PHYSICAL REVIEW E 68, 046307 (2003
Parametric dependence of single-bubble sonoluminescence spectra
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We present experimental spectra of single sonoluminescing bubble in water at different dissolved argon
concentrations and excitation levels. All the relevant experimental conditions are either measured directly or
derived from measured quantities for each spectrum, thus the parametric dependence of the spectra can be
analyzed. To characterize the data in a given wavelength interval we fitted the shape of the spectra with the
Planck function. The effective temperatures obtained from these fits lie in the range 12 000-18 000 K, prac-
tically independent of the expansion ratio, while the intensity normalized by the volume of the bubble increases
with the expansion ratio as a power law. The effective temperatures decrease with the pressure amplitude for
each argon concentration, while the light intensity, measured with a photomultiplier tube, increases. These
observations suggest that the increased energy input due to the higher pressure amplitudes results in an
increased number of less energetic photons as compared to the case of a lower excitation level.
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[. INTRODUCTION able quantities using the method of REE0], which avoids
the technical difficulties of the previous methods.
Single-bubble sonoluminescent®BSL) is probably the

only “table-top” phenomenon, where extreme conditions of
high density, pressure, and temperature can be achieved and |I. DESCRIPTION OF THE MEASURING SETUP
studied (see Refs[1,2] for reviews of the phenomenpn ) _
These conditions are present inside a tiny bubble that under- N the experiment, the light of the bubble was detected by
goes highly nonlinear volumetric oscillations in response td® Photomultiplier tubéPMT) (type: Hamamatsu R347@&nd
harmonic acoustic excitation of the surrounding liquid. Dur-2 fiber optic spectrometelOCEAN OPTICS S2000 We
ing SBSL the bubble collapses in each acoustic period closgS€d the same quartz fiber with a diameter of 0.4 mm for all
to its van der Waals hard core, and at these instants the corfll® measurements, including calibration. The acoustic reso-
pressed hot gas also emits brief flashes of light visible to th@&tor was similar to that described in detail in Rafl], with
eye. the modification that a hole was drilled in the center of the

One of the most exciting aspects of SBSL is the spectrunyPPer €nd cap, where the quartz fiber could be immersed in

of the emitted radiation. The first measurements of HillerVater- This hole was closed with a plug during the water

et al. [3] done in the wavelength interval 200—800 nm re-Preparation, and the plug was only removed immediately be-

vealed a continuum spectrum without the presence of Chaltpre the start of the spectral measurement to guarantee that

the gas concentration in water matched the preset values. The

actens?rc lsgeﬁtri:;ll I;Eers of itrk]le ht?stnll?uidvc\)lr :ge tghas, ﬁ?dv\ilv'ltrtetup is placed in a modified refrigerator to minimize the
a spectral density increasing strongly towards the ultravioley, , e gjreq background light, and to facilitate measurements

region. The experimental spectra could be characterized b

S . , , ; Xt reduced temperatures. However, all measurements pre-
fitting their shape with the Planck function. This procedureganied here are performed at an ambient temperature. The

produced effective temperatures of the order df KOIn the water temperature was monitored with a thermocoupte
history of research of SBSL, comparison of experimentaburacy 0.5°Q, immersed in water through the upper filling
spectra to theoretical predictions plays a crucial role in justupe of the resonator. The position of the PMT and of the
tifying theoretical models. Although relatively many experi- quartz fiber was fixed while the resonator was placed on a
mental spectra were reported in the literat(see, e.g., Refs. stand, which could be translated accurately in all directions.
[4,1,5-7), however, so far in all of these measurements After a light emitting bubble was generated, the position
some of the important parameters of the bubble dynamicsf the resonator was adjusted to ensure that both the PMT
pressure amplitud®,, ambient radiusR,, or the precise and the fiber look directly at the bubble. Right positioning
experimental conditions were not reported, which gives conwas achieved by connecting the spectrometer end of the fiber
siderable freedom for the theoretical models to reproducéo the white light from a tungsten halogen lamp, which pro-
them. It must be mentioned that measuring the spectrum sduced a clearly visible narrow light cone at the other end.
multaneously with the dynamical parameters using the contThe horizontal position of the resonator was adjusted until
ventional methods is not an easy task, since both Mie scathe bubble was in the center of the light cone, then the ver-
tering [8] and direct imaging of the bubbl@] require the tical position was set to bring the bubble close to the aperture
disturbing presence of a laser light or back lighting. of the fiber. The distance between the bubble and the fiber

