm marked as A,
B, and C, respectively. (a) Energy spectra of O," ions at the range of 0.21-0.31 wum, (b) energy spectra at the range of 0.2-0.9 um, and

(c) the maximum temperatures.

either to produce the high-energy electron that may excite
0," via impact or to thermally excite a sufficient amount of
0,". The only possible choice in the present model is to
assume that the O," is excited through a chemical reaction.
However, we find that the reaction rate of the possible reac-
tion O+0*=0,"+hv is too low [35] to effectively interpret
the observation. The other possible two body reactions, such
as 02+e=02+*+26, are less important because most of the
oxygen molecules in a high temperature circumstance are
already decomposed into the atoms. In addition, the high
pressure and high temperature circumstance inside the
bubble is usually favorable for a three body reaction. There-
fore, we have to assume that the 02+ is excited through a
three body reaction. Analogizing to the excitation process of
the OH radical [25,30-32] with which we have successfully
interpreted the OH radical spectral lines in SBSL [17], we
further assume that the three body chemical reaction is what
is expressed in Eq. (3). Our trial calculation excludes another
possible process: O+O0*+M=0,"*+M. As mentioned ear-
lier, there are no data for k, for the reaction [Eq. (3)], and in
addition, some parameters are not provided in the experi-
mental reports [10,11]. Therefore, the following calculation
remains tentative: since the O, ionic spectral lines are ob-
served in 85% H,SO, gassed with a mixture of O, and inert
gas, as a trial calculation, the bubble is assumed to be filled
with a 50% Ar and 50% O, mixture, and its light emission
processes are computed. For the bubble with ambient radius
of 13.5 um in 85% H,SO, at 20 °C, we compare three
cases with different p,. The spectrum of A *II,— X 2Hg sec-
ond negative system of O, is at the range of
0.21-0.31 wm, as shown in Fig. 3(a). These O," ionic spec-
tral lines are obvious for the p,=1.9 atm case and gradually
weaken as p, increases. For p,=2.5 atm, the spectrum al-
most merges into the continuum background. Compared to
the emission intensity in Fig. 1, prominent O," ionic spectral
lines appear in the spectrum of the dimly luminescing
bubble, similarly to the prominent Ar atomic spectral lines,
which is qualitatively consistent with the experimental obser-
vations [11]. Figure 3(b) shows a wider spectrum range and
it more clearly demonstrates that both the O," ionic and Ar
atomic spectral lines evolve in a similar manner. It is obvious
that the maximum temperature inside the bubble increases
with p, [see Fig. 3(c)], but these temperatures are merely a
few tens of thousand degrees. In fact, it is the chemical dis-
sociation of O, that prevents the increase of the temperature
inside the bubble. One may notice that although p,
=2.0 atm for bubble C in Fig. 1, its maximum temperature is

about 20 000 K. In contrast, for bubble B in Fig. 3, filled
with a 50% Ar and 50% O, mixture, p,=2.2 atm can only
achieve a maximum temperature of about 13 000 K. Figure
4 shows that in the latter case, most of the O, molecules are
decomposed to O atoms, known as the process of decales-
cence, whereas in the former case, there are only a few water
vapor molecules involved in chemical reactions. It is obvious
that a higher O, composition inside the bubble leads to a
lower maximum temperature.

In contrast to the SBSL in H,SO,, where the appearance
of an atomic line spectrum of a noble gas is common [10],
the typical spectrum of the SBSL in water is usually feature-
less and a line spectrum is rarely observed [12]. To under-
stand this phenomenon, we consider the case of an argon
bubble with the ambient radius of Ry=4.0 um in water. Fig-
ure 5 shows the SBSL spectra and the corresponding maxi-
mum temperatures and pressures for three different cases.
For the dimmest bubble, the molecular and atomic spectra
are prominently visible although the Ar atomic lines near
0.8 um are broadened to a band [see curve A in Fig. 5(a)].
As the SBSL intensifies, these molecular and atomic spectra
rapidly merge into the continuum background and only small
fuzzy ripples remain, which are hard to recognize as molecu-
lar or atomic spectral lines [see curves B and C in Fig. 5(a)].
On the other hand, comparing curves B and C in Fig. 5(b)
with curve D in Fig. 1(b), we notice that although the maxi-
mum temperatures of cases B and C are lower than that of
case D in Fig. 1, the spectral lines of case D are clearer. This
is because the definition of the spectral line in the SBSL
spectrum is dependent not only on the maximum temperature
but also on the pressure. Comparing curves B and C in Fig.
5(c) with curve D in Fig. 1(c), we find that the pressure in
case D is much lower. Since the viscosity of H,O is much
lower than that of H,SO,, in general, the bubble compression
in water is more severe. In addition, much more vapor re-
mains inside the bubble in H,O and, as the bubble collapses,
the vapor dissociates into monoatoms. The van der Waals
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FIG. 4. The particle number densities inside the bubble corre-
sponding to (a) case C in Fig. 1 and (b) case B in Fig. 3.
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excluded volume increases, which leads to the increase in
pressure and the enhancement of the collision broadening of
spectral lines. For this reason, spectral lines of the SBSL
were previously observed in H,SO,4 but not in H,O.

The present calculation can effectively interpret the ob-
served phenomena that concern the line spectrum of the
SBSL. Therefore, these calculated results of temperature and
pressure, which are tightly connected with the spectrum pro-
file, should be reasonable. When the maximum temperature
is relatively low, SBSL bubbles of the same size are dim and
the spectral lines are prominent. As the maximum tempera-
ture increases, the bubble gradually becomes bright and the
spectral lines turn weak or even disappear into the continuum
background. That is, the spectral line emission dominates the
dim SBSL (usually with lower temperature), whereas the
continuum dominates the bright SBSL (usually with higher
temperature). The reasons are (a) although the emission in-

tensity of both the continuum and the spectral lines increases
with temperature, the increase in the continuum is much
faster than that of the spectral lines and (b) in general, the
temperature and pressure inside the bubble increase together,
and the increase in collision broadening of the spectral lines
follows. Similar phenomena can take place during a single
flash period of the SBSL. On the other hand, we find that
although there is an extreme difference in the brightness be-
tween the SBSL in H,O and that in H,SO,, the maximum
temperatures inside the bubbles are of the same order of
magnitude, namely, tens of thousands of degrees. It is the
ionization that prevents the further enhancement of the maxi-
mum temperature inside the bubble. At higher temperatures,
more electrons are ionized and more thermal energy is con-
sumed.
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