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Abstract

A continuum-atomistic model that describes nonequilibrium thermal, hydrodynamic,
and electronic processes in metals that occur under the action of ultrashort (fs, ps) laser
radiation has been developed. A detailed study of two mechanisms of ultrashort laser ablation
of Cu was carried out: fast - Coulomb, determined by Coulomb forces, and slow - thermal,
realized in the unloading wave after the end of the laser pulse. Modeling showed that the
excess nonequilibrium pressure of collectivized electrons plays a leading role in the formation
of a strong electric field at the metal-vacuum interface. This effect can be taken as the basis
for the Coulomb explosion in metals. The main feature of the work is the widespread use of
modern visualization tools for processing and presenting simulation results.

Keywords: ultrashort laser ablation, Coulomb explosion in metal, continuum-atomistic
model, dynamic imaging, electric double layer.

1. Introduction

Ultrashort laser ablation is one of the most promising areas for a wide range of new laser
applications in materials science [1], nanotechnology [2, 3], biomedicine [4-6], etc. A
detailed study of the mechanisms of ultrashort laser ablation of metals [7, 8] and
semiconductors [9, 10] is of great importance for all applications. Due to the large variety of
processes involved, which are characterized by a strong spatio-temporal multiscale, such
studies present a complex problem. Over the past years, despite the difficulties, not only
practical [11, 12] but also fundamental interest [13, 14] still remains in the study of processes
initiated by ultrashort laser action.

In experimental studies [15—18], it was found that at least two different mechanisms
contribute to the ablation of semiconductors (Si) and metals (Fe, Au, Cu). One mechanism is
associated with the release of high-speed particles with an energy of about 5-7 eV. Another
mechanism results in the ejection of slow thermal particles with lower energy. Using time-of-
flight (TOF) mass spectrometry, bimodal velocity and energy distributions of nanoparticles
during femto- and picosecond laser ablation of metals and semiconductors were
experimentally measured in these works. It follows from the experiments that the
determining factor for the processes under consideration is the time scale on which the laser
pulse energy is released in the substance. The observed spectra with a two-peak distribution
of particles consisted of two components - a high- and a low-energy component. Obtaining
distinct bimodal structures with two different maxima in the velocity and energy distribution
of nanoparticles ejected from irradiated metal surfaces indicates that at least two different
mechanisms contribute to ultrashort laser ablation. Along with traditional thermal and
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hydrodynamic processes, a distinctive feature of ultrashort laser action on metals is the
presence of ultrafast electronic processes.

The predominance of thermal and hydrodynamic processes forms the basis of the
mechanism of thermal ablation, during which the main removal of matter occurs. This
mechanism belongs to the slow ones, since the release and transformation of the laser pulse
energy in it occurs on a picosecond time scale.

The mechanism of fast nonthermal ablation is based on fast electronic processes
associated with electric fields. Nonthermal ablation occurs near the main ablation threshold
and tends to remove hot electrons and accelerated ions from the thin surface layer. Fast
electronic processes can lead to the Coulomb explosion (CE), the concepts of the physical
mechanisms of which for metals [19, 20] and semiconductors [15, 21, 22] have not been
finally formulated and are the subject of considerable scientific interest [23—25].

In the field of determining the dynamic characteristics of laser-induced nonequilibrium
processes, the experimental approach, which is traditional, has limitations. Because of this, it
is important to use a theoretical approach, the main tool of which is mathematical modeling.
At present, two classes of models are most common: continuum, describing phenomena at
the macrolevel [26—30] and atomistic, giving an idea of the phenomenon at the microlevel
[31—38]. Recently, hybrid continuum-atomistic models have been developed [39, 40], which
combine the advantages of continuum models, which make it possible to model electronic
excitation under the action of ultrashort laser radiation, and atomistic models, which allow
tracking the motion of each molecule or atom, modeling detailed ablation and phase
transitions after target irradiation with ultrashort laser radiation impulses. A feature of the
action of ultrashort super-powerful laser radiation on metals is the high rate and volumetric
nature of energy release in the electronic component, leading to a strong deviation from the
state of local thermodynamic equilibrium. The complexity of the mathematical description of
the processes induced by laser radiation underlying laser ablation is due to the occurrence of
these processes under conditions of strong nonequilibrium, which must be adequately taken
into account in theoretical models.

