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Titre : Etude des mécanismes de densification de la silice sous irradiation 

Mots clés : verres, silice, densification, irradiation électronique, Interactions rayonnement-matière 

Résumé : Le verre de silice est prépondérant dans les 

dispositifs optiques et photoniques modernes grâce 

à son exceptionnelle transparence, sa résistance 

mécanique et sa faible expansion thermique. 

Récemment, de nouvelles applications telles que la 

mesure de température de haute précision et le 

stockage optique de données en conditions 

extrêmes (par exemple, température élevée et 

radiation) ont émergé, s'appuyant sur le traitement 

par laser femtoseconde (fs) pour induire des 

modifications structurelles spécifiques (types I, II, III 

et X). Cependant, ces modifications, qui induisent une 

densification de la silice, restent mal comprises. De 

plus, la possibilité de polyamorphisme de la silice 

complique davantage notre compréhension de ces 

modifications induites par irradiation. L'irradiation 

électronique ajoute un autre niveau de complexité, 

puisqu'elle peut densifier ou relaxer le verre de silice 

densifié et produire une phase dite « métamicte » à 

tres forte dose, mal caractérisée. En étudiant les 

changements structurels, les niveaux de densité et les 

mécanismes de densification à l'échelle 

nanométrique, ce travail vise à fournir des 

informations qui combleront non seulement les 

lacunes de notre compréhension fondamentale des 

mécanismes de densification de la silice sous 

irradiation, mais amélioreront la fiabilité et l’efficacité 

des technologies à base de silice. Les résultats 

devraient avoir des implications importantes, 

notamment pour les dispositifs fonctionnant dans 

des environnements hostiles, favorisant ainsi des 

avancées dans les applications photoniques.  

Dans cette thèse, pour la première fois, les 

changements de densité induits par irradiation laser 

fs à l’échelle nanométrique ont été démontrés et 

mesurés. Les modifications de type I (changements 

isotropes d'indice, formation de guides d’ondes) 

présentent une densification de 3 à 4 %, induite par 

les défauts et la trempe thermique. Les modifications 

de type II (changements anisotropes d'indice, 

formation de nanoréseaux) ont montré une 

densification de 8 à 13 % due aux températures et 

pressions élevées.  

(10 à 15 GPa). Les modifications de type III 

(formation de microcavités ont révélé une 

densification d’environ 6 % dans les couches 

environnantes, reflétant une densification due aux 

pressions induites par choc. En outre, les 

modifications de type II diminuent dans les 

échantillons densifiés, suggérant que le volume 

libre est essentiel pour initier les nanoréseaux. Le 

volume libre intrinsèquement plus élevé de la silice 

explique la formation plus aisée de structures en 

nanoréseaux comparativement à d'autres verres. 

Par ailleurs, une irradiation électronique à forte 

dose (5 GGy) relaxe les nanoréseaux de type II 

densifiés, réduisant la densité locale et la 

biréfringence de la structure des couches tout en 

préservant leur morphologie. Ceci indique de 

possibles changements de propriétés optiques 

pour des applications dans des environnements 

radiatifs tels que les réacteurs nucléaires ou les 

tokamaks. 

L’étude porte sur les effets de l’irradiation 

électronique sur la silice et la stabilité de la phase 

métamicte formée par différentes voies 

thermomécaniques. Malgré des densités et des 

structures vibrationnelles identiques, l’histoire 

thermo-mécanique initiale de l’échantillon de silice 

détermine la stabilité thermique des phases 

métamictes obtenues sous irradiation à 11 GGy, 

indiquant des différences dans leurs structures 

internes. L’irradiation électronique modifie la 

stabilité thermique de la silice densifiée en rompant 

des liaisons et en dépolymérisant le verre, 

modifiant ainsi la proportion des phases amorphes 

de haute et basse densité dans le verre de silice 

densifié par des conditions de haute pression et de 

haute température. De plus, des températures 

élevées durant l’irradiation électronique 

influencent la dynamique de formation des défauts. 

À température 300–450 K, les transformations 

induites par l’irradiation vers la phase métamicte se 

produisent, et la formation de défauts s’accumule 

plus facilement. Lorsque T> ou égal à 600 K, elle 

relaxe vers une phase amorphe de basse densité.  
 



 

Title : Study of the mechanisms of silica densification under irradiation 

Keywords : glasses, silica, densification, laser matter interaction, electron irradiation 

Abstract : Silica glass is essential in modern optical 

and photonics devices due to its exceptional 

transparency, mechanical strength, and low thermal 

expansion. Recently, new applications such as high-

precision temperature sensing and optical data 

storage under extreme conditions (e.g., high 

temperature, radiation) have emerged, relying on 

femtosecond (fs) laser processing to induce specific 

structural modifications (Types I, II, III, and X). 

However, these modifications, which undergo 

densification, remain incompletely understood. 

Moreover, the possibility of polyamorphism in silica 

further complicates our understanding of these 

irradiation-induced modifications. Electron 

irradiation adds another level of complication, as it 

can densify or relax silica glass and produce a not-

well-characterized metamict-like phase. By 

investigating the structural changes, density levels, 

and densification mechanisms at the nanoscale, this 

work aims to provide insights that will not only fill 

gaps in our fundamental understanding of silica glass 

but also pave the way for improved reliability and 

efficiency in silica-based technologies. The outcomes 

are expected to have far-reaching implications, 

particularly for devices operating in harsh 

environments, thereby driving forward 

advancements in photonics and optical sensor 

applications. 

In this thesis, for the first time, density changes 

induced by fs laser irradiation at the nanoscale were 

demonstrated and measured. Type I modifications 

(isotropic index changes, waveguide formation) 

exhibited a densification of 3–4%, induced by defects 

and thermal quenching. Type III modifications 

(micro- or nanovoid formation) revealed ~6% 

densification in surrounding shells, reflecting 

densification from shock-induced pressures. 

Furthermore, it was found that Type II modifications 

decrease in densified samples, suggesting free 

volume is critical for seeding nanogratings. Silica's 

higher intrinsic free volume explains more easily 

formed nanograting structures compared to other 

glasses. 

Meanwhile, high-dose electron irradiation (5 GGy) 

relaxes densified Type II nanogratings, reducing 

local density and birefringence of the layers' 

structure while preserving morphology. This 

indicates potential optical property shifts for 

applications in high-irradiation settings, such as 

nuclear reactors or Tokamaks. 

By studying the effects of electron irradiation on 

silica and in particular the metamict phase, the 

structural and thermal stability of this phase 

obtained by different thermomechanical pathways. 

Despite identical densities and vibrational 

structures, the initial thermomechanical history of 

preparation determines the thermal stability of the 

metamict phases, indicating differences in their 

internal structures. Electron irradiation alters 

thermal stability by breaking bonds and 

depolymerizing the glass, shifting the proportion of 

high-density and low-density amorphous phases in 

silica glass, densified by high-pressure and high-

temperature conditions. Furthermore, elevated 

irradiation temperatures during electron irradiation 

modify defect formation dynamics. At lower 

temperatures (300-450K), radiation-driven changes 

towards metamict phase happen and defect 

formation accumulate more readily. When the 

temperature is greater than or equal to 600 K, it 

relaxes toward a low-density amorphous phase. 
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GENERAL INTRODUCTION 

"The only thing we require to be good philosophers  

is the faculty of wonder." 

— Jostein Gaarder, Sophie's World. 

Motivation: 

Silica glass forms the backbone of many advanced and emerging applications across 

optics, telecommunications, materials processing, sensor technologies, electronics, and 

even protective systems such as spacecraft windows. Despite its omnipresence and 

decades of active research, silica glass continues to present intriguing behaviors that 

require further investigations. Its status as a prototypical network former has made it a 

prime candidate for fundamental studies on mechanical response and structural rear-

rangements, especially under extreme conditions. Yet it regularly shows anomalous 

properties that set it apart from other oxide glasses. 

Since the 1950-1960s, extensive work focused on the mechanical behavior of silica un-

der quasi-static compression (e.g., using diamond anvil cells or indentation) [1] and 

under dynamic (shock) loading [2]. These studies revealed that silica can exist in differ-

ent amorphous polymorphs, notably low-density (LDA) and high-density (HDA) forms 

[3], and that transitions between them can occur under specific pressures, temperatures, 

and conditions.  

From the 1960s, the effects of electron bombardment on glass were studied with high-

energy sources of the order of MeV. Silica glasses have then been much studied since 

the discovery of their photosensitivity to ultraviolet laser radiation in the 1980s [4]. As 

early as the late 1960s, a few authors began to use less energetic electron beams (of 

the order of keV) to study induced changes in volume and optical modifications [5]. 

