3D structured Bessel beam polarization and its
application to imprint chiral optical properties in silica
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Polarization plays crucial role in light-matter interactions; hence its overall manipulation is an essential key
to unlock the versatility of light manufacturing, especially in femtosecond laser direct writing. Existing
polarization-shaping techniques, however, only focus on the manipulation in transverse plane of a light beam,
namely a two-dimensional control. In this paper, we propose a novel passive strategy that exploits a class of
femtosecond laser written space varying birefringent elements, to shape the polarization state along the
optical path. As a demonstration, we generate a three-dimensional structured Bessel beam whose linear
polarization state is slowly evolving along the focus (typ. 90° within 601). Such a “helical polarized” Bessel
beam allows imprinting “twisted nanogratings” in SiO; resulting in an extrinsic optical chirality at a
micrometric scale, which owns a high optical rotation. Our work brings new perspectives for three-
dimensional polarization manipulations and would find applications in structured light, light-matter
interaction and chiral device fabrication.

strong anisotropic optical properties but also outstanding
thermal properties, nanogratings have attracted significant
interest in Dbirefringent elements fabrication [10,11],
microfluidic channels [12] and high temperature sensing
[13,14]. Considerable research efforts have proven that, ideally
(neglecting tilt effects, for example, the pulse front tilt, PFT), self-
organization of the nanogratings coincides with fs laser

I. INTRODUCTION

Polarization, as a fundamental property of light, lies in the core
of many important light applications in various domains, such
as light-matter interaction [1], optical display [2,3], light sensing
[4], and data storage [5]. In light science, polarization refers to
the vibration mode of the electric field vector of light and thus,

corresponds to the spin angular momentum of the photon.
Hence, polarization manipulation can control the light-matter
interaction in a desirable manner, to unlock the versatile
functions of light-driven technologies, especially in ultrafast
laser manufacturing.

Light-matter interaction at the femtosecond (fs) scale consists in
the absorption through nonlinear photoionization mechanism,
which enables precise energy deposition in any volume of the
transparent materials without surrounding damage [6]. Such a
mechanism results in diverse modifications inside the material
that are dependent on the laser parameters, such as refractive
index three-dimensional (3D) profiling [7], anisotropic
subwavelength nanogratings [8], or voids formation [9]. Owing

polarization [8]. This may be attributed to a multiple scattered
wave interference mechanism [15,16] and, on the other hand,
illustrates that the fslaser polarization can dominantly structure
the nanogratings orientation in a desirable way. Hence,
polarization is a crucial parameter in determining the imprinted
nanogratings distribution, which has been adopted as one
dimension of the 5D data storage [17]. Within this field,
Kazansky et al. recently reported a new type of fs laser induced
modification which consists of random nanopores elongated
perpendicularly to the laser polarization namely “Type X"
modification [18] corresponding to the early birth of
nanogratings. From application point of view, these
nanostructures own an ultralow loss with controllable form



birefringence enabled by laser polarization.

Polarization is not only important in laser materials processing,
but also essential for probing and imprinting chiral structures
[19,20]. Basically, an object that exhibits chirality possesses the
geometric property of being incapable of coinciding with its
mirror image by translations and rotations [21]. This feature
predominantly results in different chiroptical responses to left-
and right-handed circularly polarized light, which lays the
foundations of diverse chiroptic technologies ranging from
analytical chemistry to chiral switches in polarization optics
[22-24]. Two decades ago, chiral gratings with double helix
symmetry have been proved to own polarization-selective
properties in the ground-breaking work reported by Kopp et al.
[25] . Since then, chiral (or helical) long period fiber gratings
(LPFGs) and fiber Bragg gratings (FBGs), fabricated on a twisted
optical fiber passed through a miniature heat zone or by a helical
refractive index modulation in the laser writing process, have
gained more attentions in torsion and torque sensing, orbital

