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Size of the Light-Emitting Region in a Sonoluminescing Bubble
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The size of the light-emitting region is a key parameter toward understanding the light-emitting
processes in a sonoluminescing bubble. Here we present measurements of interference effects from
particles with a diameter of approximately 2 um situated 6-10 um from a sonoluminescing bubble.
From the angular size of the pattern and from an estimated distance to the particles we conclude that
the light-emitting region of a sonoluminescing bubble is smaller than commonly believed {see, e.g.,
S. Hilgenfeldt, S. Grossman, and D. Lohse [Nature (London) 398, 402 (1999)]}. We argue that an upper
limit of the size of the light-emitting region is approximately 200 nm.
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Knowledge of the size of the light-emitting region is of
key interest in the understanding of light-emitting pro-
cesses in a sonoluminescing bubble. However, different
theories predict not only different temperatures and de-
gree of opacity, but also much different sizes of the light-
emitting region. Some models (see, e.g., the key paper by
Hilgenfeldt er al [1]) view conditions inside the bubble
as uniform, whereas others suggest considerable differ-
ences in pressures, and thus temperatures, throughout
the bubble [2—4] leading to a smaller and hotter light-
emitting region.

Here we present some exciting new experimental re-
sults that offer a surprising way of measuring this elusive
quantity.

Trentalange and Pandey [5] proposed using Hanbury
Brown-Twiss (HBT) single photon correlation to mea-
sure the size of the light-emitting region. In Ref. [6] it is
found that doing this requires an immense amount of data
(correlating of the order of 10'° pulses from several
channels) especially since, as will be seen, individual
time tracks have to be recorded. To the authors’ knowl-
edge no results from such measurements have yet been
published. In fact, our experiment was originally de-
signed for making the HBT measurement, but so far we
have not reached any conclusions. However, in the process
of analyzing our data, we found [7-9] (see Figs. 1 and 2 in
Ref. [7]) that the autocorrelations are higher than the
cross correlations. This experimental fact raised ques-
tions, to which we now believe we not only have the
answers, but also that from these we can draw conclusions
regarding the size of the light-emitting region.

The experimental setup is described in detail in Ref. [8].
We use three optical fibers (1 mm) 6 cm from the center of
a spherical cell (diameter 6 cm corresponding to a reso-
nance of ~25.1 kHz). The optical fibers are mounted near
each other as shown in Fig. 1. The angles between fibers as
seen from the bubble are calculated using the distances
between the centers of the fiber openings and the distance
to the center of the flask. The fibers connect to photo-
multiplier tubes (PMT), which are connected to separate
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amplifying systems. A computer registers the maximum
amplitude of the flashes. As the fibers are relatively thin,
covering only a solid angle of 0.4 msrad, and thus catch
only a few photons per flash, we usually make a running
average of the amplitude of 20 flashes to clearly discern
any interesting features.

Visual inspection of the averaged time tracks revealed
the presence of some prominent features. In one fiber
(channel), e.g., the light intensity suddenly drops to about
50%, rises to over 200%, and then drops down to 50%
again. With some overlap, this is seen in another channel.
This happens in a time span of 400 flashes (16 ms). The
highest relative intensity fluctuations we have observed
are down to 30% and up to 500% while the duration in
time varies from 25 to 1000 flashes. Often secondary
peaks are also seen. The structures are never being seen
simultaneously in fibers placed 15° or more apart (in-
cluding fibers 180° apart). This rules out the effect being
directly coupled to the bubble dynamics. The phenome-
non is observed at all drive pressures and argon contents,
for which stable sonoluminescence with reasonable in-
tensity can be obtained.

These features are responsible for the initial enhance-
ment of the autocorrelations seen in Fig. 1 of Ref. [7].
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FIG. 1. Configuration of the experiment. In the enlargement
the fibers are seen end on from the bubble, “Hor” being the
horizontal plane. The angular distance, as seen from the
bubble, between fibers 0 and 2 and 1 and 2 is 2.75°, while
the distance between 0 and 1 is 4.76°. The solid angle viewed
by fiber is 0.4 msrad.
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However, since they only are seen nearly simultaneously
with fibers placed close together, they will not affect cross
correlations for fibers placed far apart as when studying
the spatial dependence of period doubling. As regards the
Hanbury Brown-Twiss effect though, the features intro-
duce a disastrous bias.

Quite a few possibilities come to mind when trying to
deduce the origin of the features. The sheer size, the
secondary peaks, and the fact that they are not seen when
a larger solid angle (50 msrad) is employed all suggest
that the features can be explained by an interference
pattern with a central peak slowly traversing the fibers.
The most likely way for such a pattern to be produced is a
dust particle being strobed by the bubble while passing
the line of sight to the fiber. Such particles are known to
be attracted to the bubble after some time (see Fig. 2 in
Weninger et al. [10] and also Ref. [11]). Partly because
interference thus seems the most plausible cause, but also
because of the extremely interesting conclusions that may
be drawn regarding the size and nature of the emitting
region inside the bubble, we concentrate on this explana-
tion. Later we discuss other possible scenarios and why
these can be refuted.