Interestingly, high doses of irradiation were found to produce newly formed phase, 

known as the “metamict-like” phase, that exhibits distinct density states yet remains 

incompletely characterized decades after their initial discovery in 1958 [6]. 

A breakthrough occurred in 1996 with the discovery of 3D direct writing in silica using 

femtosecond (fs) lasers [7]. This technique subjects glass to strong thermo-mechanical 

stresses depending on the regime studied. Whatever the types of irradiation, these 

changes are based on the formation of point defects as well as structural modifications 
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including specific volume changes (observable by vibrational spectroscopy or by elec-

tronic microscopy, for example) and resulting in changes in the optical properties that 

can be exploited for various applications. 

Depending on the energy deposited, these ultrashort pulses can induce three main 

types of modifications: Type I, in which an isotropic refractive index change is observed 

[7]; Type II, which is strongly anisotropic and produces periodic nanogratings [8]; and 

Type III, marked by nano- or micro-void formation surrounded by a densified shell [9]. 

All of these laser-induced modifications exhibit unique properties, which will be re-

viewed in detail in this thesis. One interesting common point is the occurrence of per-

manent densification in all these regimes but likely following different thermo-mechan-

ical pathways. Yet important questions remain regarding how much densification ac-

tually takes place in laser-written zones, which physical mechanisms drive these density 

changes, and how such structural transformations vary across different irradiation re-

gimes. 

Among these laser-induced modifications, Type II has drawn particular attention be-

cause it reveals spontaneous nanoscale organization of the glass network, creating the 

smallest self-organized structures ever induced by light within the glass bulk [8], ac-

companied by a net volume expansion, a corresponding compressive stress field 

[10,11], and a controllable, thus exploitable, birefringence [12–14]. Due to the complex-

ity involving mechanisms of excitation, feedback and reorganization of the matter, heat 

effects, stress field formation, mastering this phenomenon poses scientific and techno-

logical challenges before its full exploitation for various photonics applications.  

Likewise, it is important to understand the behavior of both pristine and densified silica 

in extreme environments, such as high-dose electron irradiation, high temperatures, or 

a combination of both. Laser-induced Type II modifications are increasingly used in ad-

vanced optical sensors (e.g., fiber Bragg gratings and Fabry-Pérot based sensors) de-

signed to function in nuclear reactors, fusion devices like Tokamaks, and other high-

temperature, high-radiation settings reactors [15–17]. Future progress in these fields 

thus relies on clarifying the structural response of silica, including polyamorphic 

changes, defect formation, and densification mechanisms, which under the wide range 

of conditions it is likely to encounter in modern applications. 

Goals of the thesis: 

Within this context, the present PhD work forms part of a broader effort to explain how 

silica glass behaves and can be engineered under various irradiation conditions (light 

or electrons) and eventually combined to high temperature. One central objective is to 

deepen our understanding of polyamorphism, including the HDA-LDA transition and 

the emergence of metamict-like states under electron bombardment. In parallel, we 
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explore the full spectrum of ultrafast laser-induced modifications, from isotropic re-

fractive-index changes (Type I) and nanograting formation (Type II) to micro-void gen-

eration (Type III), with a special focus on the mechanisms and levels of densification 

that occur. Through a combination of experimental and analytical approaches, the the-

sis aims not only to clarify the underlying thermo-mechanical and relaxation processes 

responsible for these structural transformations but also to leverage this knowledge 

for advanced optical functionalization and micromechanical applications in silica. 

Organization and contribution of this thesis: 

This thesis is divided into four major chapters, each addressing a key aspect of silica 

glass modification under electron and femtosecond laser irradiation. In details, the con-

tents of the chapters are as follows.  

Chapter I provides a review of the fundamental knowledge necessary to fully under-

stand this thesis. It begins with an overview of silica glass, the central material studied 

throughout the work, highlighting its structural characteristics, including its tetrahedral 

SiO4 network, intrinsic defects, and distinctive optical and vibrational properties. The 

chapter then explores silica glass densification, discussing various processes such as 

cold compression and treatments at high pressures and temperatures (HPHT), which 

give rise to intriguing polyamorphic transitions between low-density (LDA) and high-

density (HDA) amorphous states, as well as not completely understood metamict-like 

phase. Additionally, this chapter addresses modifications induced by electron irradia-

tion and ultrafast laser light, emphasizing current understanding of the modifications 

and highlighting open questions regarding their mechanisms, stability, and behavior 

under extreme conditions. Collectively, this review provides a foundation for the sub-

sequent chapters, which further investigate these phenomena using advanced charac-

terization methods. 

Chapter II investigates the formation mechanisms, underlying nanostructure, and den-

sification phenomena of femtosecond laser-induced nanogratings (Type II modifica-

tions) in silica glass. The first section of this chapter, based on a paper published in 

Materials [18], contributes to understanding how nanogratings form. The paper exam-

ines how silica densification, particularly the reduction of free volume, influences 

nanograting formation. This addresses the hypothesis that free volume acts as a seed 

for nanograting formation. Utilizing polarized optical microscopy and scanning elec-

tron microscopy (SEM), the study demonstrates that reduced free volume in silica glass 

significantly diminishes nanograting formation efficiency, supporting the hypothesis. 

The second section, based on work published in Nanoscale Advances [19], provides a 

detailed analysis of the intrinsic nanostructure of these laser-induced nanogratings us-

ing SEM, scanning transmission electron microscopy (STEM), high-resolution transmis-

sion electron microscopy (HRTEM), and atomic force microscopy (AFM). It reveals that 
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nanogratings consist of discontinuous, wavy nanoplanes composed of oblate na-

nopores aligned perpendicular to the laser polarization. Based on these findings and 

existing literature, formation mechanisms involving plasma-mediated nanocavitation 

processes are discussed. The final section, presented through another publication in 

Nanoscale Advances [20], employs advanced spectroscopic techniques, specifically 

scattering-type scanning near-field optical microscopy (s-SNOM) combined with syn-

chrotron-based nano-Fourier transform infrared (nano-FTIR) spectroscopy, to directly 

assess nanoscale densification behind and between nanoporous layers. By analyzing 

shifts in the Si-O-Si asymmetrical stretching band, this study quantifies density changes 

comparable to those achieved by conventional HPHT treatments. Based on these find-

ings and existing literature, densification mechanisms within the nanogratings are dis-

cussed. 

Chapter III investigates the effects of electron irradiation on silica glass, focusing on 

polyamorphic transitions, densification, and thermal stability. The first part, based on a 

paper published in the Journal of Non-Crystalline Solids [21], utilizes in situ Raman 

spectroscopy during annealing to calculate the activation energy distribution of the 

densification relaxation process and to reveal the HDA-LDA transition. The paper 

demonstrates the presence of an HDA-LDA transition through a bimodal activation 

energy distribution and discusses how low-dose electron irradiation lowers thermal 

stability, progressively erasing the HDA phase at higher irradiation doses. The second 

part is based on another paper published in the Journal of Non-Crystalline Solids [22], 

comparing different pre-irradiation treatments and impurity levels of silica to reveal 

how thermo-mechanical history influences the final metamict-like state and its thermal 

stability. The chapter concludes with a study examining the relationship between elec-

tron irradiation dose and temperature in structural modifications of silica glass (paper 

submitted to the Journal of Non-Crystalline Solids). This reveals that irradiation tem-

peratures > 600 K promote thermal annealing, leading to a monotonic decrease in 

compaction and suggesting a competitive interplay between the formation and tem-

perature-driven bleaching of point defects. Together, these studies provide a compre-

hensive picture of how electron irradiation and thermal conditions drive structural evo-

lution in silica glass, giving insights that are essential for developing robust, radiation-

resistant optical devices. 

Chapter IV focuses on densification levels and mechanisms in all main fs-laser modifi-

cations and how subsequent high-dose electron irradiation alters these structures in 

silica glass. It comprises two core studies: the first part, a review paper published in 

International Journal of Applied Glass Science, compares the state-of-the-art under-

standing of three main modification types and uses s-SNOM and nano-FTIR spectros-

copy to quantify and compare density levels in Type I, II, and III fs-laser modifications. 

This analysis clarifies densification mechanisms specific to each modification, such as 

defect-related structural changes, thermal quenching, HPHT densification, or shock 

wave densification. The second part, published in Nanomaterials [23], extends this work 
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by exposing Type II nanogratings to high-dose (4.9 GGy) electron irradiation. This study 

reveals that while nanograting morphology remains unaffected, the dense interlayers 

relax, lowering birefringence, which is an important insight for radiation-hardened pho-

tonics and sensing applications in high-temperature or nuclear environments. 

