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We review recent work on the use of sonoluminescence (SL) to probe spectroscopically the conditions
created during cavitation, both in clouds of collapsing bubbles (multibubble sonoluminescence, (MBSL))
and in single bubble events. The effective MBSL temperature can be controlled by the vapor pressure of
the liquid or the thermal conductivity of the dissolved gas over a range from ~1600 to ~9000 K. The

effective pressure during MBSL is ~300 bar, based on atomic line shifts. Given nanosecond emission
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times, this means that cooling rates are >10'?K/s. In sulfuric and phosphoric acid, the low volatility
and high solubility of any sonolysis products make bubble collapse more efficient and evidence for an
optically opaque plasma core is found.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

No direct coupling of the acoustic field with chemical species on
a molecular level can account for sonochemistry [1-10] or sonolu-
minescence (SL) [11-18]. Ultrasound spans the frequencies of
roughly 15 kHz-10 MHz, with associated acoustic wavelengths in
liquids of roughly 100-0.1 mm: these are not on the scale of
molecular dimensions. Instead, the chemical effects of ultrasound
derive from several non-linear acoustic phenomena, of which cav-
itation is the most important. Ultrasound can induce unique high-
energy chemistry through this process of acoustic cavitation [19-
23]: the formation, growth, and implosive collapse of bubbles in
a liquid, which can create extreme conditions in localized, short-
lived hot spots. During the past few years, we have begun to devel-
op a detailed picture of the nature of cavitational collapse and its
chemical effects primarily through spectroscopic studies of SL,
both from clouds of cavitating bubbles (multibubble sonolumines-
cence (MBSL), Fig. 1) and from single isolated cavitating bubbles
(Single Bubble Sonoluminescence (SBSL)). Herein we will review
our experimentally determined understanding of the conditions
created in clouds of collapsing bubbles.

Acoustic cavitation in a liquid irradiated with ultrasound can be
quantitatively described with excellent accuracy throughout
nearly all of the process of formation, growth, and compression
by modeling the radial motion of an acoustically driven bubble
with any of a family of equations related to the Rayleigh-Plesset
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equation (RPE). RPEs can vary in complexity and have been built
up with contributions by many researchers over the past century
[19-23]. An example of an RPE is shown in Eq. (1).

20\ (R)\” 20 4uR
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Here, R is the bubble radius (with the overdots signifying first
(velocity) and second (acceleration) derivatives of the interface
with respect to time), Ry is the bubble radius at ambient conditions,
p is the bulk liquid density, Py is the ambient liquid pressure, ¢ is
the surface tension, u is the shear viscosity, and P, is the far-field
acoustic pressure. The left side of Eq. (1) describes the inertial char-
acteristics of the bubble interface. The first term on the right side
represents the intracavity gas pressure as the bubble radius varies
from Rg to R. RPEs work very well over most of the range of bubble
motion, as shown qualitatively in Fig. 2; any RPE assumes, how-
ever, that the density of the liquid is very large compared to the
density of the gas within the bubble. This assumption fails in the
case of a strongly driven bubble as it rapidly approaches its mini-
mum radius. So it is only in the last stage of collapse does theoret-
ical description of the implosive collapse of bubbles become
problematic, but of course everything of interest occurs only in
the last stage of collapse!

RR+ 2R =1
2" T

2. MBSL and conditions in bubble clouds

The light emitted by SL potentially provides a spectroscopic
probe of the conditions created within collapsing bubbles [11].
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Fig. 1. MBSL. A photo of a MBSL cloud from an ultrasonic horn (1 cm diameter) in
95 wt.% H,SO,4 under Xe is shown.
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Fig. 2. Bubble growth and collapse during single bubble cavitation at 20 kHz. The
origin of sonochemistry and SL occurs (as indicated by the arrows) at the point of
maximum bubble compression.

By comparing the relative intensities of emission lines from elec-
tronically excited atoms and molecules, an effective “emission
temperature” can be determined if one already knows the intrinsic
emissivity of observed emission lines [11]. This same technique
was developed long ago to quantify the thermal conditions of
high-temperature sources (e.g., plasmas and flames) and remote
locations (e.g., stellar surfaces). The observation of discrete emis-
sion lines is of course a prerequisite for such an approach. MBSL
spectra typically contain emission lines and so are quite amenable
to this technique. By examining the relative intensity of two or
more emission lines, one may calculate the expected relative inten-
sities as a function of effective temperature. One should note in
contrast that other spectrometric methods of pyrometry that make
use of continuous radiative transitions rather than discrete transi-
tions are highly model dependent (i.e., is the emission due to
blackbody or bremsstrahlung or line broadened molecular emis-
sion, etc.).

