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Free Radical Generation by Ultrasound in
Aqueous and Nonaqueous Solutions

by P. Riesz,* D. Berdahl,t and C. L. Christman?

The physical principles underlying the oscillatory behavior of minute gas bubbles in liquids exposed to
ultrasound are reviewed. Results from mathematical analyses suggest that these oscillations sometimes
become unstable leading to transient cavitation in which a bubble violently collapses during a single
acoustic half-cycle producing high temperatures and pressures. The role that micronuclei, resonant bubble
size, and rectified diffusion play in the initiation of transient cavitation is explained. Evidence to support
these theoretical predictions is presenied with particular emphasis on sonoluminescence which provides
some non-chemical evidence for the formation of free radicals. Acoustic methods for conducting sonoe-
chemical investigations are discussed.

In aqueous solutions transient cavitation initially generates hydrogen atoms and hydroxy! radicals which
may recombine to form hydrogen and hydrogen peroxide or may react with solutes in the gas phase, at
the gas-liguid boundary or in the bulk of the solution. The analogies and differences between sonochem-
istry and jonizing radiation chemistry are explored. The use of spin trapping and electron spin resonance
to identify hydrogen atoms and hydroxy! radicals conelusively and to detect transient cavitation produced
by continuous wave and by nulsed ultrasound is deseribed in detail.

The study of the chemical effects of cavitation in organic liquids is a relatively unexplored area which
has recently become the subject of renewed interest. Examples of the decoimmposition of solvent and solute,
of ultrasonically initiated free-radical polymerization and polymer degradation are presented. Spin trap-
ping has been used to identify radicals in organic liquids, in polymer degradation and in the decomposition

of organometallic compounds.

Introduction

When an ultrasonic wave propagates through a liquid,
the local pressure varies with time and space. If a bubble
is present in the liquid, its radius will expand and con-
tract in response to these pressure changes. For low
amplitude pressure exewrsions, these oscillations are
sinusoidal and may last for many acoustic cycles, a phe-
nomenon called stable cavitation. Under certain con-
ditions, however, these oscillations may become unsta-
ble leading to the rapid collapse of a bubble during a
single acoustic half-cycle. This phenomenocn is called
transient cavitation, High temperatures and pressures
are generated within the bubble during its final stage
of collapse that are thought to produce hydrogen atoms
and hydroxyl radieals in aqueous solutions. Some in-
vestigators feel that temperatures sufficient to generate
free radicals are sometimes produced for stable eavi-
tation as well.
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In this review article, we will first outline the theo-
retical basis for cavitation and will diseuss its implieation
for investigators conducting sonochemical studies. Then
we will present chemical evidence for the formation of
'H and OH that includes the detection of chemical prod-
uets formed in solution and more directly using spin-
trapping and electron spin resonance (ESR) techniques.
As an extension to the results obtained in agueous so-
lutions, we will present evidence for the formation of
free radicals in organic solutions, as well. This evidence
will include examples of the decomposition of solvents
and solutes, of free radical polymerization and of poly-
mer degradation.

Cavitation

Interest in cavitation, which occurs whenever a new
gas or vapor filled cavity forms in a liquid, dates back
at least 125 vears. Even today, this topic has broad
appeal since it is studied for a variety of applications
that inelude hydraulics, sonar propagation, decompres-
sion sickness, sonochemistry and bio-medical ultrason-
ics. We will attempt to foeus cur discussion on the son-
ochemical implications of cavitation with partieular
emphasis on how this phenomenon gives rise to the
production of free radicals. For interested readers who
want a more complete discussion, numerous review ar-
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ticles are available, each with their own particular em-
phasis (1-5).

Flynn prepared the first comprehensive review of the
theoretical aspects of cavitation and his chapter still
serves as an excellent source of basic information (1).
A more recent review of cavitation, written by Apfel,
is particularly strong on the mathematical treatment of
bubble dynamics (2). A safety standard, with a good
explanation of cavitation and complete definitions of
acoustic intensity parameters, is also available (3).
Coakley and Nyborg’s review is particularly useful for
those interested in biomedical applications (4). For
those interested in sonochemistry, Basedow and Ebert
discuss how cavitation is involved in sonically induced
degradation of polymers (5).

