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Abstract - The mechanism of formation of laser-induced periodic surface structures (LIPSS)
remains unexplored and attracts the attention of researchers. We study the redistribution of laser
beam energy along the path from the radiation source to the target surface, specifically in the layer
of ionized ablation products formed during processing above the target surface. We take the cloud
of ablation products above the target surface as a kind of lens, the material of which has a refractive
index different from the refractive index of the surrounding medium. In this article, we consider the
process of energy redistribution when a laser beam passes through a plasma lens formed above the
target and conclude that LIPSS can be formed due to such a distribution mechanism. The process of
femtosecond laser action is considered using computer modeling of the process of laser beam
propagation and subsequent temperature ablation of matter from the target surface.
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1. Introduction

We assume that the formation of LIPS structures
occurs due to the redistribution of the laser beam
energy over the target surface. For this reason, the
process occurs regardless of the properties and
condition of the processed surface, its smoothness
and the presence of microroughness, the
homogeneity of the material, and the presence of
surface oxides. We also do not consider the
processes occurring inside the processed material
and its surface layer. Structured deformation occurs
exclusively due to the non-uniform energy impact on
each specific point of the processed surface, while
the non-uniformity of absorption, reflection, and the
course of internal processes in the material recede
into the background. In this article, we model energy
redistribution along the path from the radiation
source to the target surface, namely in the layer of
ionized ablation products, which forms a plasma lens
over the target surface.

2. Literature Review

LIPSS are periodic surface topography in two main
forms, low-frequency LSFL, and high-frequency
HSFL, depending on their periodicity. LIPSS is a

versatile phenomenon and can be generated on
almost any material upon irradiation with linearly
polarized radiation. With the advent of ultrashort
laser pulses, LIPSS has become increasingly
attractive over the past decade because these
structures can be generated in a simple one-step
process, allowing surface nanostructuring to tune
the surface's optical, mechanical, and chemical
properties. LSFLs, with periodicity on the order of
the laser wavelength, arise from the interference of
the incident light with the surface electromagnetic
wave excited by the irradiation [1]. It is an open
question whether LIPSS is generated by ultrafast
energy deposition mechanisms acting upon the
absorption of optical radiation or through self-
organization following the irradiation process [2]. A
two-temperature model has been developed,
according to which subsequent absorption of
radiation by the electron system of the irradiated
material occurs, followed by the transfer of the
absorbed energy to the lattice system of the solid [3 -
5] and by a multitude of subsequent thermal and
possibly hydrodynamic [6, 7] or chemical effects.
Due to the diversity of mechanisms and the
importance of additional "feedback phenomena", a
comprehensive theory of LIPSS is currently
unavailable, and some aspects are still controversial
and discussed in the literature. It has been studied
that multi-pulse irradiation can lead to the splitting
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of LSFL ridges already formed on the surface. As a
result, LSFL is intermittently transformed into
another LIPSS structure with half the spatial period
[8, 9]. The formation of the microstructure is affected
by the beam polarization direction. It has been
demonstrated that for radial, azimuthal, or helical
polarization of the fs laser beam, LSFL strictly
follows the orientation of the local polarization
direction and is directed perpendicular to it [10].
Additionally, thermocapillary and thermocapillary
forces can act on the locally melted material, leading
to spatial redistribution of the material during the
melting process [11, 12]. LIPSSs are usually formed
after irradiation with several laser pulses.
Researchers [13] suggest that the first pulse creates
a rough surface, facilitating energy transfer to
subsequent laser pulses. Certain spatial frequencies
of the roughness distribution can better absorb the
radiation. Intra-pulse effects can include a short-
term change in the optical properties of the solid. A
wide range of composite LIPS, such as hexagonally
distributed nanolattices, hexagonal nanostars, and
nanorings, have been efficiently fabricated on wide
bandgap semiconductors SiC and ZnO by varying the
polarization combination of three beams [14, 15].
The four-beam interference method was further
developed and composite LIPS such as square
nanostructures, symmetric petal structures, and
asymmetric helical structures were prepared on the
surface of ZnO crystal. The preparation of LIPSS by
three-beam interference by combining the
polarization of three laser beams has been studied.
[16] There are still parameters to be studied and
tuned to obtain a distinct relief structure of LIPSS.
One such parameter is thermal conductivity, which
allows the formation of LIPSS in steel with higher
regularity compared to copper, characterized by
significantly higher thermal conductivity [17]. Thus,
the question of the causes of the emergence of LIPSS
and the conditions of their formation remains not
fully understood.

