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For laser processing applications and creation of mi-
crostructures inside dielectric materials, focusing of fem-
tosecond gaussian pulse within the bulk of these ma-
terials is commonly used. The laser energy is mainly
absorbed in the focal spot due to the nonlinear feature
of the laser-dielectric interaction. Recently, in order to
get further control on the laser energy absorption, the
spatiotemporal focusing technique, for which the pulse
duration evolves in the course of propagation, have been
introduced. However, the spatiotemporal focusing also
leads to an inclination of the wavefront, the pulse-front
tilt. In this work, the influence of the pulse-front tilt
on the pulse propagation and interaction is studied by
solving numerically the Maxwell’s equations coupled
to the laser induced electron dynamics in dielectrics.
The qualitative behavior of the energy absorption, and
geometric features of the resulting absorption volume
are presented. By varying the laser intensity and pulse-
front-tilt, both the aspect ratio and symmetry of absorp-
tion volume are changed. A simple model predicting
the evolution of this aspect ratio is provided. © 2022
Optical Society of America

http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

Using femtosecond laser pulse to perform 3D micro- or nano-
structures inside dielectric materials is of large interest for a
wide range of applications, such as micro- and nano-photonics
or micro- and nano-fluidics [1-3]. Due to the short pulse dura-
tion associated to the nonlinear feature of the laser-dielectric in-
teraction process, focusing femtosecond laser pulses in the bulk
of a dielectric makes possible to confine the laser energy absorp-
tion to the focal volume inside the material without damaging
the surface. Depending on the laser pulse parameters, different
material modifications can be induced, ranging from localized
refractive index modifications to formation of nanovoids [1].
The laser micromachining of dielectric material results from
laser ionization of valence band electrons toward conduction
band, which will then absorb the incident laser energy before
transferring it to the lattice. As a result, the irradiated matter can

undergo phase transitions or structural modifications, leading to
a localized structure. Due to the large band gap between valence
and conduction bands, the absorption of light is nonlinear and
occurs when the laser intensity becomes greater than a threshold
intensity of the order of 10 TW/ cm? [4]. Due to this nonlinear
feature, the absorption volume and the resulting structure shape
can be controlled by adjusting the laser parameters. Usually, the
desired in-depth dielectric material modification is obtained by
tuning the laser pulse duration, the pulse energy, the focusing
numerical aperture (NA), the number of laser pulses or the
spatial beam profile [5]. More recently, temporal focusing has
been introduced to provide a new degree of freedom to manage
the interaction [6] and control the absorption volume shape [7].

The spatiotemporal focusing technique, or simultaneous spa-
tial and temporal focusing (SSTF), initially developed for two-
photon microscopy [8], have been proposed to provide a better
absorbed energy localization during in-bulk interaction [9]. Us-
ing this promising technique, the pulse duration decreases in the
course of propagation toward the focal spot where it is minimal,
providing an additional degree of freedom on the pulse intensity
evolution. Several systems can be used to achieve spatiotem-
poral focusing, as presented in Ref. [10]. The ultra-short laser
pulse broad spectrum undergoes angular dispersion, generally
induced by a diffraction grating, that leads to spatial dispersion
perpendicular to the propagation axis, i.e spatial chirp (SPC),
during the pulse propagation. The wavelengths are spatially sep-
arated and the pulse local bandwidth is reduced, thus increasing
its duration. After the beam collimation, an objective lens fo-
cuses the laser pulse, progressively overlapping the wavelengths
and leading to the temporal focusing. The angular dispersion is
also responsible for the appearance of a space-time inclination
of the pulse-front, i.e. the so-called pulse-front tilt (PFT), and
a wave front rotation (WFR) [11]. The presence of a PFT in the
focal plane of the objective lens was shown to be an inherent
feature of the SSTF technique, and cannot be compensated by in-
troducing an input PFT in the system [12]. The PFT can influence
the laser energy deposition, especially the shape and symmetry
of the absorbing region [13]. The WFR was shown to also mod-
ify the interaction [14]. However, both are usually neglected to
explain the observed resulting structures shapes [7, 15].

The present work aims at giving a qualitative understanding
of the SSTF technique for in-bulk dielectric material modifica-
tions, by emphasizing the fundamental role of both the PFT and
the pulse energy on the size and shape of the laser energy ab-
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sorption volume. The propagation of such a laser pulse can be
modeled using a three dimensional (3D) Nonlinear Schrodinger
Equation [14]. However, it is valid only when light is scattered
at small angles, assuming an electron density lower than the
critical electron density. The 2D Maxwell’s equations provide
qualitative insight of the interaction [13], but are expected to
modify the laser absorption and the geometry of the energy de-
position. In this study, full 3D Maxwell’s equations coupled to
the electron dynamics are used to model the laser propagation
and interaction (ARCTIC code [16]). A NA of 0.3 is considered to
fulfill paraxial conditions in vacuum, and to develop the simple
analytical model of focused tilted laser pulse presented in the
manuscript. For higher numerical aperture, the paraxial approx-
imation is no longer valid and polarization effects must be taken
into account [17]. For this paraxial focusing condition, small
material modifications are expected with a single laser pulse.
Multi-pulse laser irradiation at high repetition rate must be used
for material structuring [18]. The case of a PFT without WFR
in the focal plane is considered as a representative case for the
present study. This configuration can be obtained by adjusting
the input temporal chirp before focusing, the laser pulse at the
focus exhibits a PFT as the only spatiotemporal coupling [6].
This choice limits the free parameters and allow us to focus on
the role of the PFT on the asymmetric interaction and to propose
a method for the control of the aspect ratio of the structure.