Neppiras provides a clear, concise introduction to cav-
itation that offers unambiguous definitions for many of
the terms needed for this discussion (6). He considers
cavitation to oceur when a new cavity is created within
a liquid. This cavity may contain gas or vaper or may
be a void. This broad definition includes phenomena such
as boiling and effervescence that only involve expansion
of the gas phase. The term acoustie cavitation refers to
the expansion and contraction of cavities, also referred
to as bubbles, due to the passage of acoustic waves
through the liquid.

Cavitation has been conveniently classified into two
types, stable and transient. Stable cavities are bubbles
that oscillate radially about some equilibrium size and
often will persist for many acoustic cycles. Transient
cavities, on the other hand, exist for only one or two
acoustic eycles and will expand to at least two to three
times their original size during the negative acoustic
pressure half-cycles before violently collapsing during
a single compression half-cycle. During the final stage
of collapse, the velocity of the liquid gas interface ap-
proaches the speed of scund in the liquid and the tem-
perature and pressure within the cavity will become
enormous { > 3,000°K and > 10,000 bar, where 1 bar
= 10°Pa =~ 1 atm)

Since these temperatures are thought to be respon-
sible for the generation of free radicals, for which chem-
ical evidence will be discussed later, we will be primarily
concerned with transient cavitation. This is not a mu-
tually exclusive topic though since stable cavitation bub-
bles may sometimes grow by a process called rectified
diffusion and become transformed into transient bub-
bles. Transient cavitation can therefore be regarded as
a complex process that can be conveniently divided into
three stages: nucleation, growth, and collapse.

When an acoustic longitudinal wave propagates
through a liguid, the total external pressure, P(f), ex-
perienced by a macroscopic volume element is composed
of two parts, a static part and a time varying part. Thus,
P(t) 1s given by:

Pt} = Py + P4 sin (wi) 8y

where P, is the static pressure (usually the atmospheric
pressure), P, is the maximum amplitude of the acoustic

pressure, and  is the angular frequency of the acoustie
wave. The intensity 7 of ultrasound, defined here as an
acoustic wave whose frequency is greater than 20 kHz,
is given by:

1 = P.22c 2)

where p is the density and ¢ is the velocity of sound.
The product pe is ealled the acoustic impedance of the
liquid.

For illustration, consider a 1.0 MHz ultrasonic wave
with a spatlal peak temporal average (SPTA) intensity
of 3 Wiem® propagating through water at 30 °C. From
Eq. (2), P, is calculated to be 3.0 bar, assuming p =
1.0 g/cm and ¢ = 1500 m/sec. Thus, the dynamic pres-
sure varies from 3.0 to —3.0 bar one million times per
second. This example shows that even for moderate
acoustic intensities, the liquid will be in tension, as rep-
resented by a negative external pressure, during part
of the acoustic cyele, assuming the static pressure is 1
bar (normal atmospheric pressure).

The tension produced by ultrasound is ultimately re-
sponsible for producing cavitation. Assuming intramo-
lecular forces within the liguid must be overcome te
produce a new cavity, as required by the homogeneous
nucleation theory, the cavitation threshold for water
should be between — 1300 and — 1500 bar (7). Experi-
mental results indicate a much lower value which can
be increased by careful preparation of the liquid. Green-
span and Tschiegg reported a threshold for clean water
ranging from — 160 bar for 1.min observation intervals
to —210 bar for observation intervals of a few seconds
(8). Cavitation was detected as an audible pop or by
direct visual observation using a darkfield microscope.
In a related experiment, Apfel measured the cavitation
threshold of filtered 0.5 mm droplets of ether acousti-
cally levitated in glycerine and was able to confirm the
homogeneous nucleation theory (9).

Since water’s ultimate tensile strength has never
been observed, some inhomogeneities, usually referred
to as cavitation mieronuelei, must exist to explain why
water ruptures so easily. These inhomogeneities can not
be free bubbles though, since bubbles are inherently
unstable and will rise to the surface due to buoyancy or
will shrink and eventually collapse due to surface ten-
sioti. Neglecting vapor pressure and assuming saturation
of gas within the liquid, the pressure P; inside a static
bubble is given hy:

P, = Py + (20/R) @)

where o is the surface tension and R is the radius of
the bubble. To be in equilibrium, the pressure inside a
bubble must be larger than the pressure outside causing
a net diffusion of gas out of the bubbie.

