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CONSPECTUS: Acoustic cavitation (the growth, oscillation, and rapid collapse of
bubbles in a liquid) occurs in all liquids irradiated with sufficient intensity of sound or
ultrasound. The collapse of such bubbles creates local heating and provides a unique
source of energy for driving chemical reactions. In addition to sonochemical bond
scission and formation, cavitation also induces light emission in many liquids. This
phenomenon of sonoluminescence (SL) has captured the imagination of many
researchers since it was first observed 85 years ago. SL provides a direct probe of
cavitation events and has provided most of our understanding of the conditions
created inside collapsing bubbles. Spectroscopic analyses of SL from single
acoustically levitated bubbles as well as from clouds of bubbles have revealed
molecular, atomic, and ionic line and band emission riding atop an underlying
continuum arising from radiative plasma processes. Application of spectrometric
methods of pyrometry and plasma diagnostics to these spectra has permitted
quantitative measurement of the intracavity conditions: relative peak intensities for temperature measurements, peak shifts and
broadening for pressures, and peak asymmetries for plasma electron densities.

The studies discussed herein have revealed that extraordinary conditions are generated inside the collapsing bubbles in ordinary
room-temperature liquids: observable temperatures exceeding 15000 K (ie., three times the surface temperature of our sun),
pressures of well over 1000 bar (more than the pressure at the bottom of the Mariana Trench), and heating and cooling rates in
excess of 10'> K-s™'. Scientists from many disciplines, and even nonscientists, have been and continue to be intrigued by the
consequences of dynamic bubbles in liquids. As chemists, we are fascinated by the high energy reactions and processes that occur
during acoustic cavitation and by the use of SL as a spectroscopic probe of the events during cavitation. Within the chemical
realm of SL and cavitation there are many interesting questions that are now answered but also many that remain to be explored,
so we hope that this Account reveals to the reader some of the most fascinating of those curiosities as we explore the chemical
history of a bubble.

The high energy species produced inside collapsing bubbles also lead to secondary reactions from the high energy species created
within the collapsing bubble diffusing into the bulk liquid and expanding the range of sonochemical reactions observed, especially
in redox reactions relevant to nanomaterials synthesis. Bubbles near solid surfaces deform upon collapse, which lessens the
internal heating within the bubble, as shown by SL studies, but introduces important mechanical consequences in terms of
surface damage and increased surface reactivity. Our understanding of the conditions created during cavitation has informed the
applications of ultrasound to a wide range of chemical applications, from nanomaterials to synthetically useful organic reactions
to biomedical and pharmaceutical uses. Indeed, we echo Michael Faraday’s observation concerning a candle flame, “There is not
a law under which any part of this universe is governed which does not come into play and is touched upon in these
phenomena.” (Faraday, M. The Chemical History of a Candle; Harper & Brothers: New York, 1861).

1. INTRODUCTION: ACOUSTIC CAVITATION

Imagine a bubble suspended in a liquid, and now send sound
through that liquid. The bubble will expand and contract with
the expansion and compression waves of the sound. This
oscillation, growth, and potential rapid collapse of bubbles is
called “acoustic cavitation” and occurs in all liquids irradiated
with sufficient intensity of sound or ultrasound. As a cavitating
bubble undergoes collapse, one might ideally imagine the
compression to be essentially an adiabatic spherical piston. The
bubble immediately before the commencement of collapse has
some total energy (ie., from the surface tension and the
momentum of the liquid surrounding the bubble). The
conversion of that mechanical energy into heat inside the
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bubble is the origin of both sonochemistry and sonolumines-
cence. The temperature rise during collapse depends of course
on the bubble radius, but it is not a simple relationship for real
vapors (Figure 1).

