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Abstract:

In this work, a numerical study of the formation of plasma periodic subwavelength nanogratings in fused

silica along the propagation of a focused laser pulse is carried out. It is shown that the tightly focused beam
creates a supercritical plasma in the focal plane, which provides an effective reflection of the parts of incident
and reflected laser pulse. As a result, standing wave of ionization occurs which generates a plasma lattice with
a period equal to the period of the standing wave in the medium. The results of modelling allow us to
determine the optimal laser parameters in the regime of linear (geometrical) focusing when the contrast
nanogratings can emerge. Analysis of energy release processes with subsequent melting of the fused silica
sample confirms the previously proposed mechanism of laser modification.

1 INTRODUCTION

In recent decades, significant efforts have been
dedicated to explore the intricate hierarchical
processes involved in altering physical properties of
materials exposed by highly focused femtosecond
laser pulses (Gattass and Mazur, 2008; Taylor, et. al.,
2007; Bulgakova, et. al., 2015). Advanced ultrafast
laser facilities have uncovered new mechanisms
underlying the interaction between electromagnetic
fields, plasma, and materials. These interactions
result in diverse structural changes in transparent
dielectric materials, including the generation of
micro- and nanoscale voids, densification zones and
micro-tracks (Shimotsuma, et. al., 2005; Sun, et. al,
2007; Beresna, et. al.,, 2011; Dai, et. al, 2016;
Mizeikis, et. al., 2009), periodic shifts in refractive
indices (Schaffer, et. al., 2001; Wang, et. al., 2007;
Mermillod-Blondin, et. al., 2008) etc.

Fused silica glass has garnered significant attention
since the publication of a pioneering work
(Shimotsuma, et. al., 2003) that initially introduced
the concept of creating birefringent volume
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nanogratings in this material. Subsequent studies by
multiple scientific groups (Desmarchelier, et. al.,
2015; Bulgakova, et. al., 2013) have unveiled several
key mechanisms behind the formation of these
structures. These mechanisms include the coupling of
electron plasma waves with the incident light
(Shimotsuma, et. al., 2005; Shimotsuma, et. al.,
2003), the formation of nanoplasmas due to localized
field enhancements and their self-organization into
nanoscale patterns (Bhardwaj, et. al., 2006; Taylor, et.
al., 2008), and the attractive interaction and rapid
confinement of exciton-polaritons (Beresna, et. al.,
2012).

More recently, a novel approach to forming
volume nanogratings was introduced (Kudryashov,
et. al., 2021; Kudryashov, et. al., 2022). According to
the proposed mechanism the plasma stage of matter
self-organization in the dielectric volume involves the
following steps: (i) formation of highly reflective
electron-hole plasma of near-critical density in the
area of linear focus, (ii) longitudinal interference of
the reflected and incident parts of linearly polarized
femtosecond pulse in the pre-focal region, forming
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the near-plane standing electromagnetic wave and the
corresponding ionization wave (plasma sheets) with
the period A/2n’, where A is the wavelength of

exposed laser radiation, n’ = Re[/€(z)] is the real
part of plasma refractive index, (iii) excitation and
interference of interfacial (at the boundary between
weakly/strongly photoexcited dielectric layers) sub-
wavelength plasmons, producing in each plasma
sheet a periodic modification along the laser
polarization with the period equal to half of the
plasmon wavelength A,/2~2/2n® . The recent
experimental studies (Kudryashov, et. al., 2022) have
shown that better implementation of the proposed
nanostructuring appears in a linear (pre-filamentary
regime). However, despite a number of experimental
studies, the assignment of nanopatterns to given laser
focusing regimes (the dependence of such
nanostructuring mechanism on the parameters of
laser exposure in the linear focusing regime) remains
not completely clear. In particular, the reproducibility
of well written («contrast») periodic structures in a
number of dielectric materials remains an important
and unexplored issue. Thus, it seems relevant to
develop rigorous numerical models to verify the
proposed mechanism, as well as to more accurately
predict the optimal parameters of focusing, duration,
and intensity of laser radiation for the best realization
of contrast nanostructures in the experiment.

In this work we perform a self-consistent
numerical modelling of a focused subpicosecond
laser pulse propagation in fused silica together with
the generation and evolution of electron-hole plasma
in order to verify the first step of the proposed
mechanism (i.e. plasma gratings formation along the
pulse propagation) for the parameters that are rather
close to those in recent experiments (Kudryashov, et.
al., 2022; Kudryashov, et. al, 2023). Our modelling
shows that strong reflection occurs in the region of
focal plane, which induces subsequent pulse
reflection from the focal plasma with the formation of
a series of plasma sheets in the pre-focal region. The
conducted analysis enables to reveal the optimal laser
parameters in the regime of linear (geometrical)
focusing when the most distinct subwavelength
plasma gratings can be generated.

