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Abstract Femtosecond Bessel–Gauss beams are attrac-

tive tools to a large area of laser processes including

high aspect ratio volume nanostructuration in dielec-

tric materials. Understanding the dielectric material re-

sponse to femtosecond Bessel–Gauss beam irradiation

is key in controlling its modifications and designing new

structures. In this work, we show how the material

ionization affects the propagation of the femtosecond

Bessel–Gauss laser beam and can limit the laser en-

ergy deposition. By performing 2D/3D numerical sim-

ulations, we evaluate the absorbed laser energy and

subsequent material modifications. First, we model the

electron dynamics in the material coupled to the 3D

laser propagation effects. Then, we consider 2D thermo-

elasto-plastic simulations to characterize the medium

modifications. Results show that the laser ionized mat-

ter induces a screening of the incident gaussian beams

which form the Bessel–Gauss beam. This effect leads

to a limitation of the maximum laser energy deposition

even if the incident laser energy increases. It can be

reduced if a tigthly focused femtosecond Bessel–Gauss

beam is used as the angular aperture of the cone along

which the incident gaussian beams are distributed is

larger.

1 Introduction

Femtosecond laser pulse is a versatile tool for process-

ing of dielectric materials [1–4] due to a highly non-

linear laser energy absorption and an irradiation time
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shorter than typical hydrodynamic and thermal relax-

ation times in dielectrics (∼ 10 ps). This fast heating

process provides an efficient way to induce material

modifications in the bulk of dielectrics, and has numer-

ous applications in many fields, such as photonics or

micromachining [5]. But, the size of laser induced struc-

tures is limited by the focal volume which is small for

traditionnal Gaussian pulses as they must be tightly fo-

cused inside the dielectric [6,7]. This limitation can be

overcome by using non-diffractive Bessel–Gauss beams.

These beams correspond to long and narrow filaments

along the optical axis with only hundreds of nanome-

ters in diameter, and a length which may exceed several

hundreds of microns [8–10].

A Bessel–Gauss beam is usually produced by using

axicon and results from interferences of incident Gaus-
sian beam with itself [11,12]. The laser pulse energy

propagates along directions distributed on a cone sur-

face with a given angle θ with the axial propaga-

tion direction, and converge to a line. For dielectric

material modifications, the formed Bessel–Gauss beam

is then projected inside the matter by a 4f afocal imag-

ing system [13,14] and on-axis intensity may be tailored

by using spacial light modulators or filters [15,16]. For

this kind of nonpropagative beam, as the laser energy

does not propagate on propagation axis, it is gener-

ally assumed that the laser energy can be absorbed

in the matter along the whole length of the imaged

beam. Depending on the incident laser energy, modifi-

cations in the whole irradiated volume, like refractive

index variation or void structure formation, can be ob-

tained [1–3,17], which is of interest for high aspect ra-

tio, uniform, and submicron structuring of transparent

materials by using a single laser pulse. However, for

femtosecond Bessel–Gauss laser pulses, void structures

in bulk of fused silica can be achieved only in tight fo-
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cusing conditions [3,18]. A large θ value leading to a

Bessel–Gauss beam core of submicrometer full width

at half–maximum is necessary. An influence of the op-

tical material response (optical index change inducing

diffraction, plasma screening, etc) has been suggested

to affect the laser pulse propagation and limit the laser

energy deposition. This effect is assumed to decrease

since the θ value increases. Understanding this limita-

tion of laser energy absorption is therefore necessary to

control and improve material processing by using fem-

tosecond Bessel–Gauss beams.

To understand and explain such experimental ob-

servations in femtosecond regime, material modifica-

tions in fused silica by 60 fs and 800 nm Bessel–Gauss

laser pulses are numerically studied in the present work.

