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Computed optical emissions from a sonoluminescing bubble

William C. Moss,* David A. Young, Judith A. Harte, Joanne L. Levatin, Balazs F. Rozsnyai, George B. Zimmerma
and I. Harold Zimmerman

Lawrence Livermore National Laboratory, P. O. Box 808, Livermore, California 94550
~Received 8 September 1998!

A sonoluminescing bubble has been modeled as a thermally conducting, partially ionized plasma. The model
is more complete than previous models, due to the inclusion of both plasma and normal molecular thermal
conduction, vapor pressure, surface tension, the mixing of gas and water vapor in the bubble, and opacities.
The model accounts for most of the observed experimental trends, including~i! the asymmetric pulse shape;
~ii ! the temperature and driving pressure dependence of the pulse width and intensity; and~iii ! spectral shapes,
in particular, the 300-nm peak in the spectrum of xenon sonoluminescence, which to our knowledge has not
been explained by any previous model; and~iv! a hydrodynamic explanation of why water is the ‘‘friendliest’’
liquid in which sonoluminescence occurs. The agreement between the calculations and the data, as well as the
model’s predictions of almost every experimental trend, suggest strongly that the spectral and temporal prop-
erties of the emissions of a sonoluminescing bubble are due to adiabatic- or shock-initiated thermal emission
from a cool dense plasma.@S1063-651X~99!07503-0#

PACS number~s!: 78.60.Mq, 43.25.1y, 52.35.Tc
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I. INTRODUCTION

Single bubble sonoluminescence~SBSL! @1,2# is a phe-
nomenon in which a liquid-filled flask contains an acous
cally levitated gas-filled bubble that undergoes repea
cycles of growth and collapse in response to an app
acoustic standing wave. At the conclusion of each collaps
brief flash of light is emitted by the gas bubble@3–5#. Al-
though SBSL is relatively easy to achieve experimenta
@6#, the short duration of the flash~;100 ps!, small radiating
volume (;10213 cm3), and the extreme sensitivity of th
data to experimental conditions make it difficult to acqu
data sets that are complete enough to construct and val
theoretical models.

The complexity of SBSL data may prohibit a comple
quantitative theoretical description. For example, bubble
dii can be determined only to within a couple of micro
@7,8#. While this represents a relatively small error with r
spect toRmax ~the maximum bubble radius during the grow
phase!, the relative error in the accuracy ofR0 ~the ambient
bubble radius before the growth phase begins! can exceed
50%, which can have a large effect on the calculated em
sion. In addition, there are still no data sets that can be c
sidered ‘‘complete,’’ from a theoretician’s point of view: no
only areR0 and Rmax required, but time dependent optic
emission and spectra, for a range of driving pressures, liq
temperatures, and gas concentrations are also requ
Therefore, from a practical point of view, we should expe
no more from a theoretical model than the reproduction
experimental sensitivities to parameter variations, given
current experimental~and theoretical! uncertainties. Repro
duction of the experimental trends indicates that the esse
physics has been captured and builds confidence in the
dictive capabilities of the model, even if precise quantitat
agreement between theory and particular experimental
cannot be obtained.

*Electronic address: wmoss@llnl.gov
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The current experimental features of SBSL that are app
priate for theoretical modeling are as follows:~i! The pulse
width increases from;30 to ;300 ps, as the amplitude o
the driving pressurePa near the bubble increases@4,5#. ~ii !
R0 and Rmax increase asPa increases@7,8#. ~iii ! The maxi-
mum optical emission~with respect toPa) increases as the
temperature of the liquid surrounding the bubble decrea
@9#. ~iv! The air/argon SBSL spectral energy density ha
peak <200 nm @10#. ~v! The xenon SBSL spectral energ
density has a broad peak at;300 nm@10#.