Chemistry, the making and breaking of bonds between
atoms, results from the interaction of energy and matter. The
parameters that control that interaction are temperature (i.e.,
the amount of energy), pressure (the density of interatom
collisions), and the time over which the interaction occurs. This
three-dimensional space contains all the different kinds of
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Figure 1. Chemical history of an imploding bubble. A simplified
conceptual cartoon of the heating of vapor and gas inside a spherical
piston undergoing compression as a function of the radius.
Rovibrational excitations, endothermic bond dissociations, and
eventually ionization limit the rates of temperature rise and the
ultimately attainable bubble temperatures during cavitation.

chemistry as islands upon which chemistry occurs (Figure 2).
There is much interest in finding new ways of driving chemical
reactions along specific potential energy pathways. If one were
able to access parameter space that was previously difficult to
explore, one would no doubt discover new ways of doing
unusual chemistry. Indeed, acoustic cavitation, the formation,
growth, and collapse of bubbles in a liquid exposed to
ultrasound, opens the door to an interesting part of that
parameter space: sonochemical reactions at high pressures,
short times, and high temperatures.1 Our effort to characterize
the conditions inside cavitating bubbles is the subject of this
Account.

2. THE MOVING BUBBLE

The hydrodynamics of cavitation is a well-studied field,”™>
dating back to Lord Rayleigh’s first calculations of enormous
pressures during bubble collapse,” a study commissioned by the
Royal Navy due to their problems with cavitation on propeller

Pressure (am)

Figure 2. Islands of chemistry. Adapted with permission from ref 2.
Copyright 2008 Annual Reviews.
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surfaces.” The Rayleigh—Plesset equation describes individual
bubble dynamics with great accuracy, all throughout the
cavitation process with the notable exception of the last stages
of bubble collapse when the velocity of the bubble wall can
exceed the speed of sound. The complexity of the chemical
reactions that occur in those final stages dramatically
complicates the energy partitioning inside the bubble.”> The
need for experimental probes for the conditions inside
cavitating bubbles led us to examine sonoluminescence (SL)
as a spectroscopic probe.” In the sections that follow, we will
describe the nature of SL emission and its use to monitor
temperatures, pressures, and ionization during bubble collapse.

The dynamics of an isolated single cavitating bubble are
shown, both from experiment and from calculation, in Figure 3.
These r—t curves can be experimentally measured by either
direct imaging techniques or light scattering.”” Simulations
using the RP equation match the experimental data extremely
well (Figure 3), at least until the region of maximum
compression. For any given acoustic frequency, there is a
bubble radius that would be metastable at low acoustic
pressures. If we start with such a bubble and expose it to a
strong acoustic field, the bubble will grow during the expansion
phase of the sound and begin to collapse during the
compression phase. Most of that expansion and collapse,
however, is relatively slow and consequently isothermal. Not
until the very end of the collapse does the bubble surface move
so fast as to make the collapse adiabatic. Finally, the bubble
undergoes a series of damped oscillations after the initial
implosion until coming to rest to await the next rarefaction
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Figure 3. Dynamics of an acoustically driven bubble. The time axis
applies to all three parts of the figure. The sound field (25 kHz) causes
oscillations in the density of the liquid (top). A bubble in the liquid
responds by expanding during rarefaction and contracting during
compression (stroboscopic single bubble images, middle). The bubble
radius vs time curve (bottom) calculated from the Rayleigh—Plesset
(RP) equation shows that the radial oscillation is nonlinear even at
modest applied acoustic pressures (P,).
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phase. To understand how bubble implosion can produce such
conditions, the dynamics must be explored. To do this, one
typically uses either direct imaging techniques or light
scattering.8’9

The general case of clouds of bubbles undergoing cavitation
is rather more complicated.”'"""* First, the formation of
bubbles for cavitation is a nucleated process (as it is during
boiling, for example) and generally depends on pre-existing gas-
filled crevices in solid particulates or on solid surfaces.'” Once
formed, bubbles in a cloud will feel the presence of other
nearby bubbles and their compression will no longer be
spherical, leading often to formation of microjets in the last
stages of collapse. Interfacial instabilities can develop during
oscillation, the bubbles can fragment and form “daughter”
bubbles that can serve as nucleation sites for future cavitation
events. Bubbles can grow through the process of rectified
diffusion (a bubble is a pump: its surface area is larger on
expansion than during compression, so growth can be faster
than shrinking). Bubbles in clouds can coalesce. And, in a
cloud, some bubbles may be moving rapidly and others nearly
stationary. 3

The conditions inside collapsing bubbles determine essen-
tially all the chemical consequences of cavitation, and from
Rayleigh onward, many have suggested that the intracavity
conditions may be extreme. Experimental determination of
conditions inside cavitating bubbles were lacking. Due to the
highly dynamic nature of cavitation, one cannot simply insert a
thermometer into the bubble to measure a temperature.
Fortunately, one result of cavitation is the emission of light,
sonoluminescence (SL),"*"® which can occur from either a
cloud of bubbles (multibubble sonoluminescence, MBSL)*' "'
or a single bubble (single-bubble sonoluminescence,
SBSL)."*">"77** In general, there are three classes of devices
designed to introduce ultrasound into liquids and thereby
generate SL (Figure 4).

