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The time sweeps of images of optical breakdown plasma flashes under irradiation of
aqueous solutions of Fe nanoparticles with Nd: YAG laser radiation (λ � 1,064 nm, τ �
10 ns, ν � 10 kHz, ε � 2mJ) are studied. It is shown that the sizes of plasma flares, the
plasma glow intensity, and the time to reach the maximum intensity are concentrated
around certain values. So, for example, the values of 30 μm are most typical for the
maximum size of flares. The maximum luminescence is usually reached in 3–4 ns. It is
found that at initial stage of optical breakdown process the water-vapor boundary moves
at typical speed of 11 km/s and have maximum and minimum values at 15 and 4 km/s
respectively. It is assumed in this work that such a distribution may be associated with the
initiation of breakdown on nanoparticles located in different places of the laser
radiation waist.
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INTRODUCTION

Nowadays, the process of optical breakdown is being intensively studied [1–3]. Practical application
is mainly associated with the process of laser ablation of metal targets in liquids for the generation of
nanoparticles, as well as the LIBS and NELIBS methods, based on the study of plasma spectra
induced by laser radiation on the surface of samples or on nanoparticles [4, 5]. The LIBS technique
can be used to study samples in liquids [6]. It has been investigated that optical breakdown occurs
several times more intense in the presence of impurities in the liquid and, especially, nanoparticles of
various metals [7]. Other distinctive features of optical breakdown in a liquid are the processes of
formation of decay products of liquid molecules as a result of interaction with the breakdown plasma,
intense generation of shock waves, the formation of cavitation bubbles, etc. [8–10]. At the moment,
one of the main directions in this area is the study of the process of optical breakdown of liquids at
early stages, i.e. at the moment of the formation of the breakdown plasma and the formation of the
cavitation area [11]. The practical application of these results is closely related to medicine and laser
surgery as lasers with femto- and nanosecond pulse duration often used in these areas [12, 13].

The aim of this work is to experimentally study the formation and evolution of breakdown plasma
at nanosecond scale over time using a high-speed strip camera.

Edited by:
Laura Stricker,

ETH Zürich, Switzerland

Reviewed by:
Alireza Maleki,

Macquarie University, Australia
Elena Mitroshina,

Lobachevsky State University of
Nizhny Novgorod, Russia

*Correspondence:
Sergey V. Gudkov

s_makariy@rambler.ru

Specialty section:
This article was submitted to

Physical Chemistry and
Chemical Physics,

a section of the journal
Frontiers in Physics

Received: 14 December 2020
Accepted: 06 January 2021

Published: 02 February 2021

Citation:
Baimler IV, Chevokin VK,

Podvyaznikov VA and Gudkov SV
(2021) Case Report: Investigation of

the Time Evolution of Optical
Breakdown Plasma During Irradiation

of Aqueous Solutions of
Fe Nanoparticles.

Front. Phys. 9:641189.
doi: 10.3389/fphy.2021.641189

Frontiers in Physics | www.frontiersin.org February 2021 | Volume 9 | Article 6411891

BRIEF RESEARCH REPORT
published: 02 February 2021

doi: 10.3389/fphy.2021.641189

http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2021.641189&domain=pdf&date_stamp=2021-02-02
https://www.frontiersin.org/articles/10.3389/fphy.2021.641189/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.641189/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.641189/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.641189/full
http://creativecommons.org/licenses/by/4.0/
mailto:s_makariy@rambler.ru
https://doi.org/10.3389/fphy.2021.641189
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2021.641189


METHODS

Fe nanoparticles were obtained using the laser ablation technique
in water. To generate nanoparticles, a Nd: YAG laser was used
with the following characteristics: λ � 1,064 nm, τ � 100 ns, ν �
10 kHz, ε � 1 mJ. Milli-Q water (150 ml) was used as a working
fluid for ablation. The thickness of the liquid layer between the
metal target and the water surface was 2–3 mm. The ablation time

was 30 min. The Fe nanoparticles obtained using the laser
ablation technique were then analyzed in a CPS disc
centrifuge. The studied nanoparticles had a spherical shape
and a unimodal particle size distribution with an average
nanoparticle diameter of 36 nm, Figure 1A.