Numerical solutions of the complete nonlinear hydrod
namic equations in the gas bubble and the surrounding liq
showed that many features of SBSL, including spectra, pu
widths, and the relative brightness of noble and diatom
gases, could be explained by thermal emission from a c
~few eV! dense plasma in the collapsed bubble@11#. The
model included detailed high temperature and high den
equations of state, plasma thermal conductivity (;T5/2), and
a temperature dependent greybody opacity, to calculate
optical emission.~The opacity determines the light intensi
that is emitted at a given temperature.! The calculated results
demonstrated the importance of the opacity, hydrodynam
and the specific heat of the gas in the bubble, for determin
the size of the radiating volume. The model showed that
bubble is like a tiny star; it emits from the surface of a
optically thick core~;0.1 mm! that radiates through an op
tically thin radiating halo that surrounds the core. One of
main theoretical results of the cool dense plasma mode
that a brighter bubble implies more radiating volume, n
necessarily a higher temperature. Subsequent work, using
same model coupled with a chemical kinetics model
Lohseet al. @12#, showed that the observed dependence
SBSL intensity on liquid temperature could also be e
plained@13#.

Although the cool dense plasma model@11# provided
physical insight into fundamental SBSL mechanisms, it w
based on the limited experimental data that were availa
so only the physics that was deemed relevant was includ
Recent bubble dynamics data@7,8# and pulse width measure
2986 ©1999 The American Physical Society



te

t
ol
a

tio

u
a

bb
is
m
at

e
u

im
s

de
ibe
b

n
,

tio
ith
e

re
d

th
iti

u

gl
o
e
n

an

t o

fo
a

ion
ssure
he
-

of
and
al

-
nt,
nd
ity,
tion

ma
are

ns.

th

be

ript
n

n-

tes:

-
ate
a

nd
s.
ni-

mal
ore
gni-
and
ept

PRE 59 2987COMPUTED OPTICAL EMISSIONS FROMA . . .
ments @4,5# justify the construction of a more comple
model. In particular, we include~i! normal molecular ther-
mal conductivity (;T1/2) @14#, to simulate the actual hea
flow into and out of the bubble during expansion and c
lapse;~ii ! temperature dependent surface tension, which
fects the ambient gas pressure inside the bubble@14#; and
~iii ! ambient-condition dependent water vapor concentra
@15#, which affectsRmax and the radiating volume@11#. In
addition, we have also modified our plasma thermal cond
tivity model to provide a better representation of therm
conduction in the cool dense plasma in the collapsed bu
@16#. The only important physics missing from our model
viscosity, which has a negligible effect on the bubble dyna
ics @17#, and evaporation/condensation and the associ
mass transport in the bubble. We approximate the latter
fect on the bubble dynamics using a water vapor press
and a water vapor to gas ratio in the bubble whose t
independent values vary with the initial ambient condition

In this paper, we show that the cool dense plasma mo
with the approximations and refinements that are descr
above, gives an improved description of most of the o
served features of SBSL, including~i! the asymmetric pulse
shape;~ii ! the temperature and driving pressure depende
of the pulse width and intensity; and~iii ! spectral shapes
including the 300-nm peak in xenon SBSL; and~iv! a hydro-
dynamic explanation of why water is the ‘‘friendliest’’ liquid
in which SBSL occurs.

II. MODEL

We assume spherical symmetry, and consider the mo
of a bubble filled with a mixture of gas and water vapor, w
an initial radiusR0 surrounded by a shell of water, whos
outer radius isRW . The gas, vapor, and liquid water a
initially in thermal equilibrium, and at rest. The initial liqui
pressure isP0. The pressure in the bubble~gas plus water
vapor! is balanced by the sum of the liquid pressure and
surface tension at the gas-liquid interface, so that the in
gas pressure isP012s(T0)/R02PV(T0), wheres and PV
are the surface tension and water vapor pressure. The o
radius of the water is driven by a sinusoidal pressureP0
2PAsin2pnt. We calculate the bubble’s response to a sin
cycle of the driving oscillatory pressure, that is, only one
the many growth and collapse cycles that the bubble exp
ences. We assume the physics that governs the creatio
any one of the steady-state sonoluminescence flashes c
approximated using experimental values forR0 ,Rmax, andn,
because the bubble collapse is primarily an inertial effec
the liquid compressing the gas.