angular momentum mode converters and circular polarizers
[26-31]. The pioneered advance that a fs laser can directly
induce chiral optical properties inside achiral transparent
materials enriches the picture of light-matter interaction [19].
However, for now, the tailoring of fs laser generated chirality
stays on 2D plane (single layer with small thickness), which
restricts the level of the chiroptic effects that may be produced.
3D symmetry breaking has been proven to prominently raise
the chiral optical properties compared to 2D asymmetry [32].
However, most of the existing polarization manipulations
consist in 2D transformations through conventional
birefringent optics (like waveplates) [33], digital holography
(like Spatial Light Modulators, SLMs) [34] or geometric phase
optics [35]. These strategies share a common limitation: the
polarization behavior and its spatial structuration are
considered only in the transverse plane, which is difficult to
imprint a 3D symmetry breaking and the related chiral optical
properties.
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Fig. 1. Schematic of the concept of 3D polarization structuring of a Bessel beam via a space varying birefringent element and its
application to imprint “twisted nanogratings” for extrinsic chirality. (a) Schematic of generating a z-variable-polarized fs Bessel beam
by employing a space varying half-wave plate. The space varying half-wave plate is written by a Gaussian fs laser and then is inserted
into the Bessel focusing path to convert a linearly polarized Bessel beam into a “z-variable-polarized” Bessel beam. Namely, it is
helically polarized in the central core: the polarization state of the central lobe of the Bessel beam is linearly polarized with an
orientation which evolves from 90° up to 0° within the 50 pm focus (along the optical path). Space varying half-wave plate is written
at 1030 nm, 800 fs, 100 kHz, 0.16 NA, 1 mm/s, 2.5 . The birefringence slow axis azimuth was varied from 0° at the outside “ring”
region to 45° at the central “ring” region. Eventually, such a z-variable-polarized Bessel fs beam is used to imprint “twisted
nanogratings” leading to extrinsic chirality. “k” is the direction of the light wavevector. (b) Schematic of the polarization distribution
along the propagation of a circular polarized beam. “T” refers to the period of the light wave; “A” refers to the wavelength of the light
i.e, 800 nm for the Bessel fs laser. Here, considering light propagating in free space (speed approximates to velocity of light, c), the
propagation distance of a single period T is equal to A. (c) Schematic of the polarization distribution along the propagation of the z-
variable-polarized beam within a single light wave period (above) and along the 50 um long focus (below).




In this paper we present a unified strategy that exploits
homemade space varying birefringent optical elements to
structure a fs Bessel beam with a polarization function that
evolves along its focus. This is a passive method for 3D
polarization structuration resulting in a z-variable linearly
polarized fs Bessel beam. Specifically, we experimentally
fabricated a space varying half-wave plate by Gaussian fs laser
direct writing and thus created a linearly polarized Bessel beam
whose orientation is evolving along the optical propagating
direction. Such a versatile longitudinal polarization shaping
exhibits a strong capability of symmetry breaking along the
optical path and thus, can create a strong extrinsic chirality
inside transparent materials (here in silica) upon single
scanning, as depicted in Figure 1(a). This is just an easy-obtain
but instructive example of such advanced direct writing
strategy. Indeed, one can even shape the polarization in 3D for
any polarization state (linear, circular or elliptical) in the
different positions by adjusting the design of the space varying
birefringent element. To our knowledge, this is the first report
using a z-variable-polarized laser beam for laser-materials
processing. One can envision this work not only to fabricate
chiral optical elements with high efficiency, but also to inspire
new ground-breaking perspectives in 3D light-matter
interaction, polarization switching and light control.

Il.  RESULTS

A. Mathematic description of the z-variable-polarized Bessel
beam and definitions of anisotropic optical properties

Bessel beams that possess non-diffracting nature over long
distance [36] can be seen as a coherent superposition of a
set of infinite plane waves with their wavevector along the
generatrix of the cone half angle 6. The infinite Bessel
beam is a propagation-invariant solution of the Helmholtz
equation calculated by Durnin et al. [37]. Because of the
conical flow of light in a Bessel beam, the polarization
state of the central lobe on the optical axis at a distance z
can be controlled from the plane z=0 by the polarization
state of the geometrical rays emerging from a circle of
radius r = z - tan(0), that will focus in (r=0, z) as shown
in Figure 1(a).

In our case, we choose to produce a linear polarization on
the axis with a rotating orientation with propagation
distance. In our concept, it can be created with an input
polarization distribution where the orientation of the
polarization varies with the radius at z=0 plane. (We note
that the polarization state in the other lobes of the Bessel
beam, outside the central core is more complex, because it

is created by the interference of waves with different
linear polarization orientations.)
The x and y components of the electric field vector on the
optical axis can be expressed as:

cos(a(z))
sin(a(z))

where E, and k, represent the on-axis Bessel beam
amplitude and the longitudinal component of the
wavevector, respectively. The linear polarization

orientation is a(z) = g— p -z, where p is the rotation

E(r=0,z) =E;- [ ] . gilkzz—0t) 1)

