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Near-infrared emissions in single-bubble and multibubble sonoluminescence
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Comparisons of light emissions from multibubble and single-bubble sonoluminescence in the near-infrared
band extending from 800 to 1050 nm have been investigated. In argon-water mixtures, single-bubble and
multibubble spectra are similar in appearance. In sodium chloride-water mixtures, the multibubble spectrum
shows evidence of thed33p sodium emission line, whereas the single-bubble spectrum shows no such
emission. For single bubbles, the near-infrared emissions change linearly with driving pressure. No evidence of
near-infrared emissions are observed below the visible luminescence threshold.
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Sonoluminescence refers to the acoustically driven violenassociated with the light emission mechanism. Ashokkumar
collapse of bubbles in a liquid resulting in the emission ofet al. [13] showed that alcohol quenching of SBSL is similar
light. Two general cases of sonoluminescence exist: Singleo previous studies of alcohol quenching in MBRI4], sug-
bubble sonoluminescen€¢8BSL), whereby a single levitated gesting a common mechanism for quenching. Togfehl.
bubble is made to emit light, and multibubble sonolumines{15] interpreted the effect as being due to a lowering of the
cence(MBSL), whereby individual bubbles within a typi- effective gamma of the gas. Matut al. [16] found that the
cally dense cloud or field of bubbles emit light. The degree tgpulse duration of sonoluminescence flashes in a glycerin-
which these two systems are related is still unknown, alwater MBSL systems were not too different from SBSL
though the commonality of caugacoustic cavitationand  pulse durations. However, the pulse duration of sodium
effect (light emission suggests an association in the under-emissions in NaCl solutions apparently is significantly in-
lying physics. creased[17]. In another study involving NaCl solutions,

Measurements of the light properties show both similari-Matula et al. [18] showed that the continuum characteristics
ties and differences in the UV-VIS spectrum. MBSL spectraexhibited similar trends of increasing intensity toward lower
typically contain line and band emissions that extend above wavelengths, and whereas MBSL spectra had distinct sodium
continuum. Except for a few isolated casels-3], SBSL  emission lines near 589 nm, SBSL showed no such lines.
spectra show only a continuum structure, devoid of line andRecently, band emission from SBSL was shown to occur for
band emissions. Using band emission information fromunstable, dim noble gas bubblEg. These emissions appear
MBSL spectra, the average temperature of an MBSL bubblaimilar to emission bands observed in MBSL. Parentheti-
interior has been measured to be between 3000 and 5000 ¢@ally, one might also expect that dim SBSL “air” bubbles
[4,5]. This measurement is an average in the sense that indshould also generate band emissions if driven off resonance.
vidual bubbles within the cavitation cloud may show large In this paper, we extend the comparison of the emission
deviations[6]. It has even been suggested that some indicharacteristics of SBSL and MBSL to the near-infrared re-
vidual bubbles within a cavitation cloud may yield much gion (800—1050 nm The spectral properties in argon/water
more extreme conditions than exists in SBSI, where the mixtures and NaCl solutions are examined. Furthermore, the
temperatures have been computed to be greater than 10 08fission intensity of SBSL in the near-infrar@diR) region
K [8,9], although recent computations suggest that when wais measured in order to determine if NIR emissions can be
ter vapor is incorporated, the maximum temperature in SBSlobserved below the visible luminescence thresheltiich
is significantly lowered10]. Although still controversial, re- might be expected if SL is thermal in natire
cent computations suggest that the light emission mechanism The experimental apparatus for MBSL included a 20 kHz
for both systems is due to heating of the bubble interioracoustic horn(Sonics and Materials, Incthreaded into a
[9,11,12. custom made flow cell. A stainless steel cylinder cell with

Whereas MBSL can be achieved in many fluids, at fre-multiple ports for fluid circulation, gas sparging, liquid sam-
guencies ranging from approximately 20 kHz to over 1 MHz,pling, and static pressure and temperature control was used
SBSL has so far only been achieved over a relatively small19]. Once introduced to the cell, solutions were sparged
region in the parameter space of liquids, frequenciesvith argon gas for 30 min and thermostated th &5 °C by
(=7-70 kHz), and pressures=(L.2—1.4 bar). Direct com- flow at 4 I/min through a coil submerged in a cooling bath.
parisons between MBSL and SBSL continue to provide re-The presence of noble gases and reducing the solution tem-
searchers with information about the mechanics and kineticperature increased the violence of cavitational collapse,

