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The study investigates the spectra of acoustic signals generating during the optical

breakdown of colloidal solutions of iron nanoparticles. A characteristic form of the

acoustic spectrum has been experimentally established, a distinctive feature of which

is the presence of signals from an expanding and collapsing gas bubble. It is shown that

the amplitude and area of these acoustic signals depend on the concentration of

nanoparticles in the irradiated colloid. The effect of the concentration of nanoparticles

on the bubble lifetime corresponding to the time interval between the acoustic spectrum

signals corresponding to the birth and cavitation of a gas bubble has been studied.
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INTRODUCTION

Almost simultaneously with the emergence of the first works on the study of optical breakdown in
gases, works devoted to the acoustics of optical breakdown began to appear [1–3]. The study of shock

waves continued after the start of the study of optical breakdown in liquid media [4–6]. The main
distinguishing feature of optical breakdown in liquid media should be considered the intense
interaction of the breakdown plasma with the environment. On acoustic spectra, this interaction
manifests itself in the form of signals of cavitation gas bubbles formed after the liquid boils up. In
particular, the moments of the formation of cavitation bubbles and the moments of their collapse are
quite well distinguishable in the acoustic spectrum. The processes of formation of cavitation bubbles
and their propagation in a liquid during laser breakdown are also well investigated [7–9]. In the
existing models describing the life of cavitation bubbles, it is assumed that the size of the bubble from
the moment of its birth increases monotonically until a certain moment, and then sharply decreases
[10–12]. The lifetimes of cavitation bubbles are usually tens of microseconds, and their sizes vary
within a few microns. It is known that the dynamics of cavitation bubbles is influenced by various

parameters, including the temperature of the liquid [13] and its viscosity [14]. However, it is still
unknown how the impurities dissolved in the liquid affect the formation and life of cavitation
bubbles.

In recent studies on the acoustics of laser breakdown, it was shown that, in addition to cavitation
bubbles, the concentration of impurities dissolved in a liquid has a significant effect on the shape of
the acoustic spectrum [15]. At present, the acoustic spectra of optical breakdown on individual
nanoparticles have not been studied. There are only indirect data that suggest that, in the presence of
nanoparticles, changes in the characteristics of acoustic spectra are possible due to the dynamics of
the formation of cavitation gas bubbles. In this work, the acoustic spectrum of optical breakdown in a
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liquid on individual metal nanoparticles is obtained for the first
time. It was established for the first time that the characteristics of
the acoustic spectrum during optical breakdown largely depend

on the concentration of nanoparticles in the medium. It was
found that an important characteristic of the acoustic spectrum of
optical breakdown in a liquid on individual metal nanoparticles is
the collapse time of cavitation bubbles (or its lifetime).

METHODS

Iron nanoparticles were obtained using the technique of laser

ablation of a metal target in water. A detailed description of this
technique can be found in [16]. The resulting colloidal solutions
of iron nanoparticles were analyzed in a CPS disk centrifuge. This
method is based on the principle of sedimentation in
environments with variable density. The details of the method
have been described earlier [17]. The shape and topology of the
surface of nanoparticles was investigated using transmission
electron microscopy [18]. The nanoparticles obtained by
ablation have a spherical shape and a unimodal size
distribution with an average diameter of d � 35 ± 7 nm.

A schematic view of the experimental setup is shown in

Figure 1. Radiation of a Nd: YAG laser (λ � 1,064 nm, τ �

10 ns, ν � 10 kHz, ε � 2 mJ) was focused using a galvano-mirror
system in the center of a glass cuvette filled with an aqueous
solution of Fe nanoparticles and could move with speed
3,000 mm/s along a line 10 mm long inside the cuvette.
Irradiation took place at various concentrations of Fe

nanoparticles in the range from n � 104 pcs/ml to n �

1012 pcs/ml. The irradiation time was 2 min.
The acoustic spectrum of laser breakdown was recorded using

a film piezoelectric sensor connected to a digital oscilloscope
(GW Instek GDS-72204E). The sensor was attached to the inner
wall of the cuvette so that the plane of the film was parallel to the
scanning line of the laser radiation. The sensor area is about
1 cm2. Simultaneously with the acoustic signals, the plasma light
signals were recorded using a pin photodiode directed along the
line of movement of the laser beam and a digital oscilloscope.