Several models have been proposed to explain how
gas bubbles can be stablized in a liquid (6). One of the
earliest of these was the crevice model, shown sche-
matically in Figure 1. A partially wetted solid impurity,
called a mote, contains a gas-filled erevice with an apex
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FIGURE 1. Crevice model for stabilizing cavitation micronuclei; {a)
for external positive pressure; (b) for external negative pressure.

angle of 28. P, and P, represent the equilibrium gas
pressure and vapor pressure within the crevice, re-
spectively. Assume initially, the liquid gas interface is
conecave towards the apex, as shown in Figure la. Note
this represents a stable state, since the surface tension
term in Eq. (3) is negative for this case.

When an external pressure is applied, such as from
a time varying acoustic wave, the contact angle a in-

" creases until it reaches its maximum value ay, the ad-
vancing contact angle. If the pressure is increased fur-
ther, the interface moves toward the apex and may
completely disappear if the pressure is sufficiently high.
When the pressure is decreased, the interface becomes
convex as shown in Figure 15, and will eventually reach
its minimum value ag, the receding contact angle. A
further decrease in pressure causes the interface to
move away from the apex and if the pressure becomes
sufficiently low, a free gas bubble will be liberated. This
process is called nucleation.

Apfel estimates that ordinary tap water contains as
many as 100,000 motes/em® (11). If motes are less than
10 wm in diameter, Brownian motion has a greater effect
than gravitational foreces and the motes become per-
manently suspended in the liquid. Apfel derived a cav-
jitation threshold pressure based on this model, that
predicts the threshold strongly depends on gas satu-
ration for large crevices but for small crevices, the gas
dependence is small (12). This result agrees with the
data of Greenspan and Tschiegg, who found little gas
dependence when large particles were removed by fil-
tering (8).

Crum modified Apfel's model using a relationship be-
tween the equilibrium contact angle and surface tension.
Using values for B, a,, and ay, partially obtained from
the literature and partially chosen to give the best fit
to the experimental data, he was able to correetly pre-
dict the variation of cavitation threshold for water at
36 kHz as a funetion of temperature, equilibrium gas
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FIGURE 2. Variation of cavitation threshold with static pressure:
{--) experimental data; (——) prediction of crevice model. Arrows
indicate the direction of pressure change.

concentration and surface tension (7). The model cor-
rectly predicted the remarkable result that lower sur-
face tensions gave significantly higher cavitation thresh-
olds,

The crevice model is also useful for explaining the
hysteresis effect of pressurization on cavitation thresh-
old. Using a spherical resonator, Strasherg measured
the cavitation threshold at 550 kHz by visual observa-
tion as a function of static pressure (74). His results are
shown by the circles and dashed lined in Figure 2. The
arrows indicate the direction of pressure change. Using
the crevice model, Crum predicts the variation of cav-
itation threshold with static pressure to be the solid
curve, in reasonably good agreement with the experi-
mental results (8). The cavitation threshold increases
because pressurization causes the creviee to shrink and
gas diffuses into the liquid. After the pressure is re-
leased, a smaller pocket of gas exists in the crevice
requiring a greater negative acoustic pressure to pro-
duce nucleation.

Another mode] to explain the stabilization of cavita-
tion micronuclei suggests that a film of surface-active
substances exists on the liquid gas interface. This model
was originally proposed by Fox and Herzfeld as a rigid-
skin model (15) but was later abandoned. It has since
been reintroduced and supported by Siretyuk with new
experimental data (76,17). In this model an organic skin
is composed of molecular chains each containing both a
poelar and a nonpolar end. The polar end bonds to the
water surface while the nonpolar end extends into the
gas, The alignment of molecules in this “picket fence”
arrangement has some elasticity that stabilizes the bub-
ble. Sirotyuk found that his threshold for growth by
rectified diffusion, a phenomenon that will be discussed
later, inereased by a factor of 4 when all but trace
amounts of surface-active substances were removed.

Yount has proposed a modification that allows the skin
to be initially permeable but to become impermeable
when the pressure is raised above some critical value
(18). This modification allows the model to predict re-
sults that agree with experimental data invalving gas
diffusion and static pressure changes. Although Yount’s
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model was originally used to explain bubble formation
in gelatin upon rapid decompression, he believes it is a
general phenomena that applies to bubbles in water as
well. Since surfactants are prevalent in biological sys-
tems, this model may be particularly important for ap-
plications involving decompression sickness and medical
ultrasonics.

