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Spectra of single-bubble sonoluminescence in water and glycerin-water mixtures
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A single gas bubble, acoustically levitated in a standing-wave field and oscillating under the action of that
field, can emit pulses of blue-white light with duration less than 50 ps. Measurements of the spectrum of this
picosecond sonoluminescence with a scanning monochrometer are reported for air bubbles levitated in water
and in glycerin-water mixtures. While the spectrum has been reported previously by others for air bubbles in
water, the spectrum for air bubbles in water-glycerin mixtures has not. Expected emission lines from glycerin
were conspicuously absent, suggesting a different mechanism for light production in single-bubble sonolumi-
nescence. Other conclusions are the spectrum for air bubbles in water is consistent with that previously
reported, the radiated energy decreases as the glycerin concentration increases, and the peak of the spectrum
appears to shift to longer wavelengths for the water-glycerin mixt{i8063-651X96)09307-3

PACS numbes): 47.40.Nm, 78.60.Mq, 42.50.Fx, 42.65.Re

I. INTRODUCTION standing wave is excited by hollow, right circular cylindrical,
. piezoelectric transducers cemented to the outside of a 500-ml
A single, stable gas bubble can be trapped, through a praragk  The transducers are driven with a function generator,

cess known as acousic levitation, in a liquid by an acousti¢,, e ampjifier combination. The drive frequency is ad-
standing-wave field set up in that liquid. Once levitated, a sted to set up a radially symmetric standing wave in the

bubble can be held in place for hours. In response to th A : .
levitation field, the bubble can be made to undergo both ral ask. A small amount of air is injected into the flask with a

dial (volume or shape oscillations of varying amplitude by hypodermic syringe. A portion of the injected air evolves
proper choice of standing-wave amplitude and frequencyinto a single bubble levitated at the pressure antinode located
Gaitanet al.[1] demonstrated that within a narrow range of at the center of the flask. With proper adjustment of the drive
these drive parameters the bubble undergoes largemplitude and frequency, this bubble reaches a state in
amplitude, apparently radially symmetric oscillations. At thewhich it undergoes large-amplitude, radial oscillations, emit-
end of the collapse phase of its oscillation cycle, the bubblging one pulse of SL per acoustic cycle.

emits a short burst of blue-white light, called sonolumines- g has been generated successfully from bubbles levi-

cence(SL). tated in glycerin-water mixtures, for glycerin concentrations
SL demonstrates a number of remarkable features1, gy ' gly

. 0 0 )
Whereas the driving field typically has a period of tens of anging from 0% to 40% by vqum{al].. Stable, glowing
microseconds, the duration of the SL pulse is less than 50 ub_bl_es, can Iast_ for hours. A.key requirement appears to be
[2,3]. Single SL pulses are isotropic and unpolarized. The siSufficient degassing of the fluid sample.

amplitude and periodicity can be extremely stable. Although

a number of mechanisms have been proposed to account for B. Scanning monochrometer

éh;rs)lgr:‘aet?gnmenom‘l_a’ there is still no fully satisfactory A g 3.m scanning monochrometer with a rotating grating
; ' Acton Research Corp., Model VM-5D3vas used to mea-

H|Ilgr etal.[7] rgported measurements of the spectrum Offc,ure the spectrurfB]. A computer-controlled stepper motor

SL emitted from air bubbles levitated in water. The spectrumrotated the arating in order to scan the desired wavelenath
is relatively broadband and increases into the ultraviolet. The 9 gin i 9
long-wavelength tail of their spectrum is fit very well by a Interval at the desired _speepl. The grating was an
blackbody distribution having a temperature of 25000 K.AIM3Fz-coated, plane grating with 1200 grooves/mm and

They report peak radiated powers of 30 mW and approxi-blazed for a wavelength of .300 nm. The output of the mono-
mately 16 photons radiated per SL pulse. chrometer was collected with a photomultiplier tulEMT).