brightening SL intensity. Solutions were then sonicated with
an average power density of 12.5 W/Gras measured by a
*Corresponding author. custom complex power meter. Data collection began after
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FIG. 2. Comparison of NIR spectra in 0.1 M NacCl collected for
FIG. 1. Comparison of NIR spectra collected for SB@lashed  ggs)| (dashed lingand MBSL (solid line).
line) and MBSL (solid ling). The features near 1050 nm are noise.
bance feature in SBSL near 960 nm, there do not appear to
approximately 10 min, when spectral intensity stabilized. Abe any features of the spectra that differ from spectra ob-
fiber optic probe inserted into the cell was used to collect theserved in the visible region.
light. To observe distinct features in the spectra, we added NacCl
The SBSL system included a round-bottom spherical0.1 M) to the solution. Figure 2 shows how the spectra
flask, argon-filled &3 mmHg), filtered water, situated in a change. The MBSL spectrum shows a sodium emission band
light-tight enclosure. A bubble was levitated at the center ofnear 819 nm, resulting from thed33p transition from neu-
the flask. A 1-inchf/2 achromatic lens was used to focus thetral sodium. The SBSL spectrum shows no such emission, to
sonoluminescence light onto the fiber tip. A broadband lighthe resolution of our apparatus. This result is to be expected,
source was used to align one focal point of the lens with thesince no sodium emission has been observed in the visible
levitated bubble. Then, using laser light scattered from theegion of the spectruifil8]. The commonly observed sodium
bubble, the fiber was aligned with the other lens focal pointdoublet emission in the visible region near 589 nm results
by maximizing the signal intensity of a photomultiplier tube from the 3-3s transition, with an excitation energy afE
(PMT) at the other end of the fiber. The PMT was then re-=hc/A~2.1 eV. Its emission intensity is approximately of
placed with the spectroscopy system. an order of magnitude greater than the emission intensity for
A Kaiser HoloLAB 5000 Raman system was used to col-the 3d-3p transition near 819 nm, which has an excitation
lect the data, operated with the Raman laser turned off. Thenergy of~3.6 eV[20].
internal optics are optimized for a fiber optic input. Two  To complete our studies of the NIR emissions, we mea-
in-line transmission gratings transmitted the incident light insured the total integrated light intensity of an air/water SBSL
the first diffraction order £80% maximum efficiencyonto  system in the wavelength region extending from 800 nm to
a 1024x 256 thermoelectrically cooled charge coupled de-1700 nm. The light was collected with an optical filéR
vice (CCD) array. To increase light throughout a 5Q0m sensitive, 400um diameter tip probe connected to an IR
slit was usedresulting in a resolution o2.3 nm). Kaisers femtowatt photoreceiveiNew Focus model 215321]. Si-
HoloGRAMS software was used to collect data, subtracimultaneous measurements in the visible regi860—650
background, and remove cosmic ray signals. The raw datam) were made with a Photomultiplier tub@glamamatsu
was then flat-field corrected to account for the light gatheringnodel 2027 [22]. From the intensity data, the total number
differences of the two gratings. of photons emitted in each region were calculated and are
Figure 1 shows normalized spectra for MBSL and SBSLshown in Fig. 3.
in water/argon mixtures collected with this system in the The number of emitted photons in the visible and NIR
range 800-1050 nm. Data for the SBSL system was interegions is linear with drive pressutemeasured using a cali-
grated over a 15 min interval while the MBSL data wasbrated Dapco needle hydrophon8ecause the position of
integrated over a 10 min interval. The SBSL spectrum showshe SBSL bubble will change with pressuUr@3], the fiber-
a faster rate of increase in intensity at lower wavelengths. Ino-bubble distance was maintained 3 mm by viewing the
addition, there is a dip in the SBSL spectrum near 960 nmfiber tip and bubble together using a microscope and CCD
corresponding to a water absorption band in this region. Theamera, and adjusting the cell vertically each time the pres-
MBSL spectrum shows qualitatively similar spectral characsure amplitude was changed. The total distance moved dur-
teristics. The dip in the MBSL spectra is not as pronounceding the experiment was approximately 2 mm. The distance to
due to the large void fraction of bubbles generated in thehe PMT (=33 mm) remained relatively constant through-
MBSL system; the light had less travel distance through waeut the experiment.
ter. Although typical spectra in the VIS region show a rela- A comparison of the total number of emitted photons in
tively flat profile at the longer wavelengtfi8], it is shown the visible and NIR regions is slightly misleading. Spectral
here that in actuality, the spectral intensity continues to destudies have shown that the light intensity is much greater
cline at lower energies. However, except for the water absortoward the UV, and quickly dies off into the NIR. Therefore,
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As the pressure is increased, a slightly higher ratio of the

25 24 ,,3' 1 visible-to-NIR photon yield is observed, as shown in the in-
02 e set. Here, the curve is obtained from a linear fit to the data,
200 #239 vis %’ 1 and not from the data itself, owing to the large variation in
238 el the data. Again, this ratio will depend critically on the wave-

1.5l 53 Pt | length region of the detector.
Pressure -7 Finally, a thermal origin to SBSL suggests that IR emis-

sions may be observed below the visible luminescence
threshold. We tried, unsuccessfully, to measure NIR emis-
sions below the visible luminescence threshold. This was
due, in part, to noise introduced by a preamplifier, as well as
unstable bubble motion in the subluminescence region.
12 125 13 135 14 145 In conclusion, we have performed NIR studies of sonolu-
Pressure (atm) minescence emissions, comparing and contrasting the MBSL
FIG. 3. The integrated light intensity in the NIR and UV-VIS system with the SBSL sy;tem. The ;pgctral Charac.teri.StiCS of
Eeh system show a continuum emission, decreasing into the
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were converted into photons emitted by the bubble per flash, an . ; o
plotted here. The lines are a linear least squares fit to the actual data’ When 0'1_ _M NaCI IS adde_d, sodium emission from the
points shown. NIR data are shown as circles, UV-VIS data are d—3p transition is observed in the MBSL system, but not

shown as squares. The inset shows the ratio of visible to NIR pholl the SBSL systentincreasing the NaCl concentration is
tons, using the linear fit curve. precluded because of instabilities in SBSLhe NIR emis-
sion intensity was measured and found to vary linearly with

. . . drive pressure. However, no NIR emissions below the lumi-
the relative nur_nber of photons in the visible s_hould be muchescence threshold were observed.
greater than Fig. 3 suggests; however, the size of the detec-
tors’ wavelength window must accounted for. The much The authors wish to thank S. Putterman and D. Lohse for
larger window of the NIR detector results in a higher photonhelpful suggestions. This research was supported in part by
number. NSF and DARPA.
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