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ARTICLE INFO ABSTRACT

Keywords: Use of sweeping mode with a 3.6 MHz High Intensity Focused Ultrasound (HIFU) allows cavitation activity to be
HIFU controlled. This is especially true in the pre-focal zone where the high concentration of bubbles acts as an
Frequency sweep acoustic reflector and quenches cavitation above this area. Previous studies attributed the enhancement of
Cavitation s - . s . - . -
Sonoluminescence cavitation activity under negative sweep to the activation of more bubble nuclei, requiring deeper investigations.
Emission spectra After mapping this activity with SCL measurements, cavitation noise spectra were recorded. The behavior of the
acoustic broadband noise follows the sonochemical one i.e., showing the same attenuation (positive scan) or
intensification (negative scan) of cavitational activity. In 1 M NaCl 3.7 mM 2-propanol solution saturated by a
mixture of Ar-15.5%05-2.2%No, intensities of SL spectra are high enough to allow detection of several molecular
emissions (OH, NH, Cp, Na) under negative frequency sweeps. This is the first report of molecular emissions at
such high frequency. Their intensities are low, and they are very broad, following the trend obtained at fixed
frequency up to 1 MHz. Under optimized conditions, CN emission chosen as a spectroscopic probe is strong
enough to be simulated, which is reported for the first time at such high frequency. The resulting characteristics
of the plasma do not show any spectral difference, so bubble nature is the same in the pre-and post-focal zone
under different sweeping parameters. Consequently, SL and SCL intensification was not related to a change in

plasma nature inside the bubbles but to the number of cavitation bubbles.

1. Introduction

Acoustic cavitation — formation, growth, and implosive collapse of
bubbles in liquids irradiated with high intensity ultrasound - is the
source of various mechanical and chemical phenomena [1]. In partic-
ular, the violent collapse of bubbles generates high temperatures and
pressures (up to thousands of Kelvins and hundreds of bars) inside the
bubbles, and these ‘hot spots’ form the position of the so-called sono-
chemistry [2-4]. Studying sonoluminescence emission spectra is a
powerful assay tool for bubble temperature determination during cavi-
tation [5]. Flint and Suslick estimated a ‘cavitation temperature of about
5000 K [2], while vibrational temperatures T, of OH excited species
were reported to be about 10,000 K in argon-saturated water [6].

Sonoluminescence of aqueous and non-aqueous solutions has been
widely investigated in recent decades [2,3,7,8]. It has been shown that
several experimental conditions, such as ultrasonic frequency, nature of
solvent and of dissolved gas, affect the number of sonoluminescent
bubbles and plasma conditions, as well as sonochemical efficiency
[9-11]. Concerning the effect of salt, Lepoint-Mullie et al. demonstrated
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that it can enter the bubbles by droplet injection (which results in the
emission of alkali-metal species in the SL of aqueous solutions of salts)
[7]. This impact of salt on sonochemical and sonoluminescence yields
was also highlighted by more recent studies [12]. Other solutes are re-
ported to modify the SL spectrum and intensity, such as alcohols (e.g.
tert-butyl alcohol), degradation of which leads to the emission of Cy
Swan bands, a well-known spectroscopic probe [13,14].

However, among these the role of the dissolved gas is of particular
interest. Considering pure gases, the highest SL intensity is attained
under noble gases due, in particular, to their high adiabatic ratio [15], to
their low ionization potential [16] and to the fact that their reactions in
the bubbles are limited. SL intensity increases with the atomic weight of
the noble gas, due to decreasing thermal conductivity and increasing
solubility [17,18]. Besides, the addition of 20-30% O in Ar can increase
production of OH radicals and SL intensity [9,10].

The plasma generated during sonication can be characterized by the
fitting of molecular emissions, the shape of which is a fingerprint of both
the plasma characteristics and the chemical reactions leading to the
formation of the excited species [19]. Already in pure water, several
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molecular bands can be observed. For example, sonolysis of water under
argon gas leads to the observation of OH (A-X) around 310 nm [7]. The
latter emission also appears under Ar-5%N,, Ar-0.5%CO5 and Ar-0.5%
CO2-5%N3, while NH (A-X) emission at 337 nm is present under Ar-5%
Ny mixture [19]. In the presence of Ar-0.5% CO2-5%N, CN bands are
clearly visible around 386 nm. Use of this gas mixture also leads to
emission of Co Swan bands.

