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We present direct observations of period doubling in the flash to flash pulse heights in single-bubble
sonoluminescence. States involved are stable, spherically symmetry broken. Observations are made using
seven detectors distributed in the equatorial plane of the bubble. Contrary to earlier experimentseiyaHolt
[Phys. Rev. Lett72, 1376(1994], where period doubling was observed in the time intervals between flashes
butnotin the pulse heights, we observe period doubling in pulse heighteidndrresponding period doubling
is seen in the time intervals. In parameter space the period doubling is observed below 2hehape
instability boundary line where extinction is shown to take place.

DOI: 10.1103/PhysReVvE.68.035303 PACS nunid)er78.60.Mq, 47.55.Bx, 47.52

Single-bubble sonoluminescend&BSL) [1], where a doubling to be seen directly due to the very small solid angle
bubble caught in the pressure anti-node of an intense res.4 msradl under which the detectors were viewing the
nant sound field emits flashes of light with the periodicity of bubble, the very long time series obtainable made the obser-
the sound field, is one of the most extreme nonlinear systemgation of the shape distortion possible even for a spatially
ever known. For reviews see Ref&—4]. stable distortion. The case here is the reverse, so whether the

Not surprisingly, effects such as shape distortishape Period-doubled state is actually preceded by a shape dis-
instabilities and period doubling are encountered in SBSLtorted state is unknown. On the other hand, the stability of
(see, e.g., Ref$5—10]). From a practical view the efficiency the system allows us at the same time to measure the timing

of the bubble as a chemical reactor is expected to decreadt the flashes. In the first experimef] reporting period
since the energy will be less focused, thus effectively Iower-dOUb_“n_g In sonolumlnescence,_ the effect was sealy in
e timing of the flashes anabot in the pulse heights. Con-

ing the resulting temperature inside the bubble. This shoul .
L . rary to these authors we observe the effadly in the pulse
then give rise to a smaller light outp(dee Ref|8] though. heights butnot in the timing. This is the case for both the

Recently, we have shown that the period doubling Irnpllcate%ylindrical cell used here and for the spherical cell used in

a periodic chqnge.betwe.en two spatlal'ly anisotropic d.lsmbubur previous experimen{9,10]; thus we believe the effect to
tions of the light intensity. However, in these experiments

statistical methods were necessary to discern the period doB-e cell independent.
y P The vessel used is a quartz cylinder of 6.5 cm outer di-

bllﬁe[r?a’%/s)l report measurements of stable geometric perio meter and wall thickness 2 mm. The height is 6.0 cm. Top
P g P nd bottom are made of aluminum with a pair of piezoelec-

T e ansducers ged on wih epoy. The e sina
period doubling we mean a periodic change betweBlie- » Delivered by a computer cont_rplled HP 33120A fur_lcuon gen-

} ) - . erator through a power amplifier and tuning circuit. Bubbles
ferent intensity levels such tha{r,t,.om) =1(r,t,), where  are generated through electrolysis by applying 30 V to a pair
[(r,t,) is the intensity at flash timg, in the spatial direction of electrodes for a few seconds. A distilled water sample was
r andm=1 a positive integer. The obvious implication is prepared with a partial air pressure overhead of 214 mbar
that the bubble collapses nonspherically. Surface diffractiofafter correcting for water vapor presspe a temperature of
of light [6] emitted from a(distorted?, blackbodyZentral 29 °C. Since air contains 0.93% of argon, this corresponds to
hot spot or partial correlation by stimulated processes coul@ partial argon pressure overhead of 1.99 mbars and an argon
then result in an anisotropic intensity distribution. While the concentration ofC;=0.0019&€3°, whereC’ is the equilib-
previous experiment by Weninget al. [6] on anisotropic  rium argon concentration in water at temperature of 29°C
intensity distribution has largely been ignored, perhaps beand ambient pressure of 1 atfsee, e.g., Refl11] for the
cause of a heavy reliance on statistical interpretatemd  temperature dependence ©f). The water was transferred
measurements at different angles being done sequeitiallyto the resonator using gravity flow. During water preparation
stable anisotropic emission that may even be period doubleaind filling the gas pressure in the resonator was kept at the
does raise questions that any plausible theory must be able tiegassing pressure to ensure a gas concentration in the reso-
answer. nator equal to the desired preset value. After filling the reso-

In our previous experiments the 2 cycla€ 1) was often  nator was subsequently cooled to the operating temperature
preceded by a shape distortion. While the uncertainty on af 9 °C allowing for thermodynamic equilibrium to be
single flash in these experiments was too large for the periotkached. At the operating temperature the resonance fre-

quency is~=22.165 kHz and the relative argon concentration
is C;/C3=0.00135.
*Electronic address: levinsen@nbi.dk The detection system consisted of seven photomultiplier
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FIG. 1. PMT signals from two channels 110° apart. The upper

trace has been displaced up and to the left for easier viewing. The FIG. 2. Distribution of the odd and even numbered peak heights
period doubling is seen to be out of phase showing it to be a gedfrom one channel for tracks taken 2 min apart.
metric effect.

