
 
JLMN-Journal of Laser Micro/Nanoengineering Vol. 11, No. 3, 2016 

304 

Influence of Polarization State on Ultrafast Laser-Induced  
Bulk Nanostructuring 

Anton Rudenko, Jean-Philippe Colombier, and Tatiana E. Itina  

Univ Lyon, UJM Saint-Etienne,  Laboratoire Hubert Curien, CNRS UMR 5516, F-42000,  
Saint-Etienne, France 

E-mail: anton.rudenko@univ.st-etienne.fr 

Using an electromagnetic approach based on three-dimensional Maxwell's equations coupled 
with electron density equation, we investigate femtosecond laser interaction with fused silica con-
taining randomly distributed inhomogeneities. By irradiating with linearly, radially, azimuthally, cir-
cularly and mixed polarized beams, we visualize and analyze the resulting electron density distribu-
tions in glass. The numerical calculations demonstrate the local material excitation to the polariza-
tion state of light and underline the nanostructure orientation perpendicular to the local laser polari-
zation. The advantages of using azimuthal- and radial-variant polarizations to produce the 
nanogratings with desirable characteristics are discussed. Circularly polarized beams are shown to 
be, on the contrary, beneficial to prevent the nanostructure self-organization. 
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1. Introduction 

Femtosecond laser processing enables imprinting na-
noscale periodic structures on the surface of metals [1-4], 
semiconductors [5-7] and dielectrics [8-10], inside glass 
materials such as fused silica [11-15], and several indirect 
bandgap semiconductors [16-18]. The orientation of the 
nanostructures depends on the local laser polarization. For 
instance, it is possible to rotate the nanoplanes imprinted in 
fused silica bulk in space [14] and to inscribe the 
nanogratings and the nanoripples of the designable spatial 
structure [19]. Many experimental works were devoted to 
reveal nanostructures created by radial and azimuthal po-
larizations [1, 3, 5-6, 13, 15, 20], circular polarization [19, 
21-22], and even spiral polarization [4, 7, 23]. Such 
nanostructures can find a wide range of applications in the 
fabrication of polarization-sensitive devices [24-25] and 
computer-generated holography [26], in five-dimensional 
optical data storage [27], material security marking and 
fighting against counterfeiting [28], fabrication of nanoflu-
idics channels for biomedicine and DNA molecular analy-
sis [29], and in the synthesis of chiral materials [13].  

Particularly, the advantage of using complex cylindrical 
polarizations was discussed. Firstly, both radial and azi-
muthal polarization beams are rotationally symmetric and 
isotropic. Secondly, they are expected to increase pro-
cessing efficiency, quality and speed of the femtosecond 
laser processing [1, 22, 30-31]. Thus, radial polarized fields 
are better than linear scalar fields for excitation of surface 
plasmon polaritons [32-34], detection, manipulating, opti-
cal trapping and reshaping of nanoparticles [35-38], quan-
tum information processing [39-40], and sub-wavelength 
nanostructuring [3-4, 7, 19, 23].  

Recent experimental approaches offer a possibility not 
only to create vector fields with azimuthally-dependent 
polarization [4, 6-7, 19-20], but also to apply arbitrarily 
patterned vector optical fields varying spatial arrangement 
and distributions of states of polarization by using spatial 
light modulators [28, 41-43]. Here, we propose that such a 
technique could be useful not only for high-speed fabrica-
tion of periodic nanostructures with femtosecond laser pro-
cessing, but also for improving and controlling the charac-
teristics of the nanostructures. Particularly, using the vector 
optical fields with combined azimuthal- and radial-variant 
polarization [39, 43-47] might serve to tune the period and 
the thickness of the nanostructures.  

Ripple formation and distortions might be on the con-
trary undesirable for accurate femtosecond material pro-
cessing, laser drilling and laser lithography [12, 48]. Circu-
larly polarized beams were shown to produce no gratings 
but random nanodot deposits [49-54] and much less likely 
to undergo multiple filamentation than linearly polarized 
beams [55-56] because the input circular polarization state 
does not induce a preferred direction in the transverse plane. 
Therefore, they are advantageous to prevent the nanostruc-
ture organization on the surface [57-58] and in bulk of die-
lectrics [12, 21, 54, 59-60]. To determine more precisely 
the mechanisms taking place during ultrashort laser irradia-
tion, we investigate numerically laser-matter interaction 
with circularly polarized beams.           