Ultrasonic frequency impacts sonoluminescence and plasma condi-
tions in a number of ways [20]. At low frequencies, bubbles will be
larger and will more readily demonstrate surface instability. Yasui [21]
reported that the ambient bubble radius at 20 kHz calculated in Ar
saturated water is 0.1-100 um, while at a higher frequency of 1 MHz it is
0.1-3 um. It was also reported that OH rovibronic temperatures increase
with US frequency [10]. Thus, varying sonication frequency appears to
be a real issue. The number of cavitation bubbles increases at higher
frequencies although higher powers are needed to produce active bub-
bles, mainly because at high frequencies bubbles have less time to grow
and to collapse [22]. A recent study demonstrated that sonolumi-
nescence spectral shape of 100 kHz is similar to that at 20 kHz with a
very intense, well defined OH (A%zt—X?IT) emission and a relatively low
continuum, contrary to high frequency SL spectra where the continuum
is intense and molecular emissions broad [6]. Nevertheless, spectro-
scopic studies have never been investigated beyond 1 MHz, so there is no
data on the temperature reached inside the bubbles during cavitation at
ultrasonic frequency above 1 MHz. The reason is the limitation of the
available energy that can be used for transducer excitation in these
conditions, where transducer thickness drastically decreases, thereby
causing thermal issues and difficulties in cavitation ignition.

A solution resides in acoustic energy concentration by using high-
intensity focused ultrasound (HIFU) which allows acoustic energy to
be focused up to cavitation threshold at a focal point for a wide range of
high frequencies (1 MHz to 4 MHz). Even when cavitation is not
reached, absorption of the acoustic energy generates remarkable heating
at the focal point, finding therapeutic applications [23,24] or applica-
tions in surface treatment [25]. Hallez et al. extensively described dis-
tribution of acoustic energy and cavitational activity [26], as well as
hydrodynamic behavior in the HIFU sonoreactors [27]. They deter-
mined acoustic field distribution and localized the areas of interest by
comparing complementary technics such as modeling, hydrophone
measurements, laser tomography, and SCL measurements. Contrary to
expectations, the main activity was not detected at the acoustic focal
point but in the pre-focal zone (between the HIFU and the focal zone).
Nevertheless, an activity could be detected in the post-focal zone on the
outer layer of the propagation cone for very high powers [26]. This was
confirmed by velocity vector fields highlighted by Particle Image
Velocimetry (PIV), as well as by electrochemical measurements. The
latter quoted in equivalent velocities quantified the deviation from the
theoretical values deduced from Eckart’s equation, and explain the
behavior in the zone just before the geometrical focal [27]. Chen et al.
showed with high speed camera records that the bubbles present in the
focal zone act as a reflector for acoustic wave propagation, shifting the
activity towards the transducer [28]. Bubble size distribution was
measured at fixed frequencies by pulsed experiments [29], and radii
obtained for 3.6 MHz in air saturated water were about 0.76 to 1.03 pm
[30].

However, the most recent discovery concerned control of the HIFU
excitation signal. The UTINAM institute has developed a technique able
to either strongly enhance or quench the cavitation activity of the HIFU
by sweeping frequency (wobbling) [27]. It was shown that, irre-
spectively of the frequency gap, it is the direction and, to a lesser extent,
the frequency sweep rate which govern light production by both sono-
luminescence and sonochemiluminescence. Indeed, an unprecedented
enhancement is observed when frequency is swept in reverse (negative
sweep), while a positive sweep results in a quenching of both SL and SCL
[27,30]. Finally, this technique applied to HIFU allows interesting
control of cavitation activity in the sonoreactor, thus significantly
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widening the perspective of ultrasound use at very high frequencies.

