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Titre: Manipulation de faisceaux vectoriels afin d’imprimer une chiralité optique par laser femtoseconde dans

les verres

Mots clés: laser ultra-rapide; faisceaux vectoriels; la chiralité; variante spatiale; polarisation; silice; fibre optique

Résumé: La chiralité, ou l’incapacité à coïncider l’objet

et son image par translation et rotation, existe

largement dans la nature, comme les molécules d’ADN

duplex qui contiennent des informations génétiques,

les acides aminés ou les galaxies spirales dans l’univers.

L’essence de la chiralité est la rupture de symétrie, qui

présente des réponses différentes lors de l’interaction

avec d’autres objets chiraux.

La lumière peut aussi être chirale. Par exemple, les

faisceaux lumineux à polarisation circulaire

gauche/droite et les faisceaux de vortex porteurs de

moments angulaires orbitaux sont  des énantiomères

chiraux. Par conséquent, les champs lumineux chiraux

sont souvent utilisés pour la détection de substances

chirales, comme la technique de spectroscopie basée

sur le dichroïsme circulaire. En raison des

caractéristiques des distributions topologiques

spatiales, la génération, la manipulation et l’application

de champs de lumière vortex chiraux sont des sujets

essentiels en optique et en nanophotonique.

L’interaction chirale entre la lumière et la matière

enrichit non seulement les fondamentaux, mais favorise

également le développement de matériaux

photoniques aux propriétés chirales. La chiralité peut

ainsi être transférée entre la lumière et la matière, c.-à-

d., la matière peut induire et manipuler la chiralité du

champ lumineux, tandis que le champ lumineux peut

également induire et manipuler la chiralité de la

matière. L’exploration du mécanisme d’interaction

chirale entre la lumière et la matière amène une pierre à

l’édifice et favorise par ce biais notre compréhension de

l’origine de la chiralité de la vie. De plus, il nous aidera à

clarifier le mécanisme de manipulation des matériaux

fonctionnels chiraux ainsi que les propriétés optiques

chirales sous-jacentes.

 

En partant des principes de manipulation des champs 

lumineux chiraux, cette thèse étudie la génération de 

champs lumineux structurés chiraux et cela au travers 

des interactions acousto-optiques et du contrôle de 

la polarisation ainsi que de sa distribution en 3D. 

Par exemple, nous démontrons une commutation 

vortex entre différentes charges topologiques de 

"+1" et "-1" avec une vitesse de commutation 

pouvant atteindre 4 kHz. Grâce à la technique de la 

transformée de Fourier dispersive, la dynamique de 

commutation dans un laser à fibre est modélisée et 

observée. D’autre part, nous montrons que le 

mécanisme de la chiralité induite par laser 

femtoseconde dans les verres est bien une chiralité 

optique (mais une chiralité extrinsèque), qui est due à 

un effet joint de la biréfringence de forme et de la 

biréfringence induite par contrainte avec des axes 

neutres non parallèles et non perpendiculaires. En 

tirant profit d’un modèle à deux couches linéaires, de 

fortes propriétés optiques circulaires ont été réalisées 

dans la silice par une stratégie multicouche ou encore 

avec un faisceau Bessel chiral dont l’orientation de 

polarisation linéaire tourne le long de la propagation. 

En outre, des assemblages de nanoréseaux sont 

étudiés pour former des polariseurs intégrés dans 

une fibre optique et des dispositifs optiques 

potentiellement chiraux. 

Ainsi l’étude de la manipulation du champ lumineux 

chiral et de son interaction avec les matériaux joue un 

rôle important dans les domaines du tri des 

particules, de la communication optique à grande 

capacité, des puces photoniques, de l’imagerie à 

super-résolution et du traitement micro-nano laser 

ultra-rapide. 
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Title: Space variant manipulation of vector beams in ultrafast laser direct writing chirality 

Keywords: ultrafast laser; vector beams; chirality; space variant; polarization; silica; optical fiber. 

Abstract: Chirality, the inability of objects to coincide 

with their mirror images by translation and rotation, 

exists widely in nature, such as duplex DNA molecules 

that contain genetic information, amino acids that 

constitute biological proteins, and spiral galaxies in the 

universe. The essence of chirality is symmetry breaking, 

which exhibits different responses when interacting 

with other chiral objects.  

Light can also be chiral. For example, left- and right-

handed circularly polarized light beams and vortex 

light beams carrying positive and negative orbital 

angular momentums (OAMs) are chiral enantiomers, 

respectively. Therefore, chiral light fields are often used 

for the detection of chiral substances, such as circular 

dichroism spectrum technique. Due to the 

characteristics of spatial topological distributions, the 

generation, manipulation, and application of chiral 

vortex light fields are essential topics in optics and 

nano-photonics. 

The chiral interaction between light and matter not 

only enriches the nonlinear fundamentals, but also 

promotes the development of chiral photonics 

materials. Chirality can be transferred between light 

and matter, i.e., matter can induce and manipulate the 

chirality of light field through chiral interaction, while 

light field can also induce and manipulate the chirality 

of matter through chiral interaction. Exploring the 

mechanism of chiral interaction between light and 

matter will promote our understanding of the origin of 

chirality and life. In addition, it will help us clarify the 

mechanism of manipulating chiral functional materials 

as well as chiral optical properties. 

 

By starting from the manipulation principles of chiral 

light fields, this thesis studies on the generation of 

chiral structured light fields through acousto-optic 

interactions and polarization controls.  

Specifically, we obtain a vortex switching between 

different topological charges of “+1” and “-1” with a 

switching speed up to 4.3 kHz. Benefit from the 

time-stretched dispersive Fourier transform 

technique, the switching dynamics in a mode-locked 

fiber laser is observed. 

On the other hand, by investigating the polarization 

dependence, we reveal that the internal mechanism 

of femtosecond laser induced chirality is indeed an 

optical chirality (extrinsic chirality), which is due to a 

joint effect of form birefringence and stress induced 

birefringence with non-parallel and non-

perpendicular neutral axes. By taking profit from the 

proposed two-layers model, strong circular optical 

properties have been realized in silica glasses by a 

multilayer strategy and a chiral Bessel beam with 

linear polarization orientation rotating along the 

beam propagation. In addition, fiber nanograting 

arrays are investigated to form in-line polarizers and 

potentially chiral optical devices. 

Since chirality is an important physical and chemical 

property, the study on the manipulation of chiral 

light field and its interaction with materials plays an 

important role in the fields of particle sorting, high-

capacity optical communication, photonic chips, 

super-resolution imaging and ultrafast laser micro-

nano processing. 
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GENERAL INTRODUCTION  

What is the limitation existing in mastering the advanced functional 

light-matter interactions by laser manufacturing? It lies on the high-

dimensional manipulation of spatial-temporal properties of light. 

Time domain has been advanced from continuous wave to ultrafast 

duration, however, one of the current challenges now emerges to the 

“vectorial” control of ultrafast light. 

“Music is the arithmetic of sounds as optics is the geometry of light,” 

the famous saying from a famous French musician, Achilles-Claude 

Debussy describes the intense connection between the physical 

fundamentals of acoustics and optics [1]. At that time, optics was 

mainly deemed as geometric optics, however, wave optics soon 

appeared to be another essential part of optics, which is more 

fundamentally analogue to acoustic waves for music arts. Music, that 

is played by an instrument, is a temporal train of acoustic signals 

similar to optical pulsed beams. The composers use staves to 

write/spread their music, which is a kind of employment of frequency 

domain similar to Fourier analysis in optics. Furthermore, a fully 

complex ancient classical music requires the grand ensemble by 

utilizing spatially distributed instruments. Parallelly, modern optics 

has moved the research community into new degree of light 

manipulation, i.e., spatiotemporal sculpture of light. This novel 

prospect provides new possibilities in light manufacturing since it 

innovates the fabrication style and enriches the light-matter 

interaction fundamentals. 

Early light manufacturing stood on the excimer lasers operated at 

ultraviolet (UV) spectral range for light lithography in 1980s [2]. 

Subsequently, continuous wave (CW) lasers (or nanosecond lasers) 

appeared tremendous attentions from chemistry because 

photosensitivity was a controllable function of not only the chemical 

composition of the material (e.g., glass) but also the surrounding 

physicochemical environment it experienced (memorial thermal 

history and physicochemical conditions). By means of laser irradiation, 

the subsequently induced physicochemical properties of the 
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materials rely tightly with the mechanism of photochemical dynamics. 

However, the utilized CW lasers and nanosecond lasers only allow 

linear energy absorption or low-efficient two-photon nonlinear 

absorption. Although it is somewhat intense and sufficient for simple 

structural modifications inside materials, it in turn restricts the 

strategy only in point defects, as an initial level to deposit photon 

energy into the glass network.  

The breakthrough of mode-locking, i.e., fixing the temporal phase of 

longitudinal optical modes in the laser oscillation cavity emerged to 

be disruptive in the laser industry and directly transformed light 

manufacturing technology. Subsequently, ultrafast pulsed laser was 

perceived as a potential tool for functionalizing materials via 

photosensitivity. Shorter light pulses brought high-power density up 

to the order of 109 W/cm2 (picosecond laser) or extremely high-

power density up to the order of 1012-14 W/cm2 (femtosecond laser) 

after focusing, which leaded the laser manufacturing science into 

nonlinear optics. In fact, femtosecond laser provides the possibility of 

delivering optical energy precisely into each specific volume with 

electrons excitation across the bandgap of the glass material. This 

means the energy deposition has transferred from linear absorption 

or two-photon absorption to multiphoton absorptions (typically six-

photon ionization by 800 nm femtosecond laser irradiation or eight-

photon ionization by 1030 nm femtosecond laser irradiation). These 

innovative nonlinear excitations allow complex photoinduced 

structural modifications and thus the caused physicochemical 

properties. Various material modifications are catalogued into 

physicochemical reactions: intrinsic material ordering enabled by 

fictive temperature change; phase change such as phase separation 

and re-crystallization; chemical migration. This endows permanent 

changes of physical properties to the materials such as second-order 

nonlinear optical properties (electro-optical effect and frequency 

doubling), dielectric tensors, which bring novel strategies in precise 

material processing in 3D degree of freedom of localized “voxels” at a 

cubic micrometric scale. 

Due to the new effects and the unique ability of 3D micro-nano 

structuring of linear or nonlinear physicochemical properties inside 

transparent materials, femtosecond laser direct writing (FLDW) 
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emerges to be a low-cost and super precise tool for optical devices 

fabrication. In general case, the FLDW can be highly controlled by a 

set of laser parameters including light wave vector �⃗� (𝑟, 𝑡), electric 

field �⃗� (𝑟, 𝑡) and intensity profile 𝐼 (𝑟, 𝑡). To control the light by a 

spatial prospect, structured light allows on-demand engineering of 

light parameters, encountered in transformation optics [3]. For 

instance, conventional structuring of 2D control unlocks 

functionalities such as Laguerre-Gaussian (LG) beams that carry 

orbital angular momentum (OAM) [4], Bessel beams that possess 

non-diffracting nature over long distances [5]. Although still 

emerging, 3D controls, such as z-dependent polarization shaping, 

topological charge management [6,7] or arbitrary trajectory design in 

space [8], receive considerable interest. Recent advances in spatial-

temporal control have opened a new exciting prospect of 4D 

structured light, such as “optical cyclons” where the wave packet 

possesses a transverse OAM, that is, a spiral phase in x-t plane [9]. 

The concepts above have not (or very initially) been implemented in 

fs-laser writing configuration, despite the spatial manipulation of 

light is essential in FLDW. 

In this context, temporal control of lasers has innovated the light-

matter interaction from linear effects to nonlinear mechanisms. From 

now on, spatial manipulation of the ultrafast lasers is expected to 

become a new standpoint of enriching the mechanism of multi-

dimensional interactions between ultrashort light and materials. One 

objective of this PhD thesis is to develop the space variant control of 

ultrashort lasers and the subsequent material transformations 

through it. 

Understanding the inner fundamentals of interaction between matter 

and spatially manipulated femtosecond laser pulses will definitely 

pave the way for advanced physics research and industrial potential 

evaluation. Structures make the things topologically different and so 

do the manners of light-matter interaction. Some of the mechanisms 

are quite new and unveiled. In general, the underlying principles of 

normal femtosecond laser pulses interacted with materials lie on the 

core of electrons plasma behavior. At first, the electrons are excited 

due to the multiphoton ionization effect that transitioned through 
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the gap of the transparent insulator after the irradiation of the 

femtosecond laser pulses. The plasma emerges and coexist with the 

solid at a fraction of picosecond. Here, the light and material itself 

play important roles in structural organization of the plasma density. 

When the pulse withdraws, all the electrons are trapped in the solid 

and thus the structure of the plasma density is “memorized” to be an 

original source for the subsequent pulse. In addition, the solid 

remains below the vaporization threshold and still non-destroyed. 

Instead, it is restructured by the laser-induced force field. Here, the 

optical field of the laser pulse is quite essential since it strongly 

interact with the material and co-determine each state of the plasma 

density distribution and its evolution. Undoubtedly, the force field is 

highly determined by the laser parameter of the femtosecond laser 

pulses including their intensity, polarization, phase, and likely 

topological singularity. This is a new physics. But it is also a new 

chemistry since it is evolved with highly excited states, which exhibits 

large effects of off equilibrium at many prospects. We can therefore 

imagine, in a simple case, normal interaction of matter with an 

unstructured femtosecond laser is a punch that can make a simple 

effect on the material. However, the highly manipulated femtosecond 

laser becomes a hand with fingers which is more accurate and 

creative. It is therefore necessary to innovate from the state-of-the-

art of FLDW that only stay in simple patterning to new precise and 

novel creation. Their control leads to the new era of a science of 

material modification via light, and it is also the key objective that 

this PhD thesis wants to achieve. In particular, three discoveries 

construct the basis of this PhD thesis. 

The first milestone is from our colleagues namely P. Kazansky and Y. 

Shimotsuma at Southampton University and Kyoto University that 

they discovered, for the first time, the self-organized nanogratings in 

SiO2 glass [10]. In fact, this was the smallest structure ever imprinted 

by light, i.e., 200-400 nm periodicity with 20-30 nm thin fringes. 

Simultaneously, they proposed that the created nanogratings are 

likely originated from the modulation of chemical composition, i.e., 

the oxygen element restructuring. This would be interpreted as the 

stationary density waves in the plasma induced by the coupling of 

irradiated light waves and the bulk plasma waves. In 2011, our group 
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reported that the nanogratings are consist of nanoporous layers that 

mainly caused by oxygen decomposition [11,12]: 𝑆𝑖𝑂2 = 𝑆𝑖𝑂2(1−𝑥) +

𝑥 ∙ 𝑂2. It is likely caused by a tensile stress assisted nanocavitation 

mechanism [13]. The nanogratings are also called Type II structures, 

which are different from Type I (isotropic average index variation) and 

Type III (micro/nano voids caused by localized micro-explosions), due 

to their outstanding anisotropic subwavelength structures yielding 

strong birefringence response (up to -10-2), anisotropic light 

scattering, polarized luminescence, and extraordinary high thermal 

stability (stable for few 10’s hours at 1000 ℃). These experimental 

observations raised a lot of open questions that should be addressed 

to figure out the formation mechanism and future potential 

applications of nanogratings. 

The second breakthrough is our recent progress that a photoinduced 

chirality can be created in an achiral material (center-symmetric 

glasses) by an achiral femtosecond laser beam (being linearly 

polarized and with normal incidence, neglecting tilt effects) [14]. This 

phenomenon asks an important question that what is the origin of 

“parity violation” created by femtosecond laser irradiation? The 

experimental proof of obtained circular di-attenuation and how it 

was obtained remain thoroughly debated as an interesting topic. At 

first, the symmetry breaking was assumed to originate from a volume 

torque caused by the combined action of a stress field and a direct 

current. It is affected by the pulse front tilt, the focusing conditions 

and importantly the laser polarization. Although the quenched glass 

network records evidence of some parts of the molecular activities 

during the ultrashort light-matter interaction, there is still not enough 

information to support that the observed chirality and the caused 

circular optical properties originate from a photon-induced molecular 

optical activity just like sucrose or α-quartz with their chiral lattice 

arrangement i.e., a so-called intrinsic chirality. 

Another pioneered work was from B. Y. Kim at KAIST that discovered 

the acousto-optic interaction for converting the light modes 

propagating in fibers between core modes and cladding modes [15]. 

The acoustic waves can propagate along the fiber to form a travelling 

grating with periodic modulations of refractive index according to the 
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acoustic vibration modes. This is a kind of long period fiber gratings, 

but the induced fiber grating is dynamically controlled by the 

acoustic waves. Let us recall that the fiber remains non-destroyed in 

the acousto-optic interaction region, which means that as soon as the 

acoustic wave is gone, the fiber in turn goes back to the original state 

without any structural change. Whereas a traditional long period fiber 

grating is fixed by applying permanent index change on the fiber. 

Thus, acousto-optic interaction allows a dynamic modulation of 

different periodicity of the induced fiber gratings or simply switching 

on/off them by manually or automatically altering the acoustic signal. 

The manipulation of the mode conversion through an acousto-optic 

fiber grating lies on the phase matching condition from the photon-

phonon transfer. From a quantum mechanical view, the photon-

phonon scattering consists of the energy and momentum 

conservation, which leads to the light scattering and carries a 

frequency shift from the acoustic wave. Such a frequency shift-based 

acousto-optic interaction plays a crucial role in photon-phonon 

interaction mechanisms, tunable filters, vector mode converters, 

interferometers, heterodyne detections, and potentially frequency 

shift feedback mode-locking fundamentals [16–20]. However, how to 

master the dynamic control of acousto-optic interaction and thus the 

light propagation mode manipulation?  

The challenge of this PhD thesis is to pave the way of space variant 

manipulation of the light field in ultrafast lasers and build a new 

paradigm in understanding the interaction between matter and 

structured ultrashort lasers, towards controlling all the imprinted 

anisotropic optical properties including induced chirality (orientation, 

amplitude and sign). It will unlock a low-cost, sustainable and ideally 

environment-friendly technology for light manufacturing industries. 

The experimental observations raise a lot of questions to be 

addressed, therefore, the heart of this PhD thesis work lies on: 

(1) Dynamic switching of fiber scalar modes and vector modes in the 

ultrafast lasers to unlock and understand the phonon-photon 

interaction mechanisms and the advanced strategy to dynamically 

manipulate the light modes in the ultrafast laser cavity. 

Observation of the transient switching dynamics in the ultrafast 

laser evolution between different scalar and vector modes to 
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obtain the effects caused by the mode altering. 

(2) Master the photosensitivity during the light-matter interaction to 

allow us to properly understand the inner physics and chemistry 

of light induced chirality by employing different designs of the 

material structuration and also the structured light. Characterize 

and control the laser-induced transformation in silica-based 

glasses and optical fibers to underpin the root of the light 

manufacturing. Unlock the on-demand engineering of targeted 

linear and circular optical properties through well-designed 

configurations of both the light field and writing geometry. 

At first, the aim of chapter I is to provide a general context necessary 

to fully understand this PhD thesis. We will highlight the ultrafast 

lasers, which is the core platform throughout the whole thesis. 

Additionally, silica glasses and optical fibers are introduced as the 

fundamental materials constituting our samples. Then, it is necessary 

to introduce the ultrashort laser pulse propagation in glass-based 

materials. We shall summarize and identify the mechanisms of light-

matter interactions and the types of induced permanent structural 

changes in glass materials. Subsequently, we will focus on the space 

variant vector fields of the optical light, associated with the 

generation and manipulation methods. In the last part of this chapter, 

we will concentrate on the optical chirality and anisotropic optical 

properties (linear/circular birefringence and dichroism) induced by 

light. 

Then the chapter II describes in depth the experimental details and 

theoretical methods necessary to carry out all of our research works 

throughout this PhD thesis. At first, we shall introduce the acousto-

optic interaction mechanism, which is the predominant way that we 

used to carry out the dynamic manipulation of scalar modes and 

vector modes in optical fibers. Subsequently time-stretched 

dispersive Fourier transformation technique is described, which paves 

the way for visualizing the transient dynamics of ultrafast evolutions 

in the ultrafast laser oscillators. It will definitely observe the detailed 

evolution process of dynamic switching among different modes in 

the ultrafast lasers. Afterwards, we will describe the specific platform 

of the FLDW systems utilized in this PhD thesis work which are 

available both in ICMMO at University Paris Saclay in France and in 
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College of Science at Shanghai University in China. We also post the 

information of adopted samples in our experiments. Quantitative 

measurements of birefringence and more generally, anisotropic 

optical properties are deemed as very outstanding nondestructive 

ways for characterizing nanogratings. This in turn provides detailed 

information of different laser writing configurations as well as the 

induced optical properties. Therefore, we will describe the physical 

fundamentals of light polarization, theory of Stokes optics and more 

generally the Mueller formalism. The latter is supposed to be a 

complete mathematical description to deliver all the polarimetric 

optical properties of the light modified materials. Thus, we will 

present the characteristics of the light irradiated samples with 

different types of structural modifications by crossed polarized 

microscopy and more precisely, quantitative measurements of 

retardance enabled by a polarimetric microscope equipped with a 

“de Sénarmont” compensator. At last, a spectroscopic Mueller 

polarimeter is introduced specifically because it provides the 

possibilities to carry out the key physical quantities of femtosecond 

laser induced structures with sufficient accuracy to produce 

meaningful conclusions throughout all the experiments designed in 

this PhD thesis. 

The chapter III is dedicated to the dynamic switching of vector 

beams via acousto-optic interactions. The mechanism of acousto-

optic interactions along the optical fiber is not fully understood 

especially in few-mode fibers. Traditional acousto-optic interactions 

are usually adopted in single-mode fibers to construct a tunable filter 

that in fact, converts the fiber core mode to the cladding modes, 

which exponentially elapse during the propagation. New theory in 

acousto-optic interactions in few-mode fibers allows the mode 

conversion between fundamental core mode and high-order core 

modes to obtain the generation and manipulation of high-order 

scalar modes or even vortex modes. The first part of this chapter is 

related to a paper published in Optics Letters in 2018, which 

proposes a new strategy of dynamic switching between different 

high-order scalar modes and the related vortex modes with different 

topological charges. The creative mechanism is to figure out the 

dual-resonant fundamentals and master this interesting property of 
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acousto-optic device to unlock the vortex switching via altering the 

driven frequency of the electric signal. The second part of this 

chapter follows a published paper in IEEE Photonics Journal in 2020, 

which corresponds to a work of agile mode manipulations in high-

power lasers. Traditional mode converters such as long-period fiber 

gratings are fabricated by laser written periodic refractive index 

modulation, which are not stable in high temperature environments. 

However, acousto-optic interaction is a predominant approach that 

converts the phonons’ energy and momentum to the photons 

travelling inside the fiber, which relates low connections of thermal 

effects of photons and shows a significant compatibility in high-

power lasers. 

Chapter IV is dedicated to the investigation of switching dynamics 

enabled inside an ultrafast laser cavity through time-stretched 

dispersive Fourier transformation technique, which is published in 

Photonics Research in 2020. Acousto-optic manipulation, as a 

positive modulation strategy, can somewhat provide a perturbation 

into the ultrafast laser to break the stable mode-locking state and 

then reconstruct another mode-locking state at another spatial mode. 

The behaviors of the lasing mode, pulse decomposition, separation 

and re-formation are quite interesting, while traditional mode-locking 

dynamics only focuses on one single process of build-up or collapse 

phenomena. Additionally, the vortex mode switching between 

different topological charges of OAMs in ultrafast fiber lasers unlocks 

the functionality of dynamic vortex manipulation applications itself. 

We can imagine the potentials in optical communications with 

dynamic coding and decoding in vortex mode division multiplexing 

and particle manipulation with dynamic requirements. The second 

part is dedicated to a demonstration of dynamic pulse-width 

switching between picosecond laser pulses and femtosecond laser 

pulses via an acousto-optic interaction based dynamic attenuation 

control in one single laser cavity. Electronic circuit has alternative 

switches to adjust the electrical current very conveniently, however, 

current state-of-the-art of optical circuit lacks this kind of simple 

switches to manipulate the optical path. Acousto-optic interaction 

owns the unique advantages of external control of the light 

propagating inside optical fibers, which is a predominant 
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nondestructive approach to dynamically control the behavior of the 

light. This method allows the dynamic manipulation between 

different operation modes (different mode-locking states) without 

changing any optical device in the laser cavity. Specifically, both 

narrow-band and broadband reflections are demonstrated in the 

laser cavity which are controlled by the acousto-optic interaction 

assisted attenuation adjustment. Besides, the mode-locking dynamics 

of pulse width switching process is also recorded by time-stretched 

dispersive Fourier transform technique. This work will tentatively 

bring new prospects to the nondestructive optical switches and 

enrich the physical fundamentals of mode-locking dynamics. 

Chapter V focuses on the femtosecond laser direct writing 

nanogratings in silica fibers. Silica fibers, as the most widely used 

media for optical communication, possess cylindrical structures 

including high refractive index cores and low refractive index 

claddings that allow restricting the light propagating inside fiber 

cores with low loss. Embedding nanogratings inside silica fibers paves 

the way for new advanced functional fiber devices towards simple 

control of light propagation. This is technologically new, which 

provides new degree of freedom in fiber design. The first part of this 

chapter depicts a published paper in Nanoscale in 2019 about fiber 

nanogratings induced by femtosecond laser direct writing for in-line 

polarizers. Nanogratings show good performances about anisotropic 

dichroism, which can be utilized for selecting the targeted orientation 

of linearly polarized light by attenuating the other orthogonal one. 

We creatively imprint several nanogratings around the fiber core to 

form a polarizing array for manipulating the light propagating in the 

fiber core through evanescent fields. The results show good 

broadband polarizing phenomena. This strategy is fundamentally 

novel because it requires simple fabrication process and very low cost 

for constructing an in-line polarizer. We can imagine and easily 

extend this idea to produce other potential in-line devices profit from 

the prominent anisotropic properties and especially chiral optical 

properties of fiber nanogratings. The second part of this chapter is 

related to a paper submitted to Applied Surface Science in 2023. 

Since the anisotropic properties of fiber nanogratings are quite 

essential, the orientation control of the nanogratings appears to the 
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research community towards more possibilities in fiber nanogratings 

based functional devices or even new paradigm for lab-in-fiber and 

lab-on-fiber fields. We thus propose a strategy of synchronous 

control of laser polarization during the laser writing process to unlock 

complex designs of fiber nanogratings patterns. Besides, we also 

demonstrate the chiral optical properties imprinted in the optical 

fibers, which is potential in constructing in-line linear polarization 

rotators, in-line isolators and likely in-line circular polarizers. 

In Chapter VI, we discuss the femtosecond laser direct writing optical 

chirality in silica glass, associated with both mechanisms and 

strategies. The first part of this chapter is dedicated to a published 

paper in Light: Science & Applications in 2023. Here we creatively 

investigate the polarization dependences of laser induced form 

birefringence and stress-related birefringence and tentatively 

disentangle the contribution of these two origins of birefringence. 

We therefore reveal the inner physical principle that the femtosecond 

laser written optical chirality attributes to two contributions, i.e., the 

form-related birefringence and stress-related birefringence with non-

parallel non-perpendicular neutral axes. This, in turn, unlocks the 

potential of precisely controlling the light induced chirality (sign, 

amplitude, orientation) and thus the related circular optical 

properties and optical rotation. The second part of the chapter is 

related to a published paper in Optics Letters in 2023, which is a 

subsequent work according to the first part. As we confirmed that the 

laser induced optical chirality is attributable to the two linear 

contributions, which is called an extrinsic chirality, but not an intrinsic 

chirality that related to chiral molecular arrangements. We can 

imagine constructing several layers of linear properties to achieve 

tunable circular ones. Thus, we utilized a multilayer strategy with 

different slow axis orientations in each layer to build a highly chiral 

structure for obtaining very strong circular optical properties. This 

multilayer based chiral waveplates show good performances with at 

least 5 times improved circular birefringence and 3 times suppressed 

linear birefringence when compared to a single layer configuration. 

Finally, the third part of this chapter is summarized in a paper 

published in APL Photonics in 2023, which reports a novel work 

about 3D polarization structuring of a Bessel beam and its application 
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to imprint chirality in silica. This work is innovative because, the 

method of generating a polarization evolution along the optical path, 

namely here in a Bessel beam, for writing chirality in silica is definitely 

new. Traditional structuring of the femtosecond laser only focuses on 

the transverse section of the beam, namely cross section. However, 

this work arises insights on the z axis, i.e., along the optical 

propagation direction to create a so-called z-variable-polarized 

Bessel beam shaped by a laser written space variant birefringent 

waveplate. This demonstrated laser beam possesses a “helical 

polarization” and can thus imprint “twisted nanogratings” without 

any scanning. Note that an arbitrary polarization distribution could 

be achieved by precisely designing the retardance and slow axis 

distribution of the space variant birefringent waveplate. 

The PhD thesis structure is organized and summarized in Fig. 0-1. 

 

Fig.0-1 Schematics of the PhD thesis structure. Insets are reproduced from the 

publications related to this PhD thesis [21–25]. 
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Chapter.I STATE-OF-THE-ART OF LIGHT-MATTER INTERACTION 

WITH CHIRALITY IN ULTRAFAST LASERS  

 INTRODUCTION 

This section intends to provide the basic notions for a fully 

understanding of this PhD thesis. First, we will introduce the basic 

principles of ultrafast lasers. Then, the main aspects of silica glasses 

and optical fibers are described. Subsequently, ultrafast light-matter 

interactions with glass materials will be introduced. The associated 

permanent modifications by ultrafast lasers are summarized, 

especially for the nanograting structure since it is the main topic in 

this PhD thesis. 

Finally, the last part is dedicated to the introduction of chirality. This 

section contains the basic properties of chirality and the chirality in 

lights. The states-of-the-art of manipulation of chiral optical field as 

well as light producing chirality in matters are summarized. 

 GENERAL INTRODUCTION OF ULTRAFAST LASERS 

I.2.1 Laser principles 

A laser refers to light amplification by stimulated emission of 

radiation, which is firstly mentioned by G. Gould in 1957. Jokily, it was 

deemed as “a solution looking for a problem”. But in fact, it has 

revolutionized the development of civilization and redefined the light 

science.  

Laser is praised as “the fastest knife", "the most accurate ruler" and 

"the brightest light”. It possesses a lot of fantastic properties such as 

high coherence, high monochromaticity, high degree of collimation, 

wide tuning wavelength range, and small spot size, which in turn lead 

to a huge number of applications ranging from nonlinear optics, 

material processing, optical communication, medical surgery, particle 

trapping, optical displays and beyond.  

Einstein proposed the stimulated emission principles forming the 
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basic theory of laser. Stimulated emission is a process by which an 

incident photon with certain energy (i.e., ℎ𝜈 = 𝐸1 − 𝐸0 ), can thus 

stimulate an excited electron (i.e., at 𝐸1 state) to a lower state (i.e., at 

𝐸0  state) and create a new photon, as depicted in Fig. 1-1(a). 

Different from spontaneous emission, the new created photon by 

stimulated emission will have the same performance as the incident 

photon, i.e., same frequency, direction, phase, and polarization. 

Specifically, a laser consists of at least three key components, namely 

a pump for population inversion, a laser cavity for light oscillation 

and a gain media for ensuring the energy accumulation during the 

oscillation process, as shown in Fig. 1-1(b).  

 

Fig.1-1 Schematics of stimulated emission and laser structures. (a) Principles of 

absorption, spontaneous radiation and stimulated radiation. E0: ground state; E0: 

excited state; h: Planck constant; v: frequency of the photon; here, hv= E1- E0. (b) 

Schematics of a basic laser structure with three key components: pump, gain media 

and laser cavity. 

Pump source is an external energy supply to produce the population 

inversion e.g., an electric current, a laser diode or even a chemical 

reaction. Laser cavity, also known as an optical resonator, in general 

consists of two parallel mirrors. One is total reflection while another 

exhibits partial reflection to output some laser lights. Besides, in fiber 
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lasers there are also ring cavity for light circulating in the cavity that 

can generate laser light and output from a coupler. Gain medium is 

dedicated to an active medium to amplifying the oscillating light. Nd-

doped glass is usually used as a gain medium in solid lasers while 

Er/Yb-doped fibers are commonly used gain media in fiber lasers. 

I.2.2 Ultrafast lasers 

Since T. H. Maiman reported the first laser, namely a ruby crystal 

pumped by a Xenon flash lamp, in 1960, laser science and industry 

develop very fast, especially in ultrafast lasers, as depicted in Fig. 1-2. 

Compared to continuous wave (CW) lasers, ultrafast lasers deliver 

optical pulses at picosecond (ps, 10-12 s) and femtosecond (fs, 10-15 s) 

scales, which own unique features such as ultrashort durations, 

ultrahigh peak powers that lead to various novel nonlinear effects. 

 

Fig. 1-2 Development of (a) ultra-short pulse generation and (b) laser intensity of the 

laser industry. CPA: chirped pulse amplification, ELI: extreme light infrastructure (cited 

from [26,27]) 

In 1970s and 1980s, sub-ps laser pulses are demonstrated in 

passively mode-locked dye lasers. Subsequently, a solid-state laser 

material, namely Ti: Sapphire is discovered to be a possible material 

for supporting broadband gain spectra to achieve narrow fs duration 

pulses. The development of the laser pulse generation is depicted in 

Fig. 1-2(a). Intensity is a key parameter for a laser because ultrahigh 

peak power can allow “adiabatic ablation”, i.e., to process the material 

with nonlinear effects instead of thermal effects. This technique 

contributes to higher quality/resolution than any CW or nanosecond 
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laser can achieve. There are two milestones that breakthrough the 

laser intensity improvement: one is Q-switching and mode locking 

mechanism to create ultrashort laser pulses and the other is chirped 

pulse amplification (CPA) to enable the amplification of ultrashort 

pulses (even few fs) to very high energy levels (>1020 W/cm2) [28], as 

shown in Fig. 1-2(b). 

I.2.3 Mode-locking mechanisms 

Mode-locking refers to the locking of the phase relationship between 

multiple longitudinal modes in the laser cavity. The locking of this 

phase relationship makes the laser output periodically stable with 

time, and the round-trip time correlates to the light circulating time 

of one cycle in the resonator. If enough longitudinal modes are 

locked at the same time, the laser spectrum will be wideband and 

thus the pulse could be an ultrashort one. 

The passive mode-locking technique is one of the main ways to 

realize ultrashort pulse generations. Compared with the active mode-

locking method, the saturated absorber can generate shorter pulses 

due to its ultrashort recovery time (can achieve fs level). Generally, in 

a passive mode-locking resonator there exists a saturable absorber 

mode-locking device that absorbs light energy by a nonlinear 

relationship with the light intensity. Specifically, its function is to 

rarely absorb the middle part of the pulse (namely the high-intensity 

part of the pulse). However, the low-intensity light on the two wings 

of the pulse is strongly absorbed and thus attenuated. As a result, the 

pulse is continuously narrowed, and finally a short pulse of stable 

oscillation is formed in the cavity. To some extent, passive mode-

locking can be understood as self-driven mode-locking, and the 

phase disorder of each longitudinal mode in the initial connection 

segment cannot form an effective coherent superposition. At a 

certain moment, the intensity of one of the pulses in the cavity is 

strong enough to reduce the loss of the mode-locking device in the 

cavity, which supports the continuous cyclic amplification in the 

cavity. Finally, stable pulse trains are established from the chaotic 

noise. The main passive mode-locking methods are nonlinear 

polarization rotation (NPR) mode-locking [29,30], nonlinear 

amplifying loop mirror (NALM) mode-locking [31–34], semiconductor 
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saturable absorber mirror (SESAM) mode-locking [35,36] and novel 

nanomaterial saturable absorber mode-locking [37–40]. Here we 

mainly introduce the principles and typical resonator structures based 

on SESAM and NPR mode-locking techniques related to this PhD 

thesis work. 

I.2.3.1 SESAM mode-locking 

A saturable absorber is a general term for a type of device that 

achieves laser mode-locking by nonlinear absorption, namely 

absorbing low-intensity part of light and almost passing the high-

intensity part of light. In fact, it performs that as the incident light 

intensity gradually increases, the transmittance of the saturable 

absorber will increase and eventually reach the saturation threshold. 

This allows strong light to pass through and weak light to be 

attenuated, which leads to the ultimate pulse narrowing. Although 

the mode locking schemes based on new materials attract more 

interests, i.e., various material based saturable absorbers, such as 

graphene, carbon nanotubes, topological insulator, which have been 

successively confirmed in the mode locking lasers, semiconductor 

saturable absorbers are still the most widely used mode locking 

devices in commercial ultrashort lasers due to their reliable stability. 

In practical use, semiconductor saturable absorbers are encapsulated 

as cavity mirrors, i.e., a SESAM [41], which is composed of 

semiconductor wafers such as gallium arsenide (GaAs) and 

distributed Bragg reflectors (DBRs) grown on the wafers, as well as a 

large number of quantum wells layers covering on the Bragg 

reflectors. DBR plays the reflective role while multi-layer quantum 

well structures provide an amplitude modulation in intensity 

dependent absorption. Besides, indium gallium arsenide (InGaAs) 

quantum wells are usually used as saturable absorber materials. 

When light is incident on a semiconductor material, electrons in the 

valence band are excited to the conduction band, creating electron 

hole pairs. As the number of photons continues to increase, more 

electrons are excited, but only a limited number of electron hole pairs 

can be generated, resulting in the depletion of the ground state 

electrons and thus the saturation of photons. After a period of in-

band thermal equilibrium and inter-band relaxation, photons can be 

absorbed again. In-band thermal equilibrium and inter-band 
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relaxation time possess a great impact on the mode locking state. 

The shorter the recovery time is, the easier it is to obtain sub-

picosecond pulses. The longer the recovery time is, the more 

conducive to the self-starting of the mode locking state in the lasers 

[42–44]. The relaxation time of a typical SESAM is 500 fs to 30 ps, 

while the spontaneous emission time of a semiconductor material is 

about 1 ns. Therefore, low temperature molecular-beam epitaxy 

technique and ion implantation technique are usually used to 

introduce lattice defects in the absorption layer to achieve fast 

relaxation of carriers. 

In the case of using SESAM to achieve mode-locking, a large 

modulation depth is conducive to achieve stable mode-locking states. 

In general, SESAMs with resonance modes have a higher modulation 

depth but a narrower response bandwidth when compared to non-

resonant SESAMs. Mode-locked lasers enabled by SESAMs are 

generally linear cavity structures, as shown in Fig. 1-3. One end of 

the resonator is a broadband mirror composed of SESAM, and the 

other end is an optic fiber ring mirror. The signal light in the cavity is 

usually focused onto the SESAM by a set of coupled lenses, and the 

size of the focused spot can be controlled by adjusting the position 

of the lens, thus controlling the saturation flux on the SESAM. The 

optical fiber ring mirror is made of a "2×2" coupler, whose reflection 

can be adjusted by controlling the beam splitting ratio of the coupler. 

Based on the above typical structures, mode-locked fiber lasers of 

various wavelengths have been realized successively. In addition, 

fiber ring mirrors can also be replaced by fiber Bragg gratings (FBGs) 

or chirped fiber Bragg gratings (CFBGs) to form narrowband filtering 

or dispersion compensation. For example, I. A. Litago et al. 

demonstrated the selection of mode-locking wavelength by using 

FBG as a mirror, and then applied axial stress to the FBG in the 

resonator to achieve wavelength tuning ranging from 1558 nm to 

1567 nm [45]. H. Wang et al. used a CFBG to provide negative 

dispersion compensation in the 1-micron band and adjusted the net 

dispersion value in the cavity to make the laser work with self-similar 

sub-pulse mechanism, and finally obtained an ultra-short pulse 

output of 83 fs [46]. 
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Fig. 1-3 Schematics of a typical linear cavity of a SESAM based mode locked fiber 

laser. 

I.2.3.2 NPR mode-locking 

NPR mode-locking technology is to use the birefringence effect of 

optical fiber and polarization related devices to achieve artificial 

saturable absorption effect and thus the created ultrashort pulses. 

Fig. 1-4 shows a typical ring-cavity laser based on NPR mode-locking.  

 

Fig. 1-4 Schematics of a typical ring cavity of an NPR based mode locked fiber laser. 

A polarization dependent isolator (PDI) and polarization controllers 

(PCs) in the optical fiber ring cavity form the artificial saturable 

absorber. The linear polarized light that passes through the PDI is 

split into two orthogonal directions perpendicular and parallel to the 

optical axis due to the existence of inherent birefringence of the gain 

fiber and the ordinary single-mode fiber. The polarized lights with 

two orthogonal directions are affected by self-phase modulation 

(SPM), which produces different nonlinear phase shifts and finally 

makes the polarization rotation of the resultant vector polarization 

state. When the pulse passes through the PDI again, the saturable 



 

 

29 

 

absorption effect of polarization dependent self-amplitude 

modulation occurs due to the polarization states of the different 

parts of the pulse. Finally, the saturable absorption is obtained, and 

ultrashort pulses can be achieved. 

I.2.4 Chirped pulse amplification (CPA) 

Direct amplification in ultrafast lasers will destroy the laser 

components in the cavity due to the ultrahigh energy level. However, 

CPA was developed to amplify the ultrashort pulses in a smart way by 

preventing the nonlinear effects from destroying the crystals. This 

novel amplification strategy contains three steps, i.e., pulse stretching, 

amplification and pulse compression, as depicted in Fig. 1-5. By 

extending the pulse duration through typically 104-108 times larger, 

the pulses can be amplified without approaching the damage 

threshold of the crystal materials. Thus, the fluence remains the same 

but the power measured at any one frequency is quite low [47]. 

Finally, the amplified pulses are compressed back to ultrashort pulses 

for subsequent uses. G. Mourou and D. Strickland have won the 

Nobel prize in Physics in 2018 due to CPA. 

 

Fig. 1-5 Schematics of CPA with beam stretching, amplification and compressing 

system (cited from [47]). 
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 SILICA GLASS 

I.3.1 Silica structures  

Silica glass, as an extensively studied material, has been discovered to 

own obvious photosensitivity to UV radiation at the end of 1970s [48]. 

In 1960s, the effects of electron bombardment on glasses were 

reported and studied by means of high-energy sources at MeV levels 

[49]. Subsequently, researchers began to use lower energy level 

electron beams (KeV scale) to unveil the induced volume changes 

and optical modifications in 1990s [50,51]. Irrespective of the 

irradiation types, these modifications and volume changes are 

deemed as originated from irradiation induced structural changes 

inside silica glass networks. This is why the structures of silica glass is 

such important for the light-matter interaction mechanism and we 

shall introduce it in this section. 

 

Fig. 1-6: Scanning tunneling microscopy (STM) images with atomic resolution of silica 

bilayers: (a) Si atoms and (b) O atoms arrangements of the crystal structures of α-

quartz; (c) Si atoms and (d) O atoms arrangements of the disordered SiO2 glass; Cited 

from [52]. 
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Most commercial glasses are silicates. In fact, they contain a lot of 

constituents included in a SiO2 based matrix. Pure silica glass, as the 

glass with simplest composition owns its difficulty for achieving high 

purity via technical development. Basically, it exhibits an irregular 3D 

network consisting of disordered tetrahedral SiO4 units, as depicted 

in Fig. 1-6 obtained by atomic resolution scanning tunneling 

microscopy (STM) of silica bilayers [52]. The silica glass adopted in 

this PhD thesis are mostly Type III- silica glasses. They are synthetic 

vitreous silica produced by hydrolysis of SiCl4 with spraying into an 

oxygen-hydrogen flame. Practically, due to the Cl starting materials, 

most synthetic pure silica materials are free (<ppb level) from 

metallic impurities. However, it may contain a high amount of OH 

(typically, in the order of 1000 ppm for Suprasil CG glasses, Heraeus, 

Germany).  

In fact, various assembling SiO4 tetrahedra in 3D with each other are 

possible however, the most stable established configuration is 

approaching the longest Si-Si distance, which is achieved in an 

assembly by the vertices. Therefore, this mode of assembly can be 

easily found in all forms of crystalline silica such as quartz, cristobalite, 

tridymite and coesite. The average angle of the intermediate bond of 

the Si-O-Si group is 145° [53], which leads to a certain dispersion, 

corresponding to an Si-Si distance of approximately 3.12 Å. The Si-O 

distance varies between 1.62 Å and 1.77 Å while the O-O distance 

varies between 2.50 Å and 2.65 Å. The complete assembly of all the 

tetrahedra in silica glass can therefore form a three-dimensional glass 

network constructing a short-range order. However, we shall recall 

that it exhibits no order at a long distance. This construction of the 

glass group represents the definition of the disordered or random 

network from the literatures. 

At a short distance, the order is governed by the coordination of 

silicon, i.e., a silicon atom is surrounded by 4 oxygen atoms, which 

forms a tetrahedron. Additionally, each oxygen is shared by 2 

tetrahedra, from the prospect of SiO2 stoichiometry. Silica glass is a 

special case of disordered systems due to its medium range order, 

which corresponds to its molecular connectivity. Specifically, there are 

always four tetrahedra surround a given tetrahedron however, it has 

no Euclidean translational symmetry. In fact, the free space in the 
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structure allows tetrahedra to rotate. In this case, the correlation 

length (defined as the number of successive ordered tetrahedra) or 

the degree of polymerization would somewhat change 

corresponding to the method of preparation, the cooling rate and 

more generally the thermal history. The cooled glass structure is 

frozen from a so-called fictive temperature (Tf) as described in detail 

from Ref. [54]. Silica has the same medium-range order as the 

crystalline form of tridymite and cristobalite. When silica is suffered 

under high pressures [55], its specific volume will be lower and thus 

adopt a denser structure. This new configuration approaches that of 

quartz or coesite. 

I.3.2 Point defects in silica glasses  

The structures of a glass can be subjected to a lot of treatments, e.g., 

high pressure, heating, ionizing or non-ionizing irradiations and their 

combination. By means of these treatments, point defects can locally 

be modified. The definition of a defect in the glass is different from 

that in a crystal. In fact, any exception in translational symmetry is 

considered as a defect in a crystal. However, in a glass, this symmetry 

of translation does not exist, and thus this definition cannot apply. 

Then the notion of default is from the notion of chemical order. 

Generally, the perfect network of silica glass is a sequence of SiO4 

tetrahedra interconnected by common oxygen atoms. Thus, each 

silicon atom is connected to four oxygen atoms and each oxygen 

atom must have two Si as nearest neighbors. Any exception in this 

sequence “≡Si-O-Si≡” can be considered as a defect. Each variant of 

point defect would have its unique structure and properties 

(absorption, magnetism, fluorescence, etc...). Therefore, the key point 

of view to understand and subsequently manipulate the point defect 

properties of the glass is to clearly know the atomic structure. This 

can be obtained by a combination of experimental results from 

spectroscopy and theoretical calculations of quantum chemistry. 

Electronic Paramagnetic Resonance (EPR) has proved to be the most 

suitable experimental technique for developing and confirming 

defect models. Although the EPR is a priori only applicable to 

paramagnetic defects, the absence of EPR signal representing a 

diamagnetic defect could be an important support for the models. 

Thus, rigorously applied, the EPR enables the detections of orbital 
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composition of the single electron spin functions, together with size, 

chemical nature, and steric environment of the atoms. Therefore, 

each defect could have its own EPR signature. If one can somehow 

figure out the correlation between an optical absorption band and 

the EPR signal, the inner mechanical origin can thus be studied and 

therefore a number of absorption bands could be identified. Though 

started several decades ago, the point defects studies remain many 

things to be unveiled. For example, the absorption bands associated 

with some point defects, or the mechanisms of their appearance or 

disappearance, are still under discussion. 

 OPTICAL FIBERS 

Optical fibers, as the mostly used medium in optical communications, 

have brought revolutionary development to the industry ranging in 

information science, optical sensing, and medical detection. Due to 

the ultralow loss in communication band and the constituent material, 

namely silica glass, optical fibers own unique advantages of low cost 

and environmental stability. 

 

Fig. 1-7: Schematics of simplified optical fiber structure: (a) fiber cylindrical structure; 

(b) fiber cross section and its index profile (exemplification of a normal step index 

fiber). 

In general, an optical fiber is deemed as a long flexible glass wire 

made of vitreous silica materials, in which light can propagate over 

long distances (typically several thousand kilometers) with low loss. 

More rigorously, an optical fiber is, in fact, an optical "waveguide" 
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with cylindrical geometry and several regions with different refractive 

indices, for example, fiber core and fiber cladding. This allows to 

maintain the light restricted inside the fiber core with certain 

propagation mode for long distance transmission. Specifically, the 

central region (generally the center of the cylinder), namely fiber core, 

owns a higher refractive index than the region around it (outer layer 

of the cylinder, i.e., fiber cladding). Different index profiles can be 

designed and demonstrated in the fiber fabrication process for 

different intended applications, such as gradient index profile, step 

index profile and even more complex designs (e.g., hollow core fibers, 

photonic crystal fibers and anti-resonant fibers). Simplified fiber 

structure is depicted in Fig. 1-7. Usually, the high refractive index in 

the fiber core is realized typically by Germanium (Ge) doping. 

 ULTRAFAST LIGHT-MATTER INTERACTIONS IN GLASS 

MATERIALS 

I.5.1 Ionization and relaxation in intense fields 

Ultrafast light-matter interaction exhibits diverse linear and nonlinear 

effects and contributes to a large number of physicochemical 

properties endowed in the materials. Light-matter interaction 

occurring during femtosecond time scale is mainly determined by the 

effects caused by the intense and ultrafast electromagnetic field, as 

summarized shortly in Fig. 1-8.   

The time scale of the interaction principle can be divided into three 

steps: (1) electron excitation [56]; (2) thermalization; (3) different 

relaxation mechanisms and permanent modifications. In the process 

of light-matter interaction, within approximately 10 picoseconds: 

laser energy is absorbed by electrons and transferred to the network 

of silica materials (i.e., photon-phonon transfer). Subsequently, the 

shock wave is generated within few nanoseconds. On the time scale 

from nanoseconds to microseconds: heat propagates around the 

focal area. Within a few microseconds: if the rate of heat propagation 

is low enough to prevent heat accumulation [57,58], the material will 

recover to ambient temperature. At sufficiently high energy, these 

processes can also lead to non-thermal ionic motion and cause 

permanent structural changes, such as inelastic deformation 
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(densification or expansion, depending on irradiation conditions and 

material composition), elastic response (stress) in and around the 

irradiation area [59–63], and the formation of point defects that 

absorb UV and vacuum ultraviolet (VUV) lights[64].  

 

Fig. 1-8: Schematics of main physical processes involved in the ultrashort laser 

interaction with silica glass materials (according to temperature dependence). Cited 

from [65]. 

In general, the solids studied in this PhD thesis, i.e., silica materials, 

are essential dielectric materials, which possess wide bandgaps. In a 

transparent silica glass, the energy of a single photon (typically, for a 

Ti-Sa laser is 1.5 eV at 800 nm or 1.2 eV at 1030 nm) is not sufficient 

for electron excitation from valence band to conduction band. 

However, the ultrahigh peak power of the focused femtosecond laser 

pulses is enough to excite nonlinear absorption effects, e.g., multi-

photon absorption. In this case, the electrons can absorb the energy 

of several photons at one time and can be excited from valence band 

to conduction band. This multi-photon ionization process can only 

occur at high laser field amplitude. In fact, this phenomenon can be 

deemed as an “electron heating” since the electrons continue to 

absorb many photons after they crossed the forbidden band.  

The multi-photon absorption relies strongly to the intensity of the 
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laser pulses: 

                                                        𝜂𝑀𝑃𝐴 = 𝜎𝑚𝐼𝑚                                     (Eq. 1-1) 

Here, m refers to the number of absorbed photons, 𝜎𝑚  is the 

absorption coefficient and 𝐼 stands for the intensity of the laser. 

Apart from multi-photon ionization, another possible process could 

happen in the photoionization process is tunnel ionization. When the 

electric field of femtosecond laser is strong enough, the coulomb 

field of valence electrons could be suppressed by the laser electric 

field. Thus, the valence electrons become free electrons through the 

tunnelling effect. While the frequency of the laser field is low, the 

tunnel ionization can dominate the photoionization process. It can be 

determined by the Keldysh parameter: 

                                                    𝛾𝐾𝑒𝑙 =
𝜔

𝑒
√

𝑚𝑒𝑐𝑛0𝜀0𝐸𝑔

𝐼
                          (Eq. 1-2) 

Where 𝜔  is the laser frequency, 𝑒  and 𝑚𝑒  represent the effective 

charge and mass of the electron. 𝑛0 and 𝜀0 are the refractive index 

and permittivity in the vacuum. 𝑐 is the velocity of light in the vacuum. 

𝐸𝑔 is the bandgap of the glass. 

From our previous work and the collaboration with Stéphane Guizard 

(LSI, CEA Saclay), the multi-photon absorption is mainly identified to 

be six-photon absorption in silica glass and five-photon absorption in 

Germanium doped glass at our experimental conditions with 

numerical aperture (NA) of 0.5 and 𝐼 = 30 𝑇𝑊/𝑐𝑚2. The experimental 

results show that neither tunnel effect or avalanche ionization is 

detected for the short pulse duration below 200 fs [56,66]. Recently, it 

has been proved that it is possible to observe an increase of carrier 

impact ionization under specific conditions [67]. For a new point of 

view, the avalanche ionization process that was previously employed 

to interpret the laser breakdown is now proved to be not dominant in 

short pulse duration conditions. The importance of this phenomenon 

is under intense discussion and now is widely accepted according to 

experimental parameters: pulse duration, illumination as well as the 

bandgap of the material [68,69]. 
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I.5.2 Relaxation mechanisms 

The process after electronic excitation, which occurs during the 

excitatory pulse, exhibits that the photo-excited charge carriers “lose 

equilibrium". Thus, excited charges thermalize with the solid material 

through different mechanisms according to their kinetic energy. 

Indeed, the inelastic collisions between electrons of the conduction 

band and the valence band, or the impact ionization, can occur at 

attosecond scale as if the energy of the electrons is greater than the 

forbidden band, depicted as step 1 in Fig. 1-9.  

 
Fig. 1-9: Diagram showing the different elementary mechanisms involved during and 

after the interaction between a short pulse and a dielectric sample. 1: electronic 

excitation: either multiphoton (hv<Eg) or one photon (hv>Eg); 2: electronic relaxation: 

process of inelastic electron-electron collisions or impact ionization; 3: thermalization 

via collisions with the network; 4: trapping and location of charges (self-trapped 

excitons); 5: radiative recombination of excitons. Cited from [70].  

In this case, a significant energy of the electron, at least equal to the 

forbidden band, will be consumed. Thus, it will leave two electrons of 

lower energy at the bottom of the conduction band. At step 2 with a 

time scale from femtosecond to picosecond, the electrons with lower 

energy could transfer their energy to the lattice mainly through 

collisions, i.e., by acoustic or optical phonon emission leading to heat 
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effects. This can lead permanent changes to the solid such as phase 

transition, photochemistry, etc. In some materials, local polarization 

and lattice deformation can be induced by the electron-hole or 

excitons pairs, as depicted in step 3. In fact, this kind of deformation 

or atomic displacement, strongly depends on the appearance of 

electronic levels in the forbidden band, which provides the location 

of the charge carriers, as shown in step 4. It is normally about not 

only trapped excitons (or self-trapped excitons, STEs), but also self-

trapped holes (STHs). In this mechanism, it has a very short lifetime 

and occurs only for a small percentage of charge carriers. Wide study 

of STEs has been carried out in all alkali halides [71]. Recently, it has 

been studied in silica and doped silica glass. Additionally, STEs are 

deemed to constitute the intermediate step between electronic 

excitation and point defects, also known as "color centers". Besides, 

the non-trapped electrons will finally recombine with a hole in the 

valence band as shown in step 5. 

I.5.3 Material changes induced by fs laser irradiations with different 

damage thresholds 

Structural modifications by fs laser irradiation of glass materials rely 

strongly on the efficiency of the energy transfer during the light-

matter interaction. As mentioned above, due to the ultrashort 

duration time, the very high peak power of fs pulses makes multi-

photon ionization statistically possible and thus leads to the 

generation of “quasi-free” electrons plasma. The subsequent 

relaxation mechanisms such as point defects, STEs and network 

heating contribute to the permanent structural changes in the silica 

materials, which can be generally identified into three categories: (1) 

isotropic modifications of refractive index (Type I); (2) anisotropic 

subwavelength nanogratings with strong birefringence (Type II); (3) 

nano/micro voids due to micro-explosions (Type III). 

The different types of structural modifications own different damage 

thresholds, which correlates tightly with the laser parameters: laser 

pulse energy, repetition rate, pulse duration, NA, scanning velocity, 

etc. It is summarized into four regimes with three damage thresholds 

in silica glass with fs laser irradiation, as we reviewed these laser 

parameters as depicted in Fig. 1-10 [72]: 
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Regime I (no damage): Below the first threshold of T1 (e.g., 

0.085±0.015 J/pulse in pure silica, 800 nm, 160 fs, 0.5 NA, 100 kHz, 

100 m/s), there will be an increase of refractive index according to 

third-order kinetics. The process contains a two-photon absorption 

when the absorption band exists at the relevant final energy. 

However, the index modification will decay within a few seconds. That 

is, under these writing conditions, permanent structural modifications 

are not enabled. 

Regime II (isotropic index change): Between the thresholds of T1 and 

T2, there exists a regime related to a permanent refractive index 

change, which is nearly isotropic. The thermal stability of this 

modification is moderately higher than UV-induced structural 

changes. To date, a maximum value of positive index change of 3-

6×10-3 induced in fused silica material (negative in many other 

silicate glasses) can be obtained [73]. This result is quite large when 

compared to index change induced by UV-laser induced structures 

which is restricted to only 3×10-4 as reported by using 157 nm or 193 

nm excimer lasers [74]. 

Regime III (anisotropic index change): Above threshold T2 (e.g., 

0.31±0.05 J/pulse in pure silica, 800 nm, 160 fs, 0.5 NA, 100 kHz), 

the case is quite different. The refractive index change can be 

negative as large as a few -10-2. Furthermore, the index modification 

exhibits strong thermal stability that can survive several hours under 

1000 ℃ [75,76]. Another striking feature of this index change is 

anisotropy [77,78]. This property is fundamentally interesting because 

the orientation can be manipulated by the laser polarization [10]. This 

is attributed to the self-organization of nanogratings consisting of 

nanoporous silica [12]. 

Regime IV (Voids): When the damage is above threshold T3 (e.g., 4 

J/pulse in pure silica, 800 nm, 160 fs, 0.5 NA, 100 kHz), voids can be 

observed, which is mainly attributed to the micro-explosion [76,79]. 

These regimes can be easily distinguished by manipulating the laser 

writing parameters with shorter pulse duration (<200 fs). But for 

longer pulse durations, the regime II narrows a lot, and it is quite 

difficult to obtain in multi-pulses conditions. 
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 Fig. 1-10: Summary of different modifications induced by fs laser irradiations 

according to the laser energy and focusing condition. MF: multi-filamentation; AF: 

self-focusing; T1, T2 and T3: thresholds of the different types of structural 

modifications. Laser writing parameters: 800 nm; 250 fs; 100 kHz; NA 0.03-1, 100 

m/ s; parallel configuration; SiO2. Cited from [72]. 