Our group was the first to measure the temperatures and pres-
sures created during acoustic cavitation [4,24], using spectroscopic

thermometry from atomic and molecular emission of SL both in
multibubble clouds [25-37] and in single bubbles [38-48]. Both
metal atom emission and molecular emission bands can be used
to probe the temperatures formed during MBSL. For example, the
emission lines observed from chromium atom excited states (i.e.,
Crx) during the sonication of a solution of Cr(CO)g dissolved in sil-
icone oil under Ar at 20 kHz are shown in Fig. 3. By using the two-
line radiance ratio method and comparing the MBSL emission to
simulated emission spectra at various temperatures, the effective
MBSL temperature was found to be 4700 + 300 K. Using the same
method for other metal carbonyls also produced temperatures of
~5000 K: Fe gave 5100 + 300 K, and Mo 4800 + 400 K. MBSL tem-
peratures determined in this manner compare very well to the
emission temperature of 5100 + 200 K determined by simulating
the C; emission bands observed during sonication of low volatility
n-alkanes [24].

One may also use MBSL to determine the intracavity pressures
generated during cavitation by again using emission lines from
electronically-excited atoms. Rather than using the line-intensities
(as for temperature determinations), instead peak shifts are used to
determine pressures. Perturbations of the energy levels of radiating
species as well as reductions in the excited-state lifetimes due to
an increase in the collisional frequency with other species leads
to shifts in peak positions and broadening of line profiles (i.e.,
Uncertainty Principle broadening). By quantifying the various fac-
tors that lead to changes in line positions and profiles (e.g., Doppler
effects, instrument contributions, pressure broadening, etc.), an
overall pressure at some specific temperature can be determined.
Note that in a plasma (as we shall find for SBSL), the contribution
to the line profile from Stark effects and (to a lesser extent) ion
broadening must also be considered.

As an example, our group measured experimentally the pres-
sures generated during MBSL by quantifying the peak shifts in
the emission lines from Crx during the sonication of solutions of
silicone oil saturated with He or Ar and containing Cr(CO)g [28].
Line shifts were found to be more reliable for pressure determina-
tions than line widths because of the artificial line broadening
creased by light scattering off the bubble cloud. Theory on the
behavior of the peak positions of emission lines of transition metal
atoms has not yet advanced to the point that pressures can be
determined in this manner a priori. Quantitative determinations
can, however, be made by comparison of MBSL emission line posi-
tions to those observed from ballistic compressors, the conditions
within which approximate the conditions during acoustic cavita-
tion. Because reliable high-pressure data for Crx emission lines ex-
ists in the literature [49], pressure estimates can be made directly
from MBSL Crx emission lines, as shown in Fig. 4. By comparing the
observed shift of the MBSL Crx lines to ballistic compressor data
and extrapolating to temperatures observed during cavitation
(4700 K), pressures of 300 + 30 bar were determined [28]. Because
the ballistic compressor data showed that the degree of Crx line red
shift decreased with increasing temperature, the pressure of
300 bar was taken as a lower limit.

3. Conditions during MBSL in ionic liquids

Most prior MBSL studies so far discussed were in low vapor
pressure alkanes or silicone oils. The importance of low vapor pres-
sure liquids lies in both the heat capacity ratio (y = C,/C,, which
determines the temperature from compression of a gas) and from
the endothermic sonolysis of gas molecules found inside collapsing
bubbles: if there are high concentrations of vapor, the effect of the
bubble compression is lost and substantial heating does not occur.
Furthermore, if sonolysis of the liquid produces volatile polyatomic
species, one faces eventually the same problems. Liquids that have
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Fig. 3. (a) Simulations of thermally equilibrated emission from Crx atoms. The simulated spectra have been normalized to the peak intensity of the convoluted triplet at
424 nm. (b) MBSL from a solution of Cr(CO)s in silicone oil saturated with Ar gas, compared to a simulation at 4700 K. The underlying continuum was subtracted from the
MBSL spectrum for clarity [11].
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Fig. 4. (a) Dependence of the peak positions of emission lines of Cr« atoms on the pressure of a bath gas of Ar at a temperature of 3230 K. The wavenumber labels indicate the
peak positions of the Crx emission lines under ambient conditions. (b) Comparison of the MBSL Cr+ emission lines (gray, relatively broad) to the Crx emission lines from a low
pressure hollow cathode lamp (black, relatively narrow). Each MBSL Crx line is labeled with its energy shift (red-shift) relative to the hollow cathode lamp lines [11].