The present work intends to conduct a spectroscopic study at an
unexplored frequency range (3.6 MHz) thanks to the use of frequency
sweep and HIFU transducer shape. An important issue resides in the
plasma characteristics (illustrated in molecular emissions in sonolumi-
nescence) in a range of frequencies never studied and in the particular
effect of frequency sweep. To this end, a specific sonoreactor adapted to
spectroscopy measurements and allowing gas control was built and
characterized with sonochemiluminescence to identify the most active
zone. Then, several experimental parameters (nature of gases and
chemical additives, frequency sweep parameters) were varied to
perform SL measurements, determine luminescence activity, and give
some insight into the conditions attained.

2. Experimental details
2.1. Materials

All aqueous solutions were prepared with deionized water (Milli-Q
18.2 MQ cm) at ambient temperature and a volume of 300 mL. Reagents
and chemicals used in the various procedures were all of analytical
grade and were purchased from Sigma Aldrich, except for sodium
chloride salts purchased from VWR Chemicals BDH. Argon at 99.999%
purity, Ar-20% Os, Ar-10%N, and Ar-1%CO, were provided by Air
Liquide. The pH of luminol solutions was adjusted to 10.8 by adding
N32CO3.

2.2. Experimental procedures

The set-up consists of a thermostated glass-made batch reactor
installed on top of a High-Intensity-Focused-Ultrasound (HIFU)
designed by IMASONIC (Besancon, France) placed in a black box Fig. 1
[31]. The bandwidth of the HIFU used is between 2 and 5 MHz where
maximum performance is achieved at a frequency of 4.0 + 0.4 MHz
(Fig. 1SI in Supporting information). A multifrequency generator
controlled the HIFU, in which the signal was first amplified before
reaching the transducer. Temperature in the reactor during irradiation
was adjusted to 10 °C using a Huber Unistat Tango thermo-cryostat [10].
For all experiments, the solutions were injected with gas (Ar; Ar-20%0;
Ar-0.5%C02-5%N; or Ar-15.5%05-2.2%N5) about 30 min before ultra-
sonic sonication (with the gas inlet tube placed in the center of the
sonoreactor) and during the ultrasonic treatment (after moving the inlet
tube to the reactor’s side), at a steady flow rate of 60 mL min-1. The gas
flow rates were monitored using a double-entry volumetric flow meter
with stainless-steel float (Aalborg) [11] that also allowed in-situ prep-
aration of gas mixtures. Electrical power was 33 W corresponding to an
absorbed acoustic power of 7 + 1 W, measured by calorimetric method,
while the position of the thermocouple was chosen to avoid it being
directly heated by absorption of ultrasound [32]. This power was kept
constant for all sweeping conditions except in the measurement of
acoustic spectra. Light emission spectra of sonoluminescence (SL) were
collected through a flat quartz window using Al coated parabolic mirrors
and recorded using a Roper Scientific SP 2356i spectrometer (gratings
150blz500 and 600bl1z300, slit width 0.1 mm) coupled to a UV-coated
CCD camera (SPEC10-100BR Roper Scientific) cooled by liquid nitro-
gen. For each SL experiment, at least three 900-s spectra were averaged
and corrected for background noise and the quantum efficiencies of
grating and CCD [19]. When needed, a high-pass filter cutting at 320 nm
was used to avoid second order emissions. Specair software was used to
fit the molecular emissions, the process parameters were the vibrational
and rotational temperatures (T, and T;) of the relevant species, gas
temperature was taken equal to T, and effective pressure was P.

Sonochemiluminescence (SCL) images were taken through the flat
quartz window with a Canon EOS 100D digital camera (diaphragm
aperture F5.6, sensitivity ISO 3200, exposure time 1 min). Acquisition
was performed with Digital Photo Professional software. The luminol
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Fig. 1. Drawing of the set-up of SL experiments.

solution was saturated under a continuous Ar-20 %05 flow for 30 min
before starting sonication. Photos were captured after a few minutes of
sonication. The images were processed with Matlab® to sum the in-
tensities of the 3 colors (RGB) for each line of the picture [26]. A lu-
minosity curve along the acoustic axis was obtained. Lastly, a smoothing
step and background noise subtraction were performed.

