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Bubble dynamics near the onset of single-bubble sonoluminescence
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A number of groups have reported measurements of the location in the parameter space of bubble size versus
acoustic pressure amplitude of shape- and size-stable bubbles. For air/water systems, a general trend emerges:
stable bubbles are found on one of two line paths in this space defined by their range of acoustic pressure.
Bubbles on the higher-pressure path emit light. There have been few studies of the transition between these two
paths. In this work we describe our observations of this transition regime. In this regime, a slow time scale
oscillation (period 2—7 ¥ in the bubble size, position, and phase of flash timing can be observed. At lower
dissolved gas concentrations, a hysteresis in the bubble size as a function of acoustic pressure is observed,
complementing previous light intensity measurements reported in the literature.
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[. INTRODUCTION accomplished using a long distance microsc@pgnity, K2)

and charge-coupled devig€CD) camera(Sony, XC-75.

An optical filter (Oriel, No. 51664 mounted in front of the

photomultiplier tubg(PMT) (Phillips, XP2262B blocks the

transmission of light from the LED to the PMT; this arrange-

. . : . ment allows for simultaneous light emission measurement

gﬂgfgﬁ?ﬁaﬁf :grr;;)llig]é%g&eng?n?s;‘r)éé’v?éc?hgizndéz}n and video imaging. The transducg?ZT) (EDO Ceramics,

nature of the light emission in MBSL the light emission from EC-64 is cooled with a small computer fan. The hydrophone
g in. Uncopiers needle hydrophanmonitors the acoustic

Light emission from a single, acoustically driven bubble
[single-bubble sonoluminescen@BSL)] was first achieved
in the early 199091]. This achievement was one of many
efforts made by researchef2-9] to simplify the study of

a SBSL bubble was found to be remarkably steady, and thy ressure in the cell. The dark square beneath the cell and

elals|elr tﬁ;g’%’a dSemn(w:iaig?gmznT:rT:\btehreOfa(rj;frfs;?grt Sgrggg T represents a three-axis motorized positioning system
[11-14 hav u ! P P ollmorgen-NEAT, z stage, ZE-100-SMx-y stage, XYR-

equilibrium size(either Ry or Ray) and acoustic pressure 6060. During experimental runs, the cell, PMT, and lens-

amplitude(P,) to locate the position of stable bubbles. Thesecamera system are placed in a light-tight enclosure, indicated

groups have worked at a variety of different external c:ontrolby the dashed line in Fig. 2

para{neters{edgd,' d”\ll'ng frequency, ?mt%?(t:prislfhure, rgem- The oscilloscope allows for real-time monitoring of fast-
perature, and dissolved gas concentraf )] oug time scale signalgacoustic pressure and light emission

the absolute numbers differ, the general picture that ha ulses. A filter (Krohn-Hite, 3940 is used to amplify and to

emerged is shown in Fig. 1. Stable bubbles fall along twao. . ; : :
lines in the parameter space. Followifid] we will refer o eliminate high frequency noise from the hydrophone signal.

these lines as the lower branch and the upper branch. All of g

the bubbles on these lines are size and shape stable; however, o
only bubbles on the upper branch emit measurable light. To 70} R
date, there has been little investigation of the transition be- Upper branch —__ o
tween the lower and upper branches, which marks the onset eor R
of SBSL. Therefore, in the present work, we report measure- 4| *
ments of the maximum radius as a function of acoustic pres- z *
sure in this transition regime. 3 40t
] .
OF 30r .'00 3
Il. APPARATUS sl  eer e oreaoe
A schematic of the equipment used in the experiment is
shown in Fig. 2. The camera and lens are focused on the 0} Lower branch
bubble, which levitates at the center of the cell. The light-

emitting diode(LED) (wavelength=590 nn) provides light 1.1 115 12 125 13
for backlighting the bubble for video imaging. Imaging is Pa (atm)

FIG. 1. Plot showing the location of stable bubblesPifi Ry ax
parameter space for DGC approximately 0.0015 and driving fre-
*Electronic address: crt@bu.edu quency 14.620 kHz.
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FIG. 2. Schematic showing equipment used in the experiment. The dashed line indicates the boundary of a light-tight enclosure.