The mechanism of the nanostructure formation is still 
under the debate [3, 7-8, 11, 61-68]. Previously, numerical 
approaches based on Maxwell's equations were developed 
to study the electromagnetic interaction of ultrashort laser 
irradiation with a rough surface [62, 69-71]. It was sug-
gested that the interference patterns left by the inhomoge-
neous absorption of linear polarized laser radiation below a 
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rough surface corresponded to the localized surface ripples 
which could be organized within single laser shot [62]. The 
method was further expanded to take into account the in-
terpulse feedback mechanisms [69, 71-72]. Moreover, 
Maxwell's equations were coupled with electron density 
equation to investigate the dynamics of the interaction with 
randomly distributed inhomogeneities in fused silica glass 
to explain the self-organization of nanogratings which re-
quire multiple pulse evolution related to multiphoton ioni-
zation memory feedback [64, 73].  

We have recently developed a nonlinear electromagnet-
ic approach to describe the mechanism of the nanostructure 
formation from random inhomogeneities by linearly polar-
ized ultrashort laser pulses [73]. In this work, we provide 
new insights into the phenomena by calculating and visual-
izing the three-dimensional electron density profiles, and 
by considering the role of different laser polarizations in 
the formation of volume nanogratings. In particular, we 
numerically investigate the nanostructuring by radial, azi-
muthal and mixed polarizations and compare the results of 
the calculations with available experimental data. We sug-
gest that radial-variant polarization discussed in a few re-
cent articles [39, 44-47] might be advantageous in femto-
second laser nanostructuring and confirm it by calculating 
electron density profiles inscribed by the radial-variant 
polarization and comparing with the ones of the azimuthal-
variant polarization. Results of numerical calculations re-
veal, however, that no nanogratings are formed by applying 
a circular polarization. We show that random nanodots ob-
served in experiments with circular polarization [21, 49-54] 
are attributed to non-organized energy distribution in our 
calculation results. In addition, electron density profile in-
duced by ultrashort laser irradiation with circular polariza-
tion is shown to be quasi-symmetrical even in the presence 
of laser-induced inhomogeneities in contrast to the electron 
density profile induced by linear polarization irradiation. 

  
2. Numerical model 

2.1 Electrodynamics  
 
To investigate the effects of laser polarization on laser-

induced nanostructuring, the finite-difference time-domain 
(FDTD) approach is applied for nonlinear and disperse 
media, where Maxwell’s equations are written as:  
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where D


is the displacement field, E


is the electric field, 
H


is the magnetic field, DJ


 is current derived from the 

Drude model for the dispersive media; KerrJ


 is Kerr polari-

zation current; and piJ


is the multiphoton ionization term.  

For dielectric materials, such as fused silica, the heating 
of the conduction band electrons is modeled by Drude 
model with time-dependent carrier density as follows: 
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where e is the elementary charge; me is the mass of an elec-
tron; ne is the carrier electron density and τc = 0.5 fs is the 
electron collision time reported in Ref. 74.  

In addition, nonlinearity of the third order is included, 
which describes Kerr effect, as follows: 
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where the third-order susceptibility is 22
3 2 10χ −= ⋅ (m/V)2 

[75]. 
We consider a complete Keldysh ionization 

rate ( )piw I [76], including multiphoton and tunneling ioni-
zation, for which the corresponding current is written as:  
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Here Eg = 9 eV is the electron band gap in the absence 
of the electric field [77-78]; 282 10an = ⋅ m-3 is the satura-

tion density [75]; 
2
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- intensity; n = 1.45 [67] 

is the refractive index of unexcited fused silica for laser 
wavelength λ = 800 nm.  

2.2 Electron density evolution 
 
To account the transient changes in material character-

istics due to nonlinear processes taking place during high-
intensity ultrafast laser irradiation, Maxwell’s equations are 
coupled with the rate equation for free carrier number den-
sity as follows 
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where WPI corresponds to the photoionization effect  
 ( ) ,PI a e piW n n w= −  (6) 

and τtr = 150 fs is the electron trapping time reported in Ref. 
[75, 79-81] and commonly used in numerical simulations 
to describe fast electron trapping at the surface and in fused 
silica bulk [64, 67, 82-83] .  