Neglecting viscosity and mass diffusion, the equations
the conservation of mass and momentum for the system
@18,19#

Dr

Dt
52r“•v,

r
Dv
Dt

52¹~P1Q!,

~1!
P5Pe~r,Te!1Pi~r,Ti !1PV~T0!ugas,
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whereD/Dt[(]/]t)1v•¹, andr,v, Q(u¹vu2,¹v),P,and
s are the density, velocity, artificial viscosity@20#, pressure,
and surface tension. The total pressure is the sum of the
pressure, the electron pressure, and a constant vapor pre
Pv , which is included only in regions inside the bubble. T
temperature dependent surface tension@21# creates a pres
sure jump across the gas-liquid interface. Conservation
energy is represented by separate equations for the ions
the electrons that include ion-electron coupling and therm
conduction. We write@18,19#

r
DEi

Dt
52~Pi1Q!¹•v1K̄ ie

3~Te2Ti !1¹•~Ki¹Ti !,

r
DEe

Dt
52Pe¹•v1K̄ ie~Ti2Te!1¹•~Ke¹Te!,

E5Ee~r,Te!1Ei~r,Ti !, ~2!

Ki5K0c/c0 ,

Ke50.5kz* ni
2/3~11z*

1/3
!21~3kTe /me!

1/2,

whereEi ,Ee ,K̄ ie ,Ki , andKe are the ion and electron spe
cific internal energies, the ion-electron coupling coefficie
and the ion and electron thermal conductivities, a
c,nik,me , andz* are the adiabatic sound speed, ion dens
Boltzmann constant, electron mass, and degree of ioniza
@22#. A cool dense plasma (;1g/cm3 and ;2 eV! has a
Debye length on the order of an angstrom@16,18#, so that the
range of Coulomb interactions is so short that the plas
behaves like a dense fluid whose transport properties
governed by collisions, rather than Coulomb interactio
Consequently, the conductivities in Eq.~2! can be con-
structed using simple kinetic theory@23#, which yields K
5ncklcc/2, wherenc is the number density of ‘‘carriers,’’
l5(nscs)21is the mean free path between ‘‘scatterers’’ wi
number densitynsc and collision cross sections, andcc is
the velocity of the ‘‘carriers.’’ Ion-ion collisions dominate
the ion conductivity, because the ions are too massive to
scattered by the electrons, soKi;c;T1/2, which has the
same form as normal molecular conductivity. The subsc
‘‘ o’ ’ in Eq. ~2! refers to ambient conditions. The electro
thermal conductivity has contributions from electro
electron ~ee! and electron-ion~ei! scattering. An effective
mean free path is obtained by summing the collision ra
ve /leff5ve/lee1ve /lei , where lee5(z* ni)

21/3, lei

5ni
21/3, ve5(3kTe /me)

1/2, and the number density of elec
trons isz* ni . These collision rates can be used to calcul
the electron-electron and ion-ion collision times, which in
cool dense plasma~;1 g/cm and;2 eV! are 1 and 100 fs,
respectively. The ions and electrons self-equilibrate a
achieve well-defined temperatures within a few collision
These equilibration times are at least two orders of mag
tude less than experimental SL pulse widths. The ther
equilibration time between ions and electrons is no m
than a few picoseconds, which is at least an order of ma
tude less than the shortest SL pulse widths, so the ion
electron temperatures equilibrate rapidly everywhere exc
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TABLE I. Experimental data and calculational results. Simulations A1–C2 are based on the d
Gaitan and Holt@7# for sonoluminescing air bubbles. Simulations D1–D3 are based on the calculated b
dynamics of Ref.@13#. Simulation E1 is based on representative data for sonoluminescing xenon bu
@27#. Bold entries represent experimental data;DTexpt is from Ref.@5#; Nexpt ~bracketed values! are from Ref.
@7#, and represent their normalization of the relative number of emitted photons to C1. Unbracketed va
Nexpt are from Ref.@9#. Tth is the maximum temperature at the surface of the optically thick region.Tmax is the
maximum temperature, which occurs at the center of the bubble.P051.013 bar, except for B2. The driving
frequency was 20.6 kHz for rows A, B, C, and E, and 26.5 kHz for row D. Additional data are given in
@28#. Pa is the acoustic pressure near the bubble, and should not be confused withPA , the driving pressure
for the calculations.

ID
R0

~mm!
Rmax

~mm!
T0

~°C!

Water
vapor
~%!

DT
~ps!

DTexpt

~ps!
N

(106)
Nexpt

(106)
Tth /Tmax

~eV,eV! Misc.
Pa

~bar!