In [26], based on the developed continuum hydrodynamic model, which combines the
description of nonequilibrium thermal, hydrodynamic, and electronic processes, a detailed
study of the mechanisms of fs-laser ablation of an Al film was performed. The behavior of the
electrostatic field was described in terms of an electric double layer (EDL) [27]. The main
feature of statement of EDL in the hydrodynamic approximation was the presence of a direct
relationship between the electron pressure gradient dP."¢/0x and the electric field strength
E,, in contrast to drift-diffusion models [23, 24], which makes it possible to study various
ablation mechanisms within the framework of a single mathematical model - fast non-
thermal, determined by Coulomb forces, and slow, realized in a hydrodynamic unloading
wave. Modeling showed that the excess nonequilibrium pressure of collectivized electrons
plays a leading role in the formation of a strong electric field at the metal-vacuum interface.
This effect can be taken as the basis for the Coulomb explosion in metals.

Validation of the obtained results showed a good qualitative agreement with the
experimental data [17, 18]. Further detailing of studies in order to obtain more complete
information, including the quantitative component of the occurring phenomena, is associated
with the development and application of mathematical models of the microscopic level, called
atomistic ones. Typically, an atomistic model consists of 2N classical equations of motion,
where N is the number particles (atoms, ions) included in the sample under study and is of
the order of (1 - 10)x10°. The numerical solution of such systems of equations is associated
with a large amount of calculations and the complexity of processing and presenting the
obtained results.

Considering this circumstance, a continuum-atomistic model was developed to describe
the mechanisms of ablation, Coulomb explosion, and spallation of a metal target.



This article presents the results of mathematical modeling of the occurrence of a Coulomb
explosion in metals under the influence of fs-ps-laser pulses on the example of copper (Cu),
obtained using a new continuum-atomistic model.

A large role in the presentation of the results belongs to visualization. High-quality
visualization of the results can enhance the value of the obtained information and begins to
play not just the role of displaying (building) images, but is being transformed into a full-
fledged component of scientific research. Since the results of mathematical modeling, as a
rule, are represented by a large amount of information, their further use for intellectual
analysis, demonstration, and training is associated with the need for space-time display of
highly unstable regimes of phase transformations, Coulomb explosion, stratification of
matter, etc. Recently, the visualization of scientific results has received rapid development
[41]. Not a single scientific report, both experimental and theoretical, is published without
visualizing the results obtained, mainly using static illustrations. Although dynamic
visualization [42, 43] has many more possibilities, which allows illustrating the development
of a phenomenon in dynamics, thereby raising the presentation and analysis of scientific
results to a qualitatively higher level. Dynamic visualization in scientific publications remains
quite rare, since its key difference from static one is the use of animation, as a result of which
traditional paper media - books, magazines - no longer correspond to such a representation of
information. To use dynamic visualization in the presentation of scientific results in the
article, modern multimedia equipment is required, at least what is offered by the most
common Internet browsers today. And for the publication of such articles, specialized online
publications are needed [44,45].

To present the simulation results obtained in this article, dynamic visualization is used,
which makes it possible to show the spatiotemporal evolution of the ablation of a copper
target under the influence of ultrashort (fs, ps) laser radiation.

2. Mathematical statement of the problem

The formulation of the problem of laser action on a metal is as follows: a laser radiation
flux (Fig. 1) of a Gaussian shape (Fig. 2) is incident on the surface of a metal target (Cu)
placed in vacuum along the time coordinate t, wavelength A, maximum intensity Go and
duration t. Part of the radiation is reflected by the surface (0<R<1, R is the reflection
coefficient). The rest of the radiation A = (1-R) is absorbed by the electronic component of the
metal. The features of the problem under consideration are determined both by the regime of
laser action and by the properties of the irradiated material (metal).
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Fig. 1. Scheme of laser action on the Fig.2. Time profile of the laser pulse
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The duration of the action of ultrashort pulses turns out to be shorter than the relaxation
times of all the main processes, and the absorbed energy of the laser pulse is released in the
electronic component, leaving the lattice cold for the time required to transfer energy from
heated electrons to the lattice. For this reason, all processes induced by laser radiation:
electronic, thermal, hydrodynamic, including phase transformations underlying laser
ablation, proceed under conditions of strong nonequilibrium, which must be adequately



taken into account in the mathematical model. One of these effects is the action of the
pressure of collectivized electrons in a metal under conditions where the temperatures of the
electronic and ionic subsystems differ by tens of thousands of degrees. Accounting for the
pressure effect of the electronic component leads to the need to formulate and solve the
problem of the electric double layer (EDL), which was considered in detail earlier in [27].

