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Extensive experimental mapping of sonoluminescence parameter space

Jeffrey A. Ketterling* and Robert E. Apfel
Department of Mechanical Engineering, Yale University, New Haven, Connecticut 06520

~Received 29 September 1999!

Experimental phase diagrams are compared to theoretical predictions based on the Dissociation Hypothesis
~DH! theory of single bubble sonoluminescence~SBSL!. Ambient radius (Ro)- acoustic drive pressure (Pa)
phase diagrams are presented for krypton-nitrogen mixtures and for a collection of data with other noble
gas-nitrogen mixtures. The data is also presented in terms of expansion ratio~maximum bubble radiusRmax/
Ro) vs Pa and relative light intensity vsPa . The results provide further evidence of the validity of DH and also
provide a thorough mapping of SBSL at a single frequency.

PACS number~s!: 78.60.Mq, 43.25.1y
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I. INTRODUCTION

Bubbles with an ambient radius (Ro) on the order of 5
mm can be acoustically levitated in a time varying acous
field @P(t)52Pa cos(vt)#. When the acoustic drive pressu
(Pa) is '1.3 atm, the bubble grows to a maximum radi
(Rmax) of '50 mm and upon its violent collapse, it give
off a pulse of light. This process is known as single bub
sonoluminescence~SBSL! @1#. One of the particularly inter-
esting early observations relating to SBSL was that the p
ence of a noble gas was required for there to be any sig
cant light emission@2#.

The observations of Hilleret al. @2# along with some ad-
ditional theoretical work@3# and experimental results@4#,
helped to support what is commonly referred to as the D
sociation Hypothesis~DH! @5–7#. DH permits predictions of
bubble behavior inRo-Pa parameter space based on the co
centrations of gases dissolved in the fluid. These predict
and their theoretical basis have been thoroughly descr
elsewhere@5–7# and have been shown to be consistent w
experimental results@7–10#.

Briefly, when a bubble is luminescing, the noble gas c
centration determines where in parameter space the bubb
stable. Before luminescing, a bubble can also reach a st
dissociation equilibrium that is determined by the part
pressure of the diatomic gas present in the fluid. Outside
these regions, the bubble displays unstable behavior, cau
it to break up, dissolve, or undergo a repeated pinch off
growth process.

Expansion ratio~ER,5Rmax/Ro) vs Pa diagrams provide
an additional parameter space to examine experimental
in the context of DH. UnlikeRo-Pa phase diagrams, ER
gives information about the energy concentration at bub
collapse. Gaitan and Holt@8# were the first to study the ER
from a single experimental case and correlate it to the li
emission. What they observed was quite surprising. W
the number of photons emitted increased asPa increased, the
ER actuallydecreased, which seems to contradict earlier ob
servations@11# and calculations@12#. However, the observa
tions of Gaitan and Holt are in fact consistent with theo
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when the path of a single gas saturation is followed in
rameter space, as Mosset al. @13# have recently shown.

Gaitan and Holt also noted the ratio of light intensity
bubble volume decreased as the light intensity increas
This implies that energy concentration is greater for hig
ER’s even though the absolute light intensity is lower a
that a higher ER does not necessarily mean more photon
emitted. The emitting volume of the bubble and to som
extent the contents of the bubble also need to be conside

In this paper, experimentalRo-Pa and ER-Pa phase dia-
gram results are presented and compared to theoretical
dictions based on DH. These results expand on previous
perimental work@4,8,9#. Phase diagrams were obtained f
mixtures of helium-nitrogen, neon-nitrogen, argon-nitroge
krypton-nitrogen, xenon-nitrogen, pure helium, pure arg
pure nitrogen, helium-argon-nitrogen, neon-argon-nitrog
and air @10#. However, only the results for the krypton
nitrogen mixtures and the overall collection of data are p
sented here. Relative light intensity vsPa data is also shown

