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We ultrasonically levitated single bubbles of about ten micrometers in diameter and focused two laser beams
on them. We recorded a photodetector voltage as a function of time in a storage oscilloscope. Doppler shift in
the scattered light produces intensity oscillations. We used these oscillations to obtain the rate of compression
and expansion of the bubble. The maximum measured compression velocity was estimated to be 350 m/s with

an uncertainty of 2094.S1063-651X97)50812-9

PACS numbegps): 78.60.Mq

Sonoluminescence was discovered in 1933 by Marinesct the interface velocity. The following expression gives the
and Trillat[1]. In this phenomenon, acoustical energy is con-frequency change for the second case:

centrated by an oscillating bubble and converted into light by

proper choice of standing-wave amplitude and frequég¢y
A burst of light of less than 50 ps durati¢8] is emitted in

2|V

[ coser) = V1—n3 sirf(ap)].

Avr= 2

each cycle. If the conditions are appropriate, the bubble can

stay stable while it oscillates for hours. The high stability of
the flash period suggests that the total mass of the bubb
remains constari2,5].

The experimental analysis has been based on two bas X )
Hlency is on the order of 10Hz and typical frequency

techniques: the measure of the spectral characteristic of t
emitted radiation 6] and the measure of the radius of the

bubble as a function of time using light-scattered detection

Looking at the previous equations, both frequency
@anges are proportional to the absolute value of the velocity
(not sign sensitive The interface velocity can be recovered
Ry measuring the frequency shift. Because the light fre-

variations are on the order of 4®z, this small relative
frequency change cannot be measured directly. The difficulty

In the former, the scattered intensity is directly related to the?’ measuring small changes in frequency is overcome by

radius of the particle by the Mie theof§0], but an indepen-
dent calibration is needed. The rise-time technifjtleand
fitting with a computer simulation were used for this calibra-
tion [8]. On the other hand, another type of calibration can b
performed using multiple detectdré], a technique that does

means of heterodyne detecti¢8], the process by which
light waves mix over the surface of the light-detector surface.
This mixing produces an oscillating signal with a frequency

£qual to the difference between the frequencies of each

wave. In the actual experiment, two laser beams focus on the

not rely on accurate measurements of absolute scattered-lightPPIe as shown in Fig. 2. The laser beams, the bubble, and

intensity. The purpose of this paper is to explain a new lasert

scattering technigue based on the Doppler eff@it The

velocity obtained by this method requires no calibration

other than geometrical measurements.

The procedure to measure the bubble interface velocity i
based on the fact that when a light ray is scattered by th
bubble surface, a small change in frequefmympared with
the incident frequengyresults. Figure 1 represents a bubble
illuminated by a laser bearfonly two rays are shownThe
Doppler shift is determined by the wavelength of the light,
the direction of the scattered light wave, and the velocity.

the detector lie on the same plane.

The angle between the detector and one of the béKt)s
is selected in such a way that it corresponds to the critical
angle, around 83° for the air-water system. In this case, at
first order, the significant ray going to the detector corre-
gponds to the simple reflection. For the second bé&a),

the prior condition does not hold anymore and other rays

p

Both rays in Fig. 1 follow the same output directiGre., )
the same angle from the forward directioy however, one at | , s
results from a simple reflection while the other one is a con-  Laser beam rays ~ ar\

sequence of two refractions. In short, there is a different _
change in frequency for each of them.
Based on geometrical arguments, the frequency change,

in the case of a simple reflection, is given by

2|V

A

FIG. 1. Laser rays scattered by the bubble. The moving interface
causes a small change in the ray frequencies because of the Doppler
effect. Even when the magnitudes of the frequency shifts differ,
whereN is the light wavelengt,, the refraction index, and both depend on the absolute value of the interface wall velocity.
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FIG. 2. Experimental setup used in the developed Doppler
method to measure the bubble interface velocity. Two parallel lasel
beams are generated by a beam splitter and mirrors. Both beams a
focused over the bubble by a lens.
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coming from double refraction and multiple interactions will 270 275 28‘9 285 29.0 295

be present together with the simple reflected ray. The ampli- Time [ ps]

tude of the rays decreases as the number of interactions _ _

grows. This allows us to consider the interaction of only ~FIG. 3. Experimental data corresponding to a collapse of a

three rays over the detector One Corresponds to the Slmp@nolumlnescent alr bubble, close to the Uppel’ threshold at 22 °C.