These laser parameters correspond to those used

in [3,18]. Three different θ values are considered to

evaluate the influence of the Bessel–Gauss beam diam-

eter. Due to the different timescales involved during

the material modification, electron dynamics including

laser energy absorption and electron energy transfer

toward the lattice, can be decoupled from hydrody-

namic processes and thermal conduction [7]. The elec-

tron dynamics coupled to the propagation of Bessel–

Gauss beam is widely modeled by solving the nonlinear

Schrödinger equation supplemented with a rate equa-

tion describing ionization and recombination of con-

duction band electrons [2,14,19]. However, the nonlin-

ear Schrödinger equation is based on approximations of

slowly varying envelope of laser pulse and light scat-

tering limited to small angles. These assumptions are

valid as long as the conduction electron density in the

irradiated matter remains lower than the critical den-

sity during the laser pulse propagation, that means to

moderate laser intensities for which only small modifi-

cations are expected. In this work, to address the forma-

tion of cavity or channel inside dielectric material which

require high intensities and possibly electron densities

in excess of the critical density, full Maxwell’s equations

coupled to the electron dynamics are used to model the

laser pulse propagation and interaction. A two tempera-

ture fluid model including ionization processes has been

introduced in a 3D Maxwell solver (ARCTIC code [20])

and is presented in Sec. 2. The evolution of the electron

dynamics and laser energy deposition in the bulk are

studied in Sec. 3 for femtosecond Bessel–Gauss beams

with different beam diameters. Influence of the material

ionization on the Bessel–Gauss laser beam formation

is shown and discussed. A limitation of the maximum

material laser heating depending of the beam diameter

is observed. The calculated absorbed energy profile is

then used as initial condition in the hydrodynamic code

CHIC [21] including the elasto–plastic behaviour of the

solid matter [22–24]. It provides material modifications

post to the interaction, which are presented in Sec. 4. In

agreement with experimental results [3,18], the smaller

the Bessel–Gauss beam diameter (tighter focusing con-

dition), the stronger the material modification.

2 Modeling of laser propagation and energy

deposition

The Maxwell’s equations for the laser pulse propagation

through a dielectric medium read:

∇ ∧E = −∂tB and µ−1
0 ∇ ∧B = ∂tD + J, (1)

where E, D, B, and µ0 are the laser electric field, the

electric displacement field, the magnetic field, and the

vacuum permeability, respectively. The current J =

JI + Je, where JI is the effective ionization current

depending on the material bandgap and photoioniza-

tion rate [25] and Je = −eneue is the free electron

current density (ne and ue are the conduction

electron density and velocity, respectively). The

electric displacement field D accounts for material po-

larization through linear and nonlinear dielectric sus-

ceptibilities [25] χ(1) and χ(3), respectively.

The electron dynamics in the conduction band and

lattice heating are described by using a two–temperature

fluid model assuming isochoric processes and neglecting

thermal conduction. The electron momentum equation

is written as

∂tue = −eE/me − ueνe, (2)

where me is the electron mass, and νe is the effective

electron collision frequency. The evolution of the elec-

tron density in the conduction band is given by

∂tne = WPI +WCol − ne/τr, (3)

where the last term accounts for the electron decay with

the characteristic time τr, the photoionization rate WPI

is given by the Keldysh expression for solids [26], and

the impact ionization rate WCol is evaluated by [27,28]

WCol = α0

∫ (
ε

Ug
− 1

)2

fe(ε)dε, (4)

where α0 is a constant rate depending on material, Ug

is the material bandgap, and fe is the electron energy

distribution which is assumed to be a Maxwellian in

this study.

The internal electron energy ξe is given by

∂t(neξe) = neu
2
eνe − (3/2)UgWCol − γel(Te − Tl), (5)

where the two last terms represent the energy lost due

to collisional ionization and to the lattice heating pro-

cess, respectively. γel = 3nekB/(2τel) is the electron-

lattice coupling where τel is the electron-lattice relax-

ation time, and Te and Tl are the electron and lattice
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Table 1: Diameters d0, widths of the gaussian term

w0, and angular half apertures θ of the three considered

Bessel-Gauss beams with 20 µm in length.

Beam d0 (µm) w0 (µm) θ (◦)

BG1 3.11 2 11.3
BG2 1.8 3.5 19.3
BG3 1.3 5 26.5

temperatures (Te = 2ξe/(3nekB)). The lattice temper-

ature evolution is given by

Cl∂tTl = γel(Te − Tl), (6)

where Cl is the lattice heat capacity.

The previous equations are implemented in the code

ARCTIC [20], where Maxwell equations (1) are dis-

cretized in the three spatial dimensions by means of Yee

scheme [29]. The simulation domain includes Bérenger’s

Perfectly-Matched-Layer absorbing boundary condition [30,

31]. The propagation axis is x.

