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Abstract: The problems of controlling the processes of generation of
acoustic waves and microbubbles at the optical fiber tip of moderate-
power surgical lasers with wavelengths of 1.9 pm and 0.97 pum using
active and passive acoustic methods are considered. It is shown that
microbubbles of various sizes can be detected with an ultrasound
method, in which the interaction area is recorded simultancously at two
frequencies. By measuring noise with a receiving transducer of an
ultrasonic locator, we determine the frequency range of the acoustic
signals occurring when large diameter bubbles, including gas-vapor
bubbles, collapse. Model experiments are conducted to detect noise and
bubbles in water and in a water-saturated 1.5% agarose phantom at
various laser powers with an optical fiber tip having a strongly

E-mail: kazak@appl.sci-nnov.ru absorbing coating.

Introduction

Local high-temperature heating of biological tissue
by optical radiation is widely used in laser surgery,
allowing to increase the speed of tissue cutting,
decrease the width of the cutting area and to reduce
wound healing time (Romanos, 2013; Kuznetsova et al.,
2015; Venugopalan et al., 1996). In dentistry, this
method is employed for enamel removal, in vascular
surgery - for vessel ablation (Altshuler et al., 2001;
Romanos et al., 2015; Theivacumar et al., 2008). New
treatment techniques based on the formation of laser
channels in biological tissue by a heated fiber tip are used
in neurosurgery (Sandler et al., 2002). The interaction of
optical radiation with biological tissue is multifaceted and,
in particular, is accompanied by the occurrence of acoustic
noise and the formation of bubbles (Mettin, 2007,
Yusupov et al., 2014). Cavitation bubbles can effectively
disinfect biological tissues, as has been reported in several
studies (Lifshitz ef al., 2005; Verhaagen and Rivas, 2016),
so they attract special attention.

Naturally, the control of the processes occurring in
the area of laser-induced tissue destruction becomes
an important task. The most popular method of
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studying the appearance and formation of bubbles at
the optical fiber tip is the high-speed video monitoring in
water or in a thin layer of a biological tissue phantom
illuminated by an external source (Asshauer et al., 1997;
Li and Li, 2011; Yusupov et al., 2010; Skrypnik,
2015; Belikov et al., 2015). Using this method,
specificities of visible-size bubble generation at the
fiber tip with a strongly absorbing coating were
elucidated and the formation of channels, acoustic
flows, was detected. Of considerable practical interest
are methods of control that allow to more easily
evaluate the cutting process, for example, by acoustic
noise and to determine the formation, presence and
parameters of moving microbubbles, whose
visualization is difficult or impossible. The generated
acoustic noise results from the occurrence, interaction
and collapse of bubbles of various sizes in the bulk of
the medium or on its surface and the processes are
almost simultaneous, making it difficult to categorize
the bubbles by size and define their origin. Part of this
problem can be solved with ultrasound techniques that
are based on remote excitation of bubbles at resonant
frequencies and detection of waves generated by the
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bubbles, the level of amplitude of the waves being
indicative of the bubbles (Kazakov et al., 2016;
Chen et al., 2006; Maksimov, 1997; Leighton et al.,
1996; Vos, 2010). The use of the nonlinear effect, the
parametric excitation of bubbles at the subharmonic
frequency, significantly improves the reliability of
bubble detection (Mansfel’d et al., 2005; 2010;
Daeichin et al., 2015; Zhang and Li, 2015; Zhang et al.,
2015; Wu et al., 2004; Lo et al., 2004; Phelps and
Leighton, 1996).

In this study, we investigate the possibility of
controlling the processes of formation of microbubbles of
different sizes under different conditions by investigation
the area of irradiation with ultrasound waves at two
frequencies in the megahertz range and by analyzing the
generated noise level.

Materials and Methods
Experimental Setup

A schematic representation of the experimental
setup is shown in Fig. 1. The optical radiation sources
were a Alta-ST Laser System from Dental Photonics
(wavelength A = 0.97 pm, maximum power P =22 W,
absorption coefficient in water is 0.47 cm™') and a LS-
1.9 laser from IRE-Polus (1.9 um, 3 W, 92 cm™") with
a silica optical fiber S1 with a diameter of 400 um
(Deng et al., 2012). Prior to experiments at A =0.97 um, a
highly absorbing coating (Dental Photonics
compound) was applied onto the tip of the optical
fiber, resulting in heating of the fiber tip by laser
radiation. Specially developed in IAP RAS ultrasound
locator was used for bubble detection, in which a
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transducer T1 was excited in a long-pulse regime
simultaneously at two frequencies f; = 2.92 MHz and
f> = 0.3 MHz (resonant frequencies of the longitudinal
and radial oscillation modes of the piezoelectric element
of transducer T1). A simplified calculation of an
approximate bubble radius as a function of resonant
frequency has been presented in (Mansfel’d et al.,
2005; Plesset and Prosperetti, 1977; Ainslie and
Leighton, 2011). For sub-harmonic frequencies f,/2 and
/f>/2 the bubbles have radii of 2.6 pm and 22 pum. The
ultrasonic repetition pulse frequency was 5 Hz. The
emitting T1 and receiving T2 ultrasound transducers
were 7 mm in diameter and 20 mm long. Their emitting
and receiving characteristics were measured by an
impedance meter LCR-78110G (GW Instek). Signals
received from the intersection area of ultrasound beams
of the transducers T1 and T2 were registered by an
AKIP-75244B  USB-oscilloscope,  which  used
synchronization from the ultrasound locator and a
sampling frequency of 31.25 MHz. Fifty measurement
cycles of 32.8 ps duration each (1024 counts) were
performed. The spectrum analysis was carried out
with a resolution of 0.03 MHz in the frequency range
0+5 MHz. The analysis region was set by selecting
distances d; = 15 mm and d, = 4+10 mm (Fig. 1). The
measurements were made either in a water-filled
container S3 with sizes 300x220x200 mm (Fig. 1a) or
in a biological tissue phantom placed in a cylinder
70 mm in diameter and 30 mm in height, containing
98.5% water and 1.5% agarose (Fig. 1b).