2 MODELLING AND METHODS

According to the series of conducted experiments in
fused silica (Kudryashov, et. al., 2022; Kudryashov,
et. al, 2023) we choose pulses up to 1 pJ energy at
1030 nm wavelength and sub-femtosecond duration.

16

As in experiments the pulse repetition rate is low
enough (~100 kHz) compared to the characteristic
times of plasma diffusion and recombination, we can
neglect the inter-pulse effects, thus considering the
only intra-pulse dynamics laser induced solid-state
plasma.

Wave equation for the field propagation of a
linearly polarized pulse in a dielectric along z axis
reads:

_ &@)3%E | 4m3(j(z.)+]ion(Z,t))
VE=Zwta a -
Here £(z) = ny? = 2.1 is the dielectric permittivity
of fused silica (we assume that there is no dispersion
within the laser pulse spectrum width) ny is the
refractive index, and j is the current density created
by electrons in the conduction zone, j;,, is the so-
called ionization current due to the losses of field
energy during ionization (transitions between the
valence and the conduction zones). In general,
equation (1) is two-dimensional and describes the
focusing of the beam in some area inside the
dielectric, where electrons arise as a result of
multiphoton (or tunnel) ionization. We will solve the
problem (1) in the quasi one-dimensional
approximation (the validity of this approach will be
analyzed later):

9%E(z,t) — £(2) d2E(zt) 41 3(j+jion) ©)
9z2 ¢2 g pdt2 c? at

According to the initial conditions of the problem, the
laser pulse is located on the grid in the region to the
left of the focal region and moves towards it. The
coordinate of the leading edge of the pulse z* is such
that the entire pulse is to the left of the focal plane.
The pulse is characterized by a "sine-square"
envelope:

E(z,t = 0) = Eysin? (@),

3
z €{z"z" + ¢} @
E(z,t=0)=0,z ¢ {z*,z* + ¢}.

Here £ = 0.012 cm is the length of the laser pulse
which is determined by the base of the pulse. Such a
pulse is rather close for the Gaussian pulse with the
pulse duration 7,=0.3 ps (FWHM). Focusing of the
laser pulse during its propagation was taken into
account by multiplying the solution of equation (2) by
the function F(z) which is a geometric factor
determining the degree of beam broadening as it
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moves away from the focal plane. We define this
function by the expression

F(Z—Zg)zl//1+<%>2, 4)

where z is the position of the focal plane, z; is the
beam focal length. In this case, the focused field
E(z,t) at the point with coordinate z will be obtained
via the solution (2) as

E(z,t) = E(z,t) X F(2). Q)

It is the field that will determine the birth and
dynamics of electrons in the fused silica volume. The
current j(z,t) in equation (2) will be determined
within the framework of the Drude model:

e?n,

J(Z, 1) + V(2. t) = =2 E(z,0). (©)

g
Here v, = 3 - 103 57! is the transport frequency of
electron scattering in the conduction band (we do not
take into account the effect of changing the transport
frequency as a result of its heating), n, is the electron
concentration, m* = 0.5m, is the effective mass of
electrons in fused silica (m is the mass of an electron).
Equation (6) was solved at each node of the spatial
grid where the function E(z,t) is defined. Here we
also suppose that the number of electrons per field
period is practically unchanged. To analyse the
evolution of electron-hope plasma in the dielectric
volume, the following equation is solved

one %n,
S5=DZ+W(I(z )Ny —n,) + @
Ne Ne
viDm, (1-3¢) =22,

where N, = 2.1 X 10?2 cm? is the neutral atoms

concentration, D is the electron diffusion coefficient
. . v}
which was estimated as D~ 3 !

~ 300 cm?/s, where
Vtr

Ve = 108 cm/s is the Fermi speed, 7, = 150 fs is the
mean recombination time in fused silica (Audebert,
et. al., 1990), Wi(I (z, t)) is the rate of ionization in
fused silica calculated using the Keldysh formula

2
(Bogatskaya, et. al., 2023), v;(I) = 1 _smel@bver

I; cnom*(w2+v3.)
is the frequency of impact ionization. In expression
v;(I) one should set: I; = 9 eV which is a value of
bandgap in fused silica, w is the frequency of laser
radiation. It is worth noting that the radiation intensity
appearing in the expressions of multiphoton

(Keldysh) and impact ionization is calculated as
I(z,t) = (ﬁ noE(z,t)?) , where brackets mean
averaging over the period of oscillation of the wave
field. The ionization current used in equation (2) can
be written as

I dne

. I;
Jion =150 =z Will@ D)o —ne),  (8)
where (E) is an averaged over the period field
E(zt).

