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The paper investigates the effect of gases dissolved in water on the processes occurring
during the laser breakdown of colloidal solutions of nanoparticles. The dynamics of the
dependences of the plasma luminosity and acoustic signals on the concentration of
nanoparticles under irradiation of colloids of nanoparticles saturated with air, argon, and
molecular hydrogen has been studied. It is shown that irradiation of colloids saturated with
molecular hydrogen and argon leads to an increase in the integral luminosity and integral
acoustic signals in comparison with the control sample saturated with atmospheric gases,
which indicates the obvious presence of the influence of gases dissolved in the liquid on the
optical breakdown process. The most intense acoustic signals, as well as the brightest
breakdowns, were observed when the colloidal solution was saturated with molecular
hydrogen.
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INTRODUCTION

More than a century ago it became clear that the chemical properties of liquids are partly determined
by the gases dissolved in them. In physical processes, the role of gases dissolved in liquids has been
neglected for a long time. Everything changed after the discovery of the oxygen effect in tumor
radiotherapy [1]. The oxygen effect is the property of molecular oxygen present in cells and tissues to
enhance the biological effect of ionizing radiation [2]. It is known that the radiolysis of water
produces hydroxyl radicals, protons, and electrons [3]. In the absence of oxygen, a reactive hydroxyl
radical can indirectly damage biological molecules. Protons and electrons have a lesser effect on
biological molecules [4]. Molecular oxygen is an effective electron acceptor, while a superoxide anion
radical is formed from molecular oxygen, which can effectively damage biological molecules [5]. In
this case, the electron concentration decreases significantly. Later, the oxygen effect was discovered
when aqueous solutions were exposed to elevated temperatures [6], ultraviolet radiation [7], visible
and infrared [8] radiation.

During the process of optical breakdown, the formation of plasma is observed, in which free
electrons play an important role in the absorption of optical radiation [9]. The basis for optical
breakdown is the effect of the development of an avalanche of electrons [10]. In this case, seed
electrons appear as a result of multiphoton ionization of molecules or gas atoms [11]. When laser
radiation interacts with an atom, several photons are absorbed. The ionization of matter occurs,
accompanied by the appearance of a free electron. The electron is accelerated in the field of a laser
wave and, when it collides with other atoms, ionizes them, giving rise to another electron. Then, two
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FIGURE 1 | Scheme of the experimental setup. 1 - Nd: YAG laser; 2 - Galvano-mirror system; 3 - Laser radiation; 4 - Cuvette with colloidal solution; 5 - Film
piezoelectric sensor; 6 - H, and O, analyzers; 7 - Digital oscilloscope; 8 - Digital camera; 9 —Gases supply system.

electrons are accelerated by the field and, in collisions with atoms,
two more electrons are generated. Thus, an avalanche-like
increase in the number of free electrons occurs [12]. It is
assumed that, upon the optical breakdown of aqueous
solutions, gases dissolved in water can significantly affect the
process of an avalanche-like increase in the number of electrons.
For example, it is supposed that oxygen, as an electron acceptor,
can significantly slow down the development of an electron
avalanche. Inert gases should not significantly affect the
process, and gases capable of donating an electron should
accelerate the development of an avalanche of electrons. This
assumption was experimentally verified in work using aqueous
colloidal solutions of nanoparticles saturated with atmospheric
gases, argon, and molecular hydrogen.

METHODS

Cu nanoparticles were obtained using the technique of laser
ablation of solid metal targets in liquid. Milli-Q water in an
amount of 15ml was used as a working liquid for laser
ablation. A detailed description of this technique can be
found in ref. 13. The resulting colloids of nanoparticles
were analyzed using a DC24000 analytical disk centrifuge
(CPS Instruments). The obtained Cu nanoparticles had a
spherical shape and a unimodal size distribution with an
average diameter of d = 82 + 11 nm.

Atmospheric gases, molecular hydrogen, and argon were used
in the experiments. Argon under pressure in cylinders, purity
99.987% (Experimental Technological Plant, Protvina, Russia). A
GVCh-6 molecular hydrogen generator was used as a source of
molecular hydrogen (the purity of the hydrogen produced using
the generator was 99.995%).

