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Does Water Vapor Prevent Upscaling Sonoluminescence?
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Experimental results for single-bubble sonoluminescence of air bubbles at very low frequency f �
7.1 kHz are presented: In contrast to the predictions of a recent model [S. Hilgenfeldt and D. Lohse,
Phys. Rev. Lett. 82, 1036 (1999)], the bubbles are only as bright (104 105 photons per pulse) and the
pulses as long (�150 ps) as at f � 20 kHz. We can theoretically account for this effect by incorporating
water vapor into the model: During the rapid bubble collapse a large amount of water vapor is trapped
inside the bubble, resulting in an increased heat capacity and hence lower temperatures, i.e., hindering
upscaling. At this low frequency water vapor also dominates the light emission process.

PACS numbers: 78.60.Mq
Upscaling single-bubble sonoluminescence (SBSL)
[1–4] is of prime importance both for possible application
and for understanding the phenomenon. It has been
suggested [5] that lowering the acoustical driving fre-
quency from the standard f � 20 35 kHz to f � 5 kHz
should yield a 100 to 1000 times higher gain of light,
due to the larger ambient radius R0 and the prolonged
expansion phase. These numbers are based on the thermal
bremsstrahlung model [6–9]; however, water vapor was
not taken into consideration. Its relevance for SBSL has
been revealed recently [10–13], and its role is of increas-
ing importance at lower frequencies: Water vapor diffuses
into the bubble during the expansion and is trapped at
the subsequent collapse [13]. The result is an increased
heat capacity due to the additional number of particles
and correspondingly less heating. As at low driving
frequencies the bubble expands to a larger maximal radius
and thus has lower internal pressure at maximum, more
water vapor can be collected, and its role becomes more
pronounced, as already suggested in [14].

In this paper we present experimental results obtained
at a frequency of 7.1 kHz which give rise to the idea that
the above mechanism sets an upper limit for the maximal
temperature achievable in SBSL experiments. We then ex-
tend the theoretical model of Refs. [5,7,14,15] by taking
the water vapor into consideration. In this way the flux of
vapor and its influence on the temperature can be quanti-
tatively described.

Experimental setup and results.—SBSL is achieved in
the usual way by trapping an air bubble in a spherical
resonator. The volume of this resonator is approximately
6l corresponding to a resonance frequency of 7.1 kHz.
As predicted in [5] degassing down to about 5% of the
natural air saturation (monitored through the oxygen
concentration) is necessary to achieve stable sonolumi-
nescence. The gas concentration is expressed in terms
of the relative argon saturation cAr�c0,Ar which is the
relevant one for sonoluminescence [16,17] and which
originates from the 1% argon contained in air. The pulse
0031-9007�00�85(15)�3165(4)$15.00
width and the number of photons being emitted were mea-
sured by time correlated single photon counting [18,19].
Figure 1 displays the result for different gas concentra-
tions and temperatures.

(i) The total number of photons lies around 104 105

per pulse, i.e., roughly the same as at 20 kHz [18,19].
(ii) The pulse widths are found to be between 100 ps
for the darkest bubbles and 180 ps for the brightest ones.
Again, these pulse widths are comparable with pulse
widths at 20 kHz [18,19]. (iii) Figure 2 displays the
autocorrelation of the light flash once measured in the
UV regime (300 400 nm) and once in the red regime
(590 650 nm) for the same bubble (maximum normalized
to unity). There is no measurable difference, again as for
SBSL bubbles at 20 kHz [18,19].

These results give rise to the idea that the maxi-
mum temperature of the bubble, which in the thermal
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FIG. 1. The pulse width of the light flash for sonoluminescing
bubbles at 7.1 kHz as a function of the total number of pho-
tons. The relative argon saturation and the liquid temperature are
the following: 1.0 3 1023 and 21.9 ±C (squares), 6.3 3 1024

and 19.6 ±C (triangles), 6.2 3 1024 and 22.6 ±C (diamonds),
7.0 3 1024 and 22.8 ±C (stars). Typical pulse widths are around
150 ps, typical number of photons around 104 105 per pulse.
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bremsstrahlung model is closely related to the light
emission, will also be roughly the same as at 20 kHz,
i.e., around 15 000 K. In contrast, the model of Ref. [5],
which neglected water vapor, predicts temperatures be-
yond 50 000 K. We therefore set out to include the effect
of water vapor in that model. Clearly, the most precise
treatment of sonoluminescing bubbles is through full
numerical simulations of the gas dynamical partial differ-
ential equations (PDE) as done, e.g., in Refs. [6,11,13],
where effects like vapor evaporation and condensation,
mass segregation, and even many chemical reactions are
considered [20]. The price to pay for these large PDE
simulations is that only singular points of the enormous
parameter space of SBSL can be calculated. An approxi-
mate ordinary differential equation (ODE) approach in the
spirit of Refs. [7,10,14,15] as presented here is useful to
easily scan the parameter space. We therefore derive an
ODE model, which consists of three coupled differential
equations, describing the radial motion of the bubble
as well as the heat loss and the mass change due to
evaporation and condensation of water vapor.
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FIG. 2. Direct comparison of the pulse width in the UV
(300 400 nm) and in the red regime (590 650 nm) of the SL
spectrum (cAr�c0,Ar : 5.2 3 1024,T0 � 22 ±C). No significant
difference in the pulse width is observed.