3. Materials and Methods

3.1 The used Material and its Surface
Microrelief

In the presented study, we use a flat plate made
of AISI 321 stainless steel.

During the study, the plate was exposed to a
femtosecond laser. After that, the microrelief was
studied using digital microscopy, and the data
obtained were compared with the results of
theoretical calculations.

Theoretical calculations were performed using
deform, wave, thermal, and gas-dynamic models
built using COMSOL® Multiphysics software
environment (RRID: RRID: SCR_014767; URL:
https://www.comsol.com/comsol-multiphysics).

Basic materials properties were used from the built-
in material properties library.

3.2 Equipment for Experiment

The state of the surface before and after
treatment was examined using a Leica Emspira 3
digital microscope with a built-in LED incident
illumination stand LED2000.

During the processing, optical pulses was
generated by a Yb:KGW chirped pulse laser system
(model PHAROS 20 W). from Light Conversions Ltd.,
and sent to a galvanometric scanning head
(Cambridge Technology). The surface treatment was
carried out in air at room temperature by scanning a
laser beam over the sample’s surface.

3.3 Laser Processing Simulation

We consider the propagation of a laser beam
from the emission point to the target from the point
of view of the laws of wave optics. We set the task
of taking into account such factors that influence
the intensity of ablation processes as the
distribution of energy in space and the nature of its
impact on the processed material. The model is
based on the mechanism for calculating thermal
processes and surface deformation, which we
described in previous works [18]. The model is
supplemented with additional calculations of the
formation processes of a plasma cloud over the
treated surface, which appears as a result of
spallation and evaporation of particles of the
processed material.

It is assumed that the speed of the femtosecond
laser  processing  process causes intense
accumulation of material in the immediate vicinity of
the target (Fig. 2). This is due to the high intensity of
material ablation compared to the dynamics of
pressure growth in the plasma cloud. Filamentation
occurs in the air before the target at a high energy
density at the peak pulse power. This leads to the
saturation of this region with plasma emission
products and forms a film of a highly scattering
vapor-droplet mixture [19 - 21]. Therefore, within
the framework of the interference model, the
reflection of a laser pulse normally incident on the
target from the surface of a partially transparent
stratum of a melted material was taken into account;
the reflection of his replica, which had been passed
through this stratum; the reflection from the surface
of the melt underneath; as well as their resulting
interference on the surface of the material [22, 23].
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Figure 1: 3-D model, the initial growth of a plasma cloud above the target plane during material ablation

The relationship between the radius of travel of a
shock wave in air and the pulse energy is related by
the Sedov-Taylor dimensional relation [24]:

R=A

(&) e, (1)

where A is a constant close to 1, p is the initial air
density, t is the expansion time, and f is the task
dimension parameter, equal to 3 for spherical
symmetry.

The mechanism of air saturation with
temperature ablation products is described by
equations for changing concentrations [25]. In this
case, mass equality of the amount of evaporated
material and the material forming the plasma cloud
above the evaporation coordinate is assumed (Fig. 1,
3).
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where J; is the mass flux diffusive flux vector, u is
the mass averaged velocity vector, c; is the
concentration of the species, R; is a reaction rate
expression for the species, D; is the diffusion
coefficient, M; the molar mass, w; is the domain
species volume.

Since energy transfers to the processed material
by a laser beam, the computer model includes
calculations of the distribution of beam energy in
space. For this purpose, we use the Wave Optics
module [26], which allows one to calculate the
energy transfer from the emitter to the target in both
homogeneous and heterogeneous media. The
calculation method is intended to predict and study
the propagation of electromagnetic waves and
resonance effects in optical applications.