3. SONOLUMINESCENCE: ATOMS AND MOLECULES
INSIDE THE BUBBLE

Since SL was first observed,”' much work has been devoted to
uncovering the origins of this phenomenon, and all early work
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Figure 4. Three common apparatus for introducing ultrasound into
liquids. (a) An ultrasonic horn is generally the highest intensity source
and most versatile for sonochemical studies and multibubble
sonoluminescence, used in the 20—50 kHz region. (b) Ultrasonic
cleaning bath is a common relatively low intensity apparatus most
useful for solid—liquid reactions such as Grignards and lithiations,
typically 50 kHz; high frequency, 100 kHz to 1 MHz rigs, have a
similar configuration and can be useful for high frequency SL studies.
(c) Single bubble cavitation rig, typically 20—100 kHz, are used for
physical dynamic and spectroscopic studies of single bubble
sonoluminescence.

used clouds of cavitation bubbles. Initial studies of MBSL,
which were conducted almost exclusively in water, found the
emission spectra to be a convolution of a broad continuum and
discrete emission lines of a few partially resolved excited states
of OH® from H,O sonolysis;”> more recent work argues that
the continuum is mainly molecular in origin,23 but a complete
picture is yet to be formulated. The disadvantages of SL from
water originate from its very high vapor pressure (even at its
freezing point), which dramatically dampens the conditions
created during cavitation and consequently results in low
emissivity.

Our approach to SL came from our early interest in the
sonochemistry of organometallic systems,'®**™** and so we
began with an exploration of the sonochemistry***® and
sonoluminescence®”*’ of nonaqueous liquids with low vapor
pressures (Figure 5). MBSL spectra from long-chain hydro-
carbons and silicone oils revealed that species well-known in
flame spectroscopy, such as C, and CH (routinely species
produced from burning organics) are formed during cavitation
(Figure 5).' The dissolution of N, (or other nitrogen
containing volatiles) or O, into the liquid resulted in CN and
CO, formation and excitation. These emissions were
sufficiently intense that they could be vibrationally resolved,
and we were able to make the first direct measurements of
emission temperatures within the cavitating bubbles.”’ As
discussed later, C, emission yields emission temperatures of
5100 K.

Our studies of MBSL in nonaqueous liquids included alkali-
metal salt solutions,”” solutions of volatile organometallic
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Figure S. Examples of MBSL spectra: (a) C, emission from dodecane;
(b) Fe atom emission from Fe(CO); in silicone oil. Adapted with
permission from ref 2. Copyright 2008 Annual Reviews.
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13,34,38—40 .
3384 (e.g., concentrated sulfuric

and nearly water-free acids
and phosphoric acids). MBSL spectra from these liquids were
found to depend on the components of the solution from
which they were generated; as Tom Lehrer once nearly said, life
is like a bubble: what you get out of it depends on what you put
into it.*' MBSL from both volatile and involatile emitters was
observed. For example, the spectral features from alkali-metal
salt solutions are lines from the neutral metal atoms coming
from nonvolatile ionic salts,***> and in various RTILs,*
regardless of the negligible vapor pressures of the ionic liquids,
emission lines from excited-state radicals (e.g, C,, CN, and CH
generated from sonolysis of the involatile liquid) were still
observed.