Finally, the conclusion and perspectives section summarizes the overall investiga-

tions regarding silica glass densification under electron and fs-laser irradiation. These 

results provide a useful roadmap for fabricating and designing devices using densified 

silica glass, particularly under fs-laser conditions, suitable for harsh environments with 

high irradiation. 

Additional technical details are provided in the Appendix. Appendix 1 presents the 

femtosecond laser writing system. Appendix 2 explains the technical details of the elec-

tron irradiation. Appendix 3 describes the principles behind s-SNOM and nano-FTIR 

techniques. 
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Chapter I. BACKGROUND AND STATE-OF-THE-ART  

I.1 INTRODUCTION 

This chapter establishes the fundamental background necessary for understanding the 

research presented in this dissertation. This state of the art begins with a presentation 

of silica glass, exploring its structure and characteristic vibrational signatures. Following 

this, the thermomechanical properties of silica glass are discussed. The central focus of 

this chapter is the densification of silica glass through various methods. First, hydro-

static pressure compression is addressed, examining both room temperature and high-

temperature densifications, so-called cold and hot compression, with attention to the 

resulting structural changes and polyamorphism phenomena. Then, the review shifts 

to discussing the effects of irradiation on silica glass. This section begins with electron 

irradiation and its effects, including the formation of metamict-like phases. Finally, 

femtosecond laser irradiation effects are examined, with detailed discussion of Type I, 

II, and III modifications and their associated densification effects in light of the current 

state of the art. 

I.2 SILICA GLASS  

Silica glass is one of the few simple materials that is extremely important in a wide 

variety of optical and engineering applications. It is often considered as the prototype 

glass network former, and it creates the basis of numerous other glass compositions. 

Its richness in the Earth’s crust, combined with its exceptional properties (such as 

optical transparency, thermal stability, and chemical durability), has made it essential 

in modern technologies, including semiconductor devices, optical fibers, and industrial 

catalysis. 

I.2.1 Silica glass structure 

Silicon dioxide (SiO2) is a chemical compound widely found in nature, forming a large 

variety of materials. There are several well-known crystalline polymorphs, such as 

quartz, cristobalite, tridymite, coesite, and stishovite [24]. All of them share the same 

fundamental Si-O tetrahedral building blocks. The key difference among the various 

silica polymorphs lies in how these tetrahedra are arranged and packed. In the 

crystalline state, these tetrahedra pack into a clear crystal lattice (Figure 1 a,b).  
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Figure 1. Atomically resolved scanning tunnelling microscopy (STM) images of crystalline and amor-

phous silica. (a, b) STM images of a crystalline region, showing the positions of Si atoms (a) and the 

arrangement of O atoms (b). (c, d) STM images of an amorphous region, with the positions of Si 

atoms (c) and the arrangement of O atoms (d). Adapted from [25]. 

 

Since the chemical composition SiO2 is identical across all polymorphs, their differing 

physical and optical properties arise solely from variations in this network organization. 

As a result, each polymorph exhibits distinct values for density and refractive index, 

presented in Figure 2. A key observation from Figure 2 is the strong linear dependence 

of the refractive index on the density of the polymorph. The slope of this dependence 

(𝑑𝑛 = 0.44 𝑑𝜌/𝜌 cm3/g) aligns well with the Lorentz-Lorenz relation (discussed further 

in Section I.3.4).  

 

Figure 2. Dependency of the refractive index on the density of different silica polymorphs. Adopted 

from PhD thesis of K. Mishchik [26]. 

 

Based on the X-ray and neutron diffraction studies [27], the amorphous form of silica 

(known as silica glass) does not have any long-range structural order like all glasses 

[28], as illustrated by the scanning tunnelling microscopy (STM) images in Figure 1 c,d. 

However, it maintains the same tetrahedral coordination of silicon and oxygen found 
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in the crystalline forms (Figure 3) i.e. a short-range order is preserved.  

 

 
Figure 3. Schematic representation of the SiO2 tetrahedral network. Each Si atom is surrounded by 

four O atoms. The angles between O and Si atoms (O-Si-O) and between neighbouring Si atoms 

connected through an O bridge (Si-O–Si) define the overall network geometry.  

For this tetrahedral building unit, the typical Si-O bond length is approximately 1.608-

1.62 Å [29,30], and the internal O-Si-O bond angles are close to the ideal tetrahedral 

value of 109.47°. These tetrahedra are connected between each other with shared 

“bridging” oxygen atoms, forming the Si-O-Si linkage with an angle around 144°. In 

addition, typical nearest-neighbour O-O distances are about 2.50-2.65 Å, while the Si-

Si distance is approximately 3.12 Å [28,31]. The formed amorphous silica network is 

both continuous and random in structure, opposed to its crystalline phases.  

These tetrahedral building units link into closed n-membered (Si-O)n rings, forming the 

medium-range order of the silica network. In crystalline silica, the ring sizes are mostly 

6- and 8-membered, they form the periodic lattice structure [24]. However, in 

amorphous silica, the ring sizes vary more widely, typically ranging from 3 to 10 

members [32–34], with the most common sizes being 6- and 7-membered rings. The 

distribution of these rings depends on the thermomechanical history of the silica glass. 

This variable ring size distribution creates interstitial voids or "free volume" within the 

network, which provides pathways for potential structural rearrangements during 

densification processes i.e. silica glass is intrinsically porous but at the sub-nm scale. 

I.2.2 Point defects in silica glass 

The SiO2 tetrahedral network represents the ideal, yet disordered framework of 

amorphous silica. However, in addition to the natural randomness of the silica glass, 

the presence of intrinsic defects, dopants (e.g. GeO2), and impurities (e.g. Cl, OH) 

creates an additional level of structural or chemical disorder. Compared with crystalline 

quartz, silica glass has a significantly higher efficiency in generating point defects and 

even has other defect types [27,34]. This difference comes from the amorphous nature 

of silica, with “strained bonds” (due to small-numbered rings) acting as precursors for 

the creation of silicon and oxygen dangling bonds.  
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I.2.2.1 Frenkel-type defects (vacancy-interstitial type) 

The defects in silica glass are typically classified into groups based on their structural 

nature. The first category includes Frenkel-type defects, which involve vacancy-

interstitial pairs analogous to those in crystalline materials (see Figure 4 for vacancy-

interstitial defects observed in SiO2). 

 

Figure 4. Vacancy-interstitial type defects observed in silica glass: (a) intact SiO2 network unit, (b) 

oxygen deficient center (ODC(I)), (c) peroxy linkages (POL), (d) interstitial O2 molecules, and (e) in-

terstitial O3 molecules. 

The oxygen deficient center, ODC(I), also known as the neutral oxygen vacancy (or 

Si-Si bond defect [35]), appears when an oxygen atom is missing from the network 

(Figure 4 b). In its absence, the two neighbouring silicon atoms form a direct bond, 

resulting in a ≡ Si – Si ≡ configuration. This defect has an absorption band around 7.6 

eV [36] and is typically diamagnetic due to the absence of unpaired electrons. ODC(I) 

often forms as a result of radiation effects [37] and is commonly observed in oxygen-

deficient silica [34].  

The peroxy linkages (POL) form in the silica network when two silicon atoms are 

connected through two oxygen atoms (≡Si–O–O–Si≡) (Figure 4 c). This defect is 

diamagnetic and challenging to detect optically due to its low oscillator strength and 

the strong background absorption from dangling bonds in the UV-VUV region [34]. 

However, it can be selectively generated through the photolysis of interstitial O2 using 

an F2 laser [38]. 

Interstitial oxygen molecules (O2) are commonly introduced during the synthesis of 

oxygen-rich silica (Figure 4 d). They can also be incorporated by thermal diffusion or 

generated by high-dose irradiation. Although not typical Frenkel defects, interstitial O2 

exhibits distinct spectral features. For instance, when present above approximately 

5×1017 cm-3, a narrow line at 1549 cm-1 in Raman or infrared (IR) absorption spectra, 

which shifts towards higher wavenumbers under pressure [39]. The PL peak for O2 in 

silica is approximately at 1273 nm, in the near-IR region [34].  

Interstitial ozone molecules (O₃) have been identified by an absorption band peaking 
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near 4.8 eV in irradiated oxygen-rich silica (Figure 4 e). Although this band nearly 

coincides with that of dangling oxygen bonds, spectroscopic analysis has confirmed its 

association with O3 [34].  

I.2.2.2 Dangling bond-type defects 

The next major group of defects in silica glass consists of dangling bond-type defects 

(see Figure 5). 

 

Figure 5. Dangling bond-type defects in silica glass: (a) E' center, (b) oxygen deficient center ODC(II), 

(c) non-bridging oxygen hole center (NBOHC), and (d) peroxy radical (POR). 

