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Experimental Validation of the Dissociation Hypothesis for Single Bubble Sonoluminescence
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Single bubble sonoluminescence stability in ambient radRig, (drive pressureK,) phase space
is examined for water partially saturated with pure argon, pure nitrogen, and argon/nitrogen mixtures
in order to examine the dissociation hypothesis (DH) of Lohse and Hilgenfeldt [J. Chem.1®fFys.
6986 (1997)]. A stroboscopic imaging system was employed to me&suaed the maximum bubble
radius R.x. P, was calculated by fitting the Rayleigh-Plesset equatioRtcand R...x. Excellent
agreement was seen between experiment and prediction over a wide range of parameters, validating DH.
[S0031-9007(98)07715-1]

PACS numbers: 78.60.Mq, 43.25.+y

A single bubble trapped in a sound field can be drivering the argon concentration. In other words, when the
into nonlinear radial oscillations when the acoustic drivebubble luminesces, it is the argon concentration that de-
pressureP, is sufficiently high. When the collapse is vio- termines stability in the phase space.
lent enough, the bubble can emit a pulse of light at each A great deal of evidence has been gathered from the
acoustic cycle [1]. This phenomenon has been labeletiterature to support this theoretical picture of SBSL [5—
single bubble sonoluminescence (SBSL). Since its discov#] which we shall refer to as the “dissociation hypothesis”
ery, the dependence of SBSL on experimental paramete(®H). In particular, Gaitan and Holt [10] showed that,
has been thoroughly examined [2]. for water partially saturated with air, the effective gas

One of the significant early observations of SBSL wasconcentrations for non-SL stable bubbles agreed with
that the intensity of light emission was dependent on the family of diffusive equilibrium curves of decreasing
presence of noble gases [3]. An analysis by Lofs&d@tl.  concentrations. A line drawn through the points would
[4] revealed that, when the drive pressures were in théave a negative slope in ti-P, phase space. When the
SBSL regime and mixtures of nitrogen and a noble ga®ubble reached stable SL, the effective gas concentration
were used, the measured physical parameters of the bublidemputed for each data point agreed with a single stable
were not consistent with a diffusive stability picture of diffusive equilibrium curve that was 2 orders of magnitude
bubble dynamics. This led the authors to hypothesize thdéss than the total gas saturation. These findings, along
an “anomalous mass flow mechanism” must be present. with the data presented i®,-R, phase diagrams [8],

Hilgenfeldt et al. [5] then proposed that this unidenti- provide very strong evidence for DH. Strong evidence for
fied mechanism was chemical in nature. Using a detaile®H was also seen in the non-steady-state experiments of
analysis of bubble stability in th&y-P, phase space, it Matula and Crum [11]. Barbeet al.[12] also show a
was proposed that this chemical process was the dissociphase diagram for one argon/nitrogen mixture and one
tion of the diatomic gases into chemical species that thepure argon case. However, no experiments have yet been
diffused out of the bubble [6,7]. For a bubble composederformed with the specific intent of examining the steady-
of argon and nitrogen, the basic idea is that for very lowstate predictions of DH.

P, the bubble responds as if it contained both gases inside We present experimental phase diagrams for pure argon,
of it. In the Ry-P, phase space, a stable bubble will tendpure nitrogen, and mixtures of argon and nitrogen, and
to dissolve because the diffusive equilibrium for the totaldirectly compare them to the steady-state predictions of
gas saturation is unstable. Subsequenthy? amcreases, DH. Our intent is to show that, when the bubble is stable
the bubble begins a “dancing” motion as it repeatedly unand luminescing, it lies on a positively sloped equilibrium
dergoes a growth and breakup [1,8,9]. Eventually, theurve inRy-P, space, representing diffusive stability for
temperature inside the bubble is sufficiently high to dissothe concentration of argon in the fluid regardless of how
ciate the nitrogen, and a chemical equilibrium is reachednuch nitrogen is present. This is one of the fundamental
where the amount of nitrogen entering the bubble duringassumptions of DH but, as of yet, it has not been thoroughly
each cycle is equal to the amount being burned off. In the@robed experimentally.

