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Time correlated single photon Mie scattering from a sonoluminescing bubble
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Application of time correlated single photon counting to pulsed Mie scattering enables one to resolve
changes in light scattering to better than 50 ps. This technique is applied to the highly nonlinear motion of a
sonoluminescing bubble. Physical processes, such as outgoing shock wave emission, that limit the interpreta-
tion of the data are measured with a streak camera and microscopy. Shock speeds about 6 km/s have been
observed.

PACS numbes): 78.60.Mq, 42.68.Mj, 43.25y

The acoustically driven pulsations of a gas bubble in wathe moment of maximum collapse. For these reasons the ac-
ter can be so nonlinear as to generate broad band ultravioletal rate of collapse and acceleration may be greater than
flashes of light, which, depending on the sysem, last from 33hose gleaned from the data.
to 350 pg[1,2]. This energy focusing phenomenon known as The Mie scattering experiments were conducted on gas
sonoluminescencésSL) results from the runaway collapse of bubbles levitated in a spherical, water filled quartz resonator
a bubble which was first studied theoretically in connectiondriven at 40 kHz and sealed to control the gas content of the
with cavitation damage by Rayleigf8]. The singularity liquid. Light pulses(795 nm, 200 fs, 5 nJ/pulsevere fo-
which develops as a result of the bubble collapse presenﬁysed onto the bubble from aTl:sapphlre Iaser_runnlng mode
not only a difficult modeling problerf] but has also proved 10ckeéd at 76 MHz. An acousto-optic pulse pickEOS
challenging to measure experimentdlB-8]. CW light scat- N17389 could open a 15 ns window in the path of the laser
tering methods have been effective in measuring the dynam’ oo
cal response of the bubble to the driving sound for all phase AN
of the motion except near the light emissid]. The super- ] .
sonic collapse requires sub ns time resolution over a larg ] %%,
dynamic range of signals, transcending the capabilities of th  *°7] %
typical photomultiplier tube$PMT) used to detect the scat- ] \- )
tered light. Previous work used fs pulsed laser scattering tg s -.\.
overcome the 2 ns response function of detection PMTs t§ Y R 1
measure this bubble motion, but was limited by the 2 GHZ | ; >
sampling speed of the digitizer recording the sighaB|. ]
Here we report on a new technique combining pulsed Mie ] SL
light scattering with time correlated single photon counting **7] \\
(TCSPQ [9] for detection of the scattered light which here ] \ﬂ
yields about 50 ps time resolution of the supersonic bubbl¢ oo
C0||apse. 36 37 k1 39Time("s)4o ] 42 43

This improved time resolution enables us to determine
that the velocity of the bubble’s gas-liquid interface reverses FIG. 1. Time correlated single photon Mie scattering data for
from about 0.75 km/sec inward to about 0.2 km/sec outwardS0 torr 1% xenon in oxygen bubble in watemall filled circles.
in less than 250 ps, an acceleration of around 3_5;I'h_e smooth line is the SL_fIash measured relati_ve the same time
% 102 m/< as the bubble contents are compressed nearly t?XIS, and the large filled circles shovy pulsgd Mie scattering data
van der Waals hard core densiti@g. 1). Also by this tech- rom Ref.[1] fpr the same type gas ml_xture in thE same resonator.
nique, the beginning of the SL flastwhose Gaussian ;heli%erl C';C(;elfH areh.ah RP tsholuft}totn t%vm;oaA;Mm .and i
equivalent duration is resolvable by TCSAEfound to pre- & 142 atm.(40 kH2) which was the fit to the hydrodynamic mo
ceed the measured minimum radius of the bubble by abo tion used to calibrate the data. The inset shows a detail of the

