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In the early days of stable single-bubble sonoluminescence, it was strongly debated whether the emission
was blackbody radiation or whether the bubble was transparent to its own radiation �volume emission�.
Presently, the volume emission picture is nearly universally accepted. We present new measurements of spectra
with apparent color temperatures ranging from 6000 to 21 000 K. We show through data collapse that within
experimental uncertainty, apart from a constant, the spectra of strongly driven stable single-bubble sonolumi-
nescence in water can be written as the product between a universal function of wavelength and a functional
form that only depends on wavelength and apparent temperature but has no reference to any other parameter
specific to the experimental situation. This remarkable result does question our theoretical understanding of the
state of the plasma in the interior of strongly driven stable sonoluminescent bubbles.
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I. INTRODUCTION

Soon after the first observation of stable single-bubble
sonoluminescence �SBSL� �1,2�, a controversy arose regard-
ing the nature of its featureless spectrum �see, e.g., Ref. �3��.
In stable SBSL a bubble of, e.g., air caught by a resonant
sound field in a cell of water emits picosecond flashes of
light in synchrony with the applied sound field. Let us em-
phasize here that by stable SBSL we mean flash-by-flash
long-time �hours� stability in time as well as in space. Ex-
plicitly we exclude from the present analysis cases where
transients play a role in creating the time-averaged spectrum.
Thus re-entrant �recycling� bubbles as, e.g., in the experi-
ment by Young et al. �4� as well as spatially unstable bubbles
like the strongly emitting bubbles in sulfuric acid �5,6� are
excluded from consideration. For simplicity we only con-
sider strongly driven bubbles near the extinction boundary
although we carefully avoid the regime where too high a gas
concentration gives rise to spatial instabilities.

Since the spectrum of stable single-bubble sonolumines-
cence showed no emission or absorption lines, it was natural
to compare it to blackbody radiation even though the quality
of fits was not entirely convincing �see, e.g., Ref. �7��. This
interpretation was abandoned for several reasons, and the
prevailing theory is now that the bubble is transparent to its
own emission. This is known as volume emission �3�.

However, due to the resemblance to blackbody emission a
best fit color temperature has often been used to characterize
the spectra. In the present paper we shall present an investi-
gation into how well this can be done. Thus we shall test
whether a one-parameter functional form can be determined
that within a constant amplitude factor specifies the shape of
the spectra. To this end we look for a self-consistent way to
write the raw spectra from a spectrometer as the product of a
universal function of wavelength and a functional form of
wavelength that only depends on temperature with all other
parameters only entering through a species dependent ampli-
tude constant. In essence whether all spectra can be written
on the form

Ii��,T� = Aig���P��,T� �1�

with Ai a species dependent constant, g��� a universal func-
tion that only depends on the experimental environment, � is
the wavelength, and T is the color temperature associated
with the bubble seeded with the species i.

II. BACKGROUND

There were several reasons why the interpretation of
SSBL as blackbody radiation was abandoned. Assuming that
the color temperatures �9� on the order of 10 000–20 000 K
were indicative of spatially homogeneous bubble tempera-
tures, conventional plasma physics calculations gave a mean
free path for photons much larger than the bubble radius.
This suggested that the bubble is transparent to its own ra-
diation. A further complication arose when it became clear
that the appearance of the red and blue parts of the spectrum
was simultaneous. The possible generation of an internal
shock wave by the violent collapse of the bubble offered one
way to circumvent these problems. This mechanism would
lead to strongly inhomogeneous heating and would raise the
temperature in the core of the bubble by one or two orders of
magnitude. The dominant emission might come from this
opaque core.