3. Modeling of EDL

According to the quantum mechanical theory of Sommerfeld [46, 47], the electron
subsystem is a degenerate Fermi gas of free collectivized electrons. The ionic subsystem
consists of heavy positively charged ions, which are considered immobile. In the initial state,
it is assumed that the metal is in a state of thermodynamic equilibrium and quasi-neutrality.
Collectivized electrons in the thickness of the metal, up to quasi-neutrality, have a constant

density p,and freely move through the lattice formed by bound ions. The ions also have a

constant density p; up to the boundary with vacuum x=L, where the ion density abruptly
decreases to zero. Atoms and ions at the vacuum-metal interface (surface) exhibit different
properties than atoms and ions in the volume of a phase or material, since they are in a
different environment. This is determined primarily by the fact that the surface of a solid
metal is always charged, due to the fact that it is formed by the ions that make up the solid.

Under the influence of the pressure of the electronic component P, collectivized electrons
are squeezed out beyond the metal surface towards vacuum, which leads to the violation of
quasi-neutrality and the appearance of an electric field. As a result, the presence of a surface
charge leads to the formation of a thin double electric layer formed by two spatially separated
layers of electric charges of different signs. The resulting electric field, which prevents the
escape of electrons to infinity, contributes to the establishment of electrostatic equilibrium, in
which the positive charge of the metal surface is compensated by the negative charge of the
electron cloud from the vacuum side.

External action in the form of ultrashort superpower laser pulses on collectivized
electrons can lead to a nonlinear response of the electronic component. This effect can be
used as the basis for the mechanism of ultrafast (several hundreds of femtoseconds) low-
density laser ablation, which was experimentally observed in the studies [15—18]. Under the
appropriate conditions, the same effect can lead to a Coulomb explosion.

To represent the electronic processes in the EDL, we used the hydrodynamic description
developed in [27] for the continuum model [26]. In this paper, the description of the EDL is
adapted for a new hybrid model, which made it possible to obtain a relationship between the
nonequilibrium electron pressure gradient and the electric field strength and to explicitly
calculate the specific volumetric electric field strength required for the occurrence of a
Coulomb explosion.

The main difference between the proposed mathematical formulation of the EDL
problem and the widely used drift-diffusion formulations [23, 24] is the presence of a direct
relationship between the electron pressure gradient and the electric field. This dependence
follows from the hydrodynamic (macroscopic) description of the processes in the EDL. In the
quasi-stationary approximation, the mathematical formulation of the EDL is reduced to two
problems connected by a common boundary and conventionally called internal and external.

Inside the condensed phase:

oP.(n,,T,)/ox=—en.E,
(1)
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In the outer domain:
oP,(n,,T,)/ox =—enE,
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Boundary conditions:

Ne(-00)=2zno, Ex(-0)=0 (3)
The condition of continuity is satisfied on the metal surface:
N, (Flv _) =N, (rlv +)’ Ex (Flv _) = Ex (F|v+) 4)

where accordingly: e, o, Ex are the electron charge, dielectric constant and electric field
strength; no, z are the concentration of ions in the condensed phase and their degree of
ionization; Pe(ne,T.) is the total pressure in the electron gas.

4. Combined nonequilibrium continuum-atomistic model

The problem of modeling ultrashort laser action on a metal is described in a single-
velocity two-temperature approximation by a combined continuum-atomistic model. For the
electron subsystem and the electric double layer (EDL), in contrast to the formulations of
other authors [23, 24], the continuum approximation of the hydrodynamic level is used. The
molecular dynamics representation is used to describe the motion of heavy particles (ions).

In the atomistic formulation, the computational domain (Fig. 3) in the form of a
parallelepiped extended along the X axis is completely filled with particles along the Y, Z-
axes, and partially along the X-axis, interacting with each other through the EAM potential
developed for copper in [48]. The particles form a single crystal with the corresponding
crystal lattice (fcc, bee). Their average kinetic energy corresponds to an initial temperature of
300 K. Periodic boundary conditions are imposed in the Y and Z directions, thereby reducing
3-D molecular dynamics to a 1-D problem in X.

A laser pulse with intensity G acts from the right to the left along the X axis.
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Fig.3. Scheme of the computational experiment at the initial moment of time.