In Sec. 2, the theoretical framework for the modeling is pre-
sented. In Sec. 2.A, the laser pulse spatiotemporal dynamics
during SSTF is explained. Section 2.B presents the constitutive
equations for the interaction with dielectric material. In Sec. 3,
two main objectives are pursued, leading to two distinct studies.
First, in Sec. 3.A, we aim at giving a qualitative insight about
the interaction of a tilted femtosecond laser pulse within the
bulk of fused silica. For this purpose, a numerical parametric
study is achieved, using the Maxwell-solver code ARCTIC [16].
The absorption of the laser energy and the resulting asymmetry
of the laser induced material modification are then discussed
for various pulse energies and PFT. Then, in Sec. 3.B, a similar
study is achieved for various pulse intensities near the interac-
tion threshold, around 20 TW/cm? for fused silica [4]. The laser
energy is lower compared with [13] and [14] because we seek for
an energy deposition close to the focal spot, leading to smaller
simulation domain. The geometric features of the absorbing
region, i.e there dimensions and shapes, are investigated. An an-
alytical expression is proposed in order to predict the deposited
energy aspect ratio while using spatiotemporal focusing.

2. MODELING AND ASSUMPTIONS

This section presents the theoretical background for modeling
the propagation of a spatio-temporally focused femtosecond
laser pulse within dielectric material. First, the description of
a focused femtosecond laser pulse exhibiting a PFT in the focal
plane, is presented in Sec. A. The corresponding electric field will
be introduced in the ARCTIC code [16] solving the Maxwell’s
equations coupled to electron dynamics in dielectric material,
which is presented in Sec. B.

A. Dynamics of focused titled laser pulse

By considering a laser pulse propagating along the x axis and
exhibiting a spatiotemporal coupling along the z axis, the general
form of the laser electric field envelop in the focal plane (x = 0)
is given by [11]

E(x = 0) = Egexp [Quuy? + Quz® +2Quzt — Qut?], ()

where Ej is the peak amplitude of the electric field, the com-
plex parameters Qyy and Q,; account for both beam width and
curvature, Q,; for the spatiotemporal couplings, and Qy for
the pulse duration and temporal chirp. Note that only first or-
der spatiotemporal couplings are considered, which is valid for
relatively long pulse duration and/or moderate chirp at the
objective lens. Especially, the second order spectral chirp, re-
sponsible for the further intensity localization for short enough
laser pulses [10], is neglected. The real and imaginary part of
Q0 represent the PFT and WER, respectively [11]. Since only
a PFT is considered in the focal plane in the present study, the
parameters Qyy, Qzz, Qz+ and Qy are real for x = 0, and Qy
represents the PFT. The corresponding laser electric field in the
focal plane then reads:

E(x=0) = Egexp [f(yz +22) /w§ + 2Qzt — tz/T(ﬂ , )

where wy is the beam waist and 71y the pulse duration. It is
convenient to introduce the dimensionless parameters 7 = y/wy,
z=z/wy F=t/tpand v = 1 — (wp1Qzt)?, and write the
electric field as

E(x=0) = Eyexp (~? —2+2/1- 7,5~ P). @)

Note that 0 < 7 < 1is required for the consistency of the field in
Eq. 3), v < 0leading to split the pulse, ¥ = 0 to an infinite PFT,
and y > 1 to a complex value of Q. The limiting value of the
coupling term is then Q,; < 1/(wp1p), indicating the intuitive
idea that the PFT is limited by the pulse duration and beam
width. It is obvious at this point that the parameter 7y drives the
whole spatiotemporal evolution of the laser pulse.

To describe the dynamics of the considered laser pulse, the
general form of the electric field envelope for every x position
can be obtained by directly solving the paraxial wave equation
[19] within the slowly varying envelope approximation for the
electric field (3). The electric field evolution reads

E = Eof(¥)exp |~ f(2) (7" +22)]
x exp [2f ()1 =2 — f(%) (1 +iv%) P], @

where f(%) = 1/(1+i%),and ¥ = x/xg, where xg = no7w3 /Ao
is the Rayleigh length for the laser wavelength Ay and optical
index np. For the considered laser pulse, the spatiotemporal
intensity I = 1ngegco|E|? profile is obtained from Eq. (4),

72 4 52 —sF 2

[ — _IO_ exp _Z(y_ —I—_z)+4\/—1 _'y P _2t_ 6
w2 (%) w2 (%) w2 (%) 2(%)

where [ = %noeocoEg, and @w(x) = w(x)/wy and T(x) =

T(X)/79 are the relative pulse waist and duration evolution
along the propagation axis, respectively. Those parameters are
defined as the 1/¢ intensity width at x, in the spatial domain for
@(%) and in the temporal domain for 7(%), and reads:

w(x) = wyV1+ 2, (6)

(%) = 00/ (1+22) /(1 + 722). @)

The spatiotemporal coupling term 7y in Eq. (7) induces an evo-
lution of the pulse duration during the laser pulse propagation
toward the focal plane. For higher values of the coupling Q¢,
leading to v — 0, the pulse duration follows the same relative
evolution as the beam waist.
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Fig. 1. Pulse duration evolution along the propagation axis ¥ = x/xg,
normalized by the focal plane pulse duration, for various values of the
coupling term Q;.

Fig. 2. Spatiotemporal intensity distribution in the focal plane for a 1
um, 150 fs pulse (FWHM), tilted along the z axis with Q,; = 7.15 1073
fs~tum™1, (left panel) intensity profile in the (y, t) domain, (right
panel) intensity profile in the (z,t) domain.