A very careful study of this picture was presented by
Moss et al. �10,11�. An important outcome of their work was
that local temperature equilibrium is always established.
Their study also considered the effects of water vapor caught
in the bubble in the final stages of the collapse and showed
that water vapor enhanced the possibility of an inhomoge-
neous temperature distribution in the bubble. The simulations
of Moss et al. provided a first explanation of a prominent
peak near 300 nm in the spectrum of a xenon bubble as due
to the appearance of an opaque core in the bubble when the
central temperature reached 0.9 eV ��10 000 K�. Any fur-
ther increase in the central temperature as the collapse inten-
sified appeared only as an expansion of this region. The
spectrum could thus be construed as the sum of a blackbody
term from the surface of the core region and volume emis-
sion from the outer colder region.*levinsen@nbi.dk
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This effect was further shown to occur at a much higher
temperature for argon with the opaque core correspondingly
smaller. Consequently, the corresponding peak would be be-
low 200 nm for the argon bubble spectrum. Although a
smaller isentropic constant should lower the sound velocity
in the gas and therefore favor diatomic molecules �and wa-
ter� over the noble gases, the simulations by Moss et al.
showed that the effect was virtually nonexistent for nitrogen.
The simulated spectrum for nitrogen therefore increased all
the way down to 200 nm.

The idea of a shock wave was later repudiated when dis-
sipative effects were included and when simulations showed
that the occurrence of shock waves was unlikely since even
tiny deviations of the bubble from spherical symmetry would
defocus a shock wave �12�. Predicted core temperatures were
therefore reduced to the range of a few tens of thousand
degrees Kelvin compared to the 108 K predicted by Wu and
Roberts �13�. Apart from the continued attribution of the
peak in the xenon spectrum to the existence of a small
opaque core caused by a much gentler compression wave,
the spectrum was now believed to be the result of volume
emission. Various attempts have been made �see, e.g., Ham-
mer and Frommhold �8�� to construct a spectrum ab initio by
considering various bremsstrahlung mechanisms and recom-
bination, but compelling results have not yet been obtained
�14,15�.

On the other hand, many experiments have been very dif-
ficult to explain on the basis of volume emission. This in-
cludes experiments on hydrogen bubbles, where the spec-
trum is nicely but not perfectly described by blackbody
radiation �16�. Since this experiment stands alone, it has
largely been disregarded by theoreticians. Furthermore, there
are measurements of bubble anisotropy �17� and even aniso-
tropic period doubling �18,19� seen directly in the light emis-
sion flash-by-flash. For reasons of symmetry �20� the latter
phenomenon is extremely challenging. Finally, measure-
ments of the size of the emitting core region of an argon
bubble give a radius of approximately 0.25 �m, which is
much smaller than the assumed size of the bubble �21�. In
this connection let us also mention the molecular dynamics
study by Bass et al. �22� that gives new theoretical life to the
segregation picture.

The discussion of the origin of the SBSL spectrum has
naturally been hampered by the fact that until recently only
the noble gases with the exception of the relative newcomer
hydrogen were shown to display stable sonoluminescence. In
this respect an air bubble is actually an argon bubble with the
stability directly linked to the presence of 1% argon in air
�“the dissociation hypothesis” �3��. The problem with spectra
from bubbles seeded with the noble gases is that they have
rather similar color temperatures indicating a quite narrow
range of bubble temperatures regardless of the origin of the
spectra. This picture has now changed dramatically after it
has been demonstrated that clean nitrogen bubbles also ex-
hibit stable SBSL �23�. Note that this confirms the existence
of the intermediate stability curve “B” postulated by Lohse
et al. as a feature of the celebrated “dissociation hypothesis”
�3�. In fact, even bubbles seeded by clean oxygen and also
by mixtures of oxygen and nitrogen belong to the family
of stable SBSL �23�. The spectra of these bubbles show

much lower color temperatures than noble gas bubbles and
thus provide us with a wider range for comparison with
theory.

III. EXPERIMENTAL DETAILS

In the following, we compare spectra obtained from some
noble and diatomic gases all driven at the high end of the
stability range close to extinction. The inert gas bubbles are
prepared from mixtures with 99% nitrogen while the di-
atomic gas bubbles are prepared from oxygen or nitrogen
respectively with a content of noble gases below 10 ppm.
The mixtures of inert gases �e.g., Ne-Xe� are approximately
50-50. The degas pressure for all cases was 260�2 mbar
corrected for water vapor pressure. The water temperature is
9.6�0.3 °C for the measurements, and the atmospheric
pressure ranged from 1003 to 1026 mbar although the varia-
tion under a single measurement is at most a few mbars.