The signal from the laser radiation was recorded using a pin
photodiode and a reflecting mirror (0.64%). The reflecting mirror
was positioned at an angle of 45° relative to the laser radiation
propagation line. Thus, a small part of the radiation fell on the pin

photodiode, while the main part of the radiation was focused
inside the cuvette.

The photodiodes were synchronized with the oscilloscope so
that the laser signal triggered the digital oscilloscope sweep. Thus,
the simultaneous recording of the acoustic signal, the light signal
of the plasma, and the signal from the laser radiation were made.

To analyze the data, the LaserCav program was developed in
the Pascal programming language (Lasarus IDE). The algorithm
determines the position of light and acoustic pulses in time in
relation to synchronization pulses, the amplitude of light and
sound pulses. Next, the program calculates the statistical
parameters of a specific experiment: the total number of sync

pulses, the total number of acoustic pulses, the average amplitude
of acoustic pulses, the average integral amplitude (area under the
curve) of the acoustic pulse, the average delay of the acoustic

FIGURE 1 | Scheme of the experimental setup: 1 Nd: YAG laser (λ � 1,064 nm, τ � 10 ns, ν � 10 kHz, ε � 2 mJ); 2 Galvano-mirror system; 3 Reflective mirror; 4

Laser radiation; 5 Pin photodiode; 6 Cuvette with an aqueous solution of Fe nanoparticles; 7 Pin photodiode; 8 Film piezoelectric sensor; 9 Digital oscilloscope.
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pulse, the probability of generating the first, second and third
acoustic impulses, the total number light pulses from plasma, the
average delay of the light pulse, the average integral amplitude
(area under the curve) of the light pulse. The program interface
provides for the construction of correlation graphs for various
parameters of the detected pulses. The data were analyzed using
GraphPad Prism eight and Excel software and were presented as

means ± SEM. Data from at least three independent experiments
were used for averaging.

RESULTS AND DISCUSSION

Figure 2A shows the life stages of a cavitation gas bubble from the
moment of its formation to the moment of collapse, compared

with the typical acoustic spectrum and signals from pin diodes
obtained in the experiment, Figures 2B,C. It follows from the
figure that a single laser breakdown is characterized by an
acoustic signal consisting of two peaks, which correspond to
various physical processes. The first peak is responsible for
thermal expansion and the formation of a cavitation area filled
with water vapor. This cavity then forms a cavitation bubble.
Over time, the cavitation bubble begins to grow in size. Upon
reaching a certain size, a sharp decrease in the size of the bubble
occurs; the bubble collapses.

According to the results presented (Figure 2), the laser

breakdown process occurs as follows. At the initial moment,
laser radiation hits a metal nanoparticle and is actively absorbed.
Intensive heating of the nanoparticle material and breakdown
plasma occurs. After the end of a laser pulse with a duration of
10 ns, the signal coming from the breakdown plasma reaches its
maximum and then begins to decay within the next 10 ns. It is
found out that from the moment of registration of the laser signal
to the moment of registration of the acoustic signal,

approximately 2 μs passes. Certain time after the formation of
the cavitation bubble, the second signal is recorded on the
oscilloscope. The time between two acoustic signals is
described by the bubble collapse time. Figure 2C, it follows
that the bubble collapse time is approximately 90 μs.

Figure 3 shows the results of experiments on the irradiation of
aqueous solutions of iron nanoparticles of various concentrations.