The lens used in the experiment was equipped with motor- . EXPERIMENTAL PROCEDURES
ized control of zoom and focus. The power amplifi&NI,
10400L) amplifies the driving voltage from the function gen-
erator(HP, 33120A; this amplified signal is input to the PZ
driving transducer through an impedance matchigxll,
EVB-1).

Attenuators(JFW, 50R-019 are used to vary the signal
range generated by the function generator. The NIM-BI
(Tennelec, TB3serves as a power supply for the high volt-
age power supplyBertan, 362 which provides a large bias

The cell was filled with degassed watéhe estimated
DGC was 0.0015. Then, using this water the location of
stable bubbles in théP,,R.) space was measured in the
following manner. First a bubble was established in the
growth and breakup regim], and then the acoustic pres-
pSure was increased by increasing the PZT voltage in steps
until the extinction threshold was reached. After reaching the
extinction threshold, the acoustic pressure was reduced
slightly and a new bubble was created. The pressure was

voltage to the PMT. Images from the CCD camera are reth q din st il th wih and break .
corded on the VCRSony, SVO-210pduring experimental en decreased In steps until the gro angd breakup regime
was returned to. For each pressure step, 30 images of the

runs for post-data-collection analysis. The video monitor, . .
(Dot-X) displays the field of view of the camera. The bubble bubble were acquired by a frame grablipix, PIXCI-5v4,

generator power supplicustom builj provides power to a not_shown in_the sch_ema}idor postexperiment anal_ysis.
boiling bubble generator, which is mounted in the cell. During the entire experimental run the VCR recorded images

e f the bubble(as a backup for the images acquired directly
The data-acquisition computé€omputers for Everyone, 0 - -
Cambridge, MAq, using the gata—achisition softwatés- by the frame grabbegrAfter the conclusion of data acquisi-

viEw (National Instrumenis orchestrated time-tagged data tion, the water was left in the cell, and the experiment was
acquisition via two analog-to-digitgaA/D) boards(National rgpeated at f|\_/e_ I_ater tme{spaqed by 6—12)t_n_‘or a to'_[al of
Instruments, NI6023E and NI60YOwo serial ports and a six data acquisition runs. During these waiting periods, gas

: : _ dissolved into the water throhga 4 mmdiameter hole(it
gmeenni;alF?Cuzlr_pc(;)Fs)Ieénterface bus bogaPIB) (National Instru was through this hole that the hydrophone was inserted into

The cell used in the experiments was cube shaped, aébe cel). As aresult the DGC of the water increased,; thus the

proximately 3 in. on each side. For all of the experimentsparameter space for a range of DGC's was measured. The

described here, the cell was run at 14.620 kHz. At this fre-amount of time(~1 h) that it took to perform an entire ex-

quency then,,ny,n,)=(1,1,1) mode of the cell was excited,
so there was a pressure maximum in the center of the cell;*The method by which the DGC was estimated is described in
the bubble levitated slightly above this location. detail in[25].
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FIG. 3. Plots showing the location of shape-stable bubbles, both light-emitting and non-light-emitting. Filled symbols indicate data taken
while the acoustic pressure was increased and open symbols indicate data taken when the acoustic pressure was decreased. The estimate
DGC for each run is noted on the plot. Diamonds indicate size stable equilibrium positions and squares indicate the end points of the
equilibrium oscillations described in the text. The acoustic pressure error bar represents the total uncertainty in the acoustic pressure, given
by the calibration process; the acoustic pressure resolution is much smaller, approximately +0.005 &, €n®r bar is the resolution
uncertainty ofRax

perimental run was small enough to consider the DGC to band the data were saved to text files. The images of the

constant during the run. bubble in the oscillating state required a different processing
Typically, for each acoustic pressure visited while takingtechnique.x-cap was used to control the VCR so that a

data the bubble would attain a steady-statenchanging frame-by-frame analysis could be done, and thus the time-

equilibrium radius after a short transiefihe length of the dependent maximum radius and position of the bubble could

transient depends on the acoustic pressure and the)DGMe measured.