II. APPARATUS

The test cell used for all experiments was a cylindric
quartz crystal cell~76 mm diameter, 74 mm height! with
brass endcaps that was acoustically driven by a ceramic
ezoelectric transducer attached to the bottom brass en
@9,10#. The construction of the cell allowed it to be full
evacuated. Each brass endcap had a Swagelok® QC series
quick release fitting that allowed the cell to be coupled to
external gas-handling and fluid preparation system. A fl
sample was first prepared in this external system before
ing transferred to the test cell. By using an input and out
line, fluid could be transferred to the cell without exposi
the fluid to air or changing the gas pressure above the fl

Bubble levitation was accomplished by tuning the test c
to a resonant mode at'32.8 kHz and selecting aPa at
which a bubble could be trapped. An air filled syringe nee
was then inserted into the cell via a small opening in the t
allowing a bubble to be seeded from the gas trapped on
needle tip. Air wasnot injected, which would have led to
unknown quantities of air being introduced into the fluid a
to gas bubbles accumulating at the top of the cell.

Once fluid had been transferred to the cell, the cell w
moved to a holding bracket that held it fixed relative to tw
t.,
3832 © 2000 The American Physical Society
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PRE 61 3833EXTENSIVE EXPERIMENTAL MAPPING OF . . .
diagnostic tools: a stroboscopic imaging system~SIS! to
measure the bubble radius and a photomultiplier tube~PMT!
to measure the relative intensity of the light pulse. The va
ous components of the system were mounted to an op
bench to allow precise positioning with translation stag
and to avoid realignment for each new experiment. A sc
matic of the overall diagnostic set up will be referred to
each of the diagnostic tools are discussed~Fig. 1!.

The SIS is very similar to the one constructed by Tianet
al. @14# but with a slightly higher magnification. It was als
similar to the optics set up used by Holt and Gaitan@4,8# but
their strobe rate was chosen to match the capture rate of
video camera~1/60 s! rather than slaved to a signal slight
offset (20.1 Hz! from the drive frequency.

The SIS consisted of a homemade microscope wit
charge-coupled device~CCD! attached to its viewing end
and a light emitting diode to strobe the bubble. The CC
~Pulnix TM-9701! output was fed directly into a compute
containing an Epix® PIXCI-DTM digital frame grabbing card
allowing real time video acquisition. Each video acquisiti
commenced on the same phase of the drive signal, by u
an external circuit to trigger the Epix® PIXCI-DTM.

Using the SIS as described above, it was thus possib
acquire time-averaged movies of a bubble oscillation. Af
acquiring a bubble oscillation image sequence, the ima
could be analyzed to extract a time averaged radius-time
tory R(t) of the bubble~Fig. 1 of Ref.@9#!. From theR(t)
curve three key parameters were extracted:Rmax
(61.1 mm), Ro (60.9 mm), andPa (60.07 atm!. Rmax
was just the maximum radius value measured for theR(t)
curve. Ro was chosen from theR(t) curve based on the
definition of Ro in the Rayleigh-Plesset~RP! equation.Rmax
andRo were then used to inferPa using the RP equation@9#.

Relative SL intensity

The components used to measure the SL light inten
are shown in Fig. 1. The light pulse was detected with
PMT, and the signal was captured with a LeCroy 7200 d
tal oscilloscope. A collection lens~6 cm diameter and foca
length! was fixed at the end of a tube attached to the P
housing. The bubble was located at the focal point of
collection lens.

To measure the relative light intensity of SL, the pe
value of the light pulse needs to be determined. However,
peak value can be hard to determine from a single pu
since small changes in bubble dynamics can lead to fa
large changes in the SL intensity either from pulse to pu
or over several seconds@3,15,16#. For these reasons, th

FIG. 1. Schematic of diagnostic instrumentation.
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LeCroy’s built-in histogram functions were used to meas
the relative intensity.

By using the histogram functions, the peak value for tho
sands of pulses could be accumulated and assembled in
histogram. Normal settings were 20 mV for the bin wid
and greater than 1000 for the sample size, although sev
hundred samples were usually enough to determine the h
est occurring SL light pulse value. An interesting featu
seen occasionally in the light pulse histograms was the
currence of two distinct peaks. To our knowledge, this o
servation has not been directly reported in the literatu
However, Holt et al. @15# have observed similar behavio
but their measurements focused more on the time separa
between SL flashes.