speed parameter in rad/m. Therefore, the polarization
direction evolves very slowly from 90° at the beginning of
the focus (z=0 pum) to 0° at the end of the focus (z=50 pm),
Sop = m2ed) _ ooy 10t rad/m in our experiment. We
50 (um)
have tentatively chosen a linear variation of the angle a(z)
in our work however, we also remark that the variation
can be arbitrary chosen.
The polarization state we create remains linearly
polarized i.e., the field oscillates along a controlled
direction, and can manipulate the orientation of laser-
written nanogratings as we will see (a “twisted
nanogratings structure”) in “section D”. This is in contrast
with a circular polarization for which the polarization
vector rotates in time and cannot induce such a “twisted
nanogratings”. It is expected because in every point, the
circular polarization makes a full circle: there is zero
preferential direction, as shown in Figure 1(b). However,
an elliptical polarized beam can imprint a strong linear
birefringence due to anisotropic nanopores [38].
Whereas as depicted in Figure 1(c), if we consider a same
period T (corresponding to a propagation distance of 4,
considering light propagating in free space namely, the
propagation speed approximates to velocity of light, c),
our z-variable-polarized Bessel fs beam remains linearly
polarized and its orientation is evolving slowly by only
1.5°. This kind of “helical polarization distribution” can be
utilized to write some chiral nanostructures (such as
“twisted nanogratings” structures) that results in a
significant optical chirality, as illustrated in Figure 2(a).
In addition, for better describing the subsequent results
section that contains many polarimetric properties, the
definitions of both linear and circular optical properties
are listed in Table. 1. Besides, it is more convenient in
experiments to consider the real polarization effects
caused by these anisotropic optical properties to a light
beam, which are also included in the table together with
their units.

Table 1. Linear and circular optical properties

Property

Definition Commonly described in polarimetry

2n

LB (linear birefringence) An, = (nx - ny) LB = = (nx - ny) d




LB’ (45°-linear birefringence)

Any = (Myse — N_y50)

, 2m
LB' = = (Nygge —N_yge) - d

TLB (total linear birefringence)

Angpp = (n, —ny,)
<for a uniaxial material>

TLB = +/LB? + LB"?

LD (linear dichroism)

Ay, = (KX - Ky)

LD=27n(Kx—Ky)'d

LD’ (45°-linear dichroism)

Ak = (Kys0 — K_ys50)

, 2m
LD' = - (Kggo — K_gs0) - d

TLD (total linear dichroism)

Ak p = (Khigh - Klow)

TLD = +/LD? + LD"?

CB (circular birefringence) Ang = (n_ —ny) CB = 2711 (n_.—ny)-d
180°
Optical rotation / 6, = %(n_ —ng)-d-
. Co 2n
CD (circular dichroism) Ak = (k- —Ky) CD = - (ke —Ky)-d

ny}: refractive index; k[ |: absorption index; d: thickness of anisotropic layer; 4: probe light wavelength.

«_n, «w n,

“X": x axis; “y": y axis; “€”: extraordinary light; “0”: ordinary light; “-": left-handed; “+”: right-handed

The table is reproduced with the permission from ref. [20]

B. Gaussian fs laser writing space varying birefringent
elements

In order to impart a 3D polarization manipulation, the key point
is using a space varying birefringent element to shape, point-by-
point, the state of polarization of the incident light. This 2D
structured light beam with a transverse polarization shaping is
then converted into a polarization variation along the optical
path by using the Bessel focusing as depicted in Figure 2(b)
resulting in an on-axis shaping i.e, “along aline”.
Experimentally, this space varying birefringent element is
fabricated by a Gaussian fs laser direct writing, as shown in
Figure 1(a). The Gaussian fs laser beam is delivered from a
system (Amplitude Systemes, Pessac, France) operating atA =
1030 nm, 800 fs pulse duration and 100 kHz repetition rate
and then is focused 1.5 mm below the surface of a 3-mm thick
silica glass wafer (Suprasil CG, Heraeus, Hanau, Germany) by an
aspheric lens with a 0.16 numerical aperture (NA). Specifically,
since retardance of such birefringent element is wavelength
dependent [10,39], we designed and fabricated a space varying
half-wave plate obtaining a A1/2 retardance for the targeted
wavelength i.e, a fs Bessel beam at 800 nm. Therefore, the laser
parameters were chosen to fall within nanogratings regime
resulting in a controllable form birefringence. That is, the
homogenous space varying half-wave plate with a diameter of 5
mm is written at 1 mm/s, 2.5 p/pulse with a spiral trajectory.
Here, we divided the space varying half-wave plate into 10
concentric "ring" regions, which leads to a simple fabrication

process. This is enough to approximate continuous shaping for
the further 3D polarization manipulation. The linear
polarization orientation of the Gaussian fs laser is set differentin
each “ring” to imprint a form birefringence with a slow axis
azimuth that evolves from 0° at the outside “ring” to 45° at the
central “ring”. This writing process is depicted by both slow axis
color map and nanogratings orientation illustration in Figure
1(a).