Before the experiment, the Milli-Q water in which the air
was initially dissolved was saturated with gases using bubbling.
In this case, the selected gas was bubbled through a thinned
perforated capillary [14]. Water in an amount of 20 ml was
placed in an experimental cuvette and bubbled until complete
saturation. The saturation was monitored by the concentration
of molecular oxygen. Initially, there is about 270 uM molecular
oxygen in water at room temperature and atmospheric
pressure. It should be noted that it was assumed in the
experiment that the concentration of molecular oxygen in
the cuvette did not change during the entire experiment.
However, this assumption is not entirely correct, since it is
known that additional concentrations of dissolved oxygen can
arise both with an increase in the temperature of the liquid [15]
and the presence of cavitation gas bubbles [16]. When bubbling
through a solution of molecular hydrogen and argon, the
concentration of molecular oxygen decreases to 25-30 uM.
The solution was considered saturated with argon and
molecular oxygen after no decrease in the concentration of
molecular oxygen for half an hour. Saturated solutions
contained 618 pM molecular hydrogen and ~1,450 uM
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FIGURE 2| (A) Acoustic spectrum and (B) image of laser breakdown plasma upon irradiation of a colloidal solution of Cu nanoparticles unsaturated with gases
(n = 10" pcs/ml). The parameters measured in experiments are shown schematically in the figure.

argon. In the case of molecular hydrogen, the concentration
was monitored directly, and the argon concentration was
estimated. A schematic view of the experimental setup is
shown in Figure 1.

Cu nanoparticles (seeds for optical breakdown) were added to
a liquid already saturated with molecular hydrogen or argon to
avoid oxidation or reduction. The experiments were carried out
in the concentration range of 10°~10"" nanoparticles/cuveml. The
obtained colloidal solution of nanoparticles in a gas-saturated
liquid was then irradiated by a Nd: YAG laser with A = 1,064 nm,
7 = 10ns, v = 10kHz, E, = 2 m]. The laser beam 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. The movement of the laser beam is required to initiate
optical breakdown in an unperturbed liquid. It is known from
preliminary experiments that changes in the parameters of the

laser beam movement can lead to changes in the measured
breakdown parameters. The values of the beam movement
speed and the length of the movement line are chosen so as to
maximize the measured parameters. After irradiation for 1 min,
the colloidal solution was removed from the cuvette, after which a
solution of nanoparticles of a different concentration was
prepared.

As a result of experiments on irradiation of a solution of
copper nanoparticles in water saturated with gases,
characteristic acoustic spectra of optical breakdown and
images of optical breakdown plasma were obtained, Figure 2.
Figure 2A depicts the acoustic spectrum observed after the
optical breakdown. Acoustic vibrations caused by the optical
breakdown of the colloidal solution were recorded using film
piezoelectric sensors, the signal from which was fed to a digital
oscilloscope (GW Instek GDS-72204E). The method for
recording acoustic pulses was described earlier [17]. The
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FIGURE 3 | Influence of dissolved gases on the characteristics of acoustic signals recorded during the optical breakdown of colloidal solutions of copper
nanoparticles. Dependence of the (A) area under the acoustic signal (B) half-width (C) amplitude and (D) integral area of the acoustic signal on the concentration
of Cu nanoparticles upon irradiation of colloidal solutions of nanoparticles with dissolved air, argon, and molecular hydrogen.

acoustic spectrum (Figure 2A left) shows two peaks (0 and
90 pus). The first peak corresponds to optical breakdown
followed by the formation of a breakdown plasma. After the
breakdown, a cavitation area is formed in the colloidal solution
of nanoparticles, then a cavitation bubble is formed, and its
expansion is observed. This process takes approximately 90
microseconds. The second peak corresponds to the bubble
collapse. In the experiments, the amplitudes of these peaks,
their area, and half-width were estimated (Figure 2A, right).
The amplitude, half-width and area under the peak were chosen
as the measured parameters of the acoustic signal in order to
obtain the most detailed information on how the acoustic signal
changes depending on the influence and what effect the
dissolved gases have on this dependence. The most obvious
in terms of physical meaning is the amplitude of the cavitation
signal. The magnitude of the amplitude determines both the
bubble lifetime and the amplitude of the collapse amplitude. In

turn, the signal of the magnitude of the cavitation amplitude is
determined by the magnitude of the cavitating region. The
acoustic spectrum shown in the figure has negative signal
values, since the initial atmospheric pressure was selected as
zero pressure. The acoustic signal recorded during optical
breakdown is associated with an increased pressure wave,
and negative values are associated with the re-reflection of
the pressure wave from the wall of the cell to which the
sensor is attached. However, in the spectrum, the amplitude
of the acoustic signal was measured from the level at a distance
of 10-15 s from the peak. Also, the integral area of acoustic
signals in the spectrum was measured. Multiple breakdowns
were recorded at oscilloscope sweep times of 200 ps. Integration
was performed over the entire resulting oscilloscope sweep with
several acoustic spectra.