The avalanche ionization rate is described via the 
Drude formalism [78]:  
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where
2* 2 * 24g g eE E e E m ω= +


 is the effective band gap 

[77], m* = 0.5 me [75] is the reduced electron mass. 
Note, that in Fig. 1-7 the electron density is normalized 

to its critical value ncr = 1.74·1027 m-3 at λ = 800 nm [67]. 
In what follows, we focus attention on the investigation 

of the electronic modification induced by single pulse ul-
trashort laser irradiation of glass containing randomly dis-
tributed inhomogeneities, which are considered to be nano-
regions with a narrower electron band gap Eg = 5.2 eV [73]. 

2.3 Polarization states 
 
Initial electric field source for linear polarization source 

is introduced as follows 
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where θ = 120 fs is the pulse width at half maximum 
(FWHM), t0 is a time delay, w0 = 1.5 µm  is the waist beam,  
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Gouy phase shift. z = 0 corresponds to the position of the 
beam waist. 

For circular polarization, we introduce the initial elec-
tric field source as the superposition of two linear polariza-
tions with a phase difference of π/2 
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For more complex polarization states, we use the fol-
lowing parametrization 
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where 2 2
xe x x y= +  and 2 2/ye y x y= +  are the com-

ponents of the unit vector due to the conversion from cy-
lindrical to Cartesian system of coordinates. Therefore, if 
Arg = 0, the polarization is radial; if Arg = π/2, it is azi-
muthal. On the whole, it could be written 
as 0 02 arcsin( )yArg Nr R eπ α= − + , where the first part 
stands for radial-variant polarization, the second gives the 
azimuthal-variant polarization, and α0 is a constant [84]. N 
is referred to the radial index, which defines the number of 

maxima/minima, and R0 is the beam radius of radial-variant 
vector field. The intensity patterns exhibit the extinction 
rings, implying that the polarization is radial-variant. The 
number of extinction rings is 2N, the radius of the ith ex-
tinction ring is given by 0(2 1) / 4iR i R N= −  and the spatial 
interval between two separate rings 0 2R R N∆ = .  

 
3. Results and discussion 

3.1 Linear polarization state 
 
Fig. 1 shows the electron density profiles calculated by 

3D-FDTD coupled with electron density evolution equation 
(1-7) for linearly polarized beam (8). The light propagates 
in z direction inside a glass sample with initial bulk nano-
roughness. Nanoplasmas elongate from randomly distribut-
ed inhomogeneities perpendicular to the light polarization 
moving by strong near-field enhancement and multiphoton 
ionization of intensity enhanced regions during ultrashort 
laser irradiation. Fields interference due to multiple scatter-
ing from inhomogeneities leads to sub-wavelength perio-
dicity of the electron density ne(x,y,z) both in xOz and xOy 
planes [73]. Fourier Transform (FT) is performed to ana-
lyze the results in the frequency domain in Fig. 1(c). In fact, 
the maximum corresponds to kx ~ 3k0, which identifies the 
periodicity of λ/2n in fused silica reported in independent 
experiments [59, 61, 85-87].   

 
Fig. 1 Calculation results obtained by linear polarization irradia-
tion. (a) Electron density distribution ne > 0.1ncr calculated by 3D-
FDTD coupled with electron density equation 80 fs after the 
pulse peak. Pulse duration is 120 fs (FWHM). (b) Cross-section of 
the electron density, corresponding to z = 4 µm. (c) Correspond-
ing Fourier Transform (FT). The pulse energy is fixed to 500 nJ. 
Laser wavelength λ is 800 nm in air. The wave numbers kx and ky 
are normalized to the incident wave number k0=2π/λ. Initial con-
centration of randomly distributed inhomogeneities Ci = 1%. 
Initial size of inhomogeneities r = 5 nm. 

In fact, the periodicity of the nanostructures depends on 
the local concentration of inhomogeneities [73], which 
could be controlled by the number of applied pulses. For 
example, an increase of the concentration from Ci = 1% to 
Ci = 3% significantly influences the periodicity and the 
thickness of the self-organized nanogratings in Fig. 2(a). 
While performing FT, the maximum is displaced closer to 
kx ~ 4.5k0, which corresponds to the periodicity of λ/3n in 
fused silica. Therefore, different sub-wavelength periodici-
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ties obtained in experiments [11, 88-90] are explained by 
variable bulk nanoroughness.   