both a low vapor pressure and highly soluble sonolysis products
are therefore preferred for the generation of higher temperatures
during cavitation. We have recently extended our SL studies to
other low volatility liquids [35-37], most notably sulfuric and
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Fig. 5. Spectrum of MBSL from concentrated sulfuric acid sparged with Ar. The compressional heating of the collapse are responsible for the emission observed
spectrum consists of a broad continuum extending into the UV with SO and Ar lines during SBSL in sulfuric acid [35]. The emissive shell is analogous to the photosphere
on top. Temperature measurements using the Ar lines yields a temperature around of a star and the plasma’s opacity hides any optical information from the opaque

8000 K [35]. interior core.
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phosphoric acid, the latter of which has proved exceptionally ver-
satile. Of special interest here, phosphoric acid does not boil or
truly decompose: it simply dehydrates, reversibly releasing water,
so that under sonolysis, no long-term production of volatiles (and
consequent poisoning of the bubble interior with polyatomics)
occurs.

In both sulfuric and phosphoric acid, we were able to generate
MBSL with exceptionally high intensity, indeed easily observable
by the naked eye, even in a well-lit room. In sulfuric acid under
Ar, we were surprised to see atomic emission from the Ar 4p-4s
system, as shown in Fig. 5 [35]. Effective emission temperatures
can be determined from the observed Ar lines, and we found an
effective temperature of ~8000 K at 20 kHz (14 W/cm?) with a Ti
horn directly immersed in 95 wt.% sulfuric acid sparged with Ar,
~298 K. Interestingly, at this temperature, there would not be
any appreciable number of Ar atoms thermally excited into the
4p state (which ~13 eV above the ground state). This apparent par-
adox indicates that, as we will discuss shortly for SBSL, a optically
opaque plasma [50-51] is probably formed at the core of the col-
lapsing bubble in sulfuric acid, and that the Ar emission results
from collision excitation with higher energy electrons [35]. With
any significant ionization, a plasma becomes opaque to light and
so emission no longer comes from the plasma core, but only from
an emissive shell on the outer edge of the ionization, in exact anal-
ogy to the photosphere of a star [50], as illustrated in Fig. 6. The
presence of a plasma during MBSL has been postulated numerous
times [52-54], but this remains the only experimental evidence.
In contrast, however, it is now well established that a plasma is
formed during SBSL, as evidenced by direct observation of various
ions (05, Xe*, Kr*, Ar") with energies as high as 37 eV above ground
state [40-42,47-48].

MBSL from phosphoric acid [37] makes for an interesting com-
parison to sulfuric acid. H3PO4 is a strongly hydrogen-bonded li-
quid; it too has a relatively high viscosity and low vapor pressure
(~2.4 torr for 85% HsPO,). Interestingly, the vapor of H3PO,4 con-
sists of water molecules alone; there are no acid molecules present
in the vapor over most concentrated H3PO4 even at high tempera-
tures. Thus, in the gas phase of H3POy,, the only volatile component
inside the bubbles is water vapor; the phosphoric acid molecules
can be considered as nonvolatile species during MBSL. The origin
of the MBSL from 85% H3PO,4 emission depends on the dissolved in-
ert gas. Under He or Ne, the MBSL spectra show strong molecular
emission from OH (A%2X*-X2I1) and PO B system (B2X*-X?I1), with
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Fig. 7. Spectrum of OH (A?2Z*-X?IT) and PO (B*Z*-X2I1) emission from MBSL in 85%
H3PO, saturated with He and irradiated with ultrasound compared to the best fit
calculated spectra (dotted line: calculated OH emission spectrum at 9500 K; dashed
line: calculated PO emission spectrum at 4000 K) [37].

bands at 310 and 325 nm, respectively (Fig. 7). The OH and PO
molecular emission bands are monotonically broadened as the dis-
solved gas goes from He to Ne to Ar to Kr to Xe, until the molecular
emission bands are broadened completely. Given the higher ex-
pected cavitation temperatures with the heavier noble gases (due
to decreased thermal conductivity), the broadening of the molecu-
lar emission is consistent with expected dissociation of the OH and
PO radicals.

