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Sonoluminescence from OH ACHTUNGTRENNUNG(C2S+) and OH ACHTUNGTRENNUNG(A2S+) Radicals in Water:
Evidence for Plasma Formation during Multibubble Cavitation

Rachel Pflieger,* Henri-Pierre Brau, and Sergey I. Nikitenko[a]

Nowadays spectroscopic studies of sonoluminescence (SL)
have become a major tool to investigate the extreme condi-
tions created by acoustic cavitation in liquids.[1] Soon after
the discovery of SL, the importance of the nature of the dis-
solved gas was brought to light and it was shown that rare
gases allowed brighter SL, with Xe leading to the highest SL
intensity, followed by Kr and Ar .[2,3] However, whereas the
influence of the rare-gas nature on the total light emission
has been studied intensively, variations in the SL spectra
have been subject to only a few investigations. In their SL
spectra of water at 333 and 459 kHz in the presence of
noble gases, Sehgal et al.[4] observed a broad continuum at
300–600 nm, attributed to H+OHC recombination and possi-
bly to the de-excitation of the water molecules or
OH(B2S+–A2S+) emission.[5] Sonoluminescence from OH-ACHTUNGTRENNUNG(A2S+–X2P) species (0–0 at �310 nm, 0–1 at �281 nm, 1–0
at �340 nm) was also observed under these conditions.
Some years later, Gordeychuk et al.[6] published low-resolu-
tion SL spectra of water in the presence of Ar, Kr and Xe at
a frequency of 863 kHz. They reported that the peak posi-
tion of OH ACHTUNGTRENNUNG(A2S+–X2P) emission at 310 nm did not depend
on the dissolved gas, but that another maximum was present
in the spectra: at 268 for Ar, 250 for Kr and 242 nm for Xe.
These bands were attributed to the emission from excimers
of water molecules with rare gases (H2O·M)*. More recent-
ly, Lepoint et al.[7] performed an analysis of the rovibronic
structure of the OHACHTUNGTRENNUNG(A2S+–X2P) band at 20 kHz ultrasonic
(US) frequency for water saturated with Ar and Kr. Their
high-resolution SL spectra, though limited to the 300–
350 nm range, clearly showed differences in the
OH ACHTUNGTRENNUNG(A2S+–X2P) features due to the saturating rare gas.

Concerning the influence of US frequency on the SL spec-
trum, only a few examples can be found in the literature.
Didenko et al.[8] compared multibubble sonoluminescence
(MBSL) spectra of Ar-saturated water at 22 kHz and at
863 kHz. They observed a more prominent OH band at
310 nm at 22 kHz, whereas at 863 kHz the 340 nm shoulder
was more pronounced and the intensity in the UV region
was higher (peaking at 270 nm). They explained these differ-
ences by the emission being not fully equilibrated. Beckett
and Hua[9] measured Ar-saturated water spectra at 205, 358,
618 and 1071 kHz and obtained broad continuums that
peaked around 300 nm. In general, the SL data reported in
the literature for different US frequencies are hard to com-
pare owing to very different experimental conditions (geom-
etry of ultrasonic reactor, intensity of ultrasound, tempera-
ture, spectral resolution etc.). Herein, we report the study of
multibubble SL at 200–450 nm in water in the presence of
Ar, Kr and Xe at 20, 200 and 607 kHz US frequencies ob-
tained under similar experimental conditions. For the first
time we have observed SL from non-thermally excited
OH ACHTUNGTRENNUNG(C2S+) species.

The SL spectra were measured at each US frequency with
the three rare gases Ar, Kr and Xe. All spectra present a
continuum ranging from approximately 225 nm to the NIR;
particular features are observed only in the 225–400 nm
region, so only this region is shown in the presented spectra.

In all spectra OH ACHTUNGTRENNUNG(A2S+–X2P) lines (�270–350 nm) clear-
ly stand out. The 0–0 and 1–1 lines are easy to distinguish,
whereas the other two (1–0 and 0–1) are broad shoulders.
These transitions are attributed according to recently pub-
lished data.[7] Relative intensities of the vibrational electron-
ic transitions depend upon the rare-gas nature and the US
frequency. At 20 kHz (Figure 1) the main transition under
Ar is 0–0 (310 nm), 1–0 (282-292 nm) is clearly defined, and
a small 0–1 shoulder (�337 nm) is visible. When Kr or Xe
is used, the 1–0 transition almost disappears, the 0–1 transi-
tion gets more intense, and above all the 1–1 transitionACHTUNGTRENNUNG(�315 nm) appears and becomes as intense as the 0–0 tran-
sition, and its intensity is even higher in Xe. At 200 kHz
(Figure 2SI in the Supporting Information) the most inter-
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esting feature is the variation of the population ratios be-
tween the 0–0 and 1–1 states when the gas is changed: in Ar
I0�0> I1�1, in Kr I0�0� I1�1 and in Xe I0�0< I1�1. Also, the rel-
ative population of the 0–1 transition is higher in Kr and
Xe, whereas that of 1–0 is lower in Xe. Similar variations in
the vibrational transitions were observed at 607 kHz
(Figure 2). In the presence of Ar (Figure 1 and Figure 3SI)

the 0–0 transition is very intense and is by far the major one
at 20 kHz, whereas at higher frequencies there is a redistrib-
ution to the other vibrational transitions. In Xe (Figure 3),
the 0–1 shoulder is more pronounced at high frequency and
the 1–1 band is higher than the 0–0 one. According to the
emission coefficients of 0–0 and 1–1,[10] under thermal equi-
librium the intensity of 0–0 band should be higher than that
of 1–1 band.[7] This is seen to be true only in Ar, whatever
the US frequency. Thus, only the experimental SL spectra
obtained with Ar can be fitted by using the program LIF-
BASE[11] (see the Supporting Information). A temperature