A1 6.0 63.6 20 40 85 ;160 1.8 ;†10‡ 1.6,11 1.40
A2 6.0 63.6 20 35 126 4.6 1.7,3.5
A3 6.0 63.6 20 40 150 2.9 1.3,11 5k
A4 5.0 63.6 20 38 85 2.0 1.7,9.1

B1 4.0 48.8 20 36 57 ;120 0.74 ;†4‡ 1.7,6.6 1.32
B2 4.0 56.1 20 36 66 1.2 1.8,7.5 P05.99
B3 4.0 39.8 20 36 42 0.21 1.5,5.1

C1 2.1 29.6 20 30 32 ;90 0.13 ;†1‡ 1.8,4.1 1.29
C2 3.0 29.6 20 34 30 0.031 1.6,2.5

D1 5.0 54.5 2.5 12 525 73 6.0 2.3,5.3 1.40
D2 4.0 39.8 20 36 46 ;120 0.33 0.5 1.6,5.7 1.30
D3 3.5 32.9 33 76 2 1.8E-4 0.01 3.7,11 1.25

E1 4.0 32.0 20 36 290 ;200 1.6 0.95,2.5
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near the center of the bubble, andTi andTemay be replaced
by a single temperature fieldT(r ,t).

The equations of state for the gases, water, and w
vapor were obtained from a combination of data and the
@24,25#. The equations of motion@Eqs. ~1! and ~2!# and the
equations of state combined with the boundary and ini
conditions given above can be solved numerically for
radial and temporal variation of all the field quantities.

Typical SBSL spectra can be integrated to show that
optical energy per flash is at most 1026 of the thermal en-
ergy in the compressed bubble. Consequently, the ph
field cannot affect the matter field. The short plasma co
sion times and the small amount of optically emitted ene
relative to the thermal energy in the bubble create a co
tion of local thermodynamic equilibrium~LTE!, which al-
lows electron-photon coupling terms to be excluded from
~2!, thus simplifying the calculation of the emitted optic
power@26#. The simplification introduced by LTE constrain
the radiation source function to be the Planck function, a
allows the emitted power to be computed entirely from
properties of the matter, specifically,r, Te , and the opacity
k. The resulting expression for the emission from the surf
of an optically thick core that radiates through an optica
thin radiating halo that surrounds the core is@11#

~Optical power!5E h~Te!sTe
4dAth

1E
Rth

R

4h~Te!rk~r,Te!sTe
4dV, ~3!
er
y

l
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y
i-

.
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e

where Te varies spatially and temporally ands, Ath ,k,R,
andRth are the fraction of the Planck spectrum between 2
and 750 nm, the surface area of the optically thick region,
Planck mean~frequency-averaged! opacity, the bubble ra-
dius, and the radius of the optically thick region.Rth is de-
fined by the expression 152*R

Rthrk(r,Te)dr.

III. RESULTS

Table I shows the parameters for the calculations t
were performed. The upper part of the table~rows A1–C2!
shows simulations that are based on the experimental bu
dynamics data (R0 ,Rmax, andn! of Gaitan and Holt~GH! @7#
for air bubbles in water. We assume the validity of the re
tification hypothesis@12,29#, and perform our simulations
using argon and water vapor filled bubbles, even thoug
has been shown that there are slight differences betwee
bubbles and argon bubbles@5#. A1, B1, and C1 represen
three ‘‘base’’ calculations based on the GH data, whereas
other simulations represent sensitivity studies. Bold ent
represent experimental data. Dashes represent unmea
values. The lower part of the table~rows D1–D3! shows
calculated bubble dynamics ‘‘data’’~ R0 ,Rmax, and n! for
water vapor and argon filled bubbles at three different am
ent liquid temperatures@13#. The use of these calculate
quantities for our sensitivity study was necessitated by
lack of experimental data. Representative bubble dynam
data for xenon~row E1! were obtained from Barberet al.
@27#.

Figure 1 shows the calculated expansion and initial c
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lapse of a water vapor and argon filled bubble, using row
in Table I. The figure shows the pressure at the center of
bubble ~solid line! and just inside the gas-liquid interfac
~dashed line!, both normalized to the ambient pressure in t
bubble. The dot shows the ambient conditions. The exp
sion and initial collapse occurs nearly isothermally throug
out the bubble:g5d(lnP)/d(lnr);1, whereg is the poly-
tropic exponent@30#. Although the periphery of the bubbl
collapses isothermally untilR;R0, the center of the bubble
begins to make a transition from isothermal to adiabatic
havior early in the collapse. This behavior is typical of all t
calculated results in Table I. The figure shows that the oft
used approximation of describing the gas in the bubble us
a single spatially independent pressure~and temperature! can
introduce errors, even if a compressional-dependentg is
used.