The origin of the unexpected emission from nonvolatile
species during MBSL remained a central question in the
mechanism of acoustic cavitation because it implied heating of
some liquid during the cavitation process. Two general models
for the sonochemistry and sonoluminescence from nonvolatile
compounds dissolved in solution have been proposed,™®**
heated shell vs injected droplet models, as shown in Figure 6,
but no previous work had been able to differentiate between
them.
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Figure 6. (a) Photograph of MBSL from an ultrasonic horn in sulfuric
acid with dissolved Na,SO,. (b) MBSL spectra taken at the top and
the bottom of the cavitating bubble cloud. (c) Two-site models of
sonochemical activity. Adapted with permission from ref 13. Copyright
2009 American Chemical Society.
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For this reason, we examined sulfuric acid solutions (whose
sonoluminescence intensity is hundreds to thousands of times
more intense than aqueous solutions’” and therefore easily
studied in spectroscopic detail) into which sodium sulfate had
been dissolved."” We discovered that MBSL from sulfuric acid
solutions of Na ions permitted us to observe two distinct
sonoluminescing bubble populations (Figure 6), which
provided the first experimental evidence for the injected
droplet model over the heated-shell model for cavitation."
Intense orange-yellow emission (from involatile sodium atom
excited states) was observed some distance from the ultrasonic
horn whereas only blue-white emission was observed near the
horn. If the heated-shell model were correct, then a spatial
separation of different sonoluminescence emitters ought not to
occur. For the heated-shell model, SL from nonvolatile species
should always be present whenever conditions are sufficient to
give rise to SL inside the bubble. If the nanodroplet model
applied, then only in bubbles that collapsed asymmetrically
would jetting occur creating nanodroplets that enter the hot
interior of the bubble, where complex redox processes
analogous to those in flames generate the Na atom excited
states.

In cavitating bubble clouds, there are two distinct
populations of cavitation events: (1) bubbles near the vibrating
horn that are relatively stationary (probably due to interbubble
Bjerknes forces), whose collapse is highly symmetric, which
produces a hotter core and only continuum emission, and (2)
rapidly moving bubbles in streaming liquid flow outside of the
dense clouds, whose collapse is much less symmetric and from
which emission from nonvolatile species becomes possible
through the mechanism of nanodroplet injection'” (Figure 6);
direct observations of these bubble populations by high speed
video*’ confirms our earlier studies. Distortions during bubble
collapse are also possible during single bubble cavitation again
producing emission from nonvolatile species.**

4. EXOTIC BUBBLES: SINGLE BUBBLE
SONOLUMINESCENCE IN IONIC LIQUIDS

The vast majority of SBSL studies have been conducted in
water,"* ™" due in part to the chemophobicity of most
physicists and in part to the spatial stability of single bubbles
cavitating in water (which is a function of dissolved gas
solubility and viscosity). In the early studies of SBSL in water, it
was observed that an air-filled bubble was not initially spatially
stable, but that after some time the bubble would become so.
Lohse suggested45 that the N, and O, could react inside the
cavitating bubble and the resulting NO,, would dissolve out into
the liquid, thus leaving only Ar behind inside the bubble at
roughly 0.01 bar, which coincidently is in the stable regime for
single bubble cavitation;'® we were able to confirm this
hypothesis by the quantification of the NO,, produced.”’
Water, however, is actually a poor choice for SL studies given
its high vapor pressure: (1) polyatomic content inside the
bubble substantial diminishes the polytropic ratio (C,/C,) that
determines the rise in temperature upon compression and (2)
the amount of energy needed to dissociate the water vapor
inside a single bubble is roughly equal to the total potential
energy of the bubble at maximum size before its collapse.*”** In
addition, SBSL spectra from water give rather limited
information since the spectra typically consist of only a smooth
continuum stretching from the near-IR to the near-UV." These
teatureless spectra, in combination with picosecond flash
widths>® and detailed simulations of the bubble dynamics,”*">*
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indicate the existence of extreme conditions. Analysis of the

teatureless SBSL spectra, however, provides little definitive
information about the intracavity conditions or light emitting
mechanisms, due to the numerous processes that can produce
continuous emission (e.g, blackbody, bremsstrahlung, ion—
electron recombination, pressure-broadened discrete electronic
transitions, etc.), and quantitative descriptions from continuum
spectra of unknown origins are inherently model-depend-
ent 53

We therefore chose to explore a variety of nonaqueous
liquids for SBSL. There are two criteria of importance here:
first, the liquid must have low volatility to avoid the C,/C,
problem, and second, volatile products from the inevitable
sonolysis of even low volatility liquids must have high solubility
in the liquid to avoid the buildup of volatile species inside a
single bubble over millions of cycles of growth and collapse.
Both criteria are important: dodecane or silicone oils have low
vapor pressures but do not fit the second criterion, and SBSL is
rapidly quenched as the bubble self-poisons. In contrast, SBSL
from polar aprotic organic liquids, e.g, formamide, can be
several times brighter than that from water.>> More strikingly,
we discovered that SL generated from mineral acids (e.g,
sulfuric or phosphoric acids), which satisfy both of these
criteria, proved to give much higher emission intensities during
SBSL (often by >1000-fold).*