Instead of determining the initial boundary condi-

tions by simulating all the imaging system to produce

a Bessel–Gauss beam, the analytical expression given

in Ref [32] has been used. This expression corresponds

to a Bessel–Gauss beam generated by using an annular

aperture as filter [15,16]. In vacuum, the beam intensity

is maximum in x = 0, and

E(x = 0, r, t) = E0(t)J0(βr) exp
[
−(r/w0)2

]
, (7)

where J0 corresponds to the zero order Bessel function,

E0(t) includes the Gaussian temporal dependences, r =√
y2 + z2 and β = k sin θ, θ being the angular half

aperture of the cone along which the incident gaus-

sian beams are distributed, and k = 2π/λl (λl is the

laser wavelength in vacuum). The Bessel–Gauss beam

length is given by D = 2w0/ tan θ. From the electric

field defined by Eq. (7), the initial boundary conditions

at x = −25 µm in simulations are calculated by using

the algorithm presented in Ref. [33,34].

3 Bessel–Gauss beam propagation in bulk of

fused silica

For simulation purpose, 60 fs and 800 nm incident laser

pulses are considered with maximum peak intensities

I0 at x = 0 between 20 and 1000 TW/cm2 like in [3,

18]. Three Bessel-Gauss beams with different diame-

ters d0 (distance between the first zeros of the Bessel

function in Eq. (7)) and a 20 µm in length in vacuum

are considered and presented in Tab. 1. The simulated

Bessel–Gauss length is ten times smaller than the typi-

cal Bessel–Gauss length used in experiments [3,18] due

to computational constraints. However, this length is

enough to observe modifications of the matter which

differ from traditional Gaussian pulses and to capture

the main physical processes at play.

The Bessel–Gauss beams propagate inside fused sil-

ica target [36,37] with initial solid density ρ0 = 2.2 g/cm3,

Ug = 9 eV, τr = 150 fs, νe = 5 fs−1, τel = 1 ps, Cl =

1.6 J/cm3/K, χ(1) = 1.11 and χ(3) = 2 × 10−22 m2/V2.

Note that the optical index in the non ionized matter

is different from the vacuum where both Bessel–Gauss

beams have been initially defined. In the material, the

position of maximum intensity in Bessel–Gauss beams

is forward shifted by 11.3 µm along the propagation

axis.

The typical value of the α0 rate in the impact ion-

ization model (see Eq. (4)) is of the order of 1.5 fs−1

for fused silica [27,28]. However, using this value in our

simulations with a 60 fs and 800 nm laser pulse, leads

to underestimate the absorbed laser energy, and thus

the final lattice temperature. For the BG1 beam with

I0 =300 TW/cm2, the calculated final lattice temper-

ature in the heated matter is in the range of 600 to

800 K. The final lattice temperature should be in the

range of the strain and annealing temperatures, that

means of the order of Ts = 1300 K in fused silica [38],

as structure inducing change of the refractive index is

experimentally observed for such laser parameters [3].

This low heating in simulation is induced by the sharp

evolution of the conduction band electron density lead-

ing to a strong screening of the incident laser beam as

it will be demonstrated after. On the other hand, re-

moving the impact ionization process in Eq. (4) results

to calculated final lattice temperatures of the order of

some eV, which is to large. To obtain a temperature

of the order of Ts in the heated material, α0 must be

of the order of 0.03 fs−1 in our simulation. This de-

crease of the α0 value is in agreement with experiment

and simulation results [39–41] showing a decrease of the

importance of the impact ionization process for laser

pulses shorter than 100 fs. This α0 value is used in all

forthcoming simulations.

Figures 1 and 2 present the temporal and spatial

evolutions of the electron density and laser intensity

distributions in the xy plane for the BG1 and BG3

beams, respectively. The maximum laser peak inten-

sity in vacuum is I0 =300 TW/cm2 in both cases. The

laser pulse comes from the left border. The electron

densities n̄e are normalized to the critical electron den-

sity nc = 1.7 × 1021 cm−3. The black and white

lines in Figs. 1(a) and 2(a), respectively, correspond

to ne = 0.5 nc. Larger densities provide an efficient

laser energy absorption and reflectivity for the consid-

ered laser parameters.
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Fig. 1: Spatial and temporal evolutions in the xy plane of the free electron density (a) and laser intensity (b) in

silica for 3.11 µm in diameter Bessel–Gauss beam (BG1). The laser pulse comes from the left border and the laser

intensity Il is normalized to the laser peak intensity I0 =300 TW/cm2. The electron density n̄e is normalized to

nc = 1.7× 1021 cm−3.

