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Measured pulse width of sonoluminescence flashes in the form of resonance radiation
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Recent studies have shown that the measured flash widths from single and multibubble sonoluminescence
are in subnanosecond or even picosecond regime. Here, we provide conclusive evidence for the existence of
nanosecond multibubble sonoluminescence. This has become possible by our ability to find a medium from
which exclusive sodiumD line resonance radiation as a form of sonoluminescence is possible. The measured
flash width of this emission is found to be in the range of tens of nanoseconds and is sensitively dependent on
experimental parameters. Our finding is important since all the earlier pulse width measurements have been
limited to emission with the physical source or species responsible for observed optical radiation not being
clearly identified. We propose that the presently observed resonance radiation is from ‘‘soft’’ bubble collapse
as analyzed by V. Kamathet al. @J. Acoust. Soc. Am.94, 248 ~1993!#. @S1063-651X~98!51709-6#
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One of the striking features of single-bubble sonolumin
cence~SBSL! has been its measured and estimated opt
pulse widths being in the picosecond regime@1#. More recent
studies have shown that the timing characteristics of o
types of sonoluminescence~SL! flashes are also similar t
that of SBSL@2,3#. One common aspect to these experime
tal observations is that they have all been associated
light emission, which is known to have a broadband char
ter @3–5#. Since the pulse width of SL flashes is now cons
ered to be a key parameter in understanding the physic
SL, it occurred to us that if this parameter is measured for
where the emitting species is clearly identified, it could
considered to be a significant advance in the subject. W
this motivation we looked for a medium from which SL
the form of exclusive line emission is possible. From a ca
ful study of the existing SL spectra measured by previo
investigators it appeared to us that multibubble SL in
form of alkali-metal line emission from an appropriate no
aqueous medium could be a potential candidate@6#. Our ex-
pectations were proven to be correct, when we visibly
served~in a darkened room! golden yellow sodiumD line
emission from acoustically excited medium of argon sa
rated 1N ethylene glycol sodium chloride solution. We fin
SL from this medium to be relatively very bright; the es
mated maximum number of photons per burst being
3106, which is almost 20 times the standard SBSL intens
at room temperature, and this proved to be a major advan
in our studies. Low resolution spectra of the presen
observed SL with salt solution is shown in Fig. 1 and it
clear that the emission consists exclusively of sodiumD line
resonance radiation@7#. The most significant finding o
our work is that the pulse width of SL flashes in the for
of sodium emission is of the order of tens of nanoseco
~Fig. 2!.

Sonoluminescence in the present work was generate
room temperature~24 °C! 100 ml samples contained in a 25
ml quartz beaker acoustically excited by a single hollow
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lindrical piezoelectric crystal attached to the bottom. T
transducer was driven at near 32 kHz, being one of the re
nant frequencies of the system, using instrumentation
scribed elsewhere@8#. The spectra was measured by allowin
the emission to go directly into varying width entrance slit
a 0.25 m scanning monochromator and synchronous SL
detected and processed using a RCA~Burle! 4526 photomul-
tiplier tube~PMT! connected to a lock-in amplifier~SRS530!
and PC-based data acquisition system. During the spe
measurements with argon saturated salt solution, continu
sparging of Ar~purity better than 99.99%! was maintained.
The wavelength calibration of the monochromator was do
using a low pressure sodium lamp, a mercury lamp, an
He-Ne red laser. The acoustic pressure amplitudePa quoted
are the maximum values and were measured using a m
ture PCB~105A03! pressure transducer in degassed samp
to avoid cavitation on the transducer surface. The amb
pressure at the location where experiments have been ca
out is .0.9 bar.