Numerous theories are available to explain how cav-
itation micronuclei are stabilized. Perhaps situations ex-
ist when some combination of the models will be needed
to explain the experimental results. At the present
time, because of uncertainties in the parameters on
which the models depend, additional experiments are
needed before a definitive statement can be made about
the source of cavitation micronuelei (11).

Cavitation micronuclei are not always permanently
stabilized. Short-lived micronuclei ean also be formed
by radiation. Greenspan and Tschiegg showed that after
cleaning water to raise its cavitation threshold to —160
bar, the threshold could be lowered again to — 50 bar
by irradiating with 10 MeV neutrons (8). Although many
theories have been proposed to explain these results,
the one that seems to have the most experimental sup-
port is the thermal spike model (19). In this model, a
positive ion is ereated by the radiation-matter inter-
action. This ion quickly liberates its energy, producing
neighboring atoms that are thermally excited. If tension
exists within the liquid, due to an acoustic pressure
wave for example, this region can produce a vapor bub-
ble that expands and eventually results in a cavitation
event. Bubbles also form in superheated liquids this
way, in the absence of ultrasound, as illustrated by the
operation of an ordinary bubble chamber.

For transient cavitation to occur after a free bubble
has been nucleated, it must first grow. This is accom-
plished by radial oscillations of the liquid gas interface
in a manner that is analogous to a mass spring system,
as shown in Figure 3 (20). Apfel provides a relatively
simple derivation for an equation to describe the time
dependence of R, the radius of the liquid-gas interface.
His result is given by:

3(R1)2 4P-R,

s % _ P, - P(t)
2 pk

RR" + +—==—— (4

pke P @
where p. is the viscosity of the liquid and B' = dR/dt.
The first two terms are inertial terms, the third term
is needed to account for viscous losses, and the remain-
ing terms account for surface tension and pressure ef-
fects. The liquid is assumed to be incompressible, the
gas content of the bubble is assumed to remain constant
and the diameter of the bubble is assumed to be much
less than an acoustic wavelength so that the pressure
within the bubble P; will be constant at any given time.

Noltingk and Neppiras found by neglecting viscosity
and considering only small steady-state oscillations, as
oceurs for stable cavitation, Eq. (4) reduces to the form
of a forced harmonie oscillator (21). Such a system has
a natural resonance frequency which in this case is given

by:
1 1/2
1 3KP
= 3 - — 5
f 211Rr[ o {1+Xr(1 3K)}] (5)
where 2r
X = PE.
and
1 (3KP\
= —— 2 < 6
Z‘ITR,.( 5 ) for X, << 1 (6)

using the notation of Apfel (2). R, is the resonance ra-
dius and K is the exponent which varies between 1.0,
when the oscillations are adiabatic, and v, when the
oscillations are isothermal, where v is the ratio of spe-
cific heats for the liquid. Equation (5) prediets that at
1.6 MHz the resonance radius of an air bubble in water
at 30°C is about 2 pm. Figure 4 is a plot of the resonance
radius of an air bubble in water at 30°C, as a function
of driving frequency (22). The solid curve represents
the results for Eqg. (5), while the dashed line represents
the results for its simplified form which neglects surface
tension [Eq. (6)]. As shown, surface tension only be-
comes important for frequencies above 1.0 MHz.

One consequence of small radial oscillations, also re-
ferred to as stable cavitation, is the growth of a bubble
by a process called rectified diffusion. During the com-
pressional phase of the acoustic cycle, the bubble will
shrink causing gas to diffuse out of the bubble. During

Resonant Radius {Microns)
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FicURE 4. Variation of resonant radius with frequency for an air
bubble in water: (--) resuits that neglect surface tension; ( )
results including the effeet of surface tension.
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the rarefaction phase of the cycle, on the other hand,
the bubble expands causing gas to diffuse into the bub-
ble. Since the surface area is larger when the bubble
expands, a net increase of gas in the bubble occurs. This
process competes with the natural tendency for the bub-
ble to shrink. For certain critical eonditions that depend
on bubble size, the intensity of ultrasound and the con-
centration of dissolved gas in the liquid, bubbles below
resonance size will grow. The threshold intensity for
bubble growth can be very small (6 mW/em® at 1.0 MHz)
for bubbles near resonance size (4). This growth usually
oceurs rapidly, For air bubbles in water at a driving
frequency of 1.0 MHz, bubbles will grow through res-
onance within 10 msec (23).