The key element of the method is the choice of the potential (or force) of particle
interaction. To date, satisfactory potentials have been developed for a number of metals.
However, in the overwhelming majority of cases, they represent an equilibrium situation, just
like the equations of state in the continuum approach. Therefore, for the correct formulation
of the molecular dynamics problem in the one-velocity two-temperature approximation, the
force from the electron subsystem is added to the equations of motion in the form of a
gradient of the “non-equilibrium” part of the electron pressure, similarly to the model of a
continuous medium
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Continual component, equation (5). Designations: u= (v is the x-component of the
average velocity of the heavy particles, We=-A(Te,T1)-0T;/0x is the electron energy flux,
Ae(Te,T;) is the heat conductivity of electrons; 0G/0x+aG=0 is the equation of laser flux
transfer (Beer-Lambert law).

The total energy and pressure of the electron subsystem are divided into “equilibrium”
and “nonequilibrium” parts [27]:

e, =¢,(p,T,)=2(T)+&"(T,T.)
Pe = Pe(pe’Te) = Peeq (TI) + Pene(Ti’Te)

The “equilibrium” (superscript eq) parts are considered to be partially included in the
thermal and caloric equilibrium equations of state of the metal. "Non-equilibrium"
(superscript ne) parts are included into the equation (5).

Atomistic component, ODE system (6), describing the motion of heavy particles.
Designations: Fj,zj ; are the radius-vector and velocity of the j-th atom, mq, n. are the mass

(7)

and concentration of atoms, Ifjemb is the force acting on the j-th atom, which is determined by

EAM potential, €, is the X-axis unit vector; jj =m, (9 —<5>) g(T,)(T, —T.)/3k;T.n, is the
force that ensures the exchange of thermal energy between the electronic and ionic
subsystems, T., T; —are the electron and ion temperature; <5> is the average (hydrodynamic)

atom velocity; g(Te)(T. — T;) is the electron-ion coupling term; bxj =[-1n,-oR" / oX] ; —is
the electron ion driving force (blast force); P, / OX —is the gradient of non-equilibrium part

of the electron pressure; f j”e is the force acting on an atom from the excess field of the EDL

near the surface of the metal.

The models presented in [49—52], which solve the two-temperature problem by the
molecular dynamics method, neglect the work of the electron pressure in the electron energy
equation, i.e. term P.-0u/0x, assuming that its contribution to the total energy balance is
insignificant compared to the energy of the laser pulse. The authors carried out a number of
calculations that showed that for typical femtosecond regimes of laser action with pulse
energies of ~ 1071+10° J/cm2, the energy imbalance introduced without taking into account
the work of the electron pressure in the time interval, where the temperature disequilibrium
of the subsystems is still large (the picosecond range) is about 12-18%. For this reason, the
work of compression forces must be taken into account.

5. Computational algorithm

I step. The hydrodynamic velocity u characterizing the process of electron energy transfer
in equation (5) is obtained by averaging the ion velocities in each computational cell.
Therefore, the velocity value turns out to be a strongly fluctuating quantity, which
complicates the direct numerical solution of the continuum equation (5). Its numerical
solution was carried out by the method of total approximation. Each time step consisted of
two stages:

At stage — 1: the finite-difference method (explicit-implicit Crank-Nicolson difference
scheme on the Euler spatial grid) solves the equation

oe® 0 oT ou oG
e = 2| M T) e |-PrE g -T)- 2 8
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The positions of atoms and, accordingly, electrons are considered to be frozen.
At stage - 2: the equation of convective transfer is solved, i.e. the continuity equation:
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0 (9)
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The solution of (9) is carried out using the molecular dynamics method. To do this, the
values of the electronic energy obtained at the first stage in each computational cell are
distributed equally among all atoms located in this cell. Then, a molecular dynamic time step
is performed, as a result of which heavy particles are displaced in space. Thus, along with the
displacement of heavy particles, the electron energy was transferred across the boundaries of
the Euler cells. Finally, after summing the electronic energies of the new composition of
atoms in each cell (and dividing by the volume of the cell), we obtain the values corrected by

oe N (e, u) _

transfer of &,° . This completes the two-stage time step for the single-velocity model.

IT step. Determination of the spatial dependence of the force fme acting on an atom from
the side of the excess field of EDL near the metal surface. The input data for this problem are
No, z, Te. As a result of its solution, the spatial distributions of the electric field Ex and the
electron density n. are obtained at the output.

To determine the force f"¢, the problem (1)-(4) is solved twice at each time step of the
problem (5)-(6): the first time for the temperature of the electron gas near the surface 7' = T,
while E.(Te) is determined; the second time for a temperature equal to the temperature of the
ions near the surface T = T;, in order to determine the value of the electric field Ex(7T;) under
the conditions of thermal equilibrium.