In this paper we report a measured spectrum, where theas between 1 and 5 mm in all cases, and the distance to the
dynamical parameters were deduced from directly measuPMT was 5@:2 mm.
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After positioning, the end of the fiber was removed from
the tungsten halogen lamp and connected to the spectromn
eter. Simultaneous spectral and PMT measurements wer
taken, and the electric driving signal applied to the pi- . o
ezotransmitters of the resonator was also recorded. This prc* o
cedure was repeated at different excitation levels and ga:
concentrations. The role of the PMT in this measurement is
binary. First, it provides the timing information needed to
deduce the dynamical parameters using the method of Rel 200 300 400 500 600 700 800 900 200 300 400 500 600 700 800
[10]. Second, the recorded light intensity of the bubble was Wavelength [nm] Wavelength [nm]
used to normalize each spectrum upto a common multiplica- @ ®)
tive constant, in order to adjust for different distances be-
tween the bubble and the fiber in each case.

300
200

100

Spectral density [arb. units]

100

fikpttynsiveting

200

A. Calibration procedure

15 2 25 8 35

lensity [arb. units]

The spectral response of the spectrometer with the fiberg
was calibrated in two overlapping wavelength intervals by a§
tungsten halogen light sourd®CEAN OPTICS LSC048,
calibrated in the interval 350—900 nrand by a deuterium S550: 550 400 560 800 700 850 300 400 500 oo o a0
discharge lamgCathodeon Ltd C80-10V-SMFF, calibrated Wavelength [nm] Wavelength [nm]
in the interval 115—400 njmfollowing closely the instruc- © @
tions provided with the instruments during their operation. . . ]
The resulting relative response of the system is given in Fig. FIG. 1._ The relative response of the spectrometer with _the fiber
1(a). It was obtained by dividing the measured intensities®S & function of the wavelengtl). Herel, is the measured inten-
| (\) with the calibrated intensitiek,(\) tabulated in the St andlc is the intensity according to the calibration data.(in
manuals of the deuterium and the tungsten halogen Iampghe horizontal fluctuating curve is Fhe dark signal of the spectrom-
The two response curves were then scaled to provide th fer, and the other curve above itis the raw SBSL spectrur()In
same intensities in the overlapping wavelength region 3501 e raw SBSL spectrum is shown after subtracting the dark. Finally

- ._.in (d) the dotted curve indicates the quantum efficiency of the PMT
400 nm. As can be seen, the spectrometer is most sensiti @ g y

_ f th lativelVv bi _ . Yﬁat also recorded the light of the bubble, the continuous line is the
near_~500 nm. Because of the relatively big uncerta_lnty In shape-corrected SBSL spectrum obtained by dividi)gwith (a),
the distances from the bubble to the aperture of the fiber, Wg,q the area of the shaded region is the quahtitproportional to

,did not attempt ab_S°|Ute calibration, thu; useful i”formatio_nthe light intensity, which the PMT “sees” from the shape-corrected
is contained only in the shape of our final spectra, and inpectrum.
their relative spectral densities.

100

1

Spectral density [arb. units]

0 05

same shape &"(\), but also correct spectral density values
at every wavelength. To be able to compare the relative spec-
Figures 1b)—1(d) illustrate the steps during which a raw tral densities of the measured spectra one needs to correct for
spectrum is transformed into its final form. If no light entersthe effect of the different distances. For this reason we use
the spectrometer one can record the dark signal. Fig{ilme 1 the amplitude of the recorded PMT signﬁf‘” as giving an
shows the dark integrated for 46 ms and averaged over ligitensity proportional to the number of detected photins
samplegwe used these settings to obtain the other spectra atetermined by the wavelength dependent quantum efficiency
well). It is found to be wavelength dependent, but practicallyof the PMTQ(\) [see the dotted line in Fig(d) taken from
constant with time. In the same figure, above the dark wehe manufacturer’s dafa
show a raw SBSL spectrum. The superimposed dark signal
can be eliminated by subtraction, which results in a smooth
raw spectrum[see Fig. 1c)]. Since the sensitivity of the
spectrometer is wavelength dependent, to correct for this one
needs to divide the raw spectra with the response curve iwhereB is a common proportionality constant, which is the
Fig. 1(a), which sets their final shapgS"(\)]. Since for same for all spectra since the distance between the bubble
each spectrum the distance between the fiber and the bubké@d the PMT was essentially constant. To obtain the final
is known only with the uncertainty of 1-5 mm, thus the corrected spectra we use the following transformation:
absolute calibration constaf; for each spectrum is differ-
ent. One may write this as |PMT