The bubbles formed by stable cavitation may be trap-
ped at certain fixed locations by the effects of acoustic
radiation force, which is proportional to the negative
gradient of the pressure field. Consider a standing wave
exposure field produced when an incident plane wave
is reflected at normal incidence from an interface. The
interference between these two plane waves, that are
traveling in opposite directions, produces a new time
variant pressure field whose magnitude depends on a
spatial coordinate. The plane of minimum pressure is
called a pressure node (or displacement antinode) while
the plane of maximum pressure is called a pressure
antinode. Radiation forces will propel bubbles smaller
than resonance size to pressure maxima while bubbles
larger than resonance size move to pressure minima.
These forces often play an important role in cavitation
detection especially for resonator systems. For exam-
ple, Crum has observed that smail bubbles move toward
a pressure antinode, grow in size by rectified diffusion
and shoot away from the antinode after becoming larger
than resonance size {(19).

Now that we have discussed nucleation and bubble
growth due to stable cavitation, we will turn our atten-
tion to transient cavitation. For radical oscillations of a
small bubble, Eq. (4) proved useful for predicting its
resonant bubble size. This same equation has also been
used to predict bubble dynamics for larger radial oscil-
lations that are characteristic of transient cavitation.
The results from numerical methods predict that when
the driving pressure is significantly high, the bubble
initially at radius R, will grow for a few acoustic cycles
until it reaches a maximum value R, that is at least
two to three times its initial radius (2). Then it will
collapse during the next acoustic compression half-
cycle. Assuming an adiabatic collapse, which may be
reasonable considering the short collapse time, the final
temperature of the gas within the bubble is approxi-
mated by:

Ty = To (Ru/R)*™Y (M

when T, is the temperature of the liquid and E; is the
final bubble radius (21). Although Eq. (7) is an oversim-
plified approximation, it is useful for demanstrating that
encrmous temperatures should be generated during a
bubble's ecllapse sinee this temperature is proportional

to the cube of its fractional change in radius.

Apfel has investigated the validity of using Eq. (4)
under these conditions (2). He coneludes that it is valid
until the final stage of collapse when the initial as-
sumption of an incompressible liguid is violated as the
velocity of the liquid-gas interface approaches and then
exceeds the speed of sound in the liquid. A useful def-
inition for transient cavitation can be described by the
criterion that B, must be at least 2.3K,, which is the
growth needed for the bubble to just reach supersonic
collapse velocity (20).

The theory also predicts that for a given driving fre-
guency and acoustic pressure P, R, is constant and is
independent of the bubble’s initial size. Since the size
of a bubble determines its stored energy, which may be
liberated as kinetic energy during a collapse, the vio-
lence of collapse depends on bubble size. Therefore, for
frequencies greater than 100 kHz, the violence of a cav-
itation event will be determined by the driving fre-
quency and the acoustic intensity, decreasing with fre-
quency and increasing with intensity.

The results discussed so far were derived assuming
a continuous wave ultrasonic exposure. In a recent new
application of Eq. (4), Flynn calculated the cavitation
thresheld for microsecond acoustic pulses that simulate
those used in diagnostic ultrasound (24). After parti-
tioning the terms of Eq. (4) into two components, an
inertial acceleration function IF, and a pressure accel-
eration function PF, he plots each one as a function of .
normalized radius. During the initial stage of collapse,
both terms contribute to the bubble’s aceelerating col-
lapse. Eventually though, the PF term predominates,
arresting the motion of the interface. Since Eq. (4) as-
sumes ne mass transport, the gas pressure within the
bubble cushions its collapse. Thus, the collapse of a va-
por-filled bubble will be more violent than the collapse
of a gas filled bubble of equal size.

Assuming a single acoustic frequency with a Gaussian
envelope to simulate short ultrasonic pulses, Flynn cal-
culates the effect of different initial bubble sizes and
driving freguencies for 2 constant pulse width of 1 psec.
(Since pulse width was constant, the number of cycles
per pulse changed with drive frequency.) His results
predict that transient cavitation does occur. For ex-
ample, at 1.0 MHz and a pressure amplitude of 6 bar
(with spatial peak temporal peak intensity Jsprp = 24
Wiem®) (8), a nucleus filled with argon with an initial
radius of 1.0 um will expand to a maximum radius of
7.4 pm and then will collapse giving rise to a peak pres-
sure of 28,000 bar and a maximum temperature of
10,000°K.

