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Abstract: Experimental single bubble sonoluminescence (SBSL)
ambient radius, acoustic drive pressure (R,-P,) phase diagrams are
compared with predictions of the Dissociation Hypothesis (DH) and
calculations of the n = 2, 3, 4 shape thresholds, focusing on the location
of unstable SBSL and the extinction threshold. A phase diagram for
experimental runs with a 20% air saturation is shown to indicate the
location of the SBSL extinction threshold. Mixtures with appropriate
concentrations of argon and nitrogen are presented to show the location
of unstable SBSL. The results are consistent with the DH and show that
unstable SBSL and the extinction threshold appear to coincide more

closely with the n = 4 shape threshold.
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1. Introduction

A single, gas-filled bubble in the presence of an acoustic standing wave can emit a pulse of
light as the bubble violently collapses each acoustic cycle. This process has been labeled
single bubble sonoluminescence (SBSL).! Some of the interesting early observations
concerning SBSL were the need for a noble gas to obtain light emission,? the apparent
violation of mass diffusion for a single stable bubble,® and a “dissolution island” in
parameter space where stable bubbles were observed when they would normally be
expected to dissolve.* These observations helped to support what is commonly referred
to as the Dissociation Hypothesis (DH) of SBSL.”> 8

DH permits predictions of bubble behavior in the ambient radius, acoustic drive
pressure (R,-P,) parameter space under the assumption that the diatomic gases in
the bubble begin to dissociate as P, increases and the bubble collapse becomes more
violent. Stable non-SL occurs at lower P,, as the bubble enters a stable dissociation
equilibrium where the amount of diatomic gas dissociated each acoustic cycle equals the
amount diffusing back into the bubble. In parameter space, the calculated dissociation
equilibrium has a negative slope. Stable SL occurs at higher P,, once all of the diatomic
gases have “burned” off, and the bubble enters a stable diffusive equilibrium based on
the noble gas content remaining in the bubble. In parameter space, the calculated stable
diffusive equilibrium has a positive slope.

The predictions of DH for stable bubble behavior agree very well with
experimental results.” ' For sufficiently high noble gas concentrations, DH also predicts
that unstable SL will occur as the bubble intersects a shape stability threshold as it grows
by rectified diffusion,'? just as bubbles do under low P,, non-SL conditions.*¥ In this
letter, we show experimental results for air and argon-nitrogen mixtures and compare
them with calculations of the shape stability threshold. A brief background of DH as it
relates to shape instabilities is given, and the experimental apparatus is summarized.
The experimental results are then presented.
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2. Background

There exist regions of R,-P, parameter space where shape instabilities are likely.? 13715

In DH, the shape stability threshold (SST) acts as the upper bound for unstable SL and
non-SL bubbles. However, the first mode to set in (n = 2) may not be sufficient to cause
the bubble to “dance” or break up. Therefore, we also consider higher order modes.
When the bubble reaches a SST, several things may happen. First, it may become
unstable and pinch off a microbubble causing it to drop to a lower R, and then grow
back in size until it intersects the SST again. This behavior is sometimes referred to as
“dancing.” »*16 Second, the bubble may remain oscillating in a “stable” fashion for a
long time period with the resonant mode present.*'718 This behavior becomes less likely
with increasing mode number, because higher order modes have increased damping.
Finally, a fast time scale instability may step in and cause the bubble to suddenly break
up with a small change in P,.' The sudden break up of the bubble is often referred to as
the SL extinction threshold. What initiates the sudden extinction is not well understood
but may relate to the Rayleigh-Taylor instability,' Richtmyer-Meshkov instability,?" or
the translation experienced by the bubble from the instantaneous Bjerknes force.!”:2!

We will consider the SST to also act as the extinction threshold even though
this may not be strictly true. The boundary in parameter space between where the
SST causes unstable behavior and extinction is not clearly defined. Experimentally,
extinction is more likely to occur at higher P,.

A SST is defined as the location in parameter space where the amplitude of a
shape mode of order n (a,(t)) begins to maintain a steady, nonzero value.>*!> The
location of the SSTs for n = 2 (solid with +), n = 3 (solid with x), and n = 4 (solid
with *) are shown in Fig. 1. These curves were calculated by Wu?® at 33 kHz using the
method described in Ref. 14. Recent calculations by Hao?? and Hilgenfeldt?3 agree with
the n = 2 SST calculated by Wu.