 
Fig. 2 (a) Electron density profile calculated by 3D-FDTD coupled 
with electron density equation 80 fs after the pulse peak. Pulse 
duration is 120 fs (FWHM). (b) Corresponding Fourier Transform 
(FT). The pulse energy is fixed to 500 nJ. Laser wavelength λ is 
800 nm in air. The wave numbers kx and ky are normalized to the 
incident wave number k0=2π/λ. Initial concentration of randomly 
distributed inhomogeneities Ci = 3%. Initial size of inhomogenei-
ties r = 5 nm. 

3.2 Azimuthal-variant polarization states 
 
Herein, we present the calculation results for three azi-

muthal variant polarization sources (10): radial (Arg = 0), 
azimuthal (Arg = π/2), and spiral (Arg = π/4). Fig. 3 shows 
that the optical material response is local and the 
nanostructures orientation is defined by the local electric 
field polarization. As in the case of linear polarization, na-
noplasmas elongate strictly perpendicularly to the laser 
polarization. Because of azimuthal-variant behavior of the 
polarization state, the desirable nanostructures orientation 
could be achieved. Radial polarization beam induces ring-
like self-organization in Fig. 3(a, d), whereas the azimuthal 
polarization beam creates radially oriented nanoplasmas in 
Fig. 3(b, e). The polarization-dependent azimuthal-variant 
nanostructuring was reported in numerous experimental 
works on surface nanostructuring [1-7, 23] and in fused 
silica bulk [13, 15, 19-20].   

 

 
Fig. 3 Calculated shape of the electronic modification induced by 
radial (a, d), azimuthal (b, e) and spiral (c, f) polarization irradia-
tion. (a, b, c) - Electron density distribution ne > 0.1ncr calculated 
by 3D-FDTD coupled with electron density equation 80 fs after 
the pulse peak. Pulse duration is 120 fs (FWHM). (d, e, f) - Cross-
section of the electron density, corresponding to z = 4 µm. The 
pulse energy is fixed to 1 µJ. Laser wavelength λ is 800 nm in air. 

Initial concentration of randomly distributed inhomogeneities Ci 

= 1%. Initial size of inhomogeneities r = 5 nm. 

 
Fig. 4 Calculated electron density profiles imprinted by azimuthal 
(a, b), spiral (c, d) and linear (e, f) polarization irradiation 80 fs 
after the pulse peak. Pulse duration is 120 fs (FWHM). The pulse 
energies are 300 nJ (e), 500 nJ (a, c, f) and 1 µJ (b, d). Laser wave-
length λ is 800 nm in air. Initial concentration of randomly dis-
tributed inhomogeneities Ci = 0.5%. Initial size of inhomogenei-
ties r = 5 nm. 

The superposition of radial and azimuthal polarizations 
leads to self-organization of Archimedian nanospiral struc-
tures [4, 7, 23]. The particularity of the nanoscale spiral 
structures is their unique inversion symmetry with an en-
hanced spectrally complex optical response, making them a 
strong candidate for nonlinear optical applications [91-96]. 
The electron density profile of the corresponding windmill-
like modification is shown in Fig. 3(c, f).  

In what follows, we analyze the electron density pro-
files induced by different intensity irradiation with azi-
muthal-variant and linear polarization states in Fig. 4. On 
one hand, larger area is covered with high-density plasma 
and new more pronounced nanostructures are organized at 
high fluences. On the other hand, the nanogratings period 
remains unchanged independently of the pulse energy in 
agreement with Bhardwaj et al. [59]. In fact, similar behav-
ior was revealed experimentally by applying azimuthal and 
radial polarizations [13]. The period of the self-organized 
nanostructures was estimated to lie between λ/4n~125 nm 
and λ/2n~260 nm [63].   

Note, that no pronounced modification is induced in the 
center by applying azimuthally polarized beam in Fig. 4(a, 
b), whereas the electronic densification occurs by using 
spiral [Fig. 3f, 4(c, d)] and radial polarizations [Fig. 3d, 5a] 
for the same laser irradiation conditions. Such behavior 
could be explained by sharp longitudinal electric field 
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component at the focus and, consequently, larger energy 
deposition in the center in the case of radial polarization 
[31, 97]. In contrast, the electric field is purely transverse 
and zero in the center for azimuthal polarization, therefore, 
there is no electronic densification. These numerical results 
are in agreement with the experimentally revealed modifi-
cations induced by single pulse irradiation by radially and 
azimuthally polarized beams [13]. 

