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In recent years, the effect of high�power (in partic�
ular, focused) ultrasound on processes in biological
structures has been extensively studied [1–7]. The
obtained results showed that many effects such as the
improved penetration of drugs through cell mem�
branes (sonoporation) [2, 3], suppression of tumor�
cell growth [4, 5], enhancement of drug action [4, 6],
and drug release from carriers [7] have a cavitation
nature—that is, are related to the nucleation, growth,
pulsation, and collapse of microbubbles in liquid
media [8]. Hallez et al. [9] discussed the possibility of
using focused ultrasound in the cavitation regime in
sonochemistry. However, the laws of cavitation�zone
development in the field of a focusing radiator are still
insufficiently studied and methods of determining the
state of a cavitation zone and measuring the cavitation
activity have yet not been developed, which signifi�
cantly limits the possible practical applications of
focused ultrasound. 

In the present investigation, we have for the first
time separated four stages in the development of a cav�
itation zone, which are distinguished by characteris�
tics of the cavitation effects, including sonolumines�
cence (SL), cavitation noise, and ultrasound absorp�
tion in the cavitation zone.

The experimental setup and methods have been
described in detail elsewhere [10, 11]. The working
cell comprised a stainless�steel cylinder with a diame�
ter of 100 mm and a height of 160 mm with a piezoce�
ramic focusing transducer (radiator) arranged in the
bottom compartment. The resonant frequency of the
piezoceramic element was f0 = 720 kHz. The opposite
edge of the cell was closed by a cone�shaped lid with

the cone protruding inward the cell. A hydrophone
was inserted through the lid center so that its receiving
piezoceramic disk element with a diameter of 2 mm
and a thickness of 0.25 mm was situated 25 mm behind
the focal spot of the radiator. A photomultiplier (Phi�
lips XP1110) with 20�mm�diameter optic fiber was
mounted on a side window made in the cell wall on the
focal spot level.

The radiator had power supplied from a computer�
controlled acoustic generator (UZG�08�01 BGUIR)
equipped with a system of automated resonance fre�
quency tuning. The maximum generator output power
of 70 W was achieved at an applied voltage amplitude
of 275 V. The experimental procedure was as follows.
The cell was filled with distilled water and allowed to
stand for 2 days, after which water was ultrasonically
outgassed for 20 min at a transducer applied voltage of
170 V (~10 W/cm2). Preliminary partial outgassing of
the medium significantly improves the reproducibility
of experimental results [10]. Upon outgassing, the cell
was tightly closed by the inward�oriented cone lid. The
output signals of the photomultiplier (L) and hydro�
phone (H) were preamplified and fed to a multichan�
nel digital oscilloscope (Hewlett Packard 54601A).
The spectra of acoustic signals detected by the hydro�
phone were recorded by a Hewlett Packard E4411B
spectrum analyzer.

Figure 1 shows the results of simultaneous moni�
toring of the output signals of photomultiplier (L) and
hydrophone (H) as functions of time t during a gradual
smooth increase in voltage U applied to the radiator.
The voltage generator was switched on at t = 5 s. As
can be seen, hydrophone output signal H at the first
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stage exhibits linear increase with time. Shortly before
the SL onset (about t = 13 s), the hydrophone response
deviates from the initial line toward the lower slope of
the H(t) plot, which is evidence for an increase in the
absorption ultrasound energy—apparently due to the
formation of bubbles in the focal region of the radiator.

In the example presented in Fig. 1, the SL emission
with intensity L above the background level arises at
approximately t = 17 ms, which is indicated by arrow
Th1 corresponding to the first SL threshold. The onset
of SL is accompanied by a change in the character of
the H(t) plot, in which a significant scatter appears in
the points recorded by the oscilloscope. At certain
critical voltage U, the slope of L(t) exhibits a jumplike
change that corresponds to a sharp increase in the rate
of SL intensity growth. This is indicated by arrow Th2
corresponding to the second SL threshold. Rapid
growth in the SL intensity is accompanied by a corre�
sponding drop in hydrophone response signal H.

