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Using the equations of fluid mechanics with proper boundary conditions and taking account of the gas properties, we

can numerically simulate the process of single bubble sonoluminescence, in which electron—neutral atom bremsstrahlung,

electron—ion bremsstrahlung and recombination radiation, and the radiative attachment of electrons to atoms and

molecules contribute to the light emission. The calculation can quantitatively or qualitatively interpret the experimental

results. We find that the accumulated heat energy inside the compressed gas bubble is mostly consumed by the chemical

reaction, therefore, the maximum degree of ionization inside Xe bubble in water is much lower than that in sulfuric

acid, of which the vapour pressure is very low. In addition, in sulfuric acid much larger p, and Rg are allowed which

makes the bubbles in it much brighter than that in water.
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1. Introduction

It used to be considered that water is the favourite
liquid for single bubble sonoluminescence (SBSL)
since this phenomenon was observed.! =3 It was not
until 2000 that Suslick’s group observed a brighter
SBSL in many other low vapour pressure liquids,!
and further in 2005 they observed a moving SBSL in
sulfuric acid thousands of times brighter than that in
water.l’l Chen’s group reported that in a recent ex-
periment they observed a steady SBSL in sulfuric acid
solution as bright as the moving SBSL.[% Besides the
brightness of SBSL in sulfuric acid, the atomic line
spectrum is visible,!®! which used to be submerged in
the background of the featureless spectrum of SBSL
in water. What makes such differences of SBSL in sul-
furic acid and in water? It is easy to notice that the
vapour pressure of sulfuric acid is much lower than
that of water, therefore, different from SBSL in wa-
ter, the vapour effects of SBSLI"~10 are negligible in
sulfuric acid, and so are the contributions from the ra-
diative attachment. Another important difference lies
in the viscosity. Sulfuric acid is much more viscous
than water. The calculation of the shape instability
and Rayleigh—Taylor (RT) instability of SBSL bubbles
shows that the parameter area of stable SBSL bubbles
in the more viscous liquid is much wider. For example,

sonoluminescence, ionization, Xe bubble

driven by ultrasonic wave of frequency ~30kHz, a sta-
ble SBSL bubble in 85 wt.% sulfuric acid the radius of
the bubble Ry can be larger than 15 pm and the ampli-
tude of the driving acoustic pressure p, can extend to
6 atm,['!] while in water the maximum Ry ~ 6 um and
the maximum p, ~1.6atm (1 atm = 1.01 x 10° Pa).[*?]
On the other hand, for Xe bubble under a lower am-
plitude of driving acoustic pressure of ~1.5atm, the
experiment shows that sometimes the continuum part
of spectrum of SBSL in sulfuric acid at room temper-
ature is similar to that in water at 1°C.[*¥l Thus we
may expect that the mechanism of SBSL in sulfuric
acid at room temperature and in water at low tem-
perature should have some similarities. In order to
understand more deeply the phenomena of SBSL, we
need to make careful calculation and comparison of

their differences in sulfuric acid and in water in detail.

2. Calculation model

The present calculation model is almost the same
as that sketched in Ref.[14], where the equations
of fluid mechanics of two kinds of gas components,
inert gas and water vapour, are employed to de-
scribe gas dynamics inside the bubble; the mass ac-

(18]

tion law is applied to evaluate the production of
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chemical reaction and the ionization; the phase tran-
sition of vapour and heat exchange at the bound-
ary of bubble are considered; electron—neutral atom

(16]

bremsstrahlung, electron—ion bremsstrahlung and

recombination radiation,!” and the radiative attach-

sl418] are in-

ment of electrons to atoms and molecule:
cluded in the light emission calculation.

One of the differences lies in the RP equation.
The different forms of the equation lead to a small dif-
ference in the bubble motion, but a relatively large dif-
ference in the gas dynamics results.['9 Yet, this prob-
lem has not been solved, and we will not repeat the
discussion here. We simply adopt a relatively preva-
lent form, the Keller-Miksis formulation,?°! and make

the small improvement:
. 3 )
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where t is the time, R(t) is the radius of the bubble,
Ploo the ambient liquid density, po, the ambient pres-

ot +tr)] + ;—Rph (1)
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sure, ps(t) = —pasin(wt) the driving acoustic pres-

sure, tg = —, Clo being the sound speed in the lig-
1
uid at the ambient temperature and pressure of 1 atm,
477R 20
P = pg(R, 1) —

liquid side of the bubble wall, ps(R,t) the pressure on

, which is the pressure on the

the gas side of the bubble wall,  the dynamic viscos-
ity, o the surface tension coefficient of the liquids. The

parameter M = i is the bubble-wall Mach number

which in fact emcll)ogdies the effect of the liquid com-
pressibility. The improvement is just to replace 1+ M
and 1 — M/3 by e~ ™/3 while the displace-
ment makes almost no difference when |M| < 1, but

by etM

when |M| > 1, it keeps the sign of right term in (1) un-
changed and offsets the drawback of the Keller—Miksis
formulation to some extent. As for the numerical re-
sults, the improvement has only little effect on them.