reflection of beam K1 and two rays related to beam (K@ The blowup shows the last 200 ns before the collapse. The fre-

simple reflection and the double refractioBue to the ray ~ duency of the oscillations is proportional to the absolute value of

combination upon the detector, performing a time averagd'® bubble interface velocity.

over the light period (10%*s), the signal becomes

lations due to the interference of both beams are present.

Moreover, an increase in the frequency is observed as the

interface radial velocity increases close to the minimum

bubble radius. An enlargement of the last 100 ns is also
i=1,2 ] =23, (3 present. ' '

We used a fast-Fourier-transform filter to compute Ehe
whereA(t), fori from 1 to 3, is the amplitude of the electric Part of the signal. We subtracted the DC part from the origi-
field associated with each ray described befoﬁethe fre- nal data and, in this way, we isolated the oscillations due to
quency shift of each ray, and;; the phase difference be- the Doppler frequency change. The time between minimums
tween the rays andj. The former equation shows B, Was used to estimate the frequency and, after substitution
component(smooth as compared with both light frequency into Egs.(1) and(2), the absolute value of the interface ve-
and Doppler oscillationsand three oscillatory terms whose 0City was obtained, as shown in Fig. 4. The time corre-

amplitudes depend upon the product of the scattered electrgPonding to each calculated velocity was assumed to be the
field amplitude of each component. average between both minimums used in the estimation. Su-

For the conditions used in the experimefttee angle be- personic velocities of 350 m/s were measured with an uncer-
tween beams was around 30° and the detector was at tfginty of 20%. The uncertainty is mainly the sum of a sys-
critical angle from beam K)]1 we get two high frequencies
(HF) that differ less than 20% and one low frequerity) —— - —— — —
equal to this difference. The LF comes from the mixing of o ISR R I
the two rays related to the same beam. The phase differenc | L T A O U IO S
is fixed and, in addition to the velocity, the radius informa- ‘ ‘
tion was also contained in this oscillation. This information 100———
was used previously to calculate the radius of the bupble - OO0 [
and will be used here to calculate the integration constant tc & 10
describe the radius. = 1

The Doppler technique was tested using the setup show: -
in Fig. 2. It was mounted over an optical table. An Argon
laser linearly polarized perpendicular to the optical table

I=Dc+22, A(D)A|(t)cog2m(v—v))+d;;],
1#]
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plane was used to illuminate the bubble. The power of eacr 107

beam was approximately equal to 7 mW. An air bubble was T T oo
levitated by a stationary acoustic wave of 29.273 kHz gen- 4 ; : . :

erated in a water-filled spherical flask. The angle between -2.0 -1.5 -1.0 -0.5 0.0
beams was 30°. A silicon p-i-n photodiode with a bandwidth Time [ ps]

of 125 MHz was used to detect the minimum radius within

20 ns. A TSI photomultiplier with a 150-MHz bandwidth  F|G. 4. Interface velocity measurement of a sonoluminescent

was used to detect the scattered light. The signals were rgubble at 22 °C. Two sets of data are shown. The circles correspond

corded in a HP54111 1 gigasample/s digital oscilloscope. to a higher time-scale resolution in the data acquisition. The uncer-
The collapse part of the cycle is shown in Fig. 3. Oscil-tainty is between 12 and 20%, as shown by the error bars.
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FIG. 5. The radius obtained by integration of the velocity of the Time [ us]

same sonoluminescence bubble as a function of time. The integra-
tion constant was recovered by contrasting the low-frequency maxi-
mums and minimums in the experimental data with the Mie scat
tering calculation as ifi4]. The uncertainty is around 1&m.