S’ =5"(\) -

B. Processing the spectra

IPMT=BN;, 2)

— ®)

SN =AS"(M), .Y

whereS°(\) is the “correct” spectrum that not only has the wherel; is defined as
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A2
Ii*=J S"(M)Q(N)dX, (4
N

with A1 =250 nm and\,=800 nm. Note that is a quan-
tity, which is proportional to the signal that the PMT would
detect fromS"(\). In Fig. 1(d) the corresponding* is the
area of the shaded region. Similarly from Ed) and the
definition of I one may write

Spectral density [arb.units]

300 400 500 600 700 800

A
CNi:f ZSf()\)Q()\)d)\=Ai|T, ©) Wavelength [nm]
81

where C is a proportionality constant. As shown below all
the final transformed spectra have the same absolute calibra-
tion constant, thus their relative spectral densities can be
compared.

Spectral density [arb.units]

PMT A | PMT
SIV) =S"(N) ——=S"(\) ———— . . . . oy
‘ fzsf()\)Q()\)dA 300 400 500 600 700 800
M Wavelength [nm]
C iPMT C B
=Sy =S Mg (6)

Ill. EXPERIMENTAL RESULTS

During the measurements, the ambient pressure Ryas
=1019+2 mbars, the excitation frequency wad
=22650 Hz, and the water temperature wag=23.5 Ny
+1°C. We performed measurements at relative argon con- 200 400 500 600 700 800
centrations of C,,/C3%°=0.00195, 0.000473, 0.000 248,
whereC,, is the dissolved argon concentration that was set
during the water preparation, am'gs's is the dissolved argon FIG. 2. Experimental specti@hick dashed lingsand their best
concentration of water at an ambient pressure of 1 atm and Rjackbody fits(thin continuous linesat various excitation levels
temperature of 23.5 °Gsee Ref[12] for the actual value and @nd relative argon concentrations. From top to bot@m/C3%°
temperature dependence ©f). The desired gas concentra- =0.00195, 0.000473, 0.000 248.
tion was set using the degassing system and procedure, de-
scribed in detail in Ref[11]. Figure 2 shows the spectra The fitting was made in the wavelength interval 300—700
recorded at three different argon concentrations and differemim, which is symmetric around=500 nm, where the sen-
levels of acoustic excitation. In each part of the figure thesitivity of our spectrometer is maximal. The best fits pro-
excitation amplitude increases from bottom to top. vided the values of the effective temperatuies;.

It is useful to characterize the experimental data with From the timing information of the flashes and the re-
some(any) kind of functional form for comparison purposes. corded excitation amplitude on the piezo transmitters,
In Fig. 2 the thin continuous lines are the black-body fit forwe deduced the pressure amplituelg, the ambient radius
each spectrum. Ry, and the expansion rati@,,x/Ry for each spectrum us-

ing the method of Ref[10]. The results together with the
ONE: , (7) ~ errors and the best fit effective temperatures are summarized
hc in Table I.
exy{)\k_re”) -1 Although the errors of the dynamic parameters are fairly
high, nevertheless several interesting trends can still be ob-
where N is the wavelength in nanometer$)=6.626 served. In Fig. 3 we show the dependence of the effective
X103 Js is the Planck constant=3x10® m/s is the temperature on the pressure amplitugg and expansion
speed of light, anck=1.38x10 2 J/K is the Boltzmann ratio (b). The PMT signal amplitude as a function B, (c),
constant. We choose the Planck function partly because of isnd the PMT signal amplitude normalized by the ambient
simplicity (characterization of the spectral shape with thevolume as a function of the expansion ratid) are also
effective temperatujeand partly because previous authors of shown. A detailed comparison with the most up-to-date the-
experimental papers also used this form, thus admitting theretical models of SL light emission is outside the scope of
easy comparison with earlier published experimental spectrahe present paper; nevertheless, in the following section we