E' centers are defects formed where a silicon atom is bonded to only three oxygen 

atoms (Figure 5 a), leaving a dangling bond with an unpaired localized electron (≡Si•) 

[36]. This silicon dangling bond gives rise to a strong absorption band at 5.8 eV, while 

no photoluminescence (PL) is observed. As a paramagnetic defect, the E' center exhibits 

a magnetic response that can be detected by electron paramagnetic resonance (EPR) 

[36]. Since their initial discovery, more than ten variants of E' centers have been 

identified (with E'γ-center being the most abundant) [34,40–43]. It is typically formed 

by radiation or mechanical stress that breaks Si–O bonds in the silica network. 

ODC(II) forms under oxygen-poor conditions during synthesis and consists of a 

twofold-coordinated silicon atom (represented as =Si:) (Figure 5 b) [44]. This defect 

exhibits absorption bands at 3.15 eV, 5.05eV, 6.9 eV and is diamagnetic [34,36]. ODC(II) 

exhibits emission bands peaking at approximately 280 nm and 460 nm [34]. It is 

commonly present in all irradiated or oxygen-deficient silica glasses.  

Non-bridging oxygen hole center (NBOHC) forms when a regular ≡Si–O–Si≡ bond 

breaks, leaving behind a dangling oxygen bond (≡Si–O•) with an unpaired electron 

(Figure 5 c) [27,34]. This paramagnetic defect was first identified through its EPR signal 

[45] and is a main contributor to the visible-to-near UV absorption spectrum, with 

characteristic absorption bands at 2.0 eV and 4.8 eV [34]. NBOHCs exhibit PL with an 

emission band peaking at approximately 650 nm. NBOHCs are primarily generated 

under irradiation through the breaking of strained Si–O bonds [46] and peroxy linkages 

[47] or, more efficiently, by the dissociation of silanol (≡Si–O–H) groups, following the 

reaction [34,48]: 
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≡Si−O−H→≡Si−O•+H• 

Peroxy radicals (POR) are defects characterized by oxygen species with an unpaired 

electron (≡Si–O–O•) (Figure 5 d). These paramagnetic defects can be characterized by 

EPR [45,49] and exhibit an absorption band at 5.4 eV on silica surfaces [34]. POR can 

form through the reaction of interstitial O2 with silicon dangling bonds or via the 

irradiation-induced breaking of peroxy linkages [50]. They can also be generated 

during the glass fabrication process, such as in the drawing of optical fibers [51].  

I.2.2.3 Transient defects and impurities 

In addition to dangling bond defects and vacancy-interstitial defects, silica glass also 

has transient defects, such as self-trapped holes (STH) and self-trapped excitons (STE). 

These defects have a short lifetime, are formed under excitation, and can either relax 

back to the original structure or lead to permanent modifications in the network. 

Self-trapped holes (STHs) are paramagnetic, metastable defects in silica that exist in 

two forms STH1 and STH2. In STH1 the hole is localized in a single bridging oxygen 

atom, while in STH2 the hole is shared between two oxygen atoms in the same SiO4 

tetrahedron. In bulk silica, the corresponding absorption bands are located at around 

2.6 eV and 2.16 eV for STH1 and STH2, respectively [52]. 

Self-trapped excitons (STEs) are electron-hole pairs that become localized due to 

distortions in the silica network, often involving the displacement of an oxygen atom 

[53]. They have two main optical absorption bands at 4.2 eV and 5.3 eV [54]. STEs can 

relax by emitting light (with luminescent band at about 2.0 and 2.3 eV) or decay without 

emission. STEs contribute to the formation of E’ centers and NBOHCs [55].  

There are also impurities introduced during silica fabrication (see section I.2.3), which 

significantly influence its optical and structural properties. One example is the presence 

of hydroxyl groups, particularly silanol (SiOH) groups, which have an absorption band 

above 7.4 eV [56] and can promote the formation of additional defects. The 

incorporation of interstitial H2 ("hydrogen loading") helps to suppress the increase of 

defects by saturating dangling Si or O bonds [57]. However, while hydrogen loading 

reduces the creation of dangling bonds, it can lead to an increased formation of oxygen 

vacancies [58]. Another hydrogen-related defect is the H(I) center. This paramagnetic 

defect is similar to the Si E’ center, except that one oxygen atom is replaced by 

hydrogen. The H(I) center exhibits an optical absorption band at 4.9 eV [34], with no 

corresponding luminescence. Additionally, other impurities, such as chlorine, which is 

typically introduced during synthetic silica production, can be present in silica glass and 

are undesirable, especially for optical fibers, due to their UV absorption properties [59]. 

More recently, paramagnetic fluorine-related defects were identified in heavily F-

doped silica as E′(F) centers, which are silicon dangling bonds modified by a 

neighboring Si-F bond [60].  
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The absorption bands associated with the main silica glass defects are summarized in 

Figure 6.  

 
Figure 6. Absorption bands of the main transient and permanent point defects in silica glass. Cited 

from [61]. 

 

I.2.3 Types of silica glass and manufacturing process 

Silica glass manufacturing begins with the selection of raw materials and heat sources. 

The raw materials are typically either natural crystalline quartz (or high-quality 

glassmaking sand) or liquid compounds, such as tetraethylorthosilicate (TEOS), halides, 

or siloxanes. The heat treatment can be achieved either electrically (using electric arcs, 

resistance and induction heaters, or high frequency plasma discharges) or through 

chemical combustion (using hydrogen-oxygen or methane-based flames). 

 
Figure 7. Classification of silica glass types based on raw material source (natural quartz vs. synthetic 

precursors), manufacturing method (electric melting vs. flame fusion), hydroxyl content (dry vs. wet), 

and purity level. 

 

There are 4 main types of silica glass, each defined by its raw material source and 

fabrication method (Figure 7) [33,62].  
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Type I is traditionally known as “fused quartz” and is produced from natural quartz or 

beneficiated sand. In this process, the quartz is melted using electric fusion under 

vacuum or inert gas conditions. The resulting glass is “dry” (with less than 200 ppm OH). 

However, it typically exhibits higher metallic impurities (approximately 30–100 ppm 

aluminum and about 4 ppm sodium by weight). This method is widely used for making 

crucibles, rods, and tubing. 

Type II, also referred as “fused quartz”, is developed as an outgrowth of early 

innovations in glassmaking. This method involves the continuous deposition of molten 

quartz granules onto a hot, rotating mandrel, where they sinter into a dense ingot or 

“boule.” The absence of crucible contact reduces metallic impurities compared to Type 

I, but the flame environment introduces a higher OH content (typically 150–400 ppm). 

Type III. This method (“fused silica”) employs a flame (or vapor-phase) hydrolysis 

process [63,64], in which silicon tetrachloride (SiCl4) vapor is introduced into a 

hydrogen- or methane-oxygen flame. The key reaction is: 

SiCl4 + 2 H2O → SiO2 + 4 HCl 

Here, water generated by the combustion of hydrogen or methane serves as the 

hydrolysis agent. A fraction of that water also becomes incorporated into the glass 

network as SiOH. Consequently, the resulting glass is considered “wet,” typically 

containing 600-1200 ppm of hydroxyl groups. In the flame, fine (< 50 nm) amorphous 

silica “soot” particles form [65] and are subsequently sintered into transparent glass. 

Because the process avoids the use of a crucible, metallic impurities are kept to minimal 

levels. Deposition rates have improved over the years, making this method scalable for 

larger production. Additionally, because SiCl4 is used as the precursor, Type III synthetic 

silica commonly contains 1000-3000 ppm of chlorine. In contrast, natural quartz 

typically has chlorine content below 0.15 ppm. 

Type IV. A variation of the vapor-phase oxidation process, Type IV uses a water vapor-

free gas stream (often in a plasma torch [66]) to oxidize the silica precursor (for example, 

SiCl4). This type is also known as “fused silica”. The process produces a “dry” silica with 

less than 20 ppm OH and impurity levels similar to those in Type III. This method is 

particularly suited for applications requiring extremely low hydroxyl content. 

Due to variations in impurity content and hydroxyl concentration, types of silica glass 

exhibit distinct selective properties and characteristic differences in their network 

structure. In this thesis, experiments were conducted using Suprasil CG and Suprasil 

F300, both classified as Type III silica glass. Suprasil F300, in addition to undergoing an 

intermediate drying step during manufacturing [67] that reduces its OH content to 

below 1 ppm (rendering it a “dry” variant compared to the “wet” Suprasil CG), is 

characterized by ultra-low total metallic impurities (< 1 ppm) and a chlorine content of 

1000–3000 ppm. This relatively high chlorine concentration results in a slight shift of 
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the UV-absorption edge to the longer wavelength region and affects the viscosity of 

the glass. 

