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Measurement of Pressure and Density Inside a Single Sonoluminescing Bubble
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The average pressure inside a sonoluminescing bubble in sulfuric acid has been determined by two
independent techniques: (1) plasma diagnostics applied to Ar atom emission lines, and (2) light scattering
measurements of bubble radius vs time. For dimly luminescing bubbles, both methods yield intracavity
pressures �1500 bar. Upon stronger acoustic driving of the bubble, the sonoluminescence intensity
increases 10 000-fold, spectral lines are no longer resolved, and radius vs time measurements yield
internal pressures >3700 bar. Implications for a hot inner core are discussed.
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FIG. 1. Comparison of SBSL Ar atom emission spectra ob-
tained from 85% H2SO4 containing 40 torr dissolved Ar at an
applied Pa of 3.6 and 4.2 bar (as measured with a needle
hydrophone at the approximate bubble location) and that from
a Hg(Ar) spectral calibration lamp. All spectra were corrected
for absorption by the solution and cell wall as well as the optical
response of the spectral acquisition system against National
Institute of Standards and Technology traceable standard lamps.
All spectra have had the underlying continuum subtracted for
clarity.
Single-bubble sonoluminescence (SBSL, i.e., light
emission from intense heating of gas and vapor inside a
rapidly collapsing bubble in a liquid irradiated with ultra-
sound) [1–4] has received much recent attention largely
due to the extreme conditions that have been predicted [5–
8]. As has been previously done in multibubble sonolumi-
nescence [9,10], quantification of the intracavity condi-
tions is an important goal in determining the peak ener-
gies that can be achieved with acoustic cavitation [11,12].
SBSL from concentrated sulfuric acid (H2SO4) is well
suited for this purpose; at relatively low applied acoustic
pressure (Pa), well-resolved neutral and monocationic
noble gas atom emission lines are observed [8,13–15].

Here, we show that standard tools of plasma diagnostics
can be applied to the observed Ar emission lines to mea-
sure densities inside the cavitating bubble. Combining this
density with recently measured temperatures from Ar lines
[13] allows for an accurate determination of pressures of
nearly 1500 bar in the spatiotemporal region occupied by
the emitting Ar atoms.

When driven at relatively low Pa, these bubbles are dim;
nevertheless, they exhibit Ar� line emission, the populated
states of which lie over 37 eV above the Ar 3p6 ground
state [8]. For this same system, use of light scattering to
measure the bubble dynamics yields density and pressure
values consistent with the plasma diagnostics: 1600 bar and
1400 bar, respectively. At higher Pa where the Ar lines
become broadened and unresolvable [13], light scattering
measurements give pressures of over 3700 bar for H2SO4

and over 8000 bar for other systems such as noble gas
bubbles in water [16]. These observations suggest that the
inner core of strongly driven sonoluminescing bubbles can
be substantially hotter than for the weakly driven case
where the Ar� lines were first discovered.

Of the 23 Ar 4p-4s lines between 690 and 950 nm, we
focus our attention here on the profiles of the 696.54 and
763.51 nm lines. These lines were chosen for several
reasons: (1) the same metastable 4s state (3P2) is involved
in both electronic transitions, (2) the lines are intense and
well isolated, (3) the profile of the 696.54 nm line has been
06=96(20)=204301(4) 20430
previously studied in a high-pressure (200 bar) Ar plasma
at 8000 to 15 000 K, and (4) the diffraction grating used
here has a high efficiency (�80%) in this bandwidth. These
qualities allow for accurate determinations of Ar atom
temperatures and emission line profiles.

Comparison of the Ar lines in the 735 to 780 nm region
generated from a Hg(Ar) spectral calibration lamp to those
generated during SBSL from a dimly luminescing bubble
in 85% H2SO4 containing 40 torr Ar shows the SBSL lines
to be significantly redshifted and broadened [Fig. 1]. As the
Pa is increased, the SBSL Ar lines further broaden and
become highly asymmetric to the red of the line center. The
increased broadening and development of asymmetries
1-1 © 2006 The American Physical Society
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indicates an increase in the frequency of collisions between
the radiating atoms with neutral and ionic species, the
asymmetries near the line center being especially indica-
tive of ion broadening [17,18]. The weak line at 777 nm in
the SBSL spectra is due to oxygen atom emission arising
from transitions between the 3p (10.7 eV) and the 3s
(9.15 eV) manifold.

The intensities, profiles, and peak positions of atomic
emission lines depend upon several factors including the
physical and chemical environment surrounding the radiat-
ing atom, the intrinsic properties of the excited states
involved in the transitions, and the configuration of the
optical system [17–20]. The mechanisms typically identi-
fied as contributing to atomic line profiles (excluding laser-
irradiated systems) include natural (i.e., spontaneous life-
time) broadening, Doppler broadening, Stark broadening,
pressure broadening, and instrumental broadening [20].
Depending upon the conditions generated within the bub-
ble during SBSL, some broadening mechanisms can be
expected to contribute more significantly to the emission
line profiles than others.