I.5.3.1 Type I: Isotropic modifications of refractive index 

For diffraction-limited focusing and weak self-focusing effect, the 

energy threshold to achieve the breakdown intensity is strongly 

related to the NA [69]: 

𝐸𝑡ℎ =
𝐼𝑡ℎ𝜏𝜆2

𝜋(𝑁𝐴)2 +
𝐼𝑡ℎ𝜆2

𝑃𝑐𝑟

  (Eq. 1-3) 

Here, 𝐼𝑡ℎ  is the intensity. 𝜏  and 𝜆  refer to the pulse duration and 

wavelength, respectively.  𝑃𝑐𝑟 = 3.77𝜆2/8𝜋𝑛0𝑛2 is the critical power, in 

which 𝑛0  is the linear refractive index and 𝑛2  is the nonlinear 

refractive index due to the Kerr effect (the refractive index is given by 

𝑛 = 𝑛0 + 𝑛2𝐼). 

With a low energy laser irradiation, a positive refractive index change 

of from 10-4 to 5×10-3 can be obtained, which can be mainly 

interpreted to a permanent densification subsequent to a rapid 

cooling of the ultra-hot focal volume caused by laser irradiation 

[80,81]. Defect centers (color centers) could be a contribution of a 

7	

NA	

Unstable	Dn	

NA	=	numerical	aperture	
OB	=	op cal	breaking	
SF	=	self	focusing	
T1,T2,T3	=	thresholds	*T2	(polar	perpendicular	to	laser	scanning	=	0.17±0.05	

E	(mJ)	

10.10.01

0.1

1

10 Reg.	IV:	voids.	

Region	I:	No	damage	

Very	weak	
focusing	

Weak	
focusing	

Strong	
focusing	

OB	threshold,	T1	

SF=0.35	
In	pure	silica	

T1	=	0.095±0.05	

Anisotropic	Dn	
in	x,y	plan	

T3	Region	III	

T2	(polar	//	laser	
scanning)	=	0.31±0.03*	

T2	

Isotropic	Dn	in	
x,y	plan	Region	II	

Reg.	Single	filament.	

Reg.	
Mul 	filament.	

M
F	t
hr
es
ho
ld
	

N
A

=
0

.5
5

 



 

 

41 

 

portion of this refractive index modification through the Kramers-

Kronig relationship (K-K connection), i.e., the absorption change 

causes the change of refractive index because these quantities are 

conjugate complexes of the dielectric constant [82]. However, no 

strong connection between color centers and refractive index 

changes was observed in experimental proofs. Another plausible 

explanation is the observation that photo-induced absorption peaks 

at both 213 nm and 260 nm are found in the fs laser written 

waveguide structures. Indeed, these two absorption peaks are related 

to the respective center defects E’ and non-bridging Oxygen hole 

center (NBOHC) [83]. However, these two defects can be completely 

erased at 400 ℃ with the guiding properties remained up to 900 ℃, 

which indicates that the color center is not the main contribution of 

the refractive index change. Recently, it has been certified that the 

contribution of color center is about 20% [73]. Thus, the authors 

conceived that the dominate part of the refractive index change is 

defect-assisted densification. 

Let’s go to a simple view of the free electron plasma relaxation. The 

energy transfer from free electron plasma to the glass network will 

indeed lead to an ultrahigh local temperature, e.g., up to few 

thousand degrees at the focal point region restricted by the thermal 

conduction (or likely high pressures) [58,84]. This local temperature 

can reach the local melting of the glass and thus the densification or 

expansion according to the function of the relationship between 

density and cooling rate, i.e., glass fictive temperature [85]. This result 

contributes to a lower average Si-O-Si angle and thus some changes 

in some infrared bands (e.g., antisymmetric elongation vibration at 

1120 cm-1). There are some changes in the D1 and D2 bands 

(associated to the vibrations of cycles of 4 and 3 tetrahedra, 

respectively) observed by Raman spectroscopy [85,86]. This structural 

modification in silica glass can contribute to the refractive index 

change of few 10-3, which is plausible for the experimental results. 

The hypothesis of local densification of glass as a contribution of 

index change has been evaluated from atomic force microscopy to 

phase shift interferometer observations of the surface morphology 

with few 10s of nanometers [82,87–91]. But what is the origin of this 
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observation of Type I modification? 

A decade ago, our team at ICMMO proposed a physicochemical 

model to interpret this question. In fact, the first threshold (named T1) 

is based on the fictive temperature of the glass (Tf) when the 

interaction duration with light pulse heating is larger than the glass 

relaxation time, i.e., 𝜂(𝑇)/𝐺(𝑇). 𝜂(𝑇) and 𝐺(𝑇) are the viscosity and 

shear modulus of the material, respectively. Accordingly, we know 

that the lower the viscosity, the smaller the relaxation time. 

Additionally, the larger the temperature, the smaller the relaxation 

time. What determines the first threshold T1 is the timing that the 

temperature is increasing to be high enough to transform the glass 

material. The Fourier equation is taken into account for calculating 

the heat capacity variations of thermal diffusion, viscosity and shear 

modulus with different cases of doping and temperatures. It shows 

that the glass fictive temperature increases to several hundred 

degrees higher than the original temperature and then remains the 

same [84]. 

I.5.3.2 Type II: Anisotropic nanograting structures 

As the pulse energy approaches the second threshold T2, the 

permanent structural modification is quite different from traditional 

densification, instead, it exhibits very interesting properties such as 

anisotropic light scattering, negative refractive index change, and 

more importantly a strong birefringence.  

This self-organized nanograting structure was firstly observed by 

Shimotsuma and Kazansky et al. in 2003 [10]. From a chemical 

perspective, such a subwavelength nanograting was observed to 

have a periodic modulation of oxygen-deficient region [10]. This 

periodic structuration of the glass shows strong anisotropy, which 

can be controlled by the laser parameter, especially laser polarization. 

A decade ago, Bricchi et al. reported that this self-organized 

nanograting structure behaves as a negative uniaxial birefringent 

material, of which the slow axis is perpendicular to the laser 

polarization orientation [78]. This property originates from a form 

birefringence, which is different from an intrinsic birefringence. In 

general, an intrinsic birefringence is the anisotropy of oriented 
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molecules or atomic arrangement in uniaxial or biaxial crystals. 

However, a form birefringence is due to the structural arrangement 

of submicroscopic rodlets or platelets [78,92]. As the structure of a 

nanograting depicted in Fig. 1-11, a probe light that parallel to the 

interfaces of the nanograting will definitely suffer a larger refractive 

index than the perpendicular light, thus a phase difference can be 

achieved. In fact, the form birefringence of the nanograting can be 

determined by the filling factor and the chemical composition of the 

material (or we could say the inherent refractive index of the 

materials). 

 

Fig. 1-11: Images of the nanogratings made by nanoporous layers with nonlinear 

picture of the plasma density wave. Cited from [12]. 

Actually, the nanograting is consists of nanoporous silica as depicted 

in Fig. 1-12, which has been revealed by our group [11]. The form 

birefringence is strongly related to the porosity filling factor 𝑓𝑓𝑝𝑜𝑟𝑜𝑢𝑠 

of the nanolayers [93]. Thus, to manipulate the form birefringence 

can be converted to the question of controlling the filling factor of 

porosity, which is derived to pulse energy control associated with 

pulse overlapping rate (pulse number per micrometer) [93] and the 

chemical composition of the material [94,95]. 

In strongly Ge-doped SiO2 glass, we have found that the region 

surrounding the nanopore shows a significantly negative refractive 

index change of Δ𝑛, which is likely derived from a fictive temperature 

increase (related to an increased Δ𝑛  in SiO2). Another plausible 

interpretation could be a significant amount of Frenkel oxygen 

defects: 𝑂0
𝑥 → 𝑉0

∙∙ + 𝑂𝐼, i.e., a vacancy and an interstitial oxygen [93].  

In-between the nanolayers, there exhibit increases of Young’s 

modulus [96]. Thus, the refractive index indicates a plausible 

densification as suggested by Raman micro-spectroscopy. This 
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signature is quite similar to a Type I modification [59,89,97]. Lancry et 

al. reported a plasma density profile showing that in the non-porous 

region, the thermo-mechanical conditions of a Type I modification 

are achieved while in the porous region, a decomposition threshold 

of SiO2 molecules could be exceeded [12]. Alternatively, some 

authors estimated an increased Δ𝑛 response going from 2x10−2 to 

5x10−2 [78]. Note, this kind of refractive index increase is much higher 

than a Type I modification (only few 10-3). Here, the formation of 

color centers should be noted as it could somewhat decline the glass 

Young’s modulus since it lowers the connectivity of the 3D network 

of glass materials. Thus, it is more likely that the origin of the 

considerable Δ𝑛  increase is attributed to the occurrence of fast 

compressive stress accompanied by thermal quenching resulting in a 

strong densification between the nanolayers somehow similar to 

what happen to silica glass under hot compression.  

 

Fig. 1-12: Illustrative summary of the nanograting. (A) Illustration of an increase of 

refractive index [76] and an increase of the elastic modulus [96]; (B) Illustration of the 

predicted material properties and chemical composition signature of a porous layer: 

refractive index change estimated by [76], oxygen filled pores [12] and elastic 

modulus [96]; (C) Schematic image of a nanograting;  (D) Spatial distribution of 

plasma density, with peaks exceeding the decomposition limit. Schemes are adapted 

from Ref. [12]. 
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I.5.3.2.1 Form birefringence of nanogratings 

One of the very important optical properties of Type II nanogratings 

is form birefringence, which endows the possibility of manipulating 

the light by nanograting-based devices. From a classical perspective, 

assuming the medium being two dimensions, the light propagating 

in the medium could be decomposed to two orthogonal directions. 

In the case of nanograting structures, the light with its electrical field 

oscillating parallel to the nanolayers, is considered as TE mode (also 

called ordinary light). The other one with its electrical field oscillating 

perpendicular to the nanolayers, is considered as TM mode (also 

called extraordinary light).  

 

Fig. 1-13: Illustrative of sub-wavelength periodic structure formed in cross-section of 

the irradiated region. n1 and n2 are local refractive indices of the nanolayers and the 

region between adjacent nanolayers, respectively; t1 and t2 are the thicknesses of the 

nanolayers and the region between adjacent nanolayers, respectively. Right bottom: 

Schematic of sub-wavelength nanograting structure formed in cross-section of the 

irradiated region. npore=1 is the local refractive index of the nanopore region and nsg 

is the local refractive index for surrounding oxygen defect regions, respectively; 

Λ=t1+t2: period of nanogratings and nbg: refractive index of the surrounding material, 

Lnano: thickness of nanogratings. Cited from [93,98]. 

The uniaxial birefringence of the nanograting can be described as a 

refractive index difference (𝑛𝑒 − 𝑛0) between these two orthogonal 

directions [93]: 

   ∆𝑛 = 𝑛𝑒 − 𝑛0 =
𝑛1𝑛2

√𝑓⊥𝑛2
2 + (1 − 𝑓⊥)𝑛1

2
− √𝑓⊥𝑛1

2 + (1 − 𝑓⊥)𝑛2
2     (Eq. 1-4) 
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Here, 𝑓⊥ = 𝑡1 (𝑡1 + 𝑡2)⁄ = 𝑡1 Λ⁄  refers to the filling factor of the Type II 

nanograting. As shown in Fig. 1-13, Λ = 𝑡1 + 𝑡2 is the period of a 

nanograting, where 𝑡1 and 𝑡2 refer to the thickness of nanolayers and 

the thickness of the region in-between adjacent nanolayers, 

respectively. 𝑛1/2 is the refractive index of nanolayer region and the 

region in-between, respectively.  

I.5.3.2.2 Stress related birefringence of nanogratings 

Stress-induced birefringence widely exists in the nature, originating 

from process-induced temperature gradients, applied external 

pressures, manufacturing processes (e.g., in fiber drawing process 

due to the mismatching of thermal expansion coefficients). However, 

laser writing has been proved also to be a possibility for creating 

stress-induced birefringence. The main principle could be a 

permanent volume change 𝜀𝑝 leading to an elastic response 𝜀𝑒 . As 

the departure of the laser pulse, the stress field 𝜎 can be left. This will 

result in an anisotropic arrangement of the refractive index in the 

glass material and thus cause the stress related birefringence through 

photoelastic effects. In this case, the electromagnetic waves with 

different polarization orientations (parallel and perpendicular to the 

slow axis of the stress related birefringence) propagating in the stress 

related region will have different responses of speed, which can be 

expressed as: 

                                                           𝑛∥ = 𝑛0 + Δ𝑛∥                                      (Eq. 1-5) 

                                                           𝑛⊥ = 𝑛0 + Δ𝑛⊥                                    (Eq. 1-6) 

Here, 𝑛0  is the original refractive index of the material, which is 

considered as isotropic. Δ𝑛∥ and Δ𝑛⊥ refer to the proportional refractive 

index change of the parallel and perpendicular to the small mechanical 

stress field 𝜎, respectively.  

Similarly, as normal birefringence definition, stress related 

birefringence also has the retardance proportional to the stress 

induced birefringence and the thickness of the layer. For a simple 

view due to a single axis stress state, the retardance can be simplified 

as: 
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                                                        𝑅 = (𝑛∥ − 𝑛⊥) ∙ 𝑑                                   (Eq. 1-7)         

The orientation and amplitude of the birefringence are determined 

by the stress applied on the region through the photoelastic tensor. 

Fs laser writing in a silica glass can cause diverse structural 

modifications within or around the focal region. The structural 

modifications are likely accompanied by a creation of stress field, 

however by different principles. Among all kind of modifications, 

Type I and Type II regimes are more interesting interacting with stress 

fields.  

In general, Type I modifications are deemed as a homogeneous 

refractive index increase in silica glasses which are mainly due to an 

isotropic densification (although being found to be negative in some 

other glasses). However, inside Type I regime, there are also a tensile 

stress field and a minor contribution to point defect (typically, 25% of 

the measurable index changes), which are found to be responsible for 

the final Δ𝑛. 

Type II modification shows a more complex phenomenon due to its 

nanopore structures [12]. Due to the decomposition of SiO2, a large 

number of nanopores or nanocavities are generated in the hot 

plasma nanolayers, which contribute to significant net volume 

expansion in the glass [59,99]. This is an important process in the 

formation of nanogratings, but also, an essential origin for the birth 

of stress fields. In fact, the specific volume expansion inside the 

irradiated region leads to a permanent strain 𝜀𝐼𝐼
𝑝 > 0 (here we define 

the expansion direction as the positive strain and the contraction 

direction as the negative strain). As a response, there will be an 

elastic strain 𝜀𝐼𝐼
𝑒 < 0 against the expansion strain in the medium. 

Therefore, a compressive stress 𝜎 is generated within and around the 

laser track. Due to the photoelastic effect, there will be a linear 

birefringence caused by the compressive stress. As Champion et al. have 

reported a laser-written pattern, the stressed region can be enlarged. 

They have also proposed a model to describe the stress fields 

accordingly [99]. The results show that the amount of the stress 

surrounding the irradiated regions is dependent on the orientation of 

the nanolayers, which is determined by the laser polarization. It provides 
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the possibility to control the amplitude of the laser induced stress field 

[59] and thus the related birefringence, which has been achieved from 

10-5 to 10-3 [100–102]. 

 

Fig. 1-14: Illustrative of the stress related birefringence. (A) The schematic image of 

the stress fields in and around a line scanning of Type II regime. k: light propagation 

direction; E: laser polarization direction; v: laser scanning direction. (B) The total stress 

field distribution of two line-shaped laser tracks. (C) The experimental observation of 

stress field under a crossed polarized microscopy. Figure (C) is cited from [23]. 

However, another important characteristic of the stress related 

birefringence is slow axis, i.e., the orientation. Here, we tentatively 

illustrate a model for discussing the stress field, as depicted in Fig. 1-

14. We apply fs laser writing at a horizontal scanning “v” with a 

horizontal polarization direction “E”. The light propagation direction 

is illustrated as “k”. This laser polarization is responsible for a vertical 

arrangement of the lamellas made of nanoporous SiO2. The 

formation of the nanopores contributes to the volume expansion 

which leads to the expansion strain 𝜀𝐼𝐼
𝑝 > 0  and the material response 

𝜀𝐼𝐼
𝑒 < 0 around the nanopores. In-between the adjacent nanolayers, 
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there exists the densification region corresponding to a negative 

strain of 𝜀𝐼
𝑑 < 0 and it will also result in a response elastic strain of 

𝜀𝐼
𝑒 > 0. This is similar to a Type I regime. However, these two strain 

fields are quite small when compared to the strains originated from 

net volume expansion. When the laser pulse left, the structural 

modification was embedded permanently in the irradiated region and 

the expansion strain disappeared. However, the total stress field 

caused by the elastic strains remained to be 𝜀𝐼𝐼
𝑇 = 𝜀𝐼𝐼

𝑒 + 𝜀𝐼
𝑒 < 0. Since 

the 𝜀𝐼𝐼
𝑒  is the dominant part of the stress field, the total stress field 

exhibits a negative property. Here, we set a line trajectory as the 

scanning geometry, the total stress field distribution is depicted in 

Fig. 1-14(A). Thus, the stress related birefringence has a fast axis 

perpendicular to the total stress field. That is, the fast axis of the 

stress related birefringence is parallel to the scanning line direction 

(with radial shape at the edges of the line geometry), which indicates 

that the stress field orientation is strongly dependent on the writing 

geometry but not associated with laser parameters including 

polarization. However, the amplitude remains dependent on the laser 

parameters as discussed above [60].  

What’s next is about a scanning of squares or rectangles enabled by 

the combination of a set of lines. The distribution of the elastic stress 

field is strongly connected to the position corresponding to the 

volume expansion. That is, it is quite strong at the place of volume 

expansion and decays fast with the distance increases, as shown in 

Fig. 1-14(B). Therefore, the composite stress field can be considered 

as the superposition of lines (as a first approximation) and so as the 

stress related birefringence, as depicted in Fig. 1-14(C). 

I.5.3.3 Type III: Voids 

If the peak intensity of the laser pulses approaches the third 

threshold T3, i.e., greater than 1014 W/cm2, voids (holes in volume) 

can be obtained. In fact, it is mainly attributed to the micro-explosion 

mechanism. Fleischer et al. reported the first model [103] and later it 

was confirmed and developed in laser induced structures by Schaffer 

et al. [104]. Initially, the micro-explosion mechanism is suggested as a 

Coulomb explosion. Specifically, the density of the excitons at the 

irradiated point is large enough to make the Coulombic force 
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between ions overcome the binding energy. In this situation, the ions 

move to the interstitial positions around the point. However, it is 

unlikely to happen in the situation of laser irradiation. Thus, the 

mechanism of voids formation is revisited by a new development. A 

small volume that absorbs a large amount of energy will produce a 

high pressure, which subsequently generates a shock wave and stress 

exceeding the Young’s modulus of the material. Later, the spherical 

shock wave starts to propagate outside the symmetric center of the 

compressed material. Simultaneously, a rarefaction wave that 

propagates to the symmetric center of the energy absorbed region 

decreases the density of the energy deposition. The shock wave will 

stop when the pressure is behind the wave front of the shock wave. 

Thus, the voids can be imprinted. 

I.5.3.4 Type X: Low-loss modifications 

Recently, a Type X modification is discovered by Kazansky et al., 

which is close to the energy threshold of avalanche ionization [105]. 

Type X modification correlates to randomly distributed nanopores 

elongated perpendicular to the laser polarization. Indeed, it can be 

considered as an early birth of the nanogratings. As we all know, the 

nanogratings own non-negligible scattering loss in the visible band, 

typically a 74% transmission at 550 nm [23]. However, Type X 

modifications exhibit ultralow-loss properties [106]. 

The formation of these polarization controlled oblate nanopores 

from a Type X modification is suggested as two essential processes. 

The first step is the formation of randomly distributed nanopores 

originated from the oxygen molecules construction. However, there 

exists a critical value of the pulse duration (typically should be larger 

than 220 fs) for the nanopores related to a Type X modification, 

which is mainly attributed to the excitation of sufficient interstitial 

oxygen atoms to form oxygen molecules and thus the nanopores.  

Another essential process, namely elongation of nanopores 

perpendicular to the laser polarization is mainly attributed to the 

near-field enhancement around the nanopores [107]. On the one 

hand, the enhanced field enables more local ionizations; on the other 

hand, the enhancing of the near filed is strongly dependent on the 
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laser polarization and thus leads to an anisotropic stress field. This 

anisotropic stress field then contributes to elongation of the 

nanopores. 

Type X modifications own their advantages in high transmission 

efficiency (for example, 99% at 550 nm with a 38 nm retardance), 

which provides great potentials in data storage and low-loss 

geometric optics [105]. While Type II nanogratings can create higher 

retardance than Type X modifications. For the future, the different 

structural modifications can be utilized in their proper applications 

and may coordinate with each other. 

I.5.4 Heat accumulation 

The diffusion time, according to the dissipation of the deposit energy 

out of the fs laser irradiated volume can be calculated by [108]: 

                                                                𝑡𝐷 =
𝜔0

2

2𝐷
                                         (Eq. 1-8)  

Here, 𝜔0 is the focal radius while 𝐷 refers to the diffusivity, which can 

be obtained by: 

                                                            𝐷 =
𝜅

𝜌
∙ 𝐶𝑝                                         (Eq. 1-9)  

𝜅 refers to the conductivity while 𝐶𝑝 is the specific heat. 𝜌 stands for 

the material density. Considering a focusing lens with a NA around 

0.5, the modification width in the fused silica material by a single 

pulse could be about 1 m. Thus, the diffusion time is about 1 s. 

One can imagine that if the successive pulse comes before the heat 

diffusion, i.e., the interval time between two pulses is shorter than the 

diffusion time, the temperature of the focal volume region will 

increase stepwise as the accumulation of the pulses. Therefore, it 

forms a heat accumulation process [57,58,69]. 

As shown in Fig. 1-15, the calculated fictive temperature increases 

when the repetition rate increases at a fixed pulse energy of 150 nJ, a 

duration of 450 fs and a NA of 0.5. In the center of the focal volume 

(around 70 m), the temperature increases very fast when the pulse 

interval time becomes shorter. This model uses Fourier equation on a 
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Gaussian heat source. It considers a radial axis and a Lorentzian 

distribution along the propagation direction of the beam. 

In general, a laser irradiation with a large number of laser pulses but 

a low repetition rate (typically, <200 kHz in silica) will lead the 

irradiated region cool to room temperature since the interval time 

between two adjacent pulses are too large. In SiO2, the deposited 

energy from one pulse could be “removed” by the thermal diffusion 

within a microsecond in the mass of the material. This will lead to an 

independent modification by single pulses in the volume with no 

heat accumulation mechanism.  

 

Fig. 1-15: Raman measurements. (a) D2 peak height and fictive temperature 

evolutions at the longitudinal position moving. Inset is the illustration of the 

longitudinal position direction. (b) Microscopic optical image and the corresponding 

fictive temperature map of the laser irradiated region. The modification is written by 

150 nJ, 9.4 MHz, 1000 pulses per laser spot. Cited from [109]. 

For the case of high repetition rate irradiation (typically >0.5 MHz in 

SiO2), the interval time is now shorter than the thermal diffusion time 

out of the irradiated volume. Thus, the pulse train can heat the 

irradiated zone gradually, which leads to a thermal accumulation and 

thus a permanent modification with an area much larger than the 

focal region. Besides, the heat-affected zone is dependent on the 

number of the pulses since the thermal diffusion is isotropic. It can be 

attributed to a local melting with the theoretical simulation 

correspondingly [57]. After the absence of laser pulse irradiation, the 

material will resolidify via possible densification mechanisms of silica. 

Importantly, silica becomes denser at a high fictive temperature due 

to its “anomaly” between density and fictive temperature when 

compared to other vitreous glasses.  
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 CHIRALITY 

I.6.1 Chirality in nature 

Chirality, as a very important concept in chemistry, describes that an 

object cannot overlap by its mirror image through simple rotation 

and transition. This word is originated from a Greek vocabulary 

“cheir”, which means hand. Because our hands are the most 

representative chiral objects in the nature, as shown in Fig. 1-16.  

 

Fig. 1-16: Schematics of chirality of hands. Left and right hands can be considered as 

mirror images (from geometric view of point with ignoring the detail difference). They 

cannot be superimposed by each other due to their chiral property. 

Generally, in chemistry disciplines, chirality is always deemed as the 

molecular geometry of a binary left or right shape that owns different 

optical responses to left-handed and right-handed circularly 

polarized lights. Chiral molecules usually come in pairs of left-

handedness and right-handedness, called chiral isomers or 

enantiomers [110], divided into S-enantiomers and R-enantiomers. 

These enantiomers have the same chemical formula and molecular 

composition with only difference in structural spin. However, they 

own different chemical properties, biological properties, and 

pharmaceutical effects. Thus, it is essential to distinguish the 

enantiomers both in chemistry, biology, and pharmacy [111]. The 

enantiomers only exhibit chirality when interacting with chiral objects, 

but nothing to do with their physical properties. Thus, light with 
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chirality emerges to be a useful probe to detect and distinguish the 

enantiomers with simple interactions, e.g., a circular dichroism 

spectroscopy technique [112]. 

In fact, the origin of chirality is symmetry breaking. Chirality is a 

common phenomenon existing in the nature, such as double helix-

based DNA molecules, amino acids, shells, spiral vines and snails, 

spiral galaxies, etc. However, the chiral objects in nature seem to 

prefer only one chirality for their own. For example, DNA molecules 

are right-handed; almost all the amino acids that naturally form 

proteins are left-handed; almost all spiral shells are right-handed. 

The chiral effects that originate from a number of natural phenomena 

lead to great essentials both in fundamental science and industrial 

practice, ranging in analytical chemistry [113], optical switches [114], 

broadband circular polarizers [115], optical recording [116] and 

quantum materials [117]. 

It is worth noting that chirality owns two categories due to its origin: 

intrinsic chirality and extrinsic chirality. An intrinsic chirality is mainly 

attributed to a chiral arrangement of molecules or lattice, such as 

sucrose or α-quartz [118]. This chirality is based on the scale of 

molecular activity and can exhibit a small amount of circular optical 

properties, e.g., optical activity and related optical rotation. An 

extrinsic chirality is based on a chiral arrangement of optical 

objects/structures at a larger scale, typically at micrometer scale or 

larger. This chirality can, somewhat be deemed as an optical chirality 

that originates from several internal linear optical properties such as 

linear birefringence and linear dichroism with non-parallel and non-

perpendicular neutral axes [119,120]. 

I.6.2 Chirality in light 

Light, as an electromagnetic wave, can also possess chirality when it 

carries angular momentums. Since the advance that circularly 

polarized lights can carry SAM was founded by Poynting in 1909 

[121], light is widely used in chiral molecular analysis. This is a local 

property in which the electric and magnetic field vectors form a spiral 

pattern when light propagates. Vortex light that carries OAMs is 
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another typical source of chiral light. The chirality of a vortex beam 

originates from its helical phase front, which shows left-handedness 

or right-handedness according to its topological charge number and 

sign.  

Chiral light field, as a new physics, is appealing more attentions in the 

research community, thus the manipulation, transmission and 

application of chiral light fields are mainstreams in the field of optics 

and nano-photonics. Indeed, chiral light field provides a rich spatial 

topological distribution of light. From now on, the degree of freedom 

of manipulating light fields mainly contains amplitude, time, 

waveform, frequency, phase, and polarization. Generally, it can be 

divided into two aspects: temporal manipulation and spatial 

manipulation. The time domain control mainly takes the frequency 

and time waveform of the light field as parameters. The flexible 

control in time domain correspondingly drives the development of 

light science in ultrafast optics. Spatial manipulation mainly takes the 

spatial arrangements of amplitude, polarization, and phase of light 

fields. With the development of optics, spatial control of light fields 

has become more mature in the research, which lies on the heart of 

chiral manipulation of light fields. In this PhD thesis, we focus on the 

spatial manipulation of light (vector modes and vortex modes) and 

their interaction with materials. Thus, the introduction of vector 

modes manipulation is necessary here. 

Vector modes, in fact, are defined as the light modes that possess 

different polarization states at each point in the beam. This kind of 

“different” can be different polarization types such as linear, circular 

and elliptical polarizations, or different orientations, etc. In general, 

vector beams can be easily obtained by local/overall polarization 

conversion to achieve the different polarization at each point. Vortex 

modes are the essential part of the vector modes due to their unique 

helical phases and OAMs. The manipulation of the vortex beams 

attracts tremendous interest in the field. Generally, it can be divided 

into two strategies: one in free space and another in fibers. 

I.6.2.1 Vortex modes generation in free space 

For the case of free space, the key point is to apply a helical phase 
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term on the light beam. Perhaps the simplest way to create a beam 

with helical phase is to make a plane wave pass through an optical 

component that possesses a helical surface. Spiral phase plate 

emerged to be a good choice due to its simple structure, as shown in 

Fig. 1-17 [122]. Although it seems as a very simple way, it requires 

highly precise thickness of each “step” and only serves to one single 

wavelength. 

 

Fig. 1-17: Schematics of a spiral phase plate and its application to convert a Gaussian 

beam to a vortex beam. Cited from [123]. 

 

Fig. 1-18: Schematics of a helical profile to convert a Gaussian beam to a vortex 

beam using hologram technique. Cited from [123]. 

Another approach to realize a helical phase beam is to apply 

diffractive optical elements. In practice, it is designed as a hologram 

component and is always referred to the “computer generated 

holograms”, as depicted in Fig. 1-18. Specifically, to demonstrate the 
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helical beams, the holograms can be designed as a forked diffraction 

grating [124] or a spiral Fresnel lens [125]. What makes this approach 

widely used is the birth of spatial light modulator (SLM). SLMs are 

pixelated liquid crystal devices that can be easily programmed by 

computer to generate any pattern of holograms [126]. 

 

Fig. 1-19: Illustration of polarization vortex converter. (A) Microscopic images of the 

polarization converter under bright field (top) and crossed polarizers (bottom). (B) 

Modeled near-field (top), far-field (middle) and measured far-field (bottom) intensity 

distributions recorded after passing through the polarization converter from the 

incident light of linearly polarized (a) and left-handed circularly polarized at different 

angles of a polarizer 0°(b), 45° (c), 90° (d), 135° (e). (C) Birefringence characterization 

of the polarization converter measured by Abrio system. Retardance distribution (top) 

and slow axis map (bottom) of the polarization converter with 5× (left) and 20× 

(right) magnification, respectively. (D) Modeled and measured far-field intensity 

profiles of the recorded optical vortex light after the polarization converter with right-

handed circularly polarized light and left-handed circularly polarized light at 532 nm 

under a horizontal linear analyzer. Cited from [127]. 

Additionally, q-plate device is another alternative to achieve SAM-

OAM coupling. Q-plate device consists of an anisotropic/non-

uniform medium (such as polymer, liquid crystal, or subwavelength 

grating), whose optical axis changes spirally along the center azimuth. 
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In 2006, Marrucci et al. proposed a q-plate to convert a Gaussian 

beam to be a left-handed/right-handed vortex light with an OAM of 

" ± 2" [128].  

In 2011, Beresna et al. proposed a polarization vortex converter 

based on femtosecond laser direct writing self-organized birefringent 

nanogratings, as depicted in Fig. 1-19. This converter can generate 

optical vortices with radial and azimuthal polarization, which is 

controlled by the handedness of the incident circularly polarized light. 

The space variant polarization vortex converter is enabled by a space 

variant design of form birefringence in the waveplate, which can be 

precisely manipulated by the femtosecond laser parameters, 

especially the polarization azimuth [127]. 

 

Fig. 1-20: Illustration of a silicon-integrated vortex generator. (A) The schematic of 

the micro-ring generator with angular gratings patterned along the inner wall. (B) 

Schematic of a linear waveguide with gratings and its effect leading to the tilted 

wavefront of light. (C) Schematic of a micro-ring generator and a helical beam with 

its wavefront. (D) SEM image of the fabricated micro-ring generator. (E) The detailed 

SEM image of the fabricated micro-ring generator. Cited from [129]. 

Miniaturized vortex light generator has been proved as an effective 

way to generate vortex light at a small scale on the integrated 

photonics. In 2012, Yu et al. [129] demonstrated  a silicon-based 

micro-ring generator with inner wall patterned by angular gratings, 

as shown in Fig. 1-20. This generator is capable of vortex light 
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extraction confined in whispering gallery modes (WGMs) under 

precise control of OAM amount. The principle is coupling the light 

into the cavity and generating the vortex light with helical wavefront 

by utilizing the diffraction of the angular gratings. The topological 

charge of the vortex light is determined by both the optical period of 

the cavity and the period of the angular gratings. Subsequently, an 

electrically controlled thermo-optical effect is utilized to dynamically 

tuning the different OAM modes with a response time of 10~20 s 

[130]. This vortex emitter only has a radius of 3.9 m that provides 

the potential in integrations of vortex generator and is compatible to 

silicon nano-photonics. In 2016, Feng et al. reported an OAM micro-

laser enabled by ring cavity made by InGaAsP/InP semiconductor 

materials patterned with angular gratings [131], as depicted in Fig. 1-

21. It can directly generate vortex laser light excited by pump light 

and the polarization of the vortex light can be manipulated. 

 

Fig. 1-21: Illustration of a semiconductor OAM micro-laser. (A) Schematic of the OAM 

micro-laser on an InP substrate. (B) Simulated phase distribution of light emission. 

Cited from [131]. 

Recently, Qiao et al. utilized a symmetry-broken microcavity to 

demonstrate high OAM lasing with degree of chirality tunability [132], 

as depicted in Fig. 1-22. This OAM micro-laser is made by a Fabry-

Perot microcavity with two distributed Bragg mirrors, which can 

excite vortex lasing with a quantum number ranging from “-352” to 
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“+352”. More surprisingly, the micro-laser can support multiple 

vortex modes with different chirality oscillating simultaneously in the 

microcavity, which leads to a superposition of OAM states. The 

degree of chirality can be adjusted by pumping at different positions 

on the microcavity. This work provides new perspective in controlling 

the chirality of the excited OAM modes by introducing a symmetry 

broken strategy. 

 

Fig. 1-22: Illustration of an OAM micro-laser with degree of chirality tunability. (A) 

Bright-field images of the microcavity. (B) Far-field images of the lasing mode 

patterns. (C) Lasing mode patterns after a cylindrical lens. (D) OAM mode intensity 

distributions along the microcavity with different pump positions. (E) Purity and 

dissymmetry factor evolutions at different pump positions. Cited from [132]. 

Since the rapid development of micro-nano fabrication technique, 

metasurface emerges to be a novel strategy to precisely control the 

light field, especially at integrated optics due to its ultra-compact size. 
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Metasurfaces are subwavelength metamaterials made of planar 

electromagnetic structures designed to have specific electromagnetic 

responses and thus the related functions of manipulating 

electromagnetic waves, especially lights [133]. According to Maxwell’s 

equations, the permittivity and permeability of a media determine the 

propagation conditions of an electromagnetic wave. Thus, to design 

these parameters of the media is an effective way to manipulate the 

behavior of the electromagnetic wave propagating inside the media. 

In 2011, Capasso et al. reported a two-dimensional array of optical 

resonators with space variant phase responses to achieve an abrupt 

phase change at the scale of wavelength and thus the manipulation 

of the light beams [134]. Specifically, the array consists of V-shape 

antennas to adjust the phase of the scattered light. Each antenna is 

analogous to the pixel of a hologram, thus, a space variant phase 

modulation can be designed to approach the generation of vortex 

light, as depicted in Fig. 1-23. 

 

Fig. 1-23: Illustration of a V-shape antenna based metasurface vortex generator. (A) 

Schematic of the meta-atom, i.e., the unit cell of the plasmonic interface. (B) 

Simulation results of the scattered electric fields of the antennas presented in (A), 

respectively. (C) SEM images of the fabricated metasurface. (D) The measured 

intensity profile, spherical wave interference, and planar wave interference of the 

generated vortex light beam. (E) The simulated intensity profile, spherical wave 

interference, and planar wave interference of the vortex light beam. Cited from [134]. 

In 2014, Karimi et al. presented a plasmonic metasurface for 

generating optical vortex at visible band [135]. This metasurface 

allows the coupling of SAM-OAM during the light-matter interaction, 

i.e., can convert a left-handed circularly polarized light to be right-
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handed circular polarized vortex light carrying an OAM of “2”, as 

shown in Fig. 1-24.  

 

Fig. 1-24: Illustration of a plasmonic metasurface converting a left-handed circularly 

polarized light to be right-handed circular polarized vortex light carrying OAM of “2”. 

Cited from [135]. 

Nowadays, metasurface is a new branch of optics and appealing 

more and more research interest in the community. 

I.6.2.2 Vortex modes generation in fibers 

The cylindrical refractive index distribution of a silica fiber does well 

support the optical field distribution of vector modes. Therefore, 

optical fibers are good waveguides for vector modes and are benefit 

from their advantages in high conversion efficiency, low energy loss 

and high system compatibility. However, vortex mode generation in 

all-fiber devices is quite different from that in free space. The 

principle of generating vortex modes in optical fibers lies on the 

heart of phase-matching based mode coupling [136]. The general 

strategy is to convert the fundamental mode to high-order modes 

(HOMs, including high-order eigen vector modes or scalar LP modes) 

and achieve the subsequent vortex modes by applying a “
𝜋

2
” phase 

difference. 
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The simplest way is then dedicated to off-set splicing technique to 

generate the HOMs. For example, Pang et al. proposed a method for 

generating first-order OAM light beams by off-set splicing a single-

mode fiber and a single-mode ring fiber at the communication band 

[137]. These obtained first-order OAM modes are attributed to the 

combination of two eigen modes, i.e., 𝐻𝐸21
𝑜𝑑𝑑 mode and 𝐻𝐸21

𝑒𝑣𝑒𝑛 mode 

with a “
𝜋

2
” phase difference, which is adjusted by the polarization 

controller. 

 

Fig. 1-25: Illustration of a mode selective coupler based optical vortex converter. (A) 

The schematic of a mode selective coupler. (B) The experimental results of mode 

conversions of both LP11 mode and LP21 mode and the related vortex modes at 

different wavelengths, respectively. Cited from [138]. 

Off-set splicing technique requires easy processes. However, it is 

difficult to control the mode conversion efficiency and it induces 

non-negligible splicing loss. Mode selective couplers emerge to be a 

reliable method to generate HOMs and OAMs. In 2017, Wang et al. 

demonstrated the femtosecond optical vortex beams generation by 

using mode selective couplers [138]. A mode selective coupler is 
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fabricated by twisting, stretching, and fusing two parallel optical 

fibers under an oxyhydrogen flame. Therefore, the fiber cores of 

these two parallel fibers are very close to form a coupling region with 

the condition of phase-matching, as depicted in Fig. 1-25(A). By 

setting the appropriate parameters of the fused mode selective 

coupler, especially the diameters of the two parallel optical fibers, 

different phase-matching conditions can be achieved to convert the 

fundamental mode (LP01 mode) to LP11 mode and LP21 mode. Thus, 

the optical vortex modes can be obtained by applying the “
𝜋

2
” phase 

difference, as depicted in Fig. 1-25(B). Mode selective couplers 

exhibit wide conversion band, high conversion efficiency and stable 

mode conversion. 

Long-period fiber grating is another solution to generate HOMs in 

optical fibers. Long-period fiber grating is a fiber structure with a 

periodic modulation of alternative high and low refractive index 

along the optical fiber axis. This periodic modulation of refractive 

index, i.e., a grating, will introduce a micro-perturbation to the 

propagating light in the fiber core. If the micro-perturbation satisfies 

the phase-matching conditions of the propagation constants of two 

guided modes, the mode conversion can be achieved. Generally, 

long-period fiber grating is fabricated in single-mode fibers to 

generate the fiber core mode to cladding modes and thus can form a 

band-rejection filter or a sensing component since the cladding 

modes cannot stably propagate in the fiber. Recently, long-period 

fiber gratings in few-mode fibers are appealing to the research 

community due to their mode conversions between fiber core modes. 

This allows the generation of fiber core modes (instead of the 

evanescent cladding modes), which can stably propagate in the fiber 

core. For example, Zhao et al. demonstrated both the uniform and 

tilted long-period fiber gratings to achieve the mode conversion 

from fundamental mode (LP01 mode) to HOM (LP11 mode) with a 

high conversion efficiency over 99% in two-mode fibers [139]. 

Subsequently, the vector eigen modes (𝐻𝐸21
𝑜𝑑𝑑  mode and 𝐻𝐸21

𝑒𝑣𝑒𝑛 

mode) and the OAM modes are also obtained. Long-period fiber 

gratings can be easily fabricated by CO2 laser writing. As an in-line 

device, it can be easily integrated in the fiber systems, e.g., fiber 

communication systems and fiber laser cavities.  
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Fiber Bragg gratings (FBGs) can also be a mode selective device since 

FBGs in few-mode fibers operate several resonances for the high-

order reflective modes. This property provides the possibility of 

selecting HOMs and thus creating the OAM modes. However, few-

mode FBGs are not capable of HOM creation by themselves. 

Therefore, a method for generating HOMs is required before the 

reflection of the few-mode FBGs, typically it could be off-set 

technique due to its simplicity. In 2014, Dong et al. reported a mode-

locked fiber laser incorporating a two-mode FBG for transverse mode 

selection [140]. High-order LP modes are obtained in the mode-

locked fiber laser. Then, Sun et al. utilized cascade FBGs to achieve 

cylindrical vector modes with mode-locked rectangle pulses output in 

2015 [141]. Besides, Wang et al. have reported FBGs written on OAM 

fibers for reflecting OAM modes with a charge inversion [142]. 

Passive devices such as long-period fiber gratings and mode selective 

couplers, sharing a common restriction of flexibility. That is, the 

function of the device is totally determined once it is fabricated. 

However, there is an active solution for all-fiber HOM generations, 

which employs the dynamic acousto-optic interactions in fibers, i.e., 

acousto-optic mode converters. In 1986, Kim et al. firstly proposed a 

frequency shifter based on acousto-optic interaction in an optical 

fiber [15]. Afterwards, this device was proved to enable the mode 

conversion in few-mode fibers. In 2006, Lee et al. demonstrated an 

orthogonally cascaded piezoelectric transducers to achieve two 

orthogonal eigen vector modes [143]. By applying a phase difference 

between two acoustic waves, the OAM modes can be generated 

directly. In this PhD thesis, acousto-optic interactions in optical fibers 

are chosen as a dynamic vector mode manipulation strategy. We will 

introduce more detailed information and the related mechanisms in 

Chapter II. 

I.6.3 Chirality induced by light 

From an extremely simple view, the light can induce chiral structures 

inside or on the surface of the material to form the structural chirality 

(or we could say to form a chiral object). Typically, the chiral 

structures can be helical stairs, helical strings, or helical needles. In 

2009, Gansel et al. reported a three-dimensional gold helix enabled 
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by direct laser writing photoresist with subsequent electrochemical 

deposition of gold. This structure can effectively block the circularly 

polarized lights with same handedness as the helices, which provides 

new possibilities for compact broadband circular polarizers [115]. 

Giessen et al. proposed a novel method of lithography for fabricating 

3D chiral plasmonic structures by hole masks and tilted angle 

evaporation strategies [144]. This large-area chiral structures exhibit 

significant circular dichroism within 3000 nm range as shown in Fig. 

1-26. However, this degree of utilizing light only remains an initial 

stage by fabricating a “template” or just using simple lithography, 

despite of 3D structures with strong chiral responses they can make.  

 

Fig. 1-26: Laser induced gold helices and their responses to left- and right-handed 

circularly polarized lights. Experimental and theoretical results of a left-handed helix 

with slightly less than one pitch (A), a left-handed helix with two pitches (B) and a 

right-handed helix with two pitches (C). Cited from [115]. Laser induced large-area 

chiral plasmonic structures and their responses to left- and right-handed circularly 

polarized lights. (D) The schematics of the laser writing chiral plasmonic structures by 

colloidal nanohole lithography. (E) The AFM image of the constructed 3D chiral 

plasmonic structures. (F) Experimental and simulated results of different responses to 

left- and right-handed circularly polarized lights for the 3D chiral plasmonic 

structures. Cited from [144]. 

Actually, the chirality belongs to a light beam can be transferred to 

the matter by light-matter interaction. The idea for converting the 

chirality from light to matter is somehow to realize an asymmetric 

writing or excitation to break the inherent symmetry of the original 

material. Vortex light has a strong chirality. Theoretically, the OAMs 

carried by vortex lights possess infinite states of chirality while SAMs 
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in circularly polarized lights only have two states of chirality. However, 

how can we transfer the chirality of OAMs to the matter?  

 

Fig. 1-27: Vortex light written nanoneedles. The SEM images of a nanoneedle written 

by a vortex nanosecond laser with a topological charge of “-2” with overview (a), 25° 

view (c) and top view (e). The SEM images of a nanoneedle written by a vortex 

nanosecond laser with a topological charge of “2” with overview (b), 25° view (d) and 

top view (f). Cited from [145]. Vortex laser induced spiral relief pattern on 

azobenzene-containing polymer films. Topographical AFM map of the relief patterns 

induced by a vortex beam with topological charge of “1” with experimental result (g) 

and modeling result (h). Topographical AFM map of the relief patterns induced by a 

vortex beam with topological charge of “2” with experimental result (i) and modeling 

result (j). Topographical AFM map of the relief patterns induced by a vortex beam 

with topological charge of “5” with experimental result (k) and modeling result (l). 

Topographical AFM map of the relief patterns induced by a vortex beam with 

topological charge of “10” with experimental result (m) and modeling result (n). Cited 

from [146]. 

In 2012, Omatsu et al. from Chiba University reported a chiral 

nanoneedle structure demonstrated by vortex nanosecond laser (with 

topological charge of “2” and “-2”, generated by a spiral phase plate) 

irradiation on a ~1-mm-thick Tantalum plate, as depicted in Fig. 1-

27. The experimental proof indicates that the helicity of the 

nanoneedle structures can be directly controlled by the sign of the 

vortex nanosecond laser [145]. In another word, the chirality of the 

nanosecond light can be converted to the metal plate for creating 
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corresponding chiral structures. This is mainly attributed to the metal 

twist caused by the OAM of the light after laser ablation of the metal 

surface. Importantly, the singularity in the center of the laser beam 

(with zero intensity) thus leads to the formation of the nanoneedle 

structure, of which the tip is extremely small (<40 nm).  

Ambrosio et al. utilized Laguerre–Gaussian beams to induce spiral-

shaped relief patterns on azobenzene-containing polymer films 

[146,147]. It is mainly originated from the surface-mediated 

interference of the longitudinal and transverse components of the 

light field. Specifically, since the azobenzene-containing polymer 

material has anisotropic polarization dependence, the interference of 

the transverse and longitudinal components of the vortex light field 

can lead to the spiral mass transport.  

 

Fig. 1-28: The schematic of chirality transfer from vortex light to molecules by 

enantioselective crystal nucleation with dynamic crystallization.  Cited from [148]. 

In 2021, Sakamoto et al. proposed a novel method for chiral 

symmetry breaking from a racemate via a vortex light beam. The 

authors utilized a 532 nm CW vortex beam to determine the seed of 

the enantioselective crystal nucleation with controlled handedness 

according to the helicity of the vortex light. Subsequently, the 

chirality of the molecules of the isoindolinone is thus amplified by the 

dynamic crystallization, as shown in Fig. 1-28 [148]. This new strategy 

provides new possibilities in molecular chirality control through the 

vortex light, which is potential in the photochemical regulation and 

paves the way for transferring light chirality to the chemical reaction 
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process at a molecular scale. 

 

Fig. 1-29: Structured vortex light writing 3D chiral structures in isotropic materials. (a) 

The schematics of the fs laser writing system. HW: half-wave plate; P: polarizer; L: 

lens; M: mirror; SLM: spatial light modulator; I: iris; DM: dichroic mirror; S: sample: 

CCD: charge coupled device. (b) The schematic of a focus diffracted beam for 

inducing chiral structures via an objective with a NA of 0.9. (c) The designed 

holograms (first row), the intensity patterns (second row) and the optical micrographs 

(third row) of the polymer, the top view (fourth row) and the side view (fifth row) of 

the 3D chiral structures according to different topological charges are depicted, 

respectively. Cited from [149]. 

Two-photon-polymerization, as an effective method for laser writing 

complex 3D microstructures such as microchips [150], photonic 

crystals [151], has also been proved to be an excellent platform for 

micro-manufacturing chiral objects. In 2013, Gu et al. reported a 

diffraction-limited non-Airy multifocal arrays fabricated by a spatially 

shifted vortex beam. Specifically, they shift the spatial position of the 

vortex beam phase to manipulate the intensity distribution and thus 

to create the split-ring patterns. This split-ring microstructure array 

can be obtained by a single exposure of the fs vortex light with 

predicted phase modulation, which is of great potential in chiral 
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metamaterials [152]. In 2017, Ni and Wu et al. proposed a 3D chiral 

microstructure manufacturing strategy in isotropic materials by 

utilizing a structured vortex fs laser beam [149]. Normally, 

microstructures fabricated in isotropic materials by two-photon-

polymerization are usually non-chiral cylindrical shapes due to the 

donut intensity profile of the vortex beams. However, the authors 

developed a coaxial interference technique of a vortex beam and a 

plane wave for generating a 3D spiral vector field, enabled by 

applying contrivable hologram patterns consisting of an azimuthal 

phase on the spatial light modulator. Thus, the 3D chiral structures 

are demonstrated by the chirality transfer from the 3D structured 

vortex beams, as depicted in Fig. 1-29. 

Recent years, symmetry breaking has been found in ultrafast direct 

writing in inorganic glass materials [153]. Several new innovative 

discoveries have been reported, for example, Type II nanograting 

with strong polarization dependence [77], “Quill” writing with writing 

orientation dependence [154], silica decomposition [12], shear stress 

induced field [61,155] and efficient anisotropic defects generations 

[156]. According to the Pierre Curie principle stipulating that the 

symmetry of the effects is always higher than the symmetry of the 

causes [157], the nonlinear interaction with infrared light develops 

the nonlinear optics. A famous example is the spontaneous 

appearance of the second harmonic creation during the infrared light 

interaction with matter [158], however, it can be hardly observed in 

center-symmetric materials. Besides, it is conceivable that chiral light 

can transfer the chirality to an achiral material. However, without 

spatial structuration of the chiral light or an amplification process, the 

chiral modification is of low effectiveness and is hardly to be seen 

[159]. 

It has been proved that fs laser can shear the matter in a proper 

manner in the previous work from our group in 2003 (as 

subsequently confirmed in 2008) [63,155]. This effect can “cut” the 

material for moving different sides of the material to opposite 

directions, which is similar to a scissor. Indeed, by controlling the 

laser scanning direction and laser polarization, the behavior of 

shearing matters can be well manipulated, as depicted in Fig. 1-30. 

This discovery is innovative because it is very amazing for an achiral 
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light beam (axially symmetric intensity profile with linear polarization) 

to create a chiral strain in an achiral material (pure silica glass) with 

an achiral interaction manner (namely a normal orthogonal 

incidence). This observation is more like a torsion leading to strain 

field in the matter, but it is not the case for creating circular optical 

properties. 

 

Fig. 1-30: Topography under an x40 objective. The laser writing configuration: 

polarization perpendicular to X axis. L5 and L6 with opposite scanning directions. 

Cited from [63]. 

Taylor et al. reported that a circularly polarized light that carries SAMs 

can somewhat give rise to a permanent patterning of helicity in fs 

laser direct writing in glass in 2008 [160]. This structural modification 

consists of highly ordered sub-micrometric structures with chiral 

shape that records the handedness of the circularly polarized light, as 

shown in Fig. 1-31. However, there are some disordered 

modifications surrounding the recorded helicity, or we could say that 

this kind of chiral structures are arising from chaos under a complex 

multi-pulse ordering mechanism. However, this process is sensitive to 

a delicate balance between dominant central modification of the 
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initial circular polarization and proper depolarization for the curled 

strands. 

 

Fig. 1-31: SEM images of the chiral patterning induced by circularly polarized fs laser 

writing in silica glass. (a) ~4 m below the top of the structure, written by 350-nJ 

pulses. (b) ~2 m below the top of the structure, written by 200-nJ pulses. (c) Detailed 

image of one chiral section with right-handedness. (d) Detailed image of one chiral 

section with left-handedness. Cited from [160]. 

Subsequently in 2016, Poumellec et al. revealed that an achiral fs 

laser beam is capable of chiral optical property (e.g., circular 

diattenuation) induced in the achiral silica glass [14]. This result is 

surprising because in general, neither silica nor pure quartz owns 

circular dichroism in the ultraviolet-visible band. However, the laser 

writing can imprint a circular dichroism in the silica glass with a high 

magnitude, as depicted in Fig. 1-32. The authors suggested that this 

chiral optical property is attributed to a volume torque induced by 

the misalignment of a direct current field and the polarization field of 

the material. This volume torque thus leads to the chiral behavior of 
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the molecules, which contributes to the circular optical properties. 

However, no obvious evidence is observed to confirm that a 

molecular activity forms the intrinsic chirality, despite of the recorded 

network of the irradiated glass volume. Therefore, the origin of this fs 

laser imprinted chirality in achiral material (namely silica glass) 

remains to be unveiled, and thus being an important topic in this PhD 

thesis.  

 

Fig. 1-32: Fs laser writing chiral optical property in achiral silica glass. (A) Schematics 

of the combined action of a direct current and stress field contributing to a volume 

torque. (B) Spectra of circular polarization degrees of attenuation (CADA) and SEM 

images of the written structures with different pulse energies. Laser parameters: 1030 

nm, 300 fs duration, 500 kHz, 0.6 NA, 0.5 mm/s scanning speed, focal depth of 192 

m below the surface of the silica glass, scanning direction and laser polarization are 

all along the X axis. Cited from [14]. 
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 CONCLUSION 

The main strategy of the chirality construction is based on symmetry 

breaking in 3D. However, how to induce the symmetry broken? Or we 

could ask how to tailor the degree of light-matter interactions with 

chirality? These questions are essential since the full control of 

chirality is the key point for unlocking the light manipulation and its 

photonics manufacturing. The answer should arise from the chirality 

transfer from matter to light and from light to matter. 

Towards controlling the chiral light fields, the chirality should be 

applied to the matter and subsequently transferred to the light or 

directly introduce a chiral manner to the matter-light interaction. 

From the summary of previous research works on the chiral optical 

fields (especially the optical vortex fields), generation of vector beams 

are mainly involved by introducing the helical phase or non-

symmetric polarization shaping. Another way in fibers is quite same 

by utilizing micro perturbation to break the equilibrium state of the 

guiding mode to make the mode coupling take place. But many 

methods stay only in the creation of vector fields, few work focuses 

on the altering or dynamic switching of the chiral optical fields. 

For the case of light induced chirality in matters, generally it employs 

two strategies on the light-matter interactions with chirality. One is 

shaping the light to be a chiral light. Then by using this chiral light to 

irradiate the matter can make it chiral. Another approach is 

introducing a chiral structure organized in the light manufacturing 

process. However, these two processes contain either chiral light or 

chiral matters. For a case of achiral fs laser written chirality in achiral 

materials, it still needs to be clarified. What is the clear original 

mechanism of fs laser direct writing chirality in silica glasses and how 

to tailor the chiral optical properties remains a fundamental question 

to be solved in this field. 
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Chapter.II EXPERIMENTAL DETAILS AND METHODS  

 INTRODUCTION 

This chapter describes the methodology and experimental details 

that are adopted in this PhD thesis work. Since the PhD thesis work 

are related to two main parts: chiral optical field manipulation via 

acousto-optic interactions and fs laser imprinting chirality inside silica 

materials, the mechanisms of acousto-optic device, fs laser writing 

system and polarimetric instruments are mainly described. 

In Section II.2, we will firstly introduce the acousto-optic interactions 

in fibers, which contains the basic mechanism of the acousto-optic 

interaction with different types of acoustic modes. This section 

provides the information of the acousto-optic device fabrication and 

the related characteristics. Subsequently in Section II.3, in order to 

achieve the observation of the transient dynamics of the chiral vortex 

modes switching process, the time stretched dispersive Fourier 

transform technique is described. Later in Section II.4, we will 

introduce the fs laser writing systems that are utilized in this PhD 

thesis. Two fs laser writing systems are used since I stay both in China 

and France for carrying out the thesis works during my PhD study. 

Then, the fundamentals of polarizations in light are introduced 

including Jones vectors, Stokes vectors and related Mueller matrix 

methodology in Section II.5. In order to achieve the anisotropic 

optical properties, a decomposition strategy is necessary to be 

described. Finally in Section II.6, for experimentally demonstrating 

and tailoring the fs laser writing anisotropic properties including 

circular optical properties, polarimetric instruments should be 

summarized. In this PhD thesis work, we use polarimeters equipped 

with a “de Sénarmont” compensator and full-wave plate technique. 

Besides, the experimental identifications of different types of 

structural modifications are illustrated. Finally, a Mueller spectro-

polarimeter (Vis-Near IR polarimeter with 16 elements) with 

broadband measurement range is introduced. 
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 ACOUSTO-OPTIC INTERACTIONS IN FIBERS 

Acousto-optic interactions employ the acoustic wave propagation on 

the optical fiber to manipulate the inner light wave behavior by the 

acoustically induced dynamic refractive index modulation. As an 

external manipulation tool, it exhibits diverse unique advantages such 

as non-destruction, dynamic tunability, switching capability. The 

pioneered work carried out by B. Y. Kim et al. in 1986 has promoted 

the acousto-optic interactions in fibers to a new paradigm. With 

unremitting research of about two decades by the community, 

acousto-optic interaction has been proved to show great impact in 

diverse fields ranging from fundamental devices such as tunable 

filters, super lattice modulators, and heterodyne vibration detectors 

to functional applications in fiber lasers, e.g., tunable lasers, Q-switch 

lasers, and polarization control. Recently, acousto-optic interaction in 

few-mode fibers for HOMs or even vortex modes manipulation has 

appealed large interests owing to its dynamic tunability. The 

development of the acousto-optic interactions in fibers is 

summarized in Fig. 2-1. 

 

Fig. 2-1: Summary of the development of acousto-optic interactions in fibers. Cited 

from [161]. 
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It is the advanced discovery from Brillouin in 1922 that acoustic 

waves can interact with light waves that leads to the appreciable 

frontiers of acousto-optic physics. The acousto-optic interaction in an 

optical fiber is mainly related to the light diffraction from a travelling 

periodic modulation of the refractive index along the fiber. To think 

about this case in a quantum mechanical perspective, the photon-

phonon interaction can be considered as the conservations of both 

energy and momentum due to photon-phonon scattering: 

                                             𝜔′ = 𝜔0 + 𝜔𝑎;  𝑘′ = 𝑘0 + 𝑘𝑎                   (Eq. 2-1)                               

Here, (𝜔′, 𝑘′), (𝜔0, 𝑘0), and (𝜔𝑎, 𝑘𝑎) correspond to the frequencies 

and wavenumbers of diffracted light wave, incident light wave and 

acoustic wave, respectively. Indeed, in acousto-optic interactions, the 

periodic refractive index modulation is strongly dependent on the 

acoustic vibration modes, which can be categorized into three main 

vibration modes: (1) flexural acoustic vibration [15,162], (2) 

longitudinal acoustic vibration [163–166], and (3) torsional acoustic 

vibration [167–172], as shown in Fig. 2-2. 