I.3 OPTICAL PROPERTIES AND VIBRATIONAL SIGNATURE OF SILICA GLASS 

I.3.1 Fundamentals of the Lorentz oscillator model 

The Lorentz oscillator model is essential for describing silica glass's optical properties 

and vibrational signature, as it quantitatively links the resonant behaviour of vibrational 

bands to the material’s frequency-dependent dielectric response [68]. In general, the 

Lorentz oscillator model provides a classical description of how bound electrons in a 

material respond to an external electric field. In this model, an electron is considered 

to be bound to an atomic nucleus by a restoring force, similar to a mass attached to a 

spring (Figure 8). When an external electric field E is applied, the electron cloud is dis-

placed relative to the nucleus, resulting in oscillatory motion around its equilibrium 

position. This model extends to various oscillators, such as bound electrons in atoms 

or crystal bands, weakly bound impurity centers in polymers and dielectrics, optical 

phonons, vibrational modes in polyatomic polar molecules, exciton-impurity com-

plexes, plasma oscillations, and other polarization processes, whose effects on a mate-

rial’s optical properties can be described in an analogous manner. 

 

 
Figure 8. Lorentz oscillator model illustrating electron cloud displacement under an applied electric 

field, leading to material polarization. The right diagram represents the electron as a harmonic os-

cillator with restoring Fr, damping Fγ, and driving force FE.  

 

The motion of the electron is governed by three forces (Figure 8). A restoring force Fr 

that pulls the electron back toward equilibrium, analogous to a spring. A damping force 

Fγ that accounts for energy loss due to interactions with the surrounding medium. A 

driving force FE is exerted by the applied electric field, which displaces the electron. 

 

Mathematically, the equation of motion for an oscillating electron can be written as: 

𝑚
𝑑2𝑟

𝑑𝑡2 = 𝐹𝑟
⃗⃗⃗⃗ (𝑟) + 𝐹γ

⃗⃗⃗⃗ (𝑣⃗) + 𝐹𝐸
⃗⃗⃗⃗⃗(𝐸⃗⃗) = −𝐶𝑟 − 𝑚γ

𝑑𝑟

𝑑𝑡
− 𝐸𝐿

⃗⃗⃗⃗⃗𝑒−𝑖𝜔𝑡   (1) 

where m is the effective mass of the electron, γ is the damping coefficient (related to 

energy dissipation), C is the restoring force constant, and 𝐸𝐿
⃗⃗⃗⃗⃗𝑒−𝑖ω𝑡  represents the 

external driving force. Since the applied field causes the electron to oscillate, and using 
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equation (1), the electric dipole moment can be described as 

𝑝⃗ = −𝑒𝑟 =
𝑒2

𝑚

1

𝜔0
2−𝜔2−𝑖𝛾𝜔

𝐸𝐿
⃗⃗⃗⃗⃗,      (2) 

 

where the square of the resonance frequency is 𝜔0
2 =

𝐶

𝑚
 .  

The response of a material to an external electric field is frequency-dependent. This 

behavior is characterized by the atomic polarizability α(ω), which describes how a 

bound electron cloud deforms under an oscillating electric field. The atomic polariza-

bility is given by: 

α(ω) =
𝑃0

ε0𝐸𝐿
=

𝑒2

ε0𝑚

1

ω0
2−ω2−𝑖γω

.     (3) 

 

The macroscopic response of a material to an electric field originates from the polari-

zation of individual atoms. So, the total polarization 𝑃 in a material is related to the 

atomic polarizability α(ω). The relationship between polarizability and electric suscep-

tibility depends on whether the material is a rarified medium (gas) or a solid. 

 

For a rarified medium, such as a gas, with atomic number density N (and atoms are 

well separated), the polarization P is the sum of the individual dipole contributions: 

𝑃 = ε0χ(ω)𝐸𝐿 = 𝜀0𝑁𝛼.     (4) 

Thus, the electric susceptibility is: 

χ(ω) = 𝑁𝛼 =
𝑁𝑒2

ε0𝑚

1

ω0
2−ω2−𝑖γω

 =  
𝜔𝑝

2

𝜔0
2−𝜔2−𝑖𝛾𝜔

,    (5) 

where the plasma frequency is 

ω𝑝
2 =

𝑁𝑒2

ε0𝑚
. 

 

Moving forward, the dielectric function ε(ω) describes how a material interacts with an 

external electromagnetic field. It is directly related to the electric susceptibility χ(ω): 

ε(ω) = 1 + 𝜒(𝜔) = 1 +
ω𝑝

2

ω0
2−ω2−𝑖γω

.    (6) 

 

So, we see that the dielectric function ε(ω) is a complex function, and it can be sepa-

rated into real and imaginary parts (Figure 9 a): 

ε′(ω) = 1 +
ω𝑝

2 (ω0
2−ω2)

(ω0
2−ω2)

2
+γ2ω2

,      (7) 

ε′′(ω) =
ω𝑝

2 γω

(ω0
2−ω2)

2
+γ2ω2

,      (8) 

 

where ε′ (real part) influences the phase velocity of light in the material (dispersion) 

and ε′′ (imaginary part) quantifies the energy loss from the electromagnetic wave (ab-

sorption). 

The response of the material to the external electric field is determined by the dielectric 

response function ε, while the propagation of electromagnetic waves within material is 
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determined by the complex refractive index 𝑛. The refractive index n is related to the 

dielectric function ε by: 

𝑛 = √𝛆 = 𝑛′ + 𝑖𝑛′′ = √𝜀′ + 𝑖𝜀′′.     (9) 

 

Expanding this relation gives (Figure 9 b): 

𝑛′ = √ε′+√ε′2+ε′′2

2
,      (10) 

𝑛′′ = √−ε′+√ε′2+ε′′2

2
.      (11) 

 

 
Figure 9. Lorentz oscillator model for 1 oscillator: (a) Frequency dependence of the real (𝜀′) and 

imaginary (𝜀′′) parts of the dielectric function. (b) Corresponding real (𝑛′) and imaginary (𝑛′′) parts 

of the refractive index.  

 

As can be seen from the Figure 9, at low frequencies (ω ≪ ω0), 𝑛′ is large (slow light 

propagation) and absorption is minimal. Near resonance (ω ≈ ω0), both dispersion and 

absorption become pronounced. For ω ≫ ω0, 𝑛′ approaches 1, and the material be-

comes nearly transparent. 

 

In dense materials such as solids, the local electric field 𝐸𝐿
⃗⃗⃗⃗⃗experienced by an atom dif-

fers from the applied field 𝐸0
⃗⃗⃗⃗⃗ due to contributions from nearby dipoles. For a cubic 

crystal, it can be approximately written as: 

𝐸𝐿 = 𝐸0 +
𝑃

3𝜀0
.      (12) 

 

where P is the polarization density. Because of this correction, the polarization for at-

oms with polarizability α𝑗 and number density 𝑁𝑗 is given by: 

𝑃 = ε0 ∑ 𝑁𝑗α𝑗𝐸𝐿𝑗 .      (13) 

 

After rearrangement, the effective susceptibility becomes: 

χ =
∑ 𝑁𝑗α𝑗𝑗

1−
1

3
∑ 𝑁𝑗α𝑗𝑗

.      (14) 
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Then we can use the Clausius-Mossotti relation, which connects the microscopic po-

larizability of individual atoms to the macroscopic dielectric constant ε of the material: 
ε−1

ε+2
=

1

3ε0
∑ 𝑁𝑗α𝑗𝑗 .      (15) 

 

For a homogeneous system where all atoms are similar (i.e., they have the same polar-

izability), these local interactions lead to a shift in the resonance frequency. The modi-

fied resonance frequency is expressed as:  

ω0
2 =

𝐶

𝑚
−

𝑁𝑒2

3𝑚ε0
.      (16) 

And the dielectric constant then can be represented again as in equation (6).  

 

I.3.2 Optical constants and dielectric function in silica glass 

Although there are resemblances between the measured optical response of SiO2 and 

the predictions from simple Lorentz oscillators, important differences arise because the 

primary absorption in the infrared region is due to vibrational (phonon) transitions 

rather than electronic ones [69]. We need to consider a polar diatomic molecule: the 

permanent dipole moment can be modulated by thermal agitation, which periodically 

stretches or shrinks the interatomic bond. This process is similar to the electron-based 

oscillations as shown in Figure 8, but here the dipoles pre-exist and are driven by 

collective vibrations (phonons) across the material. These phonons can be either 

transverse optical (TO) modes, where ionic displacements are perpendicular to the 

direction of propagation, or longitudinal optical (LO) modes, with displacements along 

the propagation direction [68,70]. Even in non-crystalline solids, these modes interact 

coherently with IR electromagnetic waves. As a first approximation, these 

displacements are often modelled with Lorentz oscillators, where the resonance 

frequency corresponds to the natural vibrational frequency of the TO mode [68].  