Bubble dynamics: The bubble motion is described by
the Keller-Miksis equation [21,22], which takes sound loss
and compressibility effects of the water into account,
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Here P0 � 1 atm is the ambient pressure and r �
1000 kg

m3 the density of water. The viscosity n, the speed
of sound in water cl , and the surface tension s are
chosen according to the liquid temperature T0. For the
gas pressure pg and its time derivative a van der Waals
type equation of state is used where the total number of
particles Ntot�t� is allowed to vary according to condensa-
tion and evaporation of water vapor,

pg�t� �
Ntot�t�kT

4p

3 ����R�t����3 2 ���R0�t��8.86���3�
. (2)

Correspondingly, the equilibrium radius R0�t� under am-
bient condition is now also time dependent and is an-
other way to express the time dependence of the number
of particles Ntot�t� in the bubble. Both are connected by
4p

3 �P0 1
2s

R0
� ��R0�3 2 � R0

8.86 �3� � NtotkT0. Taking a com-
mon hard core radius R0�8.86 is justified by the fact that
the covolume of argon and water vapor differs by only 5%
[23] and therefore both species can be treated equally.

Mass Diffusion: From Ref. [24] it is known that the
surface temperature of the bubble exceeds the water tem-
perature for only a very brief moment during collapse.
Therefore, we divide the bubble into two parts, namely,
a “cold” boundary layer being in thermal equilibrium with
the liquid (this implies condensation to be fast enough to
maintain equilibrium) and an eventually hot, homogeneous
core. An analysis of the instantaneous diffusive penetration

depth ldiff �
q

RD� �R shows that two cases occur. During
expansion and a major part of the afterbounces the penetra-
tion depth exceeds the bubble radius (ldiff $ R) implying
the total volume to be in equilibrium with the liquid. Dur-
ing collapse, however, ldiff becomes as small as 0.01R and
the thickness of the boundary layer is negligible as com-
pared to the total bubble volume. Hence in both cases the
bubble can be regarded as homogeneous, and we can esti-
mate the rate of particle change to be

�NH2O � 4pR2D≠rnjr�R � 4pR2D
nR 2 n

ldiff
. (3)

nR � nR�T0� corresponds to the equilibrium density at the
wall and n is the actual concentration, n � NH2O�V .

So far we did not take into account that ldiff cannot
exceed a length comparable to the bubble radius R, as
it would be the case when �R tends to zero. In this case
the convection-diffusion equation for the water vapor in-
side the bubble becomes a pure diffusion PDE, ≠t�rn� �
D≠2

r �rn�, with the boundary condition n�r � R� � nR .
Expressing the solution in terms of a Fourier series, r�n 2

nR� �
P`

k�1 ak�t� sin�kpr�R�, and assuming that the sys-
tem will be dominated by k � 1 a characteristic length
and hence the desired cutoff is found to be R�p , thus

ldiff � min�
q

RD� �R ,R�p�.
In order to close the equation we have to determine

an effective binary diffusion constant D of the mixture.
We calculate this quantity—from the kinetic theory of
gases [25]—with the properties of the boundary layer, i.e.,
(i) the water temperature T0 and (ii) the number density
n � nR 1 Nar�V .

Heat diffusion: Because of D�x � 1 and the complete
analogy between thermal and mass diffusion we now apply
the same approach as for the water vapor to the tempera-
ture field. An analogous equation for the mass balance
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[Eq. (3)] is obtained from the first law of thermodynamics
for an open system [26], dE � hdNH2O 1 dQ 2 dW or

�E � h �NH2O 1 �Q 2 �W . (4)

Here h � h�p,V ,T ,N� denotes the enthalpy per water
molecule, dQ is the heat transferred to the bubble, and
dW represents the work done by the bubble.

Internal energy: The internal energy is made up of
(i) the translational energy of the argon atoms and (ii) the
translational and internal energy of the water molecules,
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ui are the characteristic vibrational temperatures [27].
Enthalpy: The water molecules condense at the cold

bubble surface. The enthalpy per water molecule is hence
given by h � 8

2kT0.
Heat Transfer: Analogously to Eq. (3) the heat loss is

estimated to be

�Q � 4pR2lmix
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In principle, the thermal diffusivity x � lmix

rmixcp,mix
is found

from rmixcp,mix � 8
2nRk 1

5
2nArk. Unfortunately, there is

no rigorous method to derive an effective thermal conduc-
tivity lmix of a mixture of polyatomic gases. However, a
semiempirical expression is given, e.g., in [25]. We strictly
follow that approach using for the temperature the liquid
temperature T0. For further details we refer to [25].