 

Fig. 2-2: Illustration of three types of acoustic vibration modes travelling on the 

optical fibers. (A) Flexural mode. (B) Longitudinal mode. (C) Torsional mode.  

Here, the acousto-optic interactions are mainly excited by applying 

the acoustic waves on the fibers via an acoustic transducer consisting 

of a piezoceramic transducer (PZT), a horn and an external radio-

frequency electric signal. The frequency of the acoustic wave is 

determined by the radio-frequency signal. The PZT is the heart 

component for transferring the electric signal to an acoustic vibration 

due to the piezoelectric effect. The horn is utilized for amplifying the 

acoustic wave and guiding the acoustic wave to the fiber media by 
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adherence using an epoxy gum. Importantly, the material of the horn 

is mainly silica glass or aluminum to satisfy the impedance matching. 

The epoxy gum ensures a good connection between the top of the 

horn and the optical fiber, which leads to a low loss guiding of the 

acoustic waves. On the other side, a clamp is used for absorbing the 

acoustic waves to control the length of the region of acousto-optic 

interactions.  

Longitudinal acoustic mode is indeed acoustic pulses that induce an 

alternation of the medium density. This density modulation thus 

contributes to the refractive index change. This mode of acousto-

optic interaction is mostly utilized in generating superlattice in FBGs. 

Specifically, it can modulate the side band of the spectroscopic 

response of the FBGs. The setups and applications are summarized in 

Table. 2-1.  

Table. 2-1 Summary of the devices and applications of longitudinal acoustic mode.  

Fiber 
Frequency 

(MHz) 
𝝀 (nm) 

Length 

(cm) 
Modes 

Applica-

tion 
Ref. 

SM-FBG 8.02 1526.5 0.3 Reflection 
Super 

lattice 
[163] 

SM-FBG 10/10.7 1528 0.3  Reflection Reflector [164] 

SM-FBG 2.1/2.4/5.6/10 1550 1 Reflection 
Super 

lattice 
[165] 

SM-FBG 1/2.66/5.5 1543.2 5 Reflection Laser [166] 

SM-FBG: single-mode FBG 

Table. 2-2 Summary of the devices and applications of torsional acoustic mode.  

Fiber 
Frequency 

(MHz) 
𝝀 (nm) 

Length 

(cm) 
Modes 

Applica

-tion 
Ref. 

HBSMF 1.337 1550 60 Polarization Filter [168] 

E-TMF 3.24/3.4 1300 25.5 LP11 Sensing [169] 

HBSMF 2.638-2.788 1575 82 Polarization Filter [170] 

HBSMF 1.189 1320 49.8 Polarization Filter [172] 

HBSMF: high birefringence SMF; E-TMF: elliptical two-mode fiber  

The torsional acoustic mode is demonstrated by using an acoustic 

transducer with two PZTs oscillating at opposite directions at the 

same time, which leads to a shear vibration mode of the overall 
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transducer, as depicted in Fig. 2-2(C). The horn will have a twist force 

that exhibits an alternative clockwise and anticlockwise orientation. 

This mode with acoustic perturbation shows high polarization 

dependence of mode conversion. Therefore, it is widely used in 

polarization mode conversion or filtering, as summarized in Table. 2-

2. 

Table. 2-3 Summary of the devices and applications of flexural acoustic mode.  

Fiber 
Frequency 

(MHz) 

Wavelength 

(nm) 

Length 

(cm) 
Modes Application Ref. 

TMF 8 488 7.5 LP11 Shifter [15] 

TMF 2.51 1550 4.5 LP11 Filter [173] 

SMF 1-1.5 1532-1550 10 Cladding Filter [174] 

SMF 1.95-2.45 1550 8.3 Cladding Filter [162] 

SMF 0.90-1.07 1490-1610 10 Cladding Coupler [175] 

SMF 2.384 1527.7 70 Cladding Filter [176] 

SMF 1.3 1541.5 1.7 Cladding Reflector [177] 

SMF 0.9 1550 4 Cladding Sensing  [178] 

PCF 7.4 633 48 LP11 Sensing [179] 

SMF 0.91-0.99 1562-1569 6 Cladding Laser [180] 

EDF 1.2 1550 8 Cladding Laser [181] 

SMF 1.23 1530-1533 23.7  Cladding Laser [182] 

SMF 1.04-1.07 1539-1571 13.5  Cladding Converter [183] 

TMDCF 0.6-0.9 1520-1570 30 OAM Converter [143] 

FMF 0.82-0.83 633 4 OAM Converter [184] 

TMF 2.687/2.749 1040.8 50 CVB Converter [185] 

TMF: two-mode fiber; PCF: photonic crystal fiber; TMDCF: two-mode dispersion 

compensation fiber CVB: cylindrical vector beam. 

Besides, the flexural acoustic mode can excite the highest conversion 

efficiency among all the three acoustic vibration modes. This acoustic 

mode allows a mode conversion between two co-propagating light 

modes in the optical fibers. Previously, the flexural mode is utilized 

for converting fundamental core mode to cladding modes decaying 

exponentially in the evanescent field for constructing band-rejection 
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filters [162,186–188]. However, recent studies focus on the light 

mode conversion between two core propagating modes by applying 

this flexural acoustic wave on few-mode fibers [20,143,184,185,189]. 

This strategy provides new possibilities of HOMs generation (or even 

OAMs) with a dynamic tunability. The setups and applications of 

flexural acoustic mode are summarized in Table. 2-3. 

It is commonly believed that the basic principle of the mode 

conversion caused in an acousto-optic mode converter is micro-

bending theory. There is a micro-bending on the fiber medium 

induced by an asymmetric vibration from the flexural acoustic wave 

(FAW). The FAW is produced by the radio-frequency signal controlled 

PZT device and contributes to the mode conversion from 

fundamental core mode (𝐿𝑃0,𝑛  mode) to high-order core modes 

(𝐿𝑃1,𝑛′  modes). In fact, it is the lowest FAW mode (𝐹11  mode) 

travelling on the unjacketed silica fibers that gives rise to the periodic 

density change. This density modulation is asymmetric respected to 

the acoustic vibration orientation. The mechanism is related to an 

acoustically induced displacement vector (AIDV) of �̃�. Consequently, 

the micro-bending induced by the AIDV thus contributes to a 

permittivity modification Δ𝜀. Indeed, the permittivity modification is 

composed of two terms corresponding to a geometric perturbation 

term of Δ𝜀𝑔 and an elastic effect term of Δ𝜀𝑒, which can be expressed 

as [21,161,190]: 

                            Δ𝜀(𝑥, 𝑦, 𝑧, 𝑡) = Δ𝜀𝑔(𝑥, 𝑦, 𝑧, 𝑡) + Δ𝜀𝑒(𝑧, 𝑡)              (Eq. 2-2) 

Here, the AIDV caused geometric deformation of the permittivity 

modifications could be expressed according to the standard 

framework in the micro-bending principle [21,161,190]: 

                                                𝛥𝜀𝑔 = 𝑛𝑐𝑜 ⋅ 𝑘𝑎
2 ⋅ 𝑢 ⋅ 𝑥                              (Eq. 2-3) 

In the equation, 𝑛𝑐𝑜 refers to the refractive index of the fiber core 

material. 𝑘𝑎 is the wave vector. 𝑥 represents the x axis. Therefore, the 

value of the AIDV can be simplified to be 𝑢, which can be calculated 

as: 

                                          𝑢 = 𝑢0 𝑐𝑜𝑠(𝑘𝑎𝑧 − 2𝜋𝑓𝑎𝑡) ∙ 𝑒𝑖
2𝜋
𝛬                      (Eq. 2-4) 
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Here, 𝑢0 and 𝑓𝑎 are the amplitude and the frequency of the AIDV. 

Additionally, Λ is the period of the acoustically induced fiber grating. 

Indeed, the periodic modulation of the refractive index based on the 

acousto-optic interactions in fiber is analogous to a long-period fiber 

grating however, with unique dynamic tunability. The period can be 

therefore expressed as: 

                                                    Λ = √
𝜋𝐶𝑎𝑅𝑐𝑙

𝑓𝑎
                                        (Eq. 2-5) 

Besides, 𝐶𝑎 = 5760 𝑚/𝑠  is the velocity of the acoustic wave 

propagating on the silica materials (i.e., fibers). 𝑅𝑐𝑙 stands for the 

radius of the fiber cladding (typically, 125 m for an un-etched fiber). 

Importantly, the period of the acoustically induced fiber grating can 

be controlled easily by the external applied signal, which delivers the 

original mechanism of dynamic tunability. 

The photo-elastic term can be determined by [21,161,190]: 

                   𝛥𝜀𝑒 = 𝜀𝑐𝑜
2 𝑝𝑘𝑎𝑢0 (

0 0 1
0 0 0
1 0 0

) 𝑠𝑖𝑛(𝑘𝑎𝑧 − 2𝜋𝑓𝑎𝑡)           (Eq. 2-6) 

Here, 𝜀𝑐𝑜 refers to the permittivity of the fiber core material. 𝑝 is the 

photo-elastic coefficient. 

Subsequently, it is necessary to satisfy the phase matching condition 

for the mode conversion: 

                                        𝐿𝐵 = 𝜆𝑐 ⋅ (𝑛01 − 𝑛𝑝,𝑞)
−1 = 𝛬                       (Eq. 2-7) 

Here, 𝐿𝐵 stands for the beat-length between fundamental core mode 

and high-order core modes while 𝜆𝑐 corresponds to the resonant 

wavelength. The refractive indices of the fundamental mode and the 

high-order modes are expressed as 𝑛0,𝑛  and 𝑛𝑝,𝑞  (𝑝, 𝑞 = 0,1,2,3…), 

respectively. 

The mode conversion efficiency can be calculated according to the 

incorporation of the identified electric field distributions of the 

targeted modes, namely 𝐸0,1(𝑥, 𝑦) and 𝐸𝑝,𝑞(𝑥, 𝑦): 
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                      𝜅 ∝
𝜋

𝜆𝑐
√

𝜀0

𝜇0
𝑛𝑐𝑜 ∫𝐸0,1

∗ (𝑥, 𝑦) ∙ 𝛥𝜀 ∙ 𝐸𝑝,𝑞(𝑥, 𝑦)𝑑𝑥𝑑𝑦      (Eq. 2-8) 

𝜀0  and 𝜇0  are the permittivity and permeability in the vacuum, 

respectively. 

The dynamic tunability is the essential, or we could say the unique 

advantage of a mode converter based on acousto-optic interactions 

in fibers. Specifically, the dynamic tunability of an acousto-optic 

mode converter can be identified into three aspects: (1) on/off 

dynamic switching, (2) resonant wavelength tunability, (3) mode 

conversion efficiency control. A summary of typical acousto-optic 

mode conversion is depicted in Fig. 2-3. 

The first ability enables the switching of the acousto-optic interaction 

on the fiber. This means, in fact, that the acousto-optic modulation is 

non-destructive respect to the fiber. The acousto-optic interaction is 

activated only if the external radio-frequency signal is applied on the 

PZT, which is quite friendly in some practical situations with 

requirement of non-destruction of the fiber.  

Besides, it is possible to utilize this approach to generate a 

modulated light signal with coding of different spatial modes, easy 

obtained by coding on the applied acoustic signal. It in turn provides 

a strategy of transferring information from electric signals to optical 

signals propagating inside fibers. 

The second tunability of the acousto-optic mode converter is related 

to the resonant wavelength tunability, which indicates great 

potentials in wavelength tuning/scanning applications. Since 

acousto-optic interactions can be utilized to make filters, the 

tunability is a key property of these novel components, whatever it is 

a band-rejection filter or a band-pass filter. Besides, a wavelength 

tunable HOMs and OAM modes are essential laser sources in optical 

communications system or stimulated emission depletion (STED) 

microscopy [191]. Typical results of dynamic tunability of resonant 

wavelength is shown in Figs. 2-3(E) and 2-3(F). 



 

 

83 

 

 

Fig. 2-3: Illustration of a typical acousto-optic mode converter. (A) Schematic of mode 

switching by acousto-optic interactions. (B) Illustration of an acousto-optic mode 

converter device. (C) Schematic of the detecting system of mode switching by an 

acousto-optic mode converter. (D) Schematic of mode controlling by applying radio-

frequency signals. (E) Transmission spectra obtained by applying different frequencies. 

(F) Experimental result of resonant wavelength evolution at the function of applied 

frequencies. (G) Transmission spectra obtained by applying different voltages. (H) 

Experimental result of resident fundamental mode power evolution at the function of 

applied voltages. Cited from [161]. 

The third dynamic manipulation is related to the mode conversion 

efficiency. In general, the mode conversion efficiency is expected to 

be ultrahigh, which decides a total energy transfer from one mode to 

the other. Normally, an acousto-optic mode converter can achieve a 

mode conversion of >97% (corresponding to a -15 dB resonant peak 

depth) in a wide tunable wavelength range. With optimized, it can 

approach a conversion efficiency higher than 99% (respected to -20 

dB) at an expense of tunability of wavelength. On the other hand, the 

acousto-optic mode converter can dynamically adjust the mode 

conversion from 0% (off state) to the highest efficiency (let’s take 97% 

for example) with simply adjusting the applied voltage, as depicted in 

Fig. 2-3(G) and 2-3(H). One should notice that the relationship 
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between the applied voltage and the mode conversion efficiency is 

not a simple linear connection because of a sin2 (𝜅𝐿𝑎𝑜) term in the 

transmission calculation [162]. Here, 𝐿𝑎𝑜 refers to the length of the 

acousto-optic interaction region. 

 TIME-STRETCHED DISPERSIVE FOURIER TRANSFORM 

The dynamic manipulation enabled by the acousto-optic mode 

converter, especially in ultrafast laser cavities, yielding new physical 

fundamentals in ultrafast optics. However, to study the complex of 

this issue, it requires an effective method to observe the dynamics 

caused by the acousto-optic interactions in the laser cavity. 

 

Fig. 2-4: Illustration of a serial time-encoded amplified microscopy (STEAM) camera 

system. The STEAM camera contains a dispersive Fourier transformation and 

amplification process. Cited from [192]. 

Transient dynamic process in an ultrafast laser cavity delivers the 

landscape of the ultrafast pulse behavior and reflects the inner 

mechanism of the laser pulse activities. However, these behaviors 

take place within an ultrashort transient time scale, which traditional 

photoelectric detectors (PDs) are not capable of observation. It is due 

to the limitations of conventional PDs: (1) narrow electric band widths, 

(2) limited reading speed from the sensor array, (3) inherent 

compromise between sensitivity and frame rate [192]. Surprisingly, a 

time-stretched dispersive Fourier transform technique emerges to be 
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a great platform for observing the transient dynamic processes. 

The time-stretched dispersive Fourier transformation technique 

provides an elegant way for recording the ultrafast dynamics. The 

fundamental principle of this technique lies in the heart of dispersive 

Fourier transform. That is, the pulses in time domain are transferred 

to frequency domain by a dispersion compensation enabled by a 

dispersive compensation fiber (DCF) or very long single-mode fibers. 

Specifically, by means of the high group-velocity dispersion (or we 

could say temporal dispersion), the DCF can validate a Fourier 

transform operation, which provides a mapping from spectral 

information to the time domain [192,193]. Therefore, the spectrum 

evolutions can be recorded in the sequence of the pulse train, as 

shown in Fig. 2-4. The dynamic evolution can be obtained by 

enumerating the “spectroscopic pulses” one by one. For this case, the 

“pulse” duration is not that short for the PDs. That is, one can 

elegantly receive the “spectroscopic pulses” with a typical data 

collection speed. 

Table. 2-4 The dynamics observations in mode locking (ML) fiber lasers via dispersive 

Fourier transformation (DFT) method. DS: dispersive soliton. 

Laser type Dynamics Ref. 

ML fiber laser Rogue wave formation [194] 

Soliton fiber laser Q-switch and ML build-up [195] 

DS fiber laser DS Molecules build-up [196] 

DS fiber laser DS break-up and collisions [197] 

Soliton fiber laser Soliton explosions [198] 

Soliton fiber laser Soliton triplets vibrating [199] 

Bidirectional soliton laser Bidirectional soliton build-up [200] 

Previously, the time-stretched dispersive Fourier transform technique 

is used for real-time imaging (e.g., microfluidic flow observation and 
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phase-explosion effects detection) [192]. However, it is now 

appealing a lot of researchers for studying the transient dynamics in 

diverse ultrafast lasers (especially a large amount of mode-locked 

fiber lasers). Since the mode-locked lasers could experience a 

number of instabilities before approaching the ultimate stable mode 

locking state, the energy oscillation that is strongly dependent on the 

light wave interactions through nonlinearity, intracavity gain and loss, 

dispersion can contribute and determine the final mode locking 

states [201]. The transient dynamics observed by time-stretched 

dispersive Fourier transform technique are build-up dynamics, rogue 

wave formation, dispersive soliton formation and break-up, soliton 

explosions etc., some examples are listed in Table. 2-4. 

In this PhD thesis, we study on the dynamic control of the light wave 

oscillating in the laser intracavity (especially in a mode-locked fiber 

laser cavity). The dynamic switching between different spatial modes 

will definitely introduce perturbations into the laser cavity, which is 

very likely to break the initially stable mode locking state due to the 

“off equilibrium” situation. The spatial mode transformation could 

lead the mode locked fiber laser back to the initial quantum state and 

may create new dominant pulses and a subsequent mode locking 

state of the targeted mode. This process is transient with a total 

duration time lasting for few milliseconds. However, if one wants to 

get the whole information of the pulse behaviors, of which each takes 

place within only few tens of microseconds, conventional PDs cannot 

achieve. Therefore, we applied the time-stretched dispersive Fourier 

transform technique. 

Experimentally, a DCF with a dispersion (𝐷) of −648 𝑝𝑠 ∙ 𝑛𝑚−1 ∙ 𝑘𝑚−1 

and a length (𝐿𝐷𝐶𝐹) of ~5 km is utilized and the mapping relationship 

can be calculated as [21]: 

                            𝛿𝑡 = |𝐷| ∙ 𝐿𝐷𝐶𝐹 ∙ 𝛿𝜆 = 3.24 𝑛𝑠 ∙ 𝑛𝑚−1 ∙ 𝛿𝜆               (Eq. 2-9) 

Accordingly, one can easily map the spectrum evolution to the real-

time pulses recorded by the real-time oscilloscope. Thus, the full 

process of the switching dynamics can be observed clearly. 
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 FEMTOSECOND LASER DIRECT WRITING SYSTEMS 

For carrying out the experiments dedicated to the studies in this PhD 

thesis, two femtosecond laser writing systems are utilized according 

to the labs I stayed. One FLDW system is in the group of advanced 

photonic materials (MAP) at Institut de Chimie Moléculaire et des 

Matériaux d'Orsay (ICMMO) during my stay in France. Another FLDW 

system is in Department of Physics in Shanghai University during my 

stay in China. 

II.4.1 FLDW system in MAP, ICMMO, Université Paris Saclay 

This FLDW system is based on a directly diode pumped fiber laser 

with Ytterbium (Yb) doped gain media (Satsuma HP from Amplitude 

Systèmes). The laser system delivers a pulsed beam at a central 

wavelength of 1030 nm with adjustable repetition rates from 200 kHz 

to 2 MHz. A pulse picker (enabled by an acousto-optic modulator) is 

utilized to modulate the repetition rate of the laser output, which can 

reduce the repetition rate to be one single pulse irradiation if 

required. The average power can achieve 10 W and is always fixed. 

This power allows an output of 25 J/pulse with a repetition rate of 

400 kHz or 10 J/pulse with a repetition rate of 1 MHz. The detailed 

information of the parameters is summarized in Fig. 2-5.  

 

Fig. 2-5: Certificate of the Conformance (CoC) of the Satsuma HP laser from 

Amplitude Systèmes with detailed information of parameters. Cited from [70]. 

The pulse width is typically 250 fs of full width half maximum (FWHM) 
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after amplification and compression. The chirped gratings are utilized 

and the intra-cavity distance between them is dynamically tunable via 

a motorized translation stage, which provides the possibility of 

optimizing the pulse compression correlated to the repetition rate of 

the laser. The pulse width is once measured by the autocorrelator 

with an autocorrelation function performed on the typical output 

from the 1030 nm fs laser. The experimental result is fitted to a 

Lorentzian function, which shows a pulse FWHM of 341 fs, as 

depicted in Fig. 2-6. This value corresponds to a real pulse width of 

221 fs at optimized conditions. The spatial chirp (i.e., wavelength vs 

position) is around 0.54 nm/mm along x axis and 0.02 nm/mm along 

y axis, respectively. 

 

Fig. 2-6: Laser temporal pulse profile measured by an optical autocorrelator (x axis is 

time expressed in ps, y axis is intensity with relative units). Cited from [70]. 

Initially, the laser beam propagates with its linear polarization 

oriented in x-y plane (i.e., parallel to the optical table and 

perpendicular to z axis). A computer controlled half-wave plate and a 

Glan-laser polarizer are adopted for manipulating the beam power 

with ensuring the linear polarization of the laser beam. Here, the 

linear polarization of the laser beam at this position is remained to be 

horizontal (i.e., along x axis and thus parallel to the ideal plane of the 

compressor). Subsequently, the laser beam can propagate into two 

alternative paths: one with acousto-optic modulator for adjusting the 

final used repetition rate or another without acousto-optic modulator. 
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The acousto-optic modulator is also manipulated by the computer 

via a radio-frequency signal. It can generate first-order diffraction 

beam with diffraction efficiency adjustment in the range of 0-100% of 

the total laser power. This device can provide a fast switch for the 

laser beam with a reliable frequency operation up to 2 MHz for the 

current design. With configuration, direct laser writing Bragg grating 

waveguides made by periodic segments, volumetric pixels (voxels), 

and refractive index modulation are possible [202–204].  

 

Fig. 2-7: Schematics of the FLDW experimental setup. Cited from [70]. 

The schematics of the experimental setup of the fs laser writing 

system is depicted in Fig. 2-7. The laser beam is aligned in a 

designed light path experiencing the energy control and linear 

polarization control. Then it is focused on the targeted silica glass 

sample mounted on a computer-controlled translation XY-stage with 

a resolution of 50 nm (one-XY200HA from Newport). The 

bidirectional repeatability of the stage is 90 nm, and the maximum 

speed is 200 mm/s. The z axis manipulation is enabled by a 

computer-controlled stage (UTS100CC from Newport) for focusing 

the fs light inside the glass sample (typically 200 m below the upper 

surface) or realizing the multilayer writing configuration at different z 

positions. The laser focusing is demonstrated by a series of aspherical 

lenses with NA ranging from 0.16 to 0.65 with corresponding light 

spot diameter from 4.5 m to 1.1 m (e.g., for 0.55 NA is 1.3 m). 

Theoretically, the light spot diameter can be calculated at 1/𝑒2 of the 
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intensity maximum value and can be expressed as: 

                                                           𝜔0 =
𝑀2𝜆

𝜋ΝΑ
                                      (Eq. 2-10) 

Here, 𝜔0 is the radius of the spot. 𝑀2 < 1.1 is a typical beam quality. 

𝜆 is the wavelength of the laser, in this system it is 1030 nm. The 

beam is considered as a Gaussian beam. 

The linear polarization control unit is consisting of a computer-

controlled half-wave plate providing a full adjustment of linear 

polarization direction with a typical speed of 720°/s via a fast belt 

driven rotation motor (URB100CC from Newport). By now, due to the 

design of the system with controlling of pulse energy, repetition rate, 

scanning, focusing conditions, linear polarization orientation, general 

laser writing is easy-obtain following any design. 

 

Fig. 2-8: Schematics of the GOL3D software bus design for assembling and 

controlling the devices in the laser writing system. Cited from [70]. 

Importantly, all the motorized devices are connected to an XPS-8-axis 

controller from Newport with a computer. A software, namely GOL3D 

is designed not only for the components assembly but also for 

translation manipulation of the sample, as depicted in Fig. 2-8. This 

configuration provides possibility in complex trajectories such as 
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squares, spirals or even patterns. In this complex writing, the writing 

speed is an important parameter since it affects the pulse 

accumulation and thus the types of the structural modifications it will 

induce. Therefore, it requires an identical speed throughout the 

whole trajectory by optimizing the writing algorithm and the 

synchronization with the shutter in this case. 

II.4.2 FLDW system in Department of Physics, Shanghai University 

The fs laser utilized in this system is a Ti: Sapphire regenerated 

femtosecond pulsed laser (Spectra-Physics). It consists of three key 

parts, namely a fs seed pulse oscillator (Mai Tai HP), an ultrafast 

amplifier (Spitfire Pro-F1KXP) and an optical parameter amplifier 

(Topas-C). 

The fs seed pulse oscillator (Mai Tai HP) delivers an 80±1 MHz 100-fs 

pulsed light at a center wavelength of 800 nm with a beam quality of 

𝑀2 < 1.1  and a diameter (according to 1/𝑒2  of the intensity 

maximum value) of 1.2 mm. Then the light is amplified by an ultrafast 

amplifier (Spitfire Pro-F1KXP) and the laser beam after amplification 

is typically with a 1 kHz repetition rate, a maximum pulse energy of 4 

mJ, a duration of 120 fs, a beam quality of 𝑀2 < 1.3. Finally, an 

optical parameter amplifier (Topas-C) is utilized for wavelength 

coverage of the kHz ultrafast amplifier and to get the final output 

light with a maximum pulse energy of 250 J. The output light owns a 

Gaussian intensity profile. 

The laser writing system combines a controlling software (Image-Pro 

MC5.1), an electric shutter (from Newport), a 3D translation stage 

(H101A Pro Scan model, PSI) and a microscopy system (from 

Olympus). The schematic of the experimental setup is depicted in Fig. 

2-9. Firstly, the laser beam is delivered from the Ti: sapphire laser and 

is narrowed with energy distribution averaged to be uniform by a 

small aperture. Subsequently, a half-wave plate is used for 

manipulating the linear polarization orientation of the laser beam 

while a neutral density filter is utilized for the energy control. A 

computer-controlled shutter operates the on/off switch of the light. 

Finally, the light is transmitted through a dichroic mirror and focused 

into the sample by an objective lens (typically, a 50× objective with a 
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NA of 0.55, Nikon ECLIPSE 80i). The sample is mounted on the xyz-

stage and can be precisely moved with line scanning. The illumination 

and the charge-coupled device (CCD) enable the monitoring of 

sample focusing as well as the laser writing process. 

 

Fig. 2-9: Schematic of the fs laser writing system. Cited from [22]. 

II.4.3 Sample details 

Throughout the works studied in this PhD thesis, the adopted 

substrates are bulk silica glass and silica fibers. The fused silica glass 

adopted are Suprasil CG slices (Heraeus, Germany) with typical 

dimensions of 75 mm length, 25 mm width and 1 mm thickness, of 

which the double sides are optically polished. The silica fibers 

adopted are commercial fibers. The utilized single-mode fiber is SMF-

28e from Corning with a typical 8.2-m-diameter core and a 125-m-

diameter cladding. The utilized few-mode fiber is YOFC-4 from YOFC 

with a typical 18.5-m-diameter core and 125-m-diameter cladding.  
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 CHARACTERIZATION OF ANISOTROPIC POLARIMETRIC 

PROPERTIES 

II.5.1 Descriptions of polarization of light 

Lightwave, as an electromagnetic wave, has its vibration orientation 

of vector fields (typically, the electric field) perpendicular to its 

propagation direction. According to the electric field orientation, light 

can be categorized into three types: natural light (fully unpolarized 

light), partially polarized light (not fully polarized light) and polarized 

light (fully polarized light). Conventionally, scalar polarization fields 

contain linearly polarized light, elliptically polarized light, and 

circularly polarized light. This is attributed to the vibration modes of 

the polarization (generally, it is considered as the electric field). 

However, for conveniently analyzing and understanding the 

polarization of the light, it requires an effective mathematical method 

for descriptions. 

II.5.1.1 Jones vector 

Polarization vector emerges to be a significant mathematical solution 

due to its simple description. In 1940s, R. C. Jones proposed Jones 

vector to describe the polarization of the light by orthogonal 

decomposition of the intensity (typically, divided to x axis and y axis). 

Thus, the electric field can be expressed as: 

                                              𝐸(𝑟, 𝑡) = (
𝐸𝑥

𝐸𝑦

0

) 𝑒𝑖(𝑘𝑧−𝜔𝑡)                        (Eq. 2-11)  

𝐸𝑥  and 𝐸𝑦  are the intensity components of x axis and y axis, 

respectively. 𝑟 = (𝑥, 𝑦, 𝑧) is the vector position of the light. 𝑘 and 𝜔 

are the wave vector and angular frequency, respectively. We assume 

that the light propagates along z axis, the two-dimensional vector 

field can be expressed as: 

                                𝐸 = [
𝐸𝑥

𝐸𝑦
] = [

𝑎𝑥cos (𝜔𝑡 − 𝑘𝑧 + 𝜑𝑥)
𝑎𝑦cos (𝜔𝑡 − 𝑘𝑧 + 𝜑𝑦)

]                 (Eq. 2-12)  

𝑎𝑥/𝑦 and 𝜑𝑥/𝑦 are the amplitude and phase of the component of x/y 
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axis, respectively. Thus, if one takes a phase difference of 𝜑 = 𝜑𝑦 − 𝜑𝑥 

and a light intensity of 𝐼0 = 𝑎𝑥
2 + 𝑎𝑦

2 , the Jones vector can be 

expressed as: 

                                                   [
𝐸𝑥

𝐸𝑦
] =

1

√𝐼0
[

𝑎𝑥

𝑎𝑦e𝑖𝜑]                              (Eq. 2-13) 

Jones vectors possesses a restriction that it can only describe a fully 

polarized light, despite of its simple and elegant way for describing 

the state of polarization. However, it is necessary to consider the 

unpolarized part of the light, which needs a more compatible method. 

II.5.1.2 Stokes vector 

Since G. G. Stokes determined a Stokes vector with four elements in 

1852, Stokes vector has been proved to be a more commonly used 

mathematical description for the polarization of light. Stokes vector is 

represented by a combination of four elements, namely 𝑆0, 𝑆1, 𝑆2, 𝑆3 

(or also called 𝐼, 𝑄, 𝑈, 𝑉): 

             𝑆 = [

𝑆0

𝑆1

𝑆2

𝑆3

] = [

𝐼
𝜌𝐼𝑐𝑜𝑠2𝛼𝑐𝑜𝑠2𝜒
𝜌𝐼𝑠𝑖𝑛2𝛼𝑐𝑜𝑠2𝜒

𝜌𝐼𝑠𝑖𝑛2𝜒

] = [

𝐼
𝑄
𝑈
𝑉

] =

[
 
 
 

𝐼𝑥 + 𝐼𝑦
𝐼𝑥 − 𝐼𝑦

𝐼+45 − 𝐼−45

𝐼− − 𝐼+ ]
 
 
 
       (Eq. 2-14) 

Here, 𝐼 is the total intensity of the light. 𝐼𝑥 and 𝐼𝑦 are the intensities of 

the linearly polarized light oriented along x axis and y axis, 

respectively. 𝐼+45 and 𝐼−45 are the intensities of the linearly polarized 

light oriented along 45° axis and -45° axis, respectively. 𝐼− and 𝐼+ are 

the intensities of the circularly polarized light oriented left-handed 

and right-handed, respectively. (𝜌, 2𝛼, 2𝜒)  are the parameters of 

spherical coordinates related to the 3D vector of Cartesian 

coordinates.  

Furthermore, the Stokes vector could describe the unpolarized part of 

the light. Specifically, an unpolarized light possesses same intensity of 

any direction, thus the (𝑆1, 𝑆2, 𝑆3) equals to (0, 0, 0). Therefore, if we 

consider a partially polarized light, it can be expressed as a 

combination of a fully polarized light and an unpolarized light: 
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             𝑆𝑝𝑎𝑟 = [

𝑆0

𝑆1

𝑆2

𝑆3

] = 𝑆𝑝𝑜𝑙 + 𝑆𝑢𝑛𝑝𝑜𝑙 = [

𝜌𝑆0

𝑆1

𝑆2

𝑆3

] + [

(1 − 𝜌)𝑆0

0
0
0

]       (Eq. 2-15) 

Here, we could see that 𝑆0
2 > 𝑆1

2 + 𝑆2
2 + 𝑆3

2. 𝜌 refers to the intensity 

ratio of polarized light to total light. Actually, it refers to the degree 

of polarization (DoP) and can be expressed by the Stokes elements as: 

                                             𝜌 =
√𝑄2 + 𝑈2 + 𝑉2

𝐼
                                  (Eq. 2-16) 

II.5.1.3 Poincaré sphere 

To make the polarization description more intuitive, Henry Poincaré 

proposed a visualization framework, namely Poincaré sphere, to show 

the Stokes vectors in a tridimensional space. The graphical 

description is based on a sphere with a radius of 1. Every point on the 

surface of the sphere correlates to a certain polarization of a fully 

polarized light (i.e., with 𝜌 = 1). While the points inside the sphere 

refer to the partially polarized lights, as depicted in Fig. 2-10. Worth 

noting that, the center of the sphere represents the natural light; the 

two polars refer to two circularly polarized lights; the points on the 

equator are the lights with linear polarizations. 

 

Fig. 2-10: Illustration of a Poincaré sphere. Cited from [70]. 

II.5.2 Mueller matrix 

As there are mathematical descriptions of the state of polarization, it 

is necessary to construct a mathematical model for the light 
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propagation in the media with polarizing effects. In general, when the 

light propagates through a media (a polarizing device), the state of 

polarization of the light experiences a change related to the 

polarization effects. This change can be described by a transmission 

matrix.  

A solution that focuses on the Stokes vector called Mueller matrix 

formalism was proposed by Hans Mueller in 1928. The Mueller matrix 

possessing four-dimensional elements (4×4), describes the 

polarimetric interaction between light and the polarizing devices 

(including the depolarizing effects). The incident light beam 

expressed as 𝑆𝑖𝑛 will be converted to be an output 𝑆𝑜𝑢𝑡 through the 

polarizing device with a Mueller matrix: 

                  𝑆𝑜𝑢𝑡 = 𝑀𝑆𝑖𝑛 = [

𝑚11 𝑚12

𝑚21 𝑚22

𝑚13 𝑚14

𝑚23 𝑚24
𝑚31 𝑚32

𝑚41 𝑚42

𝑚33 𝑚34

𝑚43 𝑚44

] 𝑆𝑖𝑛                (Eq. 2-17) 

It is worth noting that if the light propagates through several 

polarizing devices one by one, the collective Mueller matrix can be 

obtained by cascading every Mueller matrix of the polarizing devices: 

                                         𝑆𝑜𝑢𝑡 = 𝑀𝑆𝑖𝑛 = 𝑀𝑛 ∙∙∙ 𝑀2𝑀1𝑆𝑖𝑛                   (Eq. 2-18) 

II.5.3 Mueller matrix decomposition for extraction of polarimetric 

properties 

Indeed, a Mueller matrix itself is quite complex for illustrating the 

polarimetric properties of the sample at one glance. Thus, to further 

understanding how the polarizing devices (or the unmeasured 

samples in the experiments) change the state of polarization of the 

incident light, a decomposition of Mueller matrix is required. Various 

decomposition approaches have been studied. In fact, one needs to 

consider a proper decomposition strategy according to the situation 

of the sample. That is, each decomposition method has an applicable 

situation, which is mainly related to the different spatial structure of 

the sample. In this PhD thesis, we take product decomposition and 

logarithmic decomposition into account according to our samples. 



 

 

97 

 

II.5.3.1 Product decomposition of Mueller matrix 

Product decomposition is usually employed in characterizing the 

samples with their polarimetric properties parallel to the plane of 

probe light propagation. The most widely used product 

decomposition method (also called polar decomposition) was 

proposed by Lu and Chipman [205]. The product decomposition 

method got its name since it regards the sample as different 

polarimetric parts that interact with the incident light. These 

polarimetric parts can be expressed as a well-defined basic 

polarimetric properties with their Mueller matrix just like a product 

from the raw Mueller matrix. Typically, they are composed of three 

representative properties: a di-attenuator, a retarder, and a 

depolarizer. Commonly, the ordering of these polarimetric properties 

could lead to different results, however, Goudail et al. suggested an 

ordering of depolarizer, retarder, di-attenuator since it contains 

physical meanings for general optical devices [206]: 

                                                    𝑀 = 𝑀∆𝑀𝑟𝑀𝑑                                      (Eq. 2-19) 

𝑀∆ is the depolarizer of the sample, which determines its depolarizing 

effect. 𝑀𝑟 is the retardation property of the sample, which, in a more 

complex decomposition approach, can be further decomposed to be 

a linear retarder and a circular retarder. 𝑀𝑑  refers to the di-

attenuation effect of the sample and as the same it can be further 

divided into a linear di-attenuator and a circular di-attenuator. 

If the di-attenuator and the retarder are expressed in ideal form, the 

depolarizer is not able to achieve an ideal form due to the 

polarizance of the Mueller matrix. The depolarizer component in each 

sample contains both the depolarizing effect caused by the scattering 

and the polarizance. Thus, the depolarizer component 𝑀∆  can be 

expressed by: 

                                                         𝑀∆ = [
1 𝟎𝑇

𝑷 𝒎∆
]                               (Eq. 2-20) 

𝒎∆ indicates the depolarizing effect while 𝑷 refers to the polarizing 

direction of the polarizance. 
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II.5.3.2 Logarithmic decomposition of Mueller matrix 

Logarithmic decomposition is suitable for the samples that contain 

polarizing and depolarizing effects together with distributing 

uniformly across the probing direction of the sample configuration. 

First logarithmic decomposition method was proposed for linear 

optically anisotropic samples with non-depolarizing effects and later 

for fully polarized light. Recently, it has been completely developed 

by R. Ossikovski with depolarizing media [207]. Subsequently, an 

interesting revision of the concept from O. Arteaga leads to a 

modern formalism of the logarithmic decomposition strategy [208]. 

The logarithmic decomposition considers the samples with 

continuous media (or homogenous media) so that the gradient of 

Mueller matrix along the probe light propagating direction, i.e., z axis 

can be obtained by: 

                                                      
𝑑𝑴(𝑧)

𝑑𝑧
= 𝒎 ∙ 𝑴(𝑧)                            (Eq. 2-21) 

Here, 𝑴(𝑧)  is the Mueller matrix of the sample while 𝒎  is the 

differential matrix. The Mueller matrix can be further expressed by 

using the exponential function: 

                                                      𝑴(𝑧) = exp (𝒎 ∙ 𝑧)                           (Eq. 2-22) 

Thus, we can define a logarithmic matrix by: 

                                                  𝑳 = 𝒎 ∙ 𝑧 = In[𝑴(𝑧)]                          (Eq. 2-23) 

Indeed, the differential matrix of 𝒎  contains the elementary 

properties of the sample in per unit of length along the z axis, 

including linear birefringence along x-y coordinates (LB), linear 

birefringence along 45°-135° axes (LB’); linear dichroism along x-y 

coordinates (LD), linear dichroism along 45°-135° axes (LD’); circular 

birefringence (CB), circular dichroism (CD), and isotropic absorption 

(𝛼). 

In the case of samples with depolarizing effects, the differential 

matrix is assumed as around an average value, namely 〈𝒎〉 . It 

contains a statistical fluctuation of the matrices that is necessary to 

consider the multiple realizations or paths that a photon could 
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experience when coming across the sample. Specifically, the 

fluctuations can be expressed as a statistic variance matrix: 

                                                    𝒎 = 〈𝒎〉 + Δ𝒎                                    (Eq. 2-24) 

A first approximation related to the Mueller matrix with the 

exponential of the matrix m times of the thickness can be considered 

when assuming the fluctuations are sufficiently small: 

                          𝑳(𝑧) = 𝑳𝒎(𝑧) + 𝑳𝒖(𝑧) = 〈𝒎〉𝑧 +
1

2
〈𝚫𝒎2〉𝑧2       (Eq. 2-25) 

Here, 𝑳𝒎  and 𝑳𝒖  represent the G-antisymmetric and G-symmetric 

components of the logarithmic matrix 𝑳, which can be expressed as: 

 𝑳𝒎 =
1

2
(𝑳 − 𝑮𝑳𝑇𝑮) 

                                                    𝑳𝒖 =
1

2
(𝑳 + 𝑮𝑳𝑇𝑮)                             (Eq. 2-26) 

Minkowski metric matrix is 𝑮 = 𝑑𝑖𝑎𝑔(1,−1,−1,−1). 

If the sample does not contain depolarizing effect, 〈𝚫𝒎2〉 = 0 leads 

to 𝑳𝒖 = 0  and 𝑳𝒎 = 𝑳 . This in turns indicates that the 𝑳𝒎  matrix 

contains all the elementary polarimetric properties of the sample, 

which can be expressed as: 

                                        𝑳𝒎 = [

0
𝐿𝐷
𝐿𝐷′
𝐶𝐷

𝐿𝐷
0

−𝐶𝐵
𝐿𝐵′

𝐿𝐷′
𝐶𝐵
0

−𝐿𝐵

𝐶𝐷
−𝐿𝐵′
𝐿𝐵
0

]             (Eq. 2-27) 

If the sample contains the depolarizing effect, 〈𝚫𝒎2〉 ≠ 0 indicates 

that the diagonal elements of the 𝑳𝒖  matrix represent the 

depolarization coefficients with a quadratic dependence of the z 

distance: 𝑑𝑖𝑎𝑔(𝑳𝒖) = (0, 𝛼1, 𝛼2, 𝛼3). 

II.5.4 List of anisotropic properties 

In order to characterize the polarimetric properties of the fs irradiated 

samples, the linear and circular anisotropic properties are extracted 

from the Mueller formalism.  
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Table. 2-5. Linear and circular optical properties [23]. 

Property Definition 
Commonly described 

in polarimetry 
Unit 

LB 

(linear 

birefringence) 

𝜟𝒏𝑳 = (𝒏𝒙 − 𝒏𝒚) 𝑳𝑩 =
𝟐𝝅

𝝀
(𝒏𝒙 − 𝒏𝒚) ∙ 𝒅 radians 

LB’ 

(45°-linear 

birefringence) 

𝜟𝒏𝑳′

= (𝒏𝟒𝟓° − 𝒏−𝟒𝟓°) 

𝑳𝑩′

=
𝟐𝝅

𝝀
(𝒏𝟒𝟓° − 𝒏−𝟒𝟓°) ∙ 𝒅 

radians 

TLB 

(total linear 

birefringence) 

𝜟𝒏𝑻𝑳𝑩 = (𝒏𝒆 − 𝒏𝒐)  

< uniaxial 

material> 
𝑻𝑳𝑩 = √𝑳𝑩𝟐 + 𝑳𝑩′𝟐 radians 

TLB fast axis angle 
Lower refractive 

index axis 
𝜽𝑩 =

𝟏

𝟐
∙ 𝒂𝒓𝒄𝒕𝒂𝒏 (

𝑳𝑩

𝑳𝑩′
) degrees 

LD 

(linear dichroism) 
𝜟𝜿𝑳 = (𝜿𝒙 − 𝜿𝒚) 𝑳𝑫 =

𝟐𝝅

𝝀
(𝜿𝒙 − 𝜿𝒚) ∙ 𝒅 radians 

LD’ 

(45°-linear 

dichroism) 

𝜟𝜿𝑳′

= (𝜿𝟒𝟓° − 𝜿−𝟒𝟓°) 

𝑳𝑫′

=
𝟐𝝅

𝝀
(𝜿𝟒𝟓° − 𝜿−𝟒𝟓°) ∙ 𝒅 

radians 

TLD 

(total linear 

dichroism) 

𝜟𝜿𝑻𝑳𝑫

= (𝜿𝒉𝒊𝒈𝒉 − 𝜿𝒍𝒐𝒘) 𝑻𝑳𝑫 = √𝑳𝑫𝟐 + 𝑳𝑫′𝟐 radians 

TLD fast axis angle 
Lower attenuation 

axis 
𝜽𝑫 =

𝟏

𝟐
∙ 𝒂𝒓𝒄𝒕𝒂𝒏 (

𝑳𝑫

𝑳𝑫′
) degrees 

CB 

(circular 

birefringence) 

𝜟𝒏𝑪 = (𝒏− − 𝒏+) 𝑪𝑩 =
𝟐𝝅

𝝀
(𝒏− − 𝒏+) ∙ 𝒅 radians 

Optical rotation / 
𝜽𝒓𝒐𝒕 =  

𝝅

𝝀
(𝒏− − 𝒏+) ∙ 𝒅

∙
𝟏𝟖𝟎°

𝝅
 

degrees 

CD 

(circular dichroism) 
𝜟𝜿𝑪 = (𝜿− − 𝜿+) 𝑪𝑫 =

𝟐𝝅

𝝀
(𝜿− − 𝜿+) ∙ 𝒅 radians 

𝒏[ ]: refractive index; 𝜿[ ]: absorption index; 𝒅: thickness of anisotropic layer; 𝝀: probe 

light wavelength; x: x axis; y: y axis; e: extraordinary light; o: ordinary light; “-”: left-

handed; “+”: right-handed 

Accordingly, all the anisotropic properties are described as phase 



 

 

101 

 

difference because it is more practical for polarimetry. Besides, all the 

anisotropic properties discussed in this PhD thesis are summarized in 

Table. 2-5 with their definitions and units. 

 POLARIMETRIC INSTRUMENTATION 

Polarimeter, as the effective instrumentation for characterizing the 

polarimetric properties, has been developed to diverse categories. 

Initially, Stokes polarimeter can easily come to mind with its complete 

theory and simplicity. In general, Stokes polarimetry contains a single 

optical path with a polarization state analyzer (PSA) to identify the 

elements of the Stokes vectors, namely (I, Q, U, V). The PSA can be a 

succession of retarders, aiming to obtain the linear and circular 

retardation together with their orientations and a linear polarizer to 

identify the di-attenuation effects. Stokes polarimeters are widely 

used in remote sensing, light source characterization, and astronomy 

[209]. However, it does not contain an illumination component. 

Then, a type of polarimeter with illumination part emerges to be a 

novel strategy since the illumination part and analysis part can be 

both well-controlled. The illumination part contains the polarization 

state generation (PSG) with well-defined polarization states. The 

sample is inserted between the PSG and the PSA. Therefore, the PSA 

can record the polarizing effects on the incident light caused by the 

sample. Normally, the polarizing effects can be calculated from the 

obtained matrix of the sample. 

A Mueller polarimeter based on Mueller matrix method, is a modern 

polarimeter since it can also measure the partially polarized light. 

That is, it allows the sample to carry depolarizing effects. It commonly 

obtains a 4×4 Mueller matrix to depict the polarizing effects of the 

sample. Regarding the Mueller polarimeter, it could be in two 

different forms: spectroscopic Mueller polarimeter and imaging 

Mueller polarimeter. Specifically, the spectroscopic Mueller 

polarimeter gives the information within a wavelength range 

(typically in visible band and near infrared band), which is enabled by 

a wavelength scanning during the measuring process. The imaging 

Mueller polarimeter provides the possibility of spatial distribution of 

the polarizing effects in the sample.  
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II.6.1 Polarimetric microscopy based on a “de Sénarmont” 

compensator 

A “de Sénarmont” compensator employs a highly precise quarter-

wave plate (typically, a quarter-wave birefringent quartz or mica 

crystalline plate), together with a rotation analyzing polarizer with 

high-resolution 180-degree rotation capability. This device provides 

the measurement of quantitative retardation with an accuracy of one 

thousandth of a wavelength or even less. It is designed to measure 

the crystals, fibers, optical strain, or even living organisms for 

birefringence detecting at an optical probe light at 550 nm in the 

green light region. However, the probing light can be other 

wavelength when the quarter-wave plate is changed accordingly. The 

“de Sénarmont” compensator allows emphasizing of the contrast to 

detect the weak birefringent samples. 

As described from the Olympus resource center, the “de Sénarmont” 

compensator lies on the principle: the electric vector of the elliptically 

(or circularly) polarized light that emerges after the sample is 

superimposed on the electric vector of the circularly polarized light 

induced from the precise quarter-wave plate. This superimposing of 

the electric vectors leads to a vibration azimuth of the linearly 

polarized light that generated by the first polarizer, as depicted in Fig. 

2-11.  

 

Fig. 2-11: Illustration of principle of the “de Sénarmont” compensator. Cited from 

http://www.olympusmicro.com/. 

Specifically, in order to get the linear birefringence and the related 
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optical path difference of the sample, the “de Sénarmont” 

compensator is sandwiched in a crossed polarized microscopy after 

adjusting the slow axis and sign of birefringence by a first-order 

retardation plate (detailed information in the next section). The probe 

light is linearly polarized with an orientation according to the 

polarizer. The subsequent birefringent sample will convert the linearly 

polarized light into an elliptically polarized light (or circularly 

polarized light if the sample is just a quarter-wave plate). Then the 

precise quarter-wave plate will reconvert the elliptically polarized 

light back into linearly polarized light with an azimuth rotation 

related to the birefringence information, which can be recorded by 

rotating the 180-degree analyzer. That is, the azimuth of the output 

linearly polarized light measured by the rotating analyzer is a direct 

function of the optical path difference. 

The rotation angle obtained in the analyzer with an extinction is 

indeed one-half value of the full phase shift between ordinary and 

extraordinary wavefronts when the probe light propagates through 

the sample, i.e., 𝜃 = 𝜙𝑙/2. Thus, the related retardation 𝑅 with a unit 

of nm can be expressed as: 

                                                  𝑅 = Δ𝑛 ∙ 𝑑 = 𝜃 ∙
𝜆

𝜋
                                 (Eq. 2-28)  

Or if 𝜃 is expressed in degree, the 𝑅 should be: 

                                                𝑅 = Δ𝑛 ∙ 𝑑 = 𝜃 ∙
𝜆

180°
                             (Eq. 2-29) 

Here, Δ𝑛 is the birefringence while 𝑑 is the length of the measured 

distance (typically is the thickness of the sample). 𝜆 is the probe light 

wavelength. 

For example, several lines written by fs laser are depicted in Fig. 2-12. 

The green interference filter in the measuring system has a narrow 

bandpass at 550 nm. In this example, the measured azimuth angle of 

the analyzer is 78.7°, which indicates the retardation of the lines is 

approximately 240 nm at the probe wavelength of 550 nm. For more 

accurate results, several trials can be demonstrated to get an average 

value, or one can rotate the sample with 90° and attempt an opposite 
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direction of the rotation of the analyzer for extinction. 

 

Fig. 2-12: Microscopic images of fs written fine lines inside a silica slide measured by 

the crossed polarizer microscopy equipped by a “de Sénarmont” compensator. (a) The 

image under crossed polarizers with background fully dark. (b) The image under an 

extinction mode by rotating the analyzer with the lines fully dark. Cited from [70]. 

II.6.2 Full-wave retardation plate 

In fact, it is necessary to get the prior knowledge of the sign of 

birefringent property in the sample for finding the extinction angle of 

the analyzer rotation (since different rotation direction of the analyzer 

gets different result of the retardation). For example, a same rotation 

angle obtained from the analyzer can be derived from an extinction 

of a sample with positive birefringence that retards the wavefront or 

a sample with negative birefringence that advances the wavefront. 

We cannot easily distinguish them.  

Here, a full-wave retardation plate substitutes the “de Sénarmont” 

compensator in the optical path between the rear aperture of the 

objective and the analyzer. Thus, an optical path difference (exact 

wavelength is dependent on the manufacturer, here is 530 nm) is 

introduced to the entire wavefront field. This technique is utilized to 

determine the index ellipse orientation caused by the birefringent 

sample before the quantitative retardation measurement by “de 

Sénarmont” configuration. The full-wave plate is made of thin 

anisotropic quartz with precise thickness according to the wavelength. 

It is inserted between two crossed polarizers with diagonally 

distributed.  
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Fig. 2-13: Principle of the first order full-wave retardation plate. Cited from 

http://www.olympusmicro.com/primer/techniques/polarized/firstorderplate.html. 

The principle of this technique is depicted in Fig. 2-13. Specifically, 

the polarized white light can be symbolized with three wavefronts, 

namely blue, green, and red lights. When probe light passes through 

an isotropic sample (or no sample), the background exhibits a 

magenta color because the green light is blocked.  When the slow 

axis of the sample is parallel to the full-wave plate, the red light is 

blocked, and the observed output light is blue. On the contrary, when 

the slow axis of the sample is perpendicular to the slow axis of the 

full-wave plate, the blue part will be linearly polarized and blocked. 

Thus, the result emerges to be yellow. 

II.6.3 Experimental identification of different modification types 

written by fs laser 

In order to achieve the targeted structural modifications written by 

our fs laser writing system, it is necessary to identify the damage 

thresholds of the fs written structure types and thus determine the 

modification window, especially for the Type II window. For 

demonstrating the calibration of damage thresholds, we set a series 

of laser writing parameters including polarization, repetition rate and 

pulse energy. Here, the polarization configuration is defined as 

“scanning direction + polarization direction”, e.g., “Xx” (“Xy”) 

configuration refers to a scanning direction along x axis and the 

polarization orientation is along x (y) axis. Additionally, the speed is 

http://www.olympusmicro.com/primer/techniques/polarized/firstorderplate.html
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set according to the repetition rate by fixing the overlapping rate 

equals to 1000 pulses/m. The specific parameters are depicted in 

the Table. 2-6.  

In this laser writing configurations, we obtain the identification of 

Type II, Type III, and heat accumulation modifications in the 

experiment. However, Type I structures are not observed, which is 

mainly attributed to the fixed overlapping rate (not low enough to 

excite Type I structures). Then we characterize the modified structures 

by the microscopy with equipping of crossed polarizers, full-wave 

plate, and “de Sénarmont” compensator. As depicted in Fig. 2-14, 

clear Type II structures are obtained by both “Xx” and “Xy” writing 

configurations. As introduced in the previous section, the full-wave 

retardation plate technique is utilized to confirm the sign of the 

birefringence of the Type II structures. Fig. 2-14(A) exhibits clear 

yellow color in the laser irradiated line regions indicates the slow axis 

of Type II nanograting is perpendicular to the slow axis of the full-

wave plate, which agrees well with the Xx configuration. Additionally, 

Fig. 2-14(B) shows a blue color of Xy written Type II nanograting 

with a slow axis parallel to the slow axis of the full-wave plate. 

Table. 2-6. List of the main parameters employed in the calibrations. 

Conf. 

Pulse 

energy 

(J) 

NA 
RR 

(kHz) 

Scanning 

speed 

(mm/s) 

Overlap 

(pulse/

m) 

Pitch 

(m) 

Depth 

(m) 

Xx 0.0125-5 0.6 

10 0.01 

1000 1 200 

50 0.05 

100 0.1 

250 0.25 

500 0.5 

1000 1 

Xy 0.0125-5 0.6 

10 0.01 

1000 1 200 

50 0.05 

100 0.1 

250 0.25 

500 0.5 

1000 1 

Conf.: configuration; NA: numerical aperture; RR: repetition rate.  
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Fig. 2-14: Crossed polarizer microscopic image of Type II nanograting structures with 

a full-wave plate: (A) Xx configuration. (B) Xy configuration. 

When the pulse energy approaches the T3 threshold, Type III voids 

caused by micro-explosion can be observed under both Xx and Xy 

configurations, as shown in Figs. 2-15(A) and 2-15(C), respectively. 

The laser track is filled with a series of voids in the irradiated line 

regions. When the pulse energy increases furthermore, heat 

accumulation is achieved. In the heat accumulation region, the laser 

track possesses an obvious spatial broadening profile due to the 

thermal effects, as depicted in Figs. 2-15(B) and 2-15(D). Since 

these modifications do not have apparent birefringent properties, 

they are dark as the background in the crossed polarizers 

configuration. 

 

Fig. 2-15: Characterizations of Xx and Xy configurations fs laser written Type III voids 

structures and heat accumulation structures by the ordinary microscopy. (A) Ordinary 

microscopic image of Type III void structures written by Xx configuration. (B) Ordinary 

microscopic image of heat accumulation structures written by Xx configuration (C) 

Ordinary microscopic image of Type III void structures written by Xy configuration.  

(D) Ordinary microscopic image of heat accumulation structures written by Xy 

configuration. 



 

 

108 

 

To quantitatively identify the modification window, the modification 

types on the dependence of laser parameters are summarized in Fig. 

2-16 with both Xx and Xy configurations. 

 

Fig. 2-16: Summary of fs laser modification type window dependent on different laser 

parameters. (A) Modification type window with a Xx configuration. (B) Modification 

type window with a Xy configuration. 

From the experimental results, lower repetition rate is more 

appropriate for the Type II nanograting imprinting. Specifically, laser 

writings at the repetition rate of 10 kHz and 50 kHz allow smooth 

Type II nanograting modifications in the whole calibrated pulse 

energy range (i.e., up to 5 J/pulse). Non-smooth Type II 

nanogratings start to emerge at high pulse energies at the repetition 

rate of 100 kHz. At a repetition rate of 1000 kHz, only few pulse 

energies enable the modification of Type II structure, which is not an 

appropriate parameter as we expected. The results of Xx 

configuration and Xy configuration are quite similar, despite of some 
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small differences especially located in the identification of non-

smooth Type II structures and Type III voids structures. 

Since Type II nanograting structures exhibit strong birefringent 

properties, the retardance measurement is very important, which is 

characterized by the polarimetric microscope equipped with the “de 

Sénarmont” compensator. Benefit from the identification from full-

wave plate characterizations, the rotation direction of the analyzer for 

extinction is known and the rotated azimuth angle can be easily 

obtained. Thus, the retardance measurements are summarized in Fig. 

2-17 with both Xx and Xy configurations. 

 

Fig. 2-17: Summary of fs laser modification type windows with quantitative 

measurement of retardance. 

From the experimental results, the retardance of smooth Type II 

nanograting structures can reach 300 nm. The evolution of the 
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retardance typically exhibits an increase shape at the increase of 

pulse energy. At lower repetition rates, the retardance will remain the 

maximum value for several pulse energies. When the pulse energy is 

relatively high (close to the T3 threshold), the retardance experiences 

a decline to lower values or even zero when entering in the Type III 

window. From this summary, one can easily get the appropriate 

parameters to use for imprinting targeted modification types and 

even certain retardance it possesses. 

II.6.4 Polarimetric microscopy for optical rotation angle 

measurement via “uncrossing technique” 

In this PhD thesis, we focus on the fs laser creating chirality in silica 

glasses, which is characterized by imprinting circular optical 

properties, especially circular birefringence (CB). From a theoretical 

view, circular birefringence refers to the phase difference between 

left-handed and right-handed circularly polarized lights when 

propagating in the chiral sample. 

 

Fig. 2-18: Schematic of optical rotation caused by CB. 

In general, a linearly polarized light can be divided into two 

orthogonal circularly polarized lights, namely left-handed and right-

handed circularly polarized lights, as depicted in Fig. 2-18(A). If the 

light propagates through a media without CB, the two circularly 

polarized lights own same phase and “rotate” synchronously. Thus, 

their combination remains the original linearly polarized light (i.e., no 
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changes will add to the incident light). However, if the light 

propagates through a media that possesses CB optical property, it 

will introduce a phase difference between the two circularly polarized 

lights, for example, the right-handed circularly polarized light “rotates” 

faster than the left-handed one. Thus, their output light beam will be 

different from the original incident light, which experiences a rotation 

of the plane of polarization, as depicted in Fig. 2-18(B). Although it 

is a continuous process (there is a thickness of the anisotropic media), 

this figure shows a final output caused by CB.  