In order to check the hypothesis of interference caused
by a nearby small particle we cleaned the system care-
fully and refilled with water passed through two consecu-
tive 0.2 um millipore filters. Repeating the measurement
twice with water cleaned in this fashion showed the
features to be extremely rare, if at all present (a few per
hour). We then added to the water a drop containing
poly(methyl methacrylate) (PMMA) particles of size 6 =
1.8 um having a refractive index of 1.49 resulting in
5 ppm solid mass (manufacturer Polysciences Inc.). The
size and refractive index are chosen to match those of
common dust [12].

Immediately the patterns reappeared, leaving little
doubt about the validity of our interpretation. An example
is shown in Fig. 2(a). However, now we not only see
features like those already described above, but also less
prominent, larger angle features [as estimated from their
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FIG. 2. Interference patterns caused by PMMA particles.

Notice that the patterns in (a) are not exactly simultaneous in
the three channels while in (b) there is a nearly complete
overlap. Running average over 30 flashes (~1.2 ms).
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overlap of all three fibers; see Fig. 2(b)], consistent with
interference patterns originating from larger particles or
even simple shadowing by large particles. With the large
spread in particle size, this is to be expected.

From Figs. 1 and 2(a) it can be deduced that the size of
the interference pattern measured from maximum to
minimum intensity for this particular case is about 5°,
i.e., the distance between the most distant detectors.
(Notice that structures less than of order 1° would be
smeared across the opening of the fiber.) A noteworthy
difference is that the patterns with a strong middle peak
are always of size 5° for the PMMA particle while always
of size 3° for the dust particles. This is a consequence of
the stringent requirements set by the condition of strong
constructive interference. We should add that we have
tried polystyrene particles of sizes 0.40, 1.05, and
2.84 pm of narrow distributions. These have a refractive
index of 1.58 and are not seen.

If the interference patterns are a result of diffraction by
a nearby particle presumably having a higher index of
refraction than water, simultaneous measurements of the
distance between particle and bubble can be used to
calculate an upper limit on the size of the light-emitting
region. To this end, notice that if the angular size of the
light-emitting region, as seen from the particle, is larger
than 5°, the interference effect would be quenched. Light
emitted from the center of the bubble will result in an
interference peak directly behind the particle. Light emit-
ted from a point some distance away from the center will
also result in a peak; however, this peak would be dis-
placed, being directly behind the particle as seen from the
point of light emission. Thus, to produce the observed
peaks, the light-emitting region, as seen from the par-
ticle, has to be significantly smaller than the angular size
of the observed interference pattern. The validity of this
postulate has been checked by superposition of suitably
chosen interference patterns. As the interference pattern
is of a size near 5°, the light-emitting region must be
smaller than 5°, observed from the particle. If we assume
that the particle is placed 10 wm from the bubble, in
accordance with Weninger et al [10], an upper limit of
the size of the light-emitting region can be estimated.

s < sin(5°) X 10 wm = 0.9 pm. (1

Thus the radius s of the light-emitting region would have
an upper limit of a few hundred nanometers, i.e., signifi-
cantly less than the minimum radius of the bubble. In
effect the upper limit of the light-emitting region is
determined by only two factors, namely, the angular
size of the resulting interference pattern and the distance
between the light-emitting region and the particle at the
time of light emission. Calculations on the following
model of interference effects from a particle confirm
these results suggesting a distance to this of approxi-
mately 6 um giving s < 0.5 pm.
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The model is constructed as follows. The light source is
modeled as a isotropic point source emitter in water at a
given distance from the particle. The amplitude observed
at large distances is now calculated according to an
integral of Kirchhoff’s equation [13] over a spherical
shell centered on the source and containing the particle
(see Fig. 3). The wave amplitude is in the model assumed
to be constant over the entire shell. The phase of the wave
is also constant upon the shell—except for the small
region occupied by the particle, where the lower velocity
of light in the particle shifts the phase. However, reflec-
tion, etc., inside the particle is neglected. The change 6 in
relative phase can be estimated as

g — 27d(1.49 — 1.33)
p .

Here d is the distance traveled through the particle and A
is the wavelength. The refractive index of water is 1.33
compared to that of the particle of 1.49. To obtain a
significant interference effect from such a particle, the
phase change must be at least of order 77. With the spectral
response of our detection system in mind (maximum near
300 nm, see Fig. 2 in Ref. [8]), this translates to particles
with a diameter of order 1 wm, a common size for dust
particles according to [12]. Calculations on the model, as
well as on the model discussed in the next paragraph,
suggest that the distance between bubble and particle is
5-10 um which is in good agreement with Fig. 2A in
Ref. [10]. An example of a pattern calculated using the
model is shown in Fig. 3 revealing a close resemblance to
the observed patterns.