3 RESULTS AND DISCUSSION

Below we perform simulations for the following laser
beam parameters (see Table 1). In particular, we
choose the values of focal waists corresponding to the
focusing of 4 = 1030 nm laser pulse by micro-
objective lenses with different values of numerical
aperture NA = 0.65, 0.55, 0.25 which are available at
laser workstation based on the femtosecond Yb-
doped fiber laser Satsuma (Amplitude Systems,
Pessac, France) with the fundamental wavelength A =
1030 nm used in Lebedev Physical Institute RAS for
corresponding experiments on laser misstructuring
(Kudryashov, et. al., 2021; Kudryashov, et. al., 2022;
Kudryashov, et. al, 2023). The intensity range in
simulations is also determined by pulse energies and
durations available in the experiments in the pre-
filamentary regime. Recent analysis carried out in
(Bogatskaya, et. al., 2023) has demonstrated that the
intensity range required for effective ionization of a
sample lies in the range of 10-100 TW/cm?, Itis worth
noting here that, based on the data in Table 1, the
spatial pulse length £ > z¢, which makes the quasi-
one-dimensional approximation acceptable for
analyzing the propagation of the pulse wave field in
the near-focal region.

Table 1: Focused laser parameters.

[ = 10 + 100 TW/cm? (peak intensity of the pulse)
£ =0.012cm
Zg~2-30 pm
2o = 0.045 cm
z* =0.0216 cm

Let us start with the data on plasma density profiles
formed in the near focal region for zr =2 um (this
corresponds to tight focusing conditions: NA~0.25)
for different values of laser intensity (Figure 1). The
profiles of plasma structures demonstrate the
appearance of periodicity with increasing pulse
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Figure 1: Plasma density profiles formed along the laser
pulse propagation in the pre-focal region for different peak
pulse intensities in W/cm? (see the plot legend). The value
of focal waist zs = 2 pm. The instant of time (¢ = tf)
approximately corresponds to the focusing of the central
part of the beam. The vertical grid line corresponds to the
position of focal plane. Horizontal grid indicates the value
of critical electron density (Ne, = 1.1 x 1021 cm™).

intensity. In addition, with increasing intensity, the
region of high ionization of the medium increases,
leading to supercritical electron concentrations and,
as a consequence, effective reflection of the laser
pulse. It is also worth noting that the formation of
structures occurs in the pre-focal region. To verify the
proposed idea of nanograting formation, based on the
pulse reflection from the focal plasma, we present
data on the wave field of the pulse at different times
(Figure 2). One can see that the area of effective
interaction of the incident and reflected parts of the
laser pulse occurs in the pre-focal region, while the
transmitted through the focal plane part turns out to
be insignificant for plasma formation.

It is worth noting that the spatial length of the
periodic plasma formation in the direction of laser
pulse propagation, in addition to the intensity, will
also be determined by the value of the focal waist. For
further analysis of the dependence of plasma grating
formation on the laser focusing length we present the
simulations of plasma density for the value of the
focal waist z; =7.2 pm (see Figure 3). Comparing the
electron density profiles presented in Figures 1 and 3,
it is appropriate to conclude that by increasing the size
of the focal waist, we thereby increase the spatial area
of effective ionization by a standing wave formed
during pulse reflection. On the other hand, as z
increases, one simultaneously observes a drop in the
maximum concentration level, which, in turn,
worsens the reflection coherence and leads to
decrement in the contrast of structures (the difference
in the degree of ionization at the nodes and antinodes
of the standing wave).

18

Ez,CGSun. 4
(z) ;

1x108 ;
‘. | t=1,-100fs

0.04 0.05
z,cm

0 ._,ww I *

-1x1084

Figure 2: Pulse propagation for different instants of time (¢
corresponds to the moment of focusing of the central part
of the pulse). Peak intensity is 70 TW/cm?.
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Figure 3: Plasma density profiles formed along the laser
pulse propagation in the pre-focal region for different peak
pulse intensities in W/cm? (see the plot legend). The value
of focal waist zr = 7.2 um. The instant of time is equal to
tr + 100 fs (instant of time at which the maximum electron
concentration in plasma gratings is reached). The vertical
grid line corresponds to the position of focal plane.
Horizontal grid indicates the value of critical electron
concentration (Neg,. = 1.1 X 102 cm™).