Note that the longitudinal evolution of the intensity described
by Eq. (5) does not depend on the coupling term v, indicating
that no further intensity localization is obtained for the boundary
condition Eq. (3) where only first order spatiotemporal coupling
was considered. This has been confirmed by solving the electric
field propagation in the spatial and temporal Fourier domains.

The evolution of the relative pulse duration T(X) along the
propagation axis ¥ is presented in Fig. 1 for three different values
of Qz (see Eq. (2)). The full width at half maximum (FWHM)
pulse waist and duration are 1 ym and 150 fs, respectively. The
considered coupling term values are Q,; = 0 (corresponding
to a gaussian pulse without PFT), Q¢ = 7.15 x 1073 fs~1ym™1,
and Q¢ = 8.31 x 1073 fs~!ym~!. The focal plane is located
at ¥ = 0. The pulse duration increases with the distance from
the focal spot in the presence of the spatiotemporal coupling.
At ¥ = —3.5, the temporal stretch « = 7(%)/79 is « = 1.5 for
Qzt =715 x 1073 fs~lym~1, and & = 2 for Q;; = 8.31 x 1073
fs~1um~1. As expected, for a given waist and duration, higher
PFT, represented by higher values of Q.;, leads to a stronger
evolution of the pulse duration. The spatiotemporal intensity
distribution in the focal plane is presented in Fig. 2 for z = 0
(left panel) and y = 0 (right panel). The intensity profile domain
clearly exhibits a tilt in the (z, t) plane. The PFT angle is defined
as the angle of the intensity distribution in the (z,t) domain
[11], and is Oppr = (1 — )10/ wp. In the focal plane, the beam
waist along the y direction at z = 0 is the same as the beam
waist along the z direction at y = 0, indicating the beam is
cylindrical. However, due to the PFT, the transverse extension
in the z direction for an instant ¢ # 0 is larger than its extension
in the y one for the instant ¢ # 0. From the temporal point of
view, the part of the pulse in the domain z < 0 will crosses
the focal plane before the part of the pulse in the domain z >
0. During the interaction with the material, different electron
dynamics are thus expected in the (x, y) plane and in the (x, z),
contrary to conventional cylindrical gaussian pulse. Another
way to characterize the influence of the PFT on the beam spatial
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Fig. 3. Normalized laser fluence in the transverse-longitudinal do-
main for a gaussian pulse (a), chirped pulses along the z axis with
Qzt = 7151078 fs~lum=1 (b) and Qz = 8.31 1073 fs~lum~1 (c). The
pulse propagates from the left to the right.

distribution is to consider the laser fluence. Since the fluence
is the integrated intensity over time, it represents the average
influence of the PFT. By integrating Eq. (5),

2 27
exp [ a2 (%) wgff(x):| , (8)

po_ B/vY
W(X)Weff(X)

where Fy = +/7t/2Iy7y and w, ffis the effective radius defined
as the 1/e fluence transverse extension along the z axis :

Werf(X) = woy/ (1+ yx2) /7. 9)

It clearly appears that the laser fluence in the (y,z) domain
exhibits an elliptic shape due to the spatiotemporal coupling.
The difference between both transverse fluence distributions due
to the spatiotemporal coupling indicates that the laser fluence
transverse extension is longer in the z direction than in the y one.
The normalized laser fluence in the (x, z) domain is presented in
Fig. 3 for a gaussian pulse (Q+ = 0) (a) and chirped pulses with
Qzt = 7151073 fs~lum=' (b) and Q¢ = 8.31 1073 fs~1um™!
(c). The FWHM beam waist and duration are 1 ym and 150 fs,
respectively. For each pulse, contrary to the intensity, the laser
fluence is symmetric along the z axis. However, the chirped
pulse has a larger transverse extension, increasing with the Q;
value, i.e with the PFT. This extension shows the possibility to
control the transverse size of the fluence profile by adjusting
the PFT, and to control the aspect ratio of the laser induced
material modifications. Finally, the longitudinal extension of the
fluence profile is also extended, due to the variation of the pulse
duration with the longitudinal coordinate x.

B. Laser propagation and interaction with dielectric materials

The propagation of a single femtosecond laser pulse in fused
silica is performed in 3D using the Maxwell solver code ARCTIC
[16] accounting for the material evolution during the laser propa-
gation. In the ARCTIC code, the Maxwell equations are coupled
to a two-temperature model including the electron dynamics.
The equations are discretized in the three spatial dimensions by
means of Yee scheme [20], and the simulation domain includes
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Bérenger’s Perfectly-Matched-Layer absorbing boundary con-
dition [21]. Since a femtosecond laser pulse interaction with
dielectric material is considered, hydrodynamic relaxations and
thermal conduction are neglected during the matter heating
process, their characteristics timescales being in the ps and ps
range, respectively [4].The electric field £ and magnetic field B
evolutions are calculated by solving the Maxwell equations

VAE=—-3B, (10)
uo'VAB =T+ +a7D, (11)
with i the vacuum permeability, Jo = —en,il, the electron

current density (1, and ii, are the electron density and velocity,
respectively), and J; the effective ionization current [22]. The
electric displacement D account for linear x(1) and nonlinear
x®) dielectric susceptibilities:

—

D = ¢ [1 + (1tn/1py) (;51) +x(3>|5|2)] g 2

where € is the vacuum permittivity, 1, is the neutral density and
npy the initial neutral density. These equations are coupled to a
two-temperature fluid model describing the electron dynamics
and lattice heating. The equations for the density, momentum
and energy of conduction band electrons are written as:

doine = Wpy + Weol — Ne/Tr, (13)
041l = —eg/me — eV, (14)

at(nege) = me”e”%"e - 3/2quCol - ')/el(TE - Tl)/ (15)

where Wpj is the photoionization rate calculated from the
Keldysh model [23], W, is the collisional ionization rate de-
scribed by using the Keldysh impact formula [24], 7, is the
characteristic time of electron recombination, #, is the electron
mass, v, is the electron collision frequency and Uy is the material
bandgap. Note that solid fused silica was shown to present a
band structure through ab initio calculations and experimental
investigations [25]. Indeed, fused silica exhibits a local order de-
spite its amorphous structure, allowing one to use the Keldysh
theory to describe the photoionization process. The electron-
lattice coupling term is ,; = (3/2)n.kp/7,, where 7, is the
electron-lattice relaxation time and the electron temperature is
Te = 2&./ (3kp). The electron energy density in Eq. (15) neglects
thermal diffusion process, because of the picosecond lifetime of
the conduction electrons, which leads to a maximum diffusion
length of less than 1 nm, considering electrons with an energy of
a few eV. These maximum values are much smaller than the mi-
crometer dimension of the beam waist. The lattice temperature
Tj is given by

CioiTy = v (Te — Ty). (16)

with C; the lattice heat capacity. The total energy density U; ab-
sorbed by the material is calculated at the end of the simulation,
at 2 ps, with the expression U; = C;T;. At this time, the electron
density is close to zero because of the electron recombination,
such that no further energy transfer from the electrons to the lat-
tice is possible. Note that the lattice temperature is not calculated
as the total absorbed energy divided by C;, because radiative
electron recombination is considered. In this case, the energy
transferred to the lattice only corresponds to the laser energy
absorbed by the electrons. The ionization energy is assumed
to be lost during processes like light emission or self-trapped
exciton formation [26].

3. SIMULATIONS OF LASER STRUCTURING IN FUSED
SILICA

The propagation of a single chirped pulse within fused silica
is now considered by using the ARCTIC code presented above.
The laser and material parameters used for simulations are pre-
sented in Tab. 1. The FWHM beam waist v2In2wy = 1 ym
corresponds to the numerical aperture NA = Ay/wpmr =~ 0.3.

The electron collision frequency and recombination time, and
the electron-lattice relaxation time are set to constant values,
with a reasonable order of magnitude [27]. For low pulse energy
and numerical aperture, leading to a few eV electron energy
[28] and a lattice heating below modification threshold, only
smooth variations of these parameters are expected. The present
study aims at investigating the influence of the spatial chirp on
the behavior of the energy deposition. Small variations of the
electron collision and relaxation time are thus not expected to
significantly modify the results, and the shape of the energy
deposition is mainly correlated to the electron density evolution
(within the Drude model). Concerning the recombination pro-
cess, the decay of the conduction band electrons in fused silica
is a complex process, and may take place by radiative recom-
bination with the emission of photons or defect formation like
non-bridging oxygen-hole and self-trapped excitons [26]. Like in
the main numerical studies on the laser-dielectric interaction, we
choose to model the recombination rate by a single exponential
decay term associated to the formation of self-trapped excitons
as observed in experiments [29].

The chirp is along the z axis and the considered time do-
main for a simulation depends on the chirp parameter. It is
adjusted such that the instant where the peak intensity of the
laser pulse reaches the calculation domain (x = xp), is twice the
FWHM pulse duration at the boundary, i.e 2/21In27(x;), with
7(xp) given by Eq. (7). Simulations are stopped when all the
conduction electrons recombined. For the gaussian pulse, the
peak intensity of the pulse reaches the boundary of the domain
300 fs after the beginning of the simulation, and the simulation
lasts for 1 ps. For the most chirped pulse, it is 900 fs and the
simulation is around 2 ps. The laser field in Eq. (2) is propagated
in the material (ny = 1.45) without interaction in temporal and
spatial Fourier spaces to the boundary x = x; using the method
presented in both Refs. [30, 31], allowing one to consider any
field distribution at the focus. The solution is then injected as a
boundary condition in the ARCTIC code.

Note that the maximum considered pulse energy is 250 nJ. It
corresponds to an initial pulse power of 1.82 MW, which is below
the critical power Pr; = 2.8 MW for self-focusing in fused silica
[32]. To decrease the numerical cost of simulations, the nonlinear
dielectric susceptibility x(®) is thus neglected in Eq. (12).

The numerical box size for simulations is 20 um along the
propagation direction x, and 16 pm in both transverse directions
y and z. The spatial resolution of 5 nm and temporal resolution
of 0.05 fs insure the numerical convergence. The laser boundary
conditions are located at x, = —14.5 um, and x = 0 corresponds
to the focal plane, accounting for the fused silica refractive index.

The PFT in the focal plane could be represented by several
parameters, like Q,; or . For this purpose, the asymptotic
temporal stretch we is now introduced, and defined as the en-
hancement factor of the pulse duration T(x)|ysx, /7o, at infinite
distance from the focal plane

oo = 1//7. a7)
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Table 1. Laser and material parameters used in simulations [27, 33]

Parameter Symbol Value

Laser wavelength Ao 800 nm

FWHM beam waist V21n 2wy 1 ym
FWHM pulse duration V21n27 150 fs
Material density 00 2.2 g/cm?
Refractive index 1o 145
Band gap U, 9eV
Lattice heat capacity G 1.6J/cm?/K
Linear susceptibility xW 1.11
Recombination time T 150 fs
Electron collision frequency Ve 3fs1
Electron-lattice relaxation time Tl 1ps

z (um)

z (um)

z (um)

z (um)

z (um)

z (um)

Fig. 4. Spatial distribution of the final lattice energy density in the
(x,z) domain, for different temporal stretches wo, achieved during
spatiotemporal focusing, and for a 1 ym, 150 fs and 180 nJ laser pulse.