state is~6 Hz. By further detuning, tumbling, i.e., a slow

tubes(PMT Hamamatsu R3478, rise time 1.3 sgtuated in  change in the directions of the symmetry axes of the geomet-
the horizontal plane of the bubble viewing it at a solid anglefic period-doubled state, can be induced.
of 50 msrad and placed at relative longitudinal angles of 0°, These experimental results show directly that stable
60°, 100°, 140°, 180°, 220°, and 280°. Using seven detectordubble states exist that are shape distorted at the instant of
allows for a simultaneous measurement of intensities creatight emission, and that these can undergo period doubling.
ing a comprehensive spatial knowledge. The signals from théhe direction of the symmetry axis does not seem to be
PMTs are amplified by time-shaping amplifiéshaping time ~ bound to any fixed direction in space but seems to be ran-
0.1-3 us) and fed to two 100-MHz 4-channel oscilloscopesd0m|y chosen whenever the bubble is brought into the re-
(HP 54624A. Time series containing about 2000 flashes carfime of the period-doubled state anew. Also at some choices
be obtained with a reasonable resolution and the peak valu@ parameters, the period-doubled state exists in a bounded
I(t,) of the pulse observed in each channel for every flasiegime of amplitude variations. _
calculated. The direct signal from one channel is furthermore In the following we shall investigate the connection of our
led to a 500-MHz oscilloscopéHP 54616G. experiment to the other independent report documenting pe-
In Fig. 1 we display a few periods of the raw PMT signal fiod doubling in SBSL. The first experiment found period
from two of the channels placed 110° apart in a situationdoubling in the interflash timingt, =t ; —t, alone but not
of stable period doubling. For clarity the upper trace isin the intensity of the flashdg]. If averaging was necessary
displaced up and to the left. The period doubling is easilythis is understandable. However, several other explanations
discernible directly in the signals and also the fact that thean be found for the lack of observation of an intensity varia-
two signals are in antiphase with respect to the period doution. First, a single PMT was used. Thus this could acciden-
bling. Thus this is a geometric effect. The direction in spacdally be placed looking at a node in the intensity field from a
of the period doubling can be stable for minutes. A histogranfpatially stable period doubling; or if the symmetry axis is
of peak heights shown separately for even and odd numberddmbling, the resulting variation in the intensity could be
flashes over=2000 periods for two trackéNo 1 and No 2 int_erpreted as just noise quc_tuations. Als_o, the statistical
taken 2 min apart is displayed in Fig. 2 to give an idea of the10iSe from the photon detection process itself could have
stability. Even after more than 2&10° collapses the period
doubling is very clear. The higher intensity peak is nearly ' R
unchanged while the lower intensity peak has shifted a 005 |,
bit up. i
The differenceAl =(l o,en) — (I oqq) PEtWEEN the separate 3
averages of the evdn, ., and odd timd .44 flash intensities 4 / }
(taken over~2000 periodsis displayed in Fig. 3 as a func- K| {
tion of channel position. Within the uncertainty the data can Rl N {
be fitted toa cos(2)—20y)+b, with ® being the longitude

of the different PMT's,®,= 108 the angle of maximuml, 010 F
anda=0.097 the amplitude oAl normalized with the aver-
age intensity. The offsddt= —0.028 is a result of the total s - - - :
-60 0 60 120 180 240 300

amount of light emitted in the plane of measurement, not
necessarily being the same for odd and even flashes. The
frequency range of the drive where, without changing the FIG. 3. Angular variation of the intensity difference between the
amplitude of this, we can observe the stable period-doubledven and odd timing averages, fittedat@os(2 —20,)+b.

© (degrees)
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FIG. 4. Observation of 4 cycle for two channels spaced 160°.
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FIG. 5. Fit relating the measured phase shift and drive amplitude

to the acoustic pressure. The dimensionless phase is defingéd as
masked the effect especially if too large a solid angle was=At/T, whereAt is the elapsed time from the beginning of the
covered by the PMT, or the measurement is made at rooracoustic period until the instant of the flash.
temperature, as in Reff5]. It is therefore natural to look at
the interflash timing in the present experiment.