Total acoustic signal H represents a sum of the ini�
tial ultrasonic field and the acoustic emission from
cavitation bubbles (cavitation noise). Stable pulsation
and collapse of these cavities decrease the acoustic
transparency of the focal region, especially at their
growth stage, which can lead to screening of the field
and a decrease in intensity of the hydrophone output

signal (manifested by points situated below the average
H(t) line in Fig. 1). Collapsing cavities generate shock
waves, which can give rise to pulses of increased inten�
sity (manifested by points situated above the average
H(t) line). Rapid increase in the absorption of ultra�
sound in this regime is apparently related to the onset
of multiplication of cavitation bubbles by the chain
reaction mechanism described in [8]. After the rapid
growth stage, the SL intensity tends to some limiting
value and then begins to decrease, which is accompa�
nied by visible formation of large stable bubbles.

Based on the results presented above, it is possible
to separate four stages in the development of a cavita�
tion zone in the focusing radiator field: (1) the appear�
ance of bubbles and their pulsation without SL gener�
ation; (2) the appearance of emission and slow growth
in the SL intensity at weakly increasing absorption of
ultrasound; (3) fast (frequently jumplike) growth in
the SL intensity accompanied by rapidly increasing
absorption of ultrasound in the cavitation zone; and
(4) saturation of the cavitation zone, at which the SL
intensity decreases with increasing ultrasound inten�
sity. Note that only two regimes of cavitation�zone
development (precavitation and cavitation) have been
discussed in the literature to date [8, 12].
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Fig. 1. Results of simultaneous monitoring of the output signals of the photomultiplier (L) and hydrophone (H) in pulsed focused
ultrasound field during gradual smooth increase in the voltage applied to a radiator generating ultrasound pulses with duration τ
= 3 ms at a repetition period of T = 100 ms. Vertical dashed lines separate stages 1–4 in cavitation�zone development. The rate
of computer�controlled voltage increase, 7 V/s; liquid temperature, 21 ± 1.5°C.
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Figure 2 shows the spectra of cavitation noise for
various intensities of ultrasound corresponding to the
aforementioned stages of development of the cavita�
tion zone. For ultrasound intensities below the cavita�
tion threshold, the spectrum contains only the main
resonance frequency of f0 = 720 kHz (this case is not
presented in the figure). The 2f0 harmonic appears
before the SL onset (Fig. 2a). The corresponding
acoustic signal is probably generated due to nonlinear
pulsations of the cavitation bubbles with relatively
small amplitudes. The low intensity of the first har�
monic and the absence of higher harmonics suggests
that the volume number density of bubbles in the focal
region of the radiator is insignificant and the character
of pulsations differs but little from linear.

The appearance of 3f0, 4f0, and higher harmonics in
the acoustic signal spectrum (Fig. 2b) is probably
related to the formation of nonlinearly pulsating cavi�
ties and a significant increase in their volume concen�
tration (Fig. 1, stage 2). This is accompanied by the
appearance of f0/2 subharmonic and half�integer fre�
quencies nf0/2 (n = 2, 3, 4, …). For ultrasound inten�
sities above the SL threshold (i.e., at stage 2 of cavita�
tion�zone development), higher harmonics nf0 with n
≥ 5 also appear in the spectrum. Subsequent increase
in the intensity of ultrasound leads to further expan�
sion of the spectrum toward high�frequency compo�

nents and to the appearance of wide�band noise
(WBN).

The third stage is characterized by rapid growth in
the intensity of high�frequency harmonics and the
WBN component (Fig. 2c). In a regime corresponding
to the maximum SL intensity, the WBN intensity also
reaches its maximum. At the fourth stage, the spec�
trum shows a significant increase in the intensity of the
f0/2 subharmonic (Fig. 2d) and the appearance of
additional peaks on the left and right from nf0/2 fre�
quencies.