Perhaps the most important discovery from our studies of SL
from H,SO, was the observation of extensive molecular,
atomic, and ion emission in the spectra. The spectral profiles
are dominated by molecular emission bands from sonolysis
products of H,SO, and by emission from gas dissolved in
solution. For example, strong atomic Ar lines emerge in the
SBSL spectrum from H,SO, containing Ar gas dependent upon
the acoustic pressure driving the bubble (Figure 7); as
discussed later, this permitted the first experimental measure-
ments of temperature during SBSL.* Both SBSL and MBSL
from concentrated H,SO, show emission bands from SO as
well as intense emission lines from Ar or other dissolved noble
gases.”” The observation of emission from noble gas atoms was
the first line emission ever observed during SBSL and
permitted, as discussed next, a direct experimental measure-
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Figure 7. SBSL from 85 wt % H,SO,(aq) with 5% Ar. The acoustic
pressure at which the bubble was driven is shown below the
corresponding spectrum. Adapted with permission from ref 42.
Copyright 2005 Nature Publishing Group.
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ment of emission temperatures. The populated states of the
noble gas atoms are high in energy (e.g,, 13 eV for Ar and 20
eV for Ne) indicating that the intracavity conditions generated
during SL in H,SO, may be extreme, even by most cavitation
standards, a matter that we will return to in our discussion of
the plasma core inside some cavitating bubbles.

The improved intensity of SL from sulfuric and phosphoric
acid also permitted for the first time characterization of the
morphology of the active bubble cloud.'”***° The shape of the
cloud of cavitating bubbles that produce SL depends on the
acoustic intensity from the ultrasonic horn, as shown in Figure
8. As was mentioned in the earlier discussion of emission from
sodium excited states, the MBSL spectral profiles depend upon
location in these clouds, which implies different conditions exist
for individual bubbles within cavitating clouds: some bubbles
are stationary, some move rapidly, some collapse more
symmetrically, and some collapse quite asymmetrically. The

Figure 8. MBSL comes from complex clouds of bubbles that depend
upon the acoustic intensity radiated by an ultrasonic horn. Photo-
graphs (10 s exposures) of MBSL from H,SO, saturated with Ar: (top
to bottom) filamentous, bulbous, and cone shaped emission at 14, 22,
and 30 W/cm?, respectively. The tip of the ultrasonic horn is at the
top. Adapted with permission from ref 38. Copyright 2007 American
Chemical Society.
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dynamics of bubbles inside these clouds are complex, and the
cooperative motion of bubbles have both spatial and temporal
correlations that are not yet fully understood."

5. INSIDE A COLLAPSING BUBBLE: CONDITIONS
DURING CAVITATION

5.1. Temperature inside the Bubble

Emission lines observed in the SL spectra provide unambiguous
information about the species generated during cavitation. With
well-defined lines, one may use relative peak intensities to
determine temperatures, peak shifts for pressures, and peak
asymmetry for plasma electron densities. In general, given
known transition probabilities and energies of the excited states,
spectra can be easily calculated for most atomic and many
diatomic emitters at any given temperature and then matched
for best fit to experimental observations.*® This is the same
technique used to quantify the conditions of high-temperature
sources (e.g, flames) and remote locations (e.g, stellar
surfaces).

Sonication of solutions of volatile metal carbonyl complexes,
for example, results in emission from the neutral metal atoms
(Figure 5).** The relative intensities of the emission lines can
be used to determine effective MBSL temperatures. For
example, from a solution of Cr(CO); in silicone oil saturated
with Ar, we determined a emission temperature of 4700 + 300
K from the relative intensities of Cr atom emission lines
(Figure 9).>® Under the same MBSL conditions, the emission
temperatures from C,, Mo, and Fe were, respectively, 4900 =+
300, 4800 + 300, and 5100 + 350 K, giving some assurance of
local thermodynamic equilibrium under this set of conditions.*’

Polyatomic content inside cavitating bubbles has a substantial
effect on the compressional heating. Sulfuric and phosphoric
acids (with very low vapor pressures) gave MBSL emission
temperatures as high as 8000 and 9500 K, respectively.”>*’
Silicone oil, which produces some volatile hydrocarbons during
sonolysis, has an effective vapor pressure somewhat greater
than the acids. And as expected for water’s greater vapor
pressure, similar temperature measurements of cavitation in
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water (doped with trace benzene to provide C, emission) gave
somewhat lower temperatures (4300 K).”’