It pertains to an experimental observable since it represents the
ratio between the pulse duration before the focusing lens of
the system and the pulse duration in the focal plane. In the
following, this quantity will be used as a parameter representing
Q¢ and thus the PFT, for given waist and duration.

l250
200

y (um)

y (um)

y (um)

Fig. 5. Spatial distribution of the final lattice energy density the (x,y)
domain at z = 0, for ae = 1, 2.26, and 4.71 achieved during SSTF, and
for a1l um, 150 fs and 180 n] energy laser pulse.

A. Spatiotemporal coupling effect

In this section, the influence of the PFT on the laser energy
absorption is studied, depending of the incident pulse energy.
For this purpose, pulse energies Wy ~ 125 n], W, ~ 180 nJ and
W3 =~ 250 n] are considered. For each pulse, the influence of the
PFT is studied by varying ac. For an incident laser energy W,
the corresponding maximum laser intensity I, at the focal point
is obtained by using Eq. (5),

I, = (2/7)%*W, / witotteo, (18)

and decreases with increasing a« due to the spatial stretch in
the (x,z) plane induced by the spatiotemporal coupling term (see
Figs. 2 and 3). For a given initial laser energy, the maximum
laser intensity I, is lower for spatio-temporally focused laser
pulse than for a simple gaussian pulse. For the considered pulse
energies, the related peak intensities in the focal plane for the
different ao, values used in the simulations, are reported in Tab. 2.
The temporal enhancement factor « at x, is also shown to make
clear the difference with . In the present study, the PFT angle
Oprr can reach large values compared with the literature, since
it scales as 1y /w( and because a relatively long pulse duration
is considered. With 0pr approaching 19/wp, ae continue to
increase. In this work, the maximum value is & = 8.45 with
Oprr = 170 fs/pum. The experimental work [8] reports aeo =~ 20,
for similar numerical aperture and half lower pulse duration,
corresponding to Oprr = 60 fs/um. The higher angle in the
present study is related to the longer pulse duration, but the low
value of w indicates this configuration should be achievable.
The spatial distribution of the final lattice energy density
in the (x,z) domain at y = 0 is presented in Fig. 4 for a 180
nJ pulse energy (corresponding to I, intensities in Tab. 2 for a
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Fig. 6. Temporal evolution of the electron density for the 180 nJ laser pulse, with aee = 1.58 (left) and aeo = 4.71 (right). The time ¢y corresponds

to the time where the peak of the pulse reach the boundary of the domain at x;,

—145 um, t; = to+ aeT/4 and tp = ty + aeoT9/2. The pulse

propagates from left to right, the propagation axis is indicated by the horizontal dashed line.

Table 2. Spatiotemporal coupling term Q¢ (in fs~'y m~!), and

the associated asymptotic temporal stretch «, temporal enhance-
ment factor « at x, = —14.5 ym, and maximum laser intensities (in
TW/cm?) corresponding to pulse energy of 125, 180 and 250 nJ, used
in the simulations.

Qzt Qoo o L I I3
0 1 1 685 100 137
7151073 158 15 435 635 87
8311072 226 2 30 44 60
8801073 321 25 21 31 42
90510% 471 3 14 20 28
920107% 845 35 10 14 20

linear propagation) and various values of a«. Note that the
intensity in Eq. (18) corresponds to linear approach, where Fig. 4
description refers to nonlinear. The maximum final lattice energy
density decreases as the temporal stretch increases due to the
decrease of the maximum laser intensity. For the gaussian beam
(xeo = 1), the spatial distribution of final lattice energy exhibits
the well known tear-shaped energy deposition [34, 35]. With the
laser energy increasing, the beam cross section where the laser
fluence is equal to the threshold value shifts backward the beam
propagation direction. The ionized matter volume is stretched
upstream of the focal point resulting in an elongated energy
absorption volume.

Increasing a«, in Fig. 4 leads to reduce the stretching of the
energy absorption volume along the propagation axis, while its
transverse dimension becomes larger. It also produces an asym-
metric energy distribution with respect to the (x,z) plane. As
the maximum laser intensity is lower due to the PFT, the motion
of the ionization front backward the laser pulse propagation
direction is reduced. At the same time, the spatial stretch of
the laser pulse due to the spatiotemporal coupling, induces an
expansion of the ionized matter volume along the PFT direction.

To explain the observed asymmetry of energy deposition in
Fig. 4, the evolution of the electronic density n.(x,z) aty = 0
during the laser pulse propagation for W, and e = 1.58 (left
panels) and 4.71 (right panels) is presented in Fig. 6. The electron
density is normalized to the critical density n, = 1.7 x 102 cm~3.
Time f( corresponds to the time where the peak laser intensity is
at x, (left boundary of the simulation box), f; = ¢y + & Tp/4 and
ty = tp + aeoTo /2. Before t = ty, the electron density develops
at the same position, with much lower value. After t = ¢, the
electron density starts to fall. Note that considered times are
different, longer for ae = 4.71, due to the longer pulse duration
at xp. For weo = 1.58, t1 = ty + 50 fs and t, = tg + 100 fs. For
Koo = 4.71,t1 =ty + 150 fs and ¢, = tg + 300 fs.