The resonator, which is described in detail in Ref. �19�,
consists of a 6 cm high and 6 cm diameter quartz cylinder
with metal caps at both ends. It is sealed using a pressure
relief bag. Piezoelectric transducers are mounted on both
caps for the drive, which has a frequency of approximately
21 930 Hz. A notable difference from these earlier experi-
ments is the use of a heater as bubble initiator to avoid con-
tamination with hydrogen. To avoid contamination with ar-
gon and traces of helium, the filtered water �0.2� particle
filter� was subjected to many hours of cycling between flush-
ing with the gas in question and degassing in 15 min inter-
vals. The final flushing at the desired concentration was done
for 30 min. The water was violently agitated by a magnetic
stirrer during the entire process.

The spectrum is measured using an Ocean Optics
QE65000 fiber based spectrometer �charge coupled device
�CCD� detector cooled to −10 °C� with a CC52 UV-NIR
Miniature Light Collector/Collimator as front end. The entire
system is calibrated in the 220–920 nm range with an Ocean
Optics DH-2000-CAL NIST-traceable fiber based calibration
source thereby producing a calibration table Ical��� for the
spectrometer for post acquisition data processing.

Apart from supplying the color temperatures that are used
as initial conditions, the calibration plays no further role in
the analysis. This is performed on the original raw spectra
after subtraction of the relevant background which has the
obvious advantage of keeping the introduction of noise at a
minimum.

IV. EXPERIMENTAL DATA

While in principle we can extend the analysis to all values
of the drive where the criteria of stability is fulfilled, in the
rest of the paper we shall only consider the properties of the
spectrum at high drives.

The integration time for the noble gas spectra was 300 s,
and the integration time for the diatomic gases was 10 000 s
with background corrections using the same respective inte-
gration times. This gives an indication of the stability of
these bubbles. Indeed the weather conditions in Copenhagen
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with new low pressure systems often passing on a daily basis
pose the greatest problem for long-time stability of strongly
driven bubbles.

The raw spectra do not seem to have any evidence of
spectral lines in accordance with the observations of other
investigators. However, some structure is clearly visible as
evident from Fig. 1 where a collection of raw spectra all
normalized to an integration time of 300 s is displayed. Com-
mon structure to the spectra is readily visible most promi-
nently in the ultraviolet part of the spectrum but also in the
far infrared while the rest of the spectrum from 380–700 nm
is relatively featureless. An idea of the source of these struc-
tures is given by consideration of the two truncated spectra
also displayed in Fig. 1. The uppermost is the ultraviolet part
of the spectrum of a deuterium lamp while the lowest spec-
trum is that of a halogen lamp �divided by 1000 for clarity�.
Since clearly the observable structures are common to all
spectra regardless of origin, they most likely are due to the
overall response curve of the spectrometer set up. �The dip at
620 nm in the spectrum of the oxygen seeded bubble is a
feature of the background spectrum and can also be distin-
guished in the nitrogen bubble spectrum but naturally ap-
pears weaker here by the ratio of the intensity of the spectra.�

The same collection of spectra are displayed in Fig. 2 but
now with the calibration applied. The prominent “peak” in
the xenon spectrum is quite notable. For comparison, we
have fitted the spectra to that of blackbody radiation

IPlanck��,T� = C
8�hc

�5

1

exp�hc/�kBT� − 1
, �2�

where h, c, and kB are, respectively, Planck’s constant, the
speed of light, and Boltzmann’s constant. T is the tempera-
ture of the blackbody emitter and � the wavelength of the
emitted light. As found by other authors, the overall fits for
the noble gases are acceptable but not good. This statement
is obviously also true for the spectra from diatomic gases.
Note that the prefactor, C, would include information about
pulse length and projected surface area of the emitting region
if the spectra were truly blackbody.