Since the first reports of the properties of SBSL, many have
speculated that the intracavity conditions may be even more
extraordinary than those generated during MBSL: the
symmetry of bubble collapse should be maintained more
rigorously in SBSL leading to greater compression. Observation
of emission lines in the SBSL spectra from H,SO, (Figure 7)
provided a means for quantitative analysis in the same manner
as was employed for MBSL. As shown in Figures 7 and 10,
SBSL emission temperatures are dependent on the driving
acoustic pressure and can exceed 15000 K as measured from
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Figure 10. Ar atom emission temperatures during SBSL. (a)
Calculated synthetic spectra for Ar as a function of temperature,
normalized to the peak intensity at 763 nm. (b) SBSL Ar atom line
emission at P, = 2.8 is compared to its best fit synthetic spectrum at
15200 K. Adapted with permission from ref 42. Copyright 2005
Nature Publishing Group.
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the relative intensities of Ar atom emission lines.*” Distortion of
single bubble collapse by introduction of a glass surface near
the bubble has the expected effect of systematically lowering the
emission temperature as the perturbation is increased.”®

5.2. Pressure inside the Bubble

The simplest estimates of pressures assume adiabatic
compression and ideal gas behavior. Given an emission
temperature, within those assumptions, MBSL predicts
compression ratios of 4.0 (for S000 K final temperature),
which then predicts a final pressure of ~1000 bar (i.e., 100
MPa).

Measurement of intracavity pressures generated during
MBSL can make use of the peak shifts and peak widths of
emission lines from electronically excited atoms.”’ By
comparing the observed shift of the MBSL Cr* lines (Figure
8, vs low pressure Cr emission) to the ballistic compressor data
and extrapolating to temperatures observed during cavitation
(4700 K), pressures of 300 + 30 bar were determined. Because
the ballistic compressor data showed that the degree of Cr* line
red shift decreased with increasing temperature, the pressure of
300 bar was taken as a lower limit.

Analysis of the densities and pressures generated during
SBSL must separate broadening due to pressure from that due
to Stark effects (from ionization) and instrument response.éo
For Ar emission, SBSL temperature of 10000 K, the observed
line broadening (Figure 11) produces a calculated density of
10*" Ar atoms-cm™ for modest acoustic pressures. Application
of the van der Waals equation of state to the determined Ar
density and temperature then gives SBSL pressure of 1400 bar.
This density and pressure match very well with those
determined from the measured bubble dynamics and the
simple adiabatic compression model. At elevated P,, where the
Ar lines become broadened to the point of being indistinguish-
able from the underlying continuum, the bubble dynamics
method estimates increased pressures of >3700 bar.”

5.3. Temporal Measurements

Using time-correlated single photon counting, researchers have
found that the pulse width of the light flash can last anywhere
from ~60 to 350 ps for a single bubble in water.”” Furthermore,
by using picosecond resolved light scattering and simula-
tion,”"%* researchers have found that the single bubble radius
contracts by more than a factor of 100 within a few
microseconds during implosion, reaching velocities of Mach 4
and having accelerations’ at the turnaround point as high as
10''g. In sulfuric and phosphoric acid (which are considerably
more viscous), SBSL is slower with emission times of several
nanoseconds, but with several thousand-fold greater light
emission than water.”

Emission time measurements of MBSL are much more
difficult compared to SBSL, where one knows both the position
and the time of the next cavitation event; nonetheless, MBSL
emission times have also been measured and found to be on the
order of a few nanoseconds.®® This means that the heating and
cooling rates associated with SL routinely exceed 10'* K-s™". In
the case of SBSL, where the emission can be shorter than 100
ps,”” rates on the order of 10" K-s™ may be reached.