Then, when using this homemade half-wave plate with a slow
axis azimuth “rings” distribution from 0° to 45°, we obtain a
linear polarization distribution of the output beam ranging from
0° outside to 90° inside, as shown in Figure 2(c). This
polarization distribution of the beam cross-section is measured
(using a Stokes imaging polarimeter) before the geometric
building of the final Bessel beam. Clearly, one can observe a well-
structured radial evolution of the linear polarization orientation
across the laser beam profile, except for the center. In the
current design it was indeed not possible to imprint
birefringence at the chosen speed at 1 mm/s within a central
partofabout 100 um in diameter because this leads to a too high
acceleration for our 2D xy-scanning platform. However, this
technical problem can be easily overcome either by using a
higher translation speed 2D scanning platform, by a scanning
mirror technique or by filling the central part simply using a
line-by-line scanning geometry instead of a spiral trajectory.

C. Polarization manipulation along the optical path of a fs
Bessel beam
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Fig. 2. Generation of the z-variable-polarized fs Bessel beam using a space varying half-wave plate. (a) Schematics of z-variable-
polarized fs Bessel beam writing nanogratings in silica glass. k: the direction of the light wavevector; v: fs laser scanning direction. (b)
Schematics of light propagation with z-variable polarization control (rotation). SLM: spatial light modulator; L1,2,3: focusing lenses;
fi23: focal distance of the corresponding lens; x50: objective of 50 times; CCD: charge coupled device. The dashed blue rectangle region
refers to the Stokes imaging polarimeter. k: the direction of the light wavevector. (c) Polarization distribution (color map) of cross-
section of the generated z-variable-polarized fs Bessel beam (recorded at z=0 pum). (d) Intensity profile of cross-section of the
generated z-variable-polarized fs Bessel beam (recorded at z=25 um). (e) Characterization of the generated z-variable-polarized fs
Bessel beam along the propagation: intensity distribution (top panel), polarization distribution color map (middle panel) and Bessel

core polarization distribution quantitative curve (bottom panel).

Our objective is to realize a z-variable-polarized fs Bessel beam
that exhibits an evolving but still linear polarization state at
differentlongitudinal z-axis positions and then to apply it, for the
first time, to structure a chosen optical material. To validate such
a “helical polarization distribution” along the focus, we firstly
convert a horizontally linearly polarized (0°) Gaussian fs laser
beam (from an amplified Ti: Sa laser operatingatA = 800 nm,
120 fs pulse duration and 1 kHz repetition rate) to be a Bessel
beam. This was performed by applying, using a spatial light
modulator, a conical phase onto the input Gaussian beam:
®(r) = —2nrsin(@) /A, which was imaged 1:1 by a first
telescope consisting of two identical lenses (L1) positioned as a
classical 4f-configuration, as shown in Figure 2(b).

Then our space varying half-wave plate was placed precisely at
the relay image of the spatial light modulator to shape the 2D
polarization (see Figure 2(c)). The polarization shaped beam
was demagnified by a combination of a 750 mm lens (L2) and a
x50 microscope objective, forming a telescope with lateral

magnification x1/278. Here, a spatial filter ensures that only the
zero-order Bessel beam is transmitted to the following focusing
stage. Owing to the long focal region (~50 pum) of the Bessel
beam, the polarization distribution in the transverse plane can
be transformed so as to vary along the z axis, as shown
conceptually in the polarization evolution schematics reported
in Figure 1(a). The produced z-variable-polarized Bessel beam
has a cone half angle of 8 = 12.5° (central core of 0.7 um
FWHM). In these conditions due to the use of Bessel beam, we
can shape the polarization state on the axis itselfi.e., along aline.
Eventually, a second x50 objective and a lens L3 are used to
enable the imaging in a charge coupled device (CCD) camera.
The cross-section intensity profile image of the middle of the
structured light beam (z=25 um) is recorded in Figure 2(d),
which well confirms the spatial profile of a Bessel beam. The
intensity distribution and the polarization state distribution
along the propagation of the shaped Bessel beam are also
characterized experimentally, as shown in Figure 2(e). Since



the Bessel beam has a focal region about 50 pm, we move the
CCD camera to obtain the intensity profile of the z-variable-
polarized Bessel beam at each z axis position. Besides, the
polarization distribution along the propagation is measured
similarly moving the camera but combined with a rotating
polarizer to build a Stokes imaging polarimeter [40].