Using a mathematical definition for cavitation thresh-
old, Flynn caleulates threshold values as a function of
initial bubble size for several different ultrasonic fre-
quencies. His results are shown in Figure 5. The dashed
lines represent regions where the initial bubble size was
too large for transient cavitation to occur. Aiso plotted
in this figure is the Blake threshold, which represents
the minimum negative static pressure that would cause
a bubble to grow without limit. The results in Figure 5
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FIGURE 5. Variation of cavitation threshold with initial bubble ra-
dius for a constant pulse width of 1.0 psec.

show a frequency dependence. The lowest frequency
has the Jowest threshold, which is just above the Blake
threshold. Flynn interprets this result to mean that at
1.0 MHz and below, the effect of a pressure cycle at
that frequency on a small nucleus is nearly the same as
a static pressure change. Thus, for small nuclei, the
Blake threshold is a reliable predictor of the cavitation
threshold. Flynn's thresholds are calculated assuming
a free (unstable) bubble is present in the liquid. Thresh-
olds that include the effect of nucleation may be con-
siderably higher.

To illustrate how these theoretical predictions suc-
cessfully explain a variety of experimental results, we
will eonsider one phenomenon associated with transient
cavitation, sonolumineseence. Since its discovery in
1933, many explanations have been offered for the origin
of this effect. They fall into two broad categories, elee-
trical and thermal. Frenkel proposed that molecular
bonds were broken when a new cavity was formed by
ultrasound. The charges created formed on opposite
walls of the cavity, which was initially lens-shaped. Un-
der certain conditions, microdischarges could oceur that
produced light (25).

Noltingk and Neppiras suggested an alternative,
called the “hot spot” theory, in which high intercavity
temperatures produced incandescence (21). Griffing
modified this theory by suggesting that thermal energy
produces free radicals that then recombine to produce
luminescence (26). This idea had the advantage that
lower temperatures are required to dissociate water
molecules than are required to excite molecules into a
radiative state. Frenkel’s theory predicts light is emit-
ted during the expansion of the bubble, while the ther-
mal theory predicts it is produced during the bubble’s
collapse.

Saksena and Nyborg used a eylindrical resonator op-
erating at 30 kHz to study sonolumineseence from bub-
bles suspended in a viscous mixture of glycerine and
water (27). The high viscosity of the liquid kept the
bubbles from disintegrating upon collapse, providing
the investigators with a reproducible means of studying
their behavior which they classified as stable cavitation.
Surface oscillations would normally cause a bubble in a
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FIGURE 6. Variation of radius and temperature within a bubble os-
cillating in a sound field. Flashes of light due to sonoluminescence
are observed when the bubble’s temperature exceeds a critical
value, T..

low viscosity liquid to break into many microbubbles
that could later serve as cavitation nuclei.

Saksena and Nyborg observed flashes of light with a
period T that was the same as the acoustic period, and
a duration that was less than one-tenth of 7. These
results can be explained by using Figure 6, which is a
plot of the normalized radius and temperature within
each bubble as a function of time. During each collapse,
the bubble’s temperature exceeded a critical value T,
that produced light. These results support the hot spot
theory that predicts light is emitted during the final
stage of a bubble’s collapse.

The authors offer two explanations for the light; emis-
sion from an ionized gas and emission from the recom-
bination of "H and "OH free radicals. Using therme-
dynamie considerations, they show the reaction (8):

H.0 —"H + "0H B

reaches equilibrium in less than 1.0 psee. at 2000°K,
and that the light output from this mechanism is much
greater than the light output from the collision of ions
with neutral molecules, at least up to 3000°K. When
allyl aleohol, a known free radical scavenger which has
the same vapor pressure as water, was added to the
liquid, no soncluminescence was observed. This led the
authors to conelude that the recombination of "OH and
'H radicals is primarily responsible for the light they
observed and that the temperature within the bubble
exceeds 1800°K.

Young measured the sonoluminescence at 20 kHz for
17 different gases dissolved in water (28). He also de-
rived an expression for the temperature of the gas
within a collapsing bubble that modifies Eq. (7) to ac-
count for thermal conductivity within the gas. The re-
sults suggest that different luminous intensities ob-
served in solutions of different gases can be explained
by reduced temperatures within a collapsing bubble that
are due to the effect of heat conduction within the gas.
Similarly, differences in luminous intensity observed for