The formula of the radiation power is slightly dif-
ferent from that given in Ref.[14]. In opaque me-
dia, the more appropriate formula of the total emit-
ted power from the bubble per wavelength interval at

wavelength A should be

—87r/ / ra(r)PEY(r)

‘/ 2, 2(1_22
" 07 kads r2drde, (2)

where r is the radial coordinate, Pf ! the Planck radi-
ation intensity, k) the absorption coefficient.

3. Results and discussion

With the present model, we may calculate those
cases of experiment reported in Ref.[13], where the
SBSL of Xe bubble in water and in sulfuric acid is
compared. Figure 1 shows the spectrum of SBSL of
Xe bubble in water (WA) at 1°C and in sulfuric acid
(SA) at room temperature. The concentrations of gas
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Fig.1. Spectra of SBSL of Xe bubble in water (WA) and
in sulfuric acid (SA), in which the gas concentrations are
4 torr and 50 torr respectively. The filled symbols are the
experimental data digitized from Ref.[13], and the open
symbols are calculated with the present model. Solid lines
are the best fit to the black body radiation formula.

in the liquids are 4torr and 50torr respectively. It
seems that there are systematic errors existing be-
tween the calculation and the observation. We notice
that all values of the radiances of the brightest Xe bub-
bles in water near freezing point reported in Ref.[3] are
~107? W /nm, while in Ref.[13] the observed values of
radiance of bright Xe bubbles in water near freezing
point are ~107°W /nm, see Fig.1. This discrepancy
may lead to the difference between the experiment and
the calculation. We do not know the exact reason yet.
However, the calculation still shows the essential fea-
ture that the spectra of SBSL of Xe bubble in 4 torr
and 50 torr water at 1°C and that of 4torr sulfuric
acid at room temperature are similar and much lower
than those in 50 torr sulfuric acid at room tempera-
ture. Also, the calculated spectrum can be well fitted
by the black body radiation formula, though the fit-
ted temperatures are a little different from that of the
experimental data. Therefore, we are certain that the
present calculation to a certain extent reflects the real
processes. We must point out that in the calculation
for the WA bubbles, the radius Ry and the amplitude
of the driving acoustic pressure p, are the same as
that provided by Ref.[13], which makes the calculated
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maximum radius of the bubble consistent with the ob-
served one. For SA bubbles, Ry is still the same as in
Ref.[13], but p, has to be adjusted to fit the maximum
radius of the bubble observed. In the present calcu-
lation, p, is adjusted to 1.76 atm for 4 torr SA bubble
and 2.1 atm for 50 torr SA bubble respectively.

The fitted Black body radiation temperatures for
four cases in Fig.1, namely 4torr and 50torr WA
and 4torr and 50 torr SA, are respectively 11,965 K,
11,072 K, 11,580 K and 9,651 K. As we have discussed
in the earlier paper,'¥ the fitted temperature has no
connection with the real temperature inside the bub-
ble. The good fit may be due to the narrow range of
the spectrum, with wavelength ranging from 200nm
to 800nm. Figure 2 shows the spatial distribution
of temperature inside the bubble when the radiation
from the bubble is the strongest. With similar spec-
trum (see Fig.1), the three cases, 4torr and 50 torr
WA and 4torr SA bubbles, have similar maximum
temperature ~20,000 K, which is much higher than
the temperature fitted by the black body radiation
formula. Does this mean they have the similar mech-
anism of SBSL? We know the ambient vapour pressure
of the 4 torr SA at room temperature is over 100 times
less than that in water at 1°C, therefore, there must
be much more residual water vapour remaining inside
the WA bubble as the bubble is at its flashing phase.
We find the contribution of the bremsstrahlung and
recombination radiation is almost 100% for the SA
bubble, while for 4 torr and 50 torr WA bubbles this
contribution is 77% and 83%, respectively, and the
rest parts are contributed by the radiative attachment.
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Fig.2. Spatial distributions of maximum temperature in-
side the bubbles.

A contribution of about 20% from the radiative at-
tachment is typical for Xe bubble in water, which
means the water vapour effects are very important for

the WA bubble. We must notice why those three cases
discussed above have the similar spectrum and the
similar maximum temperature (see Figs.1 and 2). It
is just the values of Ry and p, that accidentally gave
rise to this happen. The 50torr SA bubble has the
largest Ry and Fig.1 shows that it is the brightest. It
is unexpected that the maximum temperature of the
50 torr SA bubble shown in Fig.2 seems the lowest. In
fact, its largest size makes it the brightest, since there
should be more heated atoms and molecules inside the
bubble then, which makes greater contributions to the
light emission. Brightness is correlated with both the
maximum temperature and the bubble size.