Spectral density [arb.units]

Wavelength [nm]
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TABLE |. The parameters of the dynamics and the best fit . -
black-body effective temperatures corresponding to the spectra 0~ -
Figs. 2. To get a clearer picture, the spectra indicated with * are not « |~ % @ | TP
shown in Fig. 2. g = g e
2w = gl o T
Ca/CP®  Pibars  Ry[um] RuyalRo Ter () & = I il
. e - =
0.00195 1.3450.025 4711 11.0:3.9 1629720 - —::\.Ezi— - S
1.376+0.025 511.2 11.1#3.8 1632523 T -
1.400-0.025 5.651.3 10.8-3.2 14952-18 182 136 1;2 [bL§4 148 1.52 5 w0 15Rm§3R025 80 %%
1.400-0.025 5.8:1.3 10.6:3.4 14402:-18 (@ )
1.431+0.025 5.9-1.35 11.2-3.6 1365314 . . 7 3
1.446+0.025 6.4-143 10934 133215 % g —o— 5
0.000473 1.3620.025 3.530.88 13.9-5.1 17052-27 £ Z : M mi; -
1.376£0.025 3.380.83 14.75.2 16274-20 8 E o — = % 3
1.406+0.025 3.43%0.88 15.75.9 1457415 é 5 e §
1.428+0.025 3.4:0.9 16.6:6.5 14432-15 % 5 _ef c_% §
1.450+0.025 2.7#0.7 20.7+7.8 13914-12 a5 Q —a—= g
0.000248 1.40%10.025 1.780.32 22.9-59 1575519 % : e 2 s
* 1.401+0.025 2.150.55 20.9-6.2 15590-37 S o T A &8 p o
* 1.416+£0.025 2.430.58 20.4-7.0 1519740 P, [bar] Rimax'Ro
1.423+0.025 2.6-0.65 19.77.2 14130-13 © @
1.446:0.025 2.5%0.63 21.4-7.7 1378614 FIG. 3. The parametric dependence of the PMT signal ampli-
1.460-0.025 2.4-0.6 23.0-8.4 13022-14 tude, and effective temperatures of the measured spectra for dis-
* 1.475+0.025 2.4-0.55 23.8:7.7 1323@27  solved argon concentrations of, /C5*°=0.00195 (circles,
1.490+0.025 2.2&80.58 25.3-9.3 1349819 0.000 473(filled boxeg, 0.000 248(open boxep

effect and not an artifact of the measurement. Similar quali-

briefly discuss our results in light of some predictions oftative behavior can also be seen in the earlier experiments of
theoretical models and compare them to earlier experimentsyjjier et al. [3] and Gaitanet al. [4], but in their measure-

IV. DISCUSSION

ments the breakpoint seems to be aronr®50 nm, and the
authors attributed the effect to the UV-cutoff of water.
Moreover, a breakpoint or a maximum point in the spec-

Looking at Fig. 2 one may notice that at the two lower trum is also one of the predictions of recent theoretical mod-