200 We d ib hvsical sianifi hi lative timing of the measured bubble motion and the SL light
ps. We do not ascribe a physical significance to thigission, The measured SI flash width is 150 ps FWHM which

time; rather, we propose that it indicates a basic limitation injeconyoives using a 45 ps resolution function to a Gaussian equiva-
the use of integrated laser scattering to measure bubble cqknt 143 ps. The temperature plotted on the inset is calculated from
lapse near the time of light emission. The resolution limita-the RP equation with a uniform van der Waals model described in
tions of light scattering measurements may be due to lighthe text. We show this theoretical temperature because such a uni-
scattered by the outgoing acoustic “shock” wave around théorm bubble model has been proposed for [3B]. In view of the
bubble[1,7,8,10,1] (Fig. 2) as well as variations of the in- supersonic collapse of the bubble as well as the emission of the
dex of refraction of the gas in the bubble away from unity asoutgoing supersonic acoustic pulse from the bublflg. 2) we

the density rises dramatically on these time scales so close tpestion this model.
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FIG. 2. Emission of an outgoing shock wave from a collapsing butid® torr 1% Xe in oxygen at 40 kHz(a) Two-dimensional
(extinction shadowgraph photo obtained 5-10 ns after the moment of collapkeaws nsflash of light showing a spherical bubble
surrounded by the emitted outgoing shockwave. The backlighting source is the fluorescence of Nile Blue A in nf@®26d by weight
excited by the 3 ns pulse of a Nd:YAG lag&B82 nm). Also visible around the bubble are three particles of dirt which appeared to be trapped
to the bubble. The bubble tended to collect such particles; the longer the bubble had existed the more dirt likely to beamapped
occasionally did such a trapped particle suddenly leave the vicinity of the huBiblese dirt particles appeared at fixed angular locations
within an acoustic cycléfollowing the radial pulsations of the bubble in and out abou3® to the maximum radius of the bubblaend
smoothly orbited around the bubble on a much slower timeg€aleto 10 $. At various drive levels and phases of the acoustic cycle we
were unable to resolve aspherical distortions of the bulfbléelime resolved single shééxtinction) shadow graph near the minimum radius
of a collapsing-rebounding bubble and emitted outgoing pressure pulse obtained by imaging a horizontal cut through the bubble of the image
shown in(a) onto the input slit of a streak camefdamamatsu C1587 with high speed plug in M1982th a long distance microscope
(Zeiss LD achroplan-29 and backlighting with the 3 ns pulse of ligfdescribed aboveduring the time sweefil9]. The streak camera slits
were set for 20Qum yielding a time resolution function of about 100 ps. The initial speed of the shockwave is about 2.3 @ivtdshcl.6
relative to the speed of sound in watekt late times the speed of the outgoing pulse reduces to about Mach 1.0. The line crossing the image
at about 1 ns is an artifact of this individual streak camépSame agb) but for a bubble driven at 16.5 kHZeiss Achromat S 2
showing a shock wave leaving the bubble at Madnefative to the speed of sound in water greater. Contrast was seen only for the top
side of the shockwave due to off-axis alignment of the condenser lens collecting the backlighting onto the bubble.