Therefore, one of the significant properties of CB is often called 

optical rotation. From the opposite view, we can quantify the 

imprinted CB by measuring the optical rotation angle. A standard 

crossed polarizer microscope is suitable for such a characterization. 

Specifically, the first polarizer produces an incident light with linear 

polarization. Then the sample with CB will rotate the plane of 

polarization of the incident light. Finally, the analyzer is utilized to 

extinct the light transmission to quantify the rotated azimuth angle 

caused by CB, it is a so-called “uncrossing” technique. A typical 

measurement is depicted in Fig. 2-19. For example, an fs laser 

written multilayer sample that owns a large CB value can lead to a 

60.1° optical rotation. Thus, the related CB value can be calculated to 

be 2.1 rad according to the relationships summarized in Table. 2-5. 

 

Fig. 2-19: Illustration of optical rotation measured by an “uncrossing” technique in a 

crossed polarizer polarimeter. (A) Crossed polarizer microscopic image with the 

sample. (B) Uncrossed polarizer microscopic image with the sample indicating an 

optical rotation of 60.1°. Measured at the probe wavelength of 550 nm. The sample is 

a four-layer spiral sample written with 0°, 45°, 90°, 135° polarization of each layer, 

respectively. Other laser parameters are 1030 nm, 800 fs, 0.16 NA, 100 kHz, 0.5 

mm/s, 0.8 J, 450 m depth (bottom layer), layer gap 100 m. 
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II.6.5 Vis-Near IR Mueller polarimeter 

The visible and near-infrared (Vis-Near IR) Mueller polarimeter can 

record the polarizing properties of the sample by detecting the 

Mueller matrix with 16 elements. This device is based on liquid crystal 

components and has the capabilities for characterizing film thickness 

and optical constants with extremely high accuracy. The designed 

system only employs fixed elements with no moving components in 

the acquisition process and has been optimized for minimizing the 

errors [210]. 

A tungsten-halogen lamp together with a blue-LED for ensuring a 

detective wavelength band from 400 nm to 1000 nm enables the 

illumination of the system. The input and output heads are identical, 

which contains a polarizer, two ferroelectric liquid crystals, as well as 

a fixed retardation plate. A CCD detector is utilized to analyze the 

result as a spectrograph, which can record 16 elements of the Mueller 

matrix within 2 seconds at a high accuracy. 

Any Mueller polarimeter contains a PSG for generating at least four 

linearly independent states of polarization Sin to form the modulation 

matrix W and a PSA for analyzing the output Sout via characterizing 

the projections over at least four linearly independent fundamental 

states of polarization to determine the analytical matrix A. Thus, the 

Mueller matrix M can be obtained by B=AMW. A prior calibration 

step can determine the matrix A and W and then the M matrix can be 

obtained from B. 

The calibration is based on eigenvalue calibration method [211], 

which is rapid and simple. Specifically, we use a linear polarizer and a 

retardation plate as a known sample. In this method, the detailed 

description of both PSG and PSA is not required. Besides, the 

calibration can be done automatically, which is quite user-friendly. 

This innovative instrument is capable of Mueller matrix identification 

ranging from isotropic samples to anisotropic samples no matter 

they are depolarizing or not. The full Mueller matrix with 16 elements 

information can be obtained with high accuracy and precision, which 

allows this spectroscopic Mueller polarimeter to record most 



 

 

113 

 

anisotropic phenomena within a large wavelength band. Thus, the 

users gain easy processes to understand the information on the 

values of anisotropy and its axis and identify the complex sample 

types efficiently. 

 CONCLUSION 

Methodology and experimental details are quite important to carry 

out the experimental works and the way to conceive ideas. Form the 

introductions in this chapter, acousto-optic mode converters can be 

fabricated accordingly. The transient dynamics in an ultrafast laser is 

possible to be observed. Additionally, the anisotropic optical 

properties of the fs laser written structures can be well characterized 

by several suitable polarimeters. 
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Chapter.III  DYNAMIC SWITCHING OF VECTOR BEAMS VIA 

ACOUSTO-OPTIC INTERACTIONS  

 INTRODUCTION 

This section depicts the works about dynamic switching of spatial 

modes by acousto-optic interactions in fibers. This is a basic work of 

highlights in manipulating spatial modes and further the chiral vortex 

modes with fast switching capability. 

In the first part, we present a work published in Optics Letters in 

2018. It is related to a dual-resonant acousto-optic mode conversion 

with orthogonal HOMs manipulation. The fundamental mechanism of 

the dual resonance is caused by the asymmetric geometry of the 

fibers, which leads to a symmetry breaking in the acoustic and optical 

birefringence. We proposed a theoretical model to explain the co-

effect of acoustic and optical birefringence, which indicates the 

method to control the conversion efficiency of these two resonant 

peaks in the spectrum. By combining with the wavelength tunability 

of the acousto-optic interactions, an orthogonal HOM switching 

between LP11a and LP11b modes at one single wavelength is 

demonstrated via altering the applied frequencies of the microwave 

signals. Thus, with applying a phase difference by polarization 

controllers, a vortex switching between positive and negative 

topological charges (namely, +1-order OAM vortex beam and -1-

order OAM vortex beam) is realized. 

The second part includes a work published in IEEE Photonics Journal 

in 2020, which is about utilizing acousto-optic interactions in high-

power fiber lasers operating at HOMs for its unique potential in 

thermal stability. Due to the non-destructive structure of the acousto-

optic mode converters, it will not introduce thermal accumulation in 

the mode conversion region while conventional mode converters like 

long-period fiber gratings and mode selective couplers do. Besides, 

this device also possesses dynamic mode switching capability which 

provides more possibilities in high-power fiber lasers with higher-

order modes or likely vortex modes in future studies.  
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We propose a dynamic scheme to realize mode-
switchable generation of LP11a/b modes and ±1-order 
orbital angular momentum (OAM) modes simultaneously, 
which are induced by an acoustically-induced fiber 
grating driven by a radio frequency modulation. LP11a/b 
mode degeneration in a few-mode fiber is induced by the 
geometric irregularity of optical fibers. A dual-
wavelength resonance of mode coupling from LP01 to 
LP11a/b modes is found based on the combined effects of 
optical and acoustic birefringence. Within the 
configuration of CW intra-cavity laser output, we 
experimentally demonstrate a fast-switchable generation 
of LP11a/b modes and optical vortex beams with ±1-order 
OAM at a switching speed up to 4.3 kHz. This approach 
has potential applications in mode division multiplexing, 
particle manipulation, stimulated emission depletion 
microscopy and quantum information science. ©  2018 
Optical Society of America 

OCIS codes: (230.1040) Acousto-optical devices; (140.3510) Lasers, fiber; 
(050.4865) Optical vortices; (060.2330) Fiber optics communications. 

http://dx.doi.org/10.1364/OL.99.099999 

The frontier of discovering that optical vortex beams (OVBs) carry 
orbital angular momentum (OAM) [1] has led to appreciable 
advances in particle manipulation [2], mode-division multiplexing 
[3], quantum state manipulation [4], stimulated emission 
depletion microscopy (STED) [5] and other diverse applications 
[6-10].  In an effort to extend these applications, fiber-based mode 
converter is a key component with the implementation of high-
order modes (HOMs) generation. Compared to spatial bulk 
components that require careful alignment of free-space optics, 
such as q-plates [11] and spatial liquid modulators [12], all-fiber 

mode converters have the advantage of inherent compatibility to 
the fiber-optic systems.  The long period gratings (LPGs) method 
couples light from a fundamental core mode into forward 
propagating core HOMs in a few-mode fiber (FMF). Experimental 
demonstrations of LPGs with high efficiency of mode conversion 
have hitherto been reported. The methods of constructing LPGs 
are mainly clarified by three categories: mechanical micro bending 
[13], CO2 laser inscription [14] and acousto-optic effect [15-17]. 
However few works on the degeneration of HOMs and mode-
switching in LPGs has been reported, such as OAM states of the 
OVBs have been only obtained separately [13]. 

In this paper, based on an acoustically-induced fiber grating 
(AIFG) we exploit a dynamic scheme to realize mode degeneration 
of LP11a/b modes and ±1-order OAM modes simultaneously. The 
geometric irregularity of optical fibers is exploited to mode 
degeneration and the mechanism of dual-wavelength spectrum is 
numerically and experimentally demonstrated. The degenerated 
linear-polarization modes of LP11a/b as well as the OAM states with 
topological charges of ±1 can be switched simultaneously by use 
of RF frequency modulation. This component expands the 
diversity of AIFG application, which has been implemented in CW 
intra-cavity laser.   

Here the acoustic wave produced by a RF-driven transducer 
propagates along the unjacketed fiber in the lowest-order acoustic 
flexural mode, which makes a periodical micro-bend on the fiber 
and creates a dynamic LPG. To realize the mode conversion from 
LP01 mode to LP11 mode, the phase matching condition should be 
satisfied 𝐿𝐵 = Λ [18],  in which the beat length 𝐿𝐵 is 𝐿𝐵 =
𝜆/(𝑛01 − 𝑛11) and the period of the constructed LPG is expressed 

as Λ = (πR𝐶𝑒𝑥𝑡/f)
1

2 due to the acoustic dispersion theory [19]. 
Here 𝑛01and 𝑛11 represent the effective refractive indices of LP01 
and LP11 modes, respectively, and 𝜆  is the corresponding 
wavelength. R refers to the radius of the unjacketed fiber while 
𝐶𝑒𝑥𝑡  and f represent the propagating speed of acoustic wave along 



silica fiber (5760 m/s) and the applied frequency. Hence the mode 
conversion occurs at the resonant wavelength of  𝜆𝑟𝑒𝑠 =
(𝑛01 − 𝑛11) ⋅ Λ, which can be tuned by altering RF frequency. The 
coating layer of the fiber is removed in the target acousto-optic 
interaction region lest it should absorb the acoustic waves. Here 
the flexural acoustic waves are generated by using a thickness-
mode piezoelectric transducer. A 25-cm-long bare few-mode fiber 
is glued to the top of the silica horn, as depicted in Fig. 1(a). The RF 
signal is amplified by a high frequency voltage amplifier (Aigtek: 
ATA-2022H).  

The irregularities of optical fibers lead to both optical and 
acoustic birefringence [20]. As shown in Fig. 1(a), the major and 
minor axes of the fiber are defined as long and short axes of the 
ellipse cladding, while a and b axes are the short and long axes of 
the ellipse core, respectively. The ellipticity of the fiber core is 
defined as the ratio of the short to the long axes, and results in a 
degeneration of HOMs [21]. 𝜶 is the angle between the ellipse 
short axes of fiber core (a axis) and fiber cladding (minor axis) and 
𝜷 is the angle between the acoustic vibration direction and the 
minor axis. The ellipticity of the fiber outer cladding also leads to 
an acoustic phase velocity difference between the ellipse axes 
(acoustic eigen axes). 

 

Fig. 1.  (a) The proposed AIFG schematics constructed by optical fiber 
birefringence and acoustic vibration, and the simulated LP11a/b modes. 
(b) Different efficiencies of dual-wavelength resonance (from LP01 to 
LP11a/b) and the corresponding LP11 mode patterns when the angle   is 
about 78°, 45° and 12°, respectively. 

Thus, the coupling strengths from LP01 mode to LP11a/b modes 
can be formulated by a trigonometric decomposition [20]: 

κ(𝑧) = [
𝜅𝑎(𝑧)

𝜅𝑏(𝑧)
] = 𝜅0 [

−𝑠𝑖𝑛𝛽 ⋅ 𝑠𝑖𝑛𝛼 ⋅ 𝑒
𝑖

2𝜋

Λ𝑙 + 𝑐𝑜𝑠𝛽 ⋅ 𝑐𝑜𝑠𝛼 ⋅ 𝑒
𝑖
2𝜋

Λ𝑠

𝑠𝑖𝑛𝛽 ⋅ 𝑐𝑜𝑠𝛼 ⋅ 𝑒
𝑖
2𝜋

Λ𝑙 + 𝑐𝑜𝑠𝛽 ⋅ 𝑠𝑖𝑛𝛼 ⋅ 𝑒
𝑖

2𝜋

Λ𝑠

]                

(1) 

The coupling strength κ(𝑧) consists of  𝜅𝑎(𝑧) and 𝜅𝑏(𝑧), which 
represent the coupling between LP01 and degenerated LP11a and 
LP11b, respectively. 𝜅0 is the coupling strength when α = 0 and 
𝛽 = 0. Λ𝑙 and  Λ𝑠 refer to the AIFG periods along the major axis 
and the minor axis, respectively. Considering the same ellipse 
direction of the fiber cladding and core (α = 0), the coupling 
strength can be simplified to be:  

κ(𝑧) = [
𝜅𝑎(𝑧)

𝜅𝑏(𝑧)
] = 𝜅0 [

𝑐𝑜𝑠𝛽 ⋅ 𝑒
𝑖
2𝜋

Λ𝑠

𝑠𝑖𝑛𝛽 ⋅ 𝑒
𝑖
2𝜋

Λ𝑙

]                         (2) 

Then the coupling strengths 𝜅𝑎(𝑧) and 𝜅𝑏(𝑧) are sine function 
of the angle 𝛽, which means that one can simply adjust the angle 
between acoustic vibration and ellipse axes of the fiber to control 
the coupling efficiencies of LP01-LP11a and LP01-LP11b. The 
experimental results are shown in Fig. 1(b), which present 
different coupling efficiencies of LP01-LP11a and LP01-LP11b. The fiber 
is rotating and gluing to the transducer at the different angle 𝛽 
about 78°, 45° and 12°, respectively.  

The transverse electric field distributions of LP11a and LP11b 
modes are calculated using a finite element method (Comsol 
Multiphysics), as depicted in Fig. 1(a). A small ellipticity of fiber 
core (radius of short axis:  𝑟𝑎 = 9.2 𝜇𝑚; radius of long axis:  𝑟𝑏 =
9.3 𝜇𝑚) is induced to achieve the effective refractive indices 
difference Δneff (~2.4*10-5) between LP11a and LP11b, therefore the 
conventional LP01-LP11 resonant peak is split into two resonant 
peaks corresponding to LP11a and LP11b, separately. The simulated 
beat length 𝐿𝐵  and the period of AIFG are both shown in Fig. 2(a).  

We experimentally observe the dual-wavelength resonance 
corresponding to LP01-LP11a and LP01-LP11b modes in Fig. 2(b). Both 
the transmission depletion for LP11 modes are over –15 dB. The 
two resonance with a wavelength interval of ~30 nm can be 
simply tuned by the RF frequency, which agrees well with the 
theoretic calculation as shown in Fig. 2(c) and 2(d). 

 

Fig. 2.  (a) The simulated beat length 𝐿𝐵 of LP11a and LP11b modes in a 
slightly elliptic fiber and the period of AIFG as a function of applied 
frequency. (b) A dual-resonant transmission spectrum. (c) The spectra 
at frequencies of 733 kHz, 736 kHz and 739 kHz. (d) The resonant 
wavelengths shift as the increase of frequency, compared with 
calculations (curves) and experimental results (denoted dots). 

Due to the dual-resonance and the wavelength-tuning feature, a 
switchable generation between LP11b and LP11a modes at a certain 
wavelength (e.g. 1550 nm) can be simply controlled by altering the 
applied frequency (at 738.0 kHz and 753.0 kHz). The switching 
time between the modes is mainly determined by the transit time 
of the acoustic flexural wave propagating through the acousto-
optic coupling region of the AIFG [17] and can be expressed as τ =

L/(𝜋 ⋅ 𝑅 ⋅ 𝐶𝑒𝑥𝑡 ⋅ 𝑓)
1

2. Here L is the length of the acousto-optic 
coupling region (25 cm). The switching times of LP01-LP11b and 
LP01-LP11a are calculated as 0.274 ms and 0.271 ms.  
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Here an intensity modulator (IM) structure is demonstrated 
based on the mode conversion of the AIFG as shown in Fig. 3(a). A 
light beam at the wavelength of 1550 nm from a tunable laser (TL) 
is launched into the AIFG. After mode coupling, the HOM part of 
the output light beam is totally depleted through a mode stripper 
(MS) to a single-mode fiber (SMF), while the remained 
fundamental mode propagates through the MS and the SMF 
without any loss. Thus, different efficiency of mode coupling 
determines the optical loss as shown in Fig. 3(b).  The higher the 
efficiency, the more loss induced in the IM. The switching time 
from LP01 to LP11 is about 0.31 ms, which is close to the calculated 
transit time τ. Besides, the collapse time of an AIFG is also 
measured to be about 0.15 ms from LP11 to LP01. Here different 
applied voltages are used to obtain different conversion efficiency 
of LP11a and LP11b in order to distinguish the modes [17]. The 
switching time between LP11b and LP11a is measured to be 0.23 ms, 
which means that the switching speed is up to 4.3 kHz. By 
increasing the applied voltages, the output power is recorded in 
Fig. 3(c). In the range from 25 Vpp (voltage peak-peak) to 150 Vpp, 
the output power performs a good linear relation with applied 
voltage. Notice that when the voltage is over 150 Vpp the output 
power starts to increase due to the over-coupling effect. 

   

Fig. 3.  (a) The setup diagram of intensity modulator based on an AIFG. 
TL: tunable laser; MS: mode stripper; RF: radio frequency; PD: 
photoelectric detector; OSC: oscilloscope. (b) The temporal trace of 
mode switching from LP01 to LP11b, from LP11b to LP11a and from LP11a 
to LP01. f1: 738.0 kHz; f2: 753.0 kHz. (c) The output power as a function 
of applied voltage. (d) The signal wave (Sig), amplitude modulation 
wave (Mod) and demodulation wave (Dem) of the AIFG-based IM. 

Furthermore, the AIFG-based intensity modulation is obtained 
when the amplitude modulation (AM) of HOM is used. Figure 3(d) 
shows the sine signal wave, the modulation waveform and 
demodulation waveform. Here the phase of the demodulation 
waveform is opposite to the signal because the mode conversion is 
increased with the increase of applied voltage. Thus, the remaining 
output power of LP01 mode reaches the minimum value when the 
voltage is the maximum value. The maximum frequency of 
undistorted waveforms is measured to be 1.2 kHz.  

To demonstrate the aforesaid applications and devices, a CW 
intra-cavity laser with an AIFG-based switchable mode converter 
has been presented as shown in Fig. 4. The schematic diagram of 
the intra-cavity CW laser is depicted in Fig. 4(a). The gain is 
provided by a single mode Erbium-doped fiber (EDF) pumped at 
980 nm through a wavelength division multiplexer (WDM). A MS 
made of 5 turns on a 10-mm-diameter rod is utilized to ensure a 
pure LP01 mode into the AIFG. A cavity mirror is made by a SiO2-
Ta2O5 dielectric film coated at the end face of an FMF jumper [22], 
which reflects 60% of the HOMs at the wavelength of 1550 nm. 
Then LP11a/b mode is reconverted to LP01 mode by the AIFG for 
laser oscillation. The wavelength of the amplified light is selected 
by a single mode fiber Bragg grating (FBG), which reflects the light 
at the central wavelength of 1550.3 nm with a reflectivity > 98% 
and 3 dB bandwidth of 0.5 nm. The residual light out of the FBG is 
measured by an optical spectrum analyzer (OSA), which shows the 
output spectrum in Fig 4(c). The laser output power as a function 
of pump power is depicted in Fig. 4(d) and the slope efficiency is 
18.2%. For the CW laser emission at the wavelength of 1550 nm, 
the RF frequency is set to 738.0 kHz (753.0 kHz) to achieve the 
mode conversion of LP01-LP11b (LP01-LP11a). Hence the laser output 
can be mode-switched between LP11a or LP11b modes, which are 
determined by different applied frequencies. (see visualization 1).  

 

Fig. 4.  (a) The setup diagram of the intra-cavity CW laser with 
interference unit. SP: splice point between SMF and FMF; PC: 
polarization controller. (b) The mechanism of switching OVBs. (c) The 
spectrum of CW laser output. (d) The output power as a function of 
pump power. The intensity distributions of Gaussian beam (1), LP11 
beam (2), OAM beam (3) and interference pattern (4) for LP11b mode 
(e) and for LP11a mode (f). 

Moreover, the output beams of LP11a/b modes are easily utilized 
to generate OVBs with switchable OAM modes, as shown in Fig. 
4(b). By adjusting the rotation of the PC, the generated LP11 mode 
can be aligned to different directions. For the case of the LP11a 
mode (setting the frequency at 753.0 kHz) aligned at 45° to the x 
axis of the fiber cross section, the rotated LP11a mode (defined as 
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LP11a(rot)) can be expressed as a superposition of two in-phase 
orthogonal LP11 modes: 𝐿𝑃11𝑎(𝑟𝑜𝑡) = 𝐿𝑃11

𝑒𝑣𝑒𝑛 + 𝐿𝑃11
𝑜𝑑𝑑. When the 

stress axis is supposed to coincide with the y axis of the fiber cross 
section, a phase difference may appear between the two orthogonal 
modes. This is because the stress changes the effective dimensions of 
the FMF resulting in different phase velocities of the two modes. By 
adjusting the pressure appropriately, the two orthogonal modes can 
achieve a +π/2 phase difference and the output is a +1-order OAM 
beam with a symmetric annular intensity profile and a helical phase 
front [13]. Then under the same situation of PC state, for the case of 
LP11b mode (setting the frequency at 738.0 kHz) the rotated LP11b 
mode is 𝐿𝑃11𝑏(𝑟𝑜𝑡) = 𝐿𝑃11

𝑒𝑣𝑒𝑛 − 𝐿𝑃11
𝑜𝑑𝑑. The same phase difference 

+π/2  is introduced and the output is a -1-order OAM beam. The two 
output OAM beams can be respectively expressed as: 

 𝑂𝐴𝑀±1 = 𝐿𝑃11
𝑒𝑣𝑒𝑛 ± 𝑖 ⋅ 𝐿𝑃11

𝑜𝑑𝑑                                    (3) 

The helical phase exp(±𝑖ℓℎ) of the ±1-order OVBs signifying ℓ =
±1 per photon is verified by examining their interference patterns 
with a Gaussian beam. Note that the frequencies of the ±1-order 
OVBs are down-shifted from that of the 𝐿𝑃01mode by an amount 
of the acoustic flexural wave, however, the reference light requires 
the same frequency with the OVBs for beam interference. To do so, 
the output OVB from the FMF is divided into two paths by a 3-dB 
FMF coupler. One branch is directly spliced to SMF to convert the 
±1-order OVBs back to a fundamental mode as a reference beam. 
Then the reference beam and the optical vortex beam are 
collimated, attenuated to same power and combined through a 
non-polarization beam splitter (NPBS) to obtain the interference 
patterns, which are recorded by a charge-coupled device (CCD), as 
shown in Fig. 4(e) and 4(f) (see visualization 2). 

 

Fig. 5.  The schematic diagram of mode switching with the modulation 
of RF frequencies (f0, f1 and f2). Intensity patterns of modes switching 
(second row) and the corresponding interference patterns (third row). 

Fast-switchable AIFG-based mode converter develops a new 
idea in OAM generation. This flexible component provides a 
method for a donut-shaped source, which can be used in STED 
application to deplete the fluorescence of gaussian beam for 
achieving the resolution beyond the diffraction limit [5]. 
Furthermore, fast-switchable OAM beams also has the potential in 
optical communication and particle manipulation. The modulation 
schematic diagram is shown in Fig. 5. The 𝑓1  refers to the 
frequency at the mode conversion of LP01-LP11b (here is 738.0 kHz) 
while the  𝑓2 refers to the frequency at the mode conversion of 
LP01-LP11a (here is 753.0 kHz). The 𝑓0 represents the non-resonant 
frequency or turning off the RF signal.  The corresponding linear 
polarized beams and ±1-order OVBs are modulated by RF 
frequencies. The fast-switchable beams between Gaussian beams 
and ±1-order OVBs can accordingly control the particles trapping, 
(anti-)clockwise spinning. 

In summary, we have experimentally demonstrated a fast-
switchable mode converter, which can generate switching LP11a/b 
modes and ± 1-order OVBs at a switching speed up to 4.3 kHz. The 
mechanism of dual-wavelength resonant spectrum is numerically 
and experimentally analyzed. By varying the RF frequency, both 
the resonant peaks of LP01-LP11b and LP01-LP11a can be tuned with a 
spectral tuning rate of 2 nm/kHz. The orthogonal mode switching 
of both HOMs and OVBs enriches the diversity of AIFGs and the 
demonstrated intra-cavity CW laser with switching HOMs and 
OVBs output are advantageous for practical applications. 
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Abstract: Agile mode switching between LP01 and LP11 modes in an all-fiber laser is
demonstrated by exploiting an acoustically induced fiber grating within the laser cavity.
The laser exploits a cladding pump configuration and can deliver up to 5.85 W of stable
output power in LP11 mode at 1070.07 nm and 6.06 W in LP01 mode at 1070.48 nm,
with a slope efficiency near 50%. Complete mode-switching speed with 250 Hz and partial
mode-switching speed with 1 kHz are demonstrated. Based on the obtained switching time
between LP11 and LP01 mode, the maximum complete mode-switching speed is calculated
to be ∼555.56 Hz. Moreover, variable output beam profiles could be obtained by adjusting
the frequency of the modulation signal applied on the acoustically induced fiber grating.
This paper could provide an example of realizing a high-power, mode-switchable fiber laser
source for practical use.

Index Terms: Mode switching, agile, acoustically-induced fiber grating, high order mode.

1. Introduction
Fiber lasers with pure high-order-mode (HOM) output have been intensively studied in recent years
owing to their unique polarization, amplitude and phase characteristics. Generally, there are several
commonly used approaches to realize HOM operation, including adopting spatial light modulators
[1], [2], employing long period gratings [3], [4], introducing adaptive control [5]–[7], using few-mode
fiber Bragg gratings (FBGs) [8]–[10] and taking advantage of mode selective couplers [11], [12].
Currently, exploration on HOM fiber lasers has focused on power scaling [13], nonlinear conversion
[4], [14], vector beam generation [15], etc. However, only a little attention has been paid on fast
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Fig. 1. Configuration of the AIFG. (PZT: piezoceramic transducer, RF: radio frequency source. The red
line in this figure stands for few-mode fiber).

mode switching of HOM lasers. In some fields, such as material processing, laser beams with
dynamically adaptable transverse profiles could yield substantially higher processing speeds as
well as improved cut quality. Meanwhile, the fast-mode switching capability can enable the use of
the optimum beam characteristics for each step of the cutting process, not just for cutting of different
materials or various thicknesses [16]–[19]. In 2013, J. Daniel et al. realized mode selection and
switching in a multimode fiber laser oscillator by adopting a few-mode fiber Bragg grating and an
acoustic-optic tunable-filter as the free-space wavelength-selective element [18]. They proved that
the mode is changing at the frequency of 20 kHz but could not confirm that it was switching between
LP01 and LP11 modes. No further researches have been reported to achieve fast mode switching.

Here, we fabricate an acoustically-induced fiber grating (AIFG) and apply it in a fiber laser to
achieve intra-cavity mode conversion and agile mode switching. An AIFG, which consists of a
piezoceramic transducer (PZT), a horn and a piece of few-mode fiber (FMF), can provide a flexible
method to achieve all-fiber mode conversion and fast mode switching within a wide wavelength range
[20]. Applications of such kind of device include mode-locked fiber lasers [21] and Q-switched fiber
lasers [22]. In terms of mode conversion, it has also been adopted for generating cylinder beams
and optical vortex beams [23]–[27]. It should be noted that fast mode-switching capability of the
above-mentioned fiber laser based on AIFG has not been fully studied and the output powers of
these fiber lasers are relatively low (less than several tens of milliwatts).

In this paper, intra-cavity mode conversion and agile mode switching between LP01 and LP11

have been realized through an AIFG. In addition, the output power of LP11 mode reaches 5.85 W
with a slope efficiency of ∼46.58%, while the output power of LP01 mode reaches 6.06 W with a
slope efficiency of ∼48.16%, and the average output power does not change much during the mode
switching operation. Variable output beam profiles could be obtained by adjusting the frequency of
the modulation signal, which also benefits from the unique characteristics of the AIFG.

2. Principle and Experimental Setup
2.1 Principle of AIFG

The basic schematic of an AIFG is shown in Fig. 1. It consists of a PZT, a quartz horn and a piece
of FMF. The coating of a part of the FMF is removed, which serves as the acoustic-optic coupling
region. Both the bottom diameter and the height of the horn are 10 mm. The resonant frequency of
the PZT is near 1.7 MHz. The horn is epoxied to the PZT, which is driven by a radio frequency (RF)
source. The modulation signal generated by the RF source is a sinusoidal waveform. When a radio
frequency is applied onto the PZT, it will vibrate at the same frequency as the applied signal, and
the horn will transfer the vibration into ultrasonic wave propagating along the fiber with the same
frequency as the applied radio frequency. The propagating ultrasonic wave would generate periodic
deformation (i.e., periodic index variation) in the fiber, which leads to the formation of a long period
grating. The period of the grating can be calculated with the following formula [25]:

� =
√

(πRC ext/f ) (1)
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Fig. 2. Experimental setup of the mode-switchable fiber laser. (YDF: ytterbium-doped fiber, LD:
laser diode, MFA: mode field adapter, PC: polarization controller, RF: radio frequency source, AIFG:
acoustically-induced fiber grating, FBG: fiber Bragg grating, SMF: single mode fiber, FMF: few-mode
fiber, CMS: cladding mode stripper).

where R is the cladding radius of the unjacketed FMF, C ext = 5760 m/s is the velocity of the acoustic
wave in silica fiber, and f is the frequency of the applied signal, which is also the frequency of the
acoustic wave. In our work, the FMF used is a piece of germanium-doped fiber (GDF, 15/130 μm).
Therefore, the cladding radius (R) of the FMF in Equation (1) is 65 μm. The core numerical aperture
of the GDF is ∼0.077 and the corresponding normalized frequency number (V number) is ∼3.39 at
1070 nm. Therefore, this GDF can only support two modes, i.e., LP01 and LP11 mode.

According to the mode coupling theory, mode coupling and conversion occur when the phase
matching condition is satisfied. The phase matching condition can be expressed as [28]:

� = L B = λ/(n01 − n11) (2)

where λ is the wavelength of the propagating wave, and n01, n11 are the effective refractive indexes
of LP01 and LP11 mode, respectively. In this work, n01 � 1.45946 and n11 � 1.45865 at 1070 nm.
Therefore, the expected period of the grating ∧ will be ∼1.32 mm according to Equation (2), and
the applied modulation frequency is expected to be ∼674.044 kHz.

Phase matching condition can be met by adjusting the modulation frequency f. Up to several MHz
modulation frequency can be precisely reached by adjusting the setting of the signal generator for
the RF source. This device can realize mode conversion between LP01 and LP11 mode as well as
achieving the mixing state of both modes with variable proportions.

2.2 Experimental Setup

Figure 2 shows the experimental setup of the mode switchable fiber laser, which is a typical linear
cavity. A 3-dB coupler working at 1080 ± 20 nm is used to form a fiber loop mirror (FLM) by splicing
the two ports on the same side together to provide broadband feedback. A piece of 4-meter-long
ytterbium-doped fiber (YDF) is adopted to provide active gain. The nominal cladding absorption
coefficient of the YDF is ∼5 dB/m at 976 nm. A 976-nm multimode laser diode (LD) is employed as
the pump, and the pump laser is injected into the laser cavity through the pump port of a (2 + 1)
× 1 combiner. The signal port of the combiner and the input port of the aforementioned AIFG are
connected by a mode field adapter (MFA). The MFA is a home-made device based on a thermally
expanded core technique [29]. The output port of the AIFG is further spliced with a few-mode
FBG. The output end of the FBG is angle cleaved to 8 degrees to prevent unexpected backward
reflection. The pigtail of the 3-dB coupler, the YDF and the signal port of the combiner are single
mode fibers (SMFs), with a core/cladding diameter of 10/125 μm. The pigtails of the AIFG and
the FBG are FMFs, with a core/cladding diameter of 15/130 μm. The core/cladding diameters of
input and output ports of the MFA are 10/125 and 15/130 μm, respectively, which is adopted to
reduce the cavity loss. Cladding mode strippers, which are made of a high refractive index glue,
are coated on the bare fiber around the splicing points 1 and 2 to remove the cladding mode. A
polarization controller (PC) is placed at the 15/130 μm port of the MFA to adjust the polarization
state. Afterward, the output beam goes through a 4f system with an adjustable attenuator before
finally recorded by a laser beam analyzer (Ophir-Spiricon, SP620U).
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Fig. 3. (a) The transmission spectrum of the few-mode FBG. (b) The transmission spectra of the AIFG
with the modulation frequency of 663.7 kHz, 670.0 kHz and 676.3 kHz (Inset: transmission spectra with
and without modulation frequency).

The performance of the few-mode FBG and the AIFG is characterized with the optical spectrum
analyzer (OSA). The resolution of the OSA is set to 0.02 nm. The transmission spectrum of the FBG
is obtained by measuring the transmission spectrum with a hybrid spatial mode broadband source
injected into the few-mode FBG. The hybrid mode source is produced by a lateral offset along the
fiber to excite high-order modes. As presented in Fig. 3(a), the two transmission dips corresponding
to LP11 and LP01 mode of the FBG locate at 1070.07 nm and 1070.48 nm, respectively. The
reflectivity of this FBG is ∼10.867% at 1070 nm, with a 3-dB bandwidth of 1.07 nm. Fig. 3(b) shows
the transmission spectra of the AIFG at different modulation frequencies, which are obtained by
calculating the intensity difference between the transmission spectra with (red, purple and blue
curves) and without (black curve) the modulation frequency applied on the AIFG, as shown in the
inset of Fig. 3(b). The transmission spectra at different modulation frequencies are measured in
one setup by splicing the AIFG between a broadband ASE source and a piece of 10/125 fiber. Both
the pigtail of the ASE source and the 10/125 fiber are single mode fibers and the splicing points
are coated with high refractive index glue to remove cladding light. The acoustic-light interaction
length is 0.5-meter-long, which is defined by the length of the unjacketed FMF. The applied peak-
peak voltage on the PZT is optimized to be 120 V. The dips in the transmission spectra indicate
the resonance wavelength range, which would vary with the applied modulation frequency. There
are high resonance ranges around 1065, 1070 and 1075 nm when the modulation frequency is
663.7, 670.0, and 676.3 kHz, respectively, which indicates that mode coupling from LP01 to LP11

mode exists. The coupling efficiency from LP01 to LP11 mode is about 8.78 dB (∼86.76%) around
1070 nm, which equals to the absolute intensity of the transmission dip in the transmission spectrum.
This experimental frequency (670.0 kHz) and the theoretically calculated value (∼674.044 kHz) at
1070 nm have a very good agreement. The small deviation is possibly caused by a slight difference
between the actual values and the nominal values of the fiber parameters (i.e., the refractive index
and the core diameter). The conversion efficiency can be further improved by changing the length
of the acoustic-optic coupling region and optimizing the amplitude of the modulation signal.

3. Results and Discussion
Based on the above-mentioned experimental setup, mode switching between LP01 and LP11 is
realized. The PC is used to adjust the polarization state and help to realize higher conversion
efficiency [3]. Moreover, the mode purity can be improved in the meantime. As shown in Fig. 4(a),
when the modulation signal with the frequency of 670.0 kHz is applied, the output mode of the
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Fig. 4. (a) The output spectra of LP11 mode and LP01 mode. (b) The output power of LP01 and LP11
mode as a function of the pump power.

proposed laser switches from LP01 to LP11, and the corresponding output wavelength shifts from
1070.48 nm to 1070.07 nm, which matches well with the LP01 and LP11 peaks of the FBG. The
linewidths of the LP01 and LP11 mode output spectra are 0.28 and 0.27 nm, respectively. In our
work, the two wavelengths corresponding to LP01 and LP11 mode of the FBG cannot exist together.
Consequently, when the device works in LP11 mode, if there are any unconverted LP01 mode
components, they will be reflected by the FBG and pass through the AIFG, where the LP01 mode
would be converted into the LP11 mode and dissipate in the SMF. Therefore, the single wavelength
operation can ensure high mode purity of the LP11 mode. The output power as a function of the
pump power is shown in Fig. 4(b). The maximum output powers of LP01 and LP11 mode lasers
are 6.06 and 5.85 W with a slope efficiency of ∼48.16% and ∼46.58%, respectively. As indicated
in Fig. 3(b), the conversion loss of the AIFG is ∼13.24% from LP01 to LP11 mode, but the overall
efficiencies of both LP01 and LP11 mode do not differ much. The small efficiency difference can
possibly be attributed to the cavity loss difference of these two modes caused by the PC in this
configuration. Although only LP01 mode experiences the gain in the lasing medium regardless of
the output mode, the PC is adjusted to a position where the cavity loss of LP01 mode is higher than
that of the LP11 mode. Therefore, the overall efficiency of the LP01 and LP11 mode does not differ
much in this case.

Since the output mode of the proposed fiber laser is significantly correlated with the output
spectrum, the stability of the LP11 mode operation can be verified through checking the stability of
the central wavelength and the intensity of the output spectra. Fig. 5(a) presents the output spectra
of the fiber laser with LP11 mode output, which are recorded every 2 minutes within a total time
frame of 10 minutes. The central wavelength and intensity of the output spectra are generally stable,
the former of which varies from 1070.062 to 1070.085 nm, while the latter of which ranges from
−39.436 to −39.375 dB during the whole test. The insignificant central wavelength variation (0.017
nm) and power fluctuation (0.061 dB, equals to 1.39%) indicate that this laser works stably in LP11

mode regime.
Owing to the unique advantage of AIFG, this laser can deliver laser output with controllable

proportion of high order components simply by changing the modulation frequency. The output
beam profiles under different modulation frequencies are shown in Fig. 6. As the modulation fre-
quency comes close to the working point (670.0 kHz), the proportion of the LP11 mode increases
gradually, which means the components of LP11 mode can be tailored to a desired ratio. What
should be noted is that the output beam profile is very stable, which can be repeated simply by
adjusting the modulation frequency to the corresponding frequency. Future work could adopt modal
decomposition to quantify the fraction of power in each mode and better control the proportions of

Vol. 12, No. 2, April 2020 1500709



IEEE Photonics Journal All-Fiber Laser With Agile Mode-Switching Capability

Fig. 5. (a) The output spectra of the fiber laser. (b) The variation of central wavelength and intensity of
the output spectra.

Fig. 6. Output beam profiles at different modulation frequencies.

each mode. The capability of realizing versatile output beam profiles could find potential applications
in material processing, light field manipulation, etc.

Benefiting from the flexible modulation frequency property of the AIFG, this laser also possesses
agile mode switching ability. The switching time, as well as the prompt mode switching capability,
have been intensively studied. At first, we use the laser beam analyzer to record the mode switching
operation, and the mode-switching operation recorded with a frame rate of 15 Hz is shown in
Visualization 1. Since the maximum frame rate of the laser beam analyzer is only ∼30 Hz, it
cannot meet the demand for fast mode-switching analysis. Another option is monitoring the power
fluctuations sampling from the variable output beam profile, which can be achieved by placing a
pinhole before a photon detector (PD). The bandwidths of the oscilloscope and the PD employed
in our work are 200 MHz and 150 MHz, respectively.

The position of the pinhole is carefully adjusted to make it close to the center of the lobe of the
LP11 mode. In this case, the power level at the selected sampling point will be higher when the
laser operates in LP11 mode compared with that of LP01 mode. First of all, fast mode switching
between LP01 and LP11 is investigated under different mode-switching speed. Fig. 7(a) and (b)
show the temporal trace read from the oscilloscope when the mode is switched from LP01 to LP11

mode back and forth by applying 670.0-kHz modulation signal and no modulation to the PZT with
at a frequency of 100 and 250 Hz, respectively. Under these circumstances, the mode can be
fully switched between LP01 and LP11 without apparent distortion. In order to obtain the maximum
mode-switching speed, the time needed for mode switching from LP01 to LP11 mode and the mode
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Fig. 7. (a) Temporal trace of mode switching at a switching frequency of 100 Hz. (b) Temporal trace of
mode switching at a switching frequency of 250 Hz. (c) Temporal trace of mode switching from LP01 to
LP11. (d) Temporal trace of mode switching from LP11 to LP01.

switching from LP11 to LP01 mode is measured. By capturing the rising edge of the temporal trace,
the switching time from LP01 to LP11 mode can be obtained to be ∼0.85 ms, as shown in Fig. 7(c).
Similarly, the switching time from LP11 to LP01 mode can be obtained by capturing the falling edge
of the temporal trace, which is ∼0.95 ms, as shown in Fig. 7(d). Although the switching time of the
AIFG can be as short as a few hundred microseconds [30], the switching time in this laser setup
is supposed to be mainly determined by the lifetime of Yb3+ ions in excited state, which is around
∼0.84 ms [31]. Different from our very recent work presented in [30], in which a cavity mirror is
used instead of the few-mode FBG in this work, the central wavelength of the laser proposed in
this paper also switches accompanying the mode-switching process. This wavelength-switching
process would take some time, i.e., the lifetime of Yb3+ ions in the excited state, to realize stable
oscillation. Therefore, based on the obtained switching time between LP11 and LP01, the maximum
switching speed can be calculated to be ∼555.56 Hz. When the switching speed is higher than
555.56 Hz, the output mode cannot be fully switched between the LP01 and LP11 mode.

Furthermore, the power fluctuation at the mode-switching speed of 1 kHz is also measured, the
result of which is shown in Fig. 8(a). Although the mode switching between LP11 and LP01 mode
cannot be fully realized in this case, the power level at the monitored point is still changing at 1 kHz.
Moreover, it can also be used to obtain dynamical output beam profiles. We make the modulation
frequency sweep from 661 kHz to 670 kHz back and forth periodically. The periodical time is set
to 17 seconds, and the setting of the sweeping signal is given in Fig. 8(b). The recorded power
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Fig. 8. (a) Temporal trace of mode switching at a switching frequency of 1 kHz. (b) Setting of the arbitrary
function generator for the sweeping signal. (c) Temporal trace of the periodical modulation frequency
sweeping.

changes regularly in a period the same as that of the modulation signal, as shown in Fig. 8(c).
At the same time, the output beam profile also changes fast, and the proportion of LP01 and LP11

mode is also changing (See visualization 2). These results also indicate this laser has the capability
of realizing variable output beam profiles with repeatable patterns.

4. Conclusion
In conclusion, we have demonstrated an all-fiber laser with agile mode switching capability. Mode
switching is achieved by adopting a self-constructed AIFG, which can be applied to realize mode
conversion and agile mode switching at almost arbitrary wavelengths simply by adjusting the modu-
lation frequency. The highest output power of LP11 mode obtained in this laser is 5.85 W with a slope
efficiency of ∼46.58% at 1070.07 nm and the output power of LP01 mode reaches 6.06 W with a
slope efficiency of ∼48.16% at 1070.48 nm. The time needed for mode switching operation has also
been measured. The switching time from LP01 to LP11 mode is ∼0.85 ms, while it takes ∼0.95 ms
to switch from LP11 to LP01 mode. Mode switching between LP01 and LP11 at a switching speed
of 250 Hz is realized. Besides, this laser could modulate the power distribution at kHz and even
higher modulation speed. It should be noted that this work presents a preliminary demonstration for
efficient mode switching between the LP01 mode and LP11 mode. Agile mode-switching between
two or more symmetric modes of different orders, aiming at material processing applications, can
be expected if adopting proper FMF for the AIFG [32] and well-designed schematic. This work also
provides an efficient method to realize relatively high power laser sources with the agile mode-
switching ability for practical use. Further power scaling can be expected with higher pump power
under the present configuration. However, the master oscillator power amplifier scheme should be
employed to achieve high-power output with hundreds or even thousands of watts.
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 CONCLUSION 

It is a new strategy to develop a dynamic switching method. 

Compared to conventional static mode conversion strategy, acousto-

optic interaction with dual-resonant property is a novel approach to 

satisfy both the dynamic switching ability and the wavelength 

tunability. To summarize the key results that we have obtained in this 

chapter: 

In normal fiber lasers: 

1. Dual-resonance has been discovered in a few-mode fiber (YOFC-4) 

based acousto-optic mode converter at the communication band. 

According to both simulation results and experimental 

observations, these two resonant peaks in the spectrum are 

related to two orthogonal HOMs, namely LP11a and LP11b modes 

due to a degeneration mechanism. 

2. The depths of two resonant peaks (two mode conversion 

efficiencies) are investigated to be tunable by adjusting the 

adhere angle of fiber and horn. 

3. The fundamental mechanism of dual resonances is revealed to be 

a co-effect of acoustic and optic birefringence. Basically, it is the 

geometric inhomogeneity that leads to a mismatch of acoustic 

neutral axis and optical neutral axis. Thus, the effective refractive 

indices of LP11a and LP11b modes are degenerated and exhibit an 

obvious difference. This difference results in different resonant 

wavelengths in the mode conversion. 

4. Combined with the inherent wavelength tunability of acousto-

optic converter, the vortex mode switching is demonstrated by 

altering the frequency of the microwave signal. This is an external 

and dynamic switching strategy of vortex modes control in fiber 

optics. 

5. This vortex mode switching owns a fast-switching speed up to 4.3 

kHz. Specifically, the switching time between LP01 mode and LP11a 

mode is about 0.15 ms; the switching time between LP01 mode 

and LP11b mode is about 0.31 ms; the switching time between 

LP11a mode and LP11b mode (and the related -1-order OAM and 

+1-order OAM mode) is about 0.15 ms. 

6. The vortex mode switching is realized in a linear fiber laser cavity 
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with an output slope efficiency of 18.2%. 

In high-power fiber lasers: 

1. Dynamic mode switching of HOMs (LP11a and LP11b modes) is 

demonstrated at the 1.0-m band. This result indicates a good 

potential in high-power fiber laser with HOMs operation because 

1.0-m band is suitable with high-power output due to a Yb-

doped gain fiber. 

2. The maximum powers obtained in this work are investigated to be 

6.06 W and 5.85 W at the operation of LP01 mode and LP11 modes, 

respectively. Despite the output power for now is not very high, 

this result shows implications with good thermal stability of the 

acousto-optic mode conversion device in high-power fiber lasers. 

3. Slight difference of the output wavelength is observed with 

1070.48 nm at LP01 mode and 1070.07 nm at LP11 mode, 

respectively. This is due to the different reflection wavelength of 

the few-mode FBG utilized as cavity mirror. 

4. The output spectrum remains stable during 10 mins with high-

power operation. 

5. The switching time from LP01 mode to LP11 modes investigated in 

this work is carried out to be 0.85 ms while the switching time 

from LP11 modes to LP01 mode is measured to be 0.95 ms. These 

switching times are longer than the results measured in our 

results at 1.5-m band because it is restricted by the laser 

oscillation time in this fiber laser cavity. 

In conclusion, we have developed a novel acousto-optic mode 

converter with HOM switching and vortex mode switching with a 

high switching speed. This device is of great potential in fiber lasers 

that require HOMs or vortex modes operations and high-power 

outputs. This might open the door towards new fiber lasers with agile 

mode switching dynamics and endow more functions to the fiber 

laser community. 
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Chapter.IV SWITCHING DYNAMICS IN ULTRAFAST FIBER LASERS 

VIA ACOUSTO-OPTIC INTERACTIONS 

 INTRODUCTION 

Ultrafast fiber lasers are of great interest in the laser study due to its 

unique ultrahigh peak powers and ultrashort durations. These fiber 

lasers operated at ultrashort pulses exhibit diverse nonlinear effects 

themselves and in interactions with matters. Previous researchers 

pour their passions in fabricating different kinds of ultrafast lasers to 

meet different requirements for the performance. Recently, more 

studies of operating mechanisms in ultrafast fiber lasers are carried 

out due to the development of time-stretched dispersive Fourier 

transform technique. Transient processes in ultrafast fiber lasers 

exhibit interesting phenomena that reveal a lot of inner mechanisms 

of the ultrafast light behaviors in the laser cavity. This is 

fundamentally new since it provides the physical descriptions of each 

stage where the light evolves in a mode locking formation process. 

Especially for the build-up and collapse processes [196,198,201], they 

describe the birth and death of the pulses. 

To go beyond the limitations of the static cavities in conventionally 

reported fiber lasers (i.e., only pump supply can be utilized as a 

“trigger” of the transient process), dynamic switching strategy 

enabled by acousto-optic interactions in fibers allows more 

possibilities for external perturbation introductions in the laser cavity 

and provides new potentials in observing diverse behaviors of light 

pulses operating between different mode locking states. 

In this Chapter, we realize the real-time observation of vortex modes 

switching dynamics in a mode locked fiber laser with a linear cavity, 

which is related to a published work in Photonics Research in 2020. 

With the dynamic tunability of the acousto-optic mode converter, the 

“trigger” between different modes is easily obtained. Thus, by time-

stretched dispersive Fourier transform technique, the transient 

dynamics is available to be observed. The whole process from one 

stable mode locking state to another stable mode locking state is 
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recorded. 

In addition, with a special design of the laser cavity incorporation 

with acousto-optic interactions, a pulse width switching between 

femtosecond scale and picosecond scale is realized. This result 

provides a new sight of dynamic switching at temporal view, which is 

different from spatial mode switching. Pulse width is an important 

parameter in ultrafast lasers and thus its manipulation would extend 

the applications of the lasers. However, the previous control of pulse 

width is quite static by adjusting the band pass or manual 

attenuation control. This idea is a kind of combining two lasers in one 

laser cavity, which exhibits a bit of clumsy. Furthermore, this manual 

strategy is not capable of dynamics observation. However, we 

proposed a dynamic control of the pulse width switching enabled by 

a dynamic manipulation of the attenuation in one single laser cavity 

to achieve the oscillation altering between broadband and narrow 

band, which correlates to a femtosecond pulsed output and a 

picosecond pulsed output. Besides, the transient dynamics is also 

available due to the excellent “trigger” property of the acousto-optic 

device. 
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Temporal and spatial resonant modes are always possessed in physical systems with energy oscillation. In the ultra-
fast fiber lasers, enormous progress has been made toward controlling the interactions of many longitudinal modes, 
which results in temporally mode-locked pulses. Recently optical vortex beams have been extensively investigated 
due to their quantized orbital angular momentum, spatially donut-like intensity and spiral phase front. In this paper 
we have demonstrated the first observation of optical vortex modes switching and their corresponding pulse 
evolution dynamics in a narrow-linewidth mode-locked fiber laser. The spatial mode switching is achieved by 
incorporating a dual-resonant acousto-optic mode converter in the vortex mode-locked fiber laser. The vortex mode 
switching dynamics have four stages, including quiet-down, relaxation oscillation, quasi-mode locking and energy 
recovery prior to the stable mode locking of another vortex mode. The evolution dynamics of the wavelength shifting 
during the switching process are observed via time-stretch dispersion Fourier transform method. The spatial mode 
competition through optical nonlinearity induces energy fluctuation on the time scale of ultrashort pulses, which 
plays an essential role in the mode switching dynamic process. The results have great implications in the study of 
spatially mode-locking mechanism and ultrashort laser applications. ©  2020 Optical Society of America 

http://dx.doi.org/10.1364/prj.99.099999 

1. Introduction 
Transient phenomenon dynamics are of significance for 
revealing the evolution mechanism of numerous nonlinear 
systems [1-4]. Mode-locked lasers can exhibit profound 
nonlinear optical dynamics and have moved into the spotlight of 
optical research due to their unique intriguing properties of 
temporal and spatial oscillation [5-9]. Recent years have seen 
increased interests in mode-locked fiber lasers and largely in 
anticipation of particle manipulation [10, 11], ultrafast laser 
fabrication [12], high-capacity optical communication [13], and 
Bose-Einstein condensates [14].  

The mode-locked fiber laser provides an ideal platform for 
exploring the ultrashort nonlinear dynamics, where mode 
locking (ML) pulses arise from the balance among optical 
nonlinearity, dispersion, intracavity gain and loss [15]. Despite 
of the ultimate stable ML state, mode-locked lasers experience a 
series of unstable phenomena when detuned from steady state 
or originating as stable ML pulses from the noise [16]. These 
instabilities are important as they reveal the landscape of the 

pulse evolution during the self-starting process and ML process. 
The self-starting dynamics in the passive mode-locked fiber 
lasers have been established by a rich variety of theoretical and 
experimental results [17-20]. Recently, researchers have 
pioneered the time-stretch dispersive Fourier transform (TS-
DFT) technique to the exploration of build-up dynamics in the 
ML fiber lasers [21-24]. They have revealed the detailed 
information of underlying dynamics in the self-starting process 
and generalized the build-up process into three stages: 
relaxation oscillation, quasi-mode locking (Q-ML) stage and 
stable ML. Polarization change in the laser cavity, energy 
fluctuation of pump power and extra environmental 
perturbations can influence the formation dynamics of the ML 
pulses. Therefore, the entire observation of the ML process has 
great implication in the laser operation.  

Temporal mode-locked fiber lasers have major influence on 
both laser physics and practical applications through lasing 
spatially at the fundamental mode. However, the so-called 
“capacity crunch” is anticipated, whereby the single mode fibers 
(SMFs) are unable to meet the increasing demand of data 



telecommunications. At present, the optical spatial division 
multiplexing (SDM) technique emerges to provide a promising 
solution to this potential bandwidth crisis [25, 26]. The few-
mode-fibers (FMFs) and multimode fibers (MMFs) exploited in 
SDM systems can support a few spatial eigenmodes, each with 
different propagating constants and spatial distributions. Vortex 
light multiplexing has obtained great attentions due to its new 
multiplexing dimension of orbital angular momentum (OAM). 
Recently, terabit free space communication employing vortex 
light has been demonstrated [13]. These modes can interact with 
each other in the FMFs and MMFs through optical nonlinearity, 
disorder (random linear mode coupling) and laser gain [27]. The 
spatial modes interaction in ultrafast mode-locked fiber lasers is 
much more interesting and finally evolves into the 
spatiotemporal ML. Previous reports mainly focus on the overall 
effect and joint interaction between 10-100 spatial modes in 
spatiotemporal mode-locking, but the specific interaction 
between the identified individual spatial modes remains to be 
further explored [28-31].  

In this paper, we have demonstrated the first observation of 
vortex mode switching dynamics This result helps scientists 
understanding the rich variety of instability phenomena in the 
mode switching dynamic process and the influence of spatial 
mode interactions on ML states. Previously, static spatial mode-
switching has been demonstrated in both fiber [32] and free 
space [33]. Nevertheless, the static mode switching of different 

spatial modes requires manual adjustment of polarization 
controller or cavity mirror. However, these static mode 
switching methods often suffer from the following restrictions: 
(1) complexity of manual adjustments; (2) low switching speed 
for capturing the dynamic mode switching process; (3) 
environmental sensitivity. To realize the real-time observation 
of mode switching dynamics, here a dual-resonant acousto-optic 
mode converter (AOMC) is employed to provide a tunable mode 
switching with fast switching speed in a narrow-linewidth 
mode-locked laser cavity.  

2. Theory: acoustic displacement-based model of 
dual-resonant AOMC 
The AOMC components exploit electro-acoustic conversion 
effect in piezoceramic (PZT) materials and acousto-optic 
interaction effect in silica fiber media to construct a dynamic 
tunable spatial mode conversion [34-37]. In our previous report 
[38, 39], we preliminarily utilized the AOMC in a continuous-
wave fiber laser, yet complete theoretical analysis was not 
demonstrated to reveal the entire property of dual-resonant 
AOMC. Here we introduce the mode switching mechanism of 
AOMC into a mode-locked fiber laser to discover the mode 
switching dynamics on ML states, which broadens the practical 
value of dual-resonant AOMC and enriches the ultrafast physical 
fundamentals. 

 

Fig. 1. The diagram of an AOMC and the simulation of the switching mechanism based on optical and acoustic birefringence. (a) The schematic 
diagram of the dual-resonant AOMC and the mode switching mechanism. (b) The setup of an AOMC component. (c) The schematic diagram 
of the fiber end face. (d) The simulation of beat lengths between LP01 mode and LP11a/b modes with different ellipticities of the fiber core. The 

straight lines and dash lines represent the beat lengths from LP01 mode to LP11a and LP11b, respectively. (e) The 𝚫𝛌 shifts as the decrease of 
ellipticity of fiber core. Inset figure shows the wavelength separation in the transmission spectrum of dual-resonant AOMC.
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The interaction of light beams and acoustic waves enables the 
optical field controlling in silica fibers, which is mainly derived 
from the photon-phonon scattering. It is a common belief that a 
travelling flexural acoustic wave (FAW) produces a periodic 
micro-bending, which causes an interlaced density of fiber 
medium as shown in Fig. 1(a). The FAW propagating along the 
unjacketed silica fiber at the lowest-order mode (F11 mode) 
leads to an acoustically induced displacement vector (AIDV) of    
on the fiber medium, which is asymmetric with respect to the 
direction of applied vibration. Figure 1(b) and 1(c) show the 
schematic drawing of the AOMC component and the schematic 
diagram of the fiber end face with acoustic wave, respectively. 
Therefore, the permittivity deformation of the FAW-endowed 
ellipse fiber can be classified into two principle contributions 
[40]: geometric perturbation of 𝜺𝒈 and photo-elastic effect of 𝜺𝒑. 

The whole effect induced by the FAW on the fiber can be 
explained via a permittivity deformation as: 𝛿ε̂(𝑥, 𝑦, 𝑧, 𝑡) =
𝛿𝜀𝑔(𝑥, 𝑦, 𝑧, 𝑡)  𝛿𝜀𝑝(𝑧, 𝑡). 

Geometrical deformation wave introduces the acoustic 
displacement and modifies the unperturbed permittivity 
𝜀0(𝑥, 𝑦) as followed: 

𝜀0(𝑥, 𝑦) → 𝜀0(𝑥 − 𝑢𝑥, 𝑦 − 𝑢𝑦)                     (1) 

𝑢𝑥  and 𝑢𝑦  represent the orthogonal components of acoustic 

displacement   . The ellipticity of silica fiber leads to an acoustic 
birefringence, which can be allowed for by making use of the 
following trigonometric decomposition: 

             𝑢𝑥 = 𝑢0 cos(𝐾𝑧 − 𝑓𝑛𝑡) ∙ 𝑐𝑜𝑠𝛽 ∙ 𝑒
𝑖
2𝜋

Λ𝑠, 

  𝑢𝑦 = 𝑢0 cos(𝐾𝑧 − 𝑓𝑛𝑡) ∙ 𝑠𝑖𝑛𝛽 ∙ 𝑒
𝑖
2𝜋

Λ𝑙 .                (2) 

Here, 𝑢0  represents the amplitude of the acoustic vibration 
displacement. 𝑓𝑛 is the applied frequency of the radio frequency 
(RF) signal (subscript n refers to different resonant mode 
conversions).  𝐾 is the wave vector of the FAW. Axes x and y 
represent the short and long axes of the fiber in the view of fiber 
end face, respectively. Axis z is the fiber axial direction. 𝛬 stands 
for the period of acoustically induced fiber grating (AIFG), which 

can be expressed as 𝛬 = (𝜋 ∙ 𝐶𝑒𝑥𝑡 ∙ 𝑅/𝑓𝑛)
1

2 , where 𝐶𝑒𝑥𝑡 =
5760 𝑚/𝑠 is the velocity of acoustic wave propagating in silica 
media. 𝑅 is the radius of the fiber cladding. In an ellipse fiber, the 
AIFG periods are different at the two orthogonal directions 
because the radii of fiber cladding short axis and long axis are 
different. Therefore, Λ𝑠 and Λ𝑙 are defined as the AIFG periods at 
the short axis and the long axis, respectively. Angle β is defined 
as the angle between Axis x and the direction of acoustic 
vibration. 