However, if one looks closely it seems obvious that the
calibration has not succeeded in removing all common struc-
ture. One might therefore wonder whether it is possible to
find a single formula only depending on wavelength that
would remove all common structure. Furthermore, in the
spirit of using a color temperature to characterize the spectra,
one might ask whether a functional form can be found that
allows for a one-parameter representation of all spectra. In
the following we shall analyze the data with this as a work-
ing hypothesis, and then test the resulting expression for self-
consistency.

V. ANALYSIS

The question we pose is whether a functional form can be
found that allows for a one-parameter representation of all
spectra. Based on the above fit such a function must be remi-
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FIG. 1. �Color online� Raw spectra of some noble and diatomic
gases. The uppermost truncated spectrum is the ultraviolet part of
the spectrum of a deuterium lamp while the lowest spectrum is that
of a halogen lamp. Spectra are displaced for clarity. �Displacement
factors: Deuterium by 10, Xe by 10, NeXe by 4, Ar by 2.5, HeXe
by 1.25, Halogen by 1/1000, the rest have no offset.�
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FIG. 2. �Color online� Calibrated spectra �points� of some noble
and diatomic gases fitted to blackbody radiation IPlanck �lines�. �Dis-
placement factors: Xe by 10, NeXe by 4, Ar by 2.5, HeXe by 1.25,
the rest have no offset.� The temperatures from the fits are
Xe 12 000 K, NeXe 14 800 K, Ar 15 700 K, HeXe 20 400 K,
He 20 800 K, Ne 20 000 K, N2 8700 K, O2 6800 K.
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niscent of the Planck radiation formula. As a trial function
we have therefore taken

I��,T� = A
g���

exp�hc/�kBT� − k
, �3�

where T is the characterizing parameter and the constants A
and k as well as the wavelength dependent function g��� are
to be determined by fitting. The function g��� will of course
include any multiplicative part of the true spectra that only
depends on wavelength.

Choosing this particular form for the trial function consti-
tutes so far only a mathematical convenience, not a necessity.
Let us note here also that for instance the formula for free
electron/ion bremsstrahlung �24� fails miserably �see Sec.
VII for details�. The data are processed in the following way.
We start by assuming as characteristic parameter Ti for the
spectrum of species i the value determined for T in the fit
shown in Fig. 2. We form all possible ratios Ij / Ii between the
raw spectra of species j� i and the raw spectrum of species
i. Ij / Ii is fitted to the corresponding ratios of the trial func-
tion with aj�i�=Aj /Ai �independent of ��, kj�i� and Tj�i� as
fitting parameters. Statistical weights based on count statis-
tics are assigned to the experimental data to account for the
noise in these.

Starting out with an argon spectrum where the character-
izing temperature was determined as T=17 500 K as sug-
gested by the fit as above, we find, e.g., for the nitrogen
spectrum displayed above the fitting parameters T and k to be
8450 K and 1.18, respectively. That the quality of the fit is
quite good is seen from Fig. 3, where the ratios of the in-
volved spectra together with the corresponding ratios of the
trial functions are displayed. One immediately observes that
the structures prominently present in the previous figures
have disappeared thereby giving some support to the conjec-
ture that the source of these structures is not intrinsic to
sonoluminescence.

An interesting quantity is the average value �kj�i��
=1.02�0.05. That all ratios of spectra fit so closely to ratios
between the trial function with just T as a parameter is in fact
the crucial pivot point of the whole analysis. The close prox-

imity to the blackbody value of 1 could now be used as
justification for simply assuming k=1, essentially giving us a
one-parameter functional form that apart from an undeter-
mined prefactor, which presumably is a function of �, is
identical to the Planck radiation formula.