In the experiments, the dependence of the areas and amplitudes of
acoustic signals of cavitation and collapse on the concentration of
nanoparticles was studied. The figure shows the values of the signal
areas and amplitudes averaged over 10 experiments. As can be seen
from the results presented (Figures 3A,B), the values of the areas
and amplitudes of cavitation and collapse correlate quite well with
each other at concentrations ranging from 104 pcs/ml to 108 pcs/ml.
With an increase in concentration to 1013 pcs/ml, the amplitude and
area of the cavitation signals begin to grow, while the amplitude and
area of the signals associated with the collapse of bubbles, on the
contrary, monotonically decreases. Comparison of the amplitudes

of cavitating and collapsing signals (Figure 3C) shows that with an
increase in the concentration of nanoparticles in solution, the ratio
of the amplitude of collapse to the amplitude of cavitation
monotonically decreases from 0.8 at a concentration of
104–105 pcs/ml to 0.15 at a concentration of 1013 pcs/ml.

In the experiments, the dependence of the bubble collapse time
on the amplitude of the cavitation signal was also investigated.
The research results are shown in Figure 4A). It is established
that with an increase in the amplitude of the cavitation signal,
there is a monotonic increase in the time during which the gas
bubble collapses, Figure 4B). The dependence of the amplitude of

the acoustic signal of cavitation on the concentration of
nanoparticles obtained during the experiment and the
dependence of the collapse time on the value of the amplitude
of cavitation makes it possible to plot the dependence of the time
of collapse on the concentration of nanoparticles, Figure 4C.

FIGURE 2 | (A) Schematic representation of the development of a cavitation bubble after an optical breakdown of a colloidal solution of nanoparticles, (B) signals of

laser radiation and breakdown plasma, (C) acoustic spectrum recorded during cavitation and collapse.
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Experimental results show that the presence of various

concentrations of impurities in a solution can significantly
affect the course of processes accompanying the laser
breakdown of colloidal solutions of nanoparticles. It is worth
pointing out the general trend observed in various experiments
on measuring acoustic signals. At low concentrations of
nanoparticles (n � 103–108 pcs/ml), very few breakdowns of the
colloidal solution are observed. In this case, a small number of
particles are encountered in the path of propagation of laser
radiation. Usually, at these concentrations, a single breakdown
occurs per one laser pulse. In this case, the amplitudes and areas of
cavitation and collapsing signals in the spectrum do not differ

significantly. However, a fairly large spread in the amplitudes and
areas of acoustic signals is observed, which indicates that the
breakdown is most likely of a probabilistic nature and occurs
on particles of different sizes, located at different distances from the
focus, etc. In other words, the impurities are far enough away from
each other, and the value of the energy absorbed by the particles
can vary greatly, which ultimately leads to significant differences in
the acoustic spectrum. The amplitudes of the acoustic signals of

collapsing bubbles are proportional to the size of the bubble before

the moment of collapse. From the moment of formation, the
cavitating bubble begins to expand. In the case of low
concentrations of nanoparticles, the bubble lifetime is limited
from below only by the laser radiation frequency. Consequently,
the collapsing bubblemanages to reach its maximum size during its
entire lifetime before collapsing. It should be noted that these
regularities persist when colloidal solutions are irradiated for tens
of minutes. This correlates with a number of facts known from the
literature. So the rate of generation of hydrogen peroxide did not
change for 1 h during the optical breakdown of the colloidal
solution of gold nanoparticles [15]. Similar results were

obtained for the hydroxyl radical, one of the main products of
water decomposition during optical breakdown [19].