Itis to be mentioned that one can adjust the focusing conditions,
for example, the diameter of the incident fs Gaussian beam, the
apex angle of the axicon through the spatial light modulators
and the telescope demagnification, so as to obtain either longer
or shorter focal region of the z-variable-polarized Bessel beam.
Then both the polarization spatial distribution (middle panel)
and the quantitative curve (polarization of the Bessel central
core, bottom panel) show a good “helical polarization
distribution” after z = 9 um i.e, the polarization evolves from
90° at the beginning to 0° at the end of the fs Bessel beam.

D. Longitudinal rotation of nanogratings fabricated by the z-
variable-polarized fs Bessel beam

Since the nanogratings orientation is well controlled by the fs
laser polarization (ideally perpendicular, considering no PFT
and normal incidence), to gain insight into their manipulation
during a single laser scan, we used the z-variable-polarized fs
Bessel beam to tentatively imprint “twisted nanogratings”.

€) b,

10 um

Semgmmass

Z=50 um (head)
Laser track (cross-section)

Nanolayers

Fig. 3. SEM cross-section images of z-variable-polarized fs
Bessel beam written nanogratings in SiO2 with the parameters
set at 800 nm, 120 fs, 1 kHz, 0.8 NA, 10 um/s, 0.6 . (a) An
overall view of the cleaved laser track. Detailed pictures of the
head (b1), the middle (bz) and the tail (b3) of the laser track. The
axial labels are presented at the right part correspond to each
detailed SEM images, respectively. k: the direction of the light
wavevector; v: fs laser scanning direction; E: the electric field
direction of the fs Bessel beam (polarization direction).

Experimentally, the laser track is written by scanning the z-
variable-polarized fs Bessel beam along x axis inside the silica
glass, as depicted in Figure 2(a). Then the written line is cut
perpendicular to the x axis to get the cross-section of the laser
track which is in y-z plane. Thus, we are able to see the
nanogratings orientation rotation along z axis in single laser
track, as shown in “Step (3)” of Figure 1(a). This schematic
image shows the cross-section view of the fs laser written track
where the nanogratings orientation is rotating. Note that this
kind of “twisted nanogratings” is obtained in one single
structure written by z-variable-polarized fs Bessel beam single
scanning and is then captured by SEM (Field-Emission Gun
Scanning Electron Microscope, ZEISS SUPRA 55 VP, 1 kV
accelerating voltage) using secondary electrons imaging as seen
in Figure 3. Obviously, the SEM images shows a rotation
morphology from head to tail of the laser-written track due to
the linear polarization evolving along the fs Bessel laser beam.
Figure 3(a) depicts the global view of the z-variable-polarized
fs Bessel beam induced track. The head, middle and tail regions
of the laser track are zoomed in Figures 3(b1), 3(bz) and 3(bs),
respectively. Note that because the polarization rotation plane
is perpendicular to the SEM observation cross-section (making
it difficult to describe the polarization rotation in a 2D drawing),
the axial labels on the right of each detailed SEM images are
slightly tilted as to depict the different polarization directions at
different positions from a 3D viewpoint. Here, in order to
describe the SEM images related to the nanogratings
distribution, we define the polarization configuration as
“scanning direction + polarization direction” since the laser
polarization is different at different z positions of the z-variable-
polarized fs Bessel beam.

One can observe clear nanopores at the head of the laser track
due to an “Xx” polarization configuration and well oriented
nanolayers at the tail of the laser track due to an “Xy”
polarization configuration. In the middle of the laser track, one
can see the nanoporous layers due to a “X+45°” configuration
since the layers are tilted out of the plane. The depicted
nanopores located in the nanolayer are mainly attributed to the
silica decomposition from Si0; to SiOy;_y) + x - O, . This
subsequently results in an expulsion of ionized oxygen atoms to
the surrounding lattice assisted by a tensile stress, which has
been recently revisited as a tensile stress assisted nano-
cavitation process leading to the formation of an “self-assembly”
of anisotropic nanopores [41,42].

The experimental results show a kind of “twisted nanogratings”
distribution. It is thus a fact that the z-variable-polarized fs
Bessel beam possesses different linearly polarization
orientations at different z positions leading to different
arrangements of the nanogratings (from head to tail). Hence, it
can be expected that an arbitrary longitudinal orientation
distribution of nanogratings can be enabled by designed
polarization conversions of the laser beam through space
varying birefringent elements, combined with Bessel focusing.

E. Z-variable-polarized fs Bessel beam written chirality
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Fig. 4. Optical characterizations enabled by crossed-polarizer
microscopy. SiOz samples are written at 800 nm, 120 fs, 1 kHz,
0.8 NA, 10 pm/s. (a) Retardance measurements at different
laser pulse energies written by both the 45°linearly polarized fs
Bessel beam and the z-variable-polarized fs Bessel beam. (b)
Optical rotation measurements with different laser pulse
energies written by both the 45° linearly polarized fs Bessel
beam and the z-variable-polarized fs Bessel beam.
Measurements are done at 550 nm.