There were, however, some acoustic pressures and DGCs for

which the bubble did not reach a steady-state size. Instead

the bubble grew and shrank periodically while being driven

at a constantacoustic pressure. As it changed in size, its IV. RESULTS AND DISCUSSION

position also changed. These transitions from growing to A. Parameter space maps

shrinking and back to growing are smooth; furthermore, the

bubble does not break up via shape instabilities. Figure 3 shows the results of the mapping experiments.

The oscillation states occurred at the transition from theg; | .o 0 o e temperature control was Uséte tempera-

lower branch_to _the upper branch for a range of .DGCS' T.cfure of the water was not constant; however, from run to run
study the oscillations more closely, after the mapping experig, largest difference was only 2 °C, and in any single run

ments were completed the cell was refilled with water whic ; o
had the correct DGC in order to observe the oscillations. thrhe temperature changed by a maximum of only 0.7 °C. The

these experiments, in addition to all the measurements men-

tioned above, the phase of the light emission and acoustic?a passive type of temperature control was implemented,

emission relative to the sound cycle were measured. however—during the experiments, the air conditioning in the labo-
The video imagesfor the nonoscillating pressunesiere  ratory was set to its minimum control point which resulted in an air

processed using the image analysis softwarmpP (Epix),  temperature of anywhere between roughly 16 and 18 °C.
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FIG. 4. Plot showing the location of shape- and mass-stable FIG. 5. Plot showing the location of shape-stable bubbles from
bubbles from mapping run 1. Filled symbols indicate data takermapping run 3. The filled symbols indicate data taken while the
while the acoustic pressure was increased and open symbols indicoustic pressure was increased. The open symbols indicate data
cate data taken while the acoustic pressure was decreased. taken while the acoustic pressure was decreased. The diamonds

indicate a mass-stable bublglene that does not change in equilib-

ambient pressure varied by less than 0.08 atm from run tgum size at a constant pressp@nd the squares indicate the ex-
run3 trema of the oscillations described in the text.

For ease of discussion, the plot of the first data run o : :
. o M In addition to the hysteresis observed in run 1, another
(DGC~0.0013 is shown again in Fig. 4. The lower branch ;o aqting feature in the bubble behavior was a sioam-

(left side of the plotis where stability arises from the bal- pareq to the acoustic peripascillation in the equilibrium
ance of chemical reactions and diffusion according to th&;ze of the bubble observed in runs 2, 3, and 4. Figure 5
dissociation hypothesigl5,16. No detectabl_e light is emit-  shows the map from run 8GC=~0.003. Recall that the
ted on the lower branch. The upper branch is where stable Spajor difference between this run and run 1 is the DGC:
occurs, on the right side of the plot. the DGC of the water for run 3 is higher than the DGC for
Looking at the plot, perhaps the most interesting feature isun 1. Notice that the hysteresis has disappeéted depen-
that for a small range of acoustic pressufieaighly 1.22 to  dence on gas concentration was also noticed by Asai and
1.24 atm) the data for increasing acoustic pressure do nowWatanabg There is, however, a new feature in Fig. 5: the
follow the same path as that for decreasing acoustic pressurgguares in the pressure range.15 to 1.19 atm. At these
i.e., there is a hysteresis in the maximum bubble radius gtressures a time-periodic oscillation in the equilibrium
these pressures. A hysteresis in the light emission has bed&ubble size accompanied by a periodic translation oscillation
observed previously by Asai and Watangdd] and they ~was observed. The upper squares denote the maxiRymn
attributed it to a hysteresis in the equilibrium bubble size;value of this oscillation and the lower squares denote the
however, no measurements of the bubble size were mad'@inimum Rmax of the oscillation. These size oscillations had
during those experiments. During the present experimentd typical period of 2—7 s. The observation of a spontaneous
the light emission was measured as well. These measuréiZ€ o;cﬂlatmn someyvhat similar to the current oscillation
ments also exhibited hysteresis which was very similar tgVas Priefly reported i19,29. It should be noted that the
that reported by Asai and Watanabe. The hysteresis was prEXt€nt of the oscillation regime growsotice that only two
dicted by the dissociation hypothegisee specificallyj18]), E(raeasrzuarmgsal?uﬂiiﬁ)rrlugf iznsﬁ(eh;ts):fqgsgggm’Md then disap-
and its existence can be understood by considering the con- ; . ’ .
tent of a bubble on either side of the hysteresis. On the righ Another observation, which has been reported previously