3.3 Radial-variant polarization states 
 
Experiments reveal that at certain laser conditions the 

laser-induced nanostructures tend to self-organize forming 
nanoplanes perpendicular to the local laser irradiation in 
fused silica [11-15]. Despite the ability to control the 
nanostructures characteristics by changing the laser param-
eters [12-15, 61, 74], both the spatial configuration and the 
uniformity of the nanostructures strongly depend on the 
pristine glass material and bulk nanoroughness, thus, the 
process is not always predictable [83, 98]. From the other 
point of view, the control over the precise configuration 
could open new opportunities in the laser nanostructuring 
[23, 41-43].         

Previously, it was shown that radially polarized beams 
and, especially, beams having radial-variant states, were 
beneficial in nanoscale precise processing such as optical 
trapping of nanoparticles and plasmon excitation compar-
ing to linearly polarized beams [32-34, 41-47]. In our case, 
the manipulation over the nanoscale inhomogeneities is 
based on Mie scattering and multiphoton ionization pro-
cesses which take place under femtosecond laser irradiation. 
Therefore, it could be advantageous to have spatial control 
over the nanoplasmas evolution as well by applying radial-
variant polarization beams.   

 

 
Fig. 5 Electron density profiles imprinted by radial- (a) and radial-
azimuthal-variant (b) polarization irradiation 80 fs after the pulse 
peak. Pulse duration is 120 fs (FWHM). The pulse energies are 
500 nJ (a) and 2 µJ (b). Laser wavelength λ is 800 nm in air. Initial 
concentration of randomly distributed inhomogeneities Ci = 0.5%. 
In the case of radial-variant state (b), the beam radius is fixed to 
be R0 = 1 µm and N = 2, resulting in ΔR = 250 nm periodicity. 
Initial size of inhomogeneities r = 5 nm. 

Nanoplasmas, which evolve into self-organized patterns 
from randomly distributed inhomogeneities, elongate dur-
ing ultrashort laser irradiation in one underlined direction 
perpendicular to the local laser irradiation. In the case of 
radial-variant polarization, the local laser polarization 
changes from radial to azimuthal periodically along the 

radial direction. Local radial polarization provides strong 
longitudinal electric field force contributing to the for-
mation of periodical rings, whereas local azimuthal polari-
zation results in the local intensity enhancement along the 
radial direction, which defines the thickness of the ring-
shape modification. Therefore, the mechanism of the elec-
tron densification in the case of the radial-variant polariza-
tion is the same as by using radial polarization. However, if 
in the case of radial polarization the process of self-
organization and the final periodicity of the nanostructures 
were attributed to multiple scattering from inhomogenities, 
whereas it is the consequence of the initial periodic intensi-
ty distribution in the case of radial-variant polarization. 

An interesting point concerning radial-azimuthal-
variant polarization is that the spatial distribution is de-
pendent on the radial vector only while it remains inde-
pendent of the azimuthal angle [84]. Fig. 5 shows electron-
ic modifications induced by radial polarization with Arg = 
0 and radial-azimuthal-variant polarization with 

02 arcsin( )yArg Nr R eπ= − (10) in glass with the same 
bulk nanoroughness. In the first case, shown in Fig. 5(a), 
the self-organization is uncontrollable, only defined by 
near-field interaction of laser-induced inhomogeneities and 
preferred direction of their elongation perpendicular to the 
local laser polarization. In the second case, as shown in Fig. 
5(b), the growth of the nanoplasmas is, however, limited by 
the regions of the periodic enhanced intensity. The inter-
play between the self-organization phenomena and the po-
larization geometry of the beam leads to the structures with 
well-defined positions and controllable thickness. 

3.4 Circular polarization state 
      

 
Fig. 6 Electron density profiles imprinted by linear (a) and circular 
(b) polarization irradiation 20 fs after the pulse peak. Pulse dura-
tion is 120 fs (FWHM). The pulse energy is fixed to 500 nJ. Laser 
wavelength λ is 800 nm in air. Initial concentration of randomly 
distributed inhomogeneities Ci = 0.5%. Initial size of inhomogene-
ities r = 5 nm. 