The purpose of this paper is to report measurements of theh® PMT was a 30 mm end window tygghorn EMI Model
spectrum of SL generated from air bubbles levitated in wateP 798QB with an S-20 response and a quartz window for
and glycerin-water mixtures. The motivation is to confirm 9reater ultraviolet(UV) sensitivity. The PMT output was
Hiller et al’s results and extend them to different liquids. Préamplified and fed to a Stanford research systems Model

SR 530 lock-in amplifier. The PMT output was proportional

Il. EXPERIMENTAL APPARATUS to the number of photons detected in a particular wavelength
bin. The lock-in output was sent to an analog-to-digital con-
verter board installed in a Macintosh Il computer.

SL is emitted by a single bubble levitated in an acoustic The monochrometer was set up to scan from 180 to 800
standing wave generated in a fluid-filled, spherical flask. Thexm in 5-nm intervals. The computer sampled flsécady-

A. Generation of sonoluminescence
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amplifier could be calibrated at the same sensitivity and time
Constant settings as those used to record the SL spectrum.
Matching the B lamp intensity to the SL intensity also
eliminated any calibration errors due to fluorescence in the

FIG. 1. Apparatus used to measure the spectrum of sonolum
nescence.

state lock-in output for each wavelength bin 20 000 times atf'b
20-us intervals (50 k samplesjs Approximately 10 min oer.

were required to obtain one complete spectrum. The SL was 'tmﬁeTaiqm:gu;rzs(iﬁgbsrta;r? dna%u]fgfcg;.abtr;ﬁs tshuepglltta.d
coupled to the monochrometer via a 1-m-long, 608-diam Wi P Serv lorating nre

silica core, silica clad, optical fibéBM FG-600-UAT). One system, consisting of the lock-in, the fiber,'and the spectrom-
end of the fiber was positioned in the flask, approximately geter. The spectral dependence of the ND filters was measured

mm from the bubble. The other end of the fiber was Centereﬁeparajtely(usmg the Iz_imp and the m(_)nochromele(_ind .
in the entrance slit of the monochrometer. Figure 1 shows th aken Into_account. Th|s procedurg yleldertiz a calibration
arrangement of the apparatus. The system spectral respo yve n which they axis had the umtguW/(c_: nm\./E’UQ' .
was calibrated using a deuteriu¢®,) lamp in the shorter ere, V.OU“ the output voltage of the lock-in amp"f'e“ IS
wavelengths(200—400 nm and a tungsten-halogefTH) proportional to th_e number of photons detected in a particu-
lamp in the longer wavelengt{g00—750 nin lar wavelength bin per pulse, averaged over a large number
In order to test the amount of second-order interferencé‘?f pulses. I
effects in the spectrometer, a 400-nm-low-pass filter wa _The long-wavelength calibratio00—700 nmwas ob-
used. No significant difference was recorded between th%amed using the TH Iamp, but with a much simpler proce-
spectra taken with and without the filter and, therefore, nq ure. Measurements \.N't.h the, Iamp showed that the use of
filters were used during the experiments. The reason for thg‘e chopper and chk-m introduced no wa_velength-dependent
absence of second-order effects may be that very little Iigh?ffeCtS' The relative system response in the 400-700-nm

is being detected below 225 nm. It should also be noted thdfnge was obtained simply by dividing the output of the

the acceptance angle of the fiber was larger than that Sulr)mjonochrometer by the calibration_ data. supplied by' the
tended by any radiating object used in the experiments. Th anufacturer. The error bars for this portion of the calibra-

0,
full acceptance angle was 19°, as given by the manufacture on are assumed 10 be 1%, the same as the manufacturer