; . ; see[11]), is that the lower branch disappears as a function
S'd.e of the hysteresighe upper branc)t‘t_he bubble_ contains ¢ increasing DGC. The disappearance can be understood by
mainly argon. The collapse of the wall is energetic enough t

Ronsideration of the chemistry that is happening in the

dissociate all species other than noble gasses, and can Piibble. Compared to water with a small DGC, more gas per
vide energy to promote the emission of light. On the left side ’

) . > cycle can diffuse into a bubble in water with a higher DGC.
of the hysteresigthe lower branchthe bubble contains air. Thus the acoustic pressure at which the increase in size
At the acoustic pressure amplitudes on the lower branch th

I ¢ the bubbl i ; h to di Eaused by diffusion is balanced by the losses due to the
collapse of the bubble wall Is not energetic enough 1o dissOzpemica reactions must increase. It so happens that, for ex-
ciate non-noble gas species and promote light emission.

ample in run 5, the smallest acoustic pressure for which
chemistry balances diffusion is the same acoustic pressure
*The temperature of the water was measured with a thermocoupléat is required for the bubble to be on the upper branch.
mounted in the cell. The ambient pressure was measured by a pres- Finally, notice that the maximum acoustic pressure for
sure transducer mounted near the cell. which a stable light-emitting bubble can exist gets smaller as
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FIG. 6. Histogram of light emission times for a stable SL  FIG. 7. Histogram of light emission times for an oscillating SL
bubble. While the data for this histogram were taken, the acoustibubble. P,=1.15+0.05 atm, and the estimated DGC was about
pressure was 1.30+0.05 atm and the DGC was estimated to H&003. The sample size for this histogram was 12 780 samples, with
about 0.003. The sample size of the histogram is 26 247 samples maximum of 305 at time 333.6285 ms. As in Fig. 6, data have
with a peak value of 6372, at 340.3880 ms. The histogram is plottetheen normalized to the maximum count. The total time for data
normalized by the peak value. The time is relative to the trigger ofcollection was about 20 min.
the oscilloscope. The measurements system did not record every
pulse of light from the bubble during this run. The total time for the Of the experimental apparatus and not the phase distribution
run was around 5 min. of the light emission of the bubble.

After collecting the data that comprise the histogram in

a function of increasing DGC. The reduction is due to the_F'g' 6 the acoustic pressure was decreased until an oscillat-

fact that the shape instability threshdltil, 21,22 intersects ing state was observed. The acoustic_ pressure was decreased
the upper branch at lower pressures for higher DGCs (instead of increasgdecause the oscillation region is at the
The slow equilibrium oscillations were an unexpected dis-fransition from the lower to upper branch. The pulse time

covery, and therefore they were studied in more detail; th&liStogram for such a state is shown in Fig. 7. The histogram

results of these measurements are the subject of the ne ks_ rema_\rkably similar to Fi_g.(ﬁ) if‘ [23]—a broad dis-
section. tribution with two peaks on either side. [23] Holt et al.