An important feature in evolution of the cavitation
zone during the passage from stage 3 to 4 is manifested
by a decrease in intensity of the main harmonic f0
despite increasing radiator power. This behavior is
indicative of a significant increase in the absorption of
ultrasound in the cavitation zone. Assuming (in accor�
dance with [13, 14]) that the subharmonic appears as
a result of the pulsation of bubbles with dimensions
above the resonant size, the observed increase in its
intensity at stage 4 can be interpreted as related to an
increase in the concentration of large bubbles and/or
in the size of a cavitation cluster (or clusters). The
increase in the volume concentration of bubbles in the
cavitation zone above an optimum value and the for�
mation of large bubbles are two factors that favor a
decrease in the efficiency of conversion and concen�
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Fig. 2. Spectra of acoustic signal H at various stages of development of the cavitation zone: (a) stage 1, (b) stage 2, (c) stage 3, and
(d) stage 4. Ultrasound pulses with duration τ = 3 ms were generated at a repetition period of T = 100 ms; all measurements were
performed at a liquid temperature of 21 ± 2°C; peak 1 corresponds to the main resonance frequency of f0 = 720 kHz; the dashed
curve shows the wide�band noise (WBN) level.
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tration of the ultrasound energy upon collapse of these
bubbles [11], which is just what leads to a decrease in
the SL intensity at stage 4 of cavitation�zone develop�
ment.

Thus, the above data show that the spectral charac�
teristics of cavitation noise are substantially different
at various stages of development of the cavitation
zone. This circumstance allows these sages to be reli�
ably identified.

Acknowledgments. This study was supported in part
by the University of Trieste, the Foundation for Basic
Research of the Republic of Belarus, and the Russian
Foundation for Basic Research.

REFERENCES
1. L. R. Gavrilov, Acoust. Phys. 56 (6), 1097 (2010).
2. T. J. Mason, Ultrason. Sonochem. 18, 847 (2011).
3. Y. Zhou, K. Yang, J. Cui, J. Y. Ye, C. X. Deng, J. Con�

trol. Release 157 (1), 103 (2012).
4. A. L. Nikolaev, A. V. Gopin, V. E. Bozhevol’nov,

E. M. Treshchalina, N. V. Andronova, and I. V. Meli�
khov, Acoust. Phys. 55 (4�5), 575 (2009).

5. I. A. Shehata, J. Eur. Radiol. 81 (3), 534 (2012).
6. L. Serpe, R. Canaparo, L. Berta, A. Bargoni, G. P. Za�

ra, R. Frairia, et al., Technol. Cancer Res. Treat. 10 (1),
85 (2011).

7. W. G. Pitt, G. A. Husseini, and B. J. Staples, Expert
Opin. Drug Deliv. 1, 37 (2004).

8. M. G. Sirotyuk, Acoustic Cavitation (Nauka, Moscow,
2008) [in Russian].

9. L. Hallez, F. Touyeras, J.�Y. Hihn, J. Klima, J.�L. Guey,
M. Spajer, and Y. Bailly, Ultrasonics 50, 310 (2010).

10. N. V. Dezhkunov, A. Francescutto, P. Ciuti, T. J. Ma�
son, G. Iernetti, and A. I. Kulak, Ultrason. Sonochem.
7, 19 (2000).

11. N. V. Dezhkunov, Tech. Phys. Lett. 34 (4), 346 (2008).
12. M. Hauptmann, H. Struyf, P. Mertens, M. Heyns,

S. De Gendt, C. Glorieux, and S. Brems, Ultrason.
Sonochem. 20, 77 (2013).

13. W. Lauterborn, J. Acoust. Soc. Am. 59, 283 (1976).
14. T. G. Leighton, The Acoustic Bubble (Academic Press,

London, 1994).

Translated by P. Pozdeev

SPELL: 1. preamplified