Then the specific force included in equation (5) is determined by the excess electric field
(in relation to the equilibrium one) and is calculated as follows:

fne(Te’Ti):Zmi[Ex(Te)_Ex(Ti)] (10)

Here, as above, e is the electron charge, m_ is the ion (atom) mass.

In this case, in the problem (5)-(6) one should use the boundary condition for the
electronic component
oP™
% =0 (11)
X x=I"},
since the transfer of momentum from electrons to heavy particles in the near-boundary
region has already been taken into account by means of the volume force fe.

6. Modeling of Coulomb explosion and spallation of the
metal target

The results of the modeling the ultrashort laser action on a copper target using the
combined continuum-atomistic model in the single-velocity two-temperature approximation
(5)-(6) with and without electron pressure (1)-(4) are presented in video 4-7 for the laser
action regime of a Gaussian pulse with a duration t = 0.1 ps and an energy density J = 1
J/cm2 onto an fec copper crystal along the (100) direction. The maximum pulse was reached
at time t = 1.3 ps. In calculations for the atomistic component, the EAM interaction potential
for copper was used [48].

The dynamics of the ablation process is visualized in the presented videos after the time t
= 1 ps, i.e., the development of the ablation process is shown after the end of the laser pulse
and before the end of the process t > 7. For visualization, a MDM screenshot is used,
synchronized with the following characteristics of the ablation process: temperatures of
electrons T. and ions T;; ion density p and order parameter; electronic P. and ionic P;
pressure; hydrodynamic velocity u of particles and clusters.

The videos demonstrate the ablation process based on the simulation results with
electronic pressure (video 4,5) and without it (video 6).



Electron pressure modeling demonstrates a bimodal distribution of particles, showing
two ablation mechanisms: fast non-thermal (Coulomb explosion) and slow (thermal-
hydrodynamic), which were experimentally observed in [15-18] (video 4).

Ultrafast electronic processes leading to a Coulomb explosion according to the simulation
results are presented in video 5. In the video presented, the process of ultrafast low-density
laser ablation proceeds very quickly, during the time t = 11 ps, so the video is built with a
small time step At = 0.02- 0.04 ps, which makes it possible to study the dynamics of ultrafast
electronic processes and the Coulomb explosion.

The picture of the formation of the Coulomb explosion unfolds rapidly, already after t =
0.42 ps after the end of the pulse, the maximum nonequilibrium of the electron and ion
temperatures near the target surface ATmax = Te-T; = 6.5x104 K is reached. At that, the
“nonequilibrium” part of electron pressure near the target surface also reaches its maximum
value P, = 47 GPa and many times exceeds the ion pressure P;. The maximum value is
reached by the electric field E«(Te) = 32 V/nm. A large electron pressure gradient near the
surface in the early expansion phase, already after t = 1 ps after reaching the maximum values
of the characteristics of the explosive ablation process (¢t = 2.4 ps), leads to the detachment of
a thin subnanometer surface layer of matter in the form of individual ions and their clusters,
which fly at a speed u = 9000 m/s. Thus, a Coulomb explosion is observed on the target
surface, caused by a large electron pressure gradient in the near-surface layer of the target,
the increase of which is provoked by super-powerful ultrashort laser radiation. Subsequently,
the expansion velocity increases above 10000 m/s.
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Video 4. Simulation results taking into account the Coulomb explosion, 69 ps after the end of
the pulse. The characteristics of the ablation process (left to right, top to bottom): electron Te
(blue dashed line) and ion T; (red solid line) temperature; ion density p (blue solid line) and
order parameter (red dashed line); “nonequilibrium” pressure of electrons P. (blue dashed
line) and ions P; (black solid line); hydrodynamic velocity u of particles and clusters
(blue solid line).



Further (video 4), as the temperature difference of the subsystems decreases, the “non-
equilibrium” part of the electron pressure drops rapidly, and a relatively slower process of
unloading the ion pressure begins. The electron and ion temperatures equalize, T. = T; =
5500 K, at t = 26 ps. During this time, a shock wave (P = 28 GPa) is formed that goes deep
into the metal, accompanied by a rarefaction wave (negative pressure reaching P = -5 GPa).
This rarefaction wave causes separation of liquid films with a characteristic thickness of 10—
15 nm from the melt, the process beginning at the time t = 38 ps. The maximum film
expansion velocity reaches u = 4000 m/s.
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Video 5. Details of the video 4. Dynamics of ultrafast electronic processes and Coulomb
explosion, 9.4 ps after the end of the pulse. Characteristics of the process (from left to right,
top to bottom): the difference between the electron and ion temperatures at the target surface
AT = Te - T; (solid red line); electric field strength Ex(Te) (solid black line); electron pressure
P. (dashed blue line); hydrodynamic velocity u of particles and clusters (solid blue line).