The observation of a plasma and high temperatures
during SBSL in H2SO4 [8,13,15] means that Stark and
pressure effects can be expected to be the dominant mecha-
nisms contributing to the Ar emission linewidths and shifts.
Both natural and Doppler broadening will be negligible.
Since the lifetimes of the Ar excited states for spontaneous
emission are tens of nanoseconds, natural linewidths are
only �10�5 nm compared to the �1 nm total linewidths
observed here. Doppler broadening of a radiating Ar atom
at 15 000 K would be at most �0:01 nm if the mean free
path of the radiating atom was large compared to the
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FIG. 2. Best fit of a pseudo-Voigt function to the SBSL Ar
763.51 nm line observed at an applied Pa � 3:6 bar. The wave-
length of the spectral acquisition system was calibrated using the
763.51 nm Ar lamp line. The light was dispersed with a
1200 grooves 	mm�1 diffraction grating blazed at 750 nm.
The slit width was kept at 100 �m.
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photon wavelength. This is unlikely since the radius of
the entire emitting volume is already approaching the same
order as the wavelength of emitted light [15,21].

The relative contributions of the remaining instrumental,
Stark, and pressure broadening can be assigned. To deter-
mine a pressure from the SBSL Ar 763.51 nm line, the
instrumental broadening must be deconvolved from the
total linewidth because instrumental and collisional broad-
ening are statistically dependent events which have differ-
ent line profiles (Gaussian vs Lorentzian, respectively).
After fitting the SBSL Ar line to a pseudo-Voigt function
[22] [Fig. 2] and deconvolution of the Gaussian portion, the
Lorentzian component of the linewidth (i.e., from colli-
sional broadening mechanisms) was found to be 0.94 nm
(compared to a FWHM of 1.03 nm and an instrumental
linewidth of 0:17� 0:02 nm from a low pressure calibra-
tion lamp).

Since both Stark and pressure broadening result in
Lorentzian line shapes, the relative contribution of each
to the total linewidth must be determined from the SBSL
temperature and plasma electron density (ne). By compar-
ing the relative intensities of the Ar emission lines, the
observed collapse temperature (Tc) for this system driven
at an applied Pa of 3.6 bar [Fig. 1] was found to be
10 000 K [13]. To estimate ne, the asymmetry of the
SBSL Ar 763.51 nm line was used to determine the static
ion broadening parameter (A), following a technique de-
scribed by Jones et al. [18]. Since A scales as n1=4

e [17], we
can compare the A determined here to values of A obtained
at known ne for the Ar 763.51 nm line [23]. From this,
ne � 3:8� 1017 cm�3, as determined for SBSL with an
applied Pa of 3.6 bar; this value agrees well with that
estimated from Ref. [24] (4� 1017 cm�3 at 2000 bar).
Stark widths scale linearly with ne at a specific temperature
[17] and have been determined for the Ar 763.51 nm line
[25]. From this, we use the ne (3:8� 1017 cm�3) and Tc
(10 000 K) determined from the SBSL Ar line and find the
Stark contribution to be 0.3 nm. Because Stark broadening
and pressure broadening can be treated independently [17],
the Stark width is subtracted from the total Lorentzian
linewidth, leaving 0.6 nm due to pressure broadening.

The density of the region surrounding the emitting Ar
atoms can be calculated from Tc (10 000 K) and the line-
width (0.6 nm) by substituting the appropriate values into
Eq. (1) obtained from collision theory,

�� �
���������������������������������
�8kTc�=��3�Ar�

q
�ArnAr: (1)

In Eq. (1), �� is the FWHM due to pressure broadening, k
is the Boltzmann constant, Tc is the measured Ar tempera-
ture, �Ar is the reduced mass of the collision partners, nAr

is the density within the observed emitting region, and �Ar

is the collision cross section defined as ��2rAr�
2 where rAr

is the Ar van der Waals radius (188 pm). Here, for purely
pressure broadening, it is assumed that all radiating Ar
atoms undergo collisions with other Ar atoms [a reasonable
1-2
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assumption, considering the negligible vapor pressure
(0.04 torr at 298 K) of 85% H2SO4].

The effective local density felt by the emitting Ar atoms
during SBSL in 85% H2SO4 in the observed emitting
region is found to be 1:0� 1021 cm�3. To convert this to
an effective collapse pressure (Pc), some specific equation
of state (EOS) must be used; at these relatively modest
densities, however, the choice of EOS makes little differ-
ence in the calculated pressure. From the van der Waals
EOS, we estimate that the average effective Pc felt by the
emitting Ar atoms is 1400 bar.

At this pressure and temperature, the average time be-
tween collisions is less than 1 ps. For both lower and higher
acoustic drives, the SBSL flash width is between 5 and
10 ns as measured with a Hamamatsu H5783-03 photo-
multiplier tube; this means an Ar atom undergoes thou-
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FIG. 3. (a) Bubble radius as a function of time for a bubble
driven near the level at which the plasma diagnostics were
performed, and (b) a bubble driven near the maximum sustain-
able sonoluminescence brightness. The low Pa bubble (a) is fit
with an Ro value of 13 �m and effective Pa of 1.4 bar to reach
an Rc of 3:1 �m. The high Pa bubble (b) is fit with an Ro value
of 17 �m and an effective Pa of 1.7 bar to reach an Rc of
3:5 �m. The light from a 1 mW HeNe laser was scattered off the
bubble at angles of 40
 to 80
 and was collected with a
Hamamatsu 2027 photomultiplier tube and delivered to an
Hewlett-Packard Infinium oscilloscope. Each data set is taken
from a single shot to ensure that no averaging artifacts were
introduced.
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sands of collisions during the SBSL flash. This is sufficient
to ensure local thermodynamic equilibrium among the
emitting heavy particles, but not necessarily among the
electrons in the emitting plasma [26,27].