output to slow the stream of laser pulses. Light from the SLstop the TAC. The arrival time of the laser flash wandered
flash was collected by a PMTHamamatsu H5783-03 around in the pulse picker window since the laser repetition
which triggered a delay generat¢8RS DG535, used to rate and the acoustic frequency were incommensurate. Time
wait one acoustic period and then trigger the pulse picker tintervals between the single photo-electron events in the
allow one laser pulse to strike the bubble near the minimun8809 and the “hard trigger” SL events in the 2809 were
radius. Light scattered from the laser pulse by the bubble wasollected from the TAC by a computer into 1.5 ps bins and
collected from around 60° from the forward direction by a 2accumulated to build a statistical sampling of probabilities of
in. f/1 lens and was focused through a polarizaligned detecting a scattering event as a function of time around the
with the laser polarizationa 705 nm long pass glass filter, SL flash shown in Fig. 3. Because the intensity of a laser
and a 3 nmfull-width at half-maximum(FWHM) interfer-  flash was modified by its location in the laser window, the
ence filter centered at 795 nm onto a microchannel platéaser window profile was measured by reflecting the beam
(MCP) PMT (Hamamatsu R3809; Quantum efficiency at 795(without a bubble presenfrom a mirror onto the(3809
nm is about 0.18% Additionally neutral density filteréOD  MCP (with a difference in path length than bubble scattering
3) were used to attenuate the light entering the R3809 MCPf about 2.5 in. or 210 ps which was corredteahd collect-
PMT to generate single photo electron signals. After condiing data with the TAC stop signal and laser window trigger
tioning with a constant fraction discriminat@€FD) (EG&G  generated by an oscillator at 40 kHz. This profiehich is
Ortec 9335 this signal was used to start a time to amplitudesmooth near the minimum bubble radiwgas fit to a high-
converter(TAC) (EG&G Ortec 566. order polynomialto minimize nois¢ and used to divide the
SL light emitted by the bubble was collected in a directiondata.
near the entering laser bedim minimize the laser scattered = TCSPC is based on the principle that when in single pho-
light) by a lens onto another MCP PMHamamatsu R2809 ton level, the probability as a function of time to detect a
with appropriate filters to block the infrared of the laser. Anphoton is proportional to the intensity of light as a function
aperture maintained the light level at around 10 photo elecef time. The distribution of 3809 detection probability is thus
trons, which is the level used for timing calibration of the equated to the intensity of light scattered from the bubble as
tube. This signal after discriminating in the CFD was used taa function of time. Where the probability of detection was
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1000 the data was calculated. For radial calibration, we matched
A the data from the TCSPC pulsed scattering method to data on
the same type of bubble using the pulsed Mie scattering
method of Ref[1] [which is calibrated in radius indepen-
dently by matching after bounce dynamics to the Rayleigh-
PlessetRP) equation. This older data was corrected for Mie
scattering in the following “look up” methodFig. 3). For
each time bin the intensity suggested by Rfeapproxima-

tion was determined for the indicated radius. The Mie calcu-
lation was next used to determine what radius would gener-
ate that same intensity. That new radius was then assigned to
the time bin of interest. The Mie correction to the old data
suggests a tru®,,, for the bubble. The TCSPC data was
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PPPT ESEEEYTYT ST m— The timing accuracy of this data is limited by the transit
410 F time spread of the 3809 MCP to single photon events which
\nm [ was measured with fs laser flashes to be about 45 ps FWHM.

tions its R, matched that of the old data.

2
2
28 10°
;:,, S ms] \ The flash to flash jitter of the SL was measured during this
€6 .4 [ experiment with a time interval met¢BRS 620 triggering
a %310\_ 795 nm [ on the 2809 output to have FWHM of 100 ps. The jitter in
§ & wH i the trigger PMT and the delay generatabout 75 psdon'’t
© H L R Rt affect the data directly because they change the timing of the
Radius (um) ! window opened by the pulse picker.

In the brightest systems, some SL was visible in the scat-
tering data as shown in Fig. 3. To correct the data for this

B effect the laser was blocked and the amount of SL leaking
L L B AR R e e e e e e through the filters during an otherwise identical run was
380 388 Tin::—‘zns) 398 400 measured and then subtracted from the raw data after which

the 1.5 ps time bins were rebinned to 30 ps bins. With the
FIG. 3. (@ Raw data(counts per 1.5 ps bin in 1005 and laser  laser blocked and the 7983 nm and the 705 nm long pass

window measuremertand fit used to generate the radius vs time filters removed(resulting in an optical path about 10 ps
curve in Fig. 1.(b) Detail near the minimum radius as well as the shortej, the SL flash could also be measured relative to the
SL leaking through the filters which is eventually subracted. Due tcsame time axis as the dynamics. Such a measurement is also
the one acoustic cycle delay in triggering, the laser window isshown in Fig. 1 where it is evident that the beginning of the
opened every other bubble collap&0 kHz) giving about 2000 150 ps FWHM flash preceeds the minimum measured radius
total laser flashes per 1.5 ps Hifor this run. The photo-electron by about 200 ps.
generation rate near the minimum is around 2 or 3% or about 15 Shown in Fig. 1 along with the measured data is a solu-
scattered photons entering the MCP. Thus, a more precise descriipn to the RP equatiofil3,14]
tion of the experiment would be time correlated singleoto-
electronMie scattering. Inset: Mie scattering calculations for light