of approximately 4000 K and pressure of 100–150 atm, usu-
ally considered as intrabubble conditions in the adiabatic
heating model, are able to describe the OH ACHTUNGTRENNUNG(A2S+–X2P)
lines only in the case of Ar at 20 kHz. At 200 and 607 kHz
under Ar, the simulation gives temperatures of, respectively,
approximately 9000 and 7000 K and pressures of, respective-
ly, approximately 250 and 220 atm. The relatively strong in-
tensity I1�1 indicates deviation from thermal equilibrium in
Kr and Xe and higher population of more excited vibration-
al states. This behaviour is more pronounced at high fre-
quency (especially at 200 kHz). In particular, in Xe at
200 kHz, the 0–0 band is apparently not present. This fea-
ture could not be observed in previous studies,[4,6,8, 12] in
which the resolution was not sufficient.

The most interesting change induced by the rare gases in
the SL spectra is, however, not in the OHACHTUNGTRENNUNG(A2S+–X2P) tran-
sition band but in the appearance and development of an-
other band around 230–250 nm. At 20 and at 607 kHz, this
band is discernable in Kr (Figures 1 and 2). At 200 kHz it is
well visible in Ar, and the curve in Kr is similar (Figure 2SI
in the Supporting Information). In Xe it is the main band
whatever the US frequency (Figure 3). In addition, the max-
imum of this band, which is not very discernable in Ar, is
slightly shifted between Kr and Xe, and also when the fre-
quency is changed as shown in Table 1.

We attribute this band to the OH(C2S+–A2S+) electronic
transition.[5] This band is actually never observed in
flames[13] but it is seen in electrical discharges through water
vapour[14–16] and in water radiolysis.[17, 18] One of the six vibra-

Figure 1. Effect of the rare gas on the 20 kHz SL spectra (10 8C,
0.09 WmL�1; measurements were made close to the sonotrode for Ar
and Kr, or 7 mm below the sonotrode for Xe, which explains why the
measured intensity is lower in Xe). Insert: zoom around 310 nm.

Figure 2. Effect of the rare gas on 607 kHz SL spectra (11 8C,
0.17 WmL�1). Insert: zoom around 310 nm.

Figure 3. Effect of the US frequency on water/Xe SL spectra (10–11 8C,
0.17 WmL�1). Insert: zoom around 310 nm.

Table 1. Wavelengths [nm] of the maximum emission in the OH(C2S+–
A2S+) vibrational electronic transitions. Because the signals are large,
their maximum wavelength is only given as an approximate value.

US frequency [kHz] Gas
Ar Kr Xe

20 – 241 236
200 237 244 240
607 – 242 237
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tional bands computed by Mohan[5] is particularly populated
here: 1–7 (246.5 nm). Also, two bands calculated by Wal-
lace[19] are observed here: 0–6 (237.0 nm) and 1–8
(240.6 nm). The 240.6 nm transition may correspond to the
emission observed by Nath and Khare[20] in their laser-in-
duced breakdown experiments in water. The most probable
mechanism of the OH ACHTUNGTRENNUNG(C2S+) state production involves[18] ex-
citation of the water molecule by collision with a sufficiently
energetic electron. The excited H2O molecule must possess
an excitation energy of at least 16.1 eV to form OH ACHTUNGTRENNUNG(C2S+)
excited species. The existence of OHC species with different
electronic temperatures also indicates deviation from ther-
mal equilibrium during cavitation bubble collapse. This is in
line with the recently reported Treanor effect during carbon
monoxide sonochemical disproportionation in water.[21]

Therefore, the present data clearly point to non-thermal
plasma formation during multibubble cavitation in water in
the presence of Kr and Xe. This indication of more extreme
conditions is consistent with higher SL yields observed when
these gases are used. Until now, formation of non-thermal
plasma was reported only in concentrated H2SO4 in the
presence of rare gases.[22–24] Another clue for temperature in-
homogeneity during MBSL was reported in sulfuric acid,[25]

though without evidence for plasma formation.
In conclusion, this work underlines the dramatic effect of

the gas nature and of the ultrasonic frequency on the SL
spectra of water, and in particular on the relative popula-
tions of the OHC radical excited states. Moreover,
OH(C2S+–A2S+) emission gives clear evidence for plasma
formation during multibubble cavitation in water. This find-
ing highlights that MBSL, and consequently multibubble so-
nochemistry, cannot be interpreted only as an adiabatic or
quasi-adiabatic thermal process. It supports the idea[26] that
MBSL light emission is (at least) partly due to emission
from plasma and furthermore gives evidence that the latter
plasma is non-thermal.

Experimental Section

The multifrequency ultrasonic device is shown in the Supporting Infor-
mation together with the experimental details. The thermostated cylindri-
cal reactor was mounted on top of the high-frequency transducer (200 or
607 kHz, L3 communications ELAC Nautik). Ultrasonic irradiation with
low-frequency ultrasound of 20 kHz was performed with a titanium horn
(Vibra-Cell) placed reproducibly on top of the reactor. Deionised water
(250 mL) was continuously sparged with the desired saturating gas (Ar,
Kr, Xe; 99.999 %; Air Liquide). The cryostat temperature was set to
have a steady-state temperature of 10–11 8C within the sonoreactor. Spec-
tra were recorded by using a spectrometer (SP 2356i; Roper Scientific)
coupled to a liquid-nitrogen cooled CCD camera (SPEC10–100BR with a
UV coating; Roper Scientific). Each spectrum was the average of at least

three 120 s spectra (sometimes 60 s for Kr and Xe) that were corrected
for background noise and for the quantum efficiencies of the gratings
and CCD.
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