This makes it possible to analyze the distribution

of the electromagnetic field, considering
transmission and reflection in the material and,
accordingly, the distribution of dissipated power.
Inasmuch as the refractive index in plasma is lower
than in air, the beam propagation medium in the
presence of a plasma cloud above the target is
inhomogeneous. The vapor-droplet mixture of
ablation products is a highly scattering media. Thus,
the space between the outer surface of the receding
away ablation cloud boundary and the target surface
is filled predominantly with vapors of a substance
with a refractive index rg <1 [19].

Existing static models consider plasma as a
passive homogeneous medium that does not
change its properties when a laser pulse passes
through it [27]. This approximation works in
subcritical plasmas with very low densities.
Collective processes occur in it on a time scale
much larger than the duration of the laser pulse.
The main influence exerted by the plasma on the
laser pulse passing through it is mainly a local
change in the refractive index, which leads to a
change in its trajectory. Thus, the most correct way
is to use the equations of wave optics:

vngl(vXE)—kg(er—u{—;)E=o (6)
E(x,y,z) = E(x,y)elke? (7
Vx (VXE)—k2e,E=0 (8)

nX (VXE)—jknx (Exn)=0 )
Ep, =/21,/ce (10)

where E is the electric field, €. is the relative
permittivity, €, is the permittivity of vacuum, p, is
the relative permeability, o is the electrical
conductivity, j is the current density vector, w is the
angular frequency, k is the projection of the wave
vector, n is the normalized normal vector to the
boundary, z is the unit vector in the z-direction.
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The exposure toa 100fs Iaser pulse and theformatzon ofa cloud above the target =>

Figure 2: 2-D model, the growth of a plasma cloud above the target plane at the pulse action moment and cloud's
retention in space directly above the target until the next pulse

=> Next pulse 300fs Iater with the mﬂuence through the cloud

International Journal of Mechatronics and Applied Mechanics, 2024, Issue 18 10



Mechanism of LIPSS Formation under the Influence of Plasma Lens during Femtosecond Laser Processing

a

Time=150fs surface: Mass concentration (kg/m®)

streamline: Total flux (spatial and material frames)
Surface: Temperature (degC)

250

]

Time=730fs Surface: Mass concentration

pm

-I’l ‘6 é 10 lIZ ].‘d 1‘6 ' Bm
Figure 3: The mechanism of formation of a plasma
cloud. A - cloud of ablation products formed above the
target surface; B - material from the surface of which
ablation occurs; C - the conditional transition
boundary of media separation; D - the area of plasma
cloud formation with a reduced scattering coefficient

Thermal processes and surface deformation are
modeled similarly to what we described in previous
works [18, 28]. The peak laser power in the
presented models is assumed to be up to I,=1el7
[W/m?2] [29]. The simulation is performed with the
electric field amplitude up to E=1e10 [V/m] (eq. 10).
The initial distribution of the laser beam energy
along the horizontal coordinate at the output of the
laser optics is set in accordance with the Gaussian
normal distribution law.

4. Results and Discussion

We have obtained calculated theoretical data on the
spatial distribution of laser beam energy. Also, based
on the calculations performed, the magnitude of
spatial deformation of the material during its laser
processing is determined from the point of view of
the formation of LIPS structures

4.1 Laser Exposure through a Homogeneous
Medium

Calculations show that in the case of beam
propagation in a homogeneous medium (Fig. 4. I),

the energy on the target surface is distributed
according to the Gaussian normal distribution law.
This corresponds to the law of its distribution at the
emission point (Fig. 4. II). What leads to the
analogical distribution and accumulation of thermal
energy inside the processed material. Deformation of
the target surface also occurs according to a similar
law, forming a symmetrical crater in the shape of a
Gaussian cross-section. The crater is located in the
center of the target, while the formation of periodic
structures does not occur (Fig. 4. I1I).

T
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Figure 4: The scattering of a laser beam (1) and
distribution of its power (I1I) over the surface of the
target when passing through a homogeneous medium.

It should be noted that calculations performed
using both a one-temperature and a two-
temperature model give the same result in terms of
deformation of the target surface. Also, an important
requirement for building a model is sufficient
saturation of the computational grid, especially
when calculating the gradient of the electromagnetic
field strength.