6. OPAQUE PLASMA CORE: WHAT LURKS WITHIN
THE BUBBLE?

It had long been predicted that single bubble cavitation might
create conditions sufficient to create plasma inside the
collapsing bubble,”"*>** but direct experimental evidence
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Figure 11. Line shifts, broadening, and asymmetry from Ar atom
emission during SBSL. (a) SBSL line shifts compared to low pressure
Ar atom emission. (b) Line broadening and increasing asymmetry with
increasing P,. Adapted with permission from ref 61. Copyright 2010
Nature Publishing Group.

took some time to develop. Observation of line emission
during both SBSL and MBSL in mineral acids provided
valuable information about the intracavity conditions and
chemical processes,”** but the presence of noble gas atom
emission (Figures 7, 10, and 12) also revealed a paradox: the
states involved in the observed electronic transitions for Ne, Ar,
Kz, and Xe are very high in energy relative to the ground states
of the neutral atoms. The Ar neutral atom transitions (Figure
10), for example, arise from the 4s—4p manifold at ~11.6 eV
and ~13.3 above the ground state (3p®), which cannot be
thermally populated if the temperature of the entire bubble
were only 15000 K (ie., 1.3 eV).* So the apparent paradox is
that we have local thermodynamic equilibrium (LTE) in
excited states that cannot be reached thermally. Indeed, upon
closer examination of the SBSL from sulfuric acid, we made
direct observation of plasma lines in the first ion emission lines
ever found for any SL.°> One observes emission from Ar*, Kr*,
and Xe" coming from excited states that are 37, 33, and 27 eV
above the neutral ground states (Figure 12). Here too, thermal
ionization is simply implausible at the measured emission
temperatures. The asymmetry of the emission lines (Figure 10)
also permit the estimation of the electron plasma density, with
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N, found to exceed 10*' cm™, comparable to the densities

produced in laser-driven fusion experiments.’'

Confirmation of the presence of a plasma in the collapsing
bubble comes from the observation of O,* emission* (Figure
12), the first ion emission ever observed during SL. The bond
energies of O, and O," are 5.1 and 6.5 eV, respectively, while
the ionization energy of O, is much higher (12.1 eV). The
formation and excitation of O, therefore cannot occur
thermally: rather, O," is produced by high energy electron
impact, in this case from the hot, opaque plasma core of the SL
bubble.

So the measured emission temperatures from both SBSL and
MBSL must only hint at what occurs in the very core of a
collapsing bubble and suggest the presence (at least in some
liquids under some conditions) of a transient, hidden, optically
opaque core of higher energy still.***"*>°° The excitation
mechanism leading to population of these high energy states is
impact from plasma electrons; observation of noble gas ion
emission during SBSL from H,SO, provides strong support for
this proposition. These observations provided the first strong
experimental evidence for plasma formation during acoustic
cavitation.

The presence of this opaque plasma core during SL has been
confirmed recently by time-resolved studies with comparable
N, estimates, and the lowering of ionization Eotentials by ion
shielding in the dense plasma demonstrated.”’~”® Under these
conditions, the SL observed is not from the very core of the
cavitating bubble, but rather comes from the outer border of
the plasma core, analogous to the photosphere of a star.
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7. CONCLUSIONS AND OUTLOOK

The chemical consequence of cavitation has emerged as the
general field of sonochemistry over the past 40 years. The
chemical history of a bubble as it collapses has been explored
using sonoluminescence, a spectroscopic probe of the
conditions created during implosion. SL has been able to
produce quantitative measurements of the temperatures,
pressures, and lifetimes inside collapsing bubbles and under
some conditions even the extent of ionization in plasmas.
Secondary reactions from the high energy species created
within the collapsing bubble diffuse into the bulk liquid and
expand the range of sonochemical reactions observed, especially
in redox reactions relevant to nanomaterials S)rnthesis.7l’72
Bubbles near solid surfaces deform upon collapse, which lessens
the internal heating within the bubble, as shown by SL
studies,”® but introduces important mechanical consequences in
terms of surface damage and increased surface reactivity.'®’>”*
Our understanding of the conditions created during cavitation
has informed the applications of ultrasound to a wide range of
chemistry, from nanomaterials to important synthetic organic
and organometallic reactions to biomedical, drug delivery, and
pharmaceutical uses.'®”" "
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