There was definite concern whether the presently m
sured relatively long SL flash durations are related to the
that our observations are in a multibubble environment, si
under these conditions there is a possibility that the obser

ic

FIG. 1. Low resolution~3 nm full width at half maximum! spec-
tra of SL from an argon saturated salt solution. The spectra sh
is the average of ten 9600 s individual spectra obtained with a 1 mm
slit width.
R2713 © 1998 The American Physical Society
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pulse shapes are as a result of convolution or superpos
of optical signal from a large number of SL events. Matu
Roy, and Mourad@2# have discussed this at length and ha
suggested certain techniques to ensure that the measure
tical pulse width corresponds to a single flash even und
multibubble SL~MBSL! environment. We followed the pre
cautions suggested by them and in addition carried out
pulse width measurements in the ‘‘few-bubble’’ regime
MBSL, where the above mentioned difficulties should n
arise. In an earlier study, Matulaet al. @9# have suggested
‘‘few-bubble sonoluminescence’’ as an interesting area
examination, and our present results shown in Fig. 2~b! and
later, on spectra measurement do support this. Follow
Matula, Roy, and Mourad@2#, we first calibrated our optica
instrumentation with SBSL in degassed water and the
served SBSL pulse rise time was 1.89 ns. Further, as
additional calibration in the MBSL environment we me
sured the rise time of the SL flash from air saturated ethyl
glycol, and as shown in Fig. 3~a!, it is indicative of the PMT
response to SBSL flash. SL in air saturated ethylene gly
had bluish appearance and its spectra was broadband@Fig.
3~b!#. With the sodium salt solution, the SL pulse width,
high drive level, was measured by the use of a 50-mm fo
length lens along with 1-mm-diameter aperture in front
the PMT; this was done to isolate a small region of SL
tivity @2#. At low drive level there was no need of len
aperture combination, since the cavitation activity itself w
limited to a small region near the acoustic pressure m

FIG. 2. Real time single shot SL pulse data recorded usin
conventional PMT with a rated rise time of 1.7 ns and a 2 GHz real
time digital sampling oscilloscope~Tektronix TDS 744A!. ~a! High
drive level, pulse width510 ns; ~b! low drive level (Pa

.0.93 bar!, pulse width570.6 ns. The pulse widths are estimat
from a Gaussian fit to the recorded data.
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mum. It is significant to point out that the measured pu
width in the ‘‘few-bubble’’ regime is substantially highe
@10# than that with a high drive level@compare results in
Figs. 2~a! and 2~b!#. This fact is a clear indication that ou
pulse width measurements do correspond to single fl
events, since if the multiflash environment did influence
measurements, then we would have expected the pulse w
to decrease as the bubble population density is reduced.
would like to further point out that there is no basis f
suggesting here that the few bubble SL regime studied b
closely resembles the classical SBSL, since the methodo
required for establishing the latter@9# is quite different from
the conditions used by us.

We have, in addition, carried out observations of sodi
line emission with helium gas instead of argon and we fi
comparable results in all aspects, including pulse tim
characteristics. Further, we find that SL flash widths of p
tassium line emission~obtained using potassium salt! are
also comparable to those with sodium line emission. The
fore, nanosecond pulse duration seems to be characteris
SL in the form of alkali-metal line emission. These tim
scales are not a measure of radiative lifetime of exci
alkali-metal atoms, since, as pointed out by Flint and Sus
@6# on the basis of observed line broadening~.4 nm!, the
lifetime is expected to be of the order of 0.05 ps. Therefo
the only logical explanation for the measured long flash
rations is that they are a measure of time span during wh
conditions are favorable inside a bubble for resonance ra
tion. This view is supported by the considerations indica
below.

