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Acoustic field distribution was determined in HIFU sonoreactors as well as localization of cavitation activ-ity by crossing different techniques: modeling,
hydrophone measurements, laser tomography and SCL measurements. Particular care was taken with quantification of this last technique by pixels or
photon counting. Cavitation bubbles generated by HIFU are mainly located on the outer layer of the propagation cone in the post-focal zone. Greatest
acoustic activity is not located at the geometrical focal, but corre-sponds to a high concentration of bubbles zone. On the contrary, the main sonochemical
activity shifts slightly toward the transducer, whereas quenching of inertial cavitation is observed directly at the focal. Finally, SCL thresholds have

been determined.

1. Introduction

Even if there is considerable literature concerning high fre-
quency transducers, most of the papers dealing with HIFU (High
Intensity Focused Ultrasound) concern therapeutic applications
[1-4]. Their use in sonochemical processes is as original as it is
promising and forms an exciting research area. This paper presents
simulations and experimental characterization of sonoreactors and
in particular designs for this kind of applications which is quite dif-
ficult due to the distortion of the acoustic wave by non linearities
of the propagation media or due to the cavitation bubbles distur-
bance. Depending on the application, one phenomenon can be
favored rather than the other. In the case of therapeutic hyperther-
my or bulk material irradiation [5], wave distortion allows a faster
calorimetric deposit, whereas for sonochemical applications
(where free radical species are needed), inertial cavitation is ex-
pected. Indeed, cavitation bubble collapses are the place of violent
disruption and have been recognized as being essential to enhance
chemical reactions. Localization and dynamics of cavitation bub-
bles induced by HIFU are rather specific but promise to be extre-
mely effective thanks to the concentration at the focal. In the
present study, both phenomena were studied (distortion and cav-
itation) in the case of 2 HIFU transducers designed by IMASONIC.
With this in mind, the cavitation zones and the sonochemical
active zones are mapped. Measurements carried out by crossing
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different techniques are compared with numerical simulations. Re-
sults will contribute to design and scale-up of a new generation of
sonoreactors.

1.1. Experimental details

Instrumentation: all experiments are performed with two com-
posite HIFU designed by IMASONIC (Besancon, France). The first
is @ 3 MHz (T¢3000) transducer with a 40 mm geometrical focal
length, while the second operates at a frequency of 750 kHz
(Tte750) With a 100 mm geometrical focal length. Ultrasound are
emitted in a cylindrical sonoreactor of Pyrex, (Fig. 1) equipped with
a displacement system with four degrees of freedom; three trans-
lations guided by micrometric screws and one rotation axis in or-
der to avoid reflections toward the transducer.

Operating procedures: Cavitation bubbles are visualized due to
the dispersion of incident laser beam, so that zones with high bub-
ble density appear brighter. An Argon laser Continuum Nd-Yag
(532 nm) beam is converted into a vertical static plane sheet of
light which enables study of a chosen 2-D zone anywhere in the
reactor. Images are collected by a fast camera CCD Sensicam PCO
12-bit (1280 x 1024 pixels) and give pictures of bubbles [6].

Bubble chemical activity is measured by Sonochemilumines-
cence (SCL) of Luminol (3-aminophthalhydrazide). Generation of
free radicals and hydrogen peroxide by symmetric collapse of iner-
tial bubbles induces oxidation of Luminol molecules which
produces emission of a photon (430 nm: blue color). Sonochemilu-
minescence experiments are carried out with a solution of Luminol
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Fig. 1. Experimental set-up.

(1 mM) and NaOH (0.1 M). Pictures were taken with a digital cam-
era CANON PowerShot G2 (4 Mpixels) placed in the same position
for each experiment; shutter speed: 10s; diaphragm aperture:
F2.5; sensibility ISO400. These measures are taken in a lightproof
box to avoid disturbance by other light emission. Then, two tech-
niques are used for quantification of sonochemical activity. SCL
pictures with Jpeg file extension are post-treated numerically by
Matlab® to measure the quantity of photons emitted versus the
distance to the transducer. This numerical treatment can be broken
down into three steps - subtraction of the SCL picture by a blank in
silent conditions in order to eliminate light background - applica-
tion of a blue filter to the picture in order to enfeeble parasite pix-
els - counting the pixels with a light intensity higher than a
defined threshold. Results are quoted in arbitrary units. Values ob-
tained are an average on a 2 x 2 mm? zone centered on the acous-
tic axis, to allow comparison with the second technique which uses
an optical fiber acceptance cone of the same size. A second quanti-
fication method consists of displacing an optical fiber in the
sonoreactor thanks to micrometric screws. The optical fiber is re-
lated to a photon counter Perkin Elmer SPCM-AQR-14 (black noise
100 cps s~1) and to an ORTEC MCS-PCI converter card. Acquisition
time is equal to camera shutter speed (10 s).