postulated that the broad distribution might be the result of
the bubble changing its equilibrium size. They did not mea-
B. Pulse timing and equilibrium oscillations sure the bubble size; however, the bubble size along with the
Two bubbles of different equilibrium radii driven at the position an_d the arrival time of the acqustic emissiorj from
same acoustic pressure will collapse at different times, anHe collapsmg_bubbf‘evv_ere measured simultaneously in the
thus the phase of light emission with respect to the acoustigUrrent experiment. Time series of these four quantities
pressure phase for each bubble will be different; with this in(taken from data acquired while the histogram in Fig. 7 was
mind it was expected that if measurements of the phase ¢cduired are shown in Fig. 8. Clearly, the broad histogram is
light emission were made for bubbles in the oscillating re_the result of a periodic o_scnlatlon _of the equmbrlum_ bu_bble
gime and a histogram were computed using this data, th&iZe- The range of the histogram is roughly gs3 which is
histogram would not have a single well defined maximum ag'éarly the same as the peak-to-peak amplitude of the acous-
in the case for stable SBSfsee Fig. 6 The data shown in tic _pulse arnvaj time(denoted 7). T_he maximum bubble
this section were acquired during a different experimenta[@dius varies with the same frequen@y this case about 0.5
run (but with similar DGC valuesthan the data presented in H2) aS7,, as do the bubble’sandx direction positions in the
the previous section: however, the same behavior as depictdigld Of view. When the acoustic pressure was increased
in Fig. 3 was observed. Figure 6 is a plot of the histogram oflightly the bubble moved to a stable state on the upper
flash times for a stable bubble driven at an acoustic pressuf¥anch. , -
of 1.30+0.05 atm and DGC of about 0.003. The full width at  Figure 9 shows a plot of the vertical position of the
half maximum(FWHM) of the distribution in Fig. 6 is about bupble vs the 'horllzontal position Qf the bubblg for the tlm.e
40 ns. The width is a function of the jitter of the phase of theSeries shown in Fig. 8. It was noticed that during the oscil-
bubble and the electronigboth the sound generation elec- lations the bubble remained in focus—since the focal depth
tronics and the measurement electropigsed to instrument  Of the lens was small compared to the extent of yrendz
the experiment. Since other grouf3,24 have measured direction motions, the motion was either an ellipse with a
much smaller times for the distribution of the phase of col-
lapse of a stable SBSL bubble, the FWHM quoted above “The method by which the arrival time of the acoustic pulse was
should be interpreted as mainly characterizing the resolutiomeasured is described in excruciating detaif26].
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o _ ) FIG. 10. Plots of oscillations wheR,=1.15+0.05 atm.
FIG. 8. Plots of the oscillation ifa) the arrival time of the

acoustic pulsér), (b) Rpay (€) the horizontal position, andi) the  \as measured to be 0.99 atm, and the temperature was
verticall position, for the bubble which produced the histogramog ° . The acoustic pressure for the data plotted in Fig. 10
shown in Fig. 7. was 1.15+0.05 atm, and the DGC was again near 0.003.
There was some light emission from the bubble; however,
very small minor axigcompared to its major axi®r a line.  for the amount of time that data were collected it did not
Some other interesting features of the oscillation of theproduce a statistically significant histogram. The frequency
four quantities mentioned above are shown below in Figsef oscillation was again about 0.5 Hz; however, there are
10-12. The data for these particular time series were takegbme differences between these data and the data plotted in
during a different experimental run than Fig. 8 so the exterig. 8. The most obvious difference is that the troughs of the
nal parameters might appear to be inconsist@®t, the oscillations are wider than the peaks: the bubble spent more
acoustic pressure for one of the series is the same as for thighe at a smaller radius than at a larger radius. Notice also
case discussed above, but the behavior is differéfftis  that althoughr, is periodic it appears that the position of the
apparent inconsistency is because of the difficulty of perpubble over timgseen most clearly in thecomponenthas
forming repeatable measurements with the current system, jower frequency response equal to about 1/3 of the funda-
especially when the water is changed. Although the precisiofental r, frequency. This subharmonic lasted only for the
Uncertainty in acoustic pressure amplitude within a run |Sength of time d|sp|ayed herahe data run continued for
Clearly +0.005 atm or better, by Calculating the total uncer-ghout 25 s |0nger In the next time series presented in F|g
tainty in the acoustic pressure measurement in the fashiofy the acoustic pressure was lower than in the previous two
that has been adoptddonsidering accuracy not just preci- (1.11+0.05 atm The oscillations begin in a fairly linear
sion; seg25]) we account for this lack of run-to-run repeat- fashion(the amount of time the bubble spends at the troughs
ability. For each of these four data runs, the ambient pressurg roughly equal to the time at the crestsit at about 25 s, a