: . _supplied data. This relative response then was scaled so that
\I;/:éai ot{] Lézsjrs]g?n?doﬁ]h?;;hvi;?ewéggttﬁered by the optic f|be3 matched the absolute response from thelddnp in inten-
' sity over the range 360—400 nm. The complete calibration

curve, thus obtained, is shown in Fig. 2. Raw SL data were
multiplied by this curve to obtain calibrated spectra. These
The system wavelength resolution was determined byalibration data do not include the effect of the absorption
measuring the spectrum produced by a green helium-nedmecause of the liquid in which the SL spectrum was mea-
laser(543.5 nm at 1-nm increments. The observed line full sured.
width at half maximum was approximately 7 nm. The cali- In order to determine the effect of light absorption in the
bration of the system spectral response and the absolute oliguid, the transmission of light through pure water, 25 and
put power for the short-wavelength region was accomplishedO vol % glycerin solutions was measured with a photospec-
with the D, lamp, which was supplied with a calibration trometer. The transmission was measured through a 1-cm
curve inuW/cr? nm at a distance of 50 cm from the source. sample of each liquid. Figure 3 shows the result of the photo-
To calibrate the apparatus under conditions similar to thosepectrometer measurement. For water, the absorption of UV
during the actual measurements, a light chopper, with a frelight at 200 nm was small. For the 25 and 40 vol % glycerin
quency of 2000 Hz and a duty cycle of 50%, was positionedsolutions, however, the absorption of UV light below 250 nm
between the Plamp and the receiving fiber. In addition, two was significant and was therefore considered when measur-
neutral densityND) filters of densities 2 and 0.5 were used ing the SL spectra. As will be seen in the results of the next
to lower the B lamp intensity to a level comparable to that section, the absorption spectrum of the media determines the
of SL. This was necessary so that the output of the lock-irshort-wavelength limit of the SL spectral measurements.

C. Calibration of apparatus
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FIG. 5. Time-averaged power radiated per wavelength by a
single sonoluminescing bubble in watequares The data have
been corrected for the absorption of water as given by Fig. 3. The
bubble was driven at about 43 kHz, emitting one pulse per acoustic
Ill. RESULTS OF MEASUREMENTS cycle. The pressure amplitude was unknown. The solid line repre-

AND INTERPRETATION sents the results of Ref7].

FIG. 3. Spectral transmission through 1 cm of waquarey
25 vol % (diamond$, and 40 vol % glycerin solutiofcircles.

The scanning monochrometer setup allowed us to meay
sure the SL spectrum using essentially the same technique a
reported in Ref[7]. An example of a raw data set for SL
produced in water is shown in Fig. 4. The data represent thepowelper pulsg=power, X
average of seven individual spectra normalized to 1.0 at the
maximum of each data set. The error bars correspond to the Integration over the whole observed spectrum gives a to-

standard deviation .of the seven data sets. The drive fre[-a| radiated power during each flash equal to approximately 3
quency was approximately 43 kHz. , . _mW. The total energy per pulse is 0.2 pJ, which corresponds
_The corrected SL spectrum for water is shown in Fig. 5t apout 16 photons emitted every pulse. The absolute in-
(circles obtained from Figs. 2—4. The error bars are theyggjry calibration has an accuracy of about 20%. It should
uncorrelated combination of the error bars in the raw daf“be noted that the SL intensity can be enhanced by as much as

and the error bars in the correction curve. The solid line is, ¢a0t0r of 10 by increasing the sound field intensity and/or
the SL spectrum for air bubbles in water reported by H'"erdecreasing the liquid ambient temperature.

et al. [7}. Their spectrum was o_btained for a bubble Qriven at Figure 6 shows the measured spectra for water, 25 and 40
approximately 27 kHz. The calibrated range for their data i q) o4, glycerin mixtures after correction using Figs. 2 and 3.

from 240 to 620 nm. It is important to point out that these areérpa most obvious difference is in the absolute intensities. In

absolute, not relative, spectra. Both spectra peak at nearly thfq case of water and the 25% mixture, the intensity is higher
same wavelength and both show approximately the same rg; he Uy region for water, but lower in the visible region.