With phosphoric acid MBSL, one has the unique situation of two
different spectrosocopic thermometers in the same cavitation
event: temperatures can be calculated for both OH and PO molec-
ular emission [37]. Calculated OH emission spectra can be gener-
ated easily, and fitting our experimental spectra for OH emission
with calculated spectra yields an effective emission temperature
of 9500 + 300 K. The emission from excited PO radicals can also
be used as a spectroscopic thermometer to probe the intracavity
temperatures generated during MBSL. The B system of PO emission
in the 320-340 nm wavelength range has been extensively stud-
ied. By fitting the PO emission spectra (Fig. 7), the emission tem-
perature of PO is determined to be 4000 +400K, which is
substantially lower than that measured from OH emission
(9500 + 300 K).

At first glance, the different MBSL temperatures from the two
simultaneously-observed, independent molecular species are para-
doxical because both OH and PO emissions are from same cavita-
tion event. The observed temperature inhomogeneity, however,
can be explained by the two different cavitating bubble popula-
tions involving nonvolatile species. We recently demonstrated
[36] by doping H3PO,4 with NasPO,4 that there are two distinct cav-
itating bubble populations in H3PO4: (1) stationary bubbles whose
collapse is highly symmetric and (2) rapidly moving bubbles
whose collapse is much less symmetric and associated injection
of liquid nanodroplets into the gas phase of the collapsing bubbles.
The OH emission comes dominantly from the first class of collaps-
ing bubbles. In contrast, the PO radical, which is a decomposition
product from nonvolatile H3PO4 molecules, is analogous to the
emission of alkali metal atoms in aqueous solution and represents
the conditions present in the second class of cavitating bubbles.

Indeed, consistent with this interpretation, we also observe spa-
tial separation of the cavitating bubble populations. With an ultra-
sonic horn, there are two different bubble populations: OH
emission appears both at the top and bottom of the cavitating bub-
ble cloud, whereas PO emission is only observable at the bottom of
the cloud, further away from the ultrasonic horn. The emission of
PO radicals comes from non-volatiles and involves injection of li-
quid droplets into the interior of bubbles via capillary wave action,
microjetting or bubble coalescence due to the significant deforma-
tion during bubble collapse in the dense cloud of cavitating bub-
bles. Once the droplets enter the hot interior of the bubble, the
solvent evaporates and decomposition of H3PO, molecules analo-
gous to the processes in flames begins which generates excited
PO radicals. The evaporation of the solvent in the liquid droplet
and endothermic decomposition of H3PO,4 and H,O molecules con-
sume a great amount of cavitation energy. Thus liquid droplets can
cool down hot spots inside the cavitating bubbles which contain li-
quid droplets. The measured PO emission temperature represents

Table 1
Conditions during MBSL.

Temperature ~1600 to 9500 K(vapor pressure controlled)
Pressure ~300 bar

Plasma density generally ~0 cm™—

Duration ~1ns

Cooling rate >10"2K/s
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the hot spot conditions inside nonsymmetrically collapsing bub-
bles that contain liquid droplets and is much lower than the mea-
sured OH emission temperature that dominantly represents the
more symmetric collapsing bubbles. Presumably, the spatial sepa-
ration of the two bubble populations is caused by the pressure gra-
dient propagated from the ultrasonic horn; one might not observe
such separation in a more uniform ultrasonic field.

4. Conclusions

Spectroscopic methods have become a formidable method of
quantifying the temperatures and pressures generated during cav-
itation in clouds of collapsing bubbles, as summarized in Table 1.
MBSL has provided a quantitative measure of the emission temper-
ature from a wide range of liquids (from silicone oils to alkanes to
concentrated acids), using a variety of reporting emitters (includ-
ing noble gas and metal atoms, C,, OH, and PO). Control over the
effective temperature inside the bubbles is dominated by the vapor
pressure of volatiles present in the liquid and secondarily by the
thermal conductivity of dissolved gas. The pressure felt by the
emitting species has also be measured by use of atomic line shifts.
Finally, MBSL provides a spatial probe of the different bubble pop-
ulations present in dense cavitation clouds; in general we find that
there are two distinct cavitating bubble populations: (1) bubbles
near the acoustic horn whose collapse is highly symmetric and
whose emission temperatures are hotter and (2) rapidly moving
cooler bubbles whose collapse is much less symmetric and associ-
ated injection of liquid nanodroplets into the gas phase of the col-
lapsing bubbles.
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