The corresponding fit for k=1 is also displayed in Fig. 3.
For ease of comparison, the curves are displaced downward
by multiplication with a common factor of 0.8. The variance
of the two fits as defined by

� =
1

N
�	
 y��� − I��,T�

y���
�2

, �4�

where N is the number of data points in the spectrum y���,
are, respectively, 0.0004 and 0.0005, thus remarkably close.

However, a more satisfying approach is the following. We
construct the ratio between the raw spectrum Ij and the rel-
evant trial function using all combinations j� i with the cor-
responding fitting parameters, this construction being the
correction needed in order to turn the raw spectra into exact
fits to the corresponding trial function.

Using the maximum value of Ij with allowance for the
difference in integration time as weights, we now determine
a transformation function as an average of the ratios con-
structed above. The average transformation function g���
will of course solely be a function of the wavelength.

In order to test in a self-consistent way whether the func-
tion g��� is truly a universal function, we now apply the
transformation to all raw spectra. As a last step in the proce-
dure we fit the transformed spectra to the trial function but
now with the parameter k=1 as suggested by the average
value being so close to this value.

0.01

0.1

200 300 400 500 600 700 800 900

R
at

io
N

2/
A

r

Wavelength (nm)

(8450, 1.18)

(8610, 1)

FIG. 3. �Color online� Upper red �dark gray� curves: Fit of the
ratio between the nitrogen and the argon spectrum �+� to the corre-
sponding ratio between the trial functions �line�. Fit parameters T
=8450 K, k=1.18. Lower green �light gray� curves: As above but
with fit parameters T=8610 K, k=1, both lower curves offset by a
common factor 0.5.
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FIG. 4. �Color online� The function g��� constructed from the
fits as described in the text.
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The final result for the function g��� is displayed in Fig.
4, while Fig. 5 show the spectra after application of the trans-
formation. In the same figure we have also displayed fits to
the remaining part of the trial function setting k=1. As seen
the fits are extraordinarily good. Also notice how all com-
mon structure has disappeared.

This actually constitutes a consistency check on the valid-
ity of the averaging procedure and the one-parameter de-
scription. The fitting curves can be distinguished from the
data only at the extreme ends of the measured spectrum
where noise can be observed due to the fall off in spectrom-
eter sensitivity as observable from Fig. 1. Note that the fea-
tured argon spectrum was obtained more than 6 months later
than that used in the construction of the universal function
g���, demonstrating the reproducibility of the measurements.
Also note that the xenon bubble spectrum shows practically
no deviation from the trial function, demonstrating that the
“prominent peak” in the xenon spectrum is most likely due
to a calibration error.

The temperatures obtained from the fit together with the
prefactors are listed in Table I where the prefactors are rela-
tive to that of the argon spectrum in Fig. 2 using the argon
spectrum as a reference point for convenience �25�. Let us
note here that while the temperatures relative to each other
are rather well determined, the absolute temperature scale
has a much higher uncertainty. Ratios of spectra sufficiently
different in color temperature can be fitted with both tem-
peratures as independent parameters. A conservative estimate

relates the temperatures of Table I to the absolute tempera-
ture scale as +20% /−10%. Also note that while the weights,
which the different spectra enter with in the derivation, are
reflected in the relative sizes of the uncertainties for the tem-
peratures of Table I, the values given here play no role in the
determination of the average transformation function.

Another way to demonstrate the quality of the data col-
lapse is to take the ratio of the spectrum of species j and the
corresponding trial function. This is shown in Fig. 6.

To conclude this section we have shown that the spectra
for a wide selection of species can be described by the prod-
uct of a species dependent constant, a universal function g���
that only depends on the wavelength � and a one-parameter
functional form that to all practical purposes is identical to
the denominator of the Planck radiation formula. In the next
section we shall discuss some of the implications of this
analysis.

VI. DISCUSSION OF ANALYSIS

A natural extension, although the analysis does not pro-
vide any justification for this, would be to assume that the
true functional form is identical to the Planck spectrum. This
would mean multiplying both the transformed spectrum and
the corresponding trial function without g��� with �−5. Any
discrepancies at the extreme ultraviolet end of the spectrum
would be enhanced by this procedure, the result of which is
shown in Fig. 7.