Thus, the geometrically induced correction of permittivity 𝛿𝜀𝑔  

can be obtained by utilizing the standard framework of micro-
bending-based model while the photo-elastic correction of 
permittivity 𝜹𝜺𝒑 can be obtained by combining the photo-elastic 

tensor in the fiber medium, respectively [34, 35, 40]: 

δ𝜀𝑔 = [
𝛿𝜀𝑔

𝑥

𝛿𝜀𝑔
𝑦] = [

𝑛𝑐𝑜𝐾
2𝑢𝑥 ∙ 𝑥

𝑛𝑐𝑜𝐾
2𝑢𝑦 ∙ 𝑦

], 

𝛿𝜀𝑝 = 𝜀𝑐𝑜
2 𝑝𝐾𝑢0 (

0 0 1
0 0 0
1 0 0

) sin(𝐾𝑧 − 𝑓𝑛𝑡).            (3) 

Here 𝑛𝑐𝑜 is the refractive index of fiber core. 𝜀𝑐𝑜 = 𝑛𝑐𝑜
2  is the 

permittivity of fiber core material and 𝑝 is the constant of photo-
elasticity of fiber medium. The geometric induced correction has 
two orthogonal components and further influences the dual-
resonant mode conversion in the AOMC.  

The mismatching coefficient can be expressed as 𝜉 = 𝐾 − 𝐾, 
where 𝐾 = 𝛽01 −𝛽11 is the resonant value of the acoustic wave 
vector. The propagation constants 𝛽11𝑎  and 𝛽11𝑏  are slightly 
different due to the degeneration of LP11 mode by the ellipticity 
of the fiber. Therefore, it requires different frequencies of 
applied RF signals to obtain the mode conversions from LP01 
mode to LP11a/b modes according to the distinct values of 
resonant acoustic wave vector. Thus, the mode conversion 
efficiency can be expressed as [35]: 

𝛫𝑎/𝑏 ∝
𝜋

𝜆
√

𝜀0

𝜇0
𝑛co ∫𝐸01

∗ (𝑥, 𝑦) ∙ 𝛿𝜀̂ ∙ 𝐸11𝑎/𝑏(𝑥, 𝑦)𝑑𝑥𝑑𝑦.       (4) 

𝛫𝑎/𝑏  represents the conversion efficiencies of mode 

conversion from LP01 mode to LP11a and LP11b modes, 
respectively. 𝐸01(𝑥, 𝑦)  and 𝐸11𝑎/𝑏(𝑥, 𝑦)  are the electric field 

distributions of LP01 mode and LP11a/b modes, respectively. The 
overall influence of energy coupling between LP01 mode and LP11 
modes exhibits the co-effect of acoustic and optical birefringence. 
The mode conversions from LP01 mode to LP11a and LP11b modes 
have distinct resonances due to the contribution of geometric 
permittivity deformation. Obviously, the mode conversion can 
be simply controlled by the AIFG period via tuning the applied 
RF signals.  

Figure. 1(d) shows the simulation result of the beat lengths 
between LP01 mode and LP11a/b modes with different ellipticities 
of the adopted FMF. The numerical simulation of the ellipse-
fiber-based AIFG employs a finite element method (Comsol 
Multiphysics). The step-index FMF adopted in the experiment 

has a small ellipticity. The ellipticity is defined as 𝐸 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝑥

𝑦
. 

Once the frequency of the applied RF signal is set, the period of 
the AIFG is determined. Here we employ the beat length between 
different modes to obtain the simulation results. Based on mode 
coupling theory, phase match condition 𝐿𝐵 = Λ  should be 
satisfied, where 𝐿𝐵 = 𝜆 ∙ (𝑛01− 𝑛11a/11b)

−1  is the beat length. 

Here 𝜆 is the resonant wavelength and 𝑛01 (𝑛11a/11b) represents 

the effective refractive index of the LP01 (LP11a/11b) mode.  
LP11a and LP11b modes have their own resonant wavelengths 

and consequently there exists a wavelength separation (𝚫𝛌). As 
shown in Fig. 1(e), 𝚫𝛌 has a nearly linear relationship with the 
ellipticity. The larger the ellipticity, the larger the dual-resonant 
wavelength separation, which can be used to shape the different 
optical filters and excite hybrid high-order modes output with 
different wavelength combination. 

3. Experimental setups and methods 

A.  AOMC component fabrication 

Here a thickness-mode PZT is utilized for generating acoustic 
waves and the RF signal produced by a function generator is 
amplified by a high-frequency voltage amplifier (Aigtek: ATA-
2022H), as shown in Fig. 1(b). A silica horn adhered to the PZT 
via epoxy gum is employed for amplifying the acoustic waves 
and making the acoustic waves from longitudinal mode to 
transverse mode. A 25-cm-long unjacketed fiber is glued to the 
top of the silica horn. The acoustic wave then propagates along 
the unjacketed fiber as a flexural mode. The existence of the AIFG 
structure is determined by the applied RF signal, which means 
that the AIFG has a dynamic tunability. The transmission spectra 
are measured via a broadband optical source and an optical 
spectrum analyzer (OSA, AQ6370, YOKOGAWA).  



Fig. 2. The transmission spectra (a) of AOMC with two different 
applied RF signal frequencies of 726 kHz and 742 kHz and the 
frequency dependent wavelength shift performance (b) of the 
applied dual-resonant AOMC. 

In Fig. 2(a), the dual-resonant response is observed and the 
mode conversions from LP01 mode to LP11a and LP11b mode are 
demonstrated. The resonant depths of LP11a and LP11b modes are 
both larger than -15 dB, which means that the mode conversion 
efficiencies of both LP11a and LP11b modes are higher than 97%. 
The ellipticity of the FMF used in the experiment is about 44.81° 
and 𝚫𝛌 is measured to be 30 nm, which agrees well with the 
theoretic calculation. On the other hand, the mode conversion of 
LP01-LP11a and LP01-LP11b can be achieved at a same resonant 
wavelength (1533 nm) by utilizing two different RF frequencies 
(726 kHz, 742 kHz).  

Figure 2(b) shows the center wavelength tuning property of 
AOMC dependent on RF frequency. The center wavelengths of 
the two resonant peaks (LP01-LP11a and LP01-LP11b) both have an 
approximate linear property of red shift as the increase of 
applied RF frequencies. The insets are the corresponding mode 
patterns of LP11a and LP11b modes.   

B.  Experimental setup of mode-locked fiber laser 

A mode-locked narrow-linewidth fiber laser based on an 
intracavity AOMC is demonstrated to achieve vortex mode 
switching pulses. Narrow-linewidth fiber lasers have the 

advantages of good stability, high coherence and low noise [41, 
42]. The narrow-linewidth mode-locked fiber laser is a good 
platform for studying spatial mode switching processes because 
different spatial mode pulses with narrow-linewidth have strong 
spectral discrimination.  

Figure. 3(a) shows the schematic of the mode-locked fiber 
laser setup. The laser oscillator is obtained by using a linear 
cavity configuration with half cavity of the SMF and half cavity of 
the FMF. The single-mode cavity consists of a single-mode 
SESAM, a 50-cm-long Erbium doped fiber (EDF), a wavelength-
division-multiplexed coupler (WDM), a 5:95 coupler and a 10-
meter-long SMF. The few-mode part of the laser cavity consists 
of a mode stripper (MS), an AOMC and a few-mode FBG (FM-
FBG). The 980 nm-LD provides energy pump via a 980-1550 nm 
WDM. The coupler with a 5% output port is employed to extract 
the laser energy out of the cavity. A 10-meter-long SMF is 
inserted into the cavity to optimize the net dispersion. The 
SESAM-based mode locker is used for forming temporal pulses 
and reflecting the light back to the laser cavity, simultaneously. 
The PC1 (polarization controller) is utilized to optimize the 
mode-locking status by adjusting the birefringence of the linear 
cavity.  

In the FMF part, the MS is exploited to ensure a pure LP01 
mode light beam propagating into the AOMC because direct 
splicing between the SMF and the FMF may introduce high-order 
modes in FMFs. Here the intracavity AOMC achieves a switchable 
mode conversion from LP01 mode to LP11a/b modes while the FM-
FBG plays the role of selecting laser wavelength and reflecting 
the light back to the cavity. When the high-order mode is 
reflected and propagates through the AOMC, it will be 
reconverted to LP01 mode and comes back to the SMF cavity. 
While any unconverted LP01 mode is reflected by the FM-FBG 
and passes through the AOMC, which would convert into the 
high-order mode and dissipate in the SMF. Therefore, high purity 
of high-order mode is ensured in the few-mode cavity. The PC2 
is utilized to adjust the mode phase and generate OAM modes.  
The lasing mode at the operation wavelength around 1533 nm is 
controlled by the applied RF signal frequency (fn). When the applied RF 
signal is set to f1 (726 kHz) or f2 (742 kHz), the laser operates at the state 
of LP11a or LP11b mode, respectively. When the applied RF signal is set to 
f0 (a non-resonant frequency or an off state), the laser operates at the 
state of LP01 mode. To obtain a spatial mode switching in a mode-locked 
fiber laser, the applied RF signal is modulated via a frequency shift 
keying (FSK) method, which provides a periodic frequency modulation 
way for controlling the mode switching process. 

C.  Generation of switching vortex pulses 

To achieve the generation of vortex pulses, the optical field 
tuning technique is adopted as follows. Firstly, the LP11a mode 
and LP11b mode pulses can be rotated with a degree of 45° by the 
PC2 and the rotated LP11 modes can be orthogonally decomposed 
as 𝐿𝑃11𝑎(𝑟𝑜𝑡) = 𝐿𝑃11

𝑒𝑣𝑒𝑛− 𝐿𝑃11
𝑜𝑑𝑑  and 𝐿𝑃11𝑏(𝑟𝑜𝑡) = 𝐿𝑃11

𝑒𝑣𝑒𝑛  

𝐿𝑃11
𝑜𝑑𝑑, respectively.  
Actually, the linear polarization modes are only 

approximations of the eigen-mode combinations of the radially 
polarized mode (TM01), the azimuthally polarized mode (TE01) 
and two strictly degenerated hybrid modes (𝐻𝐸21

𝑜𝑑𝑑/𝐻𝐸21
𝑒𝑣𝑒𝑛) [43, 

44]. Therefore, the rotated LP modes can be further expressed 
by eigen-modes of degeneracy: 

 𝐿𝑃11𝑎(𝑟𝑜𝑡) = 𝑇𝑀01 −𝐻𝐸21
𝑜𝑑𝑑 − (𝑇𝐸01 𝐻𝐸21

𝑒𝑣𝑒𝑛),             

 𝐿𝑃11𝑏(𝑟𝑜𝑡) = 𝑇𝑀01 −𝐻𝐸21
𝑜𝑑𝑑  (𝑇𝐸01  𝐻𝐸21

𝑒𝑣𝑒𝑛).      (5) 
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Fig. 3. The experimental setup and results of spatial mode switching in a mode-locked fiber laser. (a) The schematic diagram of spatial mode switching 
fiber laser setup. OSA: optical spectrum analyzer; PC: polarization controller; MS: mode stripper. The stable ML with OAM0 (b), OAM+1 (c) and OAM-1 
(d). The results include laser spectra, pulse trains and RF signals. (see spatial mode switching processes of LP01-LP11a, LP01-LP11b, LP11a-LP11b and 
OAM+1-OAM-1 in visualization 1, visualization 2, visualization 3 and visualization 4, respectively). 

Then the stress provided by PC2 changes the effective 
dimensions of the FMF, resulting in different phase velocities of 
the eigen modes. When tuning the stress appropriately a phase 
difference of “𝜋/2” (“i”) can be changed to the eigen-modes. 
Finally, the adjusted LP11a mode and LP11b mode become the 
corresponding -1-order OAM mode and +1-order OAM mode and 
can be expressed as: 

 𝐿𝑃11𝑎(𝑎𝑑𝑗) = 𝑇𝑀01− 𝐻𝐸21
𝑜𝑑𝑑 − 𝑖𝑇𝐸01 − 𝑖𝐻𝐸21

𝑒𝑣𝑒𝑛 = 𝑂𝐴𝑀−1,        

𝐿𝑃11𝑏(𝑎𝑑𝑗) = 𝑇𝑀01 −𝐻𝐸21
𝑜𝑑𝑑  𝑖𝑇𝐸01  𝑖𝐻𝐸21

𝑒𝑣𝑒𝑛 = 𝑂𝐴𝑀+1. (6) 

Thus, the mode switching OAM pulses are successfully 
demonstrated by altering the applied RF signal frequency. 

4. Results 

A.  Mode-locked fiber laser with OAM mode switching output 

The OAM-switching pulses with the topology numbers of +1 and 
-1 are successfully demonstrated. Figure. 3(b-d) exhibit the 

outputs of the mode-locked fiber laser at three different vortex 
modes: OAM0 (LP01 mode), OAM+1 mode and OAM-1 mode, 
respectively. The laser spectra show a wavelength difference 
due to the different reflection wavelengths of the FM-FBG with 
OAM0 mode and OAM1 mode. The laser operating wavelengths of 
OAM0 mode and OAM1 mode are 1534.3 nm and 1532.9 nm, 
respectively.  

Due to the narrow bandwidth of the FM-FBG reflection, the 3-
dB widths of the laser spectra at the ML states of OAM0, OAM+1 
and OAM-1 are 0.09 nm, 0.07 nm and 0.08nm, respectively. The 
pulse trains recorded by a real-time oscilloscope (OSC, Keysight, 
DSOS404A) via a high-speed photoelectric detector (PD) confirm 
stable mode-locked states of three OAM modes.  

The repetition rate of the mode-locked fiber laser is 4.835 
MHz, which agrees well with the calculated one corresponding 
to the cavity length (~21.5 m and the repetition rate is 4.81 MHz). 
The operating vortex mode states are modulated by modulating 
the applied RF signal frequency rather than changing the laser 
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cavity so that the repetition rate has no difference in three vortex 
modes. However, the signal-noise ratio (SNR) has lower values 
at the states of OAM1 mode than OAM0 modes, since mode 
conversion introduces intracavity modal perturbation and 
slightly declines the SNR. 

The interference patterns are obtained by employing a plane-
concave mirror (PCM)-based interference technique [45, 46]. 
The OAM-switching pulsed laser beam is collimated by using an 
objective lens and then reflected by the PCM as shown in Fig. 
3(a). The concave face of the mirror is coated with a reflectivity 
of >99% at 1550 nm while the plane face of the mirror is 
uncoated. Therefore, when the OAM pulsed laser beam is 
incident into the PCM, both the plane face (Fresnel reflection 
∼4%@1550 nm) and the concave face (>99% @1550 nm) reflect 
the laser beam. The two reflected laser beams are overlapped 
and spatially interfered at the cross point by properly adjusting 
the position and the angle of the PCM.  

The mode patterns as well as interference patterns are 
recorded by using the charge coupled device (CCD, InGaAs 
camera, model C10633-23, from Hamamatsu Photonics), as 
depicted in Fig. 4(a). As seen in Fig. 4(b), the pulse widths of 
three modes are measured to be approximately 400 ps. 

The slope efficiencies of three distinct mode states are 
demonstrated as shown in Fig. 4(c). The slope efficiencies of 
OAM0, OAM+1 and OAM-1 modes are 5.5%, 7.13% and 7.64%, 
respectively. The distinction between the slope efficiencies of 
two OAM1 modes is because of the slight difference of mode 
conversion efficiency. Additionally, the difference between the 
slope efficiencies of OAM0 mode and OAM1 mode is mainly due 
to the reflectivity difference of FM-FBG. 

 

Fig. 4. The output results of the mode switching mode-locked 
fiber laser. (a) The mode patterns recorded by a CCD include 
mode intensity pattern (a1) and interference pattern (a2) of 
OAM0 mode; LP11 mode intensity patterns (a3, a4), doughnut 
mode patterns (a5, a6) and interference patterns (a7, a8) of OAM+1 
and OAM-1 modes. (b) The real-time pulse shapes of three OAM 
modes. (c) The slope efficiencies of the mode-locked fiber laser 
with three OAM mode states. 

B.  Real-time observation of vortex mode switching in the mode-
locked fiber laser 

Vortex mode switching introduces intracavity perturbation and 
the mode switching dynamics become an interesting 
phenomenon. Real-time pulse evolution in the mode switching 
process is demonstrated as depicted in Fig. 5. OAM-mode 
switching causes a quasi-broken and reconstructing process of 
ML states. The pulse train signals in Fig. 5(a) reveal that there 
exists an evident laser strike region before the appearance of a 
stable pulse train (i.e. the stable ML state) at every OAM-mode 
switching process.  

Figure. 5(b) and 5(c) exhibit the corresponding detailed 
information of every laser strike region of the mode switching 
process named as I-VI. Additionally, strike region I (mode 
switching from OAM0 mode to OAM-1 mode) and II (mode 
switching from OAM-1 mode to OAM+1 mode) are interpreted 
particularly. The duration times of whole strike region are ~1 ms 
(between OAM0 mode and OAM-1 mode), ~1.8 ms (between 
OAM-1 mode and OAM+1 mode) and ~2.2 ms (between OAM0 
mode and OAM+1 mode).  

As shown in Fig. 5, the experimental results reveal that the 
whole mode switching dynamic process includes a quiet-down 
state, relaxation oscillation, Q-ML stage, and finally the 
reconstructed ML phase. At the beginning of the strike region, 
there exists a quiet-down process, which is mainly on account of 
the microstructure change of the AIFG, such as the fiber long 
period grating formation (OAM0-OAM1), grating collapse (OAM1-
OAM0) and period variation (OAM-1-OAM+1).  

The time durations of three kinds of quiet-down process are 
~120 ms, ~50 ms and ~80 ms, respectively, which correspond 
to the switching times of the AOMC. Note that all the quiet-down 
times are marginally smaller than the switching time of AOMC 
component measured in (ref. 38), because a partial mode 
perturbation is enough for destroying the stable ML state and 
introducing the instability in the laser cavity. Then the number 
of cavity photons comes to an initial low value as determined by 
quantum field fluctuation.  

After a short time, a series of laser strikes are generated, 
which is mainly originated from the relaxation oscillation. The 
separation of the neighboring laser strikes is ∼70 ms. Liu et al 
reported a raised relaxation oscillation phenomenon in the 
build-up process in mode-locked fiber lasers [21]. Differently, 
the laser strikes observed in this experiment are not regularly 
raising type, which are mainly modulated by the spatial mode 
competition. Spatially lasing modes can interact through the 
optical nonlinearity at the time scale of a mode-locked pulse, 
which leads to an energy fluctuation at the temporal and spatial 
domains. Additionally, the rare-earth gain media introduces a 
temporally averaging nonlinear interaction in the relaxation 
oscillation process [28]. Prior to the stable ML state formation, 
there co-exist two modes (i. e., the original mode and the target 
converted mode) and their intermediate states. The competition 
of these spatial modes leads to a fluctuation of energy 
accumulation in the cavity and further influences the amplitude 
of the formed laser strikes. It is worth noting that the mode 
competition between two OAM1 modes is weaker than that 
between OAM0 mode and OAM1 mode. Hence the peak envelope 
change of laser strikes during the process of mode switching 
between two OAM1 modes is much weaker than that between 
OAM0 mode and OAM1 modes. The Q-ML is also observed in the 
temporal information with a duration time of ~120 ms. Typical 
pulses arise and form a pulse train with the shifting of laser 
wavelength (detailed discussion in next section).  
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Fig. 5. The real-time information of mode switching dynamics. (a) 
The real-time information of the whole mode switching dynamic 
process among three vortex modes (OAM0, OAM-1 and OAM+1). 
The detailed information of the strike regions named as I-II(b), 
III-VI(c), respectively.  

The final reconstructed ML state has two stages including 
temporal stable ML and temporal-amplitude stable ML. At the 
beginning of the reconstructing ML state, the pulse train has a 
recover time to obtain a stable energy level of pulse amplitude. 
The recovery time between OAM0 mode and OAM1 mode is ~0.7 
s while it is ~0.4 s between two OAM1 modes. The laser 
oscillating and reconstructing processes between different 
OAM- modes are much more difficult than that between same 
order modes, thus it takes more time for recovering ML pulses. 

C.  Vortex mode switching dynamics observed by TS-DFT method 

To overcome the limited electronic bandwidth of the real-time 
OSC, the TS-DFT method is exploited to reveal the detailed 
spectral and temporal information of transient vortex OAM-
mode switching process in the mode-locked laser. As shown in 
Fig. 3(a), the real-time spectral information is obtained from the 
dispersing pulses detected after a dispersion compensation fiber 
(DCF). The dispersion (D) and length (L) of the employed DCF 

are -648 ps·nm-1·km-1 and ~5 km. The spectral information can 
be mapped into the temporal waveform recorded by an OSC. The 
mapping relationship between temporal and spectral 
resolutions can be expressed as: ∆𝑡 = |𝐷| ∙ 𝐿 ∙ Δ𝜆 = 3.24 𝑛𝑠 ∙
𝑛𝑚−1 ∙ Δ𝜆, where ∆𝑡 and Δ𝜆 represent the temporal and spectral 
resolutions, respectively. Besides, the roundtrip time is 206.8 ns.  

Figure. 6 show the experimental observation of vortex mode 
switching from OAM+1 mode to OAM0 mode via TS-DFT method. 
Since the lasing wavelengths of OAM+1 mode and OAM0 mode are 
different, the spectrum evolution exhibits a corresponding 
wavelength change of OAM-switching pulses.  Figure. 6(a) 
depicts the energy envelope evolution of vortex OAM-mode 
switching dynamic process. Note that the end of this data shows 
a fluctuation after roundtrips of ~6000 (corresponding to time 
of ~1.24 ms). According to Fig. 5(c-VI), the duration time of the 
whole laser strike process is 2.29 ms, which means there exists 
an energy fluctuation process in the tail part of the laser strike 
region.  

Figure. 6(b) shows the whole spectrum evolution dynamics. 
Firstly, the laser cavity operates at the stable OAM+1 mode. As 
depicted in Fig. 6(b1), the single-shot spectrum shows a stable 
state at the wavelength of ~1532.9 nm. When the applied RF 
signal changes, the stable ML state collapses and the laser output 
evolves as a quantum initial situation, which is characterized as 
a low energy state. As the cavity energy accumulates enough, 
there arise some laser spikes that mainly originate from the 
variation of population inversion in the EDF. The laser spikes 
vary irregularly until one laser spike dominates the energy 
fluctuation. Then the laser operating wavelength goes through a 
shift process to the final targeted lasing wavelength (1534.3 nm) 
of OAM0 mode as shown in Fig. 6(b3). Figure. 6(c1) and 6(c2) 
show the DFT signals and optical spectra of stable ML states of 
OAM+1 mode and OAM0 mode, respectively, which are well 
matched with each other. 

5. Conclusion 
In this work, we have experimentally demonstrated the vortex 
mode switching dynamics in a mode-locked fiber laser by 
introducing the mode switchable AOMC. The real-time pulse 
evolution exhibits that a mode switching process mainly consists 
of a quiet-down moment, a relaxation oscillation process, a Q-ML 
stage and an energy recovering process. The vortex mode 
switching dynamics provides a new way to study the formation 
process of ML pulses under the view of spatial degree of freedom. 
In the mode switching dynamic process, we found that the 
energy fluctuation of mode switching between different vortex 
modes is strong enough to form irregular laser strikes. Hence, 
most likely the mode conversion and mode competition inside 
the laser cavity are responsible for the energy perturbation. The 
energy perturbation is supposed to be the main factor affecting 
the pulse evolution dynamic process. Furthermore, the unveiled 
evolution process of spatial mode switching is currently 
instructive for the development of ultrafast lasers and transient 
nonlinearity. The experimental result of vortex mode switching 
dynamics reveals the physical mechanism of vortex mode state 
transition process in a mode-locked fiber laser, which enriches 
the ultrafast photonics and advances the practical applications. 

In addition, the novel result of generating switching optical 
vortex pulses is also demonstrated and paves the way toward 
quantum information science [47], stimulated emission 
depletion microscopy (STED) [48] and ultrafast laser fabrication 
[49]. 
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Fig. 6. The experimental observation of vortex mode switching from OAM+1 mode to OAM0 mode via TS-DFT method. (a) The energy 
envelope evolution of DFT signal. (b) The whole spectrum evolution of vortex mode switching dynamics with close-ups pictures of 
initial ML (b1), laser spikes (b2) and wavelength shift (b3). Comparisons of DFT signals and optical spectra of OAM+1 mode (c1) and 
OAM0 mode (c2). (see dynamic single-shot spectrum evolution in Visualization 5). 

For instance, traditional vortex mode converters employed in 
quantum optical communication are free-space elements which 
need complicated optical alignment to fiber system. Our method 
of generating switchable vortex modes has the following 
advantages: (1) eliminate the space-fiber coupling process due 
to the all-fiber configuration; (2) allow marshalling of data 
information by dynamic switching. Our method of generating 
switchable vortex beam provides a switchable light source 
between gaussian distribution and donut distribution in STED 
systems. The fluoresce radiation and stimulated depletion can be 
flexibly controlled by mode switching between 0-order and 1-
order vortex modes. In field of laser fabrication, the switchable 
OAM ultrafast laser pulses can enrich the types of 
nanostructures fabricated by vortex laser and broaden the 
dimensions of vortex laser processing. For example, the chiral-
alternating nanogratings can be fabricated by switching OAM+1 
mode and OAM-1 mode alternatively. 

Meanwhile, the detailed AIDV-based model of a dual-resonant AOMC 
further enriches the physical mechanism of acoustic and optical 
birefringence and gives an instructive pathway for extending the 
practical applications of the AOMCs. Consequently, all these findings will 
enable the development of a new class of strategies for studying ML 
mechanism through controlling the spatial mode switching. 
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 DYNAMIC PULSE WIDTH SWITCHING BETWEEN FEMTOSECOND 

AND PICOSECOND BY ACOUSTO-OPTIC ATTENUATION 

CONTROL 

IV.3.1 Principle of acousto-optic interaction enabled attenuation 

strategy 

To transfer the concept of acousto-optic interactions in fibers for 

chiral light generation and manipulation, acousto-optic interactions 

could be also a good strategy for controlling other parameters in the 

ultrafast laser cavity due to its external dynamic tunability.  

For instance, it is highly suitable for the dynamic control of 

attenuation with a sandwich structure of single-mode fiber, few-

mode fiber, single-mode fiber (i.e., SMF-FMF-SMF). Specifically, the 

acousto-optic device is applied on the few-mode fiber region and 

can achieve a dynamic mode conversion of the light from 

fundamental mode to HOMs with mode conversion efficiency 

tunability and switching capability. When the microwave signal is not 

applied on the acousto-optic mode converter (i.e., the acousto-optic 

device is off), the fundamental mode LP01 mode can stably 

propagating across the SMF-FMF-SMF sandwich structure without 

loss (neglecting the slight mode stimulation caused by imperfect 

fusion between the single-mode fiber and the few-mode fiber). 

However, when the acousto-optic device is switched on, the 

fundamental mode will be converted to HOMs (e.g., LP11 modes) with 

a controllable mode conversion efficiency (ideally continuous 

tunability from 0% to 99%) when it propagates through the acousto-

optic interaction region. Finally, the HOM part of the light will then 

exponentially decay in the evanescent field since the single-mode 

fiber cannot support HOM propagation. Therefore, the higher the 

mode conversion efficiency, the higher the attenuation (the lower 

power the remaining fundamental mode at the output port). Thus, 

with a tunability of mode conversion efficiency of acousto-optic 

interaction (typically by controlling the applied voltage of the 

microwave signal), a dynamic attenuation strategy is obtained. 

Such an acousto-optic interaction-based attenuator would bring new 

possibilities in fiber lasers, especially in mode locked fiber lasers. 
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Because the equilibrium of gain and loss is the main topic in the 

lasers, which strongly influences the mode locking formation and 

stability. A dynamic attenuator can effectively manipulate the 

oscillation states in the laser cavity and extend the fundamental 

research or improve the performance of the ultrafast lasers. In this 

section, we present an innovative work about dynamic pulse width 

switching enabled by the acousto-optic interaction-based 

attenuation mechanism, as depicted in Fig. 4-1. 

 

Fig. 4-1: Illustration of the dynamic pulse width switching mechanism. (A) Schematic 

of a linear fiber laser cavity with narrowband reflection and broadband reflection to 

achieve picosecond (ps) mode locking (ML) and femtosecond (fs) ML states controlled 

by acousto-optic interactions. (B) Schematic of the time-stretched dispersive Fourier 

transformation technique. (C) Schematic of the dynamic attenuation control by 

acousto-optic mode converter (AOMC) with applied flexural acoustic wave (FAW), 

which is manipulated by the microwave radiofrequency (RF) signal. 

In general, in a linear fiber laser cavity, the side reflection 

components are FBGs (with narrow wavelength reflection) and 

mirror-like optics (with broadband reflection such as dielectric films 

or Faraday rotation mirrors). Normally, the FBGs are always used for a 

wavelength selection device when there is no bandpass filter in the 

cavity. Currently, the other side reflection component can be a 

broadband mirror (if one puts a second FBG, it should be rigorously 

same wavelength reflection as the first FBG, otherwise the laser 

cannot oscillate successfully). However, if we make a cascaded 

structure of a FBG and a broadband mirror at one side (keep the 

other side a broadband mirror for simplicity), what could happen? No 
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doubt it will be the same as one single broadband mirror 

(considering a same reflection efficiency of these two components) 

since the narrow part will be firstly reflected by the FBG and the 

remaining part will be reflected by the broadband mirror. Importantly, 

when compared to the broadband part of the oscillated light, the 

narrow part exhibits very little effect which can be ignored. 

However, if there is an attenuator that suppresses the remaining light 

part, there will be no broadband light reflection and thus the light 

oscillation will be only determined by the narrowband selection of 

the FBG. That is, this structure will equal to a single FBG structure. 

Therefore, incorporating a cascaded structure of a FBG and a 

broadband mirror component with an attenuation mechanism, the 

narrowband and broadband light oscillation states can be altered. 

Previously, our group has reported a manual switching strategy 

employing a squeezing based attenuator by adjusting a polarization 

controller between the FBG and the broadband mirror [212]. 

Specifically, a polarization controller is put in a coupler-based fiber 

loop (i.e., a broadband fiber loop mirror) to adjust the attenuation. 

The output pulse width can be switched between 24.5 ps and 1.04 ps 

with narrowband and broadband spectra, respectively. However, this 

switching is not a real “switch” since the attenuation is controlled by 

manually squeezing the polarization controller. It is easy to achieve 

the switching from broadband to narrowband because increasing the 

attenuation can be fast. But the switching from narrowband to 

broadband takes much longer time to create the broadband mode 

locking state. In conclusion, it is in fact a strategy for fabricating two 

mode locked fiber lasers with different pulse widths within one single 

laser cavity but not a mode locked fiber laser with dynamic 

switchable pulse widths. 

IV.3.2 Laser cavity of the pulse width switchable mode locked fiber 

laser 

Therefore, in this PhD thesis, we innovatively introduce the acousto-

optic attenuation control to achieve a dynamic pulse width switching 

with a fast-switching speed up to several kHz. 
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Fig. 4-2: Schematic of the linear cavity of the pulse width switchable mode locked 

fiber laser. SESAM: semiconductor saturable absorber mirror; PC: polarization 

controller; SMF: single-mode fiber; WDM: wavelength division multiplexer; EDF: 

Erbium-doped fiber: OSA: optical spectrum analyzer; OSC: oscilloscope; SM-FBG: 

single-mode fiber Bragg grating; AOMC: acousto-optic mode converter. 

The laser cavity of the pulse width switchable mode locked fiber laser 

is depicted in Fig. 4-2. On the left side of the cavity, a SESAM (Batop 

SESAM-1550-30-10 ps) plays the role of both a broadband cavity 

mirror and a saturable absorber (the mode locking device). Then a 

polarization controller is utilized to adjusting the polarization state 

and loss in the whole laser cavity to ensuring a stable mode locking 

state. Note that, once it is set at the appropriate position, it is fixed all 

the time during the switching between fs mode locking and ps mode 

locking. A 10 m-long single-mode fiber (with a dispersion of −22 

ps2/km) is inserted to ensure a negative dispersion in the whole laser 

cavity. A 980 nm-pump is inserted into the laser cavity by a 980 

nm/1550 nm wavelength division multiplexer. The gain is provided by 

a 5 m Er-doped fiber (NUFERN, EDFC-980-HP). Subsequently, a 10:90 

optical coupler acts as an output port and is further connected to the 

analyzing units such as an optical spectrum analyzer (OSA, Yokogawa 

AQ6370) and an oscilloscope (OSC, DSA-X-96204Q). On the right part 

is the cascaded structure of the single-mode FBG and the broadband 

mirror (a commercial Faraday rotation mirror) sandwiched with the 

acousto-optic mode converter for attenuation control. 

IV.3.3 Characteristics of the pulse width switchable mode locked 

fiber laser 

By switching on and off the microwave signal, the attenuation is 

dynamically controlled and the two stable mode locking states with 

narrow band and broadband are obtained in Fig. 4-3.  



 

 

150 

 

 

Fig. 4-3: Experiment result of the obtained mode locked pulse trains with both 

narrowband mode locking (blue color, acousto-optic interaction activated by 

applying a microwave signal with 355.7 kHz frequency and 3 Vpp peak power) and 

broadband mode locking (red color, acousto-optic interaction disabled by switching 

off the microwave signal). 

From the experimental proof, the two mode locking states possess 

different repetition rates due to their different cavity length. The 

narrowband mode locked pulses oscillate only between the SESAM 

and the SM-FBG, which correlates to a shorter cavity length and thus 

a shorter roundtrip time of 0.109 s (a repetition rate of 9.160 MHz). 

However, the broadband mode locked pulses oscillate between the 

SESAM and the Faraday rotation mirror that exhibits a longer 

roundtrip time of 0.133 s (a repetition rate of 7.545 MHz). Another 

difference locates at the pulse energy. The broadband mode locking 

state corresponds to a low loss oscillation which leads to a higher 

pulse energy than the narrowband mode locking state. It agrees well 

with the slope efficiency result as depicted in Fig.4-4. The two mode 

locking states have the same pump power threshold of mode locking 

but own different slope efficiencies with 1.8% for broadband mode 

locking and 1.1% for narrowband mode locking. 
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Fig. 4-4: Experiment result of the obtained slope efficiencies with both narrowband 

mode locking (red rectangle, acousto-optic interaction activated by applying a 

microwave signal with 355.7 kHz frequency and 3 Vpp peak power) and broadband 

mode locking (blue sphere, acousto-optic interaction disabled by switching off the 

microwave signal) and their linear fittings. 

 

Fig. 4-5: Experiment result of the obtained spectra with both narrowband mode 

locking (red color, acousto-optic interaction activated by applying a microwave signal 

with 355.7 kHz frequency and 3 Vpp peak power) and broadband mode locking (blue 

color, acousto-optic interaction disabled by switching off the microwave signal). 

The output spectra of both broadband and narrowband mode 

locking states are shown in Fig. 4-5. The narrowband mode locking 
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spectrum owns an FWHM of 0.093 nm with a center wavelength of 

1531.3 nm. The broadband mode locking spectrum owns an FWHM 

of 4.08 nm with a center wavelength of 1564.2 nm. Here, the center 

wavelengths are quite different due to the equilibrium of the loss and 

gain in the laser cavity (mainly attributes to the dynamic attenuation 

control) which will be explained in the next section. 

 

Fig. 4-6: Experiment results of the obtained radio frequency (RF) spectra with both (A) 

narrowband mode locking (acousto-optic interaction activated by applying a 

microwave signal with 355.7 kHz frequency and 3 Vpp peak power) and (B) 

broadband mode locking (acousto-optic interaction disabled by switching off the 

microwave signal). Insets are the RF spectra in a wide frequency range. 

The radio frequency spectra are investigated as shown in Fig. 4-6. 

The radio frequency spectra show stable mode locking states of both 

narrowband reflection and broadband reflection. The narrowband 

mode locking state and the broadband mode locking state own 
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fundamental frequencies of 9.160 MHz and 7.545 MHz, which agree 

well with the temporal pulse train results. Besides, compared to 

broadband mode locking state, narrowband mode locking state 

exhibits a higher signal-to-noise ratio (SNR) of about 63 dB. This is 

strongly dependent on the high reflectivity of the FBG. 

 

Fig. 4-7: Experiment results of the obtained autocorrelation traces with both (A) 

narrowband mode locking (acousto-optic interaction activated by applying a 

microwave signal with 355.7 kHz frequency and 3 Vpp peak power) and (B) 

broadband mode locking (acousto-optic interaction disabled by switching off the 

microwave signal). 

To characterize the pulse width of each mode locking state, an 

autocorrelator (AC, FR-103XL) is employed. Due to a negative net 

dispersion in the laser cavity, a Gaussian-like profile is utilized to fit 

the AC trace, as depicted in Fig. 4-7. Thus, the pulse widths of the 

two mode locking states are calculated to be 34 ps (for narrowband 
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mode locking) and 948 fs (broadband mode locking). Due to the 

time-stretched dispersive effect, the pulse width is slightly broadened 

by the single-mode fiber between the pigtail of the output coupler 

and the AC. Therefore, the real pulse widths are both slightly shorter 

than the measurement results. However, the AC results already show 

the switching between fs pulses and ps pulses, which is highly flexible 

by simple modulation of the external microwave signal. 

IV.3.4 Mode locking state evolution under dynamic attenuation 

manipulation via acousto-optic interactions 

 

Fig. 4-8: Theoretical analysis (A) and experiment results (B) of the mode locking state 

evolution by increasing the applied frequency of the microwave signal to adjusting 

the attenuation. 

Except for the switching mechanism between fs pulses and ps pulses, 

this mode locked fiber laser owns another interesting property of 

wavelength shifting. As investigated in the previous section, our 

adopted acousto-optic mode converter owns a dual-resonance 

property. In general, the 3-dB width of each resonant peak is about 

10 nm and the interval between the two resonant peaks is about 30 

nm [213]. However, the operation band of the Er-doped gain fiber 

(EDFC-980-HP) is 1530-1565 nm. Normally, the lasing wavelength is 

strongly dependent on the loss in a simple laser cavity using this gain 

fiber without any wavelength selection strategy. That is, any 
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wavelength within the range of 1530-1565 nm is possible. Thus, the 

only way to effectively control the consequent lasing wavelength is 

the loss adjusted by the attenuation control in our laser cavity. 

However, the 3-dB bandwidth of acousto-optic resonance (~10 nm) 

cannot cover the whole band of the gain fiber (35 nm). This means if 

the center resonant wavelength (and thus it is the center attenuation 

wavelength) is not located at the center wavelength of the gain band, 

the broadband mode locking is still possible. 

Due to the wavelength tunability of the acousto-optic interaction, we 

gradually moving the applied frequency to shift the center 

attenuation wavelength to investigate the mode locking state 

evolution, as depicted in Fig. 4-8. In Fig. 4-8(A), the applied 

frequency increases from the top to the bottom and so as the 

resonant wavelength of both resonant peaks. Note that the interval 

between two resonant peaks is fixed (only determined by the 

ellipticity of the fiber shape) [213].  

The mode locking state evolution is found to be five stages. (1) At the 

beginning, the right resonant peak is just touching the left side of the 

gain band so that the broadband mode locking is achieved, and the 

center wavelength exhibits a redshift according to the increase of the 

applied frequency. (2) When the right resonant peak reaches the 

center of the gain band, the attenuation breaks the broadband 

oscillation. That is, neither the left part nor the right part of the 

unattenuated gain band is impossible to support a mode locking 

state. Thus, the fiber laser transfers to a narrowband reflection and 

form a ps mode locking state. (3) With the resonant wavelength 

further increases, the gain band will be in the middle of the two 

resonant peaks. Here, the interval of 30 nm between two resonant 

peaks provides a window for broadband mode locking. Subsequently, 

the right resonant peak will completely leave the gain band, but the 

left resonant peak begins to approach the gain band. This contributes 

to a similar result of broadband mode locking with a redshift of 

center wavelength at the increase of applied frequency. (4) When the 

left resonant peak locates at the center of the gain band, the mode 

locking state transfer to the narrowband mode locking again due to 

the strong attenuation. (5) Finally, with the left resonant peak comes 

to the right part of the gain band, the broadband mode locking will 
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take place at the left part of the gain band and exhibit a redshift 

according to the increase of the applied frequency.  

We can clearly observe the five stages of the mode locking state 

evolution in the experimental results depicted in Fig. 4-8(B), which 

agree well with the above theoretical analysis. This result helps us 

deeply understand the oscillation manipulation mechanism under the 

equilibrium of gain and loss and provides a novel strategy for not 

only a switching between narrowband mode locking and broadband 

mode locking, but also a wavelength tunability of the mode locking 

states. 

IV.3.5 Real-time observation of pulse width switching dynamics via 

acousto-optic interactions 

To further investigate the pulse width switching dynamics in the 

mode locked fiber laser, the time-stretched dispersive Fourier 

transform technique is employed to realize the real-time observation. 

Specifically, here a single-mode fiber (YOFC SMF) with length of 

𝐿𝑆𝑀𝐹 = 7.5 𝑘𝑚 and dispersion of 𝐷 = −18 𝑝𝑠/(𝑛𝑚 ∙ 𝑘𝑚) is utilized to 

provide enough delay. Thus, the mapping relationship between time 

domain (𝛿𝑡) and frequency domain (𝛿𝜆) can be calculated as: 

                                             𝛿𝜆 =
𝛿𝑡

|𝐷| ∙ 𝐿𝑆𝑀𝐹
=

𝛿𝑡

135 𝑝𝑠/𝑛𝑚
                   (Eq. 4-1) 

Here, the photodetector adopted has a response bandwidth of 33 

GHz and we set the acquisition repetition of the OSC at 40 GHz. The 

dynamic switching is realized by a frequency shift keying (FSK) 

technique from the signal generator. The altering speed is set at 200 

Hz which is suitable for both the acquisition frequency and recording 

length of the OSC. One frequency is set at 364.4 kHz to create a large 

attenuation for ensuring a narrowband mode locking state and the 

other frequency is set at 30 kHz for non-resonance in the gain band 

which leads to the broadband mode locking state. Here, the second 

frequency cannot be set at 0 or switched off due to the FSK inherent 

property, but a non-resonance signal exhibits same effects as “off” 

state in this case. More importantly, due to the different repetition 

rates of the two mode locking states (because of different oscillation 
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cavity lengths as discussed above), the roundtrip time should be 

processed separately.  

 

Fig. 4-9: Real-time observations of pulse width switching by time-stretched dispersive 

Fourier transformation technique. (A) Real-time pulse train of the switching sequence 

of narrowband mode locking-broadband mode locking-narrowband mode locking 

after the delay by a 7.5 km single-mode fiber. (B) The comparison of stretched pulse 

shape and OSA spectrum of the narrowband mode locking state. (C) The evolution of 

a stable narrowband mode locking state. (D) The comparison of stretched pulse shape 

and OSA spectrum of the broadband mode locking state. (E) The evolution of a stable 

broadband mode locking state. 

The real-time pulse trains and their shapes compared to OSA spectra 

are depicted in Fig. 4-9. From the experimental result presented in 

Fig. 4-9(A), the narrowband mode locking state is flatter than the 
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broadband mode locking state which is due to a higher SNR. More 

importantly, the switching from narrowband mode locking state to 

broadband mode locking state takes about 0.75 ms while the 

switching from broadband mode locking state to narrowband mode 

locking state takes about 1.56 ms. The latter takes a longer switching 

time which is mainly attributed to (1) a larger attenuation (and thus 

the larger loss) caused by the acousto-optic interaction contributes 

to a result that the light oscillation takes more time to reform a stable 

mode locking state from instability; (2) a shorter cavity length leads 

to less longitudinal modes and thus larger longitudinal mode 

intervals, which increases the difficulty in mode locking and thus a 

longer mode locking formation time. 

The comparisons between pulse shapes after time-stretched 

dispersive Fourier transform and OSA spectra of both narrowband 

and broadband mode locking states indicate a good mapping 

relationship between two characterizing techniques. The dynamics 

evolutions without any switching process show good stabilities of 

both two mode locking states. 

A pulse width dynamic switching process with a sequence of 

“narrowband mode locking-broadband mode locking-narrowband 

mode locking” is clearly observed as shown in Fig. 4-10. At first, the 

stable narrowband mode locking state suffers a quiet-down when the 

acousto-optic interaction is “off” and then the light is calmed down 

to the initial quantum state. Later, the relaxation oscillation takes 

place, but no large laser strikes are observed. This indicates a weak 

mode competition and after a short time the broadband mode 

locking is formed. Here, an obvious spectral intensity oscillation is 

observed, which lasts about 1000 roundtrips. The strong spectral 

intensity oscillation is mainly attributed to the soliton shaping 

evolution by saturable absorption effects [214]. Prior to the stable 

mode locking state, the soliton shape experiences an evolutionary 

process with different transient structural solitons according to the 

nonlinear effect of saturable absorption. Thus, in the spatiotemporal 

observation, the spectral evolution shows different structures of the 

spectra at different roundtrip positions with likely a periodic trend 

that is strongly dependent on the parameters set in the laser cavity. 
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The dynamics of switching from broadband mode locking state to 

narrowband mode locking state also experiences firstly a quiet-down 

process. But in the relaxation oscillation process, there are more laser 

strikes appeared due to a strong mode competition toward the final 

dominant pulse. Before the final stable narrowband mode locking 

state, the spectral intensity seems to exhibit only an intensity increase 

shape. However, it could also be attributed to the narrow bandwidth 

of the spectrum. The 3D profile of the whole switching dynamics is 

depicted in Fig. 4-10(D). 

 

Fig. 4-10: Dynamics evolutions of pulse width switching enabled by time-stretched 

dispersive Fourier transformation technique. (A) The overall 2D illustration of the 

pulse width dynamic switching process with a sequence of narrowband mode 

locking-broadband mode locking-narrowband mode locking. (B) The detailed image 

of the dashed rectangle region named as region I in figure A showing the formation 

of broadband mode locking state. (C) The detailed image of the dashed rectangle 

region named as region II in figure A showing the formation of narrowband mode 

locking state. (D) The overall 3D illustration of the pulse width dynamic switching 

process same as in figure A. 
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 CONCLUSION 

Introduction of acousto-optic interaction into ultrafast fiber lasers to 

enable external manipulation as a controllable “trigger” for diverse 

transient dynamics observations is a fundamentally new strategy. This 

indeed paves the way for studying unique dynamic behaviors in 

ultrafast fiber lasers that are far from the normal build-up or 

shutting-down transient processes enabled by conventional pump 

injection. Our strategy using acousto-optic interactions can somehow 

provide the opportunity to observe some “middle” state transfers in 

the ultrafast lasers such as dynamic switching of mode locking states 

between different spatial modes (especially vortex modes) and 

different pulse width.  

In this Chapter, we have tentatively obtained many important 

pioneered works: 

Real-time observation of vortex switching dynamics: 

1. A revised model of dual resonance in acousto-optic interactions in 

fibers is proposed. The acoustically induced displacement vector 

is utilized to describe the physical mechanism caused by the co-

effect of acoustic and optical birefringence. This could extend the 

practical applications of the acousto-optic devices. 

2. Novel demonstrations of mode locked vortex switching both 

between 0-order (Gaussian pulses) and 1st-order vortex pulses 

(+1-order OAM or -1-order OAM) and between different 

topological charge signs (between +1-order OAM and -1-order 

OAM) are carried out successfully and well controlled. These 

results show great implications in flexible manipulation of 

ultrafast vortex pulses to meet more possibilities in ultrafast optics 

such as super-resolution imaging, quantum information science 

and ultrafast laser processing. 

3. Transient switching process between different vortex mode locked 

states is observed. This is the first observation of spatial mode 

switching dynamics in the ultrafast fiber lasers, to the best of our 

knowledge. The transient dynamics of vortex mode switching 

includes a quiet-down phase, a relaxation oscillation stage, a 

quasi-mode locking state and an energy recovery process prior to 
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the final stable mode locked state with an operation of another 

vortex mode. 

4. The energy fluctuation induced by acousto-optic mode switching 

contributes to irregular lasing strikes. We believe that the mode 

conversion and the mode competition within the laser cavity 

result in the energy perturbation, which is the main factor in the 

pulse evolution process. 

5. Interestingly, there exists a continuous evolution of a wavelength 

shifting process before achieving the final targeted vortex mode 

locked state. 

Real-time observation of pulse width switching dynamics: 

1. A dynamic attenuation strategy is demonstrated in a cascaded 

FBG and broadband mirror incorporating with an acousto-optic 

device. This strategy is not only capable of switching-on/off the 

attenuation but also can adjust the attenuation ratio continuously. 

2. The dynamic switching between narrowband and broadband 

mode locked states is realized by the acousto-optic interaction 

based dynamic attenuation strategy in a linear fiber laser cavity. 

This further enables the dynamic switching of pulse width 

between femtosecond scale and picosecond scale. 

3. Due to the wavelength tunability, complex mode locking state 

evolution is investigated according to the frequency manipulation 

of the applied microwave signal. The results not only show the 

evolution between narrowband mode locking and broadband 

mode locking but also the lasing wavelength shifting in 

broadband mode locking states. This further enriches the mode 

locking mechanisms and provides a new strategy of tunable mode 

locked fiber laser fabrication. 

4. Real-time observation of pulse width switching dynamics is 

demonstrated by means of time-stretched dispersive Fourier 

transform technique. The pulse width switching dynamics 

experiences a quiet-down process, a relaxation oscillation stage 

prior to the final stable mode locking state with another pulse 

width.  

5. However, there exists an extra spectral intensity oscillation phase 

in the switching dynamics from narrowband mode locking to 

broadband mode locking. It is mainly attributed to the structured 
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soliton shaping according to the saturable absorption effects. 

Besides, the relaxation oscillation in the switching dynamics from 

broadband mode locking to narrowband mode locking is more 

intense to form some large laser strikes than the switching 

dynamics from narrowband mode locking to broadband mode 

locking. It can be interpreted as a larger loss introduced by the 

acousto-optic attenuation to break the equilibrium of gain and 

loss in the laser cavity. 

The work demonstrated in this Chapter is based on the chiral light 

manipulation via acousto-optic interactions in fibers and extends it 

into ultrafast fiber lasers. It is only a starting point for studying 

diverse transient dynamics in ultrafast fiber lasers by employing the 

acousto-optic interactions. One can imagine some other interesting 

dynamics to observe, e.g., switching dynamics between conventional 

solitons and dissipated solitons, Q-switching states, and mode locked 

states. We believe that it would open the door for highly flexible 

chiral light field manipulations in ultrafast lasers as well as the 

dynamics research in ultrafast optics. 
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Chapter.V FEMTOSECOND LASER DIRECT WRITING FIBER 

NANOGRATINGS  

 INTRODUCTION 

The objective of this PhD thesis is not only focusing on the novel 

chiral manipulation of light fields with dynamic tunability, but also 

related to the in-depth study of the light induced chirality in 

transparent materials, namely silica materials. This approach will 

enrich the physical mechanisms of light-matter interactions and 

endow new functional properties in the matter to create advanced 

photonic materials. 

In this Chapter, we tentatively investigate fs laser direct writing fiber 

nanograting structures in silica fibers to seek a new strategy of 

nanograting-based functional in-line optics by imprinting anisotropic 

linear optical properties and chiral optical properties. This work could 

be a starting point of the fs laser direct writing fiber nangoratings 

and the related chirality as well to provide new possibilities in fiber 

optics. 

In the first section, a published work in Nanoscale in 2019 is 

presented, which is about fs laser direct writing fiber nanogratings 

with both SEM evidence and characteristics. It contains the 

morphology observations related to the nanograting periodic 

structures, continuous writing property, erasure rewriting advantages. 

For characterizing the anisotropic polarimetric properties of the fiber 

nanogratings, both cross-polarized microscopy and Mueller 

polarimeter are utilized to unveil the strong birefringence and 

polarizing effects. More importantly, due to the strong linear 

dichroism of the fiber nanograting structures, an in-line polarizer is 

fabricated and characterized by fs laser direct writing fiber 

nanograting arrays distributed surrounding the fiber core. Thus, the 

evanescent field is restructured to manipulate the light propagation 

in the fiber core with an ultralow loss. 

In the second section, a full control of 3D rotation of the fiber 
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nanograting structures is demonstrated. This work is related to a 

published paper in Applied Surface Science in 2023. With the 

investigation of polarization dependence of the nanograting 

orientation evolution, the fiber nanograting distribution can be well 

manipulated to form complex patterns with a synchronous 

polarization control. By the calibration of the pulse energy and the 

scanning speed, the retardance of the fiber nanogratings can also 

achieve the targeted values. Thus, the space variant fiber nanograting 

structures with expected distributions are enabled. This result meets 

the requirements of novel “Lab-on-fiber” and “Lab-in-fiber” systems 

and creates more functions benefit from the unique optical 

properties of nanograting structures. Besides, chiral optical property 

is discovered at the first time in fiber nanogratings and could lead to 

more interesting and functional in-line devices due to this chirality. 

  



 

 

165 

 

 FIBER NANOGRATINGS INDUCED BY FEMTOSECOND PULSE 

LASER DIRECT WRITING FOR IN-LINE POLARIZER 
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Self-organized fiber nanogratings (FNGs) induced by femtosecond pulse laser direct writing are demonstrated in optical silica 

fibers, for the first time. The Ge doping in silica fiber core plays an important role in the formation of nanogratings. Negative 

changes of refractive index with sawtooth fluctuation and strong birefringence of FNGs are investigated by optical fiber 

refractive index analyzer and crossed polarization microscope, respectively. The polarization features of FNGs are 

characterized by Mueller matrices analytical method and in-line polarizers based on FNGs are fabricated. FNGs are promising 

integrated components because of their prominent properties of polarization and salient compatibility with most fiber-optic 

systems.

Introduction 

Femtosecond pulse lasers have become irreplaceable 

processing tools due to their ultrashort durations and ultrahigh 

peak powers.1 In the past decades, femtosecond pulse lasers 

have been widely used in various materials machining, such as 

nanostructures fabricating,2-4 3D printing,5-6 3D photonics 

integrating,7 microfluids constructing,8 materials internal 

modifying,9 materials cutting and welding.10-12 The thermal 

diffusion inhibition which is resulted from ultrashort pulse 

duration affords the benefits of adiabatic processing and high 

machining accuracy. The nonlinear effects induced around the 

irradiation area lead to intense light absorption, i.e. 

multiphoton absorption in transparent materials. Hence the 

threshold effect of multiphoton absorption and ionization could 

be applied for internal processing of transparent materials 

including fused silica,13-15 germanate glasses,16-18 sapphires19 

and lithium niobate crystals.20-22 The laser-direct-writing 

technique has developed a new way to produce waveguides.9, 

23 Chen et al have reported on fabricating optical waveguides in 

diverse crystalline dielectric materials.24 Moreover, the 

femtosecond laser fabricated circuits has been exploited in 

quantum information science.25 Depending on the incident 

laser intensity levels, three kinds of induced microstructures are 

classified qualitatively.26 At a low intensity irradiation, type-I 

structure is observed as a refractive index increase in the central 

part of irradiation area. With the increase of incident laser 

intensity, type-II structure manifesting as a subwavelength 

periodic structure, i.e. nanograting, becomes dominant. In this 

case, the electric field of femtosecond laser is responsible for 

both the excitation efficiency and orientation of the periodic 

nanostructures.27 The resulting grating consists of alternate 

high and low refractive index nanoplanes and orientates 

perpendicular to the polarization of incident pulses. The 

induced nanogratings are self-organized structure with the 

period less than the laser wavelength, which enables laser 

processing to obtain fine structure size breaking through the 

Abbe diffraction limit. As further increasing the irradiation 

intensity, type-III structure originates mainly from the plasma 

blast and comes to be micro-voids and micro-cracks.28, 29  

A nanograting phenomenon mainly exhibits both of strong 

birefringence effect and anisotropically chemical sensitivities.30 

The morphological anisotropy of nanogratings can lead to 

polarization dependent scattering, which was proposed to a 

potential application for fabricating polarizing components in 

integrated photonic circuits.19 Conventional nanograting 

fabrication is usually achieved in bulk transparent dielectric 

material, such as fused silica13, 14, 27 and Ge doped silica glass.16-

18 These components have been widely exploited in free-space 

optics, but few FNGs was found in the waveguide due to the lack 

of efficient coupling, especially in optical fibers with cylindrical 

structure and axially refractive index distribution.  

Silica fiber is one of the most widely used media for optical 

communication and information process because of low 

transmission loss and potentially nonlinear effects. Moreover, 

different fiber components can be easily spliced together with 

ignorable coupling loss. Recent progresses in femtosecond laser 

processing in optical fibers have opened new frontiers of 

physics and technology in light-matter interaction. Fiber Bragg 
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gratings (FBGs) are demonstrated in optical fibers by using 

phase mask techniques31, 32 and point-by-point techniques33, 34 

under a femtosecond laser irradiation. Ultrafast laser enhanced 

Rayleigh backscattering in optical fibers was investigated to 

fabricate distributed optical fiber sensors.35 Lab-in-fibers were 

inscribed with multiple layers structure by femtosecond laser 

pulses, which have developed a new optical integration 

platform.36 Very recently we also reported a work on how to 

fabricate nanogratings in silica optical fibers.37
 

Polarization properties of nanograting array inside optical 

fibers provide new optical functions in silica fibers. We firstly 

propose a new in-line fiber polarizer based on femtosecond 

pulse laser direct writing FNGs. Conventional polarizers can be 

classified into three main types: prism polarizer by refraction, 

sheet polarizer based on anisotropic absorption and Brewster-

angle by reflection. These polarizing components are mostly 

used in free-space optics. Recent developments of in-line 

polarizers integrated with optical fibers have been reported in 

photonic circuits. In-line polarizers based on 45 °  tilted fiber 

gratings and partially liquid-filled hollow-core photonic crystal 

fibers are demonstrated.38, 39 Bao et al also proposed an in-line 

fiber polarizer using ultrathin two-dimensional carbon material, 

which shows a good broadband polarizing performance.40 

These fiber polarizers require complex manufacturing processes 

such as graphene fabrication, phase mask processing and liquid 

filling technology. The proposed in-line fiber polarizer in current 

case presents the polarization dependent scattering of 

femtosecond laser direct writing nanogratings, which is proven 

to a promising alternative because of its broadband polarizing 

feature and simple fabricating procedure. 

The self-organized nanogratings induced by femtosecond 

laser pulses direct writing are successfully demonstrate in 

optical fibers. The FNGs are observed morphologically by using 

transmission scanning electron microscopy (SEM) images. We 

confirm the polarization birefringence of FNGs due to their 

anisotropic structure and experimentally investigate the 

retardation and depolarization effects by Mueller matrix 

analytical method.  For the first time as we know, the proof-of-

concept implementation of an in-line polarizer based on FNGs  

 

Fig. 1. FNGs processing schematic of experimental setup  

in optical fibers is demonstrated due to polarization dependent 
attenuation. The FNGs-based fiber develops a promising 
application in all-fiber functional components, such as 
polarization mode control and high-order vector mode 
selection. 