A schematic view of the experimental setup for studying
optical breakdown plasma is shown in Figure 1B. The
obtained Fe nanoparticles were added to a glass cuvette

FIGURE 1 | (A)- weight distribution of Fe nanoparticles by size (left) and TEM—images of Fe nanoparticles (right). (B)- Diagram of the experimental setup.
1—Laser radiation source, λ � 1,064 nm, τ � 10 ns, ν � 10 kHz, ε � 2 mJ; 2—Laser radiation; 3—Galvano-optical system of mirrors; 4—strip-camera; 5—Experimental
cuvette with a colloidal solution of Fe nanoparticles (n � 109 NP/ml); 6—Peristaltic pump; 7- Digital camera.
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filled with Milli-Q water in a volume of 150 ml. The water in
the cuvette was constantly pumped with a peristaltic pump in
order to weaken the effect of the process of laser fragmentation
of nanoparticles and preserve the initial distribution of
nanoparticles. The added volume of the solution of Fe
nanoparticles was about 50 μL; thus, it was assumed that
the resulting volume of liquid in the cuvette did not change.
The concentration of nanoparticles added to the cuvette was
selected so that the irradiated colloidal solution in the cuvette
contained approximately 109 NP/ml. The specified
concentration of nanoparticles was selected based on the
following considerations. The probability of breakdown at a
given concentration of nanoparticles is close enough to 100%.
At the same time, at such concentrations of nanoparticles, one

laser pulse usually has a single breakdown, as it was shown
in [14].

The radiation of a Nd: YAG laser (λ � 1,064 nm, τ � 10 ns,
ν � 10 kHz, ε � 2 mJ) was focused into the center of the cell.
The size of the laser radiation waist at the focusing point was
about 40 μm, and the laser radiation energy density at the
focus was 160 J/cm2. With the help of a galvano-optical
system of mirrors, the radiation was moved inside the cell
at a speed of 3,000 mm/s. Thus, optical breakdowns
corresponding to successive laser pulses were separated
from each other by a distance of about 0.3 mm. The
movement of laser radiation inside the cuvette is dictated
by the need to avoid overheating of the liquid at one point.
Overheating of the liquid, in turn, leads to the effect of

FIGURE 2 | (A)—Images of an individual flash of optical breakdown obtained with a strip camera (top), images of optical breakdown during irradiation of a colloid of
Fe nanoparticles in the negative (bottom); (B)—Intensity of individual flashes depending on time: Flash duration—8 ns (left), flash duration—15 ns (right).
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thermal defocusing of laser radiation. The irradiation time
was 1 min. The temperature of solution after irradiation did
not change significantly and was 25°C.

Optical breakdown images were obtained using a Canon-75D
digital camera (Japan). A time sweep of the intensity and size of
the optical breakdown was obtained using a VICA-75F strip
camera. The time and spatial resolution of the camera is 1 ns and
10 μm, respectively. The spatial resolution of the camera was
calibrated using the images of plasma flashes from the digital
camera. The average size of one breakdown plasma flash was
measured from the digital camera image and then it was assumed
that this size corresponds to the plasma diameter on strip-camera
images. The average size of breakdown plasma obtained from
digital camera images was 65 μm. The average size of breakdown
plasma obtained from strip-camera images was approximately
35 pxl. Thus, the corresponding calibration coefficient was
2 μm/pxl.

RESULTS AND DISCUSSION

In the experiments, the time evolution of the spatial dimensions and
the intensity of optical breakdown plasma flashes under irradiation
of a colloidal solution of iron nanoparticles was studied. Figure 2A
shows optical breakdown plasma images from the strip camera and
the digital camera. In the experiments, the intensity of the flash glow
wasmeasured as a function of time; the diameter of the flash and the
time tmax during which the glow intensity reached its maximumwas
also measured.

In Figure 2B shows images of two different flashes of breakdown
plasma from a strip camera. It follows from the figure that the lifetime
of an optical breakdown plasma flash is 15 to 30 ns. In this case, the
intensity of the plasma glow reaches a maximum in about 6–7 ns in
both cases. It should be noted that plasma bursts differ in both the
lifetime and the intensity. The maximum intensity for the flash in
Figure 2B (left) is approximately twice the same intensity maximum

FIGURE 3 | (A)- Distribution of plasma flashes depending on the maximum size and the tmax parameter; (B)- Distribution of plasma flashes depending on the
maximum diameter and intensity; (C)—Distribution of plasma flashes over maximum sizes according to the data in Figure 3A. (D)—Distribution of plasma flashes by
maximum size according to Figure 3B; (E)—Distribution of plasma flashes according to the maximum intensity; (F)—Distribution of plasma flashes over time tmax.
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for the image in Figure 2B (right). On the other hand, the flash
lifetimes differ. The half-width of the plasma intensity signal in
Figure 2B (right) is approximately 15 ns, at the same time the half-
width of the plasma intensity signal inFigure 2A (left)—8 ns. Based on
the results presented, it can be assumed that the processes of optical
breakdown and plasma formation in these cases proceed differently.