On the other hand, at higher particle concentrations (n �

109–1013 pcs/ml), an increase in the area and amplitude of
cavitating signals is observed, but at the same time, a
simultaneous decrease in the area and amplitude of the
collapse is presented. In this case, the probability of an optical
breakdown on a nanoparticle becomes close to 100%. In this case,

FIGURE 3 | Dependence of the areas and amplitudes of acoustic signals on the concentration of Fe nanoparticles in the case of: (A) cavitating gas bubbles; (B)

collapsing gas bubbles and (C) the ratio of the amplitudes of the acoustic signals.
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more than one breakdown can sometimes occur per laser pulse. In
the case when the average distance between particles becomes

sufficiently small, breakdowns can form, uniting several
nanoparticles. In such cases, both the size of the formed
breakdown plasma and the size of the subsequent cavitation
cavity increase, which ultimately leads to an increase in the
intensity of acoustic signals. An increase in the area and
amplitude of cavitation signals at high concentrations (n �

1011–1012 pcs/ml) is presumably associated precisely with the
high probability of breakdown, the close arrangement of
particles (i.e., centers of breakdown formation), and the ability
of individual breakdowns to combine with each other. At a high
concentration of nanoparticles in the caustic of the laser beam,

several optical breakdowns can occur. Obviously, the signal caused
by cavitation will be one. This is due to the fact that the laser pulse
time is several nanoseconds, which is much higher than the
resolution of our system. In this case, the signals of bubble
collapse will occur at different times and we will detect them.

With an increase in the intensity of cavitating signals at high
concentrations, the intensity of the collapse signals should also
increase. However, this effect is not observed experimentally. It
follows from Figure 3 that at high concentrations of nanoparticles
(n � 1011–1012 pcs/ml), the bubble lifetime does not exceed 100 μs,
but the amplitude of cavitation signals continues to increase. This
may be since, in the case of high concentrations, cavitation bubbles

are formed in a nonequilibrium medium and can be influenced by
numerous neighboring breakdowns, nanoparticles, neighboring
collapsing bubbles, etc. These factors can have a significant

impact on the process of expansion of the cavitation bubble and
lead to an earlier collapse.

It should be noted that the fundamental results we have
obtained make it possible to obtain new data on the processes
occurring during the optical breakdown of the medium on
individual nanoparticles and other nanoobjects [20–22]. The data
obtained can in the future form the basis of a new acousticmethod for
rapid assessment of the concentration of nanoparticles in a solution.
Moreover, we believe that in the future, the conducted acoustic study
will make it possible to quickly and accurately investigate the
processes occurring during optical breakdown in liquids.

CONCLUSION

In this work, we investigated the acoustic spectra of shock waves
formed at the moments of cavitation and the collapse of gas bubbles
during the optical breakdown of colloidal solutions of Fe
nanoparticles. The effect of the concentration of nanoparticles on
the shape of acoustic spectra is shown experimentally. At low
concentrations of nanoparticles (n � 103–108 pcs/ml), acoustic
signals of cavitation and collapse are well correlated with each

other. A fairly strong scatter in the values of amplitudes and
areas with varying concentrations in this range is due to the
probabilistic nature of the breakdown. At high concentrations of
impurities (n � 109–1013 pcs/ml), cavitating signals are characterized
by increased intensity, presumably due to an increase in the
breakdown probability and the ability of several breakdowns to

FIGURE 4 | (A) Acoustic spectra of laser breakdowns with different bubble lifetimes (n � 6); (B)Dependence of the bubble lifetime on the signal amplitude (n � 9), (C)

Dependence of the cavitation signal amplitude and the gas bubble lifetime on the concentration of nanoparticles (n � 3).
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combine into larger ones. The lifetime of cavitating bubbles
monotonically increases with increasing cavitation amplitude.
However, at high concentrations, cavitation bubbles are in a
nonequilibrium medium, as a result of which their lifetime

decreases with increasing concentration. In other words, it has
been shown that the physicochemical properties of the structural
components of solutions (for example, the lifetime of cavitation
bubbles) can differ significantly depending on the level of solutes (for
example, nanoparticles), which can explain the previously shown
differences in the properties of the solvent in highly concentrated
and highly diluted solutions. In general, the physicochemical
properties of aqueous solutions change non monotonically as the
stock solution is diluted.
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