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100-watt sonoluminescence generated by 2.5-atmosphere-pressure pulses
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A Xenon gas bubble introduced into a vertically suspended steel cylinder is driven to sonoluminescence by
impacting the apparatus against a solid steel base. This produces a 150-ns flash of broadband light that exceeds
100-W peak intensity and has a spectral temperature of 10 200 K. This bubble system, which yields light with a
single shot, emits very powerful sonoluminescence. A jet is visible following bubble collapse, which demonstrates
that spherical symmetry is not necessary to produce sonoluminescence.
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I. INTRODUCTION

Sonoluminescence is the transduction of sound into light
by a bubble undergoing nonlinear pulsations in a fluid.
Current studies suggest that the matter in these bubbles is
compressed to near-solid densities [1] and reaches extremely
high temperatures [2]. The light can be emitted from a single
bubble driven acoustically [3—6], by a cloud of bubbles in the
near field of an acoustic horn [7,8], by the far field of a plate
vibrating at MHz frequencies [2], or from inertial collapses
of bubbles grown by tension pulses [9—11]. These methods
are limited in their maximum driving pressures, above which
instabilities can distort the bubble and reduce emission [12,13].
Here we report observations of a single-shot sonoluminescing
system with an acoustically driven collapse and small initial
pressure which stays spherical pre-emission. A Xenon bubble
is introduced inside a large steel cylinder which is dropped a
small distance and impacts a steel base. The strong acoustic
pulse traveling upwards in the fluid from the end of the tube
following the impact event collapses the bubble and emits
sonoluminescence with very high peak power. This approach
offers an avenue to higher densities and temperatures than
previously achieved.

II. APPARATUS AND METHODS

For this experiment, a 60-cm-tall by 10-cm-diameter 316-
stainless-steel cylinder (see Fig. 1) was filled to a height of
40 cm with purified phosphoric acid and suspended 0.7 cm
above an equally sized solid steel base using a small elec-
tromagnet. Phosphoric acid was chosen for its low vapor
pressure [14,15] and its effectiveness in low-frequency sono-
luminescence [16]. The acid is prepared by heating it to 100 °C
under vacuum with agitation at 50 Hz in a separate glass
apparatus designed for this purpose before being transferred
to the steel tube under vacuum. This pretreatment both
dehydrates the acid to near 100% concentration and removes
any dissolved gas. The area in the steel tube above the acid
was maintained at 10 mTorr by a dry scroll pump. A 7-cm
piece of 316-stainless, 30-gauge needle tubing enters near
the base of the apparatus through a sealed port and is bent
so that its end is oriented vertically. Outside the tube, the
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end of the needle was kept under Xenon at a pressure of
more than 100 Torr to prevent backflow of acid. A 0.006”
stainless wire was inserted in the needle to reduce gas flow
and slow the bubble seeding rate. This arrangement provided
a 0.9-mm-radius Xenon bubble approximately once every
5 seconds. The size of the bubble introduced was dictated
entirely by the size of the needle and was very consistent from
bubble to bubble. A photogate arrangement with a HeNe laser
and small photodiode registered when the bubble detached
from the needle and, after a fixed delay provided by a delay
generator (SRS DG535), current to the electromagnet holding
the tube was shut off. Timing was adjusted so that, when the
bubble drifted to a point 11 cm above the base (at the center of
the observation windows), the tube was released and impacted
the steel base below.

In free fall, the bubble experiences little static pressure
and expands to 3.5 mm in radius (see Fig. 2). Upon impact,
a high-pressure traveling pulse is released into the fluid that
collapses the bubble, resulting in emission of an intense flash
of broadband light. We measured the light emission using a
Hamamatsu H5783-03 photomultiplier tube (PMT) as well as
a spectrometer composed of an Acton Spectra Pro 3001 with
an Acton broadband optical fiber with matching optics and a
Princeton Instruments [CCD-MAX Camera. Analysis shows
more than 10'3 photons per flash within a 150-ns-long pulse,
which was roughly Gaussian in shape (see inset to Fig. 3).

III. EXPERIMENTAL RESULTS AND DISCUSSION

Spectroscopic analysis shows a featureless broadband
spectrum (see Fig. 3). The measured emission intensity is
more than 85 W in average power and the best Planck fit
to the spectrum data gives a temperature of 10 200 K. The
phosphoric acid significantly absorbs wavelengths shorter than
325 nm [17], preventing measurement of the short-wavelength
portion of the spectrum. Using the blackbody fit to extrapolate
the spectrum below 325 nm and using 150 ns for the pulse
width, we calculate an average emitted power of 135 W. This
makes it a very powerful sonoluminescence source.

The bubble radii shown in Fig. 2 were measured using a
Hamamatsu C4742-98 CCD camera back-lit by a Powertech-
nology LDCU12/7108 pulsed-infrared diode laser. The diode
laser could be gated internally, triggered by a delay generator
(SRS DG535) to select a particular moment in phase with a
30-ns exposure. For the growth phase of the bubble motion,
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FIG. 1. (Color online) Photograph of the apparatus showing 3 of
6 total viewports.

exposures were a fixed delay from electromagnet release (time
t = 0). For the collapse phase, a small piezoceramic was
attached to the side of the apparatus near the base to provide
a timing signal from impact. Bubble images for this collapse
phase were taken with delays from this piezo signal.