What we have presently observed with argon satura
sodium salt solution is one of the ‘‘cleanest’’ forms of S
where the physical source or species for light emission
identified. The regime of ‘‘few’’ bubbles is particularly in
teresting and should be amenable to theoretical modelin

a

FIG. 3. ~a! Pulse shape and~b! low resolution spectra of SL
from air saturated ethylene glycol. The SL pulse shape show
recorded using optical instrumentation indicated in the caption
Fig. 2 but with scope operated in repetitive sampling mode. T
measured rise time is 1.92 ns and is indicative of PMT respons
SBSL flash. The spectra shown is average of eight 9600 s individ
spectra obtained with slit width of 2 mm and is corrected only
the PMT response.
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is of significance to point out here that the estimated time
100 ns for the persistence of ‘‘high temperatures’’ at t
bubble center from a state-of-the-art model for SL by K
math, Prosperetti, and Egolfopoulos~KPE! @11# compares
well with the presently measured flash duration range of
to 150 ns in the few-bubble regime@typical result is shown in
Fig. 2~b!#. Thus, the type of bubble motion analyzed by KP
seems to predict an important feature of presently obse
SL in the form of resonance radiation; however, it cann
explain the timing characteristics of relatively short durati
SL observed with air saturated ethylene glycol. The la
perhaps originates from a different type of bubble motio
involving harder collapse than that analyzed by KPE. Th
on this basis we can propose two different types of bub
motion; one involving a ‘‘soft’’ collapse and another involv
ing a ‘‘hard’’ collapse to explain SL with vastly differen
spectra and timing characteristics observed in the pre
work. Even with a ‘‘soft’’ collapse, temperatures of the ord

FIG. 4. Low resolution spectra of SL from air saturated 1N
sodium chloride ethylene glycol solution at two different drive le
els: ~a! low drive level, Pa.0.93 bar; ~b! high drive level. The
spectra shown were obtained with a slit width of 3 mm, since
emission was not as bright as those for the conditions of spe
shown in Figs. 1 and 3~b!.
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of 3000 K are predicted from the model of KPE and it
expected that much higher temperatures may be assoc
with a ‘‘hard’’ collapse.

In a multibubble environment from a resonant syste
bubble motions with a soft collapse are likely to dominate
low acoustic drive level, whereas at a higher drive level b
types of bubble motion may coexist. We, in fact, verified th
by observing the PMT output from SL in air saturated 1N
ethylene glycol sodium chloride solution. At low drive lev
mostly pulses with width in the nanosecond regime w
observed, whereas at high drive level pulses with widths
nanosecond regime as well as those indicative of PMT
sponse to SBSL were present. The primary difference no
above for SL characteristics at different drive levels is a
reflected in the measured spectra as shown in Fig. 4. In
4~a! we see dominantly sodium resonance radiation~which
we now associate with soft collapse! at low drive level and at
high drive level the spectra is dominated by broadband em
sion @Fig. 4~b!#. However, as mentioned earlier on the ba
of pulse width observations, even at high drive level re
nance radiation is present and most likely originates fr
regions of the acoustic cell where pressure amplitudes
lower than the region seen by the monochromator. The
fore, we do see some variations in the SL characteristic
high drive level between argon and air saturated salt s
tion. The difference arises since with argon only one form
SL is seen, whereas with air saturated salt solution two fo
of SL are possible. This clearly indicates that in addition
drive level, several other parameters are likely to influen
the cavitation bubble dynamics@12# and the resulting form of
SL. Thus, further work is required to formalize our abo
classification on ‘‘soft’’ and ‘‘hard’’ bubble collapse. Eve
though different types of bubble motion have been m
tioned previously in connection with SL@13#, we provide
direct evidence for it. It is interesting to speculate on t
basis of present observations whether the MBSL spe
measured by Matulaet al. @9# does in fact originate from
different types of bubble motion. It would be worthwhile t
characterize the pressure amplitudes at which various tra
tions, for example from ‘‘line’’ emission to broadband emi
sion takes place. In our present study with reference to F
4~a! and 4~b!, line emission was observed withPa;0.9 bar,
whereas broadband emission only with an estimatedPa.3
bar.

We thank M. S. Hegde for his valuable assistance
spectra measurement, K. S. Gandhi for useful discussi
and P. N. Shankar for his help in manuscript preparati
The oscilloscope was procured under a DSA grant fr
MHRD, Government of India.
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