The acoustic spectra of the cavitational fields were recorded for
different wobbling parameters with a hydrophone (ICA 3 MHz from the
University of Minsk) coupled to an oscilloscope (Lecroy WaveSurfer
44Xs, 400 MHz, 2.5 GS/s). Measurement consisted in recording the
noise generated by cavitation by placing a hydrophone at the peripheral
edge of the acoustic field in the sonoreactor filled with air-saturated
demineralized water. After averaging 1000 sweeps, the Fast Fourier
Transform of the signals was used to establish the acoustic spectra.
Collected data were processed by Matlab® following different treatment
steps: subtraction of background noise (using a spectrum without US).
The area under the curve of the acoustic spectrum was also calculated by
removing the harmonics and the fundamental frequency and then
integrating the curve to finally obtain the broadband noise.

In the present work, different sweep parameters were used: fre-
quency sweep range A F (Eq. (2)) that can be negative (Fstop > Fstart) OF
positive (Fsiop < Fstart), sweep period Tsyeep and sweep rate rgweep (Eq.

(3).

A F = Fyop — Fotart (MHz) (2)
AF
Tsweep = T (MHZ/S) 3
sweep

3. Results and discussion
3.1. Localization and quantification of cavitation activity

Sonochemiluminescence of luminol has been used in the past for
identification of sonochemically active areas due to the reaction of free
radicals, resulting from the implosion of bubbles, in presence of luminol.
This technique has been successfully used to characterize the cavitation
field in HIFU sonoreactors but only at fixed frequency [26]. In this
paper, it is further used for sweep conditions, where several parameters
can be controlled: start and stop frequencies and sweep period which
determine sweep direction and rates. These parameters influence the

evolution and distribution of global intensity but may also act in SCL
distribution on both sides of the focal zone [30].

Fig. 2a presents the SCL emission of luminol in a representative case
of wobbling for a 0.01 M luminol solution (pH = 10.8, NayCO3), under
bubbling of Ar-20%05. It allowed us to clearly identify two chemically
active zones (blue zones) along the z-axis (Fig. 1 and 2a): the zone above
the focal or post-focal and the zone below the focal or pre-focal zone
separated by the acoustic focal situated in the black zone (H = 0 mm).
This corresponds to previous observations with HIFU which revealed the
same conical SCL shape [25], bubble behavior [26], and the dynamics of
cavitation bubble clouds [28,33,34]. Fig. 2b represents brightness
curves for SCL images taken under a fixed Fg,r¢ at 3.6 MHz and a sweep
time from 1 ms to 5 ms with a rate of —80 MHz/s and +80 MHz/s for 5
ms. The first peak (small) corresponds to the post-focal zone, while the
highest peak (second peak) corresponds to the pre-focal zone. We
noticed that the highest peak is obtained at 1 ms for both the post-focal
zone and the pre-focal zone. It is important to notice that SCL intensity,
at the same power but at fixed frequency (resonance frequency) is near
zero, thus confirming wobbling efficiency in triggering cavitation,
particularly for the post-focal zone where short periods are required for
SCL ignition.

Previous works at fixed frequency have shown that at low powers,
cavitational activity is concentrated in the pre-focal zone. Increasing the
power triggers the appearance of another luminescent cloud in the post-
focal zone [34]. The appearance of SCL under the focal zone was
explained by the dynamics of the bubble cloud during the first instants
by images captured at high-speed [34], while the absence of SCL in the
post-focal zone at lower powers is due to the focal zone acting as a
propagation barrier in the first milliseconds, reflecting the acoustic wave
back to the transducer. The superposition of reflected and incident
waves tends to shift the bubble cloud towards the pre-focal zone.