As aresult of the varying orientation (here, a 3D rotation) of the
nanogratings generated by the z-variable-polarized fs Bessel
beam, strong symmetry breaking is obtained, leading to chiral
optical properties. To highlight the achieved optical
performance, a 45° linearly polarized fs Bessel beam was used
for comparison. The latter choice is justified because 45° linearly
polarized fs laser beams have been proven to imprint highest
chiral optical properties among all linearly polarized fs laser
beams [19,20].

First, the retardance induced by both the 45° linearly polarized
fs Bessel beam and the z-variable-polarized fs Bessel beam was
characterized by a polarizing microscope (Olympus BX51,
Tokyo, Japan) equipped with a “de Sénarmont” compensator.
The “de Sénarmont” arrangement uses a highly precise quarter-
wave plate and a 180-degree-rotation analyzing polarizer to

perform retardance measurements with a typical error range
within #10 nm at the wavelength of 550 nm. Here, the
retardance is the optical phase difference related to TLB; the
relationship between these two quantities is givenby TLB /i =
retardance/A.
Figure 4(a) reports the retardance results of samples
irradiated by both 45° linearly polarized fs Bessel beam and z-
variable-polarized fs Bessel beam at different pulse energies.
Clearly, the retardance induced by the z-variable-polarized fs
Bessel beam is less (by one half roughly) than that induced by
the 45° linearly polarized fs Bessel beam. It is mainly attributed
to the (partial) suppression of linear birefringence due to the
different slow axes at different z positions, as investigated in our
previous work [33]. In addition, the insets show the
corresponding crossed-polarizer microscopic images of the
irradiated samples at the pulse energy of 1.1 pJ as an illustration.
The colors of different samples are due to different retardance
amplitudes in agreement with Michel-Levy color chart which
also confirms a lower retardance when using the z-variable-
polarized fs Bessel beam instead of the 45° linearly polarized fs
Bessel beam.Further, since an object that possesses chiral
optical properties can rotate the polarization plane of a linearly
polarized probe light (a so-called optical rotation), one can
measure this optical rotation (with an error of +1°) to unveil the
chiral optical properties in a simple way as shown in Figure
4(b). The results clearly indicate higher (twice as high, roughly)
optical rotation values for the z-variable-polarized fs Bessel
beam written samples compared to the 45° linearly polarized fs
Bessel beam one.
As confirmed experimentally, the z-variable-polarized fs Bessel
beam can modify the nanogratings orientation along the optical
path, thus forming a chiral structure on the micrometric scale.
This appealing feature allows the fabrication of chiral
waveplates (waveplates that exploit chiral optical properties to
control the light propagation, especially for polarization
manipulation) with high circular birefringence and a quite small
(ideally none) linear birefringence. To quantitatively
characterize the performances of imprinting extrinsic chirality
in SiOz using this z-variable-polarized fs Bessel beam, a
spectroscopic Mueller polarimeter (based on a modified Smart
SE ellipsometer, JY HORIBA) was used to obtain the Mueller
matrix of each sample, which was subsequently decomposed by
the differential decomposition, thus providing the differential
matrix of the irradiated sample [43,44], which allows to easily
determine all the anisotropic optical properties of the sample as
follows:
0 LD LD' CcD
LD —LB'
Marr =1y —ez o iR (2)
cCD LB —IB 0

As a result, the values (expressed in radians) of both the linear
properties and the circular properties are obtained
simultaneously. The TLB value can be calculated by TLB =
VLB? + LB'2, as shown in Table 1.
Experimentally, homogeneous square-shaped samples with a
size of 0.2 mm x0.2 mm were written using either z-variable-
polarized fs Bessel beam, 45° linearly polarized fs Bessel beam



and 0° linearly polarized fs Gaussian beam (for comparison).
Each square is made of a set of lines with a pitch of 1 pm and the
line scanning direction is always along “+X” direction to avoid
any non-reciprocal or “quill” writing [45,46]. Then the samples
were measured with the spectroscopic Mueller polarimeter in
transmission mode. Figure 5 displays the spectroscopic results
for both TLB (solid lines) and CB (dashed lines) of a z-variable-
polarized fs Bessel beam (red), a 45° linearly polarized fs Bessel
beam (blue) and a 0°linearly polarized fs Gaussian beam (gray).
A large difference in both TLB and CB values can be observed
between the different fs laser beam configurations. Clearly, the
z-variable-polarized fs Bessel beam simultaneously induces
large CB yet small TLB over the entire measuring wavelength
range from 450 nm to 1000 nm. By the way, both anisotropic
optical properties exhibit large values at small wavelengths and
decrease with increasing the wavelength due to their 1/A
inherent behavior according to the common descriptions
depicted in Table 1.
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Fig. 5. Spectroscopic Mueller polarimetry results for circular
birefringence (dashed lines) and total linear birefringence (solid
lines) of Si02 samples written by a 0° linearly polarized fs
Gaussian beam (gray), a 45° linearly polarized fs Bessel beam
(blue) and a z-variable-polarized fs Bessel beam (red). Laser
parameters are 800 nm, 120 fs, 1 kHz, 0.8 NA, 10 um/s, 0.7 pJ.