In both cases in Fig. 6, the ionization process starts in the
region z < 0 because of the PFT sign. At the focal spot, the ion-
ization threshold has been reached well before the peak intensity
of the laser pulse crosses the focal plane. For a#c = 1.58, the ion-
ization starts closer to the optical axis due to the lower PFT. The
critical density is already reached for tj, between x = —2 ym
and 1.5 ym. Thereafter, the ionized region is shifted toward
the laser source like in the case of a gaussian pulse (see Fig. 4).
Because of the high electron density, and its vicinity with the
optical axis, the pulse propagation is strongly affected. The tail
of the laser pulse is defocused by the ionized matter. Conse-
quently the field in the region z > 0, corresponding to the latter
part of the laser pulse, produces fewer electron and undergoes
smaller absorption, leading to the asymmetric energy deposi-
tion observed in Fig. 4. This result is in agreement with the
counter-intuitive observation reported in [13], where a strongly
asymmetric interaction is observed even if the PFT is small.

For aeo = 4.71 in Fig. 6, the electron density is lower at ¢
and the ionized matter volume is farther below the optical axis
and closer to the focal plan, because of the high PFT angle and
lower maximum intensity. For longer times, the ionized region
moves over the optical axis leading to a more symmetric energy
deposition (see Fig. 4). The maximum electron density is always
lower than 7. in the ionized matter, and the defocusing of the
laser pulse tail is lower.
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In the (x,y) domain, the absorption volume is always sym-
metric like in the gaussian case (see Fig. 5). However, a decrease
of the absorption volume is obtained due to the lower maximum
laser intensity, while the position of the maximum final lattice
energy is moved toward the front of the tear shape, as it was
explain previously. The 3D shape of the affected volume corre-
sponds to an ellipsoid which characteristic size in the y direction
is significantly shorter than the one in the two other directions.

Figure 7 presents (a) the total absorbed energy by the lattice
Waps, (b) the affected volume Vify, (c) the effective absorbed
energy density by the lattice U, s and (d) the transverse asym-
metry of the affected volume as a functions of the temporal
stretch ae for the three considered incident pulse energies. The
total absorbed energy W, is normalized by the incident pulse
energy, and the effective volume of interaction Vs corresponds
to the material volume where the absorbed density is larger than
100 J/cm3. The effective absorbed energy density by the lattice
corresponds to the ratio of the total absorbed energy by the lat-
tice in the volume V¢ and V,¢s. The transverse asymmetry
of the impacted region is defined as the relative difference of
the deposited energy between the region z < 0 and z > 0. A
positive asymmetry indicates that more energy is deposited in
the region z < 0, where the pulse first arrives. Note that the
100 J/cm? value considered to determine V, ¢ is much lower
than the threshold value required to induce significant mod-
ification (=~ 2.5 kJ/cm? [36]), due to the considered focusing
conditions. A short burst of twenty pulses with a picosecond
delay could be employed to reach the threshold [37].

For each temporal stretch, the relative absorbed energy by
the lattice Wp),; /W), (Fig. 7(a)) increases with the incident en-
ergy, and for a fixed W, value, it decreases with the increase of
oo. The same trend is observed for the affected volume V¢
(Fig. 7(b)). For a given temporal stretch, increasing W), leads to
increase the laser intensity I,. Like for the gaussian beam, the
ionized volume is stretched upstream of the focal point, while
its transverse size increases. The absorption volume is wider,
and the absorbed laser energy increases. However, for a con-
sidered incident energy, the maximum laser intensity decreases
with increasing a. In this case, the ionized volume decreases,
leading to a lower laser energy absorption in the material.

For the three considered laser energy, the effective absorbed
energy density by the lattice U, s (Fig. 7(c)), first increases and
reaches a maximum which depends on the pulse energy. Then,
it decreases, more sharply for lower pulse energy. This result
indicates that the decrease of the total absorbed energy by the
lattice with & can be compensated by the decrease of the im-
pacted volume. Therefore, depending on the pulse energy, the
localized energy deposition can be improved compared with
the gaussian case using a chirped pulse, without any further
intensity localisation.

The transverse asymmetry of the absorption volume is de-
fined as Wy, f/ Wsup — 1, where W;, £ and Wgy, are the total ab-
sorbed energy by the lattice in the regions z < 0 and z > 0,
respectively. It is shown in Fig. 7(d). It increases up to 12% when
a spatiotemporal coupling is introduced whatever the incident
laser pulse energy. Thereafter, the asymmetry decreases as the
temporal stretch increases. This decrease is sharper for lower
pulse energy. As it was explain previously, this asymmetry is in-
troduced by the matter ionized by the first part of the laser pulse
which disturbs the propagation of the laser pulse tail. This effect
is stronger for small &, due to the higher maximum laser inten-
sity. Note that the asymmetry for the gaussian pulse is not zero
because of the spatial resolution of the numerical simulations.
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Fig. 7. Evolution of (a) absorbed laser energy, (b) maximum absorbed
energy density by the lattice, (c) effective volume, (d) effective ab-
sorbed energy density by the lattice and (e) asymmetry with the tem-
poral stretch &e. The blue rounds corresponds to W; = 125 n], the
orange crosses to W, = 180 nJ and the green squares to W3 = 250 n].
The lines are guides to the eyes.
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Fig. 8. Spatial distribution of the absorbed energy density the (x,z)
domain, for ae, = 4.71, for a 1 ym, 150 fs, 50 TW/ cm? laser pulse.