The T1 and T2 transducers were attached to the
lateral sides of the sample in the center and the optical
fiber was inserted from above.

Fig. 1. (a) Diagram of the experimental setup (b) diagram of the experimental setup

922



Viacheslav Viacheslavovich Kazakov ef al. / American Journal of Engineering and Applied Sciences 2016, 9 (4): 921.927

DOI: 10.3844/ajeassp.2016.921.927

Results and Discussion

Figure 2 shows an oscillogram of the signal (one
cycle) from the output of transducer T2, demonstrating a
multi-frequency signal.

In addition to the signals from generated ultrasound
waves, the T2 transducer receives acoustic noise
originating from the formation and collapse of bubbles
inside the medium or on its surface. When a fiber tip with
a highly absorbing coating is used, bubbles with sizes up
to a few tens of microns form and collapse on the
surface of the coating due to explosive boiling. Part of
these bubbles detach from the tip and collapse some
distance from it. Also, slowly growing vapor-gas
bubbles may form on the tip. They may grow to sizes
comparable with the tip diameter, detach from the tip
and rise to the surface to collapse. When an uncoated
fiber tip is used, at laser radiation with A = 1.9 um
bubbles with sizes reaching up to several mm are
formed and collapse in the medium due to thermal
cavitation. As a result of these processes, the broadband
noise is generated in the medium, which is comparable
to or even exceeds the level of signals detectable by
ultrasonic diagnostic. The upper frequency values
relevant to the analysis can reach 0.4+0.5 MHz and in
this frequency range the noise can mask signals for
frequencies f, and f;/2, making it difficult to detect
microbubbles with sizes of tens of microns. Obviously,
the higher the detection frequency, the lower is the
effect of acoustic noise on the accuracy of
microbubbles detection.

A specific feature of the analysis of signals received
during ultrasonic detection is that the duration of each
cycle being recorded (32.8 ps) is significantly less than the
duration of pulsed signals of acoustic noise and the
recording time 1is not synchronized with their
appearance. As a result, the contribution of acoustic
noise to the change of the level of harmonics and sub-
harmonics of the received ultrasound waves is
significantly reduced, depends on the frequency range
of the analysis and is revealed only in the rare moments
of the collapse of vapor-gas bubbles, because their
spectrum at high frequencies reaches a few MHz. Since
the receiving transducer T2 is a broadband one, it can
be used to analyze changes in the amplitude of spectral
components not only at the frequencies used for
ultrasound detection, but also at an "intermediate"
frequency f;, providing additional information on the
current level of acoustic noise.

Figure 3 shows the dependences of the amplitude
change of the received signals at frequencies f; =
2.92 MHz and f, = 0.30 MHz, their sub-harmonics f,/2 =
1.46 MHz and f,/2 = 0.15 MHz and at the "intermediate"
frequency f; = 0.22 MHz selected to measure acoustic
noise, for measurements in water (Fig. 3a) and in an

923

agarose phantom (Fig. 3b). Lasers with 4 = 0.97 pm
(coated tip, P =22 W) and A= 1.9 um (non-coated tip, P =
3 W) were used in the experiments. Fifty cycles were
recorded during the measurements. The first 8-15 cycles
were recorded with the laser turned off and then the laser
was turned on. At d, <4 mm (Fig. 1) a reflection from the
optical fiber tip is present in the received signal. To
eliminate its effect on the measurement result, the
calculation method described in (Lii and Li, 2011) was
used, in which the first cycle was subtracted from all
subsequent cycles.