To further explore the optical response and to tailor the optical
properties of the z-variable-polarized fs Bessel beam written
extrinsic chirality in silica glass, a set of pulse energies (all the
other laser parameters being fixed) was adopted for
investigating both TLB and CB properties, as shown in Figure 6.
Thus, for the z-variable-polarized fs Bessel beam written
samples, the CB value reaches —0.2 rad (which, in absolute value,
is three times as much as the CB created by the 45° linearly
polarized fs Bessel beam) over the laser pulse energy range of
0.7-1.0 pJ. Considering the simultaneously induced TLB, 0.7 pJ is
definitely the optimal laser energy parameter since it exhibits a
TLB value of only 0.2 rad, which is four times as less as the TLB
induced by the 45° linearly polarized fs Bessel beam. In similar
conditions, a 0° linearly polarized fs Bessel (or Gaussian) beam
writing would generate negligible circular properties [20].
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Fig. 6. Mueller polarimetry results of circular birefringence (red)
and total linear birefringence (blue) of the SiO2 samples written
at different laser pulse energies by both 45°linearly polarized fs
Bessel beam (full symbols) and z-variable-polarized fs Bessel
beam (hollow symbols). Measurements are done at 550 nm.
SiO2 samples are written at 800 nm, 120 fs, 1 kHz, 0.8 NA, 10

pm/s.

These results explicitly provide a new pathway to fabricate
chiral waveplates with high CB and almost suppressed TLB.
This is a novel and more integrated approach, which differs
from our previous strategy of utilizing multilayer configurations
[33].

lil. DISCUSSION AND CONCLUSION

Controlling the nanogratings orientation by fs laser polarization:
Since the first morphology observations performed by
Shimotsuma etal.in 2003 [8], fslaser written nanogratings have
attracted tremendous attention in the ultrafast light-matter
interaction research field. However, until now, the mechanism
of nanogratings formation still remains under discussion.
Several compelling assumptions emerge in explaining the
fundamentals of the nanogratings formation process. For
instance, interference between the light field and a bulk plasma
wave may account for the nanogratings formation, especially in
explaining their periodicity, as proposed by Kazansky et al. [8]
whereas other groups proposed a scattered waves interference
model [15,16]. Recently, our group has revealed the occurrence
of elongated nanopores thus forming the nanolayers. Ultrafast
silica decomposition through nano-cavitation process was
proposed as a tentative explanation [41]. Although a direct
evidence for the ultrafast process is difficult to be obtained
because of the limited frame rate and time resolution of camera,
the imprinted orientation of nanogratings distribution has been
proved to be almost perpendicular to the laser polarization [8].
In addition, it has been discussed that PFT can lead to a small tilt
in the nanogratings orientation due to spatiotemporal chirp and
angular dispersion. When the light propagates to the focal plane,
PFT-related effects grow exponentially and can induce a few
degrees of tilt at 100 fs/mm to the nanogratings [47].



Nevertheless, this tilt in question represents only a small
deviation from the nanogratings orientation.

Origin of the written chirality: The chirality originates from
molecular chiral arrangement at nanoscale, that is, intrinsic
chirality contributes to optical activity, and thus, to the
manifestation of chiral optical properties. However, the chiral
optical properties can also be due to the so called extrinsic
chirality which is related to a chiral object constructed in an
experimental arrangement not coincident with its mirror image
[48]. Hence, recently we have advanced a novel conceptual view
according to which the fs laser written extrinsic chirality arises
from two contributions: a form-related birefringence and a
stress-related Dbirefringence with non-parallel and non-
perpendicular neutral axes. We therefore deal with extrinsic
chirality arising from the experimental arrangement of linear
optical properties [20]. Compared to intrinsic chirality, extrinsic
chirality can exhibit a larger optical rotation due to the strong
symmetry breaking at a larger, typically micrometric scale. In
this paper, the z-variable-polarized fs Bessel beam driven
orientation rotated nanogratings structure is a form of
experimental chiral arrangement corresponding to extrinsic
chirality and is potentially useful in the fabrication of chiral
devices with large and controllable optical rotation.