These results show that using a high PFT leads to a better en-
ergy confinement near the focal point. However, if the incident
pulse energy is increased, the energy deposition area becomes
also highly inhomogeneous and asymmetric with a PFT (see
Fig. 8 where W, = 310 n] and ac = 4.71). The better confine-
ment obtained previously was induced by the maximum laser
intensity decrease with the PFT increase. In order to control the
aspect ratio of the structure, it is clear that higher values of a
restricts the intensity to near interaction threshold values.

It is worth-noting that the influence of the WFR was not
discussed in our analysis, as well as the group delay dispersion
(GDD) introduced by the material, which itself contributes to
the WFR. Indeed, even if the electric field in the focal plane
only presents a PFT (see Eq. (2)), a WER exists for any other
longitudinal position (see Eq. (4)). The absence of both WFR
and GDD in our analysis should be justified regarding our laser
configuration. First, it was checked that the PFT angles in the
focal plane (x = 0) and at the domain boundary (x = x3), are
the same, due to the short distance between these positions. The
rotation of the wave-front is observed only far from the focal
plane (x > xg). For this reason, the WER do not play any role in
the asymmetric interaction in the present configuration, contrary
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to the results presented in Ref. [14]. The GDD can be evaluated
from the group velocity dispersion (GVD), i.e the GDD per unit
length. The GVD coefficient of fused silica is kp = 35 fs2 /mm for
Ag = 800 nm [38]. The characteristics length for GDD can thus
be evaluated as Tg /ko ~ 460 mm, which is significantly longer
than the 20 ym propagation distance considered in this study.

B. Controlling the aspect ratio of the absorbing region

From the previous section, it appears that the lower the pulse
energy, the more homogeneous the absorbing region (see fig-
ures 4 and 8). This suggests that homogeneous impacted area
are expected close to the ionization intensity threshold. Within
this configuration, the aspect ratio of the area, i.e. the ratio of
its length along the x axis (laser propagation axis) to its width
along the z axis (chirp axis), can be properly defined, contrary to
Sec. A where the inhomogeneous energy deposition prevented
from this definition. This section is mainly devoted to study the
evolution of this aspect ratio with respect to the laser intensity
near the material interaction threshold. For fused silica, this
threshold intensity is around 20 TW/ cm? [4, 27]. This value is
in agreement with the present numerical simulations. In Fig. 9,
the absorbed laser energy density U is presented in the (x,z)
domain fory = 0, aee = 1,4.71 and 8.45, and I, = 20 TW/cm?.
Like previously, the absorbing region is referenced as the area
where Uj is larger than 100 J/cm?3. Tts length is measured on the
optical axis and its width corresponds to the maximum trans-
verse dimension (see Fig. 9 for « = 8.45). The width of the
absorbing region is increased with increasing a due to the
larger PFT, while its length is shortened due to the pulse dura-
tion evolution that modify the longitudinal fluence evolution.
Furthermore, the maximum of energy deposition is reduced.
Figure 10 presents (a) the total absorbed energy by the lattice,
(b) the effective volume of interaction, (c) the effective absorbed
energy density by the lattice and (d) the asymmetry as functions
of aeo, like in Fig. 7, but for the three maximum laser intensities
Ip = 18,20 and 22 TW/ cm?. W, increases with the maximum
laser intensity for all ae values. Increasing I, leads to increase
the ionized matter volume, then the laser absorption volume
and Vs (see Fig. 10(b)). However, for a fixed maximum laser
intensity, W, starts to decrease when the temporal stretch is
introduced, and then increases with as. At the same time, the
Vesy increase due to the PFT leads to increase the total absorbed
energy by the lattice with the temporal stretch. Note that the
minimum of Wy, /W), corresponds to the maximum asymmetry,
and can be attributed to the higher defocusing for low PFT. The
effective absorbed energy density by the lattice U, ff (Fig. 10(c))
decreases with a, up to a saturating value. This behavior,
very different from Sec. A, is due to the relative increase of the
effective volume, which is greater than the relative increase of
the total absorbed energy. This indicates that near the interaction
threshold, the PFT tends to limit the localization due to the large
increase of the volume of interaction. The asymmetry evolution
in Fig. 10(d) is similar to the previous case where constant laser
pulse energy was considered. However, the absorbing area is
much more homogeneous. The asymmetry increases up to a
maximum value when as ~ 1.5 for the three considered laser
intensities. For larger ae, the asymmetry decreases. For the
smaller values of &, the PFT angle is small and the ionization
starts closer to the optical axis. The laser pulse propagation
is disturbed by the ionized matter like in the previous section,
even if the maximum laser intensities are close to the threshold
intensity. When a increases, the PFT angle increases, and the
laser pulse tail is less disturbed by the conduction electrons

resulting from ionized matter by the laser pulse front.