Thus, further increase of the focal waist length in
a given range of intensities does not ensure the
achievement of sufficient electron concentrations, as
a consequence, the periodicity of plasma lattices is
washed out (see Fig. 4). Importantly, in this case the
formation of plasma occurs in the region of space
farther from the focal plane, thus most of the pulse is
absorbed in the pre-focal region and does not reach
the focusing plane.
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Figure 4: Plasma density profiles formed along the laser
pulse propagation in the pre-focal region for different peak
pulse intensities (in W/cm?): 1) 2 - 1013, 2)3- 103, 3) 5
1013, The value of focal waist 2;=30 pm. The instant of
time is the same as in Fig. 1.

Based on the analysis of simulation data, there
exist the optimal focusing parameters at which it is
possible to realize the most contrasting plasma lattice
profiles within the proposed mechanism. Figure 5
shows the dependence of plasma absorption versus
the length of the focal waist for three values of pulse
peak intensity. One can see that the highest absorption
in plasma can be reached for zg~5 — 10 um. Indeed,
a shortening of the focal waist leads to a reduction of
the region of high ionization and, as a consequence,
pulse absorption drops; on the other hand, a
significant increase of z; results in smoother
dynamics of the pulse absorption during propagation,
which in turn worsens the process of its effective
reflection in the focusing zone. As was mentioned,
the contrast of plasma gratings is determined by the
degree of coherence of the incident and reflected parts
of the pulse, which turns out to be easier to implement
with tighter focusing conditions.

In conclusion, we would like to note that the
process of further modification of the dielectric
material is associated with the processes of heat
transfer and subsequent melting of the sample, which
will differ in intensity in the regions of weak and strong
sample ionization. Below we give qualitative estimates
of the processes of heating and melting of the sample.
From the data in Figure 5, we can see that the
maximum fraction of absorbed energy in the ionization
process is ~ 60 %. Assuming that the initial pulse
energy is ~0.5 uJ (0.1-1 pJ according to the
experiments (Kudryashov, et. al., 2021; Kudryashov,
et. al., 2022; Kudryashov, et. al, 2023)), the absorbed
energy can be estimated as Q, = 0.3 pJ. Here we
suppose that the main contribution to the energy
absorption is made by the process of photoionization
of electrons. The energy required to heat the substance
to the melting temperature can be estimated as:

0.8

part of absorption
o o
B o

e
[N}
L

Zf, mkm

0.0

0 10 20 30

Figure 5: Plasma absorption versus the focal waist length
for different peak intensities of laser radiation (in W/cm?):
1)2-10'3,2)3-1013,3)5- 1013

AQ = C-M- AT ~ 0.15 pJ, 9)

where C = 1.05 J/(g K) is the specific thermal
capacity of silica, M is the mass of laser exposed
substance and AT is the difference between initial
temperature and temperature of melting ( Tpperr =
2000 K [29]) from the room temperature T,=300 K.

f

. Zo+—2
We estimate the mass M as M =p- [ 2 So -
Zo——

2

F(z — zy)~2dz with p = 2.2 g/cm® to be the fused
silica density and the beam area in the focal waist S,.
For typical values from the experiment (Kudryashov,
et. al., 2022; Kudryashov, et. al, 2023) Sy ~ 10~* uym
and z; = 7.2 pm one obtains M ~ 107*° g. The
energy required to melt a substance heated to the
melting point can be estimated via the expression:

AQ,, =L M ~ 0.01 pJ. (10)

Here L = 140 J/g is the heat of melting in fused
silica. Thus, the above estimates show that the
absorbed energy Q, is sufficient for heating with the
subsequent the formation of melting zones leading to
residual modification of the fused silica sample. The
melted regions after the sample cooling will be
characterized by a modified refractive index which
will differ from the initial value ny by an amount of
the order of An~10~3 which is confirmed by recent
experiments (Kudryashov, et. al., 2021; Kudryashov,
et. al., 2022; Kudryashov, et. al, 2023).

4 CONCLUSIONS

To conclude, a numerical analysis was conducted to
investigate the focused femtosecond laser radiation
exposure on solid dielectric materials. The aim was to
verify the proposed model that describes the
formation of plasma sheets during the reflection of
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laser pulse from the focal plasma with supercritical
electron concentration. The obtained results allow us
to identify the specific laser focusing conditions
necessary for this regime of material nanostructuring.
Notably, the research has revealed that the formation
of contrast plasma lattices requires a tightly focused
laser conditions. These findings represent a crucial
step in comprehending the intricate mechanisms
involved in modifying solids and the underlying
physical processes. It brings us closer to the
development of an advanced theoretical model that
will enhance our ability to precisely control
microscale laser modifications in solid dielectric
materials.
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