For both Bessel–Gauss beams, the electron density

increases slowly during the first 200 fs after the begin-

ning of the laser irradiation, because only photoioniza-

tion takes place. The electron density in the ionized

matter is too low to significantly disturb the incident

laser pulse propagation and the Bessel–Gauss beams

begins to form in the interference area (around y = 0)

along the propagation axis. Thereafter, when the laser

intensity becomes greater than 0.1 I0, the energy of

the ionized electrons becomes large enough to induce

collisional ionization. The electron density in the con-

duction band sharply increases and a volume of matter

where ne > 0.5nc appears.

For the BG1 beam (Fig. 1(a)), the transverse diam-

eter of the absorption volume where ne > 0.5nc, is ap-

proximately 1 µm and its length is 8 µm for t = 250 fs.

Its shape evolves toward an elongated teardrop shape

with 23.2 µm in length and 1.3 µm in maximum di-

ameter at t = 400 fs. The maximum electron density

is always lower than nc. Appearance of the absorp-

tion volume disturbs the Bessel–Gauss beam formation

(Fig. 1(b)). A large part of the incident beam is ab-

sorbed and reflected by the ionized material before to

reach the interference area. Only its unperturbed part,

which propagates in matter where ne < 0.5nc, forms

a small Bessel–Gauss beam in front of the absorption

volume. The laser intensity is maximum in this area

but always lower than I0. This leads to a decrease of

tranverse dimension of the absorption volume and to

the elongated teardrop shape.

Concerning the BG3 beam (Fig. 2(a)), the maxi-

mum transverse size of the absorption volume where

ne > 0.5nc increases up to 1.4 µm, that means up

to the size of the BG3 beam diameter, at t = 300 fs

and remains constant after while its length increases

up to 30 µm at t = 400 fs. At this time, the absorption

volume is more homogeneous, thinner and longer than

the absorption volume obtained with the BG1 beam.

Like in the previous case, the laser beam propagation

is also disturbed by the absorption volume formation

(Fig. 2(b)). However, as the θ value is higher in the BG3

beam, the screening effect is lower. The maximum laser

intensity in the small Bessel–Gauss beam in front of the

absorption volume is always higher than in the BG1



Numerical studies of dielectric material modifications by a femtosecond Bessel–Gauss laser beam 5

t = 200 fs

y
(µ

m
)

n̄
e

t = 250 fs

n̄
e

y
(µ

m
)

t = 300 fs

n̄
e

y
(µ

m
)

t = 400 fs

n̄
e

y
(µ

m
)

x (µm)

(a)

y
(µ

m
)

I l
/I

0

t = 200 fs

y
(µ

m
)

I l
/I

0

t = 250 fs

t = 300 fs

y
(µ

m
)

I l
/I

0

t = 400 fs
y

(µ
m

)

I l
/I

0

x (µm)

(b)

Fig. 2: Spatial and temporal evolutions in the xy plane of the free electron density (a) and laser intensity (b) in

silica for 1.3 µm in diameter Bessel–Gauss beam (BG3). The laser pulse comes from the left border and the laser

intensity Il is normalized to the laser peak intensity I0 =300 TW/cm2. The electron density n̄e is normalized to

nc = 1.7× 1021 cm−3.

beam leading to stronger electron heating and ioniza-

tion processes. The maximum electron density increases

up to 4.3 nc. At the same time, the disturbed part of
the incident beam induces a laser intensity in the edge

of the absorption volume which is large enough to ex-

pand its transversal size which becomes of the order of

the BG3 beam diameter.