scattered into a range of angles between 30° and 80° from the RR+ §R2:}(P —Py,—P,)

forward direction from a bubble in waten e/ Npuspie= 1.33/1.0) 2 p 9 0 T2

for horizontally polarized light as used in the experiment as a func- )

tion of bubble size. A radius squared curve is also shown which is 479R 20 R d

arranged to match the Mie intensity for a 1aCadius. o pR - piR + ;Tc a(Pg_ Pa), @

higher, the intensity is under estimated since a small portion .
of events will be two-photon events which are interpreted ag'hereR is the bubble wallg, 7, o, p are the sound speed,
one-photon events by the discrimination. As the proces¥ISCOSity, surface tension, and density of the liquid, &d
obeys Poisson statistics the correction factor is given by th€o: Pa are the pressure of the gas in the bubble, the static
intensity pressure, and the acoustic pressure. The termsdnafd
acoustic radiation terms which have been added as the lead-
loc —IN[ 1= (Ncounts/bird Nfiashes/bin ] - ing terms of a low mach number expansion of the dynamics
[14,15. The gas inside the bubble is assumed to follow a van
By collecting light in a large solid angle, the Mie diffraction der Waals equation of staténcluding only the hard core
effects are smoothed yielding scattering intensity almost procontribution ‘b =3 7aN whenN is the number of moles
portional to bubble radius squared. Corrections are at modf the bubblg. Figure 1 shows the temperature predicted by
15% in radius(see Fig. 3 for Mie scattering calculations Ed. (1) supplemented with the assumptions of a spatially
[12]). The data shown in Fig. 1 were obtained from the scatuniform adiabatic bubble interior so that the temperature is
tered intensity by the following procedure. After applying Tg(R):[ToRg(y’l)/(R‘?—ag’)’*l], where y is the poly-
the statistics correction discussed above, the square root tbpic index andR, is the ambient radius. At the high ve-
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locities reported here, the interior should benuniformso  resolution in Mie scattering. This technique, which combines
that deviations from this simple model should be significantTCSPC light detection with pulsed laser scattering, has been
[14,16. developed with the goal of measuring the dynamical motion
The factor of 4 decrease in the speed of the bubble wall agf an imploding bubble as it passes through the moment of
it passes through its minimum radius implies that over 90%s|. The 50 ps resolution appears to be shorter than any
of the bubble energy is radiated into an outgoing shockyhysical process that can be clearly deconvolved from the
wave. Shadowgrapfi7] images of the shock wau&ig. 2 gata. Deviations from the behavior predicted by the RP equa-
yield [18] Mach numbers greater than 4. According to the(ion are apparent, which could be expected since Mach num-
Tait equation of stat¢19] the pressures approach 1 Mbar pyars of unity (relative to the liquid sound speedre ap-

(for bubbles withRy ~9 um, Rmna=90um driven at 16.5  yroached by the bubble, and surpassed in the theory.
kHz). The shock wave and micron sized dust parti¢23]

(that are attracted by the bubblecatter light out of the in- This research was supported by the NSF division of

cident beam affecting measurements near the minimum raAtomic, Molecular and Optical Physics and DARPA through

dius. These effects indicate fundamental limitations of lasethe ONR. We thank H. Fetterman, P. Marston, and J.

scattering methods to measure the climax of a Rayleigitolovchenko for valuable discussions. We thank L. T.

bubble collapse. Cheng and S. Osher’'s group for valuable assistance with
We have reported a technique which achieves a 50 pgnage enhancement.
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