3. Apparatus

The apparatus has been described in more detail elsewhere.'®!! It consisted of a
cylindrical levitation cell acoustically excited at 32.8 kHz. Before running an experiment,
fluid was prepared with a gas-handling system, which allowed accurate control of the
gas content of the fluid. Once a bubble was levitated, its oscillation was captured with a
stroboscopic imaging system (SIS).!® From the digital images acquired with the SIS, we
were able to construct a time averaged radius-time R(t) history of the bubble oscillation.
From this curve we extracted a value for the maximum radius R,,4, (£1.1 pm) and R,
(£0.9 pm). These values were used to determine P, (+0.07 atm) via a numerical fit to
the Rayleigh-Plesset equation.!? Assembling the collection of R(t) curves for a single
gas saturation permitted the construction of a R,-P, phase diagram.

4. Results and discussion
4.1 Air saturated to 20%

Figure 1 shows a phase diagram for five experimental runs with a 20% air saturation.
The final argon concentration in the fluid for this case is C' = 0.2%, where C' = 100%
would be complete saturation of the fluid. The data sets were taken over a period of
several months which indicates the repeatability of the experiments. Each data point
represents data from a single R(t) curve. The data have one of four types of behavior:
stable non-SL (square) (Mm. 1), unstable non-SL (circle) (Mm. 2), stable SL (upward
pointing triangle) (Mm. 3), and unstable SL (downward pointing triangle) (Mm. 4).
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Mm. 1. One cycle of typical stable non-SL captured with the SIS with P, ~ 1.25
atm. Note the small Ry,q2 and the relatively strong afterbounces just after collapse.
The horizontal width (true vertical) of the image is equivalent to 160 pm. The
duration of the acoustic cycle is 30.5 us, and the 75 frames of the animation are
each separated by ~400 ns. Light passing directly through the bubble causes the
bright spot at the center the bubble (173 kb).

Mm. 2. One cycle of typical unstable non-SL captured with the SIS with P, ~ 1.1
atm. Note that the bubble reaches a slightly larger Ry,q. with the lower P,, and
the bubble tends to return to the same location. Afterbounces are also still visible
(284 kb).

Mm. 3. One cycle of typical stable SL captured with the SIS with P, ~ 1.5 atm.
Note that Rias is now much larger, and afterbounces are weak because energy is
lost to light emission (362 kb).

Mm. 4. One cycle of typical unstable SL captured with the SIS with P, ~ 1.6 atm.
Note the large Rpaz, the lack of strong afterbounces, and that the bubble tends
to move along the same path. The unstable behavior is more “orderly” than that
which was seen in Mm. 1 (324 kb).

Shown in the figure are the curves for the C' = 0.2% diffusive equilibrium?*2°

(solid), the stable dissociation equilibrium for 20% air (dash dotted) computed by
Arlman,?6:27 and the n = 2,3,4 SSTs (solid with +, x, and *) calculated by Wu.2°
The behavior of the bubble with increasing P, is described elsewhere!'® and is similar
to what has been reported by others."*16 As DH predicts, the stable SL points agree
with the C' = 0.2% curve, and the stable non-SL points agree with the dissociation
equilibrium.
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Fig. 1. Phase diagram for five experimental runs with air saturated to 20%. The
curves represent theoretical calculations of the stable diffusive equilibrium C' = 0.2%
(solid), the stable dissociation equilibrium for a 20% air saturation computed by
Arlman (dash dotted), and the n = 2, 3,4 shape thresholds computed by Wu (solid
with +, X, and *). The bubble behavior is represented by a symbol shape (square,
circle, upward pointing triangle, and downward pointing triangle). The cross hairs
represent the experimental error.