Due to the lower θ value in the BG1 beam, the

screening of the incident laser beam induced by the

absorption volume formation is higher than with the

BG3 beam. The laser intensity in the resulting Bessel–

Gauss beam is then smaller leading to a lower material

ionization and electron heating. This is confirmed in

Fig. 3 where the final calculated lattice temperature

corresponding to Tl = Te, is presented in the xy plane

for the previously considered Bessel–Gauss beams and

I0 = 300 TW/cm2. The black (for BG1) and white (for

BG3) curves correspond to Ts = 1300 K. Material mod-

ifications or damage can be expected for temperature

larger than Ts. For the BG1 beam (top pannel in Fig. 3),

only a damaged material volume of 8 µm in length (Ld)

where Tl > Ts is obtained. In this heated matter, the

averaged temperature T̄l is 1470 K and the maximum

temperature is 1600 K. It is located between x = 8.8

and 16.8 µm, that means in the tail of the absorption

volume (see t = 400 fs in Fig. 1(a)). The laser heating

is less efficient in the first part of the absorption volume

due to its tranverse size which is larger than the laser

skin depth induced by the BG1 beam (of the order of

320 nm for ne = 0.5 nc). For the BG3 beam (bottom

pannel in Fig. 3), the temperature is greater than Ts in

a length Ld of 30 µm corresponding to the absorption

volume at t = 400 fs in Fig. 2(a). The maximum tem-

perature is 6900 K and T̄l = 5600 K, larger than tem-

peratures obtained with the BG1 beam. With the same

I0 value, the final modifications of the material will be

more significant with a higher θ value. This was

also obtained with the BG2 beam (not shown).

For I0 = 300 TW/cm2, the spatial and temporal

evolutions of the electron density and laser in-

tensity in the target for the BG2 beam is quite

similar to those presented for the BG3 beam, ex-

cept that the absorption volume is larger with
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Tl > Ts (top pannel) and of the averaged temperature

in this volume (bottom pannel) as a function of the

peak laser intensity, for BG1 (black solid line), BG2

(blue dotted line) and BG3 (red dashed line) beams.

the BG2 beam and therefore the final lattice

temperature is lower (T̄l = 2800 K).

Figure 4 presents the calculated length Ld of the

damaged material volume where Tl > Ts (top pannel)

and the averaged temperature T̄l in this volume of mat-

ter (bottom pannel), as a function of the laser peak in-

tensity for the three Bessel–Gauss beams presented in

Tab. 1. In case of BG1 beam, T̄l becomes higher than

Ts for 60 TW/cm2 and Ld starts to increase sharply

with the laser intensity until I0 = 100 TW/cm2. For

these laser intensities, as the maximum transverse size

of the absorption volume is of the order of the skin

depth, the screening effect is reduced and the volume

of damaged material corresponds to the absorption vol-

ume. For larger intensities, the maximum transverse

size of the absorption volume increases and the dam-

aged material volume corresponds only to the tail of

the absorption volume like in Fig. 3. Ld increases slowly

while T̄l remains constant (≈ 1470 K). For the two

other beams, the intensity threshold is 40 TW/cm2.

Ld increases always with the laser intensity and tends

toward a value close to 45 µm. However, T̄l increases

up to 2800 K for the BG2 beam when the laser in-

tensity reaches 100 TW/cm2 and remains constant for

larger values of I0. For the BG3 beam, T̄l increases

up to 5600 K until I0 = 300 TW/cm2. Like with the

BG1 beam, the screening effect limits the material laser

heating when the laser intensity becomes higher than

100 TW/cm2 for the BG2 beam and 300 TW/cm2 for

the BG3 beam. However, the undisturbed part of the

incident beam is always capable to form a Bessel–Gauss

beam ables to heat the matter in front of the absorption

volume like in Fig 2(b).

These results show that for femtosecond Bessel–Gauss

beams, the laser heating is limited to a maximum tem-

perature even if the laser intensity increases. This max-

imum temperature value increases with the decrease

of the Bessel–Gauss beam diameter. Such a behaviour

can be expected for longer laser pulses. However, since

the irradiation time is longer, the absorbed laser energy

transfer toward the lattice becomes more efficient be-

fore the initiation of the impact ionization process. The

electron heating is slower and the lattice energy be-

comes higher when the electron density becomes large

enough to induce the screening effect. For these Bessel–

Gauss beams, it is easier to obtain a maximum temper-

ature higher than the energy threshold for strong mate-
rial modifications as it was experimentally observed [3].