TABLE I. Temperatures �K� and prefactors obtained by the trial
function fits presented in Fig. 5.

T
�K� Prefactor

Xe 11810�8 3.33

Ne-Xe 14760�13 1.52

Ar 15740�12 0.82

He-Xe 20380�40 0.42

He 20840�100 0.24

Ne 19990�50 0.11

N2 8330�7 0.35

O2 6440�13 0.40
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FIG. 5. �Color online� The raw spectra from Fig. 1 transformed
by division with the universal function g���. The spectra are fitted
to the remaining part of the corresponding trial function. �Displace-
ment factors: Xe by 10, NeXe by 4, Ar by 3, HeXe by 1.25, the rest
have no offset.� The temperatures from the fits are Xe 11 810 K,
NeXe 14 760 K, Ar 15 740 K, HeXe 20 380 K, He 20 840 K,
Ne 19 990 K, N2 8330 K, O2 6440 K.
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FIG. 6. �Color online� Data collapse of the ratio between the
spectra and their corresponding trial function fits.

DATA COLLAPSE OF THE SPECTRA OF WATER-BASED … PHYSICAL REVIEW E 82, 036323 �2010�

036323-5



Again we are confronted with an extraordinarily good
agreement. It is therefore of interest to compare the actual
calibration with the constructed formula to get an impression
of the magnitude of the differences. But before doing this, it
is appropriate to discuss the problems involved in perform-
ing the calibration.

As mentioned above the entire system is calibrated in the
220–920 nm range with an Ocean Optics DH-2000-CAL
NIST-traceable fiber based calibration source thereby pro-
ducing a calibration table Ical��� for the spectrometer. There
are, however, several problematic issues that confound cre-
ating a perfect calibration table. The first concerns the geom-
etry of the bubble environment. Since the output of the cali-
bration lamp has to be delivered by an optical fiber at the
position of the bubble we need to know the attenuation in the
fiber. This is influenced by internal reflections which unfor-
tunately depend on the medium surrounding the end of the
fiber. Also the bubble is a point source whereas the output
from the fiber is delivered inside a cone the opening angle of
which depends critically on the output medium. Other prob-
lems relate to the interplay between the inherent structure in
the lamp spectrum and structure in the response function of
the spectrometer as only a finite amount of calibration points
spaced 10 nm or more are supplied with the calibration
lamps. This means some interpolation is needed. Finally one
needs to measure the absorption in the water and glass wall
of the vessel. As evidenced by the spectra published by Bar-
ber et al. �24� where structures common to all spectra are
also clearly observable, getting a calibration good enough to
settle without doubt the question of whether the spectra are
truly blackbody is virtually impossible.

With this in mind we now make the comparison between
the inverse of the transformation formula multiplied with �−5

and the calibration table. This comparison is presented in
Fig. 8.

The uncertainty on the calibration is designated by the
two accompanying curves. This represents the uncertainty
determined from repeating the calibration procedure and thus
does not include any possible systematic errors. With this in
mind the deviation between the measured calibration and the
transformation table is hardly great enough to rule out the
possibility that the spectra are indeed described by the
Planck formula.

VII. LOOK AT BREMSSTRAHLUNG

From a theoretical viewpoint, the formulas connected
with bremsstrahlung whether from free electron/ion or free
electron/neutral-atom interactions would constitute interest-
ing choices as trial functions. Both processes can be ex-
pressed as follows �26–29�:

I��,T� � T�	��,T�exp�− hc/�kBT� . �5�

In the case of free electron/ion bremsstrahlung �=−1 /2
and 	�� ,T� has the simple temperature independent form of
�−2. Taking the ratio between any two spectra of this form
would result in an exponential which in a semilogarithmic
plot in frequency space would be represented by a straight
line. Evidently not being the case for the experimental spec-
tra, this particular form was rejected as a possible trial func-
tion.