subharmonic appears in the dynamics. There was a very

350r small amount of light emission—even less than in Fig. 10,
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FIG. 12. Oscillation forP,=1.09+0.05 atm. FIG. 13. Plot showing the oscillation iR, for three cycles.

The data were taken from those plotted in Fig. 8. The lines connect-
ing the points are a guide for the eye.
which is not surprising because the acoustic pressure is
smaller and so the temperatures achieved during collapse are - -
smaller. The frequency of the fundamental of the oscillationEller-Flynn [26] rectified diffusion theory. However, the
at this pressure was about 0.3 Hz, which mirrors the generdneasured change in acoustic pressure of the fundamental fre-
trend: the frequency of oscillation decreases with decreasinguency is very small—too small to effect such a large change
acoustic pressure. in bubble size. Consider the data in Fig. 12; the amplitude of

At an even lower acoustic pressute09+0.05 atny the the oscillation inR,4 is roughly 20um and the maximum

. . Ir2
behavior of the oscillation changed drasticalfjg. 12. The ~ ¢1ange in position of the bubbkequal to Dose Voot Zop
frequency of oscillation in this case was about 0.14 Hz. It

where the subscrippp denotes p_ealg—to—pez;k a_mpl!tqde
was clear in this data run that when the bubble attained itg1bOUI 400um. The pressure profile in thedirection in the

: S . _ cell was measured to vary &'*togk,z,), with k,=w/L,
maximum radius, it was very close to breaking up; however,_wlo_087 142 m=36.011 M. Since the cell is oubic the

just when it was expected to hit the shape instability thrEShVariation in they and x directions is taken to be the same.

oldd(tLus known frbqlr_n e;pserlenoeétlt behgag to shlrlmk_m s],c|ze h.Since the bubble is within the vicinity of the pressure maxi-
and thus was stabilized. Soon after the data collection for thig, ., ‘3 estimate for the change in acoustic pressure because

acoustic pressure ended, the oscillation ended and the bubhle change in position is cisD™®). Substituting values

did begin a growth and breakup cycle from which it did noty,iq ig equal to 0.9999; thus if the(mpswressure at the position of

emerge. L the bubble when it is at its smallest radius is 1.15 atm, it will
It should be noted here that although the oscillations wergye 1.149 885 at the position of the bubble when it is at its

repeatable, i.e., they appeared always at roughly the samgrgest radius. Thus thehangein the acoustic pressure is

pressure amplitudéhe transition from the lower branch to only 1.15x 107* atm. Examining the map&ig. 3) it can be

the upper branghand range of DGCs, the absolute behaviorseen that to effect a 20m change in the maximum radius a

of the oscillations was not; this can be seen by comparing thenuch larger acoustic pressure change is needed

peak-to-peak amplitude of the time series data to the data if=0.04 atm. Considering the foregoing analysis, it is not

the maps. unreasonable to conclude that these oscillations are taking
We summarize the general findings. place at a constant acoustic pressure amplitude. We did not
(1) The oscillation frequency was observed to decreasebserve evidence of higher frequency components of the
with decreasing acoustic pressure. acoustic field as observed p27].