The specific heat ratio at the center of the bubble ne
reaches 5/3, because of the presence of water vapor, w
detailed treatment we discuss next. As the bubble expa
the gas pressure decreases and the bubble fills with w
vapor. The expansion is slow with respect to typical therm
diffusion times, so the bubble fills isothermally with wat
vapor at a constant pressurePv(T0), which also represent
approximately the minimum pressure in the bubble dur
expansion. We cannot currently model evaporation and c
densation and the changing mass in the bubble, but we
account for the dynamics, by never allowing the pressure
the bubble to be less thanPv(T0). This accounts properly fo
the PdV work done by the vapor during the expansion, a
increases the calculated value ofRmaxby a few microns. As
the bubble begins to collapse, water vapor condenses a
removed from the interior of the bubble. As the collap
accelerates, condensation cannot occur rapidly enough
vapor becomes trapped inside the bubble, which affects
hydrodynamics of the collapse. In particular, the concen
tion of trapped water vapor affects the size of the radiat

FIG. 1. Calculated expansion and initial collapse of a wa
vapor and argon filled bubble~data from Table I, row A1!. The
pressure is normalized by the ambient bubble pressurePob5Po

12s(T0)/R0. The small pressure difference between the initial e
pansion of the gas-liquid interface~dashed line! and the center of
the bubble~solid line! is due to the finite time for heat to be con
ducted to the center of the bubble. The gas-liquid interface respo
nearly isothermally~g;1!, whereas the center of the collapsin
bubble begins to respond adiabatically atR* (R;4R0). The peak
temperatures and pressures that are shown in the figure occu
ps before the sonoluminescence flash.
1
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g

region. As the percentage of trapped water vapor increa
the g of the mixture decreases and the bubble heats m
inhomogeneously, which produces a very large and ra
temperature increase near the center of the bubble. Altho
the center of the bubble can be very hot, the total radiat
volume decreases due to the inhomogeneous heating
there is actually less optical emission@11#. The detailed mix-
ing is beyond the scope of our current model, but we c
approximate its average effect on the hydrodynamics of
collapse by assuming a fixed molar ratio of water vapor a
gas that scales with the initial ambient conditions@31#. The
values shown in Table I were referenced to the arbitrar
chosen 40% value that was used for the simulation shown
Fig. 1.

Figure 2 shows the conclusion of the collapse shown
Fig. 1. The thick solid line shows the time dependence of t
bubble radiusR(t). The thin solid line shows the trajectory
of a shock wave that is generated near the conclusion of
collapse, which reflects from the center of the bubble at
5270 ps.~Numerical noise is responsible for the jaggedne
of the curves.! The other solid line shows the power emitte
@Eq. ~3!# between 200 and 750 nm. 1.8 M photons are em
ted in a 85 ps full width at half maximum~FWHM! pulse
that is due to both adiabatic and shock heating, beca
emission begins before there is significant shocking. A
though the compression creates an optically thick reg
~dotted line in the figure! near the center of the bubble, mos
of the emission is from the optically thin halo that surroun
the optically thick region. The surface temperature of t
optically thick region never exceeds 1.6 eV~19 000 K!.

The asymmetry ofR(t) around Rmin gives rise to the
asymmetry of the computed pulse shape, which show
shorter rise time than fall time, and a ‘‘tail,’’ in agreemen

r

-

ds

00

FIG. 2. The conclusion of the collapse shown in Fig. 1. Th
figure shows the time dependence of the bubble radiusR(t) ~thick
solid line!, the collapse induced shock wave~thin solid line!, and
the optically thick region~dotted line!. The other thick solid line
shows the emitted optical power. The pulse width increases, as
water vapor content decreases from 40% to 35%~long dashed line;
the calculated power has been multiplied by 0.5, and the absc
has been displaced by285 ps to compare the calculations!. Increas-
ing the opacity by a factor of 5~short dashed lines! increases the
pulse width further. See Table I for additional results.
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2990 PRE 59WILLIAM C. MOSS et al.
with experimental data@4,32#. The emitted power~solid line!
is unchanged when there is no thermal conduction during
600 ps that are shown in Fig. 2, which indicates that
thermal diffusion time is long and that adiabatic expansion
the dominant cooling mechanism. This conclusion modifi
the results of earlier calculations@11#, which neglected nor-
mal thermal conduction during the growth and initial co
lapse.