Bremsstrahlung from electron interaction with neutral at-
oms is much more complicated since here 	�� ,T� is a spe-
cies dependent function. Following Frommhold �30� using
Eqs. �1� and �2� of this reference and the relevant tabulated
momentum cross sections as supplied by Refs. �31,32�, we
have simulated some of the relevant spectra under the as-
sumption that only the primary species participate in the
emission. As in Ref. �30� we assume that the electron energy
distribution is Maxwellian. For nitrogen and oxygen we have
used the cross section for molecules. However, according to
Kivel �33� the cross section for nitrogen atoms and mol-
ecules should only differ by a factor of two. This is presum-
ably even more correct for oxygen. Nonetheless, even under
these simplifying assumptions we are not able to get good
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FIG. 7. �Color online� The transformed spectra and the corre-
sponding trial functions without g���, both multiplied with �−5.
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light gray� curve is the calibration with the uncertainty indicated by
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curve is the transformation scaled to coincide with the calibration at
500 nm.
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fits for the ratios without one temperature reaching extremely
high values �of order a million degrees�. Another serious
problem is evident already from Ref. �30�. The spectra ob-
tained from these simulations when compared to the cali-
brated spectra are much too flat when realistic temperatures
taken from model calculations, see, e.g., Refs. �3,34�, are
employed. This is illustrated in Fig. 9 which should be com-
pared with Fig. 2. As can be seen the simulations are gener-
ally off approximately by a factor �−2.

If temperatures on the other hand are raised in order to fit
the calibrated spectra in the long wavelength regime, we no
longer are able to reproduce the downward slope of the short
wavelength regime. Furthermore, temperatures have to be
raised to such high levels that the assumption of low electron
concentration inherent in the electron/neutral-atom emission
model is no longer valid. Indeed, the above arguments
against both types of bremsstrahlung hinge on the assump-
tion of a low level of ionization. If the ionization levels are
high, we no longer can assume that the intensities are pro-
portional to the absorption spectra calculated above. Instead
we have to calculate the photon absorption coefficient 
� by
multiplying the absorption spectra with the inverse Planck
formula, the density of free electrons, and the density of
atoms in the bubble �see Eq. �3�, Ref. �30��. The intensity is
calculated by integrating the intensity at depth s, given by
Ilambda�s ,T�= IPlanck�� ,T��1−exp�−
�s��, over the volume of
the bubble. If we only consider the main species as a source
of free electrons, the density is for all reasonable tempera-
tures so low that the bubble is transparent ���=2
�R�1� and
the intensity becomes proportional to the product �IPlanck
�see Ref. �3�, Eqs. �67�–�69��. Thus we are left with the spec-
tra being proportional to the absorption spectra calculated
above and displayed in Fig. 9 with the additional problem

that the spectra for nitrogen and especially oxygen becomes
much too weak compared to the noble gas spectra even tak-
ing possible size and pulse length differences into account
and using high density corrected ionization energies. Even
assuming a water content of order 10% as responsible for
contributing a majority of free electrons is not enough to
alleviate this problem if a flat temperature profile is assumed.

However, let us emphasize that this does not imply that
such processes are irrelevant. Only that if contributing, their
imprint is masked in some fashion. Furthermore, as already
noted by Frommhold �30�, the high density encountered in
the bubble may make many-body interactions very important
changing the bremsstrahlung spectra considerably.

VIII. FUTURE WORK

The analysis strongly advocates some common ground for
the radiation. The one mechanism already suggested, that
might be in accordance with the whole palette of experimen-
tal results, is segregation of the gas in the bubble resulting in
the lighter elements reaching a hotter core while leaving the
heavier elements in the outer colder regions of the bubble.
This could be in a mild form �35� as a result of a compres-
sional wave inside the bubble or a more violent form �11�
due to a shock wave. Suggested future work could therefore
be along the lines of checking for the signature of segrega-
tion in the gradual change of spectra when the balance be-
tween light �e.g., helium or neon� and heavy �e.g., xenon�
elements in mixtures of noble gases is shifted. Some work
�36� have already been reported on this issue but the results
are somewhat inconclusive as the authors only measured the
total intensity as function of mixture content resulting the
outcome being dependent on the response curve of the de-
tector used. Also their degassing procedure did not ensure
total removal of argon as is evident from the instabilities they
observed for “pure” nitrogen bubbles which are now known
to be stable when argon is completely removed �23�. To what
degree small traces of argon may influence their results is
unclear. One partial result of the present work is that a bi-
modal spectrum as suggested in Ref. �36� is not found for the
mixtures used in the present work.