Ro-P, phase space the bubble will lie near a negatively The experimental apparatus was a sealed, water-filled
sloped curve representing te&blechemical equilibrium.  cylindrical quartz crystal cell (76 mm diameter, 74 mm
As P, is further increased, the nitrogen in the bubble com-height) with brass end caps. The cell was operated at
pletely burns off, leaving a bubble with only argon. Now, 33.4 kHz which corresponded tothe € 2,6 =0, z =

in the Ry-P, phase space, the bubble will lie on a posi-2) mode. The upper brass end cap contained a thermo-
tively slopedstablediffusive equilibrium curve represent- couple to measure fluid temperature and a removable
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0.25 inch diameter brass plug. The plug was removed 25 . ; ;
just prior to beginning an experiment, resulting in a tiny -
pressure release surface that was necessary to obtain a 20 J AN 1t
resonant mode that could predictably trap a bubble. A /\'
small amount of air could thus diffuse into the cell, but
the effect on the experimental results was minimal. The
opening also permitted a syringe needle to be inserted 0] A 1a
into the cell, allowing a bubble to be seeded from the L S \
gas trapped on the needle tip. A small piezoelectric pill 5. / f LT\-\,‘\.‘ . ./‘ .
transducer was bonded with epoxy to the upper brass end s A
cap to locate the resonant frequency of the cell. A nominal
P, was found by calibrating the pill transducer against a 0 0 10 20 30
custom-made hydrophone inserted into the cell.

A vacuum flask containing room temperature distilled,
filtered water was connected to the cell via two fluid lines.FIG. 1. R() curve (circles) found using SISP, was 1.23 bar
The vacuum flask was also connected to an automated g&gd the bubble was not luminescing. Each point represents

. . .—gnhe frame of video. P,(¢) (dashed line) is also shown with
handling system. This system degassed the water, mlxqﬁe proper phase relagign( (1), The) point on theR (1)

together the desired ratio of argon and nitrogen, and thegrve used to determin&, is indicated to be where,(r)
saturated that mixture into the degassed water to the derosses zero on its falling edge. Since the bubble radius
sired concentration. The gas saturation was inferred usingsponds to the external pressure in a quasistatic fashion, this
Henry's law. The combined absolute pressure of the arP0int represents the radius when the external pressure is 1 atm
gon and nitrogen mixture was200 pounds per square (ambient pressure), which is the definition Ry
inch (psi) with ax0.5 psi error for each gas component.
Because of limitations in measuring the water temperatursion and reflect the uncertainty of the pixel value used to
during gas saturation, it was known only to withinl °C,  threshold the bubble image before edge detecting. We de-
making it difficult to achieve saturations below the corre-fine Ry as the bubble radius when the ambient pressure is
sponding change in vapor pressuresof Torr. Once the 1 atm. Figure 1 shows where, in relation to the drive sig-
fluid was prepared, it was transferred to the cell (still un-nal, Ry was obtained on th&(¢) curve. This method of
der a partial vacuum) via the two fluid lines using gravity finding Ry was possible because, after the bubble collapses
flow and then brought to atmospheric pressure. Up to thaand begins to grow, its radius adjusts to the outside pres-
point, the fluid was not exposed to any air or to any pressure to maintain a quasistatic equilibrium size [14]. This
sure above what the fluid was saturated to. also corresponds to the definition 8§ in the Rayleigh-
The cell was then placed in a bracket that held it fixedPlesset (RP) equation. The particular form of the equation
relative to several diagnostic tools and the plug was rewe used, details of which can be found in Ref. [7], con-
moved from the upper end cap. The diagnostic tools contained a polytropic exponent and a van der Waals hard core
sisted of a photomultiplier tube (PMT) to measure theterm to describe the gas pressure in the bubble. We used
relative intensity of the light pulse, a He-Ne laser andthe RP equation to determirg, (=0.07 bar) by fitting it
PMT to perform light scattering measurements, and a strao R,,x andRy. The standard room temperature material
boscopic imaging system (SIS). The SIS was essentiallgonstants were used for the remaining parameters of the
that described in Ref. [13] with two alterations. The firstRP equation. The, found that using this method was
was small glass windows attached with silicone sealanmore reliable than the pill transducer calibration and was
to the side of the cell in the path of the light-emitting the method used for all of the data presented in this Letter.
diode and microscope. The space between the window After collecting data for a series &f, with the SIS and
and the cell was filled with water, helping to correct for analyzing the results, a phase diagram could be mapped
the astigmatism caused by the curvature of the cell wallout. Figure 2 shows a phase diagram using air saturated in
The second was a digital charge-coupled device (Pulnixwater to 20% [15]. Each data point represents data from a
TM-9701), the output of which could be sent to computersingleR(r) curve and is indicated to be luminescing and/or
random-access memory in real time. This allowed moviestable. The curves shown in the plot represent diffusive
of the bubble oscillation to be captured and analyzed irequilibrium curves for a fixed gas concentrati@r) com-
near real time to obtain a time averaged radius-ti®  puted at 33.4 kHz using the Eller-Flynn formulation [16].
history of the bubble. Figure 1 shows a typical result ofA positive slope represents diffusive stability while a nega-
the video analysis. A digital trigger was designed so thative slope represents an unstable diffusive equilibrium.
video acquisition always commenced on the same point dBubbles to the right of a curve tend to grow by rectified
the drive signal. diffusion [4,7,16] while bubbles to the left tend to dissolve.
From theR(¢) curve, two key parameters were extracted: The behavior of the bubble with increasifg is similar
the maximum radiu®,x (=1.1 gm)andR, (£0.9 um).  to what has been reported by other groups [1,8,9]. At low
The radius error values represent the experimental precRk, (<1.0 bar) the bubble tends to dissolve within a few
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FIG. 2. Phase diagram for air saturated in water to 20%F|G. 3. Phase diagram for a mixture of 1% argon and 99%
yielding a final argon concentration of 0.2%. Each data poinhitrogen saturated to 10%, yielding a final argon concentration