On the other hand, our calculation shows the
pulse width of those bright SBSL bubbles used to
be large. The measured pulse width of the 4 torr SA
bubble is < 0.5ns but that of the 50 torr SA bubble
is ~10mns,['3 while the present calculation gives the
full width at half maximum (FWHM) of the SBSL
pulse ~0.7ns and ~5.5ns, respectively. Different
from the Ar bubble, the FWHM of SBSL Xe bub-
bles is wavelength-dependent. Figure 3 shows that
the FWHM values always increase with wavelength,
whether for SA or for WA bubble. The possible rea-
son is that the Xe bubbles are some what optically
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Fig.3. FWHM values vs. wavelength of SBSL.

thick.'l We may consider the relative change of
FWHM, i.e. (tred — tuv)/tave, Where teq, tuy and
tave are the FWHM’s of red, UV and the average of
the total, respectively. The UV range is set as wave-
lengths 300-400 nm and red range 590-650 nm in the
calculation. From Fig.3 we can easily evaluate those
relative changes of FWHM, which are similar for 4 torr
and 50 torr WA bubbles and 4 torr SA bubble, being
~0.26, but for 50 torr SA bubble it is ~0.13. That may
imply that the 50 torr SA bubble is optically thinner
than the other three bubbles. In order to make things
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clearer, we may calculate the coefficient of absorption
length of SBSL bubble. Figure 4 shows the product
of the coefficient of absorption length and the bubble
radius Rk) for various wavelengths. If Rky > 1, it
means the bubble is opaque, and if Rk) < 1, it means
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the bubble is transparent. We can see that for visible
light and infrared, 4 torr and 50 torr WA bubbles and
4torr SA bubble are opaque, but 50torr SA bubble
is neither opaque nor transparent, which is consistent
with the result presented in Fig.3.
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Fig.4. Spatial distribution of coefficient of absorption length (k) inside the bubbles for various wavelengths

multiplied by the bubble radius R corresponding to the cases of Fig.2.

Another interesting phenomenon of SBSL in sul-
furic acid is the appearance of atomic line spectrum!”!
which used to disappear in water. Due to the limit
of the shape instability and Rayleigh-Taylor (RT) in-
stability, there are upper limits of Ry and p,.2"22l In
the present cases, parameters of 4 torr WA and 50 torr
WA are almost at the threshold. The larger p, is, the
higher the maximum temperature is, which leads to
the larger ionization in general. We find the degree
of ionization a.( = electron number/total atom and
molecule number) is roughly less than 10% when the
bubble in water is at its maximum temperature, which
may be larger when the bubble in SA, see Fig.5. On
the other hand, upper limits of Ry and p, are much
larger in 85% wt SA.'*) We simply choose Ry = 13 pm
and p, = 4atm for Xe bubble in SA, which may be
close to the circumstance when the observed line spec-
trum of SBSL is notable. For contrast, an Ar bubble
under the same conditions is calculated too. The cal-
culated results show that the degree of ionization a

can be increased to > 50% for Ar and > 70% for Xe
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Fig.5. Distribution of the degree of ionization ae inside
the bubble corresponding to the cases in Fig.2.
bubble, see Fig.6. If we choose larger p, or smaller Ry,
the degree of ionization «, will be much larger. Since
there is a large number of atoms and molecules ion-
ized which consume much heat energy, the maximum
temperature only increases to ~40,000 K. The large
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4. Conclusion
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Fig.6. Distribution of the degree of ionization a. inside

Ar and Xe bubbles in SA with Ry = 13 pm and p, = 4atm

as the bubble at its maximum temperature.
amount of ionization events makes more atoms to be
stimulated to its excitation states through the process
of the combination radiation and leads to the emer-
gence of atomic line spectrum on the continuum back-
ground. In Ref.[5], the appearance of atomic line spec-
trum of those SBSL bubbles in SA is attributed to the
transient existence of the hot plasma core in the bub-
ble. The present calculation verifies their prediction.

bubble. Due to the water vapour effects, most of the
heat energy is consumed by the chemical reaction of
decomposition and the maximum degree of ionization
inside WA bubble is only ~10%.
bubble, since the vapour effects are negligible, even

However, for SA

if its maximum temperature is similar to that of the
WA bubble, the maximum degree of ionization can
be much higher than 10%. In addition, in SA p, can
be much larger than that in WA, therefore, the maxi-
mum degree of ionization even gets to ~80%, and Ry
in SA can be larger, which makes the SA bubble much
brighter than the WA bubble.
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