Results and Discussion 

FNGs fabrication setup 

The FNGs can be fabricated both in single-mode-fibers (SMFs) 

and few-mode-fibers (FMFs) by a focused beam from a mode-

locked, regenerated amplified Ti: sapphire laser system. The 

laser pulses are delivered at a center wavelength of 800 nm with 

a repetition rate of 1 kHz and a pulse duration time of 120 fs. A 

small aperture is utilized to narrow the laser beam and to 

average the energy of light spot distribution uniformly. A half-

wave plate and a continuous neutral density filter are utilized to 

adjust the polarization azimuth angle and the pulse energy, 

respectively. The optical fibers are mounted onto a computer-

controlled xyz translation stage (H101A ProScan model, PSI) and 

are irradiated with a 50x objective (NA=0.55, Nikon ECLIPSE 80i). 

The processing system is illustrated in Fig. 1. 

Self-organization of the nanogratings in optical fibers 

The microstructures of optical silica fibers are different from that of 

bulk silica glass. The Ge doping in the core and the stress produced 

in the drawing process both possibly influence the formation of 

nanogratings.18, 41-43 In addition, the relatively slow quenching rate of 

glass melt in the cladding contributes to the radial stress distribution 

in optical fibers.  

Figure 2 shows the SEM (JSM 7500F) images of nanogratings 

inscribed in optical fibers. After femtosecond laser writing, the fiber 

samples are mechanically polished and then etched by 1 mol% 

hydrofluoric (HF) acid aqueous for 90 s at ambient temperature. The 

longitudinal cross-sections of nanograting array are observed in a 

carrot-like shape of approximately 15 m in length and 2 m in width, 

which is dependent on self-focused energy distribution of 

femtosecond laser pulses. Figure 2a and 2b show the whole view of 

fiber end face and the enlarged local area of nanogratings embedded 

inside a commercial SMF (SMF 28e), respectively. The femtosecond 

laser with a polarization of E propagates along the direction of k and 

scans along the direction of S. The nanogratings orientate 

perpendicular to the polarization of incident laser pulses. The region 

enclosed by a red dotted circle is the fiber core with a small amount 

of doped Ge. It is found that the bottom region of nanograting #3 

written in the fiber core is about 1.2 m wider than the top region of 

nanograting #3 and the other nanogratings, which are located in the 

fiber cladding with the same laser irradiation. This can be attributed 

to the defect centers induced by Ge-doping random networks of SiO4 

in the fiber core material.44 The multi-photon ionization threshold is 

determined by the band gap of the material in a multi-photon 

absorption process. The band gap of core material is lower than that 

of no-doping silica glass in fiber cladding, which makes a larger area 

of ionized region in fiber core by the same irradiation intensity, 

resulting in a larger nanograting size.26, 27  
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Fig. 2 SEM images of fabricated FNGs. Overall images of fiber 
end face with nanogratings inscribed by 1.38 J pulses in a SMF 
(a) and an FMF (c). Detailed images of FNGs in the SMF (b) and 
FMF (d). A dual period nanograting structure inscribed in a SMF 
(e) by 1.32 J pulses. All the FNGs were written at the scanning 
speed of 5 m/s. 

 

Nanogratings imprinted in a few-mode fiber with a larger core 

diameter (YOFC, four-mode SI 18/125) are shown in Fig. 2c and 2d. 

The nanogratings #2, #3 and #4 inscribed in the fiber core show about 

1 m wider and 1.6 m longer than nanogratings #1 and #5 inscribed 

in the fiber cladding. These results well explain that free electrons 

density induced by multiphoton absorption is critically essential to 

the nanograting formation. Figure 2e exhibits a double-periodic 

nanograting structure in an optical fiber, which possibly results from 

the asymmetric growth of plasma and its local field intensity 

distribution.45-47 The period Λ1 parallel to the polarization of incident 

laser is measured to be 180 nm while the period Λ2 perpendicular to 

 

 
Fig. 3 SEM images of different levels of erasure and rewriting. 
The complete erasure (a), partial erasure (b) and the coexist 
phenomenon (c). (d) SEM images of parallel multi-scanning by 
1.29 J pulses. Junctions of two nanogratings written by parallel 
partially overlapping in a SMF (e) and an FMF (f).  

the polarization gradually increases along the propagation direction 

of the incident laser. Nanoplasma spheres are preferentially formed 

from the inhomogeneity and defect areas in optical fibers under the 

irradiation of femtosecond laser pulses. The positive feedback of the 

interaction between incident light and plasma spheres induces the 

asymmetric local enhancement of the optical field, which leads to the 

asymmetric growth of the plasma spheres to be ellipsoid. With the 

increase of incident focusing depth inside the fiber, the size of the 

formed ellipsoid plasma gradually increases along the propagation of 

the incident light, which causes the gradual increase of period Λ2. 

The erasure and rewriting properties of nanogratings in optical 

fibers are observed in Fig. 2d and a detailed investigation is depicted 

in Fig. 3a-3c. The horizontal nanogratings are imprinted firstly in the 

core region of an FMF at a scanning speed of 5 m/s and the vertical 

nanogratings are inscribed at the same scanning speed to erase the 

formers. The horizontal nanogratings are written by using pulse 

energy of 1.38 J, while the vertical nanogratings are written by using 

1.41 J, 1.38 J and 1.35 J, respectively. The laser rewriting 

capability strongly depends on the erasing pulse energy. When the 

erasing pulse energy is large enough, the former nanograting can be 

erased completely and a new nanograting is rewritten with the 

orientation perpendicular to the polarization of the erasing laser 

pulses. Once the erasing laser power comes to a threshold value, the 

two nanogratings with different orientations will reach a balance and 

coexist as a two-dimensional periodic nanostructure, which is 

illustrated in Fig. 2c.  

Nanogratings imprinted in optical fibers also show a good 

connection with a parallel multi-scanning technique. Figure 3d shows 

the large area distribution of multiple embedded nanogratings in a 

SMF. The nanogratings inscribed by parallelly scanning with partial 

overlapping can connect one by one as a law of extension. Any two 

adjacent nanogratings remain the same spatial regularity. The 

collapses marked by red dotted circles are interpreted to excessive 

etching of HF caused by aggregation of high density structure defects 

suffering overlapping irradiation. Overlapping areas of two 

nanogratings in a SMF and an FMF are depicted in Fig. 3e and 3f, 

respectively. 

Characterization of nanogratings in optical fibers 

Nanogratings inscribed in optical fibers have strong birefringence 

signals under a cross-polarized optical microscope and are 

characterized by measuring the brightness of the written lines using 

an image analyzing software (NIS-Elements, Nikon). The 

birefringence signal is defined as the optical intensity of light 

transmission through the inscribed FNGs placed between two 

crossed polarizers. The principle of birefringence characterizing is 

given by:48 I ∝ 𝑠𝑖𝑛2 (
𝜋⋅Δ⋅𝐿

𝜆
) . The value of birefringence (Δ ) is the 

difference between the ordinary and extraordinary indices of 

refraction. The parameters L and λ are the length of the nanograting 

along the illuminated light propagation direction and the 

corresponding wavelength, respectively. Therefore, the 

birefringence signal intensity can roughly represent the retardance 

and the development levels of the formed nanogratings. Figure 4a 

and 4b show the birefringence distributions of the focal plane and a  
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Fig. 4 (a) The birefringence distribution of the focal plane with 
five nanogratings inside. (b) The corresponding birefringence 
signal measured by line scanning. (c) The change of the 
birefringence intensities at varying the writing pulse energies. 
Inset: The written lines captured by cross-polarized and normal 
optical microscopes with the pulse energies of 0.6 J, 0.9 J, 1.2 
J, 1.5 J and 1.8 J.  

 

line scanning perpendicular to the axial direction of fiber, 

respectively. Considering that the brightness of birefringence signal 

in unexposed areas is much lower than that in the written lines, the 

inherent birefringence of optical fibers can be ignored. Strong 

intensities emerge from laser scanning lines, verifying that the signals 

are caused mainly by the birefringence of the nanogratings formed 

in optical fibers. The dependence of birefringence signal intensities 

on different pulse energies are depicted in Fig. 4c with cross-

polarized and normal optical microscope images, which show that 

the optimal writing energy is around 1.2 J at a repetition rate of 1 

kHz. When the laser power is lower than 1.2 J, the birefringence 

increases rapidly with the power increasing which indicates the 

formation of nanogratings. With the power increasing over 1.2 J, 

the birefringence decreases because high laser intensities are 

especially prone to induce micro-cracks belonging to the type-III, 

which destroys the formed nanograting structure and recedes the 

birefringence intensity. 

The refractive index distribution of nanogratings in optical fibers is 

investigated by optical fiber refractive index analyzer (S14). The 

optical fiber with fabricated nanogratings was mechanically polished  

 

 
Fig. 5 The refractive index distribution of an FMF end face with five 
nanogratings. 

 
Fig. 6 (a) The Mueller matrices measuring system. The Mueller 
matrices images of an optical fiber with nanogratings at the 
rotation angle of 0° (b) and 90° (d). (c) The depolarization and 
retardation of an FNG at different rotation angles. 

 

and then immersed in the index-matching fluid under the 

measurement using refracted near-field technique.49 Figure 5 shows 

the refractive index distribution of five nanogratings in an FMF with 

line scanning measurement. A negative change of refractive index of 

approximate 0.015 is induced after irradiation, while every 

nanograting seems as a whole. Sawtooth changes of refractive 

indices are observed in nanogratings #1, #2, #3 and #5, which 

confirms that nanograting consists of alternant low and high 

refractive index nanoplanes. Sawtooth structure does not emerge in 

nanograting #4 due to the limit of device resolution and the poorly 

quality of the formed nanograting. 

Nanogratings orientate perpendicular to the polarization of 

femtosecond laser pulses, which makes nanogratings polarization 

sensitive components. A 4×4 Mueller matrix is deemed to be the 

most comprehensive measurement of polarization due to its ability 

of characterizing all polarization effects. Mueller matrices are 

measured by collecting and analyzing the output states of 

polarization (SOP) from a Mueller matrix measuring system.50 An 

optical fiber written with nanogratings is placed perpendicular to the 

propagation direction of probe light and sandwiched between a 

polarization state generator (PSG) and a polarization state analyzer 

(PSA) as shown in Fig. 6a. Figure 6b and 6d show the Mueller matrices 

images of an optical fiber with nanogratings by rotating the fiber at 

0° and 90°, respectively. In the Fig. 6b, the nanostructure is almost 

invisible in Mueller matrices images, which indicates that the normal 

direction of nanogratings is parallel to the propagating direction of 

the probe light. The structure is isotropous and makes a weak impact 

on the propagation of probe light. Differently, the written lines are 

observed clearly in the Fig. 6d. The fiber has been rotated at 90° so 

that the normal direction of nanogratings is perpendicular to the 

propagating direction of the probe light. Due to the alternate low and  
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Fig. 7 (a) The schematic diagram of the in-line polarizer based on FNGs. (b) SEM images of the fiber end face with nanogratings embedded 

around fiber core for in-line polarizer. (c) The schematic diagram of in-line polarizer testing setup. (d) The loss spectra at varying the input 

polarization angles. The polarization distribution of the in-line fiber polarizer () and a bare fiber () at the wavelength of 1310 nm (e) and 

1550 nm (f). 

 

high refractive index nanoplanes, the structure shows strong 

anisotropy, which causes a large optical retardation. The Mueller 

matrices are measured from 0°  to 360°  and decomposed by the 

method given by:51 

𝑀 = [

𝑚00 𝑚01

𝑚10 𝑚11

𝑚02 𝑚03

𝑚12 𝑚13
𝑚20 𝑚21

𝑚30 𝑚31

𝑚22 𝑚23

𝑚32 𝑚33

] = 𝑀Δ𝑀𝑅𝑀𝐷             (1) 

Here 𝑀  is the Mueller matrix of the FNG, which includes 16 

polarization dependent elements. 𝑀Δ  refers to the depolarization 

factor, 𝑀𝑅  stands for the birefringence factor, and the 𝑀𝐷 

represents the diattenuation factor. After data processing, the 

depolarization and retardation of nanogratings inscribed in optical 

fibers are dotted at varying rotation angles in Fig. 6c. Both of the 

depolarization and retardation reach the maximum at either 90° or 

270°. The depolarization of nanogratings is interpreted to the elastic 

and inelastic scattering resulting from the nanoplanes and other 

defect structures. The results show the measured maximum of the 

retardance is about 53°, which is mainly caused by the nanograting 

birefringence, while the minimum is not zero because of the inherent 

birefringence of optical fibers. 

In-line polarizer based on FNGs 

Nanograting consists of alternant low and high refractive index 

nanoplanes with the thickness 𝑤1,2 and dielectric constant 𝜀1,2, 

respectively. The effective dielectric constant parallel to the 

direction of nanoplanes is defined as ε∥  while the effective 

dielectric constant perpendicular to the direction of nanoplanes 

is defined as ε⊥, which can be respectively expressed as52:  

ε∥ = (𝑤1𝜀1 + 𝑤2ε2)/(𝑤1 + 𝑤2)                       (2) 

ε⊥ = (𝑤1 + 𝑤2)ε1ε2/(𝑤1𝜀2 + 𝑤2ε1)                  (3) 

Consequently, nanograting shows a strong birefringence like 

a negative uniaxial crystal. On the basis of effective medium 

theory,53 the light with polarization perpendicular to the normal 

direction of nanogratings can propagate through nanogratings 

with weakest scattering and reflection, while the light with 

polarization parallel to the normal direction of nanogratings is 

severely attenuated by nanograting due to the strong scattering 

and reflection. The attenuation mechanism is depicted in Fig. 7a.  

This polarization sensitive attenuation of the FNGs is utilized 

to fabricate in-line optical polarizers. The nanogratings are 

inscribed in the cladding of optical fibers interacting with the 

evanescent fields, meanwhile the transmission loss of the light 

propagation is less increased. Here the extinction ratio (ER) of 

the in-line polarizer is measured by using Malus-law method. 
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The experimental setup is shown in Fig. 7c. A linearly polarized 

source which consists of a broadband light source and a 

polarizer is launched to the in-line polarizer based on FNGs and 

finally pigtailed by an optical spectrum analyzer (OSA) 

(Yokogawa 6370c). By varying the polarization of input beam, 

the intensity of the output beam changes periodically according 

to Malus law as 𝐼 = 𝐼𝑂𝑐𝑜𝑠2𝜃 .54 Here 𝜃  is the angle between 

transmission axes of the polarizer and the transmission axes of 

the in-line polarizer. We define the maximum and the minimum 

transmission intensities as 𝐼𝑚𝑎𝑥  and 𝐼𝑚𝑖𝑛 , respectively. The 

ratio of maximum to minimum transmitted intensity is defined 

as the ER in terms of dB, as follows: 

   ER (dB) = 10𝑙𝑜𝑔 (
𝐼𝑚𝑎𝑥

𝐼𝑚𝑖𝑛
) = 𝐼𝑚𝑎𝑥  (𝑑𝐵) − 𝐼𝑚𝑖𝑛  (𝑑𝐵)       (4) 

The insertion loss (IL) of in-line fiber polarizer is defined as 

the ratio of the input light intensity 𝐼0  over the 𝐼𝑚𝑎𝑥  in the 

following formula: 

IL (dB) = 10𝑙𝑜𝑔 (
𝐼0

𝐼𝑚𝑎𝑥
) = 𝐼0 (𝑑𝐵) − 𝐼𝑚𝑎𝑥  (𝑑𝐵)          (5) 

The SEM images of in-line polarizer based on FNGs and the 

measured optical loss spectra at varying angles of input 

polarization from 0 °  to 90 °  are shown in Fig. 7b and 7d, 

respectively. The fiber polarizer based on FNGs shows a 

polarizing behavior in a broadband, and the polarizing 

perfomance at the wavelengths of 1310 nm and 1550 nm is 

displayed in Fig. 7e and 7f.  

The ERs of the fabricated fiber polarizer are 5.43 dB and 6.319 

dB at 1310 nm and 1550 nm, respectively, which can be further 

improved by optimizing the writing parameters including the 

length of scanning lines, pulse energy and arrangment modes of 

nanograting arrays. Here the unsymmetrical structure of 

polarization performance is mainly attributed to the chiral 

property of FNGs, which is interpreted to the action of light-

induced torque55, 56 and leads to a different attenuation when 

the polarization of the input light are 0° and 180°. The IL of the 

in-line polarizer is 0.69 dB both at 1310 nm and 1550 nm, which 

is mostly linked to the continuity and uniformity of the 

nanograting arrays. By optimizing the writing parameters and 

the arrangement of nanograings arrays, such polarizers with 

better performances can be obtained. A nanograting structure 

is maintained up to the glass transition temperature Tg of ~1200 

℃ ,57-59 which ensures a high thermal stability of FNG-based 

devices for extensive practical applications. 

Conclusions 

We report on the fabrication and characterization of FNGs 

induced by femtosecond laser pulses direct writing. The Ge 

doping plays an important role in formation of nanogratings in 

optical fibers. The strong birefringence and the negative 

refractive index distribution with sawtooth structure of 

nanogratings in optical fibers are both characterized. Mueller 

matrix analytical method is utilized to characterize the 

depolarization and retardance of the fabricated FNGs. The 

polarization-dependent attenuation existed in a broadband 

spectrum range and therefore the in-line polarizer has been 

achieved. We also discuss the optimum proposal for improving 

the extinction ratio of the polarizer. The in-line polarizers based 

on FNGs are very competitive to the polarization management 

in photon integration field with the advantages of compact size, 

simple fabrication, strong stability and high compatibility to 

most fiber-optic systems. 
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Abstract: Light-matter interaction within ultrashort duration time contributes to the nonlinear 

photoionization that allows diverse nanostructures, especially subwavelength nanogratings, 

which comprises strong negative birefringence and recently chiroptic properties. Fiber 

nanograting, namely nanograting integrated in optical fibers, encountering the new possibility 

of realizing both “lab-on-fiber” and “lab-in-fiber” engineering, is leading to a novel and 

intriguing topic in ultrafast optics and integrated optics. However, the state-of-the-art fiber 

nanograting based technologies normally focus on the unidirectional distributions of 

nanogratings, which restricts the freedom of functionality. Here, we report a full control of 

the fiber nanogratings orientation by manipulating the laser polarization and a tailoring of 

space variant fiber nanogratings to extend the diversity towards on-demand fiber nanogratings 

engineering. As such, we believe that this will be beneficial for optical manipulation in fiber 

lasers, fiber communications and fiber based integrated systems. 

Key words: Silica fibers, Nanograting, Femtosecond laser, Light matter interaction, Chirality 

1. Introduction 

Processing of materials in the domains of data storage, nanoscale photonics, bioscience and 

plasmonic structures requires high throughout structuring and refined nano-patterning. 

Generally, small feature size and high precision are incompatible corresponding to Tennant’s 

law[1,2]. However, femtosecond (fs) laser emerges with Abbe diffraction limit breaking due 

to self-organization from nonlinear effects, may encounter the balance of these two 

alternatives. Fs laser manufacturing delivers photo energies of laser pulses with ultrahigh 

peak power precisely to defined local volumes of the transparent materials via nonlinear 

effects e.g., two/multi-photon excitations[3,4]. Such a complex process takes place at a time 

scale much smaller than the thermal diffusion and the electron-phonon transfer between 

photon-excited plasma and lattice ions, which enables diverse photon-modifications dedicated 

in sub 100 nm sized region lithography, very importantly with a non-restricted three-

dimensional (3D) capability[2]. The permanent optical modifications that are dependent on 

the light energy deposition and transfer efficiency to the materials, are cataloged into three 

kinds: isotropic refractive index modifications due to point defects and specific volume 

changes (Type I); anisotropic index changes due to subwavelength nanostructures so called 

nanogratings (Type II); and micro/nano-voids mainly caused by micro-explosions (Type 

III)[5]. The thresholds of these different modification regimes depend not only on the 

controllable laser parameters but also on the optical and thermo-mechanical properties of the 

materials themselves. 



A self-organized nanograting[6] mainly exhibits a strong negative form birefringence, 

attributing to the alternatively distributed nano-porous layers with anisotropic filling factor. 

Such a unique refined nanostructure originates for example, from the scattered waves 

interference leading to spatial structuration of the plasma density distribution[7,8]. Recently, 

Lancry et al. revealed that the nanoscale free-electron density modulation is determined by a 

decomposition of SiO2 leading to oblate nanopores formation[9]. Subsequently, the oxygen 

atoms are expulsed from the lattice and thus recombine to molecular oxygen in the nanopores. 

This theory has now been developed and revisited by a plasma mediated nano-cavitation 

model[8]. Although the nature of the origin of nanogratings remains under discussion, type II 

nanogratings modification exhibits useful physical-chemical properties i.e., strong 

birefringence, high thermal stability, erasure rewriting, chemical sensitivity[8,10–12]. 

Recently, Poumellec et al. revealed that fs laser pulses can create optical chirality in an 

achiral material (silica glass)[13], as confirmed by our two-layers model that this fs induced 

chirality is imprinted based on two linear contributions i.e., a form birefringence and a stress-

related birefringence with non-parallel and non-perpendicular neutral axes [14]. To date, fs 

laser written nanogratings have encountered diverse applications ranging from plasma 

physical fundamentals, materials science to nano-photonics and quantum information 

science[4,15–17].  

From fundamental optical communication system to micro-sensing in extreme 

environments, optical fiber has brought revolutionary development in light science due to its 

much lower transmission loss as well as, the cheaper fabrication cost[18]. Thus, towards on-

demand manipulations of light propagating in the optical fibers, fiber-based elements are 

essential to unlock the functionalities of fiber-based light technology. Given the micrometric 

sizes and complex structures manufacturing, fs laser 3D processing has brought new 

possibility to nano-micro fabrications in fibers. For instance, mature technologies of fs laser 

written fiber Bragg gratings (FBGs) have been demonstrated via phase mask and point-by-

point technique[19,20]. In addition, an enhanced Rayleigh backscattering is investigated by fs 

laser processing in fibers, which encounters distributed fiber sensors[21]. Normally, lab-on-a-

chip devices require cm dimensions with functional elements sizes featuring around 100 m, 

which corresponds to the cross sections of normal optical fibers[22]. Following the 

perspective, fiber-tip based elements or even lab-on-fiber and lab-in-fiber develop rapidly 

from a proof-of-principle stage to a useful platform for manipulating light interacted with 

fibers and of course, inside fibers. This significant technology with advanced functional 

materials at micro-nano scale gives disparate properties and functions to the optical fiber 

media, leading to the new possibilities in nano-photonics, plasmon physics and nano-

sensing[23–25]. 

Fs written nanograting in optical fibers i.e., fiber nanograting (FNG) exploits both the 

anisotropic optical properties of nanograting and fiber compatibility, which is now growing as 

a novel strategy for fiber-based functional element fabrications. For instance, potential 

birefringent waveplates would be realized by embedding nanogratings inside optical fibers for 

phase control of fast and slow light beams. Owing to the chemical sensitivity of nanogratings, 

on-demand structural fabrications of FNG-based micro-fluidic channels are possible. Recent 

advances that multilayer strategy enabled chiral waveplates can control the polarization of the 

light in silica glass[26] indicate instructive perspectives in FNGs due to the compatibility of 

the cylindrical structure of an optical fiber. Previously, we have reported a fs laser implanted 

polarization selective array assembled by a set of FNGs distributed around fiber core can thus 

form an in-line polarizer[27]. This in turn provides new perspectives in fs laser written in-

line/on-fiber optical element fabrications and further, in micro-fluidic channels and surface 

plasma resonance in optical fibers, via complex assemblies of FNGs. However, the state-of-

the-art of FNGs only exploits the nanogratings orientated with same directions, which 

somewhat restricts their functionality. 



In this paper, we present a unified strategy that enables dynamic control of laser 

polarization to demonstrate the tailoring of space variant FNGs induced by fs laser pulses. In 

a simple view, the orientation of the FNG distribution is manipulated by the laser polarization 

(considering no tilt effect) and the optical retardance remains related to the laser fluence[6]. 

Firstly, the polarization dependences of the FNG distribution in the planes both parallel and 

perpendicular to the light propagating direction are investigated with a design of polarization 

evolution. Calibrations of retardance are performed via different laser pulse energies and 

writing speeds, which are measured by crossed polarized microscopy. In addition, the Mueller 

matrix of the FNG structure is recorded and then decomposed to characterize the polarization 

properties. Furthermore, continuous evolutions of FNG orientation variation i.e., space 

variant FNG constructions are enabled by fs laser scanning combined with a synchronous 

polarization control technique. This tailoring of space variant FNGs would extend the 

manipulation freedom of FNGs inscriptions towards five-dimension (5D, 3D space control 

combined with FNG orientation and retardance) control. 

2. Experimental setup and methods 

2.1 Fs laser setup 

The illustration of the fs laser setup is depicted in Fig. 1(a). The fs laser pulses of 120 fs 

duration are delivered from a Ti: sapphire laser system (Spectra-Physics) at a repetition rate 

of 1 kHz with a central wavelength of 800 nm. A small aperture narrows the laser beam size 

and allows a uniform distribution of the light spot whereas a continuous neutral density filter 

is utilized to manipulate the power. Besides, a computer controlled half-wave plate is 

employed to rotate the laser polarization azimuth. Benefit from a fast belt driven rotation 

motor (URB100CC, Newport), the half-wave plate can be rotated at a very fast speed up to 

720°/s. The fs laser beam is then focused into the optical fiber via an objective with a low 

numerical aperture (NA) of 0.55 for minimizing the spherical aberration. The laser scanning 

is enabled by mounting the optical fiber on a computer-controlled xyz transition stage (H101A 

Pro Scan model, PSI) with a line scanning trajectory. Here, we have two schemes of laser 

scanning. Scheme 1 (scheme 2) refers to a focusing configuration that the laser propagation 

direction is perpendicular (parallel) to the fiber axis, respectively. The transition stage and the 

rotation motor can operate synchronously by computer control. The optical fibers adopted in 

this paper are commercial single-mode fibers (SMFs, Corning SMF-28e) and few-mode fibers 

(FMFs, YOFC-4). The pulse energy and scanning speed are set at appropriate parameters 

enabling a smooth writing of Type II nanogratings formation (typ. 1.2 J/pulse, 5 m s-1). 

2.2 Retardance measurements 

FNGs own strong birefringence due to its inherent anisotropic periodic nanostructures 

(alternative nanoporous layers of lower refractive index[9]), which results in high optical 

retardance related to 𝑅 = (𝑛𝑒 − 𝑛𝑜) ∙ 𝑑 when expressed in nanometers[14]. 𝑑 is the thickness 

of the birefringent layer whereas 𝑛𝑒/𝑜  represents the refractive index of 

extraordinary/ordinary light (considering uniaxial materials in our case), respectively. 

Experimentally, a polarimetric microscope system (EXICOR Micro Imager) is used for 

quantitative retardance measurements. Considering the skin depth of the FNG samples, the 

light source of the crossed polarized microscope is set at blue light (475 nm). A charge 

coupled device (CCD) camera is used to record the intensity of the probe light and calculate 

the retardance distribution as well as slow axis distribution combined with two compensators.  

2.3 Scanning electron microscopy (SEM) measurements 

Firstly, the cross-sections of the fs written FNG samples are polished and then etched by  a 

hydrofluoric acid (HF) solution (1 vol%) for 80 s. Secondly, the etched samples are treated by 

ultrasonic cleaning for 10 mins and dried in the oven for 75 ℃, 20 mins. Afterwards, the 



samples are metal-sprayed and then observed by a SEM (Nava NanoSEM 450) using the 

secondary electron field emission mode. 

2.4 Mueller imaging characterizations 

Mueller matrix is deemed as one of the most efficient methods to unveil the overall 

polarimetric properties of the sample. Here, the measurement is demonstrated in a Mueller 

formalism instead of a Jones matrix because our fs written samples may contain some 

depolarization effect, in addition, it is more suitable since linear and circular anisotropic 

properties are co-existing[14]. The Mueller imaging system is constructed by a polarization 

state generator (PSG) consist of a half-wave plate (HWP), and a quarter-wave plate (QWP), 

FNG sample focusing and a polarization state analyzer (PSA) consist of a QWP and a 

HWP[28]. The probe light source is operated at 632 nm and a complementary metal-oxide-

semiconductor transistor (CMOS) camera is utilized to record the 4×4 Mueller matrix. Then 

the obtained Mueller matrix is decomposed by using a logarithmic decomposition 

method[29,30] to “disentangle” all the anisotropic properties: 

𝑀𝑑𝑒𝑐 = [

0
𝐿𝐷
𝐿𝐷′
𝐶𝐷

𝐿𝐷
0

−𝐶𝐵
𝐿𝐵′

𝐿𝐷′
𝐶𝐵
0

−𝐿𝐵

𝐶𝐷
−𝐿𝐵′
𝐿𝐵
0

]                                        (1) 

More detailed information can be found in “supplementary materials”. The obtained 

anisotropic optical properties include both linear optical properties: linear birefringence (LB), 

45°-linear birefringence (LB’), linear dichroism (LD), 45°-linear dichroism (LD’), and 

circular optical properties: circular birefringence (CB), circular dichroism (CD). 

3. Results 

3.1 Manipulation of FNG orientations via laser polarization 

 

Fig. 1. Fs laser direct writing system, fs laser written FNGs, and the polarization dependence 

of fs written FNG orientation (scanning perpendicular to fiber axis). (a) Schematics of the fs 

laser writing system. Here, scheme 1 refers to a focusing configuration that the laser 
propagation direction is perpendicular to the fiber axis. Scheme 2 refers to a focusing 



configuration that the laser propagation direction is parallel to the fiber axis. (b) SEM image of 

the fs written FNG in a few-mode fiber (YOFC-4) core by 1.2 J/pulse, 5 m s-1. Black-white-

alternative arrow line: analytical region of the EDS measurement. (c) EDS measurement result 

of element distributions including Oxygen (O), Silicon (Si) and Germanium (Ge). (d) 
Polarization dependence of fs written FNG orientations observed in the plane perpendicular to 

laser propagation direction. FNGs are written in a few-mode fiber (YOFC-4) core with scheme 

2, 1.2 J/pulse, 5 m s-1. 

To impart the desirable manipulation of space variant FNGs, one should, at a first step, 

control the spatial distribution orientation of FNGs. In simple cases, fs laser written 

nanogratings are distributed perpendicular to the laser polarization direction, considering no 

tilt effect that could be caused by pulse front tilt (PFT) or stress effects [14,31,32]. 

Experimentally, the fs laser system is carried out to demonstrate FNG inscriptions inside 

optical fibers. Figure. 1(b) exhibits a typical FNG SEM image with a black-white-alternative 

arrow line, which indicates the analytical region of the energy dispersion spectrum (EDS) 

measurement. The EDS measurement is depicted in Fig. 1(c). Obviously one can observe the 

irradiated region possesses three elements corresponding to the basic GeO2-doped SiO2 

optical fibers. In the FNG region, the concentration of Silicon (Si) is less than that of Oxygen 

(O), while they are quite close in the non-irradiated region. Furthermore, the element 

distribution has a prominent variation that corresponds to the nano-lines distribution. This, in 

turn, indicates a conspicuous relationship showing that the element has been likely 

periodically modulated by fs laser irradiation.  

Towards FNG orientation manipulation in the plane perpendicular to laser propagation 

direction: To investigate the polarization dependence of the FNG distribution with the 

observation plane perpendicular to laser wavevector direction, we tentatively employ a set of 

laser polarization evolution from 𝛼 = −90° to 𝛼 = 90° with a step of 30°. 𝛼 is defined as the 

angle between x axis and the laser polarization direction. In addition, since 𝛼 = −45° and 

𝛼 = 45° are quite unusual e.g., in implanting optical chirality inside transparent materials, 

they are also included here. Experimentally, the FNG orientations are well controlled by the 

laser polarization as they appear with an almost perpendicular connection. 

 

Fig. 2. Polarization dependence of fs written FNG orientation in the plane parallel to laser 

propagation direction. (a) SEM images of fs written FNGs by different laser polarizations. 

FNGs are written in a few-mode fiber (YOFC-4) core by scheme 1, 1.2 J/pulse, 5 m s-1: 



Overview of the fiber cross-section (a1); observation of fiber core region (a2); detailed images 
of each FNG written by different laser polarizations (a3-a9). (b) Schematics of FNG 

orientation evolution controlled by laser polarization. Λ refers to the period of FNG. 

Towards FNG orientation manipulation in the plane parallel to laser propagation 

direction: In addition, investigating the polarization dependence of the FNG distribution with 

the observation plane parallel to the laser wavevector direction is also essential for 

manipulating the orientation of the FNG. As depicted in Fig. 2(a), obvious nanolayers 

(namely nano-lines) appear at a laser polarization of 𝛼 = 90° and nano-planes emerge at a 

laser polarization of 𝛼 = 0°. Whereas at a laser polarization of around 𝛼 = 45°, there is a co-

existence of nanolayers and nano-planes which shows the projection image of an out-of-plane 

structure. Note that one should observe some nanopores structures[9,12], however, here it is 

not clearly observed because the HF etching destroys the nanopores. Obviously, the 

experimental results show a good perpendicular relationship between laser polarization and 

FNG orientation. 

3.2 Manipulation of retardances of FNGs via fs laser fluence 

Nanogratings that own an inherent periodic arrangement of nanolayers with a large refractive 

index contrast exhibit an obvious anisotropy, leading to strong negative linear birefringence 

and thus a related retardance[14]. Such a form birefringence makes nanogratings to be a 

useful strategy for birefringent device fabrications, which can be also integrated in optical 

fibers. Thus, investigating and tailoring both the retardance amplitude and its orientation lie 

on the core of unlocking the functionality of FNGs. 

 

Fig. 3. Retardance and slow axis measurements of FNGs. (a) Microscope image (top) and 
crossed polarized microscope image (bottom) of a FNG sample written in a few-mode fiber 

(YOFC-4) core by scheme 1, 1.2 J/pulse, 5 m s-1. Illustration of rotating the FNG sample to 

achieve different probing direction (right). (b) Retardance and angle of slow axis of the 
investigated FNG sample distribution at different probing directions. (c) Microscope image 

(left) and crossed polarized microscope image (right) of five laser tracks (FNGs) written in 

different positions of a few-mode fiber (YOFC-4) by scheme 1, 1.2 J/pulse, 5 m s-1. Laser 

track 1 and 5: in fiber cladding; Laser track 2 and 4: at the border of fiber core and cladding; 

Laser track 3: in fiber core. Blue arrow shows the line scanning direction of retardance 

measurement. (d) Retardance distribution recorded by line scanning compared to a non-

irradiated few-mode fiber. 



Here, we use the crossed polarized microscope to identify the retardance as well as the 

slow axis of a FNG structure with different probing directions, as depicted in Fig. 3(a). 

Figure. 3(b) shows the retardance and slow axis distribution obtained by rotating the fiber 

from 𝜃 = 0°  to 𝜃 = 360° . 𝜃  refers to the angle between probe direction and the y axis 

(perpendicular to FNG orientation) as shown in the right schematic picture of Fig. 3(a). 

Obviously depicted in Fig. 3(b), the retardance achieves maximum values at 90° and 270° 

because the probe light propagation direction is along the nanolayers (nano-lines). Whereas 

the retardance achieves minimum values at 0° (360°) and 180° because the probe light 

propagates through a set of nano-planes which can be deemed as isotropic layers as a first 

approximation (assuming a random distribution of spherical nanopores). Furthermore, the 

slow axis shows three values over a 360° fiber rotation. Firstly, the slow axis is measured to 

be non-significant values (here around -45°) at 0° (360°) and 180° due to a nearly zero linear 

birefringence. Secondly, the slow axis achieves around -10° (theoretically it should be 0°) 

from 15° to 165°, which means the sample is a little tilted in the measuring process. Further, 

the slow axis measured to be 10° from 195° to 345° well confirms the tilt of the sample and 

more importantly, the anisotropic orientation of FNGs. 

Figure. 3(c) depicts the microscope image of five laser tracks written in a few-mode fiber. 

Besides, the retardances are quantitatively recorded in Fig. 3(d). Firstly, the FNGs exhibit 

large retardance compared to non-irradiated few-mode fibers. Furthermore, the retardance of 

the central laser track has a higher value, which could be attributed to (1) a shorter periodicity 

of nanogratings and higher porosity filling factor[33]; (2) the higher Ge-doping in the fiber 

core, inducing more defect centers to the SiO4 random networks[34], which lower the band 

gap of the fiber core material and thus result in a lower threshold of multi-photon 

ionization[27]. 

 

Fig. 4. Tailoring of retardance of FNGs by laser fluence. (a) Retardance evolutions at different 

laser pulse energies for scanning speeds of 5 m s-1, 10 m s-1 and 20 m s-1. (b) Retardance 

evolutions at different scanning speeds for laser pulse energies of 0.6 J and 1.2 J. FNGs are 

written in the few-mode fiber (YOFC-4) core by scheme 1. 

Experimentally, one can demonstrate the tailoring of retardances of written FNGs by 

controlling the laser fluence, namely manipulating pulse energy or scanning speed. This is 

depicted in Figure. 4(a) and 4(b) respectively. Normally, within smooth Type II nanogratings 

window, higher pulse energy allows a high energy deposit inside the transparent material 

while lower scanning speed leads to a shorter period of nanogratings and a higher porosity 

filling factor, which both result in a stronger linear birefringence and thus the related 

retardance. 

3.3 Anisotropic optical properties of FNGs 



Since nanogratings own anisotropic sub-wavelength structures, FNGs are expected not only 

to possess anisotropic linear optical properties, but also remarkable circular ones due to an 

optical symmetry breaking. According to the “two-layer model” proposed in our previous 

work[14], the circular optical properties are originated from a chiral combination of form 

birefringence contribution and stress related birefringence contribution. Thus, one can set two 

linear retarders to predict the circular birefringence of FNGs. Here, we only take circular 

birefringence as a representative chiral optical property. Thus, only the linear birefringence 

property is considered in the linear retarder because the circular birefringence only originates 

from the chiral combination of linear birefringence. The Mueller matrix of the linear retarder 

can be expressed as: 

𝑀𝐿𝑅(𝑅) = [

1
0
0
0

0
1
0
0

0
0

𝑐𝑜𝑠(𝑅)

−𝑠𝑖𝑛(𝑅)

0
0

𝑠𝑖𝑛(𝑅)

𝑐𝑜𝑠(𝑅)

]                                        (2) 

𝑅 refers to the retardance expressed in rad, which correlates to the linear birefringence. The 

circular birefringence consists of a form birefringence and a stress related birefringence with 

their neutral axes non-parallel and non-perpendicular. For sake of large asymmetry, we set an 

angle of 45° between the slow axes of these two linear retarder layers. Thus, we can simply 

define a 45° slow axis of form birefringence layer and 0° slow axis of stress layer. Therefore, 

the Mueller matrix of the first linear retarder (refers to form birefringence) and the Mueller 

matrix of the second linear retarder (refers to stress related birefringence) can be obtained: 

𝑀𝑓𝑜𝑟𝑚 = 𝑀𝑟(−45°) ∙ 𝑀𝐿𝑅(𝑅1) ∙ 𝑀𝑟(45°)                                       (3) 

𝑀𝑠𝑡𝑟𝑒𝑠𝑠 = 𝑀𝐿𝑅(𝑅2)                                                         (4) 

Here, 𝑀𝑟 is the rotation matrix and can be expressed as: 

𝑀𝑟(𝛼) = [

1
0
0
0

0
𝑐𝑜𝑠(2𝛼)
−𝑠𝑖𝑛(2𝛼)

0

0
𝑠𝑖𝑛(2𝛼)

𝑐𝑜𝑠(2𝛼)
0

0
0
0
1

]                                          (5) 

Finally, the collective Mueller matrix of the whole structure can be calculated by: 

𝑀 = 𝑀𝑠𝑡𝑟𝑒𝑠𝑠 ∙ 𝑀𝑓𝑜𝑟𝑚                                                       (6) 

Thus, with a logarithmic decomposition method introduced in “2.4 Mueller imaging 

characterizations” section, we can obtain the circular birefringence. According to previous 

investigations [14,27] and the experiment results of FNGs, the retardance values of form 

birefringence and stress related birefringence are set as -0.75 rad and 0.55 rad, respectively. 

The final circular birefringence is calculated to be 0.204 rad. 

Experimentally, a Mueller imaging polarimeter is used to investigate all the anisotropic 

optical properties as depicted in Fig. 5. Specifically, eight FNGs are imprinted in a few-mode 

fiber core with a focusing configuration of scheme 2 and a polarization of 45° one by one by 

rotating the fiber. These FNGs are then characterized by a Mueller polarimeter, as shown in 

Fig. 5(a). A non-inscribed few-mode fiber is also investigated for sake of comparison. The 

whole Mueller matrices of few-mode fibers cross-sections with and without FNG inscriptions 

are depicted in Fig. 5(b) and Fig. 5(c), respectively. Obviously, the Mueller matrix images of 

FNGs show different behavior compared to the non-inscribed fiber. Moreover, Fig. 5(d) 

exhibits a comparison between microscope images and the Mueller matrix M22 elements of 

few-mode fibers cross-sections both with and without FNG inscriptions, respectively. 

Obviously, the M22 element of FNG inscriptions exhibits large values with different signs and 

amplitudes whereas the M22 element of non-inscriptions exhibits a nearly zero value. Here, 

one element of Mueller matrix can only tell the difference, however, it is not enough to 

extract the polarimetric properties of the sample. Thus, the whole Mueller matrix is then 

decomposed by a logarithmic method as described in “2.4 Mueller imaging characterizations” 

section. An average circular birefringence value of 0.21 rad probed at 632 nm is observed, as 



shown in Fig. 5(e), which is quite close to the predict one (0.204 rad) with theoretical 

calculation. This result is the first report of a circular optical property imprinted through a 

FNG structure, to the best of our knowledge.  

 

Fig. 5. Characteristics of anisotropic optical properties of FNGs by Mueller formalism. (a) 

Schematics of the Mueller polarimeter: LED: light emitting diode; L1,2: lens; HWP1,2: half-
wave plate; QWP1,2: quarter-wave plate; Obj.1,2: objective; FNG: fiber nanograting; CMOS: 

complementary metal-oxide-semiconductor transistor camera; PSG: polarization state 

generator; PSA: polarization state analyzer. Full Mueller matrices of few-mode fiber cross-
sections with (b) and without (c) FNG arrays imprinted. (d) Microscopic images (left) and 

Mueller element M22 images (right) of few-mode fiber cross-sections with (above) and without 

(below) FNG arrays imprinted. (e) CB values of each FNG (labeled in the microscopic image 
with FNGs of (d)) obtained by Mueller matrix decomposition using a logarithmic method. 

FNGs are written by scheme 2 and a 45° polarization with each FNG laser track to achieve the 

large asymmetry. 

3.4 3D tailoring of space variant FNGs 

Due to the interesting optical properties of FNGs, their flexible manipulation in space will 

definitely extend the functionality of FNG-based technologies. To imprint such space variant 

FNGs, the half-wave plate located in fs laser system was computer-controlled with a specific 

function of time. In other words, the laser polarization can be accurately adjusted during laser 



scanning and thus the imprinted FNG distributions. Following this approach, space variant 

FNGs with any distribution can be obtained. 

Experimentally, 90 m-long laser tracks are written by fs laser pulses scanning by scheme 

2, 1.2 J/pulse, 5 m s-1 with simultaneous polarization evolution e.g., rotation. Figure. 6(a) 

shows an overview of a single-mode fiber cross-section with several scanning lines of space 

variant FNGs. Note that the scanning direction perpendicular to the fiber axis is only an easy-

obtain configuration for cross-section observation. However, one can utilize an arbitrary 

scanning direction e.g., along fiber axis (so-called z-scan method) to obtain a space variant 

FNG evolving along the fiber itself, which can, for instance, fabricate a 3D structured 

“twisted nanogratings” along the fiber axis that is similar to our previous work in silica glass 

(but with different strategy)[35]. 

In Fig. 6(b), both clockwise and anticlockwise evolutions of FNG distribution are 

demonstrated by rotating the half-wave plate at a constant speed of 10° s-1. Thus, due to a 5 

m s-1 scanning speed, the FNG orientation rotates from 0° to 180°. Besides, using a 20° s-1 

speed allows a rotation of FNG orientation from 0° to 360° as depicted in Fig. 6(c). Here, a 

slight difference of the FNG morphology between clockwise and anticlockwise is mainly 

attributed to (1) a difference caused in the polishing process (polishing depth and polishing 

quality); (2) a difference of HF etching effect. Obviously, the FNGs evolve continuously 

following the expected design, which can be further exploited to construct an arbitrary space 

variant FNG. 

 

Fig. 6. Space variant FNGs within a line scanning geometry. (a) A SEM image of a single-

mode fiber cross-section profile with several line scanning laser tracks of space variant FNGs, 

combined with laser scanning configuration schematics below. (b) SEM images of 180° 
rotation of FNGs with both clockwise (above) and anticlockwise (below) evolutions enabled 

by rotating the half-wave plate at a constant speed of 10° s-1. (c) SEM images of 360° rotation 

of FNGs with both clockwise (above) and anticlockwise (below) evolutions enabled by 
rotating the half-wave plate at a constant speed of 20° s-1. Samples are written in a single-mode 

fiber by scheme 2, 1.2 J/pulse, 5 m s-1. 

Furthermore, one can also control the scanning along any directions to construct more 

complex distributions of FNGs as shown in Fig. 7. For instance, Fig. 7(a), 7(b) and 7(c) show 

octagon configurations with different FNG orientations of each side. Besides, one can expect 

to use a spiral trajectory scanning, instead of polygon configuration, combined with 

simultaneous polarization evolution to smooth the shape of the FNG structure and thus the 

effect of optical field manipulations. Additionally, square-like distributions and line arrays 

with different FNG orientations are also validated by different laser polarizations as shown in 

Fig. 7(d), 7(e) and 7(f), respectively. This kind of FNG-based complex structures around 

fiber core is promising in vectorial manipulation of fiber modes by evanescent field 

interaction. Furthermore, by utilizing the circular birefringence property, space variant fiber 

nanogratings arrays show great potentials in precisely controlling the linear polarization 



rotation of the guiding mode inside fiber core at different positions. This can be further used 

to create chiral light beams with complex polarization distributions. 

 

Fig. 7. SEM images of space variant FNGs within complex scanning geometries. (a-c) Octagon 

configurations with different FNG orientations of each side. (d) Square configuration with 

different FNG orientations of each side. (e) Square arrays configuration with different FNG 
orientations of each side. (f) Line arrays configuration with different FNG orientations of each 

line. Red arrows refer to laser polarization direction. Samples are written in few-mode fibers 

by scheme 2, 1.2 J/pulse, 5 m s-1. 

4. Discussion and Conclusion  

Origin of element distribution: Although the origin of nanograting formation is still under 

discussion, nanopores are proved to exist in nanolayers and play an essential role in 

nanograting formation. The case appears as well in FNG structures. From experimental EDS 

result depicted in Fig. 1(c), the Oxygen element exhibits lower concentration in the FNG 

region. This can be interpreted by the Oxygen migration from lattice to form Oxygen 

molecules in nanoporous regions, which is located in nanolayers. However, nanolayers are 

more sensitive to HF etching, which is related to the formation of nanoporous layers with 

stoichiometrically less silica around nanopores (a large amount of oxygen deficient centers is 

formed together with nanopores filled with molecular O2).  

Effect of pulse front tilt (PFT): Anyhow, the orientation of FNG is mainly determined by the 

laser polarization however a PFT can lead to some deviations. At the focus of the fs light, the 

spatial chirp caused by the misalignment of the compressor, angular dispersion and PFT grow 

exponentially and thus can attribute to “quill writing” and anisotropic photo-sensitive 

absorption[36–38]. However, it can only lead to few degrees tilt of nanolayer orientation at a 

hundred fs/mm[31]. Thus, controlling FNG orientation using PFT is not obvious and lack of 

flexibility. 

Controlling the propagating light in fibers by FNGs:  

(1) FNGs that own strong birefringent effect can be exploited for polarization control of 

propagating light in optical fibers. For instance, FNGs written by appropriate laser parameters 

can possess a quarter-wave retardance of a targeted wavelength light. Theoretically, this kind 

of quarter-wave plate can transform the propagating linearly polarized light to be a circularly 



polarized light or more generally an elliptically polarized light. Moreover, a space variant 

FNG or a FNG array can achieve the continuous manipulation of the propagating light both in 

transverse plane and even along the propagating axis. For example, one can employ a slow 

axis rotating space variant FNGs with quarter-wave retardance along the fiber axis to generate 

a novel elliptically polarized light with ellipticity-evolution in the fiber, which is highly 

flexible.  

(2) FNGs are strongly anisotropic nanostructures, which exhibit obvious polarization 

dependent loss property namely apparent linear or even circular dichroism. Such an effect is 

useful for fabricating in-line polarizers[27] and even promisingly, vectorial optical field 

manipulation. Since a single FNG can ensure a high transmittance according to its distribution 

orientation, a FNG array that includes several FNGs with different orientations can 

expectedly select a certain vectorial light mode from a hybrid mode of the propagating light.  

(3) The chiral optical properties observed here for the first time in a FNG structure are 

useful for controlling the optical phase of circularly polarized lights. More importantly, 

circular birefringence possesses inherent optical rotation property that can directly rotate the 

plane of polarization of light whatever the orientation angle between incoming light 

polarization and neutral axis of the FNG structure. This effect can be efficiently exploited for 

in-line linearly polarization rotator, passive fiber isolators and other chiral devices. Compared 

to traditional optical rotators such as half-wave plates and Faraday rotator, FNG-based 

rotators are more compact, passive (no need for magnetic field) and less sensitive to the 

misalignment.  

(4) Normally, a FNG structure exhibits non-negligible optical loss mostly due to the 

Rayleigh scattering from its intrinsic nano-porous nature, which owns a 1/𝜆4 

relationship[14,39]. However, one can organize the FNG arrays around the fiber core namely, 

imprinting FNGs in the cladding to ensure an ultralow optical loss and manipulate the 

propagating light via evanescent field. In addition, a Type X writing strategy can also partly 

or totally solve this issue owning to its ultrahigh transmittance at the expense of a lower 

retardance, which was recently studied by Kazansky group [16,40,41]. 

Tailoring the Retardance spectral dependence: The retardance 𝑅 = (𝑛𝑒 − 𝑛𝑜) ∙ 𝑑 generated 

in this paper is above 100 nm, it can be utilized as a quarter-wave plate targeting to a visible 

light e.g., 400-500 nm for blue light. However, this is not suitable for propagating in a single-

mode fiber or few-mode fiber as they are usually designed for near infrared light. Expectedly, 

there are many strategies to create more retardance in FNG: (1) using higher deposited energy 

to get a higher (𝑛𝑒 − 𝑛𝑜); (2) using lower NA focal lenses or a multilayers approach to 

imprint a thicker 𝑑. Therefore, we can achieve the desired functionality in the near infrared 

range such as within C-band.  

In summary, a full control of 3D FNG orientation distribution is demonstrated by 

manipulating the fs laser polarization[35]. Both linear optical property (linear birefringence 

and related retardance) and circular optical property (circular birefringence) are investigated. 

More importantly, both complex scanning and functionalized polarization manipulation 

construct space variant FNGs during the laser writing process. Our work provides a wide 

point of view of tailoring 3D space variant FNGs and may open new possibilities in FNG-

based technologies such as, complex in-line birefringent devices fabrication, fiber rotators 

and isolators, vector modes converters and laser manufacturing in “lab-in-fiber” and “lab-on-

fiber” systems. 
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 CONCLUSION 

This Chapter develops around the main topic of fs laser direct writing 

fiber nanograting structures in/on the tip of silica fibers for endowing 

controllable anisotropic optical properties such as linear 

birefringence and circular birefringence. This idea combines the fiber 

compatibility and functional fabrication to form a new platform of 

integrated devices in fiber optics. 

In order to validate the conception to construct this innovative 

functional in/on-fiber devices, the first step locates at the complete 

control of the nanograting structure, e.g., its orientation, retardance, 

circular optical properties. Therefore, we have experimentally 

characterized the performances of fiber nanogratings by utilizing 

SEM, polarimetric microscopy, Mueller polarimeter, etc. Based on 

these results, we have obtained some important conclusions: 

1. Fiber nanogratings can exhibit dual-period distribution under 

appropriate parameters, which can be interpreted by an 

asymmetric local enhancement of the plasma spheres. Fiber 

nanogratings also show good continuous distribution and erasure 

rewriting, which are potential in high-dimensional data storage. 

2. Fiber nanogratings located in fiber core owns a higher retardance 

than ones in fiber cladding. This could be attributed to the small-

amount Ge-doping in the fiber core that leads to a shorter 

nanograting period and a higher porosity filling factor. 

3. Benefit from the Mueller polarimeter, small depolarizing effects 

and strong chiral optical properties are detected. Especially for the 

circular birefringence, it is a discovery which could be a beginning 

for more functional devices enabled by tailoring chiral optical 

properties. 

4. In-line polarizers based on fiber nanogratings pave the way for a 

new kind of integrated polarizer fabrication method with 

broadband responses and ultralow losses. 

5. Besides, space variant tailoring of fiber nanogratings is promising 

for the future nano/micro-structures integration in “Lab-in/on-

fiber” systems. 

Fs laser writing fiber components is not fundamentally new since fs 
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laser writing long-period fiber gratings, FBGs or some micro cavities 

are developed as a mature and sometimes commercial technology. 

However, fiber nanogratings that correspond to structures at 

nanoscale level with unique anisotropic optical properties, could lead 

the fs writing in fibers to a new level with more complex but useful 

properties. 
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Chapter.VI FEMTOSECOND LASER WRITTEN CHIRALITY IN SILICA: 

MECHANISMS AND STRATEGIES  

 INTRODUCTION 

The discovery that fs lights can directly induce chirality inside silica 

materials is a milestone because it is a chirality creation by the 

interaction between two achiral objects, namely an achiral light and 

an achiral material [14]. However, the subsequent question is to 

figure out the origin of the chirality formation. The first concern is 

based on the light twisting the material by a volume torque. But no 

evidence directly shows the existence of this kind of torque or other 

micromechanical force to indeed reshape the atomic arrangement in 

the molecules. In addition, the light induced chirality exhibits a high 

value of circular birefringence above our expectation, which also 

leads us to another tentative explanation: an extrinsic chirality 

imprinted by fs laser lights. 

In the first section of this Chapter, we present a published paper in 

Light Science & Applications in 2023. In this paper, we tentatively 

proposed a new conceptional view that the fs light induced chirality 

is an extrinsic chirality that originates from a chiral arrangement of 

linear optical properties. Thus, it is an optical chirality and shows a 

stronger circular optical property than an intrinsic chirality (molecular 

chirality) can do. Specifically, this chiral arrangement is realized by the 

coexistence of form birefringence and stress-induced birefringence 

with non-parallel and non-perpendicular neutral axes. By conceiving 

a simple but powerful two-layers model based on Mueller formalism, 

this assumption is well confirmed by the numerical simulation. 

Besides, the investigations of polarization dependence of both the 

circular optical properties and the two contributions (form 

birefringence and stress related birefringence) are also strong 

evidence of this origin of fs light induced chirality. After revealing the 

origin of this optical chirality and taking profit of the proposed two-

layers model, we are able to tailor the chiral optical properties of fs 

written structures inside optical glasses. 
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As an easy-obtain approach, a multilayer strategy can be directly 

utilized to construct controllable circular optical properties by 

designable chiral arrangement of the multilayer structures. Thus, in 

the second section of this Chapter, we present a published paper in 

Optics Letters in 2023. This method is capable of ultrahigh circular 

optical properties when compared to molecular chirality due to its 

larger scale and programming of 3D “helix-like” chiral structures. 

Surprisingly, with an appropriate design of a four-layers structure, we 

are able to achieve a chiral waveplate with strong circular 

birefringence (in fact it can achieve arbitrary phase difference 

between −𝜋 and 𝜋) with suppressed linear birefringence close to zero. 

This result is important in chiral waveplate manufacturing because it 

can almost remove the perturbation caused by the linear optical 

properties. 

After the understanding of chiral light field manipulation mechanism 

and the origin of light induced chirality in materials, we delivered a 

fundamentally novel idea to transfer the chirality of structured chiral 

light field to the silica materials via fs laser direct writing. This work is 

related to a published work in APL Photonics in 2023. Experimentally, 

we combine a polarization distribution control of the fs laser beam by 

a space variant birefringent waveplate and an axicon focusing 

technique to generate a chiral Bessel beam with the linear 

polarization orientation slightly rotating along the optical path in the 

Bessel core. This is a kind of “helical polarized” beam and can directly 

imprint “twisted nanograting” structures in silica glasses without a 

scanning. Such a twisted nanograting owns strong circular optical 

properties due to its inherent chiral distribution in 3D, which confirms 

the chirality transfer from light to matter. 
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Tailoring chiral optical properties by femtosecond
laser direct writing in silica
Jiafeng Lu 1,2, Jing Tian1, Bertrand Poumellec1, Enrique Garcia-Caurel3, Razvigor Ossikovski3, Xianglong Zeng2 and
Matthieu Lancry1✉

Abstract
An object that possesses chirality, that is, having its mirror image not overlayed on itself by rotation and translation,
can provide a different optical response to a left- or right-handed circular polarized light. Chiral nanostructures may
exhibit polarization-selective optical properties that can be controlled for micro-to-nano optical element engineering.
An attractive way to induce such complex nanostructures in three-dimension in glass is femtosecond laser direct
writing. However, the mechanism of femtosecond laser induced chirality remains to be unveiled due to complex
physical and chemical processes occurring during the ultrashort light-matter interaction. Here, a phenomenological
model is proposed and is built on two-layers phase shifters to account for this laser-induced optical chirality in an
initially achiral material (silica glass). This model is based on the observation that femtosecond laser induced
nanogratings own two principal contributions to its aggregate birefringent response: a form and a stress-related one.
By refining this formalism, a multilayer approach is developed to imprint on demand optical rotation. Values up
to+/-60° at 550 nm within an optimal 80 μm thickness in silica glass are possible, corresponding to the highest value
in a glass to date. These results provide new insights of circular-optical control in micro-nano optical manufacturing
and open new opportunities for photonics applications.