The Fricke dosimetry method allows quantification of produc-
tion of free radicals and hydrogen peroxide produce by homolytic
scission of water molecules due to inertial cavitation collapse [6,7].
The Fricke solution consists of Fe(SO4),(NH4),-6H,0 (0.25 mM),
H,SO4 (0.4M) and NaCl (1 mM). The sampling absorbance
(304 nm) is measured by UV spectrometer (HITACHI U-2001®),
the concentration of solution in Fe* is determined as a function
of absorbance. The sonochemical yield (G) has been calculated

according to the lida equation G(Fe”) = [Fe“] -Vr-E;', where

E, is the acoustic energy (J) and V; the volume of solution (dm?) [7].

2. Results and discussion
2.1. Modeling the HIFU acoustic field
Prior to any experimental characterization, the acoustic field

was modeled by Rayleigh’s equation to describe the theoretical
focalization properties and pressure distribution specific to each

transducer (Ultrasim module of Matlab® developed at the Univer-
sity of Oslo). Table 1 shows the simulation results of pressure gain
in focal areas for both transducers (T¢.750 and Tgc3000). Fig. 2a shows
detail of the pressure field gain in the vicinity of the focal for Tg750
(z- axis is the axial distance of the transducer and x-axis is the ra-
dial direction). It appears that depth of field as well as focal width
(boundary —3 dB) are very large (respectively 46 and 3.7 mm). The
maximum acoustic pressure gain which corresponds to the ratio
between acoustic pressure on the emitted surface and acoustic
pressure at the focal is about 10.5 and located at 90 mm. This dif-
ference is common for this kind of HIFU (long focal length and low
frequency), because of the competition between geometrical focal-
ization of the beam and its natural divergence. For the Tis3000
(Fig. 2b), the depth of field and the focal width are significantly
smaller (respectively 3.3 and 0.5 mm), according to a higher focal-
ization gain: 67.3. Fig. 3 shows the spatial distribution of the T¢3000
pressure gain for the whole acoustic field. Several specificities can
be observed as an important peak of pressure gain at the focal and
as a more intense gain on the envelope of the distribution cone. Lo-
cal cancellations of the gain on the acoustic axis are observed and
assigned to destructive interferences.

2.2. Measurement by hydrophone of wave shape at the focal

The shape of the pressure wave of the Tg3000 has been measured
with a 3 MHz hydrophone (Imasonic) to check its distortion. In-
deed in event of high power wave propagation, local pressure vari-
ations lead to non linearities that result in by wave velocity

Table 1

Technical characteristics of HIFU.
Transducer Ttc750 Ttc3000
Frequency (kHz) 750 3
Active diameter (mm) 50 40
Active surface (cm?) 19.96 13.47
Geometric focal (mm) 100 40
Acoustic focal (mm) 90 39.9
Diameter of focal area —3 dB (mm) 3.71 0.5
Depth of field —3 dB (mm) 46 33
Focus gain in intensity 110 4540
Focus gain in pressure 10.5 67.3
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Fig. 2. (a) Acoustic pressure gain (pac/po) in the focal area of the Tg750 (situated at
z=0). (b) Acoustic pressure gain (pac/po) in the focal area of the Tg3000 (situated at
z=0).
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Fig. 3. Acoustic intensity gain (I,./lp) in the acoustic field of the Tgs3000-

variations. High pressure zones travel faster than low pressure
zones and the sinusoidal shape of the wave, observed for powers
lower than 1W (Fig. 4a), tends toward a shock wave shape
(Fig. 4b and c). This distortion generates harmonics (2f, 3f...) which
can be seen on the spectrum analysis (Fig. 4). The acoustic energy
transported by the fundamental frequency is shifted towards har-
monic frequencies. For powers higher than 0.3 W, all the energy
(Eo) which was transported at the fundamental frequency
E> 5 muz = Eo moves to harmonic frequencies as follows:

EZ.S MHz

E> 5 mnz + Es muz + E7.5 muz + E10 muz = Eo then Eo

1
1+ ks mnz + k7.5 muz + k1o mnz

where ks iy, = EEZSS'\:;*}:Z which is determined with the spectrum
analysis.