Figure 1 demonstrates the tracks of laser pulses (vertical lines).
Each line consists of separate breakdowns (Figure 1 below). In
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FIGURE 4 | Influence of dissolved gases on the characteristics of plasma luminescence recorded during the optical breakdown of colloidal solutions of copper
nanoparticles. Dependence of (A) the number of breakdowns (B) the average distance between breakdowns (C) the intensity of an individual breakdown, and (D) the
total flash intensity on the concentration of Cu nanoparticles upon irradiation of colloidal solutions of nanoparticles saturated with atmospheric gases, argon, and

Cu NPs concentration, mI”

the experiments, the distance between breakdowns in one track,
the size of individual breakdowns, and the glow intensity were
estimated. Breakdown plasma images were recorded using a 75D
digital video camera (Canon, Japan). The analysis of the obtained
images was carried out using the LaserImage program, a detailed
description of which can be found in ref. 17. To download the
LaserImage program see ref. 18.

RESULTS AND DISCUSSION

In the experiments, the influence of the concentration of copper
nanoparticles on the acoustic signals and light signals of an optical
breakdown plasma under irradiation of aqueous solutions saturated
with molecular hydrogen and argon was studied. The results of the
study of acoustic signals are shown in Figure 3. The influence of
argon and hydrogen dissolved in the colloid is noticeable in the
example of the dependencies of the amplitude and area of the
acoustic signal on the concentration of nanoparticles, Figures 3A,C.

It can be seen from the presented results that acoustic signals in
colloids with dissolved argon and hydrogen become more intense
over the entire studied concentration range. It should be noted that
the half-width of the acoustic signals changes non-monotonically
with an increase in the concentration of nanoparticles, but the effect
of dissolved gases on the half-width of the signal remains
insignificant, Figure 3B.

Figure 2 shows the effect of gases dissolved in colloidal
solutions on the intensity of integral acoustic signals at various
concentrations of nanoparticles. It was found that irradiation of a
colloid of copper nanoparticles saturated with molecular
hydrogen leads to the most intense acoustic signals during the
optical breakdown. This is evidenced by the magnitude of the
peak of acoustic signals at a nanoparticle concentration of 3 X
10° pes/ml. The maximum value of the integral signal in the case
of hydrogen turns out to be 80% higher than the value of the
analogous maximum in the case of dissolved air. Irradiation of
colloids saturated with argon also leads to an increase in the
maximum value of the integral acoustic signals by about 20% in
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comparison with air. It should be emphasized that when
measuring integral acoustic signals the effect of the dissolution
of gases in a colloid is observed only at high concentrations of
nanoparticles in the range from 2 x 10% pcs/ml to 10'" pes/ml.

The shift in the position of the maxima of the amplitude, half-
width, and area of the acoustic signal from the position of the
maximum of the integral acoustic signal can be directly related to
the number of breakdowns observed in the experiment. Since the
integral acoustic signal is proportional not only to the amplitude
of the acoustic signals, but also to the number of breakdowns,
which grows exponentially up to high concentrations of
nanoparticles (10" pcs/ml), as a result, the value of the
maximum is shifted toward high concentrations.

The results of studying the light signals of the optical
breakdown plasma are shown in Figure 4. It was found that
the total number of breakdowns increases exponentially with an
increase in the concentration of nanoparticles (Figure 4A). In
colloids saturated with argon and hydrogen, the recorded number
of breakdowns turns out to be greater than in a colloid saturated
with atmospheric gases. The effect of dissolved gases becomes
especially noticeable when using high concentrations of
nanoparticles  10'°-10" pcs/ml.  So, for example, at a
nanoparticle concentration of 4 x 10'° pcs/ml, the number of
recorded breakdowns for the case with hydrogen, argon, and air is
1,800, 1,300, and 900 pcs, respectively.

As the concentration of nanoparticles increases, the average
distance between breakdowns monotonically decreases in all
irradiated samples of colloidal solutions (Figure 4B). It should
be noted that at low concentrations of nanoparticles (10°~10” pcs/
ml), the largest average distance between adjacent breakdowns in
one track is observed in samples saturated with argon.

The average sizes of individual breakdowns change non
monotonically with an increase in the concentration of
nanoparticles and turn out to be approximately 20% larger when a
colloid saturated with argon is irradiated over a sufficiently large
concentration range n = 10° pcs/ml-10° pes/ml, Figure 4C. With a
subsequent increase in the concentration of nanoparticles, the average
size of individual breakdowns in a colloid saturated with hydrogen
turns out to be the largest, while the size of breakdowns in other
samples decreases. It follows from Figure 4C that, starting with
nanoparticle concentrations of 4 x 10°pcs/ml and higher,
breakdowns in a colloid saturated with hydrogen have the largest
average size. The diameter of such breakdowns turns out to be 20-25%
larger than the diameter of breakdowns in the case of argon and air.