The impact of sweep period is shown in Fig. 3 under a fixed Fgy¢ at
3.6 MHz and a constant rate at —80 MHz/s: increasing the period of
wobbling from 1 ms to 5 ms leads to a decrease in activity and to changes
in SCL light distribution. In particular, the post-focal zone shows SCL for
some periods, while it is dark for some others. In accordance with
Fig. 2b, photon emission is low on the acoustic axis in the post-focal
region. The traces of SCL in this area are due to the combined action
of Bjerknes forces, acoustic currents, and the radiation force acting on
the initial bubble cloud. Bubbles created in the focal zone are driven in
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Fig. 2. (a) Normalized brightness for a photography of the SCL of 300 mL of 0.01 M luminol solution (pH = 10.8, Na;CO3), Ar-20%0,, exposure time 1 min at 3600
kHz —80 MHz/s (1 ms) in accordance with the height H (vertical axis) considering 0 as the focal point. (b) Brightness curves for SCL images taken under different

wobbling periods and rates.
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Fig. 3. SCL imagery with luminol (0.01 M, pH = 10.8, NayCOs3), Ar-20%0-, iso 3200, 1-minute duration, using a Canon EOS 100 D camera.

the direction of wave propagation by these forces, and luminescence
occurs in the post-focal zone. Yet, an absence of SCL can be noted in the
focal region due to the energy losses induced by bubble density at the
focal point, known as oversaturation phenomena [32].

Besides, the numbers of active bubbles in the two zones appear not to
be correlated. There is no SCL activity detected under positive scan
(Fig. 2 and Fig. 2SI in Supporting information). Starting frequency does
not affect distribution of the sonochemical activity. Results confirm that
the pre-focal zone is brighter than the post-focal zone and thus more
active. Therefore, quantification is required, and SCL images under
different conditions (sweep time and direction of the scan) were treated
by MATLAB to integrate the area under luminescent distribution curves.

Integrated luminosity was normalized at 1 for a fixed frequency of
3.6 MHz (Fig. 4) for different Fgp between 3.2 and 4 MHz under 3.6
MHz as Fgart. The gray dots representing negative wobbling (AF < 0)
showed a 10 times higher integrated luminosity than at fixed frequency
AF = 0 and positive wobbling (AF > 0, white dots). These measurements
illustrated that sonochemical activity was markedly improved for
negative wobbling rates, especially for short sweeping periods (1 ms).

[ * o o o © [
L L L | I L L I

3.2 33 34 3.5 3.6 3.7 3.8 3.9 4
F-stop (MHz)

BR e
OCRNWAUAOAN®XWOORN
T

Normalized integrated luminosity

3.1 4.1

- ACoA A~ AC<A _a AC-N

Fig. 4. Integrated luminosity normalized at 1 for fixed frequency 3.6 MHz for
different Fgop with Fgare = 3.6 MHz and rate of £80 MHz/s at 200 mV: AF >
0 for positive sweeps, AF < 0 for negative sweep.
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As a complement, acoustic spectra of the cavitational fields were
recorded as illustrated in Fig. 5 at a fixed frequency of 3.6 MHz. When
input power increased from 100 mV (Fig. 5a) to 200 mV (Fig. 5b), with
corresponding electrical effective powers of 8 W and 28 W respectively,
harmonics (2fy, 3fp ...), subharmonics (fy/2, fo/3 ...), and ultra-
harmonics (3fy/2 ...) were more clearly visible in the spectrum, indi-
cating the presence of cavitation bubbles [35-37]. Broadband noise was
defined by integration of the area under the acoustic spectra curves, and
is presented in Fig. 6 for different Fy,, between 3 and 4 MHz with a Fygar
of 3.6 MHz and a scan rate of £80 MHz/s. It is interesting to note that
they behave in the same manner as SCL (Fig. 4): quenched by the pos-
itive frequency sweep and enhanced for the negative frequency sweeps,
especially for large gaps. This highlights the contribution of inertial
cavitation, including stable oscillation and most bubble collapses.
Moreover, a decrease in intensification for longer wobbling times is
seen, which confirms results obtained in previous studies [30]. In
addition, oscillation regimes can be characterized by subharmonics and
ultraharmonics frequency analysis. This includes 3fy/2, the non-linear
signatures of stable cavitation bubble oscillations, which is plotted in
Fig. 7 and presents the same behavior [38,39]. The different behaviors
observed for the pre- and post-focal zones, their different SCL intensities
and sensitivities to wobbling parameters question the nature of the
bubbles formed in both zones. Indeed, changes in SCL intensity may be
due either to changes in the active bubble number or to changes in the
nature of bubbles, in the conditions reached in their core at collapse. To
probe the latter, SL emission spectra were measured for different
wobbling conditions.