III. RESULTS AND DISCUSSION

A. Krypton Ro vs Pa phase diagram

Of all the noble gases, krypton has been the least stu
in SL experiments. Some emission spectra have been m
sured by Barberet al., @11# but little other information exists.
Krypton, therefore, makes an interesting case study.

Figure 2 shows theRo vs Pa phase diagram for a singl
1% krypton and 99% nitrogen mixture saturated toC55%
~open symbols!, C510% ~solid symbols!, and C520%
~open symbols with1 inside!. Each data point represen
data from a singleR(t) curve. Each experimental run is rep
resented by a different symbol type~open, solid, and open
with 1 inside! and is further broken down into four types o
behavior: stable non-SL~square!, unstable non-SL~circle!,
stable SL ~upward pointing triangle!, and unstable SL
~downward pointing triangle!.

Cases were considered unstable if the bubble sho
signs of ‘‘dancing’’ @1,4,17# or excessive drift during video
acquisition. Dancing behavior usually indicated that t
bubble was near a shape mode threshold@4,5,18,19#. The

FIG. 2. Phase diagram of 1% krypton- 99% nitrogen mixtu
saturated toC55% ~open symbols!, 10% ~solid symbols!, and
20% ~open symbols with1 inside!. Stable diffusive equilibrium
curves are shown forC50.06% ~dotted!, C50.12% ~dashed!, and
C50.25%~solid!. The stable dissociation equilibrium for a 10% a
saturation calculated by Arlman is also shown~dash dotted!. The
crosshairs represent the experimental error.
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3834 PRE 61JEFFREY A. KETTERLING AND ROBERT E. APFEL
unstable cases included in the phase diagrams remaine
the video monitor long enough to obtain a fullR(t) curve,
although the bubble may have moved off screen for so
video frames. For cases where the bubble ‘‘danced,’’
bubble was imaged at the largestRo that it grew to before
pinching off and then growing back in size. The location
the unstable bubbles in parameter space was very consi
from run to run, indicating that their video acquisition w
reliable.

The curves shown in the plot represent diffusive equil
rium curves for a fixed gas concentrationC computed atf
533 kHz using the Eller-Flynn formulation@20#. A positive
slope represents diffusive stability. Bubbles to the right o
curve tend to grow by rectified diffusion while bubbles to t
left tend to dissolve@3,6,20#. Also shown is the curve repre
senting the stable dissociation equilibrium for 10% air~dash
dotted! calculated by Arlmanet al. @21#.

The actual amount of krypton appears slightly higher th
expected, and the data is therefore compared to the app
concentration of the noble gas rather than the predicted
centration. The stable SL points~upward pointing triangles!
from the C55% run are shown relative to theC50.06%
curve ~dotted!, the points from theC510% run to theC
50.12% curve~dashed!, and the points from theC520%
run to theC50.25% curve~solid!. The agreement betwee
the stable SL data and the calculatedC curves is exactly
what DH predicts as is that between the stable non-SL d
and the dissociation equilibrium.

This case highlights some features of stable SL beha
for decreasing noble gas partial pressures. First, thePa
where SL turns on increases as the partial pressure decre
This behavior arises because the point where the slope o
C curves turns positive occurs at higherPa asC decreases
Second, thePa where SL turns off also increases asC de-
creases. Finally, theRo where SL turns off decreases wit
decreasingC. These final two effects result from theC
curves and the extinction threshold~not shown! intersecting
at lowerRo and higherPa asC decreases@5#. What causes
the sudden extinction is not well understood@22#.

B. Krypton light intensity vs Pa diagram

The light intensity diagram vsPa for krypton is shown in
Fig. 3. The light emission for each saturation seems to fol
a distinct path with the larger saturations following a stee
path and reaching a higher maximum intensity. The lin
marked with aC value are meant to illustrate the separa
paths and are not theoretical calculations. The light inten
at a fixedPa is not the same for the different saturation
Similar behavior was seen for mixtures of xenon and nit
gen, but was not observed for mixtures containing heliu
neon, or argon in nitrogen. For these cases, large differe
in light intensity were not observed as the noble gas sat
tion levels varied@10#.