Introduction
From fundamental physics of light-matter interaction to

fabrication of targeted optical properties in highly com-
plex optical engineering, femtosecond (fs) laser plays a key
role in laser manufacturing. Ultrashort light pulses can
precisely deposit light energy in a given transparent
material volume by controllable focusing conditions.
Nonlinear absorption of high-density photon energy leads
to the creation of free electrons plasma within few fs, that
is before the electron-phonon energy transfer to the lat-
tice (typ. >10 ps in silica). Thus, at low repetition rate, the
glass network heating is decoupled from light exposure

and from the plasma itself, which enables localized
modifications or even breakdown without surrounding
damage. Such nonlinear processes contribute to multiple
types of modifications according to laser parameters:
(1) an isotropic average index variation (Type I); (2) ani-
sotropic subwavelength nanogratings yielding to high
form birefringence (Type II); (3) micro/nano voids due to
localized micro-explosions (Type III)1. To date, these fs
laser-induced modifications have found many applica-
tions in most branches of nonlinear science, ranging from
plasma physics and nano-photonics to material science,
bio-photonics and quantum information science2,3.
Recent progress highlights that a fs laser beam (axially

symmetric intensity distribution, linear polarized with
orthogonal incidence) can create optical chirality inside an
achiral material through a laser direct writing within Type
II regime4–6. This concept shed light on a new approach
for tailoring chiral optical properties in three dimensional
(3D) providing a wider landscape of laser manufacturing.
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A prerequisite to exploit such new potentials is to eluci-
date the mechanism how one can manipulate these chiral
optical properties. As a first model Poumellec et al.6

suggested that the breaking of symmetry arises from a
volume torque due to the combined action of a stress
field and a direct current (DC) electric field. This torque is
the source of the chirality originating from pulse front
tilt (PFT), focusing conditions and laser polarization.
The misalignment between DC electric field ~EDC and the
material polarization field ~P generates a volume torque
~PΛ~EDC . Its orientation and sign are controllable and may
twist the matter to create chiral atomic arrangements.
Although the quenched glass network records evidence of
a part of molecular activities during the light-matter
interaction, the origin of this optical chirality imprinting
remains unknown. There is no information to support if
the observed circular properties and related optical rota-
tion originate from a laser-induced molecular optical
activity such as for sucrose or α-quartz with its chiral
lattice arrangement i.e., a so-called intrinsic chirality.
However, if we transfer the concept from molecular

activity to optical fundamentals, it can lead to another
plausible explanation, that is, circular optical properties
can originate from several internal linear birefringence
and dichroism contributions with non-parallel, non-
perpendicular eigen axes7 i.e., an extrinsic chirality8.
Typically, fs laser irradiation in silica glass can result in a
Type II modification with nanograting structures and
associated mechanical stress at appropriate laser para-
meters. These nanogratings mainly exhibit an obvious
structural anisotropy resulting in a strong uniaxial
negative form birefringence9. The origin of this aniso-
tropic optical property lies on the subwavelength regular
arrangement of nanolayers with a refractive index con-
trast. It is the specific morphology of nanogratings firstly
carried out by Shimotsuma et al. in 2003 that leads to the
exciting development of both physical research and
practical applications of fs laser induced nanogratings10.
In addition, irradiation of silica glass in this regime
results to a net volume expansion11, which correlates
with the formation of porous nanolayers inside the
nanogratings12,13. This, in turn, creates a significant
birefringence due to the photoelastic tensor of glass.
Several teams14–16 have highlighted the presence of such
stress fields within both Type I and Type II regimes.
Following this view, we propose here that fs laser induced
circular optical properties could originate from the con-
comitant contributions of a form birefringence and a
stress-induced birefringence.
In this paper we tentatively “disassemble” the depen-

dence of the form and stress contributions with respect to
the laser polarization direction. In a simple view, the slow/
fast axis of the form birefringence is controlled by the
laser polarization direction and the related retardance

amplitude by the laser fluence. In addition, the polariza-
tion dependence of the stress-induced birefringence is
investigated through a simple approach based on stress-
engineered waveplates as described in previous works15,17.
A two-layers model is then developed based on Mueller
formalism to quantitatively explain the creation of both
linear and circular anisotropic optical properties. Finally,
we exploit this model to engineer chiral optical properties
following two different designs, namely multilayer
“nanogratings based waveplates” and “stress-engineered
waveplates”. The following results provide the evidence
that the origin of fs laser induced circular properties
includes two contributions and propose a strategy for
tailoring chiral optical properties in any glasses by fs laser
direct writing.

Results
Writing polarization dependence of fs laser induced chiral
optical properties
The proposed concept that the Type II nanostructures

written by fs laser consists of two contributions (form
birefringence and stress birefringence) is schematically
shown in Fig. 1a. In the following it is further experi-
mentally demonstrated by fs laser direct writing homo-
geneous squares made of a set of lines inside bulk silica
glass, using appropriate laser parameters within the Type
II processing window (more details can be found in
“Materials and methods section”).
To characterize the overall anisotropic optical proper-

ties after fs irradiation, one can use Mueller spectro-
polarimetry in transmission mode and related definitions
namely: linear birefringence (LB), 45°-linear birefringence
(LB’), total linear birefringence (TLB), linear dichroism
(LD), 45°-linear dichroism (LD’), total linear dichroism
(TLD), circular birefringence (CB), and circular dichroism
(CD). Since, it is more practical in polarimetry, all these
properties are described as linear (or circular) phase dif-
ference in this paper. All the definitions, descriptions and
units are depicted in Table 1. In addition, since CB will
effectively rotate the plane of polarization, we can define
an optical rotation θrot in degrees. Note that optical
activity is mostly used for describing intrinsic chirality but
CB and optical rotation are more general and thus more
appropriate for this paper. Finally, CD is defined as the
difference of absorptions between left- and right-handed
circular polarized beams and can result in an elliptical
light polarization.
Transmission electron microscope (TEM) analysis

confirm that nanogratings are formed by the alternation
of “uniform” and nanoporous glass layers, as depicted in
Fig. 1a1 and Fig. 1a2. The nanoporous areas represent the
nanoplanes that have been cleaved in their plane, the
areas between them appearing black are areas that,
although having been irradiated, have remained dense18.
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The net volume expansion, induced by the formation of
these nanopores, creates a strong compressive stress field
in and around the irradiated zone. Such effect is clearly
visible from Fig. 1a3.
To explore the underpinning mechanisms yielding to

chiral optical properties and their relationships with laser
parameters, the effect of laser polarization dependence is
investigated firstly. Experimentally, a set of different laser
polarization directions are adopted to imprint a set of

milimeter size homogeneous samples with keeping fixed
all other parameters. Figure 1b exhibits the laser polar-
ization dependence of CB and CD of the fs laser-irradiated
SiO2 samples, measured at the probe light wavelength of
550 nm. The maximum CB (or CD) can be observed
from X+ 45° writing configuration (linear polarization
azimuth α = 45°, 135°, 225° and 315°). However, there is
almost no CB (or CD) when the polarization is along
α = 0°, 90°, 180° and 270°. In addition, anisotropic circular

b
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Table 1 Linear and circular optical properties

Property Definition Commonly described in polarimetry Unit

LB (linear birefringence) ΔnL ¼ nx � ny
� �

LB ¼ 2π
λ nx � ny
� � � d radians

LB’ (45°-linear birefringence) ΔnL0 ¼ n45� � n�45�ð Þ LB0 ¼ 2π
λ n45� � n�45�ð Þ � d radians

TLB (total linear birefringence) ΔnTLB ¼ ne � noð Þ < for a uniaxial material > TLB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LB2 þ LB02p

radians

TLB fast axis angle Lower refractive index axis θB ¼ 1
2 � arctan LB

LB0
� �

degrees

LD (linear dichroism) ΔκL ¼ κx � κy
� �

LD ¼ 2π
λ κx � κy
� � � d radians

LD’ (45°-linear dichroism) ΔκL0 ¼ κ45� � κ�45�ð Þ LD0 ¼ 2π
λ κ45� � κ�45�ð Þ � d radians

TLD (total linear dichroism) ΔκTLD ¼ κhigh � κlow
� �

TLD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LD2 þ LD02p

radians

TLD fast axis angle Lower attenuation axis θD ¼ 1
2 � arctan LD

LD0
� �

degrees

CB (circular birefringence) ΔnC ¼ n� � nþð Þ CB ¼ 2π
λ n� � nþð Þ � d radians

Optical rotation / θrot ¼ π
λ n� � nþð Þ � d � 180�π degrees

CD (circular dichroism) ΔκC ¼ κ� � κþð Þ CD ¼ 2π
λ κ� � κþð Þ � d radians

n½� : refractive index; κ½� : absorption index; d: thickness of anisotropic layer; λ: probe light wavelength; x: x axis; y: y axis; e: extraordinary light; o: ordinary light; “-”: left-
handed; “+”: right-handed
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properties exhibit a non-symmetric angular response with
a 180° periodic dependence at different azimuth α (with
respect to the scanning direction that was chosen along
x-axis i.e., 0°).

Writing polarization dependence of the form
birefringence, LBform
Fs laser written nanogratings exhibit a linear bire-

fringence that is strongly related to the laser polariza-
tion9. Note that if the samples are solely made of a
birefringent layer whose orientation is linearly depen-
dent of the laser polarization (that is, “ideal nanograt-
ings” with neither tilt nor stress effect on their
orientation), both LB and LB’ functions will be perfectly
periodic with a 45° shift with respect to each other. It is
worth noting that when neutral axis of the birefringence
is parallel/perpendicular to x (or y) axis, the LB comes to
be 0 but LB’ reaches maximum whereas the TLB
remains almost constant. However, as shown in Fig. 2a,
a LB deviation is observed from an ideal sinusoidal
shape, exhibiting a “flat zone” around 180°. Following
the same trend, LB’ owns a periodic modulo 180° evo-
lution, but its angular response also deviates from
sinusoidal shape and presents a “shoulder” around
180°±22°. Besides, the LD and LD’ show similar results
as shown in Fig. 2b.
To figure out the inner mechanism of these irregula-

rities with respect to the linear polarization azimuth, both
TLB fast axis and its deviation (its difference compared to
α) are displayed in Fig. 2c. Similar results, from the TLD

“low attenuation axis” are shown in Fig. 2d. For com-
pleteness, the degree of polarization (DoP) measured at
550 nm is included and appears larger than 98% revealing
a quite negligible depolarization in the investigated
spectral range. Finally Fig. 2e shows typical SEM (scan-
ning electron microscope) micrographs of the fs laser
track (written nanogratings) using a X+ 45° configura-
tion. This configuration gives the opportunity to observe
not only regularly spaced nanolayers but also their
intrinsic nanoporous nature in a single image. The laser
track appears quite homogeneous, and its typical length is
around 40 μm.

Writing polarization independence of the stress-induced
birefringence, LBstress
For crystalline materials amorphized by fs laser irra-

diation, it is possible to observe a guiding zone in the
surrounding region having undergone compressive
mechanical stresses all around the irradiated zone, which
exhibits a volume expansion11. Similar results have been
demonstrated in silica glass within the Type II regime (i.e.,
nanogratings formation)14. When a stress load is applied
to a material, the latter develops a linear birefringence
according to the photoelastic effect. To perform stress
profile measurements, Champion et al. have used fs laser-
written specific design and derived an equation to model
the stress field accordingly11. Their results indicate that
the amplitude of the compressive stress should depend on
the nanolayers orientation with respect to the writing
direction14 but not the stress orientation18.
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Thus, to experimentally investigate such effects we
designed a set of dedicated samples (see experimental
details in “Materials and methods section”). This is
exemplified in Fig. 1a3 inset where the crossed polarizers
image reveals the formation of birefringence not only
within the two irradiated areas (blue interference color)
but also in-between these two stress bars and around
which is attributed to mechanical stress15. The mea-
surements of both its related retardance and fast axis to
the laser polarization azimuth α are shown in Fig. 3a. We
could confirm that the fast/slow axis direction is pri-
marily determined by the writing geometry and does not
depend on the laser writing polarization as a first
approximation (excepted at the edges of the written lines
where the slow axis is azimuthally distributed14). Thus,
for single lines or superposition of lines, there is a quasi-
uniaxial loading along the line and the fast axis direction
of the stress-induced birefringence is parallel to the lines
for volume expansion11. In other words, whether the laser
writing polarization is aligned along x or y, the fast/slow
axis orientation of the stress-induced birefringence
remains unchanged. However, there exists a slight per-
turbation of the retardance function that indicates a
variation of the birefringence amplitude within 20% in
agreement with ref. 14. For completeness, the fast axis
orientation is found to deviate by a maximum of 8° from
the line direction especially when the nanolayers are
perpendicular to the scanning direction. This deviation
could be caused by a non-uniform stress field distribution
across the sample thickness17 since there is no compen-
sation for spherical aberration.
Figure 3b summarizes evolutions, as a function of laser

polarization, of (1) the fast axis for “ideal nanogratings”
(a form birefringence with nanolayers perpendicular to
laser polarization), (2) experimental Type II nanograt-
ings, and (3) a pure stress zone. The stress related data

are close to the center of the polar plot, which indicates a
laser polarization independence of LBstress orientation as
discussed above. The measured fast axis of the nano-
gratings possesses an obvious deviation compared to
the theory for “ideal nanogratings”. Furthermore, we have
tentatively decoupled the LBform contribution from the
one coming from stress. The measured TLB and LBstress/
LBform ratio according to the laser pulse energy are
shown in Fig. 3c. Here, as a simplified approach,
“X+ 45°” configuration is used to ensure that the mea-
sured LB mostly originates from stress-induced bire-
fringence whereas the measured LB’ comes from the form
birefringence. It is worth pointing out that LBstress con-
tributes from 5% up to 30% when increasing the energy.
Within the experimental conditions (1030 nm, 250 fs,
1.5 μJ/pulse), LBstress contributes around 10% to the
overall birefringence TLB, which is in good agreement
with the thermal stability of TLB15 (also reproduced for
comparison in Fig. 5e).

A simple but powerful two-layers quantitative model
Overview of the model
In this section, a two-layers model is proposed to reveal

the inner mechanism of the fs laser-induced circular
optical properties as shown in Fig. 4a. To obtain a robust
understanding of the circular optical properties imprint-
ing, this model is constructed in the Mueller formalism
instead of Jones matrix, because (1) the light is partially
polarized after passing through the laser irradiated area
and (2) it is more suitable when all properties are coex-
isting. The main hypothesis is built on the basis of the
propagation of light in inhomogeneous media composed
of anisotropic linear layers. In a simple view, every
“interaction volume” in the irradiated area is considered
to have two linear contributions, which are finally
“sumed” through Mueller formalism.
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(blue), measured fs laser-induced nanogratings (pink) and pure stress (green) versus laser polarization direction. c Evolutions of TLB and LBstress/LBform
ratio at different laser pulse energies. All measurements are done at 550 nm
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In the following, we consider the case of two layers with
linear anisotropic optical properties, and whose neutral
axis orientations may be different, as depicted in Fig. 4b.
This fulfills the minimum condition to create an object
exhibiting both linear and circular properties (not
entangled or entangled depending on the type of
decomposition applied). As a direct consequence, the
CB would originate from several (at least 2) internal
LB contributions with both non-parallel and non-
perpendicular neutral axes7. Similarly, CD band would
result from the cumulative action of LD and LB present in
respectively two different layers, also having non-parallel
and non-perpendicular neutral axes. Following this
model, the amplitude of the observed CD and CB will not
only be related to the LD or LB optical phase shift of each
contribution, but also to the misalignment between their
respective neutral axes.

Mathematical description
It is recalled that the anisotopic properties are asso-

ciated with a potentially attenuating phase shifter
(dichroic) and therefore contain a linear birefringence
term LB and a linear dichroism term LD, both expressed
in radians unit. In the Mueller formalism chosen here, the

optical phase shifter MDR (a linear retarder) is written
according to the following relation:

MDR R;Psið Þ ¼

1 �cosð2PsiÞ 0 0

�cosð2PsiÞ 1 0 0

0 0 sinð2PsiÞ � cosðRÞ sinð2PsiÞ � sinðRÞ
0 0 �sinð2PsiÞ � sinðRÞ sinð2PsiÞ � cosðRÞ

2
6664

3
7775

ð1Þ

where R is the linear phase shift (corresponds to TLB
when expressed in radians, here we assume the fast axis
along to 0° so that TLB is equal to LB) and Psi translates
the di-attenuation (or dichroism) property of the phase
shifter (corresponds to TLD when expressed in radians).
Note that a zero linear dichroism corresponds to a value
of Psi ¼ π=4. The angle θ1;2 is defined as the angle
between the fast axis of the layer (layer 1 and layer 2,
respectively) and the x-axis of the benchmark of the
laboratory (defined by the laser compressor plane). After
determining the Mueller matrix M corresponding to the
assembly of these two phase shifters as shown in Eq. (2),
the resulting matrix can be formally decomposed by
exploiting the logarithmic approach developped by
Ossikovski et al.19. Here, MR represents the rotation
matrix. The effective anisotropic optical properties then
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can be extracted from the modeled medium.

M ¼ MR θ2ð Þ �MDR 2nd layer
� � �MR �θ2ð Þ� �

� MR θ1ð Þ �MDR 1st layerð Þ �MR �θ1ð Þ½ � ð2Þ

Physical origin of the two layers
Correspondingly, one of the two phase shifters will be

representative of the form birefringence attributed to ideal
nanogratings (i.e., no tilt, no stress effect on their orien-
tation) and thus exhibits a strong uniaxial negative linear
birefringence as reported by Bricchi et al. 9 and a non-zero
“apparent” linear dichroism related to anisotropic light
scattering. Note that LD is attributed to nanopores for-
mation and their arrangement in nanolayers (positive for
Xx writing, negative for Xy writing) so it is not directly
related to the birefrigence through a Kramers-Kronig
relationship. As the angle between the laser polarization
and the writing direction is changing during the writing
process (different laser polarization configurations), the
direction θ1 of the fast axis has to be varied accordingly.
The second phase shifter is attributed to the presence of a
stress-induced birefringence (but no LD) that will guide
us in the definition of its properties, of which the ampli-
tude is lower (typically an order of magnitude) than the
first layer. This model may seem very simplistic, however,
it retains the essential physics to represent the results
because it takes into account the more likely sources of
birefringence: LBform and LBstress, as shown in Fig. 4b.

Exploiting the two-layers model
Quantatively, the value of the parameters R;Psið Þ

adopted were adjusted on our experimental results.
Generally, the first layer representing the form contribu-
tion of nanogratings is assigned at �π=2 for the para-
meter R1 related to the TLB i.e., a delay of λ=2 with a fast
axis aligned along x (for example 275 nm at the wave-
length of 550 nm) and 0.70 rad for the parameter Psi1

related to the TLD. Concerning the second layer, a typical
value of 0.44 rad is found for the parameter R2 and π=4 for
the parameter Psi2 corresponding to no dichroism. The
first layer will rotate linearly with the α orientation of the
laser polarization, that is, θ1 ¼ α. In contrast, the stress
layer is proved to be laser polarization independent (see
Fig. 3a). Therefore, the fast axis angle is parallel (respec-
tively slow axis is perpendicular) to the laser scaning
direction (here, it is along x axis) and thus θ2 ¼ 0�. Now
the Mueller matrix of the model can be simplifed to be:

M ¼ MDR 2nd layer
� � � MR θ1ð Þ �MDR 1st layerð Þ �MR �θ1ð Þ½ �

ð3Þ

Consequently, CB and CD polarimetric results com-
puted by employing the Mathcad© software are shown in

Fig. 4c and Fig. 4d, respectively. Obviously, the simulation
accounts for the experimental results quite well. Appar-
ently, CB and CD both exhibit a π period with the
polarization azimuth α (with respect to the scanning
direction i.e. along x axis). We demonstrate here that CB
arises from a combined effect of the LBform and LBstress

contributions with non-parallel and non-perpendicular
eigen axes. In the meanwhile CD comes from a combined
effect of the LD (co-existing with the LBform in the 1st

layer) and the LBstress with non-parallel and non-
perpendicular eigen axes. Furthermore, CB and CD
approach the maximum value when the angular mis-
alignment between the two eigen axes is ±45°. Note that
CB and CD amplitudes depend on the polarization
orientation with respect to the scanning direction, which
could be related to some “asymmetric orientational
writing”20. In addition, the calculated TLB slow axis is
directly related to the observed deviation of the TLB slow
axis orientation that is not perfectly linearly dependent
on the laser writing polarization azimuth angle, as
depicted in Fig. 4e.

Optical chirality engineering employing a multilayer
configuration
From a practical point of view, the operating principle of

the proposed two-layers model provides a powerful fra-
mework (e.g., multilayer configuration) towards circular
optical properties engineering both in amplitude and sign.
To demonstrate the feasibility of inscribing high chiral
optical properties, we investigated multilayers-based designs
built either on “nanogratings based waveplate” or on
“stress-engineered waveplate”. For sake of comparison, we
also developed a “two-layers LBform waveplate” made from
two-layers nanogratings subsequently annealed for
30minutes at 1150 °C to relax the stress field.

CB engineering using “nanogratings based waveplate”
To obtain the maximum CB property, a misalignment

of 45° between the two nanogratings layers should be used
as shown in Fig. 5a. Figure 5b depicts the circular prop-
erties spectral dispersion extracted from Mueller spectro-
polarimetry, which highlights a CB up to −2.5 rad
measured at 450 nm, the highest value reported in a glass
to the best of our knowledge. In comparison to our pre-
vious best result of −0.4 rad, the CB value of −2.1 rad
(measured at 550 nm) is raised to more than 5 times. In
principle, this CB value refers to an optical rotation of
−60° within an optimal compactness of 80 μm, which is
20 times more than the optical rotation (calculated to be
2.7° at 550 nm for the same 80 μm thickness) in quartz21.
Here the spectral dependence of the circular properties

originates from the linear ones15. Indeed, within the
form birefringence model, the retardance ðnx � nyÞ � d is
relatively independent of the wavelength (λ) especially
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for long wavelengths (λ>>Λ, nanogratings period).
However, when expressed in radians unit, the corre-
sponding LB (or LD) increases at short wavelengths
following the expression: LB ¼ 2π

λ � ðnx � nyÞ � d (rad).
The same explanation typically stands for LBstress

15. As a
result, the CB amplitude that depends on (1) LBform,
LBstress amplitudes and (2) their angular misalignment
increases at short wavelengths.
Towards further engineering applications, one should

consider the spectral loss of the multilayered waveplates.
For “nanogratings-based waveplate”, the main losses ori-
ginate from the Rayleigh scattering due to the intrinsic
nanoporous nature of nanogratings5. This light scattering
owns a 1=λ4 dependence leading to strong anisotropic
losses in the UV-Vis range (transmittance >70% measured
at 550 nm) but can be minimized by working within the
Type X regime22 where transmittance can be higher than
95% at 550 nm.

CB engineering using “stress-engineered waveplate”
The “stress-engineered waveplate” exhibits only LB

(with no LD) whose orientation is mostly dictated by the
laser scanning geometry. Following this approach, we
exploit fs laser direct writing to imprint stress bars (a set
of lines) thus creating an irradiation-free stress zone in
between17. Note that the birefringence orientation is
manipulated by changing the direction of the stress bars
arrangement. Experimentally, a 45° misalignment is
employed between the two stress-engineered layers as
shown in Fig. 5c. By measuring the Mueller matrix within

the “irradiation-free aperture”, a high CB up to −2.1 rad
can be measured at 450 nm as depicted in Fig. 5d. Similar
to the previous design, we take the CB value of −1.57 rad
measured at 550 nm into account for comparison.
Quantitatively, one can easily create an optical rotation
of+/−45° measured at 550 nm. In comparison to nano-
gratings, the absorption coefficient for the “stress engi-
neered waveplates” reveals negligible absorption losses
below 1 cm−1 over the whole spectral range from 200 nm
up to 1600 nm (i.e., very close to the one of pristine
SiO2)

15, which is further strengthen this approach.

On the relative influence of stress and nanogratings
Furthermore, not only to fabricate a two-layers “LBform-

based waveplate” but also to gain insights in the under-
standing of fs laser-induced circular properties, we
perform step isochronal annealing. From previous results
shown in Fig. 5e, stress-induced birefringence can nearly
be erased after annealing temperature of 1100 °C (fully
after 30 minutes at 1150 °C), which is accompanied by a
full erasure of CB for a single nanogratings layer. On the
contrary, the TLB only exhibits a decay of only 10% in the
same annealing conditions. This confirms that the form
birefringence contribution is much larger than the one
from stress.

Now turning to the CB thermal stability
The two-layers “nanogratings based waveplate” depicts

two principal features. First, from 400 °C to 1100 °C, the
CB slightly decreased to around 80% of its initial value
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(prior annealing), which correlates with the stress
relaxation. Above this temperature, a sort of two-layers
“LBform only” waveplate is obtained from which stress
effects were released. Here the CB can still achieve
−1.59 rad measured at 550 nm, which corresponds to an
optical rotation of −45.6°. Secondly, above 1175 °C, the
CB experiences a steep decay together with TLB that is
attributed to nanopores erasure18. Therefore, this clearly
indicates that (1) CB can effectively be achieved by non-
parallel non-perpendicular assembly of “ideal nanograt-
ings” without any stress assistance and (2) the major
contribution to the measured CB is related to the nano-
gratings form birefringence.

Discussion
From the previous sections, it has been demonstrated

that, following a single-layer writing geometry, the fs
laser-induced circular properties originate from the
coexistence of (1) form birefringence and (2) stress-
induced birefringence. Theoretically, circular birefrin-
gence can be observed, not only in chiral materials with a
chiral molecular arrangement (called intrinsic chirality,
like sugar or quartz that are optically active chiral media)
but also in achiral materials that exhibit a chiral
arrangement considering the probe light propagation
direction (for instance, oblique incidence or chiral
arrangement at larger scale, micrometric scale discussed
in this paper). Specifically, in our model, the written
object is a “chiral object” related to an extrinsic chirality.
Indeed, the structure of two linear layers (LBform and
LBstress) that own non-parallel non-perpendicular slow
axes cannot be superimposed by its mirror image. This
chiral optical object shows a chiral optical arrangement of
optical properties, which thus creates CB as confirmed by
the model based on Mueller formalism.

Effect of the form birefringence
The form birefringence of “ideal nanogratings” (no tilt

of their orientation with respect to laser polarization) has
its fast axis aligned with the laser polarization direction.
At first, Kazansky et al. proposed that nanogratings are
mainly caused by the interference of the laser field and
bulk plasma wave, which was then revisited by different
authors as a multiple scattered wave interference pattern
that structures the free electrons plasma density10.
Recently, it was revealed that nanogratings are formed by
an ultrafast decomposition of silica i.e., nanopores for-
mation inside these nanolayers12. Three cornerstones
prove the existence of nanopores embedded in a step-by-
step nanogratings formation process. First, the SEM
investigation reported in 2013 (ref. 13) revealed the
nanopores. Second, the TEM investigations presented
herein (Fig. 1a1 and Fig. 1a2) provide a clear picture that
nanolayers are made of an assembly of elongated

nanopores. The formation of nanopores is attributed to
SiO2 decomposition into SiO2ð1�xÞ þ x �O2. This leads to
an expulsion of ionized oxygen atoms from the lattice
based on a tensile stress-assisted decomposition
mechanism23 that was recently revisited as plasma
mediated nanocavitation process24. The oxygen atoms
are thus found in the interstitial position and recombine
to form molecular oxygen. The typical diameter of
nanopores ranges from 10 to 50 nm depending on the
deposited energy25. Finally, the last cornerstone is
attributed to small-angle X-ray scattering measurements
that further confirmed the formation of elongated
nanoporous structures within the nanolayers26,27. All the
proposed theories and experimental results confirm that
the nanogratings orientate ideally or theoretically per-
pendicular to the laser polarization. However, from our
polarimetric data, the observed TLB angular deviation
indicates either a presence of a nanogratings tilt and/or a
presence of at least one more contribution to the TLB
that is non-parallel non-perpendicular to the form
birefringence7 e.g., the stress-induced birefringence.

Effect of the PFT
The effect of PFT could be a possible contribution to

the observed deviation creating a tilt in the nanolayers
orientation as investigated by Dai et al. in 2014 (ref. 28).
The polarization dependence arises due to the spatio-
temporal properties of the ultrafast laser beam quantified
by spatial chirp, PFT and angular dispersion29,30. The PFT
produced by temporal and spatial chirps (e.g., due to a
slight misalignment of the laser compressor) can lead to
both the “quill writing” and the anisotropic photo-
sensitivity phenomena20,29,31,32. However, the PFT is
capable of interpreting only a small part of the deviation
because the PFT-induced nanograting rotation achieves
only a few degrees at a hundred fs/mm tilt28. Indeed, the
experimental proof of neutral axis deviation in our results
exhibits an amplitude up to 35°, which is far above the
level that PFT can usually achieve. Moreover, note that
the polarization dependence of this deviation matches
quite well with the one of the circular properties. This
deviation is thus likely related to the stress field.

Effect of the stress field
Ultrashort laser pulses enable the formation of a “quasi-

free” electron plasma as an intermediate step between
light absorption and structural modifications in the glass
network. In particular within the Type II regime, the
plasma is structured under the influence of light in rela-
tion with the solid. The spatial structuring of the plasma
density gives rise to a force field in the solid, which then
leads, after extinction of the light pulse, to the imprinting
of a stress field. More specifically, there are two possible
processes:
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(1) “Self-structuring” of the quasi-free electron plasma
under the electromagnetic field creates a structured DC
field. This DC field distorts the ionized atomic network
(partly elastically and plastically). When the laser light is
off and after electron relaxation, the elastic part that was
balanced by the electromagnetic force disappears, but a
plastic strain and a stress field still survive.
(2) The structured plasma imprint structural changes

like point defects or nanovoids, the concentration of
which follows the plasma density. This may correspond
to a change of lattice density and thus to the development
of a stress field. For example, in SiO2, this agrees with a
reported net volume expansion11, which correlates with
the formation of porous nanolayers12,13. Locally, the
effective glass volume is expanded and induces a per-
manent strain field12, and therefore a stress field appears
within and around the laser-modified region. Depending
on the laser exposure conditions (including polarization),
the overall stress can be enhanced or minimized14,33

leading to tunable stress-induced birefringence values
from 10-5 up to ~10-3 accordingly34–36. Note that such
stress-induced birefringence influences the written ani-
sotropic optical properties but also likely the nanograt-
ings themselves37. Therefore, within the Type II
regime14,38–42, the formation of nanogratings is not solely
creating form birefringence but also a stress-induced
birefringence contribution that participate to the mea-
sured total birefringence38,43,44.

About TLB neutral axis deviation
The fast axis evolutions of these two contributions are

summarized in Fig. 3b and compared to the one of
nanogratings, revealing some deviations. Based on the
above discussion we suggest that the significant deviation
of the TLB fast axis is due to the stress birefringence that
is in general non-parallel and non-perpendicular to the
nanolayers themselves. This results in a rotation of TLB
neutral axis whose amplitude increases with (1) ratio of
stress birefringence to the form birefringence and (2) the
misalignment between their respective neutral axes (the
maximum being 45°).

Towards chiral optical properties exploitation
Finally, the fs-induced anisotropic circular properties

originate not solely from the form birefringence but from
a “cooperation” of this contribution and the stress one,
but how do they quantitatively contribute to the imprin-
ted optical chirality? Firstly, from the annealing results
shown in Fig. 5e, the CB of two-layers “nanogratings-
based waveplate” is dominated by the LBform, which can
be easily controlled by laser writing parameters (e.g., pulse
energy or writing speed)45. To further answer this ques-
tion, our two-layers model not only provides the quanti-
tative meaning of fs laser-induced optical chirality but also

can be expanded to other more complex situations. This
includes multilayers contributing to diverse anisotropic
properties, including circular properties by simply
adjusting the layers 3D assembly and the parameters
adopted in each layer. Furthermore, such a multilayer
strategy opens the door to a new strategy in laser manu-
facturing optical devices that require circular optical
properties and even circular properties without any linear
ones. Note this is not a simple linear accumulation of
single layers but a vectorial combination for high optical
chirality construction. One could arrange different layers
including pure LBform (accompanied by annealing strat-
egy), pure stress or their combination with diverse
amplitudes and angular misalignment. Interestingly also,
the circular optical property cannot only be accumulated
but also be compensated by creating the circular property
with reverse sign.

Conclusion
In the light of the current state of the art, we quantitatively

interpreted the fs laser-induced optical chirality observed
and characterized in silica glass. This property is attributed
to the co-existence of two phenomena: nanogratings ani-
sotropic properties (linear form birefringence and dichro-
ism) and a stress-induced linear birefringence. Besides, the
misalignment between eigen axes of these two contributions
results in a symmetry breaking (a so-called extrinsic chir-
ality) and creates chiral optical properties (CB and CD). It is
worth pointing out that one can tailor both the amplitude
and sign of the circular properties by adjusting the optical
design and laser parameters.
The fundamental interest in fs laser-induced nanos-

tructures that possesses the intrinsic parameters (peri-
odicity, nanoporosity, 3D rotation), allows an effective
control of birefringence slow/fast axis and even inducing
circular optical properties that lead to the engineering of
unique integrated optical devices with 3D space variant
birefringence, 3D geometric phase optics and more
generally refractive index tensor profiling. This result
brings further understanding of the vectorial nature of
light-matter interaction and allows designing any kind of
3D structured light beam in terms of phase, amplitude
and polarization.
In addition, this approach can be implemented with a

multilayer strategy to achieve on-demand optical rotation
between [−90°, 90°] and within less than 200 μm. This
ability to manipulate optical rotation opens possibilities to
optical property engineering of any given transparent
material. For instance, developing birefringent devices
operating in a broad spectral range—including achro-
matic components or passive optical isolators—would
benefit to many fields such as photonics integrated cir-
cuits, polarimetry, spectroscopy, attosecond pulse gen-
eration, terahertz, military and domotics applications.
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Materials and methods
Definitions
LB and LB’ are defined as the difference of refractive

indices between two othogonal linear polarized beams
with a dimentionless unit. However, it is more practical in
polarimetry to use linear phase difference to describe the
LB and LB’ properties, which is adopted in this paper.
Because it shows the collective influence to the probe light
manipulated by our samples. Hence TLB can be calcu-

lated by TLB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LB2 þ LB02p

in radians with its fast axis
angle. CB is defined as the difference of refractive indices
between left- and right-handed circular polarized beams
with a dimensionless unit. Similarly, it is common using
circular phase difference to describe the CB property. LD,
LD’, TLD and CD refer to the difference of the absorption
between two othogonal linear/circular polarized beams
respectively and are treated similarly as birefringence
ones, as shown in Table 1.

Femtosecond laser set-up
The laser beam is delivered from a fs laser system oper-

ating at λ ¼ 1030 nm, Δtsp ¼ 250 fs and outputting at a
repetition rate of 100 kHz with an average power up to 10W
(Amplitude Systèmes, Pessac, France). Aspheric lens of 0.6
numerical aperture (NA) and 0.16 NA are adopted for
fabricating Type II structure and stress bars, respectively,
with a focusing depth of 500 μm below the surface. Based on
the preliminary calibrations, the laser parameters are settled
with appropriate pulse energy and scanning speed falling
into the Type II window (typically 1mm s-1 writing speed at
1.5 μJ for getting a smooth writing) inside a 1-mm-thick
silica glass (Suprasil CG, Heraeus, Hanau, Germany).
According to the theory reported in ref. 46 and using the
plasma absorption reported in ref. 47, i.e., around 15% at
1.5 μJ and 0.16 NA, we can estimate the intensity of our used
fs laser beam to be 8.8 TW cm-2 (0.16 NA). Then it is
difficult to give a reliable intensity at 0.6 NA due to the lack
of absorption data, but it should be very close to the
clamping intensity that has been estimated to be around
50-60 TW cm-2 in silica48.

Laser writing configurations
We define the laser configuration as “scanning direction

v+ laser polarization α”, for example, here X+ 45° refers
to the laser scanning direction is along the x axis and the
laser polarization α= 45°, with a typical error smaller than
0.5°. For simplicity, X+ 0° and X+ 90° are often replaced
by “Xx” and “Xy”. A wide range of writing configurations is
investigated here. Homogeneous squares generally with a
size of 1.5mm× 1.5mm are carried out by unidirectional
line scanning with 1 μm increment (to avoid “quill writing”
and diffraction effects), which are suitable for the Mueller
matrix spectro-polarimetry. Towards investigating the

laser polarization dependence, the laser linear polarization
is oriented from 0° (along the x axis defined by the laser
compressor plane taken as a reference) up to 360° with a
step of 22.5°.

For “nanogratings-based waveplates”
Two uniform disks (one using 0° polarization, and another

using 45° with fixed other parameters) are written using a
spiral trajectory with a diameter of 1.5mm and a 1 μm pitch.
The laser track length is 40 μm in z-axis (depth) and we put
100 μm distance in-between two layers, which means the
two layers are almost independent layers. In addition, since
the stress decreases exponentially out of the laser tracks,
we can neglect the influence of the stress induced by the first
layer when writing the second one.

For “stress-engineered waveplates”
The stress bars consisting of two squares (or two rec-

tangles) made of lines are written for creating a strong
stress field in between. Each stress bar is made of 5
written layers with a 35 μm increment along z-axis for
ensuring a continuous writing of thick stress bars. Then
we write another two stress bars to create the second
stress layer with a 45° rotation. The increment between
two stress layers is 100 μm to ensure almost independent
layers. More details can be found in our previous work15.

TEM observations
The interior of the nanogratings has been examined by

cleaving the sample after laser irradiation. If the nanograting
planes are parallel to the cleavage, the interior structure
could be observed with field emission electron microscope,
which could reveal small features otherwise covered by
conductive coating. Further, high-resolution transmission
electron microscopy could be applied to analyze the internal
structure of nanogratings through transversal and long-
itudinal views with FIB technique (see Fig. 1(a1) and
Fig. 1(a2)). Here, we used commercial TOPCON 002B
electron microscope (200 kV with a resolution of 0.18 nm).
This gives a better understanding of the internal structure of
nanoplanes generation and nanopores distribution in the
irradiated region of the silica glass. The FIB technique (Zeiss
Neon 60, current 50 pA, accelerating voltage 30 kV) is used
to dissect nanogratings embedded in silica into small slices
with a thickness of 50 nm without invasive nanoplanes in the
modified region.

Mueller matrix characteristics
Spectral normalized Mueller matrices are recorded with a

spectroscopic Mueller ellipsometer (Smart SE, JY HORIBA)
in transmission at normal incidence in the wavelength
range λ 2 450�1000 nm. Normally a Smart SE spectro-
scopic ellipsometer is used to measure the properties of thin
films with a reflection mode. But here we used in fact a
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modified version of this ellipsometer to create a Mueller
spectro-polarimeter as described in the literatures49,50. Spe-
cifically, a polarization state generator and a polarization
state analyzer were added in such equipment to determine
the whole Mueller matrices in transmission mode. The
sample is probed with at least four (sometimes more) dif-
ferent input polarized states that are generally elliptical, this
allows to determine the whole 16 elements of the Mueller
matrix, including the mixed information of linear and cir-
cular anisotropic optical properties with their sign or
orientation and also the degree of polarization. The samples
are oriented in such a way that their writing/scanning axis is
set horizontal (+/−1°) in the reference frame of the Mueller
ellipsometer. To extract these properties, the Mueller
matrices measured experimentally are then decomposed
using the logarithmic decomposition method51,52 to tenta-
tively “disentangle” the anisotropic optical properties. In that
way the effective values of LB, LB’, LD, LD’, CB, and CD, can
be treated independently. What has a physical meaning is
the so-called TLB, which represents the effective birefrin-
gence seen by a light probe. For a complete view TLB has to
be associated with its neutral axes angle (i.e., fast/slow axis in
our uniaxial case). Typical error bars within investigating
spectral range remains smaller than 1° for all these proper-
ties. Thus, TLB and TLD can be calculated as well as their
neutral axis (typ. within+/−2°). Apart from the multi-
spectral behavior, all anisotropic optical properties are then
extracted at a fixed wavelength of 550 nm.

Imaging and birefringence measurement
Optical images are measured using an Olympus BX51

polarizing optical microscope (Olympus, Tokyo, Japan)
equipped with a “de Sénarmont” compensator. A “de
Sénarmont” strategy employs a highly precise quarter-
waveplate companied with a feasible 180-degree-rotation
polarization analyzer to achieve the retardance measurement
with an accuracy of few nanometers at 550 nm. Notice that
in only crossed polarized configuration, the birefringence
image has different colors due to different values of retar-
dance according to Michel-Levy scale. For example, in
Fig. 1(a3), the color of the “stress bars” is blue because of a
relatively high retardance while the grey part between the
stress bars refers to a lower retardance in the pure stress
area. In addition, we have performed quantitative linear
birefringence imaging measurements at 550 nm using
“Open Polscope”. Note that, we use small size of samples
(typically 0.1mm× 0.1mm) for these measurements since
the equipment are microscopes themselves. Therefore, the
overall cartography of the birefringence amplitude together
with its slow axis orientation can be determined successfully.

Simulation method
We define a two linear retarders model under Mathcad®

software. Separately, the parameters of LB and LD can be

added into the two linear retarders with both amplitudes
and signs. The fast axis of the first retarder (refers to form
birefringence contribution) is varied from 0° up to 360°,
which is corresponding to the laser polarization direction
change. Differently, the fast axis of the second retarder
(refers to the stress birefringence contribution) is fixed at 0°
in agreement with the writing geometry i.e., a set of lines
written along x axis.
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Chirality transfer from femtosecond laser direct writing 
in achiral transparent materials mainly originates from 
the interplay between anisotropic nanogratings and 
mechanical stress with non-parallel and non-
perpendicular (oblique) neutral axes. Yet, the laser 
fabrication simultaneously induces non-negligible linear 
birefringence. For precise manipulation of circular 
polarization properties, as well as to unlock the full 
functionality, we report here a geometry-inspired 
multilayer method for direct writing of chiral waveplates 
with minimal linear birefringence. We perform a 
theoretical analysis of both circular and linear properties 
response for different multilayer configurations and 
achieve strong circular birefringence of up to -2.25 rad 
with an extinction ratio of circular birefringence to total 
linear birefringence of up to 5.5 dB at 550 nm. Our 
strategy enables the precise control of circular 
properties and provides a facile platform for chiral 
device exploration with almost no linear property 
existence.  ©  2022 Optical Society of America 

OCIS codes: xxxxxxxxxxxxx 

http://dx.doi.org/10.1364/OL.99.099999 

Chiral effects originating from diverse phenomena in nature 
have shown their great importance both in fundamental science 
and in practical applications ranging from molecular chemistry to 
artificial metamaterials, such as optical recording [1], broadband 
circular polarizers [2] and quantum materials [3]. Chiral structures 
mix electric and magnetic contributions, originating in different 
optical responses to left- and right- handed circular polarized light. 
Thus, a chiral waveplate (like, e.g. water solution of sugar) enabling 
pure optical rotation without ellipticity is very useful.  Compared to 
traditional optical rotators, such as half-waveplates that require 
very precise retardance and alignment and Faraday rotators that 
require complex devices, chiral waveplates exhibit compact sizes, 

are less sensitive to misalignment and are potentially achromatic 
[4]. 

Femtosecond (fs) laser direct writing (FLDW) is an alternative 
photonic device fabrication strategy, which, in recent years, has 
evolved from the proof-of-principle stage to a widely exploited 
procedure in optical manufacturing [5]. Due to its ultrahigh peak 
power and ultrashort pulse duration, a fs laser can locally deposit 
the energy in the irradiated region without any surrounding 
damage through nonlinear effects [6]. This subsequently results in 
diverse kinds of nanostructures. Among these, Type II structures 
(subwavelength nanogratings), consisting of an alternation of 
nanoporous layers, exhibit strong symmetry breaking [7–10]. In 
general, this gives rise to linear polarimetric properties, such as 
dichroism and birefringence [11]. Going a step further, the use of a 
fs laser to induce circular properties inside achiral materials opens 
up interesting perspectives for creating chirality in three-
dimensional structures, which is the key step in fabricating chiral 
transparent waveplates [12]. Physically, the fs-laser-induced 
chirality was attributed to a volume torque resulting from a DC 
electric field and a stress field [12]. However, the changes in 
molecular configuration taking place in such an ultrashort light-
matter interaction are difficult to observe. In a recent work, we 
proposed a new conceptual view according to which fs-induced 
circular properties are due to two main contributions: a form 
birefringence due to the nanogratings and a photoelastic 
birefringence originating from stress with oblique neutral axes 
[13].  

A typical fs-laser-written chiral structure exhibits strong linear 
birefringence due to the anisotropic structure of nanogratings 
[14,15], restricting the performance of the chiral waveplate 
(because of linear birefringence transforming linearly polarized 
light into elliptically polarized one). Recently, Yoo et al. [16] 
reported that birefringent tapes stacked in multilayers with 
appropriate azimuth orientations (best results with 45° difference 
between the layers having been obtained) can create circular 
properties with suppressed linear properties. Following this 
conceptual view, here we go a step further in imprinting directly a 



chiral waveplate structure with linear properties suppression by 
utilizing a multilayer stack configuration through FLDW. 

 

Fig. 1.  (a) Scheme of the fs-laser-written structure consisting in layers 
of nanogratings with different slow axis orientations that lead to large 
optical rotation. The inset shows the map of the slow axis orientation, 
different colors corresponding to different slow axis orientations. (b) 
Cross-polarized microscope image of a four-layer sample written at 
1030 nm, 800 fs, 0.16 NA, 100 kHz, 0.8 J, 1 mm/s, 𝛼 = 45°. (c) Optical 
rotation signature obtained with the analyzer in extinction 
configuration. This measurement confirms that the polarization 
remains linear, with an azimuth rotated by 46° with respect to the 
incident polarization. 

Fs-laser-enabled writing of oriented multilayer assemblies is 
based on the neutral axis (typ. slow/fast axis in uniaxial materials) 
control of imprinted nanogratings by exploiting appropriate laser 
parameters such as laser polarization, as illustrated in Fig. 1(a). In 
this paper, we adopt a four-layer configuration as an easy-to-
obtain yet a practically useful design. Actually, four layers with 
rotated slow axis orientation angles (azimuths) create a staircase-
like configuration resulting in strong chiral effects. Here, the 
increment angle α is defined as the angle between the slow 
axis directions of two adjacent layers. For simplicity, identical 
retardation for all layers is assumed and the increment angle  α is 
kept constant in one single configuration. 

The fs-laser system (Amplitude Systèmes, Pessac, France) 
delivers a laser beam at the wavelength 𝜆 = 1030 𝑛𝑚 with an 
800-fs duration time. A 100-kHz repetition rate with pulse energy 
in the 0.6-2.0 J range was used for the fabrication of Type II 
nanogratings. A low numerical aperture (0.16 NA) aspheric lens 
was used to minimize spherical aberration. We fabricated several 
mm-size disks using a spiral writing trajectory with an increment 
of 1 m in order to ensure homogeneity and suppress diffraction. 
More information can be found in [13]. The samples were 
fabricated through irradiation of a 1-mm thick silica glass wafer 
(Suprasil CG, Heraeus, Hanau, Germany) by focusing the laser 
beam 400 m below the surface. (The latter value corresponds to 
the deepest layer when in a multilayer configuration.) Based on 
preliminary calibrations, the laser parameters used were set at 
appropriate pulse energies and scanning speeds to ensure the 
fabrication of well-controlled Type II nanogratings. 

We start with the increment orientation angle 𝛼 = 45° 
inspired by the reported work from Yoo et al. [16]. Figures 
1(b) and 1(c) show the cross-polarized microscope image and the 
optical rotation signature (obtained with the analyzer in extinction 
configuration) of a four-layer sample, exhibiting a large optical 

rotation of up to 46°. The optical microscope images were 
recorded with an Olympus BX51 polarizing optical 
microscope equipped with a “de Sénarmont” compensator. 
This configuration not only enables the optical rotation 
measurement with a high precision 180-degree-rotation 
analyzing polarizer but also enables a linear retardance 
measurement with an accuracy of few nanometers at 550 
nm by employing a highly precise quarter-waveplate. 

 

Fig. 2. Modeling results of four-layer staircase-like structures at 
different increment angles 𝛼 and retardances. Top figure: TLB (total 
linear birefringence); Center figure: CB (circular birefringence); 
Bottom figure: CBperfect (CB values from the black dashed line). Black 
dashed line: zero-TLB curve; Red star: structure from Yoo et al. [16]; 
Black star: sample written by 0.8 J, 1 mm/s, 𝛼 = 45°; Blue star: 
sample written by 1.5 J, 1 mm/s, 𝛼 = 30°; Green dashed line region: 
chiral waveplates with strong CB and significantly small TLB. 

The optical rotation signature originates not only from 
the chiroptic properties of each individual layer but also 
from the azimuth misalignment between layers. The thicker 
each layer, the higher the retardance (optical phase 
difference). The thickness of a single layer was measured to 
be around 40 m and the distance between two adjacent 
layers was set to 100 m, effectively allowing for stress 
uncoupling between layers. We have theoretically modeled 
the chiroptic properties of a four-layer configuration 
nanogratings-based waveplate using Mueller matrix 
formalism. Theoretically, the optical response of an 
individual nanogratings layer is that of a linear retarder 
with a retardation R and a slow axis oriented at the angle 𝛼. 
Hence, the Mueller matrix of each layer can be expressed 
as: 𝑀𝑖𝑛(𝑅, 𝛼) = 𝑀𝑅(−𝛼) ∙ 𝑀𝐿𝑅(𝑅) ∙ 𝑀𝑅(𝛼), 

𝑀𝐿𝑅(𝑅) = [

1
0
0
0

0
1
0
0

0
0

𝑐𝑜𝑠 (𝑅)
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0
0

𝑠𝑖𝑛 (𝑅)
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𝑤ℎ𝑒𝑟𝑒          𝑀𝑅(𝛼) = [
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0
0
0

0
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−𝑠𝑖𝑛 (2𝛼)
0

0
𝑠𝑖𝑛 (2𝛼)
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0

0
0
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]          (1) 

We have set the same interlayer rotation angle. The final Mueller 
matrix of the chiral waveplate is given by: 

𝑀 = 𝑀𝑖𝑛4𝑡ℎ(𝑅, 3𝛼) ∙ 𝑀𝑖𝑛3𝑟𝑑(𝑅, 2𝛼) ∙ 
𝑀𝑖𝑛2𝑛𝑑(𝑅, 𝛼) ∙ 𝑀𝑖𝑛1𝑠𝑡(𝑅, 0°)  (2) 

The quantitative analysis of both linear and circular properties of 
the chiral waveplate is subsequently performed by applying the 
differential decomposition method [17,18]. The decomposed 
differential matrix is given by: 

𝑀𝑑𝑒𝑐 = [

0
𝐿𝐷
𝐿𝐷′
𝐶𝐷

𝐿𝐷
0

−𝐶𝐵
𝐿𝐵′

𝐿𝐷′
𝐶𝐵
0

−𝐿𝐵

𝐶𝐷
−𝐿𝐵′

𝐿𝐵
0

]                 (3) 

Thus, we obtain the full set of optical properties: circular 
birefringence (CB), circular dichroism (CD), x-y axis linear 
birefringence (LB), 45°-axis linear birefringence (LB’), x-y axis 
linear dichroism (LD), and 45°-axis linear dichroism (LD’). The 
total linear birefringence (TLB) is determined from 𝑇𝐿𝐵 =

√𝐿𝐵2 + 𝐿𝐵′2. 

 

Fig. 3.  CB and TLB wavelength dependence of the four-layer structure 
(solid lines) written at 1030 nm, 800 fs, 0.16 NA, 100 kHz, 1.5 J, 1 
mm/s with an increment orientation angle α = 30°. Single-layer 
structure responses (dashed lines) with same laser parameters are 
reported for comparison. 

Figure. 2 shows the modeling results of four-layer structures. 
Calculated TLB (top), CB (center) and CBperfect (bottom), i.e., CB 
values from the zero-TLB curve (black dashed line), as functions of 
R and 𝛼 are shown. TLB is zero for certain pairs of R and 𝛼 
values (black dashed line). The model also shows that CB 
reaches the maximum value, close to , with still low TLB 
within the region bounded by the green dashed line. The 
latter region represents the most interesting configurations 
for practical applications. 

To further explore the optical response of such chiral structures, 
we characterized them by spectroscopic Mueller ellipsometry and 
performed optical rotation measurements by cross-polarized 
microscopy. The normalized spectral Mueller matrix was first 
measured with a spectroscopic Mueller ellipsometer (Smart SE, JY 
HORIBA) and then decomposed with the differential 

decomposition method providing the matrix from Eq. (3).  

 

Fig. 4.  (a) Experimental calibration results of retardance versus laser 
pulse energy. Experimental (points) and modeling (solid lines) results 
of four-layer structures with different orientation angle values versus 
retardance: 𝛼 = 0°, 15°, 30°, 45°, 90° for (b)-(f), respectively.  

The experimental CB and TLB spectroscopic dependence of the 
four-layer structure, as well as of a single layer structure given for 
comparison, are reported in Fig. 3. In order to reduce the impact of 
the mechanical stress resulting from the fs-laser-induced net 
volume expansion, the samples were annealed at 1125 °C for 30 
minutes, a method proven to effectively relax the stress-induced 
birefringence [13]. The studied structure can thus be seen as a 
four-layers stack written at 1.5 J, 1 mm/s with an orientation 
difference angle α equal to 30°. Intuitively, such a staircase-like 
pile of layers acts somewhat similarly to a helix and exhibits 
remarkable CB values of up to -2.25 rad at 550 nm while the 
TLB value is only 0.64 rad. In contrast, a normal single layer 
structure written with the same parameters exhibits a very 
small CB of -0.27 rad but a high TLB value of 2.29 rad, as 
shown in Fig. 3. Our experimental approach thus 
demonstrates the ability of suppressing the TLB value while 
achieving high CB in a multilayer chiral waveplate. To 
quantify the performance of the chiral waveplate, we define 
an extinction ratio of CB to TLB as follows: 

𝐸𝑅 = 10 ∗ 𝐿𝑜𝑔(|𝐶𝐵|/|𝑇𝐿𝐵|)                        (4) 
One obtains an ER of 5.5 dB at 550 nm for the chiral waveplate 



marked with the blue star located close to the center in the green 
dash line region in Fig. 2. One can still slightly tune the writing 
parameters and optimize the assembly of multilayers to obtain an 
even higher ER value by reaching the center of the target region. 

Regarding practical applications, one should consider the 
tailoring of chiral optical properties through simple writing 
parameters manipulation. Here, we utilize pulse energy as a 
parameter to tailor the optical properties profile of the multilayer 
structures. Figure 4(a) shows the single layer calibration result of 
the retardance (expressed in nanometers and related to TLB 
through 𝑅/𝜆 = 𝑇𝐿𝐵/𝜋) as a function of the laser pulse energy. 
We also explore the effect of the increment angle α between 
adjacent layers. Figures 4(b-f) show experimental data combined 
with modeling results of four-layer structures with different α 
versus the imprinted retardance. There are a few degrees (7°-8°) 
of deviation between the nominal and modeled values of  𝛼, 
tentatively attributed to a bias in the orientation of the slow axis of 
the nanogratings, which could be either due to the pulse front tilt 
(PFT) effect and/or the influence of the stress field on the 
nanolayers orientation [19]. Temporal and spatial chirps (caused 
by a slight misalignment of the laser compressor) can lead to PFT 
effect as investigated by Dai et al. [19]. After accounting for the 
deviation, we observe a quite good agreement between the 
experiment and the model for the CB evolution with retardance. 
Note that if one reduces the increment, the cumulative stress in the 
transition region cannot be ignored and will affect the chiroptic 
properties. Besides, if the increment is further reduced so that an 
overlap of adjacent layers, or even continuous writing, is obtained, 
the presence of transition regions should be considered and the 
model should be refined. However, after having modeled different 
kinds of transition regions, we found that the staircase model of 
“independent” layers without transition regions described best our 
experimental results. 

 

Fig. 5.  (a) Experimental ER value map of four-layer structures for 
different orientation angle and retardance values. White dashed line 
region: the most interesting structures that exhibit ER values higher 
than 4.5 dB.  

Next, we summarize the ER value map of the four-layer 
structures with different alpha and retardance values. It can be 
observed in Fig. 5 that “𝛼 = 0°” structures exhibit very small ER 
values (i.e., very small CB but large TLB) whatever the retardance 
value of the layers. Large ER values (higher than 4.5 dB as 
delimited by the white dash line) are found in structures with 𝛼 
ranging from 15° to 30° and an easy-to-obtain range of 

retardances. Thus, complete tailoring of both circular and linear 
properties can be achieved through an appropriate choice of laser 
parameters. From a practical viewpoint, one has to take also into 
account the optical loss of the waveplate (due to absorption and 
scattering). Our structures exhibited a typical 74% transmission at 
550 nm. 

In summary, we propose a multilayer strategy for the 
fabrication of chiral waveplates with suppressed linear 
birefringence. Our theoretical model indicates the possibility of 
achieving large CB values accompanied by close-to-zero TLB ones. 
Experimentally, tailoring circular and linear properties is achieved 
by tuning the laser parameters (such as, for instance, the laser 
pulse energy). This work is believed to contribute to the study of 
fundamental light-matter interaction, as well as to provide new 
perspectives in laser manufacturing, especially in polarization 
control devices such as optical rotators and passive optical 
isolators. 
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ABSTRACT
Polarization plays a 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 their
manipulation in the transverse plane of light beams, i.e., 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 slowly evolves along the focus (typ.
90○ within 60λ). Such a “helically polarized” Bessel beam allows imprinting “twisted nanogratings” in SiO2 glass which result in an extrinsic
optical chirality at a micrometric scale and own a high optical rotation. Our work provides new perspectives for three-dimensional polarization
manipulation and insights into applications in structured light, light–matter interaction, and chiral device fabrication.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0140843

I. INTRODUCTION

Polarization, as a fundamental property of light, lies at the core
of many important light-driven 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 photons. Hence, polarization manipula-
tion can help control light–matter interactions in a desirable man-
ner to unlock the versatile functions of light-driven technologies,
especially in ultrafast laser manufacturing.

Light–matter interaction at the femtosecond (fs) scale consists
in their absorption through nonlinear photoionization mechanism,

which enables precise energy deposition in any volume of trans-
parent materials without damage to the surrounding.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 and void formation.9 Owing to their strong
anisotropic optical properties and also outstanding thermal proper-
ties, nanogratings have attracted significant interest in birefringent
element fabrication,10,11 microfluidic channels,12 and high tem-
perature sensing.13,14 Considerable research efforts have proven
that, ideally (neglecting tilt effects, for example, the pulse front
tilt, PFT), self-organization of nanogratings coincides with fs laser
polarization.8 This may be attributed to a multiple scattered wave
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interference mechanism15,16 and, on the other hand, illustrates that
fs laser polarization can dominantly structure nanogratings’ orien-
tation in a desirable way. Hence, polarization is a crucial parameter
in determining imprinted nanogratings’ distribution, which has
been adopted as one dimension of the 5D data storage.17 Within
this field, in the work of Sakakura et al., a new type of fs laser
induced modification has been recently reported and it consists
of random nanopores elongated perpendicular to the laser polar-
ization: “Type X” modification18 corresponding to the early birth
of nanogratings. From an application point of view, these nano-
structures exhibit advantages such as 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 translation and rotation.21 This feature predominantly results
in different chiroptical responses to left- and right-handed circu-
larly polarized lights, which lays the foundation 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 were proved to possess polarization-selective
properties in the groundbreaking work of 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 attention in torsion
and torque sensing, orbital angular momentum mode converters,
and circular polarizers.26–31 The pioneered research that fs lasers
can directly induce chiral optical properties inside achiral transpar-
ent materials enriches the fundamental mechanisms of light–matter
interaction.19 However, for now, the tailoring of fs laser generated
chirality stays on the 2D plane (single layer with small thickness),
which restricts the level of chiroptic effects that may be produced. 3D
symmetry breaking has been proven to prominently raise chiral opti-
cal properties compared to 2D asymmetry.32 However, most of the
existing polarization manipulation techniques consist in 2D trans-
formations through conventional birefringent optics (like wave-
plates),33 digital holography (like spatial light modulators, SLMs),34

or geometric phase optics.35 These strategies share a common lim-
itation: The polarization behavior and its spatial structuration are
considered only in the transverse plane, which makes it difficult

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 for generating a z-variable-polarized fs Bessel beam by employing a space varying half-wave plate. The homemade wave plate is written
by a Gaussian fs laser and then inserted into the Bessel focusing path to convert a linearly polarized Bessel beam into a “z-variable-polarized” Bessel beam. That is, it is
helically polarized in the central lobe of the Bessel beam: The polarization state is linearly polarized with an orientation that evolves from 90○ up to 0○ within the 50 μm 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 μJ. 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 optical chirality. “k” is the direction of the light wavevector. (b) Schematic of the propagation of a circularly polarized beam shown for the sake of comparison.
“T” refers to the period of light wave; “λ” refers to the wavelength of 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 λ. (c) Schematic of the propagation of z-variable-polarized beam within a single
light wave period (above) and along a 50 μm long focus (below).
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to imprint 3D symmetry breaking and the related chiral optical
properties.