represents the, and R, found from a singleR(z) curve and  of 0.1%. The diffusive equilibrium curves are f&t = 10%
is indicated to be luminescing and/or stable. The curves insolid line) andC = 0.1% (dashed line).

the plot are lines of diffusive equilibrium for a given gas
concentrationC = 20% (solid line) and C = 0.2% (dashed
line). The range oP, where dancing was observed is indicated Of very unstable weak SL was observed, as reported by

as are regions of bubble growtg)(and dissolutiond) relative  Hiller et al. [3].

to each equilibrium curve. The stable no SL points (circles) Figure 5 shows a phase diagram for pure argon satu-
correspond to astable che_m|cal equilibrium which would lie rated to 0.26%. In this case, only stable SL is seen and the
above theC' = 20% curve if plotted. points fall on thestablediffusive equilibrium curve corre-

o ) ~sponding to the argon partial pressure. NRar= 1.5 bar
seconds. A, is increased, the bubble begins dancingy small region of unstable SL was observed as the bubble
until it becomes stable @, ~ 1.2 bar. With a furtherin-  mqst likely approached the shape stability threshold [5,8].
crease inP, the bubble remains stable, decreases in ambirhe phase diagrams of Figs. 4 and 5 both agree with the
ent radius, and the points can be described by a negativeleagy-state predictions of DH and confirm that it is the
sloped curve representing thablechemical equilibrium.  argon that determines the stable SL branch of the diagram
This equilibrium acts to “bridge” the growth region to the gnq that the nitrogen determines the stable non-SL branch.
right of theC = 20% curve and the dissolution regionto |, summary, the results presented here provide compel-
the left of theC_= 0.2% curve [7]. NearP, ~ 1.35 bar ling evidence for DH. Phase diagrams have been mapped
the bubble begins to luminesce and growskinuntil the 4yt for numerous other argon/nitrogen mixtures and satura-
upper threshold o, =~ 1.55 bar. When the bubble is tjons, and the results are all similar to the results presented
luminescing, it lies near thetablediffusive equilibrium i this Letter up to total saturations ef50%. Above this
curve corresponding to the argon concentration of 0.2%. satyration, the behavior of the bubble in phase space did

The above results can be compared to “artificial” airnet appear to fit a predictable pattern, very likely due to the

consisting of 1% argon and 99% nitrogen at 10% saturatioppple being unable to burn off enough nitrogen during
(Fig. 3). The final argon concentration is now 0.1%

instead of 0.2% as in the above case. The general behavior
in phase space is the same as in Fig. 2, except for one 6 - -
major difference. The stable SL points now lie near the
C = 0.1% stable diffusive equilibrium curve which is
consistent with the amount of argon saturated in the fluid.
The clear shift in the location of the stable SL in phase
space as the argon concentration changes is exactly what
DH predicts.

By saturating the pure form of each gas into the fluid
separately, their individual effect on the phase space dia-
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gram can be isolated. Figure 4 shows a case with nitrogen

saturated to 10%.

In this case no stable or unstable SL

was seen, confirming the observation that noble gases are
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needed to obtain stable SL [3]. Just as before, the stable P, (bar)

non-SL po(ijljts G}Eppteharttobll‘all ﬁn a nelgatiV$|%/ _SlopedvsurV(?:IG. 4. Phase diagram for pure nitrogen saturated to 10%.
corresponding 10 ,‘5 able chemica equ'! rum. e, The diffusive equilibrium curve is folC = 10% (solid line).
should note that, without careful preparation of the fluidwith no argon present, no SL was observed. Abdve~

or when pure nitrogen was saturated above 20%, a region3 bar, the bubble dissolved.
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