Otherwise, erroneous structural distortions may
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be visualized from a random coincidence of the size
of the calculation cell with the size of the resulting
microstructure elements.

4.2 Laser Exposure through a Medium in
which Inhomogeneity is due to the Presence
of a Stationary Plasma cloud formed above
the Target Surface

This model of forming a LIPS structure is based
on the assumption that the plasma cloud formed
above the target from pulse to pulse (Fig. 2) has the
same spatial configuration and, thus, from the point
of view of the process of energy impact on the target.

We assume that the energy transferred to the
target is redistributed due to the difference in the
values of the scattering coefficient in the
surrounding air and the cloud of ionized ablation
products.
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This also occurs due to the emergence of a
boundary between the media (Fig. 7. pos. B), which
is theoretically modeled as a transition boundary.

When a laser beam passes through a plasma lens
formed above the target surface, scattering of the
beam in a heterogeneous medium is observed (Fig. 5
II). The energy on the target surface is distributed
more chaotically and wave-like than at the emission
point (Fig. 5. I). Thus, the distribution and
accumulation of thermal energy inside the processed
material also occur wave-like, forming a set of
valleys on the surface of the target (Fig. 6. pos. E).
The valleys create a surface microstructure with
some periodicity.

The reason for the occurrence of the LIPSS effect,
in this case, is exclusively the spatial redistribution
of the shape-forming laser energy on the ablation
products, which inevitably arise above the target
surface.

[ The energy distribution of the laser beam at the output

of the laser optics is specified along the horizontal
coordinate in accordance with the Gaussian normal
distribution law.

II The scattering of laser beam energy as it passages in

an inhomogeneous medium formed by a plasma cloud
above the target surface.

[l Laser beams energy distribution of a laser
beam on the surface of a target as it passages in an
inhomogeneous medium.

Figure 5: The scattering of a laser beam (1) and distribution of its power (I1I) over the surface of the target when
passing through the inhomogeneous medium.
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The described principle of microstructure
formation is characterized by the fact that it does not
require the expenditure of such an amount of energy,
which is sufficient to create secondary force fields in
the processed material and generate such wave
processes that can lead to deformation of the target
material with the formation of pronounced surface
relief.

4.2.1. A Model of Controlled Creation of a
Periodic Surface Macrostructure, which is
Accompanied by the Formation of a LIPS
Structure

In the process of experimental processing of the
studied sample with a femtosecond laser, a surface
relief was practically obtained (Fig. 6. pos. F), with a
clearly visible surface LIPS structure (Fig. 6. pos. E)
and craters (Fig. 6. pos. D) formed in the coordinates
of the projection of the focus of the laser beam on the
plane of the treated surface (Fig. 6. pos. A, B).

X 2,000 Vacc=15.0kV 2/3/2023

Mode=SEM WD=10.0mm 14:57:45

Signal=SEI

\
{ A
M\J{L‘ WJ ’H
Figure 6: Formation of a periodic surface
macrostructure. A, B -is the coordinates of the
influence of the laser beam; C - is the energy
distribution diagram over the target surface; D - is the
formation of a LIPS structure at the bottom of the
crater; E - is the formation of a LIPS structure on the
surface between craters; F - the photo of the surface
after processing.

Elements of the LIPS structure are clearly visible
both on the surface as a whole and on the bottom of
the craters.

In this case, the surface at the bottom of the
craters has a lower relief microstructure, which can
be explained by the maximum energy of the laser
beam in the center of the target and the melting of
the material, which even continues after the
cessation of active laser exposure.

We model the above deforming process assuming
that a cloud of ablation products forms above each
target (Fig 6. pos. A, B) and participates in the
process of spatial redistribution of energy over its
surface. Conditionally identical conditions and
impact  characteristics  suggest the same
redistribution mechanism for each target.

After obtaining data on the energy distribution
along the plane (Fig. 6. pos. C), the surface
microrelief after energy exposure was theoretically
calculated. The model confirms the possibility of
forming LIPS structures both at the bottom of craters
(Fig. 6. pos. E) and on the surface between them (Fig.
6. pos. D).