3.2. Finding a spectroscopic probe

Measurement of SL spectra at very high frequency, even with focused
US, is a challenging task due to the very dim emission. Indeed, SL in-
tensity markedly decreases when US frequency is above approx. 400 kHz
[40]. For this reason, the measured system must be chosen so as to in-
crease SL intensity as much as possible. Only aqueous solutions were
considered to allow comparison with the luminol SCL study and because
they are the most relevant for HIFU applications. Presence of 1 M NaCl
salt in aqueous solutions is known to increase the intensity of sonolu-
minescence [12,41], in particular by decreasing dissolved gas concen-
tration and consequently bubble coalescence and formation of big
degassing bubbles [12]. The latter property of salt also ensures repro-
ducibility of the measurement by avoiding formation of big bubbles on
the HIFU membrane. Second, the measured system should be chosen to
allow observation of molecular emissions with the aim of fitting them
with spectroscopy software to get rovibronic temperatures of the excited
species, or in other words some information on the formed plasma. In a
previous study, we showed that the 362 kHz SL spectra of water satu-
rated with Ar-5%N»-0.5%CO4 gas mixture [19] bore clear molecular
emissions of OH, Cy and CN. Unfortunately, SL spectra of water satu-
rated with this gas mixture were extremely dim at 4 MHz (Fig. 3SI A in
Supporting Information), whichever wobbling conditions were tested.
This very low intensity was traced back to quenching of SL by CO,
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Fig. 6. Intensity of the broadband noise of acoustic spectra. Results are
normalized at 1 for fixed frequency 3.6 MHz for different Fyop With Fyare = 3.6
MHz and rate of 80 MHz/s at 200 mV: AF > O for positive sweeps, AF < 0 for
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Fig. 7. Intensity of the Ultraharmonic 3fy/2 for different acoustic spectra cor-
responding to different Fyop with Fgary = 3.6 MHz and rate of +£80 MHz/s.
Results are normalized at 1 for fixed frequency 3.6 MHz at 200 mV: AF > 0 for
positive sweeps, AF < 0 for negative sweep.

molecules (as was previously observed [42]), even at this low concen-
tration. Thus, another approach had to be adopted to measure some
molecular emissions, aiming at the already reported emissions of OH,
NH, C; and CN. First, gas nature was modified to Ar-15.5%03-2.2%N5.
Indeed, an O content in Ar around 20% was previously shown to yield a
maximum in SL intensity, in a large range of frequencies [10,43,44].
This effect was also observed in the present conditions (Fig. 3SI C in
Supporting Information). No was added as a source of N atoms, neces-
sary to form NH and CN species. Finally, to avoid CO9, an alternative
source of carbon was added to the solution, namely 2-propanol. Its
concentration (3.7 mM) was chosen according to previous studies
[14,19], high enough to allow formation and emission of CN (and a
priori Cy) but low enough to limit SL quenching. The resulting SL spectra
(Fig. 8a and b) indeed presented several emissions (OH, CN, C,, Na),
though not very intense and very broad. The very low intensity of Na

b
x 10 ? ‘ ‘ ‘
3 |
2- |
1+ |
0 ,NvamJ\,M,w.JL,_ ST . . . IR
0 0.5 1 1.5 2 2.5

x 107

Fig. 5. Acoustic spectra at fixed frequency 3.6 MHz for different HIFU excitation voltages; 100 mV (a) and 200 mV (b).
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Fig. 8. (a) SL emission spectra of HIFU in wobbling mode, in 1 M NaCl + 3.7 mM 2-propanol under Ar-15.5%05-2.2%N; at 3600-3520 kHz (1 ms) at different
heights H. (b) SL emission spectra of HIFU in wobbling mode, in 1 M NaCl + 3.7 mM 2-propanol under Ar-15.5%05-2.2%N, at f = 3600-3520 kHz, —80 MHz/s (1

ms), merged with the corresponding spectra using high-pass filter 320 nm.

emission was in keeping with its reported decrease with frequency [45].
As for broadening of molecular emissions, it was observed to increase
with US frequency [14,46] and was attributed to Stark effect, i.e.
broadening of emissions by the charged particles in the plasma [46].