Figure 11 presents the evolution of (a) the width L, (b) the
length I (see Fig. 9) and (c) the aspect ratio R = I/L of the ab-
sorbed energy domain as a function of the temporal stretch we
for I, = 18,20 and 22 TW/ cm?. For the considered laser intensi-
ties, the width of the absorption area almost linearly increases
with & due to the PFT inducing the higher transverse extension
of the effective radius in the direction of the tilt (see Fig. 3).
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Fig. 9. Spatial distribution of final lattice energy density in the (x, z)
domain for different temporal stretches ao, for a 1 ym, 150 fs, 20
TW/cm? intensity laser pulse. Both the length I and the width L are
shown for ae, = 8.45. The black line corresponds to U; = 100 ]/ cm?.
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Fig. 10. Evolution of (a) total absorbed energy by the lattice, (b) max-
imum absorbed energy density by the lattice, (c) affected volume,

(d) effective absorbed energy density by the lattice and (e) asymme-
try with the temporal stretch a. The blue rounds corresponds to

I, =18 TW/cm?, the orange crosses to I, = 20 TW/cm? and the green
squares to I, = 22 TW/cm?.
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Fig. 11. Dependence to the temporal stretch e of the modified mate-
rial width (a), length (b) and aspect ratio (c) for various pulse intensi-
ties around the interaction threshold. The blue rounds corresponds to

I =18 TW/ cm?, the orange crosses to I, = 20 TW/ cm? and the green
squares to I3 = 22 TW/cm?. The red curve in (c) corresponds to the
theoretical aspect ratio obtained from Eq. (19).

At the same time, the length of the absorption area decreases
with the increase of the temporal stretch a, because of the higher
energy absorption taking place for longer pulse duration. For
values of ae larger than 3.21, the pulse duration evolution be-
comes independent of as since it corresponds to ¢y < 1 (see
Eq. (7)), and the only remaining effect on the aspect ratio is the
increase of the beam transverse dimension due to the PFT. The
aspect ratio R of the structure presented in Fig. 11(c) quickly
decreases with increasing a«, but is almost independent of the
laser intensity for the considered intensities. For near thresh-
old intensities, the diminution of the aspect ratio is mostly due
to the PFT which increases the width of the absorption area
rather than the higher absorption that shortens its length. For
the gaussian pulse R ~ 8, and for a#e, = 8.45 R ~ 0.5, which
is a variation of more than one order of magnitude. An aspect
ratio R ~ 1 is achieved for ass = 4.71. For lower numerical
aperture, one can expect larger width of the absorption volume
along the PFT direction. By keeping a« constant, a lower nu-
merical aperture would also results in longer length along the
propagation axis, but with the same aspect ratio. For higher
numerical aperture, polarization effects and directional writing
are expected [17]. Furthermore, a higher absorption of the pulse
energy and smaller energy deposition area would be achieved.

For application or experiment design purposes, an analytical
expression of the aspect ratio of the laser induced structure can
be derived. A rigorous derivation is not straightforward because
the length depends on the pulse duration [27]. An ad’hoc ap-
proach is thus used and predictions compared with previous
full numerical simulations allow us to validate a posteriori the
proposed analytical expression of the aspect ratio. The linear
dependence of the structure width with a« (see Fig. 10(a)) sug-
gests that the effective waist w,rf = ooty in Eq. (9) correctly
evaluates the behavior of increasing transverse structure size
due to the PFT. Note that w,y is intensity-independent since it
is defined as the 1/e transverse extension of the fluence profile.

A test function for x,¢f is given by x,rf = /(1 +7)/2xg. The

aspect ratio defined as R = X,f7/v/In2/2w,fs thus reads :

R=1/v(1+)/In2xg/wy. (19)

As shown by Fig. 11, this expression is in a good agreement
with numerical simulations. Finally, note that the aspect ratio
is considered within 2D in the (x,z) plane, such that the 3D
absorbing region is elongated in the tilt direction z. To get a fully
3D symmetric structure, an elliptical beam at the focal spot or a
radial chirp [39] could be used.

4. CONCLUSION

By studying the propagation of a spatially chirped pulse in vac-
uum, we have first provided an analytical expression to study
the space-time evolution of a femtosecond laser pulse including
a spatiotemporal coupling inducing only a pulse front tilt in the
focal plane. Thereafter, the propagation of this pulse in fused
silica has been studied by numerically solving the Maxwell’s
equation coupled to the laser induced electron dynamics. The
distribution of the energy deposition in the volume of fused
silica has been obtained for different incident laser energy and
coupling parameter values. These qualitative results show that
the spatiotemporal coupling leads a better confinement near of
the focal point of the deposited energy volume in the material
than by using a classical gaussian pulse with the same energy.
Due to the PFT, the maximum laser intensity is lower and the ion-
ized volume is closer to the focal point. However, by increasing
the incident laser energy, the deposited energy volume becomes
asymmetric with respect to the propagation axis. Finally, the
energy deposition volume has been studied for near threshold
maximum laser intensities and different coupling values. It has
been shown that the pulse front tilt allows one to decrease the
aspect ratio (length over width) of the absorbing area relative to
conventional gaussian beam, up to one order of magnitude. For
application purposes, we have proposed a simple analytical ex-
pression to evaluate the aspect ratio of the structure depending
of the spatio-temporal coupling value. To conclude, tilted laser
pulses add a degree of freedom to the conventional Gaussian
beam, and offer a possibility to control and design the shape of
laser induced bulk modifications. A final comment should be
made concerning the fundamental importance of the pulse dura-
tion. In this study, the spectral chirp was neglected regarding the
150 fs pulse duration and the considered chirp parameters [10].
In this case the field at the focus only presents a PFT (see Eq. (2)).
This is not true for shorter pulse duration, where the spectral
chirp would be responsible for further longitudinal intensity
localization [10]. This would probably result in a smaller length
and lower aspect ratio of the absorbing area, and a potential
increase of the absorbed energy. Furthermore, for a 150 fs pulse
duration, the wavelength range is small enough to insure the
validity of the Keldysh model. Shorter pulse duration could
not satisfy this condition, and time-dependent ionization model
would have to be introduced for the simulations [40].
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