It can be clearly seen from Fig. 3a and 3b that the
results of measurements in water and in the biological
tissue phantom qualitatively coincide. The sharp
increase in the amplitude of the subharmonic frequency
f1 indicates that the formation of micron-sized bubbles
begins immediately after the laser is turned on. There
are moments when the number of bubbles drops
considerably. By changes in the amplitude of the
subharmonic frequency f; it is possible to detect the
periodicity of the micron bubbles formation. Bubbles
with sizes of about twenty microns in gel behave more
stable, their number is approximately constant over
time. The values of the amplitudes for frequencies f;
and f, reflect both the changes in impedance of the
medium at the detection site due to bubble formation
and the changes in the structure (in the agarose
phantom). That is why the dependence of the amplitude
changes over time is more complex and it is difficult to
reliably determine the level of bubble generation by
changes in the signal amplitudes at frequencies f; and
/f>. The change in the harmonic amplitude at frequency
/> reflects well the occurrence of noise when the laser
is turned on and the noise is quite stable. It is obvious
that only the analysis of signal changes at all of these
frequencies can provide reliable information on the
results of interaction of optical radiation with the
medium. Changes in the “structure” in the interaction
region can be determined by ultrasound at frequencies
of megahertz range, the formation of bubbles with
sizes from several to tens of microns can be detected
by measuring the level of sub-harmonics and the
progress of the interaction of optical radiation with a
fluid or biological tissue can be monitored by
measuring the noise level at a frequency chosen in the
range of 0.1+0.5 MHz.

Figure 4 shows the dependences of the signal
amplitudes for various frequencies versus power and
wavelength of laser radiation in water and in an agarose
phantom. Averaging was performed for a period of 3 s.
For a laser with 4 = 0.97 um (thin lines in Fig. 4) the
changes in the amplitude at all frequencies clearly
indicate that at p>10 W the coating of the fiber tip
begins to degrade. Additional measurements showed
that the time at which the absorbing coating remains
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stable at high powers is limited to tens of seconds.
Increasing the power from 1 to 3 W for a laser with
high attenuation (4 = 1.9 pum, thick lines in Fig. 4a)
leads to an almost linear increase in signal amplitudes
at frequencies fi/2 and f,/2 and hence to a number of

1.5 4

bubbles in the 1.5+20 um range. This "linear" character
of the dependence of the sub-harmonic amplitude level
on power is important for practical use, as it permits to
regulate saturation of water with microbubbles of a
particular size by varying the power of laser radiation.
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Fig. 2. Typical oscillogram of the signal for dual-frequency ultrasound detection

u -M
1,2
B .20 1
3 13
=
=
=% .
E 40
f,12
L
'Eu I T T T T 1
0 fo 2 10

Time, s

Amplitude

0 o 2 4 Time. s 6 8 10

Fig. 3. Dependences of the change of amplitudes of the received acoustic signals at various frequencies for measurements in water (a)

and in an agarose phantom (b)
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Fig. 4. The dependence of amplitudes of received acoustic signals at various frequencies on power and wavelength of laser radiation in

water (a) and in an agarose phantom (b)
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Fig. 5. Signal spectra at laser irradiation in water (a) and in an agarose phantom (b) for various P and 4
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Fig. 6. Changes in the signal amplitude at the frequency of 0.22 MHz when irradiating in water for various powers of laser

radiation at A = 1.9 um

The maximum values of signal spectra for
measurements in water and in an agarose phantom are
shown in Fig. 5a and 5b for A =0.97 um (P = 20 W) and
A =197 um (P = 3 W). It is evident from these figures
that when irradiating in water the maximum energy of
the received signals is in the frequency range of
0+0.4 MHz and the peak amplitudes may exceed the
noise up to 30 dB. The collapse of gas-vapor bubbles
leads to a short-term increase in noise up to 40 dB and
the upper frequency value can increase up to a few
megahertz. This effect is manifest in a sharp (during
one ultrasound signal, i.e., 0.2 s) increase in amplitudes
of individual spectral components. As an example, on
Fig. 6 shown the amplitude change of the received
signal at the f; frequency for measurements in water
(4 = 1.9 um). It can be seen that the level of the
received signal increases with increasing laser power
and the signal bursts indicating the formation and
collapse of vapor-gas bubbles are more frequent.

The spectrum of the signal received by the transducer
T2 in the agarose phantom is significantly different from
that measured in water (Fig. 5b). This is due to the fact
that in the agarose phantom, in addition to the reflection
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from the fiber tip and bubbles, there is also a reflection
from the altered structure of the phantom, since the optical
radiation quite quickly forms a cavity filled with water
and gas in the phantom near the fiber tip. Upon reaching a
certain size, the reflection of ultrasound waves from this
cavity becomes dominant and the signals from the fiber tip
and bubbles are masked.

Conclusion

It has been experimentally demonstrated that by
using a dual-frequency ultrasound locator and by
additionally passively receiving acoustic signals with the
receiver of the same locator, it is possible to monitor
processes associated with laser-induced generation of
bubbles near the optical fiber tip. This method allows the
detection of: (1) The formation of bubbles of different
sizes, ranging from a few to tens of microns, (2) the
moment when the laser is turned on, (3) the collapse of
vapor-gas bubbles and (4) the degradation of the fiber tip
coating. It has been shown that only the multi-frequency
signal analysis is able to provide reliable information on
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the current process of interaction of optical radiation
with the medium. Furthermore, this process can be
controlled. For example, by varying the laser power
according to the level of subharmonic amplitude, one
can automatically control the saturation of the
medium (water or biological tissue) with bubbles of a
particular size. It has also been shown that the laser
radiation at 4 = 1.9 pm, having a significantly lower
(7-10 times) radiation power, generates the same level of
acoustic noise as the laser radiation at A =0.97 pm.
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