Fig. 7 presents SL emission spectra measured using these optimized
conditions of solution and gas in the pre- and post- focal zones, so at
different heights based on Fig. 2a. Results indicate that the SL of the pre-
focal zone is brighter and more intense than in the zone above, in
accordance with the observations with SCL (Figs. 2a and 8a). Besides,
Fig. 8a and Fig. 4SI in Supporting information show that the spectra of
both zones are similar in shape, with the same continuum and molecular
emissions, which would indicate that a similar plasma is formed in the
different bubbles. Molecular emissions must be simulated to confirm this
observation. Since SL emission spectra on both pre- and post- focal zones
overlap once normalized (Fig. 4SI in Supporting information), the study
of the impact of wobbling parameters was mostly conducted in the zone
of higher intensity.

3.3. SL emission spectroscopy in sweep mode

First parameter of interest is Fgrr. A series of experiments was car-
ried out for different Fg,, between 3.28 and 4.0 MHz using positive and
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Fig. 9. SL emission spectra of HIFU in wobbling mode, in 1 M NaCl + 3.7 mM
2-propanol under Ar-15.5%0,-2.2%N, at a sweep rate of +80 MHz/s and a
sweep time of 1 ms, for different Fg,,s at H 7 mm.

negative sweeps (AF > 0 and AF < 0), a constant absolute sweep rate of
80 MHz /s, and a sweep time of 1 ms. As seen in Fig. 9, the SL emission
spectra were most intense for Fg,, between 3.6 MHz and 3.88 MHz.
Interestingly, changing initial frequency does not seem to impact the
shape of the SL spectra: all spectra are similar and overlap if normalized,
despite very different intensities: no large spectral difference is observed
either in the continuum shape or in CN emission.

Sweep time is another important factor in wobbling, as shown in
previous works where global SCL/SL intensities were extensively stud-
ied [29,30]. For this reason, a number of experiments were carried out
with a starting frequency of 3.6 MHz, a sweep rate of +80 MHz/s, and
different sweep times from 1 ms to 5 ms with a 1 ms step size. Sweep
frequency interval width thus varied from +80 to +400 kHz. Fig. 10
presents spectra measured in the pre-focal zone with different wobbling
times, a constant rate of —80 MHz/s, and a starting frequency of 3.6
MHz. The highest intensity is obtained for 3600-3440 kHz (AF = —160
kHz). No spectral difference is observed when changing sweep time.
Spectra measured in the post-focal zone are presented in Fig. 5SI in
Supporting information. The most intense ones are obtained for a sweep
time of 1 ms (3.6-3.52 MHz) with an intensity much larger than for
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Fig. 10. SL emission spectra of HIFU in wobbling mode, in 1 M NaCl + 3.7 mM
2-propanol under Ar-15.5%02-2.2%N, at Fgary = 3600 kHz, —80 MHz/s at

different sweep times, H —8 mm, merged with the corresponding spectra using
a high-pass filter.
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other wobbling periods. This observation tallies with the trend followed
by SCL (Fig. 2b), for both pre- and post-focal zones.

Finally, the influence of sweep rate on SL spectra was studied:
Fig. 11a shows SL emission spectra at 3.6-3.44 MHz with a sweep time
ranging from 1 to 3.5 ms with a step of 0.5 ms, corresponding to the
sweep rates 160, 106.7, 80, 64, 53.3 and 45.7 MHz/s, respectively. The
most intense spectra are obtained at the rate of —80 MHz/s. Besides,
spectra are similar in shape and superimpose if a scaling factor is used, as
illustrated in Fig. 11b for the rates —80, —53.3 and —160 MHz/s.

These comparisons of spectra measured in different wobbling con-
ditions indicate that the formed intra-bubble plasma is similar. In this
case, the very different light intensities are to be attributed to a different
number of emitting bubbles or, in other words, to different bubble
densities.