. ) . . We have therefore measured the timing as a function of
Needless to say, there is no difference in the timing of thq g

; ; ? 7"~ frequency detuning. While this changes the relative phase of
flashes seen by the different PMT’s, but rather surprising '%heq colla};/)se withgrespect to the dg:ive, the time tg)etween

that there is no p_erlod d_"“b"’?g seen in the '“te”"?Sh UMiNG shes is still constant equal to the drive period within the
either. A careful inspection with the 500-MHz oscnloscopedigitizing error of 2.5 ns

shows thIS.tO be trug within 2.5 ns. !n f‘”?‘Ct' we have never In order to understand the mechanism behind the period
seen the slightest evidence of a splittingAity, . This should doubling, it is essential to determine where in ®Rg, P,

he compared to the mare than 100 ns differencadtin for a parameter space the operating point of the bubble is situated.
2. cycle @ty ,=Aty), a_nd even a microsecond long time Here P, is the acoustic pressure arig}) is the ambient
d|ﬁe|re|r:\1)c? fg a_lflhcycl_e,.Le.,AtnM:Atn measu;edhby ?0“ ¢ bubble radius. These parameters can be determined by the
etal, Ref.[5]. Thus, it is an open question whether the ef- o4 described in Sec. IV of RéL6]. More details on the
fects seen in the two experiments are actually related. method can be found in RefL7].
E .TO ek:nphasme th?t we godlndbel_ed see ;he Zeglnn(ljng IOf a After locating the operating point and stability range for a
eigen ?;T\nﬂ;ree 0 perlok lou lfng, in 'g'h WEeIM'}SZp Wstable period doubled-bubble, the amplitude of the drive was
trages 0 di ?UtPUt pea V‘Ia ues_ ;om two ¢ f"m"i . lowered while measuring corresponding values of the drive
and PMT7 displayirg a 4 cycle (n=2). A50 pointrunning 5 5itude, the pulse height, and the phase of the flash with
average is taken for each cycle point independently since th@,qpect to the drive. Care was taken that the flash height had
statistics do not allow for a clear direct observation. A Slowstabilized before the measurement was performed. The result

change in the axes of orientation is apparent in the crossinq;ar the phase of the flash is displayed in Fig. 5. We would

of the tracks, differing for the two channels as they are
spaced 160° apart.

Earlier attempts to explain period doubling in SBSL have
centered on comparisons with the one-dimensional radial
Rayleigh-Plesset equation. However, the parameter space
where this is susceptible to period-doubling instabilities is
far from overlapping with the parameter space where SBSL
is encountered12]. Nevertheless, some of the additional
feedback mechanisms suggested for period doubling to be
found for spherically collapsing bubbles may still be relevant
for the nonspherical case. One such mechanism is the cou-
pling to the motion of the fluid around the bubble which in
turn is induced by the growth and collapse of the bubble
[13]. Another mechanism is the back coupling in the follow-
ing cycle of the shock-wave emitted into the fluid by the
bubble collapse{12,14. The latter mechanism has been g, 6. The results for the acoustic pressitg and ambient
shown by simulations on a simple model to be able to induceagdius R, parameters found from the fit of Fig. 5. The numerical
period doubling in the regime of sonoluminesceftd]. A giffusive equilibrium curve(dotted ling is within the error bars for
third mechanism is the detuning of the drive frequency fromall the data points, implying the self-consistency of the fit. Also
the resonator frequend]. The last mechanisrtand prob-  shown is the boundary for the parametric shape instalgiiytinu-
ably the others, tog though, would most certainly involve ous ling. The period doublingll) is observed below the regime of
the timing of the flashes. parametric instability.
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like to point out that the upper boundary of the range ofextinction threshold of SBSL, as also found in this experi-
period doubling can at least sometimes be reached before timgent.
bubble actually breaks up. Also, we would like to point to the  To summarize, we observe spatial period doubling that is
rather unexpected continuing increase of the space/time atable in both phase and direction in space for minutes. The
eraged light intensity with the drive amplitude even after theparameter range for period-doubling is located below the
bubble becomes shape distorted. _ parametric shape instability threshold and is in some cases
Following the procedure of Ref§16,17), we have fitted  geparated from this by a narrow non-period doubled regime.
the data to the Rayleigh-Pless&P) equation in order to  Thjs seems to indicate that the two shape instability phenom-
determine the phase diagram. We used the particular form Qf5 are not linked. Furthermore, whenever the parameters for
the_ RP equatlon_whlch incorporates heat t_ran_sfer thrOL_lgh Beriod doubling are preset, any newly seeded bubble will go
variable polytropic exponerl8]. The result is displayed in gjirectly into this state within a few seconds, evidence that the
Fig. 6. , . period-doubled state is intrinsic to SBSL. Finally we find no
_Inthis plot we have also inserted the stability curve relat-connection to the previous observations of period doubling
ing to the parametric shape instability. At ambient radius;, e timing of the light pulses.
values above this line initial small shape distortions grow |, conclusion, we want to emphasize that any plausible
exponentially to the size of the bubble in a few acoustiCeyianation for sonoluminescence has to be able to explain
cycles. The curve was calculated with the model of RES] e opservation of anisotropy in the light. In fact, the most
using the same exgernal parameters including the preset dferesting aspect of our findings may not be the period dou-
gon pressure ;/Cy=0.00135) as in the experiment and ping jtself but the constraints that the very observability sets
assuming a zero boundary-layer thickness, a choice motjsn the theory for SBSL.
vated by the work of the authors of R¢20], who find this
to give the best agreement with experiments. From Fig. 6 it The authors acknowledge financial support from the Dan-
is apparent that this model indeed can accurately predict thish National Science Foundation.
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