Z-variable-polarized fs Bessel beam writing vs multilayer strategy:

Concerning extrinsic chirality implantation, the multilayer
strategy has proven to be a realizable approach in generating
high CB with minimal TLB due to the (partial) suppression of
linear birefringence through the alignment of fast/slow axes of
different layers [20,33]. However, such a multilayer strategy
features limitations such as low fabrication speed and
requirement for precise alignment between layers.
Geometrically, the multilayer strategy amounts to fabricating a
staircase-like chiral arrangement without transition region
between layers. Conversely, the z-variable-polarized fs Bessel
beam writing approach can (1) perform the writing task in a
single scan, which provides high efficiency and thus, unlocks the
versatility of fabricating chiral devices in a fast way; (2) more
importantly, z-variable-polarized fs Bessel beam irradiation
enables a quasi-gradual evolution of polarization, that is, a
smoother variation of the nanogratings orientation compared
to the staircase-like structure written by using the multilayer
strategy. Note that by further engineering the space varying
birefringent elements, one can tailor a continuous chiral
arrangement with choosing the pitch and the length of the
“twisted silica glass”. However, the absolute CB value appears
not so large if compared, for example, to our best multilayer
structure results (CB=-2.25 rad with a total thickness of 340 pm,
measured at 550 nm) [33]. Therefore, for a multilayer strategy,
the CB per unitlength is calculated to be -6.62 rad/mm whereas
for a z-variable-polarized fs Bessel beam writing it is around -5
rad/mm (ie, -0.2 rad with a thickness of 40 pm). This
preliminary result is attributed to the relatively short extent of
the Bessel beam used in this study, which could be enlarged by
for example, using a smaller demagnification factor of the
imaging telescope. Nevertheless, if compared to 45° linearly
polarized fs Bessel beam writing under identical conditions, our
results clearly prove the potential of implanting high CB by

using such kind of controllable “helical polarization
distribution”.

Towards practical applications, one needs to consider the
limitations of this strategy as well: (1) To date, the fs laser
written space varying birefringent elements are based on self-
organized nanogratings whose nanoporous structures can lead
to strong scattering losses. The spectral signature possesses a
1/2* dependence and corresponds to a strong anisotropic loss
in ultraviolet-visible range [49], which exemplified to be a 74%
transmittance measured at 550 nm. However, this restriction is
expected to be partly solved by employing a “Type X’
modification with its ultralow loss [18]. (2) It is difficult to use
our shaping strategy in mid-Infrared range that needs further
work to imprint higher birefringence such as in ZnO-Barium
Gallo-Germanate glasses [50]. (3) The spatial resolution of the fs
written space varying waveplate is on the order of micrometer
size, which might restrict the potentials of applications in sub-
micrometer and nanometer scale integrated systems.
Conclusion and potential applications: In summary, in the
sight of the current state of light control, we proposed a
novel concept to extend the polarization manipulation
along the optical path, which provides new perspectives
in polarization transformation and therefore, enriches the
state of the art of light manipulation. A stable “helical
polarization distribution” fs Bessel beam was generated
for the first time by using a fs written space varying half-
wave plate. Besides, for the first time at our knowledge
such a z-variable-polarized laser beam was implemented
for laser materials processing namely in silica glass. This
enables the experimental achievement of twice as large
circular birefringence with, simultaneously, four times
smaller linear birefringence, compared to a 45° linearly
polarized fs Bessel beam or Gaussian beam.

Several applications would benefit from this 3D
polarization structuring strategy: (1) this technique can
be directly used for chiral waveplates fabrication towards
linear polarization rotators with high optical rotation and
ultimately no linear birefringence. This kind of optical
rotators own advantages of alignment-free compared to
conventional half-wave plate and potential achromatic
properties. (2) Since polarization is an essential
parameter in 5D data storage [5], our strategy of 3D
control of polarization may be useful for increasing the
writing and reading speed. The optical chirality could
even be a new dimension for increasing the capacity of the
information storage. (3) This 3D polarization structuring
approach will benefit the fundamental understanding of
light-matter interaction and will provide ultrafast light
manipulation with additional degrees of freedom. For
example, this could provide a platform for laser-based
production of cholesteric liquid crystal analogous optical
devices using tiny lengths of inorganic glass i.e., "twisted
silica glass". In general, it will not only facilitate the
implementation of polarization optics through the
mediation of space varying optical devices but also
underpin numerous potential chiroptic applications such
as passive isolators, quantum emitters, optical tweezers,



achromatic devices and beyond.
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