relative argon concentrations the shape of the spectra aeds. Hilgenfeldtet al. predict a spectral maximum at=294
very well reproduced by the simple black-body expressiomm [see Fig. 4a) in Ref.[13]] for dynamic parameter values
(7), even below 300 nm. However, this should not be conP,=1.3 bars, Ry=5 um, and acoustic frequencyf
strued as a proof that the radiation is indeed from a black= 20 kHz, which are quite near to the experimental case cor-
body surface emitter, since there are many possible scenarigssponding to the first row in Table I. The refined model by
that produce a spectrum which is a reminiscent of a blackHammer and FrommholfiL4] at the same parameter values
body in a certain wavelength interval. For instance, Hammepredicts a breakpoint instead of the maxim(see Fig. 1 in
and Frommhold obtains good agreement with experimentaRef. [15]), which is in excellent qualitative agreement with
data assuming optically thin bubble with a nonuniform heat-our measurement. In these theoretical models the discontinu-
ing. (See Fig. 3 in Refl18].) Thus the effective temperatures ity of the slope in the spectrum arises from the contribution
found from the fits should not be interpreted as representingf the electron-ion interaction. Whether the discontinuity
real physical temperatures in the bubble, their purpose imanifests itself in a breakpoint or a maximum depends on
solely to characterize the shape of the spectra in the wavehe contributions from other processes, such as electron-
length interval 300—700 nm through the functional foffh. ~ neutral bremsstrahlung, which is more intense in the refined
At a relative argon concentration @, /C33°=0.00195 model of Ref.[14]. Given the agreement of the theory and
we find a breakpoint in the spectra at arouss00 nm, the experiment at these specific parameters, it would be in-
where the spectral density at wavelengths below the breakeresting to make comparisons also at the parameter values
point is less than that of the corresponding black-body fitcorresponding to our experiments with lower argon concen-
obtained from the interval 300—700 nm. Although the preci-trations.
sion of the spectral density decreases dramatically as the ul- According to the parametric dependence in Fig. 3 the ef-
tra violet (UV) cutoff is approached, at=300 nm the sen- fective temperatures of the data lie in the range between
sitivity of the spectrometer together with the fiber is still 12000 and 18 000 K, and decrease with the forcing pressure,
around 10% of the maximal valusee Fig. 1@)], and the while the intensity increasds). Also the effective tempera-
error due to the variation of the dark is less than the SBSltures seem to be independent of the expansion rddip
signal. This suggests that the observation is due to a reabhile the PMT signal’'s amplitude normalized by the volume
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of the bubble increases as a power l@ly. Similar power-  direct comparison with theory. We find that the shape of the
law behavior was also found in R€fL9]. It seems that al- spectra can be very well characterized by a simple black-
though more energy can be pumped into the bubble by inbody form in the interval 300700 nm. At the two lower
creasing the pressure amplitude, this input results in aargon concentrations the agreement between the spectra and
increased number of less energetic photons. the corresponding black-body fits extends down to the lowest
The theoretical models of Refel6-1§ that incorporate measured wavelength, whereas, at the highest argon concen-
the effect of water vapor predict a narrow range of attainablération a breakpoint in the spectral density is observed (
physical temperatures, basically independent of the expar=300 nm). In the latter cases, the spectra at wavelengths
sion ratio, which would likely result in nearly identical spec- below the breakpoint start to deviate from the continuation of
tral shapes in qualitative agreement with our experimentathe black-body fits toward smaller spectral densities. The ef-
results. This observation confirms the importance of watefective temperatures of the best black-body fits lie in the
vapor, whose effect has been investigated experimentally asarrow range 12 000-18000 K practically independent of
well as theoretically in several papefsee, for instance, the expansion ratio, whil&; is found to decrease with the
Refs.[20—22). Its role can be roughly understood if one pressure amplitude for each argon concentration. On the
considers that at higher expansion ratios more vapor getsther hand the relative light intensity, as measured by a PMT,
trapped in the bubble during the collapse. As a result, moréncreases wittP,, and the same intensity normalized by the
energy is taken up by the dissociation of the water moleculesolume of the bubble also increases with the expansion ratio.
and subsequent endothermic reactions of the formed radical$he most likely mechanism responsible for the observed be-
which counteracts the increased energy input and constraitrgvior is the effect of water vapor, which also prevented the

the maximum attainable temperatures. upscaling of SBSL at reduced excitation frequencies; how-
ever, a comparison with detailed theoretical models to con-
V. CONCLUSION firm this is yet to be done.

We presented the experimental spectra of SBSL in water
at different dissolved argon concentrations and excitation
levels. The corresponding parameters of the bubble dynam- The authors acknowledge financial support by the Danish
ics, P5, Rg, andR,,«/Rg, are deduced for each spectrum Nonlinear School and the Danish National Science
using the method of Refl0], while all the other relevant Foundation. G.S. also thanks the ERASMUS for financial
ambient conditions are measured, which allows one for &upport.
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