In what follows, we analyze the electronic modification 
induced by circularly polarized beam irradiation. The par-
ticularity of the circular polarization is that there is no pre-
ferred direction in the plane x0y because the electric fields 
Ex and Ey have equivalent contributions (9). In this case, the 
nanoplasmas from laser-induced inhomogeneities trans-
form into random voxel nanoscale modifications [54]. Fig. 
6 compares laser-induced electronic modification by linear-
ly and circularly polarized beams. In the first case, nano-
plasmas are stretched perpendicularly to the laser polariza-
tion direction, whereas in the second case there is no peri-
odic organization and the laser-modified area is covered by 
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randomly distributed nanodots resulting from the laser-
induced inhomogeneities evolution. Random voxel na-
noscale modifications formed after circularly polarized 
beam irradiation were reported in several experimental 
works [49-54]. 

 

 
Fig. 7 Calculated shape of the electronic modification induced by 
linear and circular polarization irradiation. (a, b) Electron density 
distribution calculated by 3D-FDTD coupled with electron density 
equation 80 fs after the pulse peak. Pulse duration is 120 fs 
(FWHM). (b, d) Cross-section of the electron density, correspond-
ing to z = 4 µm. (a, c) correspond to linear polarization, (b, d) to 
circular polarization. The pulse energy is fixed to 2 µJ. Laser 
wavelength λ is 800 nm in air. Initial concentration of randomly 
distributed inhomogeneities Ci = 1%. Initial size of inhomogenei-
ties r = 5 nm. 

Finally, we perform calculations for increased laser 
beam energy and compare the resulting electronic modifi-
cations induced by linear and circular beam irradiation. Fig. 
7 shows the electron density distribution after ultrashort 
laser irradiation by high-intensity linear and circular beams. 
At the center of the beam focus, high electron densities 
above the critical value lead to smooth electron density 
profile. However, laser-induced inhomogeneities contribute 
to the inhomogeneous energy deposition at the edges of the 
electronic modification. In the case of linear polarization, 
the modification is asymmetrical. The nanogratings elon-
gate from the center oriented perpendicular to the laser 
polarization. In contrast, the electron density distribution 
induced by circularly polarized beam is quasi-symmetrical, 
even in the presence of bulk nanoroughness which results 
in a propeller-like density profile on the interface of the 
electronic modification.  

In summary, laser processing with circular beam is ad-
vantageous in the case we desire avoid distortions. 

The results of numerical calculations demonstrate the 
electronic modification of the material, which is believed to 
result in a further permanent modification in the form of 
nanogratings. A more complex separate multi-physical 
investigation, including two-temperature model, a system 
of thermoelastic wave equations and equations of state, is 
required to analyze the thermomechanical evolution of na-
notransformation in dielectric materials between two 
femtosecond pulses and to relate the criterion of permanent 

modification to the criterion of electronic modification. 
This work is underway and will be presented elsewhere. 

4. Conclusion 

In the presented study, we have discussed the particu-
larities of 3D electron density profiles imprinted by ultra-
fast laser irradiation of glass with developed bulk nano-
roughness. By applying different polarization states, we 
have demonstrated numerically that the nanostructure ori-
entation is perpendicular to the local laser polarization. The 
larger bulk nanoroughness leads to a decrease of the 
nanostructure periodicity, however, to more dispersed and 
less pronounced structures, while the laser fluence defines 
the area covered with the nanostructures.  

Radially polarized beam is shown to induce ring-like 
electronic modification with a densification in the center, 
whereas azimuthally polarized beam creates radially ori-
ented nanoplasmas elongated from the center, where no 
electronic modification occurs. In the case of windmill po-
larization, numerical results demonstrate the self-
organization of Archimedian spiral nanostructures. Be-
tween the combinations of radial and azimuthal polariza-
tion states, arbitrary polarized laser beams might be advan-
tageous to allow better control over the nanostructure char-
acteristics. Circular polarization is, however, shown to be 
beneficial to prevent the nanostructures self-organization, 
inducing random nanodots at moderate intensities and qua-
si-symmetrical circular-shaped modification in the case of 
high-intensity irradiation.  

The gained better understanding of the mechanism of 
nanostructure self-organization opens a wide range of ap-
plications in complex security marking, information encod-
ing, creation of photonic components via femtosecond in-
scription, and data storage [28]. In addition, our results 
pave the way to deterministic tuning of electron density 
distributions, defining the final structured organization as a 
function of the targeted applications.  
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