Talking about these properties for silica glass, we can note the following. In the exam-

ple below [70], thin films of SiO2 were studied, which exhibit properties similar to amor-

phous silica glass. Reflectance and absorbance spectra were measured, and from these 

measurements, the optical constants were derived. The resulting optical constants for 

a-SiO2 are shown in Figure 10 a. Then, using the correspondence between refractive 

index and the dielectric function (Eq. 9), the dielectric function was calculated, and its 

real and imaginary parts were plotted in Figure 10 b. 
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Figure 10. Refractive index (a) and dielectric function (b) of silica glass as a function of wavenumber. 

Adapted from [70]. 

 

There are two spectral regions where the real part of the dielectric function (ε’) becomes 

negative, each corresponding to a prominent peak in the imaginary part (ε’’). Between 

these two regions, ε’ remains positive and only a low-intensity band appears in ε’’. The 

three absorption bands observed in the ε’’ are associated with characteristic vibrations 

of bridging oxygen relative to the axis joining two neighboring silicon atoms: rocking 

at ~450 cm-1, symmetrical stretching at ~810 cm-1, and asymmetrical stretching with a 

main maximum at ~1070 cm-1 [71]. 

 

In amorphous systems, each of these modes still exhibits 2 contributions: correspond-

ing TO and LO branches, where the LO modes generally shift to higher frequencies due 

to additional restoring forces along the direction of wave propagation. This splitting is 

evident in more detailed analyses of energy-loss functions, emphasizing the role of 

phonon dispersion in silica glass. 

 

 
Figure 11. Real 𝑛′ (a) and imaginary 𝑛′′ (b) parts of the complex refractive index of silica glass over 

a broad spectral range, compiled from various experimental studies as reported in [72]. 
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In addition to the IR absorption from vibrational transitions, silica glass also shows 

significant absorption in the ultraviolet (UV) region due to electronic transitions across 

its wide bandgap. The optical bandgap of amorphous SiO2 is typically around 8–9 eV, 

corresponding to wavelengths below about 150–160 nm [63,72]. As a result, while silica 

glass is highly transparent in the visible and near-IR regions, its transmittance drops 

sharply in the vacuum-UV (so-called VUV) due to these electronic absorption processes. 

To illustrate the full spectral behavior of silica glass, Figure 11, from [72], presents the 

refractive index ( n′ ) and absorption index ( n′′ ) over a wide wavelength range, 

summarizing data from multiple experimental studies. 

I.3.3 Vibrational spectroscopy of silica glass  

I.3.3.1 IR spectroscopy of silica glass 

Taking all the points discussed above into account, we see that IR spectroscopy is a 

powerful tool for probing the vibrational signature of silica glass, offering valuable in-

sights into its short-range atomic order and the structure of its amorphous network. 

Early IR studies of glasses often relied on transmission measurements of powdered 

samples dispersed in alkali halide pellets. However, this approach was sensitive to arti-

facts such as ion exchange, hydrolysis, and spectral distortions [68]. So, the measured 

phonon frequency often deviated from the expected IR-active TO mode and instead 

appeared intermediate between the TO and LO vibrational modes [71]. Alternatively, 

samples had to be extremely thin (sometimes below 10 µm) to obtain reliable trans-

mission data. These limitations were overcome with the advent of IR reflectance spec-

troscopy, which enables direct analysis of polished bulk samples without inducing 

structural alterations [68,70]. As a result, accurate mid- to far-infrared spectra can be 

obtained. Notably, the absorption band near 1100 cm-1 and the reflection band near 

1120 cm-1 are both coming from the asymmetric stretching vibration of the Si-O bond 

and can be converted from one to another using the Kramers-Kronig transformation 

[73]. 

 

A typical IR reflection spectrum of silica glass can be seen in Figure 12. IR reflection 

spectroscopy of silica glass reveals a broad spectral feature in the 100-1500 cm-1 re-

gion. As mentioned earlier, there are three distinct bands reflected in the IR spectra of 

silica glass: rocking vibration at 480 cm-1, symmetrical stretching vibration at 790 cm-1, 

and asymmetrical stretching vibration with a main maximum at typically 1100-1130 

cm-1 [71,74,75], which is often accompanied by a shoulder around 1200 cm-1; the main 

peak is generally attributed to the TO mode, while the shoulder reflects the LO com-

ponent arising from Coulomb interactions [70]. 
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Figure 12. Typical IR reflection spectrum of pure silica glass and main vibrational modes in IR. Data 

for the spectrum was taken from [68] 

 

The asymmetric stretching vibration of the Si-O-Si bond (𝝂𝒂𝒔
𝑺𝒊−𝑶−𝑺𝒊) is the most promi-

nent and structurally significant feature in the IR spectrum of silica glass. This key band 

is highly sensitive to the changes in the average Si-O-Si bond angle [73,76] and serves 

as an excellent probe of the local atomic arrangement. More specifically, the band shifts 

to higher frequencies with an increase in the average Si-O-Si bond angle in the glass 

structure [77,78]. In both pure and doped silica glasses, an increase in fictive tempera-

ture, accompanied by densification, produces a clear shift toward lower wavenumbers 

in the IR absorption peak tied to this asymmetric stretching vibration, and this shift 

provides a practical means of building calibration curves that connect the peak position 

to the glass’s thermal history (i.e., the fictive temperature) [75,79,80]. 

 

I.3.3.2 Raman spectroscopy of silica glass 

Raman spectroscopy is another powerful analytical technique for examining the 

structural properties of materials, including silica glass. In this method, a 

monochromatic laser beam excites vibrational modes within the sample. The inelastic 

scattered light having a positive or negative frequency shift (anti-Stokes or Stokes 

Raman shift) tells us about the material’s vibrational “fingerprint” [81]. In Raman 

spectroscopy, each band is characterized by its position (it correlates with specific 

vibrational modes), full width at half maximum measured (FWHM) (usually related to 

an inhomogeneous broadening indicative of structural and chemical disorder), and 

intensity or integrated area, which tells about population-weighted contribution of a 

vibrational mode. Together, these characteristics give information about the local-to-
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medium-range order of the material. 

A typical Raman spectrum of pristine silica glass (Figure 13) shows seven main bands 

relative to different vibrational modes.  

Around 50-100 cm-1 (not visible here), the boson peak is located, which is a universal 

feature of disordered glasses. The origin of the boson peak in silica glass is attributed 

to the partial destruction of acoustic plane waves at nanometer wavelengths, leading 

to an excess of low-frequency vibrational modes, particularly hybrid vibrations that 

combine the rocking and shifting of rigid SiO4 tetrahedra. These modes appear near 

the Ioffe-Regel crossover frequency, where sound waves lose their ability to travel as 

coherent plane waves [82].  

At around 440 cm-1, the main Raman band is generally associated with oxygen motion 

within the SiO2 tetrahedral network [83]. More specifically, it corresponds to the 

bending vibration of the Si–O–Si bond, with oxygen atoms moving perpendicular to 

the Si–Si axis [76]. This vibrational mode primarily arises from atomic movements in 

rings composed of five or more SiO2 tetrahedral units, effectively representing a 

superposition of modes from larger ring structures [76,84].  

 
Figure 13. Typical Raman spectrum of pure silica glass and main vibrational modes. 
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Bands near 495 cm-1 and 606 cm-1 are associated with the “breathing” motions of 

oxygen atoms in silica ring structures [81,85,86]. The band around 495 cm-1, known as 

the D1 band, arises from the oxygen atoms “breathing” in four-membered rings. The 

band near 606 cm-1, referred to as the D2 band, is attributed to planar three-membered 

rings [85,87]. These assignments are supported, for example, by observations in the 

silica polymorph coesite, where a closely related peak near 500 cm-1 is present due to 

its structure being predominantly composed of four-membered rings [88]. The 

validation also comes from vibrational simulations and molecular dynamics studies 

[86,89]. 

The band near 800 cm-1 band is attributed to a symmetric stretching motion of the 

bridging oxygen atom with a significant displacement of the Si atom [76,86].  

Finally, Raman peaks at 1064 and 1200 cm-1 are attributed to Si–O stretching motions 

[70,81]. When a vibration is both Raman and IR active, it is polar and can undergo LO 

and TO splitting due to Coulomb interactions. This effect results in the observed 

doublet at 1064 and 1200 cm-1 [71].  