For 10.6 W, s — 0.973 and for 75.4 W, B3 — 0,743,

This phenomenon induces higher absorption of the wave by the
propagation media because the absorption coefficient depends on
frequency [8] and can contribute to a focal shift in transducer
direction.

3. Localization and behavior of cavitation bubbles
3.1. Low powers: stationary bubbles

In event of low power ultrasound or presence of rigid bound-
aries (reflector located in the propagation field), a standing wave
system takes place in the sonoreactor. In the first moment of irra-
diation, cavitation bubbles appear at the focal or are arranged into
pressure antinodes (Fig. 5) and stay in the same arc of circle. They
are generated, then grow, coalesce or collapse within this defined
location (Fig. 6a-c) and finally form clusters of large bubbles
(Fig. 7). Stable bubbles (shown in the pictures) as well as inertial
bubbles, highlighted by SCL can be observed. After a few millisec-
onds, these large bubbles or clusters coalesce in a perpendicular
direction (Fig. 6d and e). Thanks to the action of the secondary
Bjerknes force generated by the pressure field radiated from pul-
sating bubbles, they are thrown in the wave direction (Fig. 6f).
The “traveling bubbles” [9] located in the prefocal zone (Fig. 7a-
¢) reach the focal area and form a very large cluster, which be-
comes increasingly larger with time (Fig. 7d-f). Displacement of
the bubbles inside the standing wave system is attributed to the
primary Bjerknes force generated by the pressure gradient [10]
and the acoustic streaming which act on bubbles.

For specific use of HIFU in surface chemistry, a target is irradi-
ated by focusing the acoustic beam on the surface as in the case
of therapeutic applications. As the material is rigid and acts as a
reflector, a bubble cloud is observed close to the surface. This clus-
ter grows and takes a hemispherical shape (Fig. 8). This intense
cavitational activity causes major damage to the material surface,
observed in previous experiments and usually attributed to asym-
metric bubble collapse [11]. Chen et al. working with smoother
substrates observe the same kind of alteration on the surface of
porcine liver tissue [4]. Tracking sonochemical activity distribu-
tion, the SCL pictures show the zone where hydrogen hydroxyl
production is higher. In Fig. 9a, the transducer is situated on the
left side of the picture and the target presents an incident angle
of 30° with the acoustic axis. Surprisingly, the more intense SCL
emissions are situated after the focal located directly at the surface,
in the wave reflected by the target. This was not expected because
few cavitation bubbles are detected by tomographic pictures in
this part of the acoustic field (Fig. 9b). On the contrary, a dark zone
appears upstream, whereas a large quantity of large cavitation
bubbles can be seen at the same location by tomographic pictures
recorded in the same conditions in Fig. 8b. A direct relationship
should not be systematically implied between the SCL and the
detection of cavitation bubbles by tomography because they are
not necessarily active in the sonochemical point of view.

3.2. High powers: moving bubbles

When higher powers are applied to our transducers or in the
specific case of free interface irradiation or pulsed emission, behav-
ior of the cavitation bubbles completely changes. It is impossible to
observe the establishment of standing waves and the bubbles are
no longer located in restricted areas. Rather they follow a global
movement in the propagation wave direction in the reactor axis
with recirculation flows at the walls (Fig. 10). This difference stems
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Fig. 5. Cavitation field of T390 in the whole acoustic field (60 W).