Figure 3 shows the results of studies of optical breakdown
plasma flashes upon irradiation of aqueous solutions of Fe
nanoparticles. For each plasma outburst, the maximum
intensity value, the maximum size of the outbreak, and the
characteristic time during which the outburst intensity reaches
its maximum value were measured.

As can be seen from the data shown in Figure 3A, the smallest
size of registered plasma flash was 27 μm, and the maximum size
of plasma flashes was 45 μm. It is also shown that there is a
minimum time before which the breakdown does not reach its
maximum intensity. Figure 3A it follows that the lower time limit
is about 2 ns. On the other hand, with an increase in the
localization area, i.e. the maximum size of the flash, there are
no significant changes in the values of tmax. Most flashes reach
their maximum intensity in times of the order of 2.5–3 ns.

It follows from Figure 3B that the scatter of the flash glow
intensity values varies in the range of values from 5 units. up to 21
units, i.e., the spread in the values of the maximum intensity
reaches 400%. Most plasma flashes, as in the case of Figure 3A
have sizes ranging from 30 to 35 microns.

Based on the data from Figures 3A,B, the distributions of the
number of plasma flashes were plotted depending on the
parameters under study, Figures 3C–F. It is shown that the
size of the plasma flashes is localized in the range of values
from 27 to 45 μm. In this case, most of the flashes are
concentrated around 32.5 μm, Figures 3C,D. From Figure 3E
it follows that most of the flashes reach their maximum intensity
in times of the order of 2–4 ns. Also, the largest number of plasma
flashes has intensity values of 5 units. up to 10 units, Figure 3F.

It is assumed that the process of optical breakdown on a
nanoparticle occurs as follows. Laser radiation hitting the
nanoparticle heats the nanoparticle material to ionization
temperatures. After that, a cavity filled with plasma begins to
form around the nanoparticle. The size of the region in which the
breakdown plasma is localized does not exceed the size of the
cavitation region. Based on the data obtained on the size of the
plasma flash and the time tmax, one can estimate the approximate
velocity of the interface propagation, Figure 4. As can be seen
from the figure, for most of the investigated bursts of breakdown
plasma, the velocity with which the interface propagates is
approximately equal to 11000 m/s. It can be seen that all
breakdowns in the figure are located mainly at the upper limit
of the velocity equal to 15000 m/s. The minimum propagation
speed turns out to be about 4,000 m/s. It should be noted that the
values of the velocities of motion of the interface in a similar work
[15] varied in the region from 600 to 2,500 m/s approximately
10 ns after optical breakdown and depend both on the duration of
the laser pulse and on the energy in the laser pulse.

It is also worth noting that breakdowns are limited from below by
themaximumdiameter (i.e., the process is a threshold) Theminimum
size of flashes for the given parameters is most likely limited by the
value of the energy density of the laser radiation and the duration of
the laser pulse. On the contrary, the maximum size should depend on
the value of the deposited energy (the fraction of the laser radiation
breakdown absorbed by the plasma) and the amount of energy loss.
This can be influenced by both the parameters of laser radiation (laser
energy density, pulse duration) and the properties of nanoparticles
(material of nanoparticles, nanoparticle size). For example, in [8], it
was shown that the rate of formation of hydroxyl radicals OH•, which
are one of the main products of the decay of water molecules during
optical breakdown, is significantly affected by the material and size of
nanoparticles used in the irradiated solution. OH• radical—one of the
primary decay products of a water molecule, formed under the action
of breakdown plasma as a result of electron impact. The rate of
generation of primary products should be mainly proportional to the
area of interaction of the breakdown plasma with the surrounding
liquid. Thus, the material and sizes of nanoparticles should affect the
size of the plasma localization region.

CONCLUSION

Thus, thework demonstrates the development of an optical breakdown
plasma upon irradiation of aqueous solutions of iron nanoparticles. It
was investigated that the maximum typical sizes of plasma flashes are
approximately 30–35 μm. In times of the order of 3–4 ns, the
breakdown plasma reaches its maximum intensity. The velocity of
the liquid-gas interface or the velocity of the cavity wall at the moment
of breakdown has a limiting value of 15000m/s. Most of the optical
breakdowns after about 3–4 ns from themoment of plasma formation
are characterized by the velocity of the interfacemovement of 11000m/
s. It was found that themaximum size of plasma flashes is limited from
belowby 26mm,which is presumably related to the parameters of laser
radiation. Presented results can expand the understanding of the initial
stages of optical breakdown in a liquid, what in turn could also find
application in the field of medicine and laser surgery.

FIGURE 4 | Dependence of the maximum diameter of plasma flashes on
the time tmax. The figure shows the maximum and minimum values of the
interface velocity.
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