I.3.4 Lorentz–Lorenz equation and density 

While IR and Raman spectroscopy provide insights into the vibrational properties, 

structure, and connection to density in silica glass, the refractive index can also serve 

as an indicator of density changes. The refractive index n of a medium is linked to its 

density through the Lorentz–Lorenz equation [90], which is derived from the Clausius–

Mossotti relation. One common form of the equation is: 
𝑛2−1

𝑛2+2
=

𝑁𝛂

3𝛆0
=

4𝛑

3

𝛂

𝑉
,      (17) 

Where N is the number density, α is the molecular polarizability, ε0 is the vacuum per-

mittivity, and V is the molecular volume. 

By differentiating this relation, we obtain an expression for the relative change in the 

refractive index Δn in terms of the relative changes in polarizability and molecular vo- 

-lume: 
𝚫𝑛

𝑛
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Defining the parameter 

 𝛀 =
𝚫𝛂/𝛂

𝚫𝑉/𝑉
, 

the above expression can be rearranged as: 

𝚫𝑛 =
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This equation shows that, for small deformations, the change in refractive index is di-

rectly related to both the fractional change in molecular volume and density. In cases 

such as isotropic densification, the refractive index increases if the polarizability does 

not decrease proportionally (i.e., when Ω<1).  

Empirically, the actual change in polarizability with compaction is determined by 

matching equation 19 to experimental data. For example, thermal and pressure treat-

ments give Ω ≈ 0.19 [78], while UV-irradiated samples produce Ω ≈ 0.23 [91]. Similar 

values of about 0.22 and 0.23 have been reported for γ-irradiated [92] and neutron-

irradiated [6] glasses, respectively. Higher values of Ω correspond to smaller refractive 

index changes per unit densification. Figure 14 illustrates how the refractive index 

evolves with density for these experimentally derived Ω values, alongside the theoret-

ical predictions evaluated at a wavelength of 632 nm. 

Using Equation 19 and n=1.459 for silica in the green-light range gives the relationship  

𝑑𝑛 = 0.43 𝑑𝜌/𝜌, which aligns well with the slope 𝑑𝑛 = 0.44 𝑑𝜌/𝜌 from Figure 2 (Section 

I.2.1) with the refractive indices of various silica polymorphs against their densities.  

 

 

Figure 14. Comparison of the densification data for different experimental methods: thermal and 

pressure [78], UV-irradiated [91], γ-irradiated [92], neutron-irradiated [6]. Adopted from PhD thesis 

of F. Durr [93].  

 

I.4 THERMOMECHANICAL BEHAVIOR AND DENSIFICATION OF SILICA GLASS  

Silica glass is known for its exceptional qualities, which largely come from its high purity 

and strong bonding. Its resistance to common chemicals is accompanied by a high 

softening point, minimal thermal expansion, high thermal shock resistance, and 

notable optical clarity over a wide spectrum, as was mentioned earlier. Nevertheless, 

silica glass also exhibits several unusual behaviors [94]. For example, its thermal 
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expansion coefficient is negative below approximately 80 to 100 °C, while it remains 

positive at higher temperatures [33]. Unlike most glasses, its equilibrium density 

decreases following heat treatment within the transformation range, and its elastic 

moduli increase above 190 °C [94]. Additional anomalous characteristics will be 

discussed alongside other property descriptions. This section examines how the glass 

structure influences its overall thermomechanical behavior. 

I.4.1 Thermomechanical properties of silica glass 

Silica, like all glasses, is an amorphous solid that exhibits a glass transition at dedicated 

temperature called the glass transition temperature (Tg). The glass transition is a grad-

ual process in which the atomic motion within the liquid progressively slows upon cool-

ing, forming a solid-like state. However, this state preserves the structural disorder of 

the original liquid, preventing crystallization due to fast cooling [95]. Above Tg, the 

glass can be shaped or annealed to relieve internal stresses, whereas below Tg, its rigid 

structure maintains stability and resistance to deformation. The cooling rate strongly 

affects Tg, with rapid cooling ("quenching") leading to higher observed transition tem-

peratures compared to slower cooling. Natural silica glasses tend to exhibit Tg values 

around 1200 °C, whereas many synthetic variants present slightly lower Tg values of 

approximately 1100 °C. This difference is primarily attributed to changes in water and 

hydroxyl group content; higher levels of these components, as found in type III silica 

glasses, reduce the viscosity and enhance molecular mobility, thereby shifting Tg to 

lower temperatures [62].  

Viscosity characterizes a fluid’s internal resistance to flow, where with greater viscosity 

the flow slows down. Small amounts of dopants or impurities disrupt the Si–O–Si net-

work and thereby lower viscosity. The viscosity of silica glass is similarly sensitive not 

only to the chemical composition but also to the glass thermal history, thus its fictive 

temperature. Thermal history, in turn, influences the fictive temperature (Tf), defined as 

the temperature at which a given glass structure would be in equilibrium if rapidly 

heated or cooled to that temperature [95]. By knowing both the actual temperature (at 

the moment) and the glass fictive temperature it is possible to accurately describe the 

glassy state. For instance, one study notes that a silica sample with a fictive temperature 

of 1400 °C exhibits a viscosity of approximately 1 TPa∙s at 1700 °C, whereas a similar 

sample with a fictive temperature closer to 1000 °C reaches the same viscosity at 

around 1320 °C [33].  

When the glass is densified at high temperature and pressure, however, the fictive tem-

perature alone does not fully account for the structure. In such cases, an additional 

order parameter, fictive pressure Pf, is needed. When a silica glass is pressurized at a 

temperature below its glass transition temperature for a sufficiently long time, subse-
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quently cooled under pressure, and then depressurized at room temperature, the struc-

ture "freezes in" not only the treatment temperature but also the treatment pressure 

[80,96].  

Below Tg, the high viscosity of silica glass strengthens its structural stability and shapes 

how it responds to mechanical stress. Main elastic properties such as Young’s modulus, 

the shear modulus, and Poisson’s ratio define this response. At 25 °C, vitreous silica 

commonly displays a Young’s modulus of around 73 GPa, a shear modulus near 31 GPa, 

and a Poisson’s ratio of about 0.17. Deviations can arise due to density variations (as 

will be discussed further), as a higher density slightly reduces the elastic modulus and 

increases the Poisson’s ratio [62]. Uniquely among many glass types, the elastic moduli 

of vitreous silica actually rise with temperature, peaking around 1100–1200 °C, where 

they can exceed room-temperature values by approximately 10% [94,97]. 

In addition, silica glass features a notably low coefficient of thermal expansion (CTE) - 

approximately 0.55 × 10-6 K-1 near room temperature, which grants its high dimensional 

stability during heating and cooling. Manufacturers typically cite linear expansion co-

efficients within the 0-300 °C range of about 5.4 × 10-7 K-1 to 5.6 × 10-7 K-1 [33]. Thermal 

history also further influences the thermal expansion behavior: samples equilibrated at 

different fictive temperatures and then quenched in water show that lower fictive tem-

peratures increase negative thermal expansion [33]. As the fictive temperature rises, 

the structure becomes more densified, causing a correspondingly lighter thermal re-

sponse. 

The density of transparent vitreous silica is approximately 2.20 g/cm3, making it lower 

than those crystalline phases of silicon dioxide, such as quartz (2.65 g/cm3) [33]. The 

density of silica glass varies depending on its hydroxyl content and fictive temperature, 

with higher hydroxyl concentrations and lower fictive temperatures generally leading 

to a decrease in density [98]. Despite sharing the same short-range bonding structure 

as its crystalline phases, silica glass possesses a significant amount of interstitial vol-

ume, allowing for densification under specific conditions. 

I.4.2 Silica glass densification  

Numerous studies have investigated the high-pressure behavior of silica glass, reveal-

ing that its response and degree of compaction depend on temperature, pressure, and 

the duration of these conditions [1]. 

I.4.2.1 Cold compression 

At room temperature and within lower pressure ranges (up to 6-10 GPa), silica glass 

primarily exhibits elastic behavior, meaning that any deformation remains fully reversi-

ble [99,100]. Notably, its elastic moduli (Young’s modulus, the bulk modulus, and the 
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shear modulus) initially decreases with pressure up to approximately 2-4 GPa before 

increasing at higher pressures [101,102].  

At higher pressures (8-9 GPa at room temperature), silica glass undergoes permanent 

deformation. Initially discovered by compressing thin glass discs between cobalt-tung-

sten alloy plates under quasi-static loading [103], this phenomenon, called densifica-

tion, demonstrates a permanent increase in density after pressure exceeds a threshold. 