The difference in light emission can be understood
terms of diffusive stability. AsC increases for a fixedPa ,
the number of atoms inside a bubble increases for two
sons. First, Henry’s law states that the amount of gas s
rated in a fluid is proportional to the pressure of the g
above the fluid (C`}p`). Clearly, for the bubble to remain
in equilibrium for C` , its time averaged internal gas pre
on
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sure^p(t)&4 must be equal top` ~Eq. 36 of Ref.@5#!. Thus,
asC increases, the pressure inside the bubble also incre
and, according to the ideal gas law, the number of atom
the bubble also increases if we assume the volume is fix

The second reason that the number of atoms increases
bubble is becauseRo increases asC increases for a fixedPa .
Again, using the ideal gas law, an increase inRo means an
increase in bubble volume, and thus an increase in the n
ber of atoms if we assume pressure is fixed. The cases w
higherC are, therefore, brighter because they have more
oms that can emit due to an increase in bubble volume an
time-averaged pressure. However, since the bubble dyna
for each case are not the same, this description oversimpl
the observations, and it is helpful to examine the ER for
experimental data.

C. Krypton ER vs Pa diagram

The ER vsPa diagram for krypton~Fig. 4! helps clarify
the relationship between ER and light emission. Plotted
the figure are the respective ER curves calculated from
krypton diffusive equilibrium curves ofC50.06% ~dotted!,
C50.125%~dashed!, C50.25%~solid!. Two features of the
data are apparent: the ER for a single run decreases
increasingPa , and the ER also decreases for increas
krypton concentration.

Referring back to the intensity diagram~Fig. 3! reveals an
interesting correlation between the light emission and E
Each run is brighter asPa increases, and the higher krypto
saturation cases are brighter than the lower ones for a fi
Pa . Thus, a higher ER leads to a lower light emission
prime example of the need to draw a distinction betwe
energy focusing~energy per unit radiating volume! and light
emission @8#. The greatest energy focusing occurs at
turn-on for theC55% run which is also the highest ER
('17). The greatest light emission occurs at the SL turn-
for the C520% cases which is the lowest ER ('10).

FIG. 3. Relative light intensity diagram of 1% krypton- 99%
nitrogen mixture saturated toC55% ~open symbols!, 10% ~solid
symbols!, and 20%~open symbols with1 inside!. The curves for
each concentration indicate the separate paths the light emis
follows for each saturation and are not theoretical calculations.
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PRE 61 3835EXTENSIVE EXPERIMENTAL MAPPING OF . . .
The reason for light emission differences asC varied for a
single noble gas mixture was discussed earlier, but with
including the ER. Including ER tends to confuse the mat
though, because it needs to be considered in relation to
number of emitting atoms in the bubble. Bubbles w
smaller ER have a largerRo and C and thus contain more
atoms inside. Even though the energy concentration
creases, the larger number of emitters makes up for the
tively small number of photons emitted, and the bubble
pears bright. Likewise, bubbles with high ER have a low
Ro andC and contain fewer emitters. While the total numb
of photons per emitter increases, the increase is not eno
to make the bubble appear brighter than for the low ER ca
Obviously, a balance can be reached where two bubbles
the same light but with a different ER and different numb
of emitting atoms, as can be seen in Fig. 3. This simplifi
discussion leaves out issues such as opacity@7,13# and the
quenching effect of water vapor inside the collapsing bub
@13,23#, which also play a role in the observed differenc
between cases. These effects have been included in rece
models to successfully reproduce experimental results s
as the spectral features and duration of the SL pulse@7,13#.

D. Overall Ro vs Pa phase diagram

When the parameter space data from all our experime
runs are plotted together, the result is the phase diag
shown in Fig. 5. The unstable non-SL bubbles~open circles!
occur at higherC and lowerPa where there is only unstabl
diffusive equilibria. Unstable SL~solid triangles! was seen to
agree fairly well with then54 shape threshold~solid with
1! calculated by Wu@24# at 33 kHz using the method de
scribed in Ref.@18#. Unstable non-SL behavior also showe
agreement with then54 mode, but because then52,3,4
modes lie close together for lowPa ~Fig. 1 of Ref.@25#!, the
lower order modes are just as likely the cause of unsta
behavior for lowerPa @4#.