diated intensity. _ he time IS feature may account for the fact that SL intensity seems
Figure 5 is given inuW/nm corresponding to the time panter to the eye when glycerin mixtures are used. Note,

average power radiated per unit _Wavelength interval. Sincﬁowever, that a greater total SL energy is emitted by bubbles
the data(circles were taken at a distance of 0.5 cm, a factorin water (due to the high-energy photons in the UV region

2_ . .
of 477(0.5 cm)®= cn?” has been included. If the duration of 16 mch lower intensity of the spectrum of the 40% mix-
the SL flash is assumed to be 50 ps, the power radiatefle could be due to the fact that the 500-mli flask used for

gring each flash can be calculated from

driving period=23.2 us
pulse width=50 ps
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FIG. 6. Time-averaged sonoluminescence spectra for water
FIG. 4. Uncalibrated sonoluminescence spectrum for a singlésquarey 25 vol % glycerin(diamond$, and 40 vol % glycerin
bubble in pure water. The data have been normalized to 1 and theolution (circles. The data have been corrected for absorption as
error bars correspond to the standard deviation from seven rungiven by Fig. 3. The driving frequency was about 43 kHz for water,
The bubble was driven at about 43 kHz. 46 kHz for 25% glycerin, and 52 kHz for 40% glycerin.
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that measurement did not seem to sustain very stable 40
bubbles. Although we have fairly good confidence in the
overall shape of the 40% mixture spectri@as indicated by y
the error barg it may be possible to obtain greater intensi- T Water
ties, and therefore better signal-to-noise ratios in different N Blackbod
flasks. 20

Another major difference among these spectra is the ap-
parent shift of the peak towards the visible region. However, 10 =
the peaks are near the end of the calibration range where the \
uncertainty is the largest due to the low sensitivity of the Tremedioo
instruments and the high optical absorption of the liquids. 200 300 400 500 600 700 800
Note also the lack of any peaks in the spectra of the glycerin Wavelength (nm)
solutions due to molecular emission lines, which are ex- _ _
pected from C@, CH, and OH. The absence of these spec- FIG. 7. Comparison bet_vveen_ sqnolumlne_scence spectrum for
tral lines may be an indication that the mechanism for lightvater corrected for absorptiogsolid line) and fit to a blackbody
production in single-bubble SL is different from multibubble SpeC"um(daShe_d I|n¢_ The yert|cal axis for the SL datg corre-
(transient SL, such as that studied in R€]. Similar results sponds to _the |nten_5|ty during a single flash. The radius of the
have been obtained by Matué& al. [10] when they used a blackbody is approximately um.
0.1M sodium chloride solution.

Although the nature of the SL radiation mechanism is0%, 25%, and 40% glycerin concentrations. The main con-
unknown, a useful means of characterizing the spectrum is telusions are: our spectrum for air bubbles in water is similar
fit it to a blackbody spectrum. The fit to the spectrum radi-to that reported by otherf7,10]; expected emission lines
ated by a blackbody is indicated by the dashed line in Fig. 7from glycerin are not observed; the radiated energy decreases
The fit is especially good for wavelengths greater than apas the glycerin concentration increases; the peak of the spec-
proximately 250 nm. There are two fitting parameters in-trum appears to shift to longer wavelengths for the glycerin
volved. One corresponds to the absolute temperature of ti@ata, indicating that the bubble is effectively cooler; and the
radiator, the other to the product of the surface area of thétted temperatures using a blackbody model of both glycerin
radiator and the duty cycle of the emission. The best-fit temspectra are approximately 10 000 K, significantly less than
perature for our water spectrum is 16 200 K and has a radiufor water with no glycerin.
of about 1um. Hiller et al. found the best-fit temperature for
their data to be 25 000 K. The effective blackbody tempera-
tures of both glycerin spectra are approximately 10 000 K ACKNOWLEDGMENTS
significantly less than for the water data.
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