The dashed lines show the sensitivity of the emit
power ‘‘base’’ calculation~solid line! to changes in only the
water vapor content or the opacity. 4.6 M photons are em
ted in a 126 ps FWHM pulse when the vapor content
reduced from 40% to 35%~long dashed line!, whereas 2.9 M
photons are emitted in a 150 ps FWHM pulse~short dashed
line! when the opacity is multiplied by a factor of 5.~The
calculated opacities are only accurate to within a factor of
for these cool dense plasmas.! We could claim that any of
these results agree with the experimental data@5#.

Figure 2 shows that the emitted photons and pulse w
decrease significantly, as the water vapor concentration
creases~Table I, rows A1 and A2!. As shown in Fig. 1, water
vapor lowers the effectiveg of the bubble contents. Th
sound speed decreases asg decreases, so it is easier to ge
erate a shock in the bubble. Consequently, the bubble h
more inhomogeneously, with a higher maximum temperat
at the center of the bubble~compareTmax for A1 and A2!,
but with a decrease in the total volume that is hot enough
emit appreciably. This explains why sonoluminescence fr
noble gas bubbles~g;5

3! is brighter than from diatomic gase
~g;7

5! @11#. A lower g means that more compressional e
ergy goes into internal degrees of freedom than into hea
the bubble, even though stronger shock waves are produ
The stronger the shock wave, the shorter the pulse wi
which explains why air SBSL has a shorter pulse width th
argon SBSL@5#. Although the Lohse hypothesis@12# is gen-
erally true, clearly some air remains in the bubble from cy
to cycle. The air, which has a lowerg than argon, further
enhances the inhomogeneous heating, shocking, and sho
ing of the pulse width. The preceding analysis also provi
a hydrodynamic explanation of why water is the ‘‘friend
est’’ liquid for SBSL: the vapor of most other polyatom
liquids will have ag even lower than water, so that eve
more energy is lost to internal degrees of freedom, produc
an even smaller radiating volume, with perhaps too few p
tons to measure. The concomitant enhancement of the s
that results from a smallerg may also decrease the stabili
of the bubble. It would seem that from apurely hydrody-
namic perspectiveliquid argon would be an ideal substitu
for water in SBSL experiments.

Figure 3 shows the experimental~solid lines! @10# and
calculated ~dashed lines! wavelength dependence of th
spectral energy density of argon and xenon bubbles un
going SL. Reference@10# did not include bubble dynamic
data, so we used the GHR052.1 and 6.0mm bubble dynam-
ics data~A1 and C1! from Table I to calculate bounding
values for the argon spectrum and the xenonR054.0 mm
bubble dynamics data~E1! to calculate a representative spe
trum for xenon. The calculations reproduce the general
tures of the data, despite the experimental and theore
uncertainties. The peak in the xenon spectrum, which to
knowledge has not been explained previously by any o
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hydrodynamic model, is a simple consequence of the te
perature dependence of the opacity. This peak has also
observed in theoretical spectra resulting from electro
neutral-atom bremsstrahlung@33#. Consider the spatial pro
file of temperature in the bubble at an instant of time dur
the collapse. The temperature increases as the center o
bubble is approached. The inset in Fig. 3 shows that
opacity of xenon increases more rapidly than that of arg
as the temperature increases@34#. Consequently xenon be
comes optically thick at a larger radius and lower tempe
ture than argon. The emission is characterized approxima
by a temperature no greater than that at the surface of
optically thick region, since it is not possible to ‘‘see’’ int
the bubble any further than one optical thickness. The m
sured peak in the xenon spectral energy density at 300
corresponds to an emitting temperature of;0.9 eV, which is
consistent with our calculation. The absence of a peak in
argon data indicates an emitting temperature greater than
eV, which is also consistent with our calculations. the te
perature dependence of the opacity is also responsible
xenon SBSL having a longer pulse width than argon,
cause xenon begins~and ceases! to emit at a lower tempera
ture than argon; that is, xenon emission begins earlier in
collapse and continues longer during the re-expansion of
bubble than for argon. Figures 2 and 3 reiterate the imp
tance of the opacity for describing the spectral and temp
characteristics of SBSL emission.