from breakdown of the levitation equilibrium by an increase in all
perturbations applied to the bubble, such as Bjerknes forces and
acoustic streaming. Therefore, the sonochemical interest of the
reactor is radically different since energy is transported throughout
the reactor while it is trapped in the pressures nodes in the case of
a standing wave system. Bubbles located upstream from the focal

are numerous and very small in size, resembling a dust cloud.
When they cross the focal, bubbles coalesce and finally form long
trails grouped on the propagation cone outer layer, whereas the
post-focal zone directly on the wave axis has fewer bubbles. We
can note here the major advantage of acquiring tomographic pic-
tures obtained by 2-D laser sheets of light to describe more accu-
rately bubble behavior in the axial cross section, whereas classic
lighting will only allow the outer layer to be viewed. This weak
bubble concentration can be linked to the decrease in acoustic
pressure due to attenuation by the numerous bubbles at the focal,
which play the role of a reflector. Sonochimiluminescence mea-
surements are also taken with high ultrasonic powers and a free
water/air interface so that sonochemical activity can be localized,
i.e. free radical generation in a system in global movement. Pic-
tures were recorded for increasing powers (Fig. 11) and the general
shape of the SCL is conical as expected thanks to the simulation
(Fig. 3). At low powers, cavitation activity is reduced and focused
just below the focal, with only two trails of light beyond. In this
case, global intensity increases with power, and beyond 30 W
active zones grow on either side of the focal. Nevertheless, an
absence of SCL can be noted in the focal vicinity as well as in the
downstream acoustic axis and in the neighborhood of the trans-

prrtetee s,

Fig. 6. Dynamics of cavitation bubbles in standing wave (40 W) in the area located in the half focal length. The transducer is on the right of the picture; a: to, b: to + 40 ms, c:

to+80 ms, d: to + 120 ms, e: to+ 160 ms, f: to+ 200 ms.



Fig. 7. Dynamics of cavitation bubbles in standing wave in the whole acoustic field (40 W). The transducer is on the top of the picture; a: to, b: tp + 40 ms, c: to+ 80 ms, d:

to+ 120 ms, e: to + 160 ms, f: to + 200 ms.

Fig. 8. Hemispherical cluster of bubbles in the neighborhood of a rigid surface
(40 W).

T—)Z a b

Fig. 9. SCL and tomography at 40 W, irradiation of a rigid surface.

ducer. This point is not surprising for the zones located close to the
emitting surface or the downstream one because of the few bub-
bles present in the tomographic pictures. Both zones correspond
to well-known low levels of acoustic energy, the first because
focalization and therefore energy gain are not sufficient to induce
cavitation, and the second due to the energy losses induced by
bubble density at the focal. On the contrary, it is more difficult to
give an obvious explanation for SCL quenching at the focal because
at the same time, a high concentration of bubbles is observed.

4. Quantification of cavitation bubble activity

To complete the HIFU reactor study, quantification of sono-
chemical activity was conducted with the Tg;s0. The efficiency
yield measurements obtained by Fricke’s dosimetry estimate

Fig. 10. Dynamics of cavitation bubbles for high power irradiation (40 W). The
transducer Tg3000 is at the bottom of the picture.

chemical reactivity of the inertial cavitation bubbles in the whole
reactor. In all cases, yield is virtually constant whatever the trans-
mitted power (8.3 +0.5) x 1071 mol J~'. This ‘saturation’ phenom-
enon has been previously observed for flat transducers by Mark
et al. [12] who found a maximum of 35 x 10 °mol]! at
300 kHz. lida et al. [7] measured a sonochemical yield of
2.7 x 107 mol J~! at 130 kHz and Mandroyan et al. [6] gives val-
ues between 5 and 10 x 10~ mol ]! at 20 and 40 kHz. Koda et al.
[13] summarizes all these results as a function of frequency and
gives values ranging between 2.3 and 3.7 x 107 mol J~! at low
frequencies (20 to 45 kHz) and around 20 x 10~ mol ]! at fre-
quencies of 100 and 500 kHz. They noticed a strong decrease for
higher frequencies (2.6 x 107 mol ]! at 1.2 MHz). We can affirm
therefore that the sonochemical output of the 750 kHz HIFU is bet-
ter than for a low-frequency transducer. On the other hand, it is
possible to assure that the HIFU are on average less sonochemically
active than the plane transducers at the same frequency. We note
nevertheless that the volume radiated by a HIFU is already smaller
than that of a plane transducer for the same diameter. Looking at
the sonochemical output to the radiated theoretical volume ratio,
a value of 22.1 x 1071 mol J~! is determined, i.e. close to those gi-
ven in the literature. Even if the Fricke dosimetry gives a large



range of magnitude for sonoreactor activity, the need for another
technique allowing local counting of radical species concentration
in the relevant acoustic zone still exists.