FIG. 6. Comparison between the experimental Doppler oscilla-
tions(dotg and a Mie scattering simulatiqoriginally calculated as
an intensity-radius relationshiin the same conditions. The agree-

. . . ment between both curves is excellent. The sonoluminescence light
tematic error because of the presence of two high frequencmp%l,ﬂk(”ghter line) can be also observed

and the uncertainty because the lack of sampling resolution
(dominant while velocities larger than 150 m/s are present of two frequencies has been reduced to less than 10%. The
If the aperture of the detector is increased, the error woul@ollapse time was assumed to be the time corresponding to
also increase. the maximum in the sonoluminescence emission detected by
The radius obtained by a quadrature integration of theanother photomultiplier tube.
velocity (assuming that the radius change between each pair In conclusion, a technique to measure the bubble interface
of minimums is constaptand its time variation is presented velocity and bubble radius was presented. Velocity can be
in Fig. 5. The radius increased about 10 times and attained gbtained directly without calibration, i.e., the detection
maximum radius of 44:m. method is independent of the absolute scattered intensity.
Theoretical Mie scattering calculation was performed byExperimental results, which agree with theoretical simulation
using the differential scattering cross section[i0]. The
intensity-radius relationship was transformed in an intensity-
time relation according to the radius-time relation obtainec —
for the experimental data. As shown in Fig. 6, excellent 50 1 |
agreement with the experimental data was obtained. We als : ﬁﬁﬂﬁ;ﬂ
compared the average radius change between maximur 4100
with the theoretical result obtained using E¢B—(3); both ]
agree within less than 1%.

Slope =10.63 —

Using the Mie calculation information, each maximum i E
(minimum) in Fig. 6 (solid line) can be related to each maxi- S.
mum (minimum) in Fig. 6 (experimental poings Radius and _g 110 i
velocity as functions of time were calculated and are showr g —_— \ ] 8
in Fig. 7 in a log-log scale. Linear fits corresponding to the ‘0\. 1 =
last microsecond suggest a critical behavior close to the co 104 |

lapse. This is the first measurement of the key exponent c
the bubble free-fal[11]. This number, 0.39, closely agrees
with the expected measurement that resulted from the calct
lations of Barberet al. [12]. For bubble radiusR) smaller
than half the maximum radiusR(,), they obtained
RR3¥2~ — (2P,/3p) V’R¥?=Cte. (4)
From Fig. 7,Roct® then,Rect~#; therefore, from Eq4),
a has to be 0.4.

«— Sidpe=0.39
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FIG. 7. Experimental radius and velocity in the lass of a

sonoluminescent bubble cycle, previous to the minimum radius.
The slope of the linear fit agrees very well with the theoretical
calculation in[12]. The integration constant was obtained by a di-

The small distance between the experimental points anebct comparison between the experimental data and the Mie theo-
the line suggests that the systematic error due to the presenegical calculation(Fig. 6).
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of the scattered-light-expected a relationship between veloc- Critical phenomenon behavior was observed close to the
ity and frequency variatioEqgs. (1)—(3)], also compared light emission, behavior that supports the existence of a self-
well with computational simulation. Moreover, velocities similar solution in this region. Although the maximum mea-
and radius compared well with their respective measuresured velocity was 350 m's, based on the tendency of the

ments obtained if4]. experimental data, higher velocities were expected.
Supersonic velocities of 350 m s were measured within
20%, occurring at 1810 ns to the minimum radius. This ~ We thank Richard Lahey Jr., Robert Block, Pankaj Das,

condition suggests the presence of shock waves in the gasand Claire Ryan for their contributions.
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