In this paper, we present a unified strategy that exploits home-
made 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 result-
ing in a z-variable linearly polarized fs Bessel beam. Specifically, we
experimentally fabricated a space varying half-wave plate by Gaus-
sian fs laser direct writing and thus created a linearly polarized
Bessel beam whose orientation evolves along the optical propagating
direction. Such a versatile longitudinal polarization shaping strat-
egy exhibits a strong ability for symmetry breaking along the optical
path and, thus, can create strong extrinsic chirality inside trans-
parent materials (here in silica) upon single scanning as depicted
in Fig. 1(a). This is just an easy-to-obtain but instructive example
of such an advanced direct writing strategy. Indeed, one can even
shape the polarization in 3D for any polarization state (linear, cir-
cular, or elliptical) in 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.

II. RESULTS
A. Mathematical description of z -variable-polarized
Bessel beam and definitions of anisotropic optical
properties

Bessel beams that possess non-diffracting nature over long dis-
tance36 can be seen as a coherent superposition of a set of infinite
plane waves with their wavevector along the generatrix of a cone
with half cone angle θ. The infinite Bessel beam is a propagation-
invariant solution of the Helmholtz equation calculated in the work
of 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 polar-
ization state of the geometrical rays emerging from a circle of radius
r = z ⋅ tan(θ) that will focus in (r = 0, z) as shown in Fig. 1(a).

In our case, we choose to produce linear polarization on the
axis with a rotating orientation with propagation distance. In our
approach, it can be created with an input polarization distribution
where the orientation of the polarization varies with the radius at
the 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

E(r = 0, z) = E0 ⋅
⎡⎢⎢⎢⎢⎣

cos (α(z))
sin (α(z))

⎤⎥⎥⎥⎥⎦
⋅ ei(kz ⋅z−ωt), (1)

where E0 and kz represent the on-axis Bessel beam amplitude and
the longitudinal component of the wavevector, respectively. The
linear polarization orientation is α(z) = π

2 − ρ ⋅ z, where ρ is the rota-
tion speed parameter in rad/m. Therefore, the polarization direction

evolves very slowly from 90○ at the beginning of the focus (z = 0 μm)
to 0○ at the end of the focus (z = 50 μm), so ρ = π/2 (rad)

50 (μm)
= π × 104 rad/m in our experiment. We have tentatively chosen a
linear variation of the angle α(z) in our work; however, we also
remark that it can be arbitrarily chosen.

The polarization state we create remains linearly polarized, i.e.,
the field oscillates along a controlled direction and slowly evolves as
depicted in Fig. 1(c). Comparing to Fig. 1(b), this contrasts with cir-
cular polarization for which the polarization vector rotates during
the same period T and cannot induce such “twisted nanogratings.”
It is somehow expected because at every point, the circularly polar-
ized beam makes a full circle: There is zero preferential direction,
as shown in Fig. 1(b). However, note that an elliptically polarized
beam can imprint a strong linear birefringence due to anisotropic
nanopore formation.38

Now, considering our z-variable-polarized Bessel fs beam, this
kind of “helical polarization distribution” can be utilized to write
some chiral nanostructures (such as “twisted nanograting” struc-
tures) resulting in significant optical chirality, as illustrated in
Fig. 2(a) and studied in “Sec. II D.”

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 I. Moreover,
it is more convenient in experiments to consider real polariza-
tion effects caused by these anisotropic optical properties to a light
beam, which are also included in the table together with their
units.

B. Gaussian fs laser writing space varying
birefringent elements

In order to impart 3D polarization manipulation, the key point
is to use a space varying birefringent element to shape, point-
by-point, the state of polarization of the incident light. This 2D
structured light beam with transverse polarization shaping is then
converted into polarization variation along the optical path by using
Bessel focusing as depicted in Fig. 2(b) resulting in on-axis shaping,
i.e., “along a line.”

Experimentally, this space varying birefringent element is fab-
ricated by Gaussian fs laser direct writing, as shown in Fig. 1(a).
The Gaussian fs laser beam is delivered from a system (Amplitude
Systèmes, Pessac, France) operating at λ = 1030 nm, 800 fs pulse
duration, 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 aspherical lens with 0.16 numerical aper-
ture (NA). Specifically, since the retardance of such a birefringent
element is wavelength dependent,10,39 we designed and fabricated
a space varying half-wave plate obtaining a λ/2 retardance for the
targeted wavelength, i.e., a fs Bessel beam at 800 nm. Therefore, the
laser parameters were chosen to fall within the nanogratings’ regime,
resulting in controllable form birefringence. That is, the homoge-
neous space varying half-wave plate with a diameter of 5 mm is
written at 1 mm/s, 2.5 μJ/pulse with spiral trajectory.

Here, we divided the space varying half-wave plate into ten
concentric “ring” regions, leading to a simple fabrication process.
This is enough to approximate continuous shaping for further 3D
polarization manipulation. The linear polarization orientation of the
Gaussian fs laser is set differently in each “ring” to imprint form

APL Photon. 8, 060801 (2023); doi: 10.1063/5.0140843 8, 060801-3

© Author(s) 2023

 30 June 2023 14:31:48



APL Photonics ARTICLE scitation.org/journal/app

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: 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; f1,2,3: focal distance of the corresponding lens; ×50: objective of 50 times; CCD: charge coupled device.
The dashed blue rectangle region refers to the Stokes imaging polarimeter. k: direction of the light wavevector. (c) Polarization distribution (color map) of cross section of the
Gaussian beam (obtained by closing the conical phase on the SLM and measured at z = 0 μm). (d) Intensity profile of cross section of the generated z-variable-polarized
fs Bessel beam (recorded at z = 25 μm). (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 quantitative Bessel core polarization distribution curve (bottom panel).

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
illustrated in Fig. 1(a).

Then, when using this homemade half-wave plate with slow
axis azimuth “rings” distribution from 0○ to 45○, we obtain a lin-
ear polarization distribution of the output beam ranging from 0○on
the outside to 90○ inside, as shown in Fig. 2(c). This polariza-
tion distribution of the Gaussian beam cross section is measured
(using a Stokes imaging polarimeter) before geometric building, just
converted by the space varying half-wave plate. 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 birefrin-
gence at the chosen speed at 1 mm/s within a central part of about
100 μm diameter because this leads to extremely large acceleration
for our 2D xy-scanning platform. However, this technical problem
can be easily overcome by using a higher translation speed 2D scan-
ning 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

Our objective is to realize a z-variable-polarized fs Bessel beam
that exhibits an evolving but still linear polarization state at different
longitudinal 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 first convert a hor-
izontally linearly polarized (0○) Gaussian fs laser beam (from an
amplified Ti:Sa laser operating at λ = 800 nm, 120 fs pulse duration
and 1 kHz repetition rate) to a Bessel beam. This was performed by
applying, using a spatial light modulator, a conical phase onto the
input Gaussian beam: Φ(r) = −2πr sin (θ)/λ, which was imaged 1:1
by a first telescope consisting of two identical lenses (L1) positioned
as a classical 4f -configuration, as shown in Fig. 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. The polarization shaped beam was demagnified by a
combination of a 750 mm lens (L2) and a ×50 microscope objec-
tive, forming a telescope with lateral magnification ×1/278. Here,
a spatial filter ensures that only the zero-order Bessel beam is

APL Photon. 8, 060801 (2023); doi: 10.1063/5.0140843 8, 060801-4

© Author(s) 2023

 30 June 2023 14:31:48



APL Photonics ARTICLE scitation.org/journal/app

TABLE I. Linear and circular optical properties: n[ ], refractive index; κ[ ], absorption index; d, thickness of anisotropic layer;
λ, probe light wavelength. “x,” x axis; “y,” y axis; “e,” extraordinary light; “o,” ordinary light; “−,” left-handed; “+,” right-handed.
The table is reproduced with the permission from the authors of Ref. 20.

Property Definition
Commonly described

in polarimetry

LB (linear birefringence) ΔnL = (nx − ny) LB = 2π
λ (nx − ny) ⋅ d

LB′ (45○-linear birefringence) ΔnL′ = (n45○ − n−45○) LB′ = 2π
λ (n45○ − n−45○) ⋅ d

TLB (total linear birefringence) ΔnTLB = (ne − no) TLB =
√

LB2 + LB′2

<for a uniaxial material>
LD (linear dichroism) ΔκL = (κx − κy) LD = 2π

λ (κx − κy) ⋅ d
LD′ (45○-linear dichroism) ΔκL′ = (κ45○ − κ−45○) LD′ = 2π

λ (κ45○ − κ−45○) ⋅ d
TLD (total linear dichroism) ΔκTLD = (κhigh − κlow) TLD =

√
LD2 + LD′2

CB (circular birefringence) ΔnC = (n− − n+) CB = 2π
λ (n− − n+) ⋅ d

Optical rotation ⋅ ⋅ ⋅ θr = π
λ (n− − n+) ⋅ d ⋅ 180○

π
CD (circular dichroism) ΔκC = (κ− − κ+) CD = 2π

λ (κ− − κ+) ⋅ d

transmitted to the following focusing stage. Owing to the long focal
region (∼50 μm) 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 Fig. 1(a). The produced z-variable-polarized Bessel beam
has a cone half angle θ = 12.5○ (central core of 0.7 μm FWHM). In
these conditions due to the use of Bessel beam, we can shape the
polarization state on the axis itself, i.e., along a line.

Eventually, a second ×50 objective and a lens L3 are used to
enable imaging in a charge coupled device (CCD) camera. The cross
section intensity profile image of the middle of the structured light
beam (z = 25 μm) is recorded in Fig. 2(d), which 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
Fig. 2(e). Since the Bessel beam has a focal region about 50 μm,
we move the CCD camera to obtain the intensity profile of the z-
variable-polarized Bessel beam at each z axis position. In addition,
the polarization distribution along the direction of propagation is
measured similarly moving the camera but combined with a rotating
polarizer to build a Stokes imaging polarimeter.40

It is to be mentioned that one can adjust the focusing condi-
tions, for example, the diameter of the incident fs Gaussian beam, the
apex angle of the axicon through the spatial light modulator and tele-
scope demagnification, so as to obtain either a longer or shorter focal
region of the z-variable-polarized Bessel beam. Then, both the polar-
ization spatial distribution (middle panel) and the quantitative curve
(polarization of the Bessel central core, bottom panel) are found to
show good “helical polarization distribution” after z = 9 μm, 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 fs laser
polarization (ideally perpendicular, considering no PFT and normal

incidence), to gain insight into their manipulation during a sin-
gle laser scan, we used the z-variable-polarized fs Bessel beam to
tentatively imprint “twisted nanogratings.”

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 Fig. 2(a). Then, the written line is cut perpendicu-
lar to the x axis to get the cross section of the laser track in the y–z
plane. Thus, we can see the overall nanogratings’ orientation along
z axis for a single laser track, as shown in “Step ③” of Fig. 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 nanograting” is obtained through a single
pass writing using the “helical Bessel beam” with laser parameters
set at 800 nm, 120 fs, 1 kHz, 0.8 NA, 10 μm/s, 0.6 μJ and focused
250 μm below the surface of a 400 μm-thick silica slide (Suprasil
CG, Heraeus, Hanau, Germany). Then, the laser track is captured
by scanning electron microscope (SEM, ZEISS SUPRA 55 VP, 1 kV
accelerating voltage) using secondary electrons imaging. Figure 3(a)
depicts the global cross-sectional view of the photoinduced track.
Obviously, the SEM images show rotation morphology from head
to tail along the laser track due to the linear polarization evolving
along the fs Bessel beam. Zoomed-in images of the head, middle, and
tail regions of the same laser track are shown in Figs. 3(b1)–3(b3),
respectively. Note that because the polarization rotation plane is per-
pendicular 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 image 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 polar-
ization 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” polariza-
tion configuration. In the middle of the laser track, one can see the
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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 μm/s, 0.6 μJ. (a) An overall view of the cleaved laser track. Detailed pictures
of the head (b1), the middle (b2), and the tail (b3) of the laser track. The axial
labels are presented at the right part corresponding to each detailed SEM image.
k: direction of the light wavevector; v: fs laser scanning direction; E: electric field
direction of the fs Bessel beam (polarization direction).

nanoporous layers due to a “X + 45○” configuration since the lay-
ers are tilted out of the plane. The depicted nanopores located in
the nanolayer are mainly attributed to the decomposition of silica
from SiO2 to SiO2(1−x) + x ⋅ O2. This subsequently results in expul-
sion 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
a “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 linear 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, lon-
gitudinal 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

As a result 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 prop-
erties. 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 char-
acterized 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○-
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 total linear birefringence (TLB); the relationship between these
two quantities is given by TLB/π = retardance/λ.

Figure 4(a) reports the retardance results of samples irradi-
ated 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 different slow axes at different z posi-
tions as investigated in our previous work.33 In addition, the insets
show the corresponding crossed-polarizer microscopic images of
the irradiated samples at a pulse energy of 1.1 μJ as an illustra-
tion. 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. Fur-
thermore, 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 Fig. 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 written samples.

FIG. 4. Optical characterizations enabled by crossed-polarizer microscopy. SiO2
samples are written at 800 nm, 120 fs, 1 kHz, 0.8 NA, 10 μm/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.
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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 wave plates
(wave plates that exploit chiral optical properties to control the
light propagation, especially for polarization manipulation) with
high circular birefringence and a rather small (ideally none) linear
birefringence.

To quantitatively characterize the performances of imprint-
ing extrinsic chirality in SiO2 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. The obtained
Mueller matrix was subsequently decomposed by differen-
tial decomposition, thus providing the differential matrix
of the irradiated sample,43,44 which allows easy determina-
tion of all the anisotropic optical properties of the sample as
follows:

Mdiff =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 LD LD′ CD
LD 0 CB −LB′

LD′ −CB 0 LB
CD LB′ −LB 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (2)

As a result, the values (expressed in radians) of both the linear prop-
erties and the circular properties are obtained simultaneously. The
TLB value can be calculated by TLB =

√
LB2 + LB′2, as shown in

Table I.
Experimentally, homogeneous square-shaped samples with a

size of 0.2 × 0.2 mm2 were written using 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 μm and the line scanning direction
is always along “+X” direction to avoid any nonreciprocal or “quill”
writing.45,46 Then, the samples were measured with a spectroscopic
Mueller polarimeter in transmission mode. Figure 5 displays the
spectroscopic results for both TLB (solid lines) and circular birefrin-
gence (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 to 1000 nm. By the way, both anisotropic optical properties
exhibit large values at small wavelengths and decrease with increas-
ing wavelength due to their 1/λ inherent behavior according to the
descriptions depicted in Table I.

To further explore the optical response and to tailor the opti-
cal 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 Fig. 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

FIG. 5. Spectroscopic Mueller polarimetry results for circular birefringence (dashed
lines) and total linear birefringence (solid lines) of SiO2 samples written by a 0○ lin-
early 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 μm/s, 0.7 μJ.

as the CB created by the 45○ linearly polarized fs Bessel beam)
over the laser pulse energy range of 0.7–1.0 μJ. If one considers the
induced TLB as well, 0.7 μJ 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 polar-
ized fs Bessel beam. In similar conditions, a 0○ linearly polarized fs
Bessel (or Gaussian) beam writing would generate negligible circular
properties.20

These results explicitly provide a new pathway to fabricate chi-
ral wave plates 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

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 μm/s.

APL Photon. 8, 060801 (2023); doi: 10.1063/5.0140843 8, 060801-7

© Author(s) 2023

 30 June 2023 14:31:48



APL Photonics ARTICLE scitation.org/journal/app

III. DISCUSSION AND CONCLUSION
A. Controlling the nanogratings’ orientation
by fs laser polarization

Since the first morphology observations performed in the work
of Shimotsuma et al. in 2003,8 fs laser written nanogratings have
attracted tremendous attention in the field of ultrafast light–matter
interaction. However, until now, the mechanism of nanogratings
formation has remained unclear. Several compelling assumptions
have emerged in explaining the fundamentals of nanogratings for-
mation process. For instance, it was proposed in the work of Shi-
motsuma et al.8 that interference between the light field and a bulk
plasma wave may account for nanogratings formation, especially in
explaining their periodicity, whereas other groups proposed a scat-
tered waves interference model.15,16 Recently, our group has revealed
the occurrence of elongated nanopores, thus leading to the forma-
tion of nanolayers. Ultrafast silica decomposition through nano-
cavitation was proposed as a tentative explanation.41 Although direct
evidence for the ultrafast process is difficult to obtain 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 laser polarization.8 In addition, it has been
discussed that PFT can lead to a small tilt in the nanogratings’ ori-
entation due to spatiotemporal chirp and angular dispersion. When
light propagates to the focal plane, PFT-related effects grow expo-
nentially 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.

B. Origin of the written chirality
The chirality originates from molecular chiral arrangement at

the 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 arise due to the so-called extrin-
sic 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 accord-
ing to which the fs laser written extrinsic chirality arises from two
contributions: a form-related birefringence and a stress-related bire-
fringence with non-parallel and non-perpendicular neutral axes. We
therefore deal with extrinsic chirality arising from the experimen-
tal arrangement of linear optical properties.20 Compared to intrinsic
chirality, extrinsic chirality can exhibit larger optical rotation due to
strong symmetry breaking at a larger, typically micrometric scale. In
this paper, the z-variable-polarized fs Bessel beam-driven orienta-
tion 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.

C. z -variable-polarized fs Bessel beam writing
vs multilayer strategy

In regard to extrinsic chirality implantation, the multilayer
strategy has proven to be a realizable approach for generating
high CB with minimal TLB due to (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 align-
ment between layers. Geometrically, the multilayer strategy amounts
to fabricating a staircase-like chiral arrangement without transi-
tion region between layers. Conversely, the z-variable-polarized fs
Bessel beam writing approach can help accomplish the following:
(1) It can facilitate the writing task in a single scan—which leads to
high efficiency—and, thus, unlock the versatility of fabricating chiral
devices in a fast manner; (2) more importantly, z-variable-polarized
fs Bessel beam irradiation enables a quasi-gradual evolution of polar-
ization, that is, a smoother variation of the nanogratings’ orientation
compared to the staircase-like structure written by using the mul-
tilayer strategy. Note that by further engineering the space varying
birefringent elements, one can tailor a continuous chiral arrange-
ment by choosing the pitch and the length of the “twisted silica
glass.” However, the absolute CB value appears to be not so large
if compared, for example, to our best multilayer structure results
(CB = −2.25 rad with a total thickness of 340 μm, measured at
550 nm).33 Therefore, for a multilayer strategy, the CB per unit
length is calculated to be −6.6 rad/mm whereas for a z-variable-
polarized fs Bessel beam writing, it is around −5.0 rad/mm (i.e.,
−0.2 rad with a thickness of 40 μm). 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. Neverthe-
less, 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 a controllable “helical polarization
distribution.”

In view of practical applications, one needs to consider the lim-
itations of this strategy as well: (1) To date, the fs laser written space
varying birefringent elements have been based on self-organized
nanogratings whose nanoporous structures can lead to strong scat-
tering losses. The spectral signature possesses a 1/λ4 dependence and
corresponds to a strong anisotropic loss in the 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 the mid-infrared
range, which needs further work to imprint higher birefringence,
such as in ZnO-Barium Gallo-Germanate glasses.50 (3) The spa-
tial resolution of the fs written space varying wave plate is on
the order of micrometer size, which might restrict their potential
of applications in sub-micrometer and nanometer scale integrated
systems.

D. Conclusion and potential applications
In summary, in view of the current state of light control, we

proposed a novel concept to extend 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 vary-
ing half-wave plate. In addition, for the first time, according to our
knowledge, such a z-variable-polarized laser beam was implemented
for laser materials processing in silica glass. This enables the exper-
imental 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.
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Several applications would benefit from this 3D polarization
structuring strategy: (1) This technique can be directly used for chi-
ral wave plates fabrication in linear polarization rotators with high
optical rotation and ultimately no linear birefringence. Our pro-
posed 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 increas-
ing the writing and reading speed. Optical chirality could even be a
new dimension for increasing the capacity of information storage.
(3) This 3D polarization structuring approach will be beneficial for
obtaining a fundamental understanding of light–matter interaction
and will allow 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 polariza-
tion 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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 CONCLUSION 

In this Chapter, we present our important work on both revealing the 

origin of light induced chirality in silica and tailoring the related chiral 

optical properties by a multilayer strategy and a fs 3D structured light 

beam approach.  

Below are some highlighted results summarized from this Chapter: 

1. The origin of the light induced chirality in fs laser direct writing in 

silica glasses is revealed to be an extrinsic chirality that is formed 

by a chiral arrangement of two linear optical property 

contributions, i.e., a form birefringence and a stress related 

birefringence with non-parallel and non-perpendicular neutral 

axes. 

2. The slow axis orientation of stress related birefringence is only 

dependent on the laser scanning geometry but with no 

relationship of laser polarization orientation. 

3. Multilayer configuration can generate very strong chiral optical 

properties (typ., +/−𝜋 rad of circular birefringence). For example, 

an on-demand optical rotation between [-90°, 90°] within a 

thickness of the chiral waveplate smaller than 200 m is obtained. 

4. Suppression of linear optical properties (e.g., linear birefringence) 

is available with an appropriate design of the multilayer 

configuration in fs laser direct writing chiral waveplates, for 

example, a four-layers structure with a 45° slow axis rotation 

between two adjacent layers. The current results show a strong 

circular birefringence of -2.25 rad with a simultaneous extinction 

ratio up to 5.5 dB at 550 nm. It can be further improved (likely up 

to 30 dB as a perspective) by exploiting an appropriate design 

and control of nanograting orientation. 

5. A chiral Bessel fs beam with a linear polarization evolving along 

the focus (namely a rotation of 90° within 60𝜆) is generated for 

the first time. It is created by a space variant birefringent 

waveplate (for creating a space variant polarization distribution at 

first) incorporating with an axicon focusing (to converting the 2D 

space variant polarization distribution to be along the focus, i.e., z 

axis). 

6. Such a chiral Bessel fs beam can induce a “twisted nanograting” 
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structure where the “planar” layers containing nanopores are 

found in the head of the laser tracks, the nanolayers are 

distributed in the tail and slanted nanoporous layers in the middle. 

7. These “twisted nanogratings” own larger circular birefringence 

(twice) and smaller linear birefringence (four times) when 

compared to a 45° linearly polarized Bessel fs beam. 

In conclusion, all these pioneered findings draw a nascent landscape 

of the light induced chirality by fs laser direct writing in silica glasses. 

It indeed grows our understanding of light-matter interaction 

mechanisms on a relatively deeper aspect, which enriches the 

physical fundamentals and leads to great potentials of novel light-

fabricated devices enabled by the induced chiral optical properties. 
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GENERAL CONCLUSION 

Chirality is an important property both in light and matter. With its 

origin of symmetry breaking, chirality can be transferred from matter 

to light as well as from light to matter via appropriate interactions. 

On the road of exploring the complex physical fundamentals in light-

matter interactions with chirality, it provides a new platform on 

manipulating both light fields and material modifications with a 

higher degree of freedom. These manipulations lie on the heart of 

connections of light field parameters (such as intensity, polarization, 

phase etc.), topological geometry of the material structures and the 

interaction manners. 

Vortex light generation and tunability is the main topic in chiral 

optical field manipulation since it owns unique properties of donut 

intensity profile, helical phase and carrying OAMs. These outstanding 

properties provide many possibilities for the applications ranging 

from physical fundamentals, nonlinear optics to diverse applications. 

For example, the OAMs carried by optical vortex beams provides a 

new degree of freedom in the optical communication system to meet 

high capacity [215]. Additionally, Gaussian vortex beams possess 

donut shape of the intensity profile, which is highly suitable for the 

depletion source in the stimulated emission depletion microscopy 

(STED) to achieve an ultrahigh resolution in the micro imaging system 

[191]. Besides, vortex light is drawing great interest in optical 

tweezers because the helical phase provides a larger opto-

mechanical force to catch, move and even twist the nanoparticles to 

achieve complex micro activities. 

Conventionally, most manipulation of vortex light fields stays in a 

statistic way. Namely, the generation and tunability of the vortex light 

is based on a specific component with determined permanent 

structures such as spiral phase plates, Q-plates, micro ring resonators, 

meta-surface structures in free space and long period fiber gratings, 

mode selective couplers in fiber optics. Despite of their accurate 

generation of vortex lights with a certain matching relation, they 

share a common restriction of dynamic flexibility. Spatial light 
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modulators may somewhat be a solution in this case, but it can only 

provide a quite low switching rate of about 60 Hz due to the inherent 

property of liquid crystal materials. Thus, acousto-optic interaction 

emerges to be the most effective way to break the limit and to pave 

the way of dynamic switching of vortex light manipulation, which 

could extend the application potentials of vortex light and meet 

higher requirements of flexibility. 

Prior to this work, acousto-optic interactions are mostly utilized to 

obtain wavelength tunability by shifting the applied frequency of the 

PZT. With resonances at different wavelengths, the higher order 

modes and OAM lights can be generated at different wavelengths. 

Benefit from the dynamic tunability of the acousto-optic interactions 

in fibers, heterodyne detections, higher order modes fiber lasers, 

Brillouin fiber lasers are possible. To date, the dynamic fiber gratings 

enabled by acousto-optic interactions involve that how to achieve 

the resonant responses from low efficient resonances to deep 

resonant peaks, from narrow resonance bandwidths (typically <10 

nm) to broadband resonances (several 10s nm) for satisfying 

broadband vortex light generation in ultrafast lasers. However, one 

critical property is still missing in the research community: the 

integration of dynamic switching of chirality of the vortex light, i.e., 

the topological charge numbers especially the sign. This key point 

will be a breakthrough because new degree of dynamic manipulation 

is proposed in the vortex light control and can meet new possibilities 

in the applications. For example, the new dynamic switching of the 

topological charge numbers enables a fast switching between left-

handed OAM and right-handed OAM to give the dynamic activity of 

rotating nanoparticles with two directions in optical tweezers or a 

modulation coding of signals in the optical communication. 

Furthermore, highly flexible manipulations of chiral light fields also 

imply new potentials in structured light micro-nano manufacturing. 

For the case of light induced chirality in matters, the simplest way is 

to fabricate helical structures in the material with both additive 

manufacturing and subtractive manufacturing strategies. However, 

this method owns complex writing processes and suffers with a low 

efficiency. Fs laser direct writing emerges to be a reliable strategy as a 

simple and effective way of imprinting chiral optical properties inside 
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transparent materials. It starts from nonlinear absorptions (e.g., 

multiphoton absorption) for creating diverse permanent structural 

modifications to the solid, typically silicate materials. The process and 

the caused optical properties are strongly related to the laser writing 

configurations and parameters can be precisely controlled. These 

permanent modifications such as refractive index modifications, 

porous nanograting structures with strong birefringence and voids. 

Indeed, the FLDW strategy with flexible parameters tunability 

(including laser polarization, duration, pulse energy, repetition rate, 

scanning speed, NA of focusing lens, etc.) defines a novel platform 

for new potentials in photonic applications ranging from 5D data 

storage, micro fluid channels, polarizing devices, 3D photonic 

waveguide and material marking and cleaving. 

Refining light manufacturing in integrated devices appears great 

interests since the FLDW is capable of strong linear birefringence up 

to 10-2 in a large range of transparent glass materials. Besides, this 

modification is related to the localized volume change through 

strong nonlinear effects, which allows a very precise 3D fabrication 

capability. Manipulating these types of modifications would improve 

the current fs laser applications. Furthermore, from an industrial 

aspect, the demand for sophisticated optical integration increases 

due to the growing of exchanged data and information in the society. 

This yields the demand of information devices with “smartness” to 

improve the performance, which subsequently requires a complex 

laser fabrication. Thus, this stimulates the optical integration of 

diverse optical functional components in the integrated circuits that 

light can do. 

For improving the performance of the functional devices, one critical 

point is the integration of circular optical properties. Prior to this 

thesis work, our group previously performed an experimental proof 

that a fs laser can somewhat shear the matter as a scissor can do. It is 

based on a phase shift interferometer technique. This ability gives a 

chiral strain when the light propagation is considered. This is 

fundamentally novel, but a shear cannot directly give a birth of 

circular optical properties by itself. Circularly polarized light is capable 

of highly ordered “chiral like” structures, but unfortunately it can 

neither give rise to the circular optical properties, as reported by 
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Taylor et al. Recently, in the PhD thesis of Tian in our group, the 

creation of circular optical properties in achiral materials (silica glass) 

by an achiral fs laser beam (considering an orthogonal incidence) is 

demonstrated. It has been proved that a ±45° orientated linearly 

polarized fs light can produce the maximum of circular optical 

properties (e.g., a circular birefringence of ~0.4 rad with a thickness 

of about 40 m). The community then debates thoroughly with this 

result with the experimental conditions obtained as well as the origin 

of this phenomenon. However, it is still novel related to the fact that 

the created circular optical properties can be well controlled in an 

achiral solid. The remaining questions correlate to the reveling of 

inner mechanism of the chirality origin and the corresponded 

tailoring of all the anisotropic optical properties via an ideally low-

cost and environmental-friendly strategy. 

In this PhD thesis, dynamic manipulations of vortex beams are 

demonstrated in few-mode fibers via acousto-optic interactions. 

Based on this dynamic switching capability, dynamic perturbation can 

be introduced in the ultrafast mode-locked fiber lasers and the 

transient dynamic processes of different vortex modes switching 

enrich the fundamental laser physics. In addition, fs laser written 

chirality in silica fibers and silica glasses is investigated. Furthermore, 

the origin of the chirality is revealed and thus, the chiral optical 

properties are tailored by manipulating the laser writing 

configurations. All the work presented in this PhD thesis is about the 

interactions between light and matter with chirality and can be 

categorized as two main parts: 

1. From matter to light for manipulating the chiral light fields 

(specifically for vortex light fields) via acousto-optic interactions. 

2. From light to matter for imprinting and tailoring the chiral optical 

properties in silica materials via fs laser direct writing. 

Key results 

In Chapter III, we address an investigation of dynamic vortex mode 

switching via acousto-optic interactions in CW fiber lasers. Indeed, we 

revealed that the dual-peak resonance is related to a mode 

conversion from fundamental LP01 mode to two orthogonal high 
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order modes, namely LP11a and LP11b modes. We then proposed a 

theory that the dual-resonance is attributed to a co-effect of acoustic 

birefringence and optical birefringence according to a geometric 

irregularity of the few-mode fiber. With different adhere angles 

between the fiber axis and the PZT vibration direction, the conversion 

efficiencies of the orthogonal modes (the depths of the two resonant 

peaks) can be controlled. Importantly, combined with the wavelength 

tunability, an alternation of two applied frequencies of the acoustic 

waves can achieve the mode switching between LP11a and LP11b 

modes at the same wavelength. Furthermore, by employing the 

phase manipulation of the polarization controller, the mode 

switching between two orthogonal modes can be transferred to 

a mode switching between two vortex modes, i.e., a mode 

switching between +1-order OAM and -1-order OAM modes. 

This result is fundamentally new because it provides the new 

possibility of altering the chirality of the OAM beams between 

left-handedness and right-handedness. Besides, this fast 

switching of OAM modes with different topological charges 

owns a switching speed up to 4.3 kHz, which satisfies the most 

requirements of dynamic switching in the applications. 

Since the acousto-optic interactions in fibers provides a dynamic 

non-destroyed acoustically induced fiber grating, it is very suitable 

for the high-power fiber lasers. It is because the heat accumulation in 

the high-power fiber laser restricts the maximum power of the laser. 

But the acousto-optic interactions induce almost no heat 

accumulation in the mode conversion region when compared to 

conventional mode conversion devices, e.g., long period fiber 

gratings or mode selective couplers. A stable output of switching 

between 5.85 W of LP11 mode and 6.06 W of LP01 mode is 

demonstrated. Although the investigation of this work does not 

achieve very high-power output, it is still a breakthrough 

because it implies that acousto-optic interactions in fibers could 

pave the way of non-heat-accumulated mode conversion with 

fast switching dynamic capability in high-power fiber lasers. 

Besides, the acousto-optic device in this work exhibits a fast-

switching speed of around 1 kHz. However, we only obtain a 

switching speed of about 250 Hz in the high-power fiber laser due to 
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a restriction of the build-up process of the laser. By the way, not only 

the switching speed but also the output power of the fiber laser can 

be optimized with appropriate configurations. 

The Chapter IV illustrates the work of observing the vortex mode 

switching dynamics in a narrow-linewidth mode locked fiber laser. 

Ultrafast dynamic process is an interesting topic in the ultrafast laser 

community owning to development of time-stretched dispersive 

Fourier transform technique. However, the current studies are mostly 

related to build-up dynamics and soliton behaviors in different types 

of single transverse mode ultrafast fiber lasers. Here, we 

demonstrated the vortex mode switching dynamics observation 

for the first time. The vortex mode switching dynamics includes 

four stages in the whole process, namely quiet-down process, 

relaxation oscillation phase, quasi-mode locking stage and the 

ultimate energy recovery prior to another vortex mode locking 

state. Benefit from a few-mode fiber Bragg grating as a side mirror 

of the narrow-linewidth mode locked fiber laser, the OAM modes 

with different orders possess different reflection wavelengths (a 

difference of about 1.4 nm). This allows us to observe a real-time 

evolution of the wavelength shifting during the vortex mode 

switching dynamics, which is clearly observed via the time-stretched 

dispersive Fourier transform technique. Besides, in the vortex mode 

switching dynamic process, we found an energy fluctuation 

between different orders of vortex modes, which is strong 

enough to form the irregular laser strikes. We suggest that the 

mode conversion and the mode competition are responsible for 

this energy fluctuation and thus determine the switching 

evolution dynamics. 

In the second section, we present an extended work related to the 

acousto-optic based attenuation strategy and a novel work of pulse 

width switching dynamics between femtosecond scale and 

picosecond scale. It is a quite fresh result to the best of our 

knowledge since it is no more a static altering between different 

pulse widths but a dynamic manipulation with high flexibility 

instead. Besides, this pulse width switchable mode locked fiber laser 

with acousto-optic attenuation has a novel mode locking evolution 

property at the modulation of the applied microwave signal. The 
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evolution includes not only the switching between narrowband mode 

locking and broadband mode locking but also a wavelength shifting 

with broadband mode locking states. More importantly, the pulse 

width switching dynamics is also recorded by the time-stretched 

dispersive Fourier transform technique. During the pulse width 

switching process, these exists a spectral intensity oscillation 

phenomenon that is mainly attributed to the structured soliton 

shaping by the nonlinear saturable absorption effects in the laser 

cavity. 

In the first section of Chapter V, fiber nanogratings are induced by 

fs laser direct writing in both single-mode fibers and few-mode 

fibers. Clear SEM images are obtained confirming a well-established 

nanograting structures imprinted in fibers via precise polishing and 

hydrofluoric etching. From the experimental results, the Ge-doping 

plays a critical role in the formation of the fiber nanogratings. Fiber 

nanograting structures possess continuity and erasure rewriting 

properties, which are suitable for large-area fabrication and 

potentially data storage. With refractive index characteristics, a raw 

structure of the refractive index distribution is observed, which can be 

attributed to the alternative nanolayers structure of the fiber 

nanogratings. By the calibration of laser pulse energy, the linear 

birefringence induced in the nanograting regions can be manipulated. 

In addition, the retardation, and the depolarizing effect of the fiber 

nanograting structures are well investigated by a micro imaging 

Mueller polarimeter together with a product decomposition 

formalism. Consequently, a broadband in-line polarizer is 

demonstrated by fs laser writing a fiber nanograting array 

around the fiber core. Since the fiber nanograting structure has the 

linear dichroism property, the linearly polarized light with an 

orientation parallel to the slow axis of the fiber nanogratings can pass 

through it with low loss while the linearly polarized light with an 

orientation perpendicular to the slow axis of the fiber nanogratings 

suffers a large diattenuation effect. The in-line polarizer based on 

fiber nanograting arrays own an extinction ratio of 5.43 dB at 

1310 nm and 6.32 dB at 1550 nm. The performance of the in-line 

polarizer can be optimized by smoothing the nanograting structures 

and a well-arranged array design. However, this approach for 
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realizing an in-line polarizer is technically new and show good 

implications to the research community. 

In the second section, space variant fiber nanograting structures 

are enabled by utilizing a computer-controlled half-wave plate 

to automatically vary the laser polarization orientation during 

the fs laser scanning process. A full 3D manipulation of the space 

variant fiber nanograting structures is demonstrated. Specifically, the 

fiber nanograting rotations with the scanning direction both parallel 

and perpendicular to the fiber axis are investigated. With calibration 

of fs pulse energy and scanning speed, the retardance of the space 

variant fiber nanograting is well controlled. More importantly, the 

circular optical property (e.g., circular birefringence) is 

characterized for the first time with a fiber nanograting structure 

via a Mueller imaging polarimeter with a logarithmic 

decomposition method. Besides, complex patterns consisting of 

space variant fiber nanogratings are enabled with a 

synchrotronic polarization control strategy. This work paves the 

way for the integration of nanograting-based optical devices such as 

wave-plates, polarization rotator, isolators, and vector mode 

converters in “Lab-on-fiber” and “Lab-in-fiber” systems. 

Chapter VI addresses important works for the fs laser direct writing 

chirality in silica glasses. The first section is about a revealing of the 

origin of the light induced chirality in inorganic glass materials. In the 

previous work from our group, a tentative interpretation of the fs 

laser writing chirality inside the silica glass could be a volume torque 

induced by a combined effect between the direct current field of the 

laser and the stress field. Specifically, the misalignment of the direct 

current electric field and the polarization field of the material creates 

the volume torque that gives rise to the symmetry breaking, which is 

responsible to the matter twist. However, it has no obvious evident to 

support this assumption. In this section, we propose another point 

of perspective that the fs laser written chirality is an extrinsic 

chirality related to a chiral arrangement of several linearly 

polarimetric contributions with non-parallel and non-

perpendicular neutral axes. Typically, in this case, they are form 

birefringence contribution and compressive stress-induced 

birefringence contribution oriented at different z positions with 
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non-parallel and non-perpendicular neutral axes. This proposal is 

confirmed by the polarization dependence investigation of circular 

optical properties, form birefringence, and stress induced 

birefringence. LB is strongly dependent on the laser polarization but 

there are some deviations from an ideal sinusoidal shape. In contrary, 

the stress is not dependent on the laser polarization but related to 

the laser scanning geometry. Then we propose a simple but 

powerful two-layer model to explain and exploit these two 

contributions enabled by a Mueller formalism. The model agrees 

well with our experiments. Besides, a step isochronal thermal 

annealing of the two layers Type II based waveplate is demonstrated. 

From the annealing result, the circular birefringence declines a little 

when the stress is relaxed by annealing, which means that stress field 

owns a contribution but the dominate part is form birefringence. 

When the nanograting structure is gradually erased by annealing, the 

circular birefringence disappears accordingly. All the result indicates 

that the fs laser induced chirality is an optical chirality consisting of at 

least two linear contributions (e.g., form birefringence and stress 

related birefringence). 

The second section is dedicated to the multilayer strategy to 

fabricate chiral waveplates with very high circular optical 

properties and likely suppressed linear optical properties. 

According to the two-layer model presented in the above section, the 

fs laser induced chirality can be tailored by manipulating the linear 

optical properties of each layer as well as their misalignment design 

(i.e., the chiral arrangement). Experimentally, we tentatively fabricate 

a four-layers based chiral waveplate due to its easy-obtain but useful 

helical design with a “rotated” slow axis evolution from bottom layer 

to upper layer. To quantitatively characterize the result of the 

four-layer chiral waveplate, we use a Mueller formalism to 

simulate the anisotropic optical properties including linear 

optical properties and the circular ones. The theoretical result 

shows a region with several pairs of retardance in each layer and 

the angle between the slow axes of adjacent layers, which can 

achieve simultaneous strong circular birefringence but nearly 

zero linear birefringence. This exhibits a high potential for chiral 

waveplate based devices since linear birefringence will change the 
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ellipticity of the polarization state of the incident light, which is not 

expected in a chiral waveplate. Experimentally, we demonstrated 

the calibration of the four-layer chiral waveplate and obtained a 

circular birefringence of -2.25 rad with simultaneously an 

extinction ratio (the ratio of circular/linear birefringence) of up 

to 5.5 dB. This result provides new possibilities for chiral waveplate 

fabrication with linear optical properties suppression but also for 

tailoring strong circular optical properties towards applications of 

polarization control devices such as optical rotators and isolators. 

The final section depicts a work combining two main topics in this 

PhD thesis, namely manipulation of chiral light field and imprinting 

chiral optical properties by fs light direct writing. Specifically, we 

propose and demonstrate a novel strategy to generate a chiral 

Bessel beam (i.e., a z-variable-polarized Bessel fs beam) with its 

linear polarization orientation rotating along the light 

propagation direction (i.e., z axis). It is enabled by a fs laser direct 

written space varying birefringent element combined with an axicon 

focusing. This passive strategy converts the polarization distribution 

in the transverse plane (in two-dimension) to the longitudinal 

evolution that is evolved in three-dimension. Experimentally, we 

achieve a 90° rotation within the focus of the chiral Bessel beam of 

around 50 m z distance. This beam is considered as a “helical 

polarized beam” and is rotating slowly enough to create a 

“twisted” nanograting structure without any scanning. The 

induced nanograting structure owns planar nanoporous layers in the 

head of the laser track and a well-orientated nanolayer structure in 

the tail of the laser track. The middle of the laser track reveals 

nanoporous “slanted nanolayers” due to a 45° polarization 

orientation of the z-variable-polarized light. As a preliminary result, 

this “twisted” nanograting structure possesses a twice higher 

circular birefringence and a four times lower linear birefringence 

when compared to the nanograting structure written by a 45° 

linearly polarized fs Bessel beam. This work leads to the novel idea 

from chiral light field manipulation to create high chiral optical 

properties implantation in transparent materials and open the door 

to twist the matters (glasses, organics, polymers) in a controllable 

manner. 
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FUTURE WORK AND PROSPECTS 

Even though we have contributed to a series of work related to chiral 

manipulation of optical field and its interaction with silica glass 

materials for imprinting chiral optical properties, there are still many 

works to pursue. In this thesis, despite many exciting key results are 

discovered, we can continue to conduct more in-depth explorations. 

Discovering more possibility of acousto-optic interactions 

We have tentatively demonstrated various investigations of acousto-

optic interactions in fibers for dynamic spatial mode conversions 

under modulation of microwave radio-frequency signals. This 

provides a new degree of freedom in chiral optical vortex generation 

and manipulation. However, what is the future of acousto-optic 

interactions in fibers? How to discover new mechanisms as well as 

practical applications? Compared to conventional static spatial mode 

control strategies, acousto-optic interactions own advantages of fast 

switching and frequency shifting, which is demonstrated in this thesis. 

For continuity, several potential topics could be expected: 

(1) Acousto-optic interactions enable dynamic evolution of spatial 

mode conversion in the fiber laser cavity. This positive 

manipulation allows external perturbations applied to the laser 

cavity which leads to a new platform for discovering a number of 

interesting transient processes in the ultrafast lasers. Thanks to 

the time-stretched dispersive Fourier transform technique, these 

dynamic behaviors taking place in the ultrafast laser cavity 

modulated by acousto-optic interactions can be observed as a 

real-time perspective. To date, researchers mainly focus on 

fundamental mode ultrafast lasers theoretically and 

experimentally. However, multiple spatial modes interactions in 

the mode locked fiber lasers exhibit more interesting phenomena. 

Acousto-optic interactions could be a very useful switch or 

“trigger” signal to modulate the transient spatial mode 

perturbation in ultrafast laser cavities. Therefore, inducing 

acousto-optic interactions into ultrafast lasers provides new 

scientific potentials in the future work. 
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(2) Vector beams, as optical fields with donut intensity profiles and 

unique polarization distribution, contribute great potentials in 

practical applications. Due to the dynamic manipulation capability 

of acousto-optic interactions, a high degree of freedom in vector 

modes tuning can extend the future work of acousto-optic 

interactions. For example, in a stimulated emission depletion 

microscopy, it requires a fundamental mode field as an excited 

source and a donut optical field as a depletion source. Since 

acousto-optic interactions in fibers are capable of dynamic mode 

switching between fundamental mode and vortex modes, it can 

provide new flexible functionality in the stimulated emission 

depletion system to serve the super-diffraction imaging. Besides, 

optical tweezer is another important direction of future work. 

Chiral vortex beams generation and manipulation are very useful 

in nanoparticle controlling including catching, moving and even 

rotating. Our result of dynamic chiral switching of vortex beams 

via acousto-optic interactions with different topological charge 

numbers provides the implication of high-dimensional behaviors 

of the particles. For instance, orchestrating a train of particle 

behaviors like a “particle dance” is possible. 

(3) With a tunable mode conversion efficiency, acousto-optic 

interactions are capable of hybrid spatial mode sources, namely 

fundamental and higher-order modes co-existing via a partial 

mode conversion. This is quite useful in optical device 

characterizations, especially for few-mode components. For 

example, few-mode fiber Bragg grating has been widely used in 

higher-order mode fiber lasers or even vortex mode fiber lasers 

due to its high reflection efficiency of both fundamental and 

higher-order modes. In general, only reflected wavelengths of 

fundamental and higher-order modes are considered since they 

determine the oscillation wavelength of the fiber laser. However, 

the reflection efficiencies of each mode are also important for the 

equilibrium of energy and loss, which will decide the resonance of 

each mode in the laser cavity. Surprisingly, acousto-optic 

interactions with dynamic mode conversion efficiency tunability 

(further contributes to a proportion tunability of each mode) can 

fill the vacancy of an easy-obtain proportion-controllable hybrid 

mode source for the probing light. Thus, the reflection efficiencies 
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of each mode of the few-mode fiber Bragg grating can be easily 

obtained by adjusting the mode proportion distribution of the 

probing light via acousto-optic interactions and analyzing the 

reflection spectra. 

(4) Acousto-optic interaction has been proved to be an excellent 

solution for spatial mode manipulation in high-power fiber lasers 

since its non-destroyed approach and dynamic tunability. In the 

future work, we can employ this acousto-optic device to achieve 

higher powers such as several hundreds of Watts or even 

thousands of Watts in the fiber lasers with controllable modes. 

(5) Acousto-optic interactions employ microwave radio-frequency 

signals to manipulate the phonon-photon coupling in the fiber 

media. That is, the microwave signals propagate along the fiber 

with the modulation of the light wave. Thus, the carried 

information from the microwave signal would be somehow 

demodulated from the light wave. More importantly, operating 

microwave signals onto the PZT devices in a soliton laser cavity 

enables enhanced nonlinear interactions of microwave signals and 

soliton pulses, which could lead to a microwave spectrum 

purifying effect to achieve high-quality microwave signals for 

further diverse applications. Besides, the inner mechanism of the 

nonlinear interactions between microwave signals and soliton 

pulses also appears to tremendous research interests in the 

community. 

(6) In this thesis, acousto-optic interactions in only single-mode 

fibers and few-mode fibers are demonstrated. However, these two 

kinds of fibers are quite same in principle (the few-mode fiber 

only changes the fiber core diameter). However, more kinds of 

special fibers can be utilized in acousto-optic interaction 

configurations to pursue more possibilities for novel functions. 

For example, further explorations can be acousto-optic 

interactions in multimode fibers, photonic crystal fibers, rare-

earth-doped fibers (gain fibers), ring-core fibers, and double-

cladding fibers. 

Challenges on acousto-optic interactions 

Despite of the unique advantages of acousto-optic interaction, it still 

possesses some challenges due to its inherent mechanism and 
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configuration. 

(1) Acousto-optic interactions exploit acoustic vibrations along the 

fiber to construct the mode control inside the fiber. Despite it is 

an external modulation with a dynamic tunability, it introduces 

vibration perturbations on the fiber. Compared to general passive 

mode converters such as long-period fiber gratings and mode 

selective couplers, acousto-optic interactions are more complex in 

the practical use since the environmental vibrations (when their 

vibration frequencies are close to the applied microwave radio-

frequency signals) may influence the acoustic modulation. Thus, 

the mode conversion efficiency would be affected. 

(2) Acousto-optic interaction is an active approach of chiral vortex 

field manipulation, which requires an external unit of modulation 

(a microwave radio-frequency signal generator, a PZT transducer, 

and sometime a signal amplifier). This part will indeed increase 

the size of the acousto-optic device, which may restrict the 

integration in some applications. 

(3) According to the theory of acousto-optic interactions in fibers, a 

highly efficient mode conversion requires an acousto-optic 

interaction region with a length of several centimeters, which is 

another limit of the size. If one wants to reduce the acousto-optic 

interaction length, or to approach a wider resonant wavelength 

range, a straightforward solution is to decline the fiber diameter 

in the acousto-optic interaction region by hydrofluoric etching. 

However, it may thus decrease the robustness of the acousto-

optic device because the etched fiber will be fragile under strong 

acoustic vibrations. 

Explorations in interaction of matters with vectorial lights 

The experimental proof indicates that the laser polarization plays a 

crucial role in light-matter interactions. Thus, both the structural 

modifications and the imprinted optical properties are expected to 

be richer under vectorial light fabrication especially with tight 

focusing. One exciting aspect of the future work is operating 

temporal and spatial manipulation of intensity, polarization, and 

phase to efficiently control the nonlinear force targeting the 

imprinting of oriented objects through 3D manipulation of the 



 

 

239 

 

excited plasma. This allows exerting opto-mechanical actions 

potentially assisted by thermal effects in the matter to imprint the 

desired physicochemical properties. It is quite possible for short 

duration and large intensity while the electrons could be excited with 

delocalized states that are independent to the ionic motions.  

From a practical point of view, the essential idea is to match the 

ultrafast light to a given task via a spatiotemporal shaping. In this 

thesis, we demonstrated for the first time the generation of z-

variable-polarized Bessel beam that was subsequently used to create 

chiral structures, i.e., “twisted nanogratings”. However, future works 

can be carried out by creating 3D structured polarization beams (e.g., 

C-points, V-points, L-lines, Möbius strips, links, knots, etc.) to achieve 

complex nanograting structures and high degree of symmetry 

breaking. Besides, exploring the light-matter interactions with lights 

that carry both SAMs and OAMs may be useful to answer the 

unrevealed questions that if SAMs and OAMs are equivalent with 

nonlinear light absorption and how the chirality of the light (SAMs 

and OAMs) can be effectively transferred to the matter. Besides, 

other vector beams such as cylindrical vector beams, Hermite-

Gaussian beams, Laguerre-Gaussian beams, and especially Poincare 

beams can also be interesting topics for discovering intriguing effects 

in interactions of matter with special light fields. 

Towards chiral control at a molecular scale 

The experimental results presented herein exhibit the possibility of 

“twisting” a nanograting structure to be “helical” distributed. Towards 

an in-depth exploration of further study, a full chiral manipulation of 

matter at a nanoscale is expected. From a chemical point of view, the 

chirality originates from a chiral arrangement of molecules or 

network in the material. If a light can manipulate the chiral 

arrangement of the material at a molecular scale, we will abandon the 

classical point of view from elaboration chemistry that laser is only an 

energy deposit tool, towards to a new paradigm where light could 

shape the matter with a microscopic scale in expected manners. In 

order to highly twist the molecules, a strong helical light should be 

generated. OAM-SAM coupled beams or polarization shaped beams 

with high chirality may be plausible candidates for manipulating the 
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chirality of the matter such as changing the sign of chirality of the 

chiral quartz ponders or endowing intrinsic chirality to an achiral 

material. 

Discovering possibilities in other glass systems 

Crystallographic structures are controllable in a transparent material 

by playing the morphology of the electromagnetic field of the 

focused laser beam. The chirality in light could lead to the control of 

chiral crystal precipitation. For instance, an axisymmetric laser beam 

(with no chirality due to its axial symmetry) contributes to a racemic 

nanocrystal assembly while a non-axisymmetric laser beam (with 

chirality due to its symmetry breaking) contributes to enantiomeric 

excess. The latter demonstrates the chirality transfer from light to the 

matter via a light assisted nano crystallization process and leads to 

the related circular optical properties. Furthermore, the amplitude 

and the orientation of these induced circular optical properties are 

probably related to the vectorial properties of the light such as the 

polarization distribution, gradients of the intensity profile as well as 

phase. 

Towards helical optical properties 

We expect to point out that our results in this thesis are mainly 

focusing on the circular optical properties. However, there exists a 

novel chiral optical property, namely a helical optical property that 

correlates to different optical responses to positive order and 

negative order of OAM beams. This is fundamentally new because 

the helical optical properties indicate the chiral interactions of 

matters with vortex lights and bring new freedom in the design of 

light beams and optical properties. Monochromatic vortex light is 

capable of unambiguous distinguishments of the inherent chirality of 

the material structure. Single planar chiral structures can achieve 

giant helical dichroism of about 20%, as reported by Ni and Wu et al. 

[216]. This brings new idea in chiral optics and chiroptic detection. 

For instance, concerning the circular optical properties in a single 

planar chiral structure, helical optical properties yield giant signals for 

easy detection and identification. Furthermore, one can imagine that 

significant helical optical properties such as helical birefringence and 
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helical dichroism in a 3D chiral structure would provide new 

possibilities for manipulating vortex lights.  
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RESUME ETENDU EN FRANÇAIS  

La chiralité, ou l’incapacité à coïncider l’objet et son image par 

translation et rotation, existe largement dans la nature, comme les 

molécules d’ADN duplex qui contiennent des informations 

génétiques, les acides aminés ou les galaxies spirales dans l’univers. 

L’essence de la chiralité est la rupture de symétrie, qui présente des 

réponses différentes lors de l’interaction avec d’autres objets chiraux. 

La lumière peut aussi être chirale. Par exemple, les faisceaux lumineux 

à polarisation circulaire gauche/droite et les faisceaux de vortex 

porteurs de moments angulaires orbitaux sont des énantiomères 

chiraux. Par conséquent, les champs lumineux chiraux sont souvent 

utilisés pour la détection de substances chirales, comme la technique 

de spectroscopie basée sur le dichroïsme circulaire. En raison des 

caractéristiques des distributions topologiques spatiales, la 

génération, la manipulation et l’application de champs de lumière 

vortex chiraux sont des sujets essentiels en optique et en 

nanophotonique. 

L’une des principales clés pour répondre à ces problèmes est corrélé 

à la manipulation des champs de lumière chiraux tels que des vortex 

variant de l’espace. Comme phonons et photons peuvent interagir et 

se propager le long de la fibre, le contrôle d’un signal acoustique 

permet de manipuler de manière non destructive l’onde lumineuse 

voyageant à l’intérieur de la fibre. En comparaison à la génération 

statique de champs de lumière vortex, la manipulation du champ 

optique variant spatio-temporellement via des interactions acousto-

optiques « redynamise » le vortex avec des possibilités de 

commutation rapide et d’accordabilité.  

L’interaction chirale entre la lumière et la matière enrichit non 

seulement les fondamentaux, mais favorise également le 

développement de matériaux photoniques aux propriétés chirales. La 

chiralité peut ainsi être transférée entre la lumière et la matière, c.-à-

d., la matière peut induire et manipuler la chiralité du champ 
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lumineux, tandis que le champ lumineux peut également induire et 

manipuler la chiralité de la matière. L’exploration du mécanisme 

d’interaction chirale entre la lumière et la matière amène une pierre à 

l’édifice et favorise par ce biais notre compréhension de l’origine de 

la chiralité de la vie. De plus, il nous aidera à clarifier le mécanisme de 

manipulation des matériaux fonctionnels chiraux ainsi que les 

propriétés optiques chirales sous-jacentes. 

En partant des principes de manipulation des champs lumineux 

chiraux, cette thèse étudie la génération de champs lumineux 

structurés chiraux et cela au travers des interactions acousto-

optiques et du contrôle de la polarisation ainsi que de sa distribution 

en 3D. 

Par exemple, nous démontrons une commutation vortex entre 

différentes charges topologiques de "+1" et "-1" avec une vitesse de 

commutation pouvant atteindre 4 kHz. En outre, ce convertisseur de 

mode acousto-optique est un nouveau déclencheur permettant de 

contrôler non seulement les états de blocage de mode avec 

différents modes spatiaux, mais aussi la largeur d’impulsion dans un 

laser à fibre à blocage de mode. Grâce à la technique de la 

transformée de Fourier dispersive, la dynamique de commutation 

dans un laser à fibre est modélisée et observée. Par exemple, un 

procédé de commutation dynamique entre des états de blocage en 

mode vortex de 1 ordre et des états de blocage en mode vortex de 0 

ordre comprend un étage « silencieux », une phase d’oscillation de 

relaxation, un état de blocage et un procédé de récupération 

d’énergie. 

D’autre part, nous étudions la chiralité induite par la lumière à 

l’intérieur de matériaux tels que les fibres de silice et les verres de 

silice. Plus précisément, nous avons étudié le contrôle 

morphologique et l’implantation des propriétés optiques des 

nanoréseaux photoinduits dans des fibres par laser fs. En outre, nous 

utilisons la propriété de dichroïsme linéaire des nanoréseaux afin de 

fabriquer des polariseurs en ligne à large bande spectrale. De plus, 
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des nanoréseaux variants en 3D sont démontrés au moyen du 

contrôle synchrone de la polarisation pendant le processus d’écriture.  

En outre, nous montrons que le mécanisme de la chiralité induite par 

laser femtoseconde dans les verres est bien une chiralité optique 

(mais une chiralité extrinsèque), qui est due à un effet joint de la 

biréfringence de forme et de la biréfringence induite par contrainte 

avec des axes neutres non parallèles et non perpendiculaires. En 

tirant profit d’un modèle à deux couches linéaires, de fortes 

propriétés optiques circulaires ont été réalisées dans la silice par une 

stratégie multicouche ou encore avec un faisceau Bessel chiral dont 

l’orientation de polarisation linéaire tourne le long de la propagation. 

En outre, des assemblages de nanoréseaux sont étudiés pour former 

des polariseurs intégrés dans une fibre optique et des dispositifs 

optiques potentiellement chiraux. 

Ainsi l’étude de la manipulation du champ lumineux chiral et de son 

interaction avec les matériaux joue un rôle important dans les 

domaines du tri des particules, de la communication optique à 

grande capacité, des puces photoniques, de l’imagerie à super-

résolution et du traitement micro-nano laser ultra-rapide. 

 