The Rayleigh-Plesset (RP) equation has been shown to pro-
vide a good parametrization of the motion of sonoluminescing
bubbles [18]. To diagnose the external pressures experienced
by the bubble we used the RP equation including terms for
viscosity, surface tension, and acoustic radiation. Due to the
low Mach number of the motion of the bubble, we could
reasonably model the equation of state of the gas as ideal with
uniform pressure. A drop of 0.7 cm that is entirely controlled
by gravity and with an instantaneous stop should result in a
7-atm shock wave according Ap = pcv. Our measurements
indicate that the release is not perfect and that the shock jump
reaches only 2.5 atm. Measurement of the release acceleration
is shown in Fig. 2 and is used in the RP model for the growth
phase. The collapse was well described by a linearly increasing
model of the applied pressure, rising from 0 to 2.5 atmospheres
in 450 microseconds (see inset to Fig. 2).

The interior temperature was described by 200 equally
spaced Lagrangian radial coordinates with a constant 300-K
temperature-bath boundary. This way the internal gas pressure
could be accurately modeled as it transitioned from isothermal
behavior to adiabatic [19]. Because of the low density of
gas from the small ambient pressure and the fast collapse,
we calculate that this transition occurs at three times the
ambient radius (Ry), which is almost three times larger than is
typical with traditional single-bubble sonoluminescence. The
interior is also fairly uniform—the model shows that, as the
interior heats to double the ambient temperature, nearly 3/4
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FIG. 2. (Color online) Diagram showing measured radius versus
time using backlighting photography. The backlighting was 30-ns
exposures using a diode laser captured on a Hamamatsu 14-bit CCD.
Timing is shown relative to the sonoluminescence flash. Ry, is
94 pm and the maximum surface velocity is 760 m/s, which gives
a peak temperature of 270 000 K from the diffusion code. The inset
shows the same data and simulation with a magnified time base
around the collapse. Also shown is the measured acceleration of the
tube as measured by a small IC accelerometer. Phosphoric acid at this
concentration has a speed of sound of 1.8x 10° cm/s and a density of
1.8 g/cm?.

of the volume stays within 20% of the peak temperature. It is
reasonable to assume that this will remain so until the very last
moments of collapse when other physics come into play (to
be discussed below). While the adiabatic equation of state is
regarded as incomplete at Ry, it can still provide an estimate
of collapse conditions. In this case the model predicts the
minimum radius to be 94 um with a maximum velocity during
collapse of 760 m/s. Analyses of the photographs of emission
show the collapse radius to be 105 £ 20 um, indicating that
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FIG. 3. (Color online) Diagram showing a representative spec-
trum compiled from 4 separate flashes. The fit is a 10 200-K black
body spectrum with an emission radius of 125 pum. This radius is
sufficiently close to the measured radius for us to conclude that the
emission is that of a black body. The inset is a typical PMT trace.
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FIG. 4. (Color online) A backlit photograph of the jet formed
during collapse. The bright blue light near the bottom of the bubble
is the sonoluminescence. The strobe time is 50 ws, which causes
considerable blurring in the bubble wall.

the simulation is a reasonable estimate. Using the cross-over
radius (3Ry), and the measured collapse radius (105 £ 20 um),
we can predict a collapse temperature between 131 000 K
(Rmin = 125 pum) and 283 000 K (Ryyin = 85 pm).

Such high temperatures are not reached. The conflict
between adiabatic predicted temperatures and measured spec-
troscopic temperatures that we observe is a common aspect
of sonoluminescence [16,20,21]. Various physical processes
which could play a role in limiting the spectral temperature
are: (a) disequilibrium between electrons and ions, (b) cooling
by ionization, and (c) jetting inside the bubble. The 150-ns
flash width combined with the observed blackbody spectrum
suggests that the plasma inside the bubble is in local thermo-
dynamic equilibrium. Also, the calibrated blackbody spectral
radius, images of the light emission and the RP simulation of
the minimum collapse radius are all within the measurement
uncertainty of each other. This suggests that the emission
is bubble-filling and opaque [22]. Unifying the adiabatic
simulation (94 um collapse and 250 000 K peak temperature)
and Saha’s equation of ionization predicts 70 000 K and an
average ionization level of 2.4 electrons per atom. This is still
too high compared to the measured spectrum.

Nonideality of the ionization process could lead to correc-
tions to the equation of state that result in further cooling. We
have suggested in previous work that electrostatic screening
and quantum hybridization lower the ionization potential to the
point that a “plasma phase transition” yields very high levels
of ionization and accounts for the opacity [17,23].

Nonsphericity of the implosion leads to jetting instabilities
which are a sink for the mechanical energy. A jet forms during
collapse and is clearly visible post-collapse (see Figs. 4 and 5)
pointing vertically upward in the liquid column. The jet is first
observable 2.5 us after light emission (see Fig. 5), but could
also exist during light emission. These asymmetries decrease
the likelihood that a focused shock wave [14] forms inside this
bubble.
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FIG. 5. A series of backlighting images near collapse. Each photo
is a 30-ns backlighting exposure. Sonoluminescence is exposed in
every photo. In each photo the time relative to the sonoluminescence
signal is given. The jet is clearly starting to emerge in the final photo.

In its current form these jetting instabilities limit further
increases in the emission. Dropping the tube from a height
larger then 0.7 cm greatly diminishes the sonoluminescence
and increases the size of the jet. Therefore, we conclude that
the instabilities leading to the jet are to blame. A jet forming
from this geometry is not surprising [24-27]. Perhaps the
instabilities are so intense at the larger drop height that the
bubble fragments before necessary temperatures and densities
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for sonoluminescence are attained. An extension of RP theory
to include effects that break the spherical symmetry to allow
jetting would predict this case because the collapse velocity of
760 m/s is less than the speed of sound in the acid and the hot
Xenon gas.

Changing the symmetry of the high-pressure acoustic wave
could prevent jetting in further experiments, paving the way
for orders-of-magnitude more pressure and collapse speeds.
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Nonetheless, even now, this technique represents a dramatic
upscaling of sonoluminescence brightness and offers a clear
avenue for further study.
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