3.4. Simulations

Most observed molecular emissions at the very high frequencies of
3.6-4 MHz are too weak and broad to be properly fitted: the signal-to-
noise ratio is too low. Only CN emission is intense enough to be fitted.
Fig. 12 presents this emission after removal of a baseline corresponding
to SL continuum and normalization, for a sweep between 3600 and
3360 kHz in 3 ms, and its simulation using Specair software. The ob-
tained vibrational temperature T, is 10000 + 2000 K, the rotational
temperature T, 7000 + 2000 K, and the effective pressure 14000 + 2000
bar. As previously discussed [46], this value reflects the broadening due
to pressure and Stark effects. It was checked that all experimental
spectra (with different sweep times and different sweep rates) can be
fitted with these values, confirming that the variation in SL intensity in
the different wobbling conditions is due to a variation in the number of
active bubbles, while the formed intra-bubble plasma does not seem to
be impacted. For comparison, Fig. 12 also presents CN emission ob-
tained at 1057 kHz in 1 M NaCl 3.7 mM 2-propanol saturated with Ar-
15.5%0,-2.2%N> and its Specair simulation (the whole SL spectrum at
1057 kHz is given in Fig. 6SI in Supporting Information). Obtained
rovibronic temperatures are T, = 8000 + 2000 K, T, = 6000 + 2000 K,
and effective pressure 12000 + 2000 bar. The latter values are very
similar to those obtained using HIFU at 3.6 MHz under sweeping con-
ditions. This comparison confirms the general trend previously reported
for frequencies in the range 20-1000 kHz [46], namely a very large
increase in the broadening of molecular emissions, traced back to an
increase in ionization degree of the plasma. In this case, the trend is
extrapolated to very high frequencies and to focused geometry and
sweeping.
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Fig. 12. CN emission in 1 M NaCl 3.7 mM 2-propanol saturated with Ar-15.5%
0,-2.2%N,, for a frequency sweep between 3600 and 3360 kHz (3 ms) and at
1057 kHz, and corresponding simulations using Specair software.

4. Conclusion

This study proved once again that sweeping HIFU frequency is a
powerful tool for controlling cavitation activity. SCL results allow
mapping of intensity and distribution of the HIFU acoustic field, where
the pre-focal zone is confirmed as the brighter one. However, activation
of the post-focal zone is possible by applying very short sweeping pe-
riods of 1 ms. Integration of the area below acoustic spectra curves at
different wobbling parameters (rsweep, Tsweep and AF) confirms SCL
measurements by showing the same attenuation (positive scan) or
intensification (negative scan) of cavitational activity. In 1 M NaCl 3.7
mM 2-propanol solution saturated by a mixture of Ar-15.5%03,-2.2%N5,
intensities of SL spectrum are high enough to allow detection of several
molecular emissions under negative frequency sweeps of 3.6-3.52 MHz,
—80 MHz/s (1 ms). Molecular emissions of OH, NH, C,, Na are detected.
Their intensities are low, and they are very broad, following the same
trend obtained at fixed frequencies up to 1 MHz. Under optimized
conditions, CN emission is strong enough to be simulated, which is re-
ported for the first time at such high frequency. Its resulting vibrational
temperature T, of 10000 + 2000 K, rotational temperature of T, 7000 +
2000 K, and effective pressure of 14000 + 2000 bar are of the same
range of magnitude as those at 1 MHz. In particular, the effective
pressure value indicates that plasma is ionized to the same extent as in
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Fig. 11. SL emission spectra of HIFU in wobbling mode, in 1 M NaCl + 3.7 mM 2-propanol under Ar-15.5%0,-2.2%N> at Fgare = 3600 kHz, at different sweep times
and rates, H —8 mm. The grating 150b1z500 is used in graph a, while graph b shows the results with the 600blz300 grating chosen to stress the identical shape of CN

emission and continuum.
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the usual high frequency range. The fact that no spectral difference is
detected indicates that bubble nature is the same in the pre- and post-
focal zones under different sweeping parameters, and that the only
difference is intensity. Consequently, SL and SCL intensification is not
related to a change in plasma nature inside the bubbles but to the
number of cavitation bubbles.
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