By using larger Bessel–Gauss beam (BG1), the max-

imum temperature is slightly larger than the strain tem-

perature. With such Bessel–Gauss beam, one can only

expect small structure modifications like refractive in-

dex modification in the bulk of SiO2 target. The ma-

terial density will be almost unchanged in the heated

volume after its relaxation in the surrounding cold solid

matter. Using thinner Bessel–Gauss beam allows to heat

more efficiently the material along the laser pulse prop-

agation axis due to the larger θ value. However, even if

the saturated values of T̄l are larger than the softening

temperature in fused silica (≈ 2000 K), they are too low

to induce a pressure of the order of the SiO2 bulk mod-

ulus in the heated matter (75 GPa for silica [7]) and

perform voids like in tightly focused conditions with

Gaussian beam [42]. For the BG2 and BG3 beams, the

heated volume relaxation must be simulated to deter-

mine the resulting modifications of the material.
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Fig. 5: 2D map of the density profile ρ(x, y) at 1 ns

after the BG2 and BG3 beam irradiation for I0 =

300 TW/cm2.

4 Material relaxation

To determine the material modifications after the laser

irradiation by using BG2 and BG3 beams, simulations

are performed by using the 2D thermo-elasto-plastic

model developed in Ref. [23,24] and implemented in

the hydrodynamic CHIC code [21]. This model is based

on the standard fluid description which has been aug-

mented by the solid response through the elasto-plastic

behavior to include the influence of the surrounding

cold solid matter. Despite the simulations are 2D, cor-

rect trends are expected due to the system symetry.

Deposited laser energy profiles calculated by the ARC-

TIC code are introduced as initial conditions in the

CHIC code by assuming an isochoric heating and us-

ing the lattice temperature and pressure distributions

deduced from the SESAME table 7386 for fused sil-

ica [43]. The calculated density maps ρ(x, y) at t = 1 ns

after the laser irradiation, is presented in Fig. 4 for

I0 = 300 TW/cm2. In both case, a narrow filament of

approximately 25 µm in length and approximately 1 µm

in diameter where the density is lower than 2.2 g/cm3

(initial solid density) and corresponding to the laser

heated matter, is observed. It is surrounded by moving

compressed areas where the density is higher than the

initial solid density, following the sound wave launched

from the heated matter. No plastic deformations re-

sulting from the compression waves, i.e no permanent

mechanical deformations of the cold solid matter, are

induced in both cases. However, the matter in the fila-

ment moves toward metastable liquid states (below the

liquid–vapor binodal). Thereafter, a nucleation process

leading to formation of vapor bubbles (not included in

our simulations) will allow it to reach a liquid-vapor

equilibrium state. In the case of the BG3 beam, a uni-

form channel will probably be induced as the relaxation

drive the matter toward a metastable state close to the

critical point. In the case of BG2 beam, the final struc-

ture should be a non-uniform rarefied zone.

5 Conclusions

In summary, we have reported simulations of material

modifications in the bulk of a dielectric by femtosecond

Bessel–Gauss beams. The laser–matter interaction has

been described by using a 3D Maxwell solver includ-

ing the electron dynamics. The relaxation of irradiated

material has been simulated by a hydrodynamic code

including elasto-plastic behaviour of the solid matter.

Simulations have shown that the femtosecond Bessel–

Gauss beam formation is perturbed by the laser ion-

ized matter inducing a screening effect which leads to

limit the laser energy absorption even if the incident

laser energy increases. This influence is more important

for the Bessel–Gauss beam with larger diameter as the

θ value, the angular half aperture of the cone along

which the incident gaussian beams are distributed to

form the Bessel beam, is lower. For this moderate focus-

ing conditions, the incident gaussian beam propagation

is strongly disturbed by the ionized matter before to

reach the interference area and form the Bessel–Gauss

beam. The resulting absorbed energy in the irradiated

matter is too low to induce significant modifications in

the material after its relaxation. To obtain such mod-

ifications in the femtosecond regime, our results show

that the Bessel–Gauss beam must be tighter focused as

it was observed in experiments. The θ value becoming

higher, the influence of the screening effect on the in-

cident gaussian beam propagation is reduced. For the

higher considered θ value, channel formation can be ob-

tained. An other way to overcome the electron screen-

ing effect would be to use burst of femtosecond laser

pulses with a moderate energy per pulse to limit the

ionization effect, and picosecond inter–pulse time delay

allowing the electron relaxation process to take place

significantly before the next pulse.
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