SBSL pressure was also estimated by directly comparing
the observed Ar 696.54 nm linewidth to the 696.54 nm
linewidths observed from high-pressure (200 bar) Ar plas-
mas [24]. For the SBSL spectrum obtained from a dimly
luminescing bubble driven at an applied Pa � 3:8 bar
(with a measured Tc of 10 000 K [13]), the 696.54 nm
FWHM was found to be 1.17 nm after deconvolving the
instrumental broadening. Since the study of the 696.54 nm
line reports linear broadening vs pressure, but stopped at
200 bar, a linear extrapolation to higher pressures was
assumed. The SBSL Pc determined in this manner from
the width of the Ar 696.54 nm line was found to be
1100 bar at 10 000 K, in good agreement with the Pc
calculated from the SBSL Ar 763.51 nm line.

An independent measurement of the SBSL density and
pressure was also determined from radius vs time, R�t�,
data. The R�t� curves were determined via light scattering
[2,16] and were fit using the Rayleigh-Plesset (RP) equa-
tion coupled to a thermal conduction term [15,28,29].
Since the maximum observed interfacial velocity
(400 m s�1) is less than the speed of sound in the liquid
(1500 m s�1), use of the RP equation is valid. This equa-
tion simulates the data using the ambient radius (Ro) and
effective Pa input parameters to yield values for the maxi-
mum radius (Rmax), collapse radius (Rc), and maximum
temperature at collapse (Tc).

The ideal gas EOS is used to determine the nAr when the
bubble is at Ro [30]. We assume that the number of Ar
atoms does not significantly change as the bubble reaches
Rc [31]; deviations from ideal behavior are expected to be
small since the Rc is significantly larger than the
van der Waals hard core. Incorporation of nAr, Rc, and Tc
into the van der Waals EOS yields the Pc.

Analysis using this method for a dim bubble [Fig. 3(a)]
(driven by a low Pa and characterized by Ar line emission
that matches that used in the plasma diagnostics) gives
nAr � 1:2� 1021 cm�3, Tc � 10 000 K, and Pc �
1600 bar, which agrees well with the plasma diagnostics.
When the Pa is increased, the larger and more chaotic
bubble [Fig. 3(b)] emits a continuum that is 104 times
brighter than that observed for the dim bubble. To calculate
the Pc for the higher Pa bubble, the Tc is taken to be a
conservative 15 000 K; this value was determined for a
dimmer bubble that is still emitting resolved Ar lines [13]
from which a temperature can be calculated. For the higher
Pa, nAr increase to 1:8� 1021 cm�3 and Pc to 3700 bar.

Previously measured R�t� curves for Xe bubbles in
H2SO4 [15] can also be analyzed by this method; a 4 torr
Xe bubble has Ro � 5:5 �m and collapses to 1:1 �m
with a blackbody emission temperature of 10 000 K.
These parameters give nAr � 1:8� 1021 cm�3 and
1-3
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Pc � 2500 bar. It is interesting to note that for a water
bubble [16] of 150 torr 1% Xe in O2 with a blackbody
emission temperature of 10 000 K and a measured Rc of
0:7 �m, this method yields a density of 6:2� 1021 cm�3

and a pressure in excess of 8000 bar.
Using well-understood mechanisms of spectral line

broadening, we have quantitatively determined the intra-
cavity conditions generated during SBSL in H2SO4.
Determination of a pressure of 1400 bar from the Ar
emission line analysis is well correlated to the pressure
determined from the R�t� curve analysis. When the drive is
increased to the point that broadening no longer allows line
emission analysis, the R�t� curve can still be used for the
quantitative determination of the pressure. At the maxi-
mum Pa that can sustain sonoluminescence emission in
H2SO4, the pressures reach 3700 bar.

These pressures represent a lower bound to the final
pressures potentially reached in the collapsing bubble,
since we have assumed uniform intracavity density; poten-
tial shock wave formation [5,32] is not treated. The pres-
sure calculated from the emission lines reflects only the
conditions in the spatiotemporal region occupied by the
emitting Ar atoms. The hot inner core model of sonolumi-
nescence [7,13,15] gives a higher maximum temperature
than that measured from either Ar lines or blackbody fits to
the continuum. These higher temperatures would corre-
spondingly raise the maximum intracavity pressure
achieved during bubble implosion.
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[23] V. Milosavljević and S. Djeniže, Astron. Astrophys. 398,

1179 (2003).
[24] H. Poisel et al., IEEE Trans. Plasma Sci. 14, 306

(1986).
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