Since the light emitted by SCL is proportional to the radical spe-
cies concentration, two methods have been designed to take mea-

surements at different locations in the reactor. The first method is
based on pixel counting on SCL pictures (indirect counting after
camera recording) and the second method on counting of the num-
ber of emitted photons (direct counting using a photon counter
and an optic fiber). Both methods were used and compared to

Fig. 11. SCL for different powers, irradiation of a free surface.
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avoid any risk of possible saturation of camera CCD sensors and to
fill the rigidity of the photon counter measurement cone. Results
obtained on the propagation abscissas are presented in Fig. 12a
(pixel counting) and Fig. 12b (photon counting). Fig. 12 shows
the appearance of SCL at 10 W for both quantification methods in
a zone centered on 73 mm of the emitting surface, slightly up-
stream from the acoustic focal. SCL intensity increases as power in-
creases, to reach a peak of 30 W in the case of pixel counting in
Fig. 11a. Then, SCL intensity decreases in this zone and enlarges
in the transducer direction. For powers higher than 40 W, SCL ap-
pears in the post-focal zone. For photon counting, the general
shape remains the same, with better proportionality between the
power and the maximum observed at 73 mm abscissa (Fig. 12b).
In both cases, it is possible to confirm the absence of SCL directly
at the focal and in the post-focal zone, immediately downstream
from the propagation axis. Several assumptions can be made con-
cerning SCL quenching in these zones, particularly by taking into
account previous works on sonoluminescence and SCL [10,14-
16]. They observed sudden quenching of the SCL at excessive ultra-
sonic intensity, as bubble behavior clearly changes. Bubble
filament organization changes into clusters due to the secondary
Bjerknes forces and therefore occurs away from the pressure antin-
odes [13], with the result that the collapse releases less energy.
Nevertheless, gentle agitation is sufficient to suppress quenching
in their case and to observe again a good level of SCL. In our case,
i.e. a not established standing wave system, an additional assump-
tion can be made. First, the high bubble concentration in this zone
(Fig. 10) will certainly favor interactions as in the case of collapse
in the surface vicinity. On the other hand, the high velocities occur-
ring at the focal and immediately downstream will lead to bubble
deformation due to viscous frictions. In both cases, the collapse
will be asymmetric and therefore insufficient for free radical pro-
duction. Another contribution of the photon counting technique
is determination of the SCL threshold which is directly linked to
inertial cavitation appearance. Pure water is saturated by bubbling
argon, nitrogen or air and the optic fiber end is located at a distance
of 73 mm from the transducer, in the zone where the beginning of
light emission was previously observed. Photon counting starts in
silent conditions, then sonication begins up to a few watts over
the light detection threshold, and reversibility is checked by
decreasing power (Fig. 13). For all gases, light emission remains
at its background level, then increases regularly over a defined
break point. The reverse ways are close and the limits where the
curves join the background levels are exactly the same, dismissing

any hysteresis effect. Threshold values are identical for air and
nitrogen, i.e. an input of 4 W (corresponding to 0.812 MPa at the
focal) and slightly lower for argon, i.e. an input of 2.8 W (corre-
sponding to 0.68 MPa at the focal), following the gas solubilities
which are: argon 0.04 L/L >> air 0.0187 L/L > nitrogen 0.01542 L/L.

5. Conclusion

Use of HIFU for sonochemical reactors is a completely different
approach than for therapeutic applications, because continuous
excitation leads to bubble production and circulation in the reactor
which changes its behavior. Tomography measurements show that
the cavitation bubbles generated by HIFU are mainly located on the
outer layer of the propagation cone in the post-focal zone, but with
a specific distribution highlighted by the 2-D pictures which allow
low activity zones to be discovered. Greatest acoustic activity ex-
pected by simulation is not located at the geometrical focal, but
is confirmed by a high concentration of bubbles. On the contrary,
the main sonochemical activity shifts slightly toward the trans-
ducer, whereas quenching of inertial cavitation is observed directly
at the focal. Finally, SCL thresholds have been determined for argon
from one side for only 2.8 W of input power and approximately
4 W for air and nitrogen from another side.
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