Video 6 shows the results of the modeling the ablation of a copper target without taking
into account the influence of the electrical double layer. As we can see, in the initial phase,
due to the absence of the action of an additional force caused by a large gradient of electron
pressure near the surface, there is no intense expansion of atomic-ion clusters and electrons
from the surface of the irradiated target and near it. The process of evaporation from the
surface is observed, which is confirmed by a decrease in the density near the surface to p =
0.008 cm3 and by the order parameter. A very small amount of slow fine particles are
separated, the speed of which does not exceed u < 4000 m/s.



Comparison of the simulation results with and without EDL, presented in video 7, shows
that the ejection of matter from the target surface is possible only if the EDL is taken into
account.
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Video 6. Modeling results without taking into account the Coulomb explosion, 86 ps after the
start of the pulse. Characteristics of the ablation process (from left to right, top to bottom):
electron T. (dashed blue line) and ion T; (solid red line) temperatures; ion density p (solid

blue line) and order parameter (red dashed line); 'non-equilibrium' electronic P. (dashed blue
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Video 7. Comparison of modeling results with the Coulomb explosion (upper screenshot) and
without the Coulomb explosion (lower screenshot), 70 ps after the end of the pulse.

<. Conclusions

The Coulomb explosion is one of the electronic mechanisms of laser ablation, which has
been widely discussed in the last few decades [19-25] and observed in experiments [15-18]. In



this article, to study the possibility of implementing a Coulomb explosion in metals, a new
combined continuum-atomistic model was proposed and developed, and the results of
mathematical modeling of a Coulomb explosion under the influence of fs-ps laser pulses in a
copper target are presented.

A new mathematical description of ultrashort laser action on a metal is carried out in a
single-velocity two-temperature approximation by a combined continuum-atomistic model.
For the electron subsystem and the electric double layer (EDL), in contrast to the
formulations of other authors [23, 24], the continuum approximation of the hydrodynamic
level is used. The molecular dynamics representation is used to describe the motion of heavy
particles (ions).

The hydrodynamic description developed in [27] was used to represent the electronic
processes in the EDL. In [26], this description was used in the continuum model, and in the
present work it was adapted for a new hybrid model, which made it possible to obtain a
relationship between the nonequilibrium electron pressure gradient and the electric field
strength and to explicitly calculate the specific volumetric electric field strength required for
the occurrence of a Coulomb explosion.

With the help of a new continuum-atomistic model, an extensive study of various regimes
of laser fs, ps action on a Cu target has been carried out. Two ablation mechanisms were
obtained, which are observed in the experiments [15-18] - a fast nonthermal one, determined
by Coulomb forces, and a slow one, realized in a hydrodynamic unloading wave.

In the study of the modeling results, a significant role is played by their visualization,
which gives a visual representation of the evolution of the process of laser ablation of a copper
target under the influence of ultrashort (fs, ps) high-power laser pulses. Understanding and
interpreting the modeling results is a non-trivial task for any category of researchers, not only
because of the large volume of results obtained, but also because of the wide variety of
simulated processes, which are characterized by a strong spatio-temporal scale. Animation,
one of the methods of dynamic visualization, was used to facilitate the understanding of the
results obtained, representing a series of arrays of large numerical values.

The use of animation allowed us:

e to study in detail the dynamics of the bimodal process of laser ablation of a copper
target.

e to present in detail both the ultrafast mechanism of laser ablation - the Coulomb
explosion (video 5), which proceeds for a very short time of t = 11 ps, and the slow thermal
mechanism of target spallation (video 4),

e to study the patterns, obtain quantitative characteristics of the processes,

e to visualize the comparison of the simulation results with and without the electrical
double layer, presented in videos 4, 6, 7, which showed that the release of the substance from
the target surface is possible only with the electrical double layer taken into account.

The use of dynamic visualization to present the results of mathematical modeling helped
to reduce the cognitive load associated with their complexity, facilitating understanding,
research and analysis [42].

In the scientific problem under consideration, dynamic visualization has become not only
a means of presenting simulation results, but also a full-fledged tool for scientific research.
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