(2) The oscillations at acoustic pressures close to the Recall that the dissociation hypothesis predicts that when
minimum that permitted a stable bubble on the upper brancbn the lower branch, the mass loss because of chemical re-
were more robust than oscillations at lower acoustic presactions can balance the mass gain from diffusion each cycle.
sures. Furthermore, on the upper branch the temperatures are such

(3) The changing size of the bubble influences the colthat the chemical reactions can overcome the diffusion. It is
lapse time and this causes the light to be emitted at a range pbstulated that the oscillations are the result of a more com-

times. plex interplay between diffusion and chemistry, so instead of
(4) Oscillations appear only in a range of DGC definedbalancing each other or one dominating the other over an
by the onse{for decreasing DGELof hysteresis. acoustic cycle, their relative influences change on a slow

It might be argued that the oscillation in size is a result oftime scale. Three cycles of the oscillationRp,,, taken from
the bubble translation: when the bubble moves to a differenFig. 8 are plotted in Fig. 13.
position, the local acoustic pressure changes, and thus the At t=12 s, the bubble is at its maximum radius; at this
bubble should adjust its equilibrium radius according to thetime the growth from diffusion has slowed down and the
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effects due to chemical reaction are beginning to becoméependent oscillation of the equilibrium radius at constant
dominant. Chemical effects become dominant perhaps becoustic pressure.

cause there are now enough species to react and thus thelt is hypothesized that the oscillations are a result of the
reactions can take place, i.e., the reactions are not starve@ompeting effects of chemical reactions in the bubble and
When the bubble reaches its minimuRy,,, the maximum  diffusion of gas from the host water. Measurements of the
temperatures generated by the bubble collapse are not #ash timing from a bubble in an oscillatory state revealed
high, and the bubble can grow because of diffusion. At thighat these bubble-size oscillations had been observed before
time, the cycle begins anew. The bubble translates because 3l albeit indirectly. Instead of emitting light at the same
its change in size: since the time-averaged volume of thdMe every acoustic cycleas in stable S} bubbles in an
bubble changes the buoyant force must change as well. Tescillatory state emit light at a range of times: the histogram

remain levitated the bubble must move to a different positiorP! PUISe times from an oscillating bubble will not have a

where the Bjerknes force can balance the buoyant forceingle peak, but instead a broad distribution. The frequency
f the oscillation(on the order of 500 mHzs incommensu-

Again, this is not the whole story since the bubble translate§ o oo
roughly five times more in the lateral direction than the ver-fable to the driving frequency; therefore the resulting light

tical direction in Fig. 12. Although it is not attempted in this gmission ‘?Xhibits a quasiperiodic oscillation. These obserya-
work, we contend that a model including time-dependenf'ons provide an explanation for two of the three dynamic

chemistry and diffusive effects, coupled with the body forces?€haviors observed if23]: quasiperiodicity andmost prob-

on the bubble, might be able to explain these oscillations2P!¥) chaos in the light emission. The SL, occurring once per
cle, illuminated the effects of a reaction-diffusion system

Such a model has already shown promise in explaining othe?Y
features of SBSL systemﬁ. P P g In a regime that is diffusion controlled. The period doubling

in the flash timing i23] remains an unsolved mystef28].

It is important to note that the oscillations can exist only if
the dissolved gas in the water is @&r some mixture that
mimics ail: there can be no chemical reactions if there are
no species to react. As such, the oscillations cannot be ob-

The experiments described in the current work were perserved in systems other than air/water systems. We suggest
formed using water with a range of DGCs. The lowest DGCthe reason the observation of these oscillations has not been
revealed the existence of a hysteresis in the bubble size ag'@ported previously is that most researchers have been more
function of increasing and decreasing acoustic pressure. THaterested in studying the brightest possible bubbles—which
existence of the hysteresis is explairfd8] by the different occur in water at acoustic pressure amplitudes higher than
thermodynamic conditions in and chemical makeup of thehe ones near the onset of SBSL; thus these interesting os-
bubble on either side of the threshold for light emission. Thecillations are often overlooked.
hysteresis was also observed in the light emission of the
bubble, which has been reported previoudy]. As in Ref.

[17] the hysteresis was found to disappear when the DGC ACKNOWLEDGMENT
increased; however, in the current work, with its disappear- The authors gratefully acknowledge the financial support
ance another interesting phenomenon appeared: a timef NASA.

V. CONCLUSION
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