As water vapor or its reaction products surely would be
involved in a segregation process, it would be relevant to
extend the present study to higher ambient temperatures.
This is unfortunately difficult with our present spectrometer
due to the degradation of the signal to noise ratio with the
much weaker signals. Finally, so far all experiments, as f.ex.
anisotropic period doubling, that suggest the possible exis-
tence of a hot core are performed on air seeded bubbles. It
would therefore be interesting to see whether anisotropic pe-
riod doubling also takes place when the gas employed is
either a heavy noble gas as xenon or especially a light noble
gas as helium as the latter element is able to compete favor-
ably with water vapor in reaching a possible hot core.

IX. CONCLUSION

To conclude, it is possible to express all spectra of
strongly driven, long-time spatially and temporally stable,
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FIG. 9. �Color online� Electron/neutral-atom bremsstrahlung
calculated for Ar �14 000 K�, Xe �12 000 K�, Ne �20 000 K�,
He �20 000 K�, N2 �8500 K�, O2 �6000 K� using realistic bubble
temperatures taken from model calculations.
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sonoluminescent single bubbles of various noble and di-
atomic gases in water in a way that removes common struc-
ture from all. The crucial rational behind the construction is
that all ratios between spectra are featureless and fit well to
ratios between black body spectra. However, the construction
of the transformation table does not hinge on this observation
although it does present us with a logical choice of trial
function and allow us to make better use of all information
available. The procedure leaves behind smooth spectra that
fit extraordinarily well to the temperature dependent part of
the blackbody radiation formula without systematic devia-
tions, regardless of gas content. This statement is based as
well on the quality of the fits as on the glaring absence of
structure in the experimental spectra after transformation
with the result valid over an apparent temperature range of
6000–21 000 K.

As mentioned we cannot rule out a priori that common
structure rooted in real physical processes could be removed
by the process. The point here is that the revised “calibra-
tion” involves the multiplication of the raw spectra with a
universal function that only depends on wavelength. This
would place very restrictive bonds on the photon absorption
coefficient 
�, whether the mechanism behind the emission
is, e.g., bremsstrahlung, recombination, or radiative attach-
ment. In the simple model of Brenner et al. ��3�, Eq. �68�� for
volume emission this would mean that 
� should be indepen-
dent of seeding gas �except for this determining the tempera-
ture in the bubble�. The only common species are hydrogen,

oxygen, and nitrogen. Any emission or absorption lines
should thus be related to these species but have the same
relative strength in all cases to be suppressed. A candidate
would be the OH line at 310 nm. However, the structure seen
close to 310 nm is also present in the deuterium lamp spec-
trum and can thus be ruled out as being connected to the OH
line. Altogether it is completely unlikely that species specific
processes could contribute in a distinctive way in view of the
range in apparent temperature and species involved.

We do not want to postulate that the spectra are true
blackbody spectra in the sense of surface emission. However,
the fact remains that any deviation from blackbody radiation
has to be explicable in terms of a multiplicative function of
wavelength alone with no dependence on bubble parameters
such as species, internal temperature profile, optical depth
etc. Furthermore, the observations reported here do not lend
themselves to explanation by any of the existing theories of
SBSL emission. Formally, we note that the purely experi-
mental determination of absolute temperatures demands the
availability of an extremely good calibration source. Indeed,
the present results suggest that earlier difficulties in fitting
the data to blackbody radiation may well be due to calibra-
tion errors.
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