FIG. 4. Expansion ratio diagram of 1% krypton- 99% nitrog
mixture saturated toC55% ~open symbols!, 10% ~solid symbols!,
and 20%~open symbols with1 inside!. ER curves calculated from
their respective diffusive equilibrium curves are shown forC
50.06% ~dotted!, C50.125% ~dashed!, C50.25% ~solid!.
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The stable non-SL bubbles~solid squares! represent a
stable dissociation equilibrium reached as the nitrogen dis
ciated each cycle equals the amount of nitrogen entering
bubble by rectified diffusion. The data shows that the ran
of Ro for stable non-SL decreases asPa increases. The re
gion appears to show more variation for a fixedPa and
changing nitrogen content than indicated by the present
culations@21#.

The region where stable SL~open triangles! is observed
shows remarkable agreement with the predictions of D
The region is roughly bounded on the left byC51.2%
~solid! and on the right byC50.05% ~dashed!, although a
lower concentration may be the true bound on the right. B
tween these two curves are a plethora of stable concentra
curves that the bubbles can follow. The lower bound of
SL region is the point on the concentration curves where
slope becomes positive. The upper bound of SL is marked
the n54 shape threshold, which an unstable bubble appe
to travel along asPa increases, and which may also act as t
SL extinction threshold for higherPa (.1.45 atm! @5,25#.

E. Overall light intensity vs Pa diagram

Figure 6 shows a compilation of the light intensity vsPa
data from all the phase diagrams. The paths of the light
tensities for a 1% xenon-99% nitrogen mixture saturated
C520% andC55% are indicated in the diagram, sinc
they seem to provide the bounds for all the light intens
data. These two concentrations are not the absolute bou
but merely the highest and lowest xenon concentrations
which data was collected. Why xenon represents the low
and highest intensities at a fixedPa is not clear.

Figure 6 is mainly useful in showing that most of the da
falls roughly together, with theC520% xenon case being
the main standout. The data also shows that the range oPa
where SL occurs increases as the light level increases
more extended set of experiments would likely reveal m
about the light emission trends.

FIG. 5. Phase diagram with data points from numerous exp
mental runs at an assortment of gas saturations. Diffusive equ
rium curves are plotted forC51.2% ~solid! and C50.05%
~dashed!. The n54 shape threshold~solid with 1! calculated by
Wu is also shown.
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In general, the higher intensities for a fixedPa correspond
to higher noble gas concentrations, which is illustrated by
C55% andC520% xenon curves in Fig. 6. Higher ga
concentrations also cause the bubble to reach the s
threshold and thus the light extinction threshold at a low
Pa . This results in the maximum possible light intensity d
creasing somewhat for lower values ofC as Pa gets above
'1.5 atm. The turn-onPa of light emission also varies de
pending on the noble gas concentration, resulting in a fa
wide range ofPa (1.2521.4 atm! where the SL intensity is
nearly zero.

F. Overall ER vs Pa diagram

Figure 7 shows the ER vsPa diagram for all the data. At
Pa,1.2 atm the bubble is unstable and nonluminesc
~open circles! and appears to follow the path of then54
shape threshold curve~solid with 3) quite closely. Lower
order modes would show similar agreement since all
curves lie close together in parameter space at lowPa . From
1.2,Pa,1.3 atm the bubble reaches a stable dissocia
equilibrium as the diatomic gases within it begin to disso
ate~open squares!. The stable non-SL data points agree fai
well with the dissociation equilibrium for 10% air~solid with
1! for Pa,1.25 atm. The actual path of stable non-S
seems to vary, depending on the amount of nitrogen in
fluid, with the largest deviations occurring asPa increases.
The net effect is that all the stable non-SL points sweep
a cone shaped region between the shape threshold and
upper bound for the stable dissociation equilibrium@8#. For
1.3,Pa,1.6 atm a large region of stable SL exists~solid
triangles! that is bounded in much the same way as were
stable SL points in Fig. 5.