In some of the runs, unstable SL was visible near the extinction threshold for
SL. In these cases, the bubble was unstable, but the instability was not severe enough
to destroy the bubble. Interestingly, SL. bubbles appear stable well above the n = 2,3
SSTs, and the extinction threshold appears to coincide with the n =4 SST.
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4.2 Argon-nitrogen mixture with C' = 1.2% final argon concentration

To see unstable SL behavior over a wider pressure range, the argon concentration needs
to be increased above C' ~ 0.7%.% According to DH, as noble gas concentration increases,
the diffusive stability curve takes on a more and more positive slope causing it to
intersect the SST at lower and lower P,. Because extinction does not usually occur at
lower values of P, (< 1.45 atm), the bubble instead follows the SST as P, increases,
undergoing repeated pinch off and growth until at some point it reaches the extinction
threshold.
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Fig. 2. Phase diagram for two experimental runs with a 12% argon and 88% nitrogen
mixture saturated to 10%. The curves represent theoretical calculations of the stable
diffusive equilibrium C' = 1.2% (solid), the stable dissociation equilibrium for 10%
air (dash dotted), and the n = 2,3, 4 shape thresholds (solid with +, x, and *).

Figure 2 shows the phase diagram for two 12% argon and 88% nitrogen mixtures
saturated to 10%, which gives a final argon concentration in the fluid of C' = 1.2%. Also
shown are the n = 2,3,4 SSTs (solid with +, x, and %). As DH predicts, the stable
SL points (upward pointing triangles) show agreement with the C' = 1.2% curve (solid)
until they intersect the n = 4 SST at P, ~ 1.3 atm. Between P, = 1.3 — 1.45 atm there
is a region of unstable SL (downward pointing triangles) as also predicted by DH. For
P, > 1.45 atm, the bubble reaches the extinction threshold and rapidly breaks up.

For lower P, where no SL is observed, it has been shown that the calculated
n = 2 mode'*!® is in fairly good agreement with experimental data.* The agreement
is also seen for the n = 3,4 modes, since all the modes lie fairly close together at low
P,. However, as seen in Fig. 2, the agreement between the data and the n = 2 mode
does not appear to occur at higher P, where SL was observed. This may imply that
the higher order modes are more destructive to the bubble and contribute to unstable
SL and SL extinction. It may also simply mean that the criterion used to define the
SST® 1415 is not sufficient to describe unstable behavior and extinction.

4.8 Argon-nitrogen mixture with C' > 2% final argon concentration

With an amount of final argon concentration C' > 2%, DH predicts that neither stable SL
nor stable non-SL should be observed. Figure 3 shows a phase diagram for two mixtures
of > 10% argon in nitrogen saturated to 20%. The exact ratio of gases in the mixture
was unknown due to an error in preparation. If we assume the initial gas mixture was
15% argon and 85% nitrogen, then the final argon concentration in the fluid would be
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C' = 3% (solid curve). This curve has no stable SL equilibria, and because it also nearly
overlaps the dissociation equilibrium for 20% air (dash dotted), there is also no stable
non-SL. Therefore, only unstable behavior is possible as was observed experimentally.
Below P, =~ 1.3 atm there were only “dancing”, nonluminescing bubbles (circles), and
above P, ~ 1.3 atm there were only unstable, luminescing bubbles. As in the previous
case, the unstable SL behavior shows close agreement to the n = 4 SST (solid with ).
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Fig. 3. Phase diagram for two experimental runs with an argon-nitrogen mixture
having > 10% argon saturated to 20%. The curves represent theoretical calculations
of the unstable diffusive equilibrium C = 3% (solid), the stable dissociation
equilibrium for 20% air (dash dotted), and the n = 2,3,4 shape thresholds (solid
with +, X, and *).

5. Conclusions

The experimental results presented here confirm that the predictions of DH for unstable
SL are valid. For sufficiently high noble gas concentrations, the SST limits the growth
of bubbles, resulting in “dancing” behavior. The SST also appears to coincide with
the extinction threshold. The results raise new questions about what actually causes
unstable bubble behavior and SL extinction. Previously, the n = 2 (quadrupole) mode
was believed to be the cause;® however, the work presented here suggests higher order
modes may actually be more destructive to the bubble. In fact, we occasionally observed
a luminescing bubble that appeared to have a shape instability, yet it showed no signs of
“dancing”. Holt and Gaitan* and Tian et al.'® have observed similar behavior, but for
non-SL bubbles at lower P,. These observations suggest that surfactants that suppress
higher order shape modes®® could be very useful for extending the region of stable SL
in parameter space. Performing SBSL experiments in microgravity?? 3! may also help
stabilize the bubble by eliminating the translation induced by the Bjerknes force.?
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