Table I shows that the model can account for the m
experimental trends of the data. For example, the numbe
emitted photons and the pulse width increase as the driv
acoustic pressurePa increases~rows C1, B1, and A1!. The
bracketed entries in the table represent measured quan
that were normalized by Gaitan and Holt to experiment C
Our equivalent normalized number of emitted photons agr
with the GH data given the experimental and theoretical
certainties. We note that if only pure argon bubbles are c
sidered~0% water vapor!, then the emission ratio betwee
calculations A1 and C1 exceeds 100, which is much gre

FIG. 3. Wavelength~l! dependence of experimental~solid
lines! and calculated~dashed lines! SBSL spectra for xenon~thick
lines! and argon~thin lines!. The calculations reproduce the gener
features of the experimental data, including the 300 nm peak
xenon. The inset shows the calculated opacities for argon and
non.
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than the experimental value. The water vapor influen
strongly the size of the radiating volume, and is necessary
the agreement between the calculated and experime
emission ratios.

It is well known experimentally that the maximum optic
emission from SBSL increases as the liquid temperature
creases. Previous calculations@13# confirmed this observa
tion, as do our current calculations~rows D1–D3!. The dis-
crepancies at 2.5 and 33 °C are due to the percentag
water vapor, which is obtained from our approximation@31#
of the full water vapor dynamics, to which our calculatio
are quite sensitive~compare A1 and A2!. Nevertheless, the
calculated variation with temperature is consistent with
data. Calculations B1 and B3 show that a small change
only Rmax can produce nearly a factor of four difference
the number of emitted photons. Calculations A3 and A4, a
C1 and C2 show that changes inR0 that are well within
experimental error can produce large changes in the p
width and number of emitted photons. These calculati
show generally that the pulse width and number of emit
photons increase asRmax/R0 increases, but there can be e
ceptions due to the extreme nonlinearity of the physics.

We consider changes in the ambient pressureP0 @35#, as
a final example of the extreme sensitivity of the calcula
results to initial or experimental conditions. Calculations
and B2 are identical except for a difference of 0.023 bar
ambient pressure, which is representative of the differenc
barometric pressure between a rainy and a sunny day
;200 m of elevation. The calculated pulse width increa
by 15% and the number of emitted photons nearly doub
when the ambient pressure is lowered~rainy day, or higher
elevation!, which again emphasizes the difficulties of com
paring and modeling experimental data in detail.

IV. CONCLUSIONS

Although a theoretical model can be used to underst
the fundamental mechanisms of a particular phenomeno
can also be used predictively. A model’s utility and event
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acceptance as the probable description of a particular p
nomenon is based on its ability to describe existing data
experimental trends, and to predict experimental results
perhaps novel consequences before the experiments are
formed. We have shown that our model of SL as therm
emission from a cool dense plasma can explain the m
features and trends of the data that are available curre
We now make the following predictions, based on o
model: ~i! the maximum SBSL intensity should increase
water vapor content decreases~increasingg!; ~ii ! SBSL
should be brighter on a cloudy day, or at higher elevatio
~decreasingP0); ~iii ! there should be more red than blu
photons in the tail of an SBSL pulse;~iv! for low water
vapor content~near freezing!, the xenon or argon optica
pulse may have two peaks that are separated by tens o
coseconds~the bubble begins to radiate at smaller compr
sions, due to the largeg, asR decreases; the pulse width
long and thermal conduction is slow, so two peaks app
because the radiating volume decreases, then increasesR
passes throughRmin); ~v! replacing liquid water with liquid
argon, and using a helium bubble should produce very br
SBSL, based on hydrodynamic considerations; and~vi! spec-
tral lines may be visible from a weakly driven helium bubb
~bound-bound transitions in helium!.

It has been nine years since the discovery of SBSL.
though many theoretical models have been proposed,
model’s predictions of almost every experimental trend s
gest strongly that the spectral and temporal properties
SBSL are due to adiabatic- or shock-initiated thermal em
sion from a cool dense plasma.
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