The upper and lower ER limits for stable SL are rough
bounded by the ER curves corresponding toC50.4%
~dashed! and C50.05% ~dotted!. Thus the lowest ERs ob
served here for SL were'8 and the highest ERs were'17.
The left side of the stable region is bounded by the disso

FIG. 6. Relative light intensity diagram with data points fro
numerous experimental runs at an assortment of gas satura
The data is bounded by experimental runs with 1% xenon- 9
nitrogen saturated toC520% andC55% as indicated by the
curves. The bounds are not theoretical calculations.
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tion equilibrium and the ER calculated at the point on a fix
C curve where the slope equals infinity~dash dotted!. This
curve also represents SL turn-on. The lower side of the sta
SL region appears to be bounded by then54 shape thresh-
old ~solid with 3). The shape threshold acts as the cut
for SL or as the path that unstable SL bubbles follow~open
triangles! @5,25#.

The overall region of stable non-SL and stable SL m
out the ‘‘dissolution island’’ first observed by Holt an
Gaitan @4#. Interestingly, the features of this diagram a
much smoother than those in Fig. 5. The data starts at lowPa
on a single line and then smoothly open up to form a fun
shape asPa increases. The ER diagram may in fact be
more useful way to view data since it also gives some inf
mation about the strength of collapse.

IV. CONCLUSIONS

Experimental phase diagram data have been presente
a series of krypton-nitrogen gas saturations, and for a la
collection of data from assorted noble gas-nitrogen mixtu
at a variety of saturations. The krypton data showed that
can be used to predict paths in parameter space that a s
bubble will travel along. The overall collection of dat
showed that DH can be used to predict regions of bub
behavior in parameter space.

The overall collection of data also represents a comp
mapping of the parameter space of SL at a single freque
The results build upon and confirm the very important e
periments of Holt and Gaitan@4#, who first noted the regions
of stability in parameter space for SL and non-SL bubbles
fact, the SL data points in Fig. 5 map out the ‘‘dissolutio
island’’ first noted by Holt and Gaitan, which was one of th
key observations in the development of DH.

An interesting feature of theRo-Pa phase diagram was
the apparent agreement between the upper bound of SL

ns. FIG. 7. Expansion ratio diagram with data points from num
ous experimental runs at an assortment of gas saturations.
curves calculated from their respective diffusive equilibrium curv
are shown forC50.4% ~dashed! and C50.05% ~dotted!. Also
plotted is the ER for the 10% air dissociation equilibrium~solid
with 1!, then54 shape threshold~solid with 3), and the point on
a fixedC curve where the slope equals infinity~dash dotted!.
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PRE 61 3837EXTENSIVE EXPERIMENTAL MAPPING OF . . .
then54 shape threshold calculated by Wu. The observa
of the stability boundary at then54 mode for higherPa was
surprising, because it was previously assumed that thn
52 mode, the first to set in@26#, was responsible for un
stable SL. In fact, occasionally we saw signs of then52
mode while the bubble was luminescing without seeing a
signs of ‘‘dancing’’ behavior@1,4,17# or extinction@22#. Holt
and Gaitan@4# and Tianet al. @14# have made similar obser
vations, but for bubbles that werenot luminescing. An un-
derstanding of the mechanical means by which then54
mode may contribute to extinction or unstable SL, if at a
and over what time scale, is still lacking.

For each phase diagram used to test DH, the relative l
intensity of SL was also recorded. In general, the brigh
bubbles occurred at the smallest ERs ('8), and the faintest
bubbles occurred at the highest ERs ('17). The light inten-
sity for helium, neon, and argon all appeared similar fo
J.
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fixed value ofPa . Differences in the maximum light inten
sity for each of these noble gases were not large enoug
make any definitive conclusions. Krypton and xenon, ho
ever, were distinctly brighter at a fixedPa , with xenon being
the brightest noble gas of all, as was first noted by Hilleret
al. @2#. For both xenon and krypton the light intensity in
creased as the noble gas concentration was increased
fixed Pa . Perhaps with more sensitive light detection equ
ment, similar trends would have been observed for the o
noble gases.
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