Figure 3 shows that the saturation of a colloidal solution of
copper nanoparticles with argon or hydrogen significantly affects
the integral luminosity of optical breakdown plasma. It has been
established that, regardless of the type of gas, the maximum
values of the integral luminosity of the plasma are observed at a
nanoparticle concentration of 10°~10"° pcs/ml. With an increase
or decrease in the concentration of nanoparticles, the luminosity
intensity noticeably decreases. The most intense integral plasma
luminosity at a nanoparticle concentration of 10°~10'" pcs/ml is
observed when a colloidal solution of copper nanoparticles is
saturated with molecular hydrogen. The value of the integral
intensity turns out to be 20% higher than the intensity when the
control colloid with dissolved air is irradiated. A less intense

Gases Influence on Optical Breakdown

breakdown in luminosity is observed upon irradiation of a
colloidal solution saturated with argon. In this case, the
differences in the values of the maximum integral intensity are
about 12%. It is important to note that during the optical
breakdown of colloidal solutions of nanoparticles at
concentrations of 10°-10° pcs/ml, the highest plasma
luminosity is observed in the presence of argon.

It follows from the above results that, upon the optical breakdown
of colloids of copper nanoparticles, the process of plasma formation
and the form of the acoustic spectrum of shock waves both are
influenced by gases dissolved in the irradiated colloid. The obtained
experimental data indicate the following general tendency upon
irradiation of colloids of nanoparticles with dissolved gases. At low
concentrations of nanoparticles in the range from 10> to 10” pes/ml,
the presence of argon or molecular hydrogen in the colloid leads to
an increase in the overall plasma brightness and intensification of
acoustic signals in comparison with solutions saturated with
atmospheric gases. At the same time, solutions saturated with
argon at these concentrations demonstrate the highest brightness
and the largest amplitude and area of acoustic signals, Figures 3, 4.
At the peak values of luminosity and acoustics at concentrations
from 10” to 10" pcs/ml, a different picture is observed. In this case,
colloids with dissolved argon and molecular hydrogen also
demonstrate an increase in plasma brightness and acoustics
compared to air, except that now colloids with molecular
hydrogen demonstrate the highest values of the studied
parameters. With a further increase in concentration to 10" pcs/
ml, a general tendency is observed in all samples, characterized by a
sharp decrease in plasma luminosity and the intensity of acoustic
signals.

It is known that the optical breakdown of aqueous solutions can
occur on nanosized gas bubbles - bubstones [19]. It was shown that
this process depends on the gas concentration [20]. Can the effects
observed in the above experiments be explained using this concept?
Probably not, since the saturation concentrations of argon,
molecular hydrogen, and oxygen in water do not qualitatively
correspond to the effects observed in the work. Perhaps this
mechanism plays a role, but not the primary one.

It is known that the formation of a breakdown plasma in gases
is directly related to the concentration of electrons capable of
participating in the formation of an electron avalanche [21]. In
the case of optical breakdown in liquids, one should take into
account the influence of the environment on the development of
an electron avalanche [22]. From the experimental results
presented above, it follows that optical breakdown occurs in
three fundamentally different cases, depending on which gases
are dissolved in the liquid.

In the case of air, a certain concentration of oxygen molecules
is present in a colloidal solution, which is a strong oxidizing agent
and an electron acceptor. Oxygen molecules can inhibit the
development of an avalanche of electrons by capturing
electrons and forming a superoxide anion radical. This
interaction ultimately leads to a decrease in the concentration
and energy of electrons in the breakdown plasma, which, in turn,
will lead to a decrease in the brightness of the plasma flash and the
fraction of energy converted into acoustic oscillations. Irradiation
of colloidal solutions saturated with argon, in turn, leads to the
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opposite effect since there are almost no oxygen molecules in such
a solution, which prevent the development of breakdown.

In the case of colloidal solutions saturated with molecular
hydrogen, the following scenario is likely to occur. Hydrogen
molecules, possessing a reduction potential in this case, are a
source of additional electrons, thus contributing to the
development of an electron avalanche. That is why, during the
optical breakdown of colloidal solutions saturated with hydrogen,
the highest values of both the plasma luminosity and the intensity
of acoustic signals are observed (Figures 3, 4), which is especially
noticeable at high particle concentrations.

Since water itself is a multicomponent heterogeneous system
containing, among other things, different amounts of dissolved
gases and nanobubbles, the course of processes in aqueous
solutions can be influenced by the composition of water, as
well as external conditions affecting its composition.

CONCLUSION

The paper investigates the effect of the influence of dissolved gases
on the processes occurring during the optical breakdown of colloidal
solutions of copper nanoparticles. It is shown that the presence of
various gases in a colloidal solution, which can appear, for example,
upon intense stirring of solutions, leads to a significant change in the
acoustic and optical parameters that characterize the laser
breakdown plasma. It has been found that molecular hydrogen
dissolved in a colloidal solution has the strongest effect on the
breakdown process at high concentrations of nanoparticles
(10°-10" pcs/ml). Thus, when analyzing the properties of
solutions, it is necessary to take into account the presence of gas
bubbles in them, as well as take into account the importance of
processes leading to the formation of gas bubbles in a solution (for
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