The minimum possible distance between particle and
the center of the bubble at the point of light emission can
be estimated using the following argument. The amount
of water closer to the bubble wall than the center of the
particle remains constant over one full acoustic cycle, as
the particle moves along with the water. A lower limit is
given by the center of the particle not being able to get
closer than one particle radius at the point of maximum
bubble radius. This minimal amount of water between
bubble and particle corresponds to a distance of around
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FIG. 3. The model used for the calculation of the interference
pattern created by a particle close to the bubble. The pattern
calculated from the model using particle diameter 2 um,
distance 6 wm, and refractive index 1.49.
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10 um at the point of light emission, depending on the
radius of the particle and the bubble parameters.

In some cases we observe a peculiar phenomenon (here
for a dust particle). An example is shown in Fig. 4. These
patterns are seen to occur repeatedly every 2150 flashes
more or less clearly for more than 150 times. Sometimes
the interference patterns occur in a manner suggestive of
the strobed position of a particle passing by with different
directions for each occurrence. The repetition of the
strobed positions of the particle is not inconsistent with
the simulations of streamlines by Verraes et al. [14] as
shown in their Fig. Al with the particle being dragged
along by the velocity field. Similar short series of periodic
behavior, although never as clear as in the case described
above, have periodicity ranging from 900-20 000 flashes.
A recent measurement [15] with vesicles caught in the
flow near a bubble oscillating on a solid surface shows
these moving in the flow field and reappearing with a
constant frequency similar to our observations in Fig. 4.

Of course other explanations can be imagined. Turning
the argument of Eq. (1) upside down, if the light-emitting
region covers the whole interior of the bubble more or less
uniformly then the distance to a particle should be
>20 um. However, a distant particle would have to be
large thus acting as a classical spherical lens. With a
refractive index of 1.5 the particle should, however, cover
an angle of 15° seen from the bubble in order to reach the
central peak height observed, but this is now narrow and
surrounded by a large dark region while no secondary
peaks are possible. Regarding the regular recurrence of
the pattern, it seems more likely that a particle close to
the bubble is caught in some kind of a vertex and thus
reappears every so often, than would a distant particle.
The observed patterns could also result from other phe-
nomena; e.g., if an ingoing jet is formed, the resulting
shape of the bubble could be the focusing mechanism. A
drift in the position of the jet then explains the change of
direction of the features. For other reasons, however, jets
are not likely to occur in sonoluminescence far from
boundaries (see, e.g., Ref. [16]). Furthermore, it is un-
likely that the occurrence of a jet should not have con-
sequences for the emission in other directions.

These alternative explanations have severe problems
with reproducing the shape of the patterns even if they
are able to produce the magnitude and angular size of
this. From this and the reasons stated above, we conclude
that the patterns do originate in close-by particles.

To summarize our present Letter, in a previous Letter
[7] we presented a correlation analysis. We show here that
the elevated autocorrelations (with respect to the cross
correlations) are due to the presence of nearby dust par-
ticles giving rise to interference. The particles have no
effect on the cross correlation from the larger angles, as
the size of the interference pattern is small.

Further measurements are needed to pin down the
exact size of the light-emitting region. This could be
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done with small angle detectors fitted with short-pass
(500 nm) filters viewing from one direction. At an angle
of 90° a camera mounted on a long distance microscope is
placed using a longer wavelength, pulsed light source to
illuminate the bubble and potential particle. Thus one
could simultaneously measure the size of the interference
pattern and the particle to bubble distance, i.e., the two
essential parameters when calculating the upper limit of
the size of the light-emitting region. To further improve
the experiment, spherical particles with a narrow size
distribution should be used. Intimate knowledge regard-
ing the particles would in all circumstances make for a
better model—and quite possibly allow one to estimate
the actual size, shape, and opacity of the light-emitting
region. Furthermore, valuable information regarding the
flow around the bubble may be extracted from the regular
recurrence of the particles and the apparent shifting
directions of passage. These observations could also give
a clue to the distance between bubble and particle.

Our interpretation of the features as interference
patterns coupled with our model calculations suggest
that the radius of the light-emitting region is much
less than 0.5 um. This is in agreement with model
calculations by Moss et al. [2,17] and Burnett et al
[18], who find that the light emission is from an optically
thick core (~0.1 wm) with an optically thin halo sur-
rounding it.

The validity of this picture is supported by recent
measurements of anisotropic light emission and period
doubling [7-9]. An important probable consequence is
that the temperature in the center is much higher than the
approximately 15000 K given by the uniform model [1].
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discussions.
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Interference patterns occur with a fixed frequency. Running average over 20 flashes (~0.8 ms).
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