4.3 Laser Exposure through a Medium in
which Heterogeneity is due to the Presence
of a Plasma cloud increasing above the
Target Surface during Laser Exposure

The mathematical model constructed for these
conditions (Fig. 7) shows the dynamics of changes in
the distribution of laser beam energy on the target
surface caused by an increase in the size of the
plasma cloud during the process of material ablation

(Fig. 9).

E————e T a—

Figure 7: Laser exposure through a plasma cloud
above the target surface. A - the laser beam; B —-the
transition boundary between media; C - the gradient
of the scattering coefficient in the region of the plasma
cloud; D - the surface deformation during laser
ablation; E - the diagram of energy distribution over
the target surface
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The growth of a plasma cloud is mathematically
modeled by a displacement (A => B) of the transition
boundary between the air-plasma media (Fig. 10)
within 6 pm with a step of 0.1 pm and a
corresponding change in the gradient of the
scattering coefficient's value. The laser beam
scattering options that arise during this modification
of the plasma lens form the corresponding patterns
of intensity distribution on the target surface. From
the summary diagram (Fig. 10. pos. C), reflecting
the nature of changes in the energy distribution,
we can conclude that in order to create the
conditions for the formation of a clearly defined
LIPS structure, it is necessary to invariably
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maintain shape and size of the plasma cloud
within the limits of at least 0.1 microns
throughout the entire period of energy exposure.
Otherwise, the cumulative effect leads to a total
energy impact, the surface distribution of which
approaches normal (Fig. 10. pos. C) with the
formation of a crater with the corresponding
cross-sectional shape.

Since it is impossible to create the appropriate
conditions (Fig. 5, 7, 8) in practice, it should be
concluded that the formation of LIPS structures is
impossible due to the redistribution of the energy of
the laser beam when propagating through the
plasma lens.

1II

v

Figure 8: I - The calculation mesh of the model; II-1V - is the dynamics of the target surface deformation in the
case of constant dimensions of the plasma cloud and its standing location above the target surface.
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Figure 9: The growth of a plasma cloud above the target plane at the pulse action moment and the cloud'’s
retention in space directly above the target until the next pulse.
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Figure 10: Laser exposure through a plasma cloud
growing above the target surface. A - B - is the
displacement of the interface between media during
cloud growth; C - the diagrams of energy distribution
over the target surface at different positions of the
transition boundary between the medias

It also makes no sense to construct a theory that
explains the directional nature of the LIPS structure
formed by this method.

5. Conclusions

The study's results allow us to state the influence of
the plasma cloud on the scattering of the laser
beam and, consequently, on the formation of the
microrelief obtained by laser irradiation. It was
found that a homogeneous plasma cloud, acting as a
plasma lens, can cause an uneven distribution of
the laser beam power over the target surface but
does not ensure a stable process of obtaining LIPSS.
The variants of laser beam scattering that arise
during the spatial modification of the plasma lens
form different energy distribution patterns on the
target surface. To create conditions for the
formation of a clearly defined LIPSS with a period
comparable to the wavelength, it is necessary to
consistently maintain the shape and size of the
plasma cloud, preventing its deformations and
displacements within 10% of the wavelength, or
about 0.1 pm, throughout the entire period of
energy exposure. Otherwise, the cumulative effect
leads to a total energy impact, which surface
distribution approaches the normal one.

In this case, a crater is formed, the cross-sectional
shape of which is close to a Gaussian. Since it is
impossible to create the corresponding conditions
in practice, it should be concluded that LIPSS
formation due to the plasma lens effect causes
difficulties. Furthermore, beam scattering by the
plasma lens does not provide a comprehensive
explanation for the reason for the current directed
nature of the LIPS structure.

Our theory of the formation of a stable spatial
periodic structure in a plasma cloud based on the
principle of Rayleigh waves, which determines a
stable periodic distribution of laser beam energy
over the target surface in the direction of beam
polarization, is undergoing practical testing. Also in
the future is a study of the influence of an additional
magnetic field on the change in the character of
LIPSS
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