Studies using both uniaxial and hydrostatic compression via diamond anvil cells (DAC) 

have shown that the densification rate increases with pressure until a second, satura-

tion threshold is reached, at which point the glass reverts to elastic behaviour [104].  

Under room temperature conditions, this "cold compression" of silica glass leads to an 

irreversible polyamorphic transition above 8-9 GPa (first threshold) [99], with maximum 

densification of approximately 21% after compression at 20-25 GPa (second threshold) 

[102,104] resulting in a density of about 2.65 g/cm3 [1,105,106] (Figure 15). This effect 

is attributed to the closure of free volumes as atomic structures rearrange to optimize 

packing [1], achieving a volume similar to that of crystalline quartz while remaining 

amorphous.  

 

Figure 15. Densification rate as a function of pressure during cold compression of silica glass. Data 

from [105,106]. Adopted from PhD thesis of C. Dereure [107]. 

 

I.4.2.2 High Pressure High Temperature densification (hot compression) 

Because glass is often considered as a frozen liquid due to its high viscosity, tempera-

ture has a significant influence on both its structure and behavior, especially near the 

glass transition. As temperature rises, the increased atomic mobility facilitates struc-

tural rearrangements under pressure. As a result, significant densification can be rea-

lized at lower pressures when conducted at higher temperatures [3,108–110], a process 
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referred to as “hot-compression” or High-Pressure, High-Temperature (HPHT) densifi-

cation. This effect is clearly illustrated in Figure 16, which shows the densification of 

silica glass as a function of quench pressure at different temperatures. 

 

 
Figure 16. Density changes in silica glass as a function of quench pressure at various temperatures. 

Cited from [108].  

 

One of the earliest demonstrations of this effect was reported by Mackenzie [1], who 

showed that raising the temperature while applying high pressure notably enhances 

the densification of silica glass, indicating that thermal energy plays an important part 

in enabling structural rearrangements. Although pressure and shear remain essential 

factors, added thermal energy increases atomic mobility within the glass network, 

thereby promoting more efficient shear-induced compaction. 

MacKenzie [1] also has demonstrated that the application of shear stress during com-

pression promotes a higher densification rate for a given hydrostatic pressure. The ex-

periments were conducted using compression cells with different pressure-transmit-

ting media (alumina and silver chloride). The alumina cell generates more shear than 

the silver chloride one. Under two different pressure-temperature conditions (6 GPa at 

400 °C for the alumina cell and 8 GPa at 300 °C for the silver chloride cell), the densifi-

cation rate in the alumina setup was found to be twice as high as that in the silver 

chloride cell. A comparable effect is observed when comparing different compression 

setups. For instance, DAC generally induces less shear than Belt press, so Belt press can 

achieve higher densification rates under equivalent pressure-temperature conditions. 

Guerette et al. [3,108] subjected silica glass samples to hot compression at 1100 °C with 

pressures up to 8 GPa, achieving an approximately 25 % increase in density compared 

to the pristine silica glass. The resulting structural characteristics differed considerably 
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from those produced by cold compression alone, highlighting the distinct effects of 

elevated temperature on densification pathways. 

Similarly, Martinet et al. [109] compared silica samples subjected to both cold compres-

sion (10–26 GPa at room temperature) and compression at temperatures up to 1020 °C. 

They found that a density of 2.5 g/cm³ required only 5 GPa and 750 °C under hot-com-

pression conditions, while cold compression demanded pressures of about 16 GPa to 

reach the same density. 

Concerning the structure, Zanatta et al. [111] demonstrated that silica densified under 

HPHT conditions retains its short-range tetrahedral units while undergoing significant 

medium-range structural evolution. Their positron annihilation lifetime spectroscopy 

data suggest that interstitial free volume reduction, rather than coordination change, 

dominates the densification process. It has been shown that the density changes from 

about 2.2 g/cm3 to 2.67 g/cm3 lead to a decrease in void volume from 60 Å3 to 10-

15 Å3. However, short-range structure is also affected by the densification. Devine et al. 

[112], using electron spin resonance hyperfine splitting from E’ centers, observed that 

a 24 % increase in density is accompanied by about a 5° reduction in Si-O-Si bridging 

angles around defect sites, as well as a small but measurable increase in Si-O bond 

lengths (from 1.618 to 1.623 Å).  

I.4.2.3 Structural differences between silica glass densified with CC and HPHT conditions 

Although silica glass can reach similar density levels through both CC and HPHT 

compression, their resulting structures differ in slight yet significant ways [108–110]. 

One of the most direct indicators of these differences lies in the Raman spectra. Shifts, 

FWHM, and intensity of the main band and D1 and D2 bands reflect variations in ring 

configurations, bond angles, and overall network strain [84,108,109].  

As an example, Figure 17 presents the Raman spectra of samples with similar densities 

(2.3 g/cm3 on Figure 17a and 2.5 g/cm3 on Figure 17 b) obtained under HPHT 

conditions using a Belt Press and under CC conditions using DAC. 
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Figure 17. Raman spectra of silica glass densified to similar densities: (a) 2.3 g/cm3 and (b) 2.5 g/cm3, 

obtained by Belt Press (HPHT) and Diamond Anvil Cell (CC). Cited from [109]. 

Under HPHT conditions, the main Raman band narrows and shifts to approximately 

495 cm⁻¹ with increasing quench pressure, indicating a reduction in the mean Si–O–Si 

bond angle and a more constrained angular distribution [108,109,113]. For 20% 

densification, simulations suggest that the Si–O–Si angle decreases by approximately 

4° to 5° [84]. Although cold-compressed samples also exhibit a band shift toward 

higher frequencies (up to 530 cm⁻¹), the shift per unit density is more pronounced for 

CC than for HPHT [108], as clearly seen in Figure 13b. This observation points to a more 

strained framework in room-temperature compactions, as there is less capacity for the 

glass network to reorganize and relieve stress [1,84,108,109].  

Furthermore, both cold and hot compression lead the D1 peak to shift to higher 

frequencies, likely due to slight deformation of the ring structures [108]. In cold-

compressed silica, however, the D1 line merges with the main band once the density 

exceeds about 2.45-2.50 g/cm3 [106,109,114]. In contrast, HPHT compression generally 

shows a smaller shift of the D1 band position, and it does not merge that distinctly with 

the main band [108,113]. The fact that the D1 band partially overlaps with the main 

band without significantly broadening suggests that the 4-membered rings breathing 

vibrations remain somewhat independent from the rest of the network [84].  

The D2 band also shifts to higher frequencies under both CC and HPHT densification 

[108,109]. However, the intensity of the band grows more quickly in CC samples [109]. 

Cold-compressed silica can exhibit nearly triple the intensity of the D2 band compared 

to similarly dense HPHT samples (Figure 17 b), reflecting the minimal opportunity for 

structural relaxation at room temperature [109]. Correspondingly, D2 band broadening 

is more pronounced after CC, implying more deformation and bond-angle dispersion 

within the three-membered rings. Under HPHT conditions, the D2 line area remains 

essentially unaffected by density increases, and the intensity stays close to that 

observed in pristine silica glass [109]. This happens due to higher temperatures 

facilitating structural rearrangements that limit the formation of highly strained rings 
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[84,109]. Additionally, the intensity of the D2 band in pure silica glass has been found 

to increase with rising fictive temperature, which in turn leads to higher density 

[79,115]. It has been suggested that fictive temperature may be a more suitable variable 

for describing variations in the D2 band, rather than density alone [114]. However, as 

was mentioned in Section I.4.1, for the densified under pressure glasses, one must also 

consider the fictive pressure parameter. 

Even though the D2 band is associated with the most compact silica network structure 

of 3-membered rings, a lower D2 intensity does not necessarily indicate a lower density. 

As one study suggests [116], two 6-membered rings could transform into one 3-

membered ring and one 9-membered ring. While the 3-membered ring suggests a 

more compact local configuration, the larger 9-membered ring introduces additional 

free volume that can lead to expansion. In other words, creating 3-membered rings 

may simultaneously generate voids, making difficult the direct relationship between D2 

intensity and overall density. Furthermore, the D2 band exhibits an anomalous response 

during thermal annealing, initially increasing and only then decreasing through 

relaxation processes [3,21,116–118]. This behavior, which will be discussed in the 

following section, supports the idea that a higher D2 intensity does not directly equate 

to a higher density. In this regard, a concept known as “topological pruning” can be 

discussed, where applying sufficient pressure and temperature removes small, unstable 

rings and larger voids from the silica network. Recent experiments by Ono et al. [119] 

show that hot-compressed silica around ~1 GPa and 1800 °C undergoes a “pruning” of 

its mid-range structure, with 3-membered rings and large voids collapsing 

simultaneously. This transformation significantly lowