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The characteristics of sonoluminescence*
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Cavitation luminescence is light emission from gases that are compressed to high temperature and high pressure

inside a bubble or group of bubbles. The numerical simulation in this study indicates that if the temperature and pressure

inside a bubble are not high enough, then dim and spectral line emission dominates. However, if the temperature

and pressure inside the bubble are very high, then the light is bright and a continuum spectrum will be generated.

Calculations of the spectrum using modified equations of bubble motion can simulate the spectral profile well. However,

pulse width calculations using these equations only partly agree with the experimental results.
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1. Introduction

Studies of sonoluminescence

(SBSL)[12] have achieved significant progress dur-

single-bubble
ing the past 20 years. A gas bubble in a liquid is
compressed by an acoustic wave with a frequency in
the range 20-40 kHz. The gas is rapidly (in a few
nanoseconds) heated to a high temperature (a few
tens of thousands of degrees), and the bubble then
flashes with each cycle of the driving acoustic wave.
This is merely compressed hot gas light emission.3~7!
During the processes, noble gas rectification®! occurs
in the bubble. The gas is therefore primarily a noble
gas in a mixture with the surrounding liquid vapor.
Recent calculations!®!% have revealed that as the
maximum temperature inside the bubble approaches
10,000 degrees, molecular or atomic-line spectral emis-
sion dominates. Then, as the temperature increases
further, emissions from bubbles of similar sizes be-
come brighter, and the contribution from the con-
tinuum overwhelms the line spectra and dominates
the light emission. Processes such as bremsstrahlung
(electron—neutral atom, electron—ion) and recombina-
tion radiation, and the radiative attachment of elec-
trons to atoms or molecules, contribute to continuum
generation. Finally, as the temperature increases over
a few tens of thousands of degrees, the electron—ion
bremsstrahlung and recombination radiation over-
whelm the other contributions, which agrees with the
experimental observations of SBSL spectra.l'’:12] In
addition to the temperature, the pressure also affects
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whether the line spectrum is prominent. In this pa-
per, we will present the simulation data to provide
more concrete evidence for the above arguments.
Another goal of this study of SBSL spectra is to
identify the correct form of the bubble motion equa-
tion from several candidates.['3~19 There are many
slightly different forms of bubble motion equations,
which are called Rayleigh—Plesset (RP) equations.
These equations were derived using the low-speed as-
sumption that the speed of the bubble wall is much
smaller than that of the sound in the surrounding lig-
uid. If we look at the motion of a sonoluminescing
bubble during one period of the sound wave, this as-
sumption is valid except during the short period (a
few nanoseconds) when the bubble is compressed to
its minimum size. In this case, the speed of the bub-
ble wall is close to the speed of sound. Therefore, the
equation may be invalid. To approximate the bubble
motion, we need to extrapolate the RP equation to
this moment, in which the low-speed assumption does
not hold. Although it is very short, this is a critical
It is the moment when the bubble flashes,
and some most important hydrodynamic, thermody-

period.

namic or chemical processes occur during this period.
The RP equations with slightly different forms give
similar results for the bubble motion. However, for
this short period, these variant forms yield very dif-

(9] This may result in

ferent hydrodynamic results.
the changes in the SBSL spectrum. By comparing

the numerical calculations with the experimental data,
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we can identify which equation is the best candidate
for accurate reproduction of the experimental obser-
vations. Currently, the calculated spectrum does not
rigorously reproduce the experimental data. However,
the observed SBSL spectral profile can be estimated

9.10.21] Ty fact, to achieve a match

using this method.
between the calculation and experimental results, we
need not only an accurate equation of bubble motion
but also other parameters, such as the bubble size
and the intensity of the driving acoustic wave. How-
ever, we were unable to find this data accompanied
by observations of the SBSL spectrum in any previ-
ous reports. Fortunately, there is other information
available. For example, in the case of SBSL bubbles
in water, some spectra are almost featureless.??] This
type of emission spectra tends to come from bubbles
with the brightest output. For stable SBSL bubbles,
there is an upper threshold for their ambient radii Ry,
and for the amplitude of the driving acoustic pres-
sure p,.2324 The upper threshold of Ry has been
attributed to shape instability.?®) However, the up-
per threshold of p, is caused by spherical asymmet-
rical perturbation of the acoustic pressure (about a
few Pa).?® Generally, when the upper threshold of
pa is approached, the bubble light emission reaches
its brightest point and the continuum dominates its
spectrum.

In addition to spectral effects, the calculated full
width at half maximum (FWHM) of the SBSL pulse
may also be affected by the bubble motion equation.
The differences between the slightly different RP equa-
tions are accented as the bubble approaches its mini-
mum size. Thus, when the bubble flashes, the calcu-
lated SBSL pulse width may differ according to the
chosen RP equation. When compared with experi-
mental results, this calculation may provide valuable
information on the RP equation.

2. Theory and formulas

We developed a model to simulate the flash in a
spherical bubble. We assumed that a mixture of inert
gas and water vapor fills the bubble. In addition, the
evaporation and condensation of water vapor occurs
at the bubble wall, but the inert gas is confined to the
bubble. Many properties were considered in the cal-
culation, such as the viscosity, diffusion and thermal
conduction of the gas. The heat exchange between the
gas in the bubble and the surrounding water, chemical
dissociation of hot gases and the ionization of atoms

or molecules were also considered. Most of the impor-
tant light emission processes in the hot gas (at tem-
peratures of a few tens of thousands of degrees) are
included in the model. These processes include the
emission of atomic and ionic spectral lines of the in-

(27] molecular spectral emission of OH radicals

ert gas,
near 310 nm, the radiative attachment of electrons
to atoms or molecules, and bremsstrahlung (electron—
neutral atom and electron—ion) and recombination ra-
diation. These processes depend on the local pressure,
density and temperature, which can be calculated by
solving the partial differential equations for the fluid
The boundary is the
moving bubble wall, and its motion can be described
by the RP equation.'3~19 For details on this model,
please refer to Refs. [6], [9], and [10].

The simple form of the RP equatio

mechanics inside the bubble.

nlt3-16] jg a9

follows:

RR+ 3R = —— o= poe = pu(t + )] + 2, (1)
where R(t) is the radius of the bubble, pio is the
ambient liquid density, p., is the ambient pressure,
ps(t) = —pasin(wt) is the driving acoustic pressure,
tr = R/Cl0, With ¢ being the sound speed in the
liquid at ambient temperature and pressure (1 atm,
L atm = 1.01 x 10° Pa). p; = pg(R,t) —4nR/R—20/R
is the pressure on the liquid side of the bubble wall,
where pg(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. Equation (1)
may be modified in the low speed limit.['7~1 This is
the case in which the speed of the bubble wall is much
smaller than the speed of sound in the liquid. One
modification is the Keller—Miksis form as!*8]

.. M\ .
(1—M)RR+% (1—3) R?

= (14 M) [~ poe — el + LR + o, (2)
Ploo Ploo
where M = R/cio is the bubble-wall Mach num-
ber, which includes the effects of liquid compressibil-
ity. Another modification employed in this work is
the simple math approximation.?8! Because Eq. (2) is
valid for the case |M| << 1, it is nearly equivalent to
replacing 14 M with e and 1— M/3 with e~ /3 [29]
This modified equation is

MR+ ge—mz:zz

1 tr .
= e]wi I — Poo _ps(t"_tR)} + ipl- (3)

Ploo loo
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The advantage of this form is that the sign of any term
in Eq. (3) does not change with the changes in M.
Equations (1)—(3) are valid for |M| < 1. How-
ever, it is unclear whether the equations are valid
or not for |M| ~ 1. Unfortunately, in the case of
SBSL, at the moment of the bubble flash |[M| ~ 1,
because the duration of |M| ~ 1 is short, we may
extrapolate the RP equation or its modified form to
this period. Furthermore, in Egs. (1)-(3), we can
simply replace ¢, and pjo, with ¢ and p, respec-
tively, where ¢; and p; are the sound speed and the
liquid density on the liquid side of the bubble wall,
respectively. These values can be determined using
the Tait equation, and this modification makes the
extrapolation of the equation to the |M| ~ 1 pe-
riod more reasonable.®) Though there are many other

possible modifications,17—19:28]

we consider only these
six cases, namely Eqs.(1)—(3), and the three corre-
sponding modified equations, in which ¢, and pie
are replaced with ¢; and p;, respectively. For sim-
plicity, we call Eq. (1) RP, Eq. (2) KM, and Eq. (3)
KM_EXP, and their modified versions are MRP, MKM
and MKM_EXP, respectively.

3. Numerical results and discus-

sion

3.1. The contribution percentage of the
spectral lines and continuum

Experiments!*+12:31] and simulations!®10:32] have
shown that the spectral lines in the SBSL spectrum
are prominent for dim bubbles, but broaden into the
continuum background for bright bubbles. From this,
it is apparent that there is a connection between the
spectral profile and the conditions inside the bubble as
it flashes. To verify this, we use the maximum temper-
ature inside the bubble at its minimum size and the
corresponding pressure to approximate the extreme
conditions inside the bubble. Furthermore, two new
quantities are introduced to describe the characteris-
tics of SBSL. First, to represent the contrast of the
spectral line and its continuum background, we define

Iline - Ibg
o= ——- 4
" (@

where Ijine and I,z are the intensities of the most
prominent spectral line and its continuum back-
ground, respectively. Second, to calculate the con-

tribution of the spectral lines, we define

Nlines
= 9 5
=N (5)

where Nijpes and Niot are the line emission and to-
tal photon numbers, respectively. For every sonolu-
minescing bubble, the maximum temperature of the
bubble is reached at its minimum size and the corre-
sponding pressure constructs a phase space where «
or § is calculated. This phase diagram can be used
to connect the SBSL spectral profile to the extreme
conditions inside the bubble.

Figure 1 shows a phase diagram of an Ar bubble
in water with a radius of 4.5 um. Generally, if « is
less than 20%, the spectral line on the continuum is
significantly broadened. In Fig. 1, cases with signifi-
cantly broadened spectral lines are concentrated in the
high temperature and high pressure area. However,
for cases with o > 100%, very clear spectral lines are
concentrated at low temperatures (< 20000 K) and
pressures (< 10° atm). For Xe bubbles, only the OH
molecular lines near 310 nm are considered in the cal-
culation of a. This result is similar to what is found
for Ar bubbles (see Fig. 2). In fact, the result is in-
dependent of the type of inert gas filling the bubble.
This calculation also reveals how « depends on the
luminance of SBSL. The luminance of the bubble is
proportional to its emitted photon number per flash.
Figure 3 shows that a decreases as the bubble be-
comes bright, which agrees with the experimental ob-
servations. The calculation of 3 shows the same trend.
Figure 4 shows that the emission of light contributed
to the spectral line decrease with increasing bubble lu-
minance. Therefore, for bright bubbles, the contribu-
tion coming from the continuum is dominant, and for
dim bubbles, the line emission dominates. The phase
diagrams of # and « show the same results (see Figs. 1
and 5). We can estimate the temperatures and pres-
sures inside the bubbles through observation of their
SBSL spectra. To explain the above arguments visu-
ally, we select three typical cases, which are shown in
Fig. 5 (circled points), and their corresponding spec-
tra are shown in Fig. 6. Note that the contribution
from the radiative attachment of electrons to atoms
or molecules is overestimated in Ref. [6]. In fact, it is
similar to the contribution from the bremsstrahlung
(electron—neutral atom, electron—ion) and recombina-~
tion radiation for dim bubbles (see curve a in Fig. 6),
but is negligible for bright bubbles (see curves b and ¢
in Fig. 6). The atomic lines in the range 600-900 nm
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for the dim Ar bubble should have been observed in
the experiment. Unfortunately however, in that ex-
periment the observation was restricted to the range
270-500 nm. 'l In addition, SBSL has been simulated
in sulfuric acid. These cases showed similar trends to
those in water.1% In fact, cavitation luminescence is
also the light emission of gases which are compressed
to high temperature and pressure inside a bubble or
group of bubbles. The calculated results revealed that
the light emission characteristics of the bubble are in-
dependent of the ambient liquid, the type of driving
force (acoustic wave or other mechanical fluid motion),
or whether the bubble is isolated or in a group.
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Fig. 1. Calculated phase diagram of « in the phase space
formed by the maximum temperature of an Ar bubble at
its minimum size, and the corresponding pressure.
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Fig. 2. Same as Fig. 1, but for Xe bubbles, and only OH
molecular lines near 310 nm are considered in the calcula-
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Fig. 3. Calculation of a versus the photon number per
flash from an Xe bubble with a radius of 4.5 pm.
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Fig. 4. Calculation of 3 versus the photon number per
flash from an Ar bubble with a radius of 4.5 um.
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Fig. 5. Calculated phase diagram of 3 in the phase space
formed by the maximum temperature of an Ar bubble at
its minimum size, and the corresponding pressure.
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Fig. 6. Calculated spectra of an Ar bubble, where curves
a, b and ¢ correspond to the circled points A, B and C
in Fig. 5, respectively. Each point corresponds to three
curves in this figure. The dashed lines only considered
contributions from the bremsstrahlung (electron—neutral
atom, electron—ion) and recombination radiation. We then
superadded the contribution from the radiative attach-
ment of electrons to atoms or molecules to obtain the total
continuum (dotted lines). Solid lines are the total of the

continuum and the spectral lines.

3.2. RP equations

In the Ro—p. parametric space, there is a stable
SBSL region. We choose the case of bright SBSL bub-
bles because their spectra are usually featureless. In
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0°C or room temperature water, if the expansion ra-
tio of an Ar bubble is larger than eight, then the bub-
ble is bright because the number of photons per flash
reaches 5 x 10°.122! In this study, we consider bubbles
with Ry = 4.5 um in 0°C and 20°C water, driven by
an acoustic wave with a frequency of f = 31.9 kHz
and f = 33.8 kHz, respectively. For these calculations
pa = 1.4 atm. All six equations yield almost the same
bubble radius and expansion ratio R,,/Ry > 9, where
Ry, is the maximum radius of the bubble. Therefore,
experimentally, it should be a bright bubble and its
spectrum should be featureless. However, the numer-
ical results using the six equations are very different.
In fact, we found that the deviation primarily comes
from their extrapolation for the |M| ~ 1 case. This
is the moment when the bubble is violently collaps-
ing. Therefore, the density and the speed of sound
of the surrounding liquid increase rapidly. To identify
the best equation for this extrapolation, we compared
their results with the experimental data.

Figure 7 shows the calculated spectra of the Ar
bubble in water for the six equations. We then qual-
itatively compared these spectra with the observed
one (Figs. 54-56 in Ref. [22]). It can be seen that the

[ —__mp --—- MRP
. - ---- MKM
!E e MIKM_EXP
= 10-10
= b_____
~
8
&
8
2 -
g RN &
o] 10-11 Ar 0°C water i X
(2)
200 400 600 800
Wavelength /nm
— RP --=- MRP
10k
R S ---KM - MKM
T N KM_EXP - MKM_EXP
g
=
E 101t
~
8
&
=
bl
a«fg .
10712f
(b) . : s
200 400 600 800
Wavelength /nm

Fig. 7. Calculated Ar-bubble spectra using the six differ-

ent RP equations: (a) in 0°C and (b) in 20°C water.
spectra produced using equations MRP, MKM and
MKM_EXP are similar to the experimental observa-
tions. However, in the other equations, the spectral
lines are unduly prominent. The equation should also

be accurate for other gases. We therefore applied the
modified equations to Xe bubbles. There is usually
a maximum at the vicinity of 300 nm in the experi-
mental spectrum of Xe bubbles.[??l In this sense, the
spectrum obtained using MKM_EXP is more similar
to the experimental curve (see Fig. 8). On the other
hand, the spectral lines calculated using MKM_EXP
and MRP are more prominent than those of the exper-
imental data. Although we have combined this data
with that of the He bubble calculation (see Fig. 9), it
is still difficult to identify the best equation. There-
fore, we need to investigate another characteristic of
SBSL, namely the pulse shape.
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Fig. 8. Calculated Xe-bubble spectra using the three dif-

ferent RP equations.
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Fig. 9. Calculated He-bubble spectra using the three dif-
ferent RP equations.

The pulse shapes produced using the three equa-
tions are very different. For the Xe bubbles in 0°C
water, the pulse widths produced by MKM and MRP
are about 200 ps (FWHM). However, MKM_EXP pro-
duces a pulse that is too wide. The calculated data
show that it is an interreflection of shock waves be-
tween the bubble center and the wall that result in
the twin-peak shape (see Fig. 10(a)). In 20°C water,
the pulse width generated using MKM_EXP is about
130 ps, which is reasonable. However, the pulse widths
produced using the other two equations are too narrow
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(see Fig. 10(b)). Furthermore, when the calculated
FWHMs are compared (see Fig. 11) with the exper-
imental results (Fig. 2 in Ref. [33]), we find that the
calculated FWHMSs for all the He and Ar bubbles are
too small. Though the calculation of the SBSL spectra
using MRP, MKM and MKM_EXP may approximate
the experimental results, the calculated SBSL pulses
do not always agree with the experimental observa-
tions. On the other hand, we find that the equation
of state of gases has little effect on the optical pulse
shape. In our model, we employed the van der Waals
equation,[8 which is a good approximation except in
the case where the gas volume is compressed to the
van der Waals hard core volume. In this extreme case,
the numerical calculation is invalid. Figure 12(a) rep-
resents the calculated temperature and the van der
Waals hard core Yv;b; when the bubble turns to its
minimum size, where v; is the ith gas mole number
and b; is its van der Waals hard core mole volume. We
see that the extreme case of Xv;b; ~ 1 only appears
in the vicinity of the bubble wall, where to make the
numerical calculation proceed, we set Xv;b;, = 0.97 if
Yv;b; > 0.97 (see curve b in Fig. 12(a)). Fortunately,
at the bubble wall, the temperature is too low to affect
the light emission processes (see curve a in Fig. 12(a)).
Thus, this treatment does not affect the accuracy of
the calculation and only lasts a very short time. In ad-
dition, we find that the pulse shape is stable to the van
der Waals hard core volume parameter. In the calcu-
lation, we try the numerical trial to adjust the van der
Waals hard core volume of Ar gas as 10% more or 10%
less than that from the experimental data. The results
are similar (see curves a, b and ¢ in Fig. 12(b)). There-
fore, we doubt whether the discrepancies between the
calculation and the experimental result for the opti-
cal pulse width raise from the inaccuracy of the RP
equation as it is extrapolated to the |M| ~ 1 case.
On the other hand, the homogeneous model ignoring
the vapor effects can produce pulse width agreement
with the experimental data,® where the RP equation
had no problem, as it is extrapolated to the |M| ~ 1
case. Though it is apparent that the present model is
more realistic than the homogeneous one, by compar-
ing our results with the results in Ref. [5], we are now

confused by the present simulation results.
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Fig. 12. For the Ar bubble in 20°C water: (a) the calcu-
lated temperature (curve a) and the van der Waals hard

core Xv;b; (curve b) when the bubble is at its minimum
size; (b) the optical pulses where the van der Waals hard
core volume for Ar gas takes experimental data for curve
b, while for curve a it is 10% more and for curve ¢ 10%
less than the experimental value.

(electron—neutral atom and electron—ion) and recom-
bination radiation. Through analysis of the calculated
data of the SBSL spectrum, we find that for dim bub-
bles, only low temperatures and pressures are reached;
typically, below 20000 K and 10° atm for Ar. In these
bubbles, molecular, atomic or ionic lines are the dom-
inant contribution to their spectra. However, for the
bright bubbles, very high temperature and pressure
are approached, and thus the continuum radiation
overwhelms the spectral line emission processes. Be-
cause this is a characteristic of high temperature and
high pressure gas radiation, we conclude that this pro-
cess is independent of ambient liquid type, cavitation
cause and the number of bubbles that are sonolumi-
nescing. The spectrum is only dependent on the gas
species and the extreme conditions inside the bubble.
However, the pulse shape depends on the duration of
the extreme conditions inside the bubble. This is sen-
sitive to the bubble motion equation.

Through calculation of the SBSL spectrum, we
evaluated six different RP equations to identify the
ideal equation for extrapolation to the |M| ~ 1 phase
case. We found that the MRP, MKM and MKM_EXP
equations seemed to be good candidates. However,
further comparison of the calculated pulse duration
indicates that they do not fully agree with the exper-
imental results.
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