Work: Because of the constant temperature condition at
the wall (lH2O ¿ lgas) the latent heat of the water vapor
does not contribute to the energy balance and, in particular,
the work done by the bubble reduces to the expansion work
�W � p �V .

Now plugging everything together the temperature
change of the bubble finally is
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Numerical results.—To verify the model we calculate
R�t�, R0�t�, and NH2O�t� for the same parameters f �
26.5 kHz, RAr

0 � 4.5 mm, and Pa � 1.2 bars as used in
the full PDE approach of Ref. [13]. Indeed, Fig. 3 exactly
resembles Figs. 1 and 2 of Ref. [13]. Moreover, Table I
compares the amount of vapor trapped in the bubble during
collapse according to the above model to the full numerics
of Ref. [13]. We find good qualitative and quantitative
agreement.

Figure 4 shows the maximum temperature of an ar-
gon bubble with RAr

0 � 5 mm, Pa � 1.3 bars, and T0 �
293.15 K for different driving frequencies. The solid line
gives the result according to the above model, and the dot-
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FIG. 3. R�t�, R0�t�, and NH2O�t� for f � 26.5 kHz, RAr
0 �

4.5 mm, Pa � 1.2 bars, and T0 � 300 K within the presented
ODE model.

ted line shows the predictions of the approach made in
[5]. Rather than a monotonic increase in temperature with
decreasing frequency we observe that the bubble’s peak
temperature goes through a maximum around 16 kHz and
15 000 K and then decreases again. Only at very small f
it increases again. This can be reasoned as follows. When
the driving frequency is lowered, the bubble expands to
larger maximum radius. The subsequent collapse is hence
more violent, and one would observe an increase in tem-
perature. On the other hand, the expansion to a larger
maximum radius is accompanied by a larger amount of
vapor being trapped during collapse, i.e., an increased heat
capacity and hence a lower temperature. At low frequen-
cies (below 16 kHz) the latter mechanism dominates, and
thus the net effect is a decrease of the peak temperature.
Note that for the parameters of Fig. 4 and a frequency
f � 7.1 kHz the mole fraction of vapor is already found
to be 67.5% at collapse. The increase at very low f again
originates from the stronger collapse, but now the collapse
of a basically pure water vapor bubble with its correspond-
ing (temperature and time dependent) polytropic exponent.
Inclusion of chemical reactions may change this very low
f property.

Finally, we want to calculate the model analog to our
experimental results, i.e., both pulse width and light inten-
sity. The complication is that all ions and molecules in
the bubble (Ar, H2O, and its eventual reaction products)

TABLE I. Comparison of the amount of vapor (mole fraction)
trapped during collapse calculated from the presented model and
from the full numerics of Storey and Szeri [13].

RAr
0 Pa T0 f Szeri Present

�mm� �bars� (K) (kHz) 1 Storey (%) model (%)

4.5 1.2 300 26.5 14 14.5
6 1.4 293.15 20.6 33 33
4 1.32 293.15 20.6 27 23
2.1 1.29 293.15 20.6 22 14
3167



VOLUME 85, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 9 OCTOBER 2000
5 10 15 20 25 30
0

2

4

6

8

x 10
4

frequency / kHz

te
m

pe
ra

tu
re

 / 
K

FIG. 4. Maximum temperature of an argon bubble with RAr
0 �

5 mm, Pa � 1.3 bars, T0 � 293.15 K (solid line: present
model; dotted line: approach made in [5]).

with their different cross sections and ionization potentials
contribute [11,28]. However, what can be said is that even
at relative large frequencies oxygen and/or H2O become
relevant for the light emitting process as they have the low-
est ionization potential (12 eV for O, 12.6 eV for H2O in
contrast to 15.8 eV for Ar). For f � 7.1 kHz they clearly
dominate the spectrum. The preliminary calculations give
pulse widths around 150 ps and intensities of some 104

photons per pulse, both in agreement with Fig. 1. Also
the trends seen in Fig. 1 can be reproduced. This more de-
tailed approach taking the different light emitting processes
of the ions and also the chemical reactions into account is
a work in progress.

In conclusion, we state that (i) at room temperatures
water vapor prevents upscaling SBSL through lowering the
driving frequency, (ii) ODE models of the Rayleigh-Plesset
type can be extended to regard the role of water vapor
[10,12,14], and (iii) the competition between upscaling
through lower f or larger Pa and cooling through more
water vapor manifests in nonmonotonic behavior as seen
in Fig. 4. At lower water temperatures around 0 ±C the
water vapor is only 1�4 of that at room temperature and
the presented model suggests that intensities �100 times
so high as here and gas temperatures in the bubble as high
as �25 000 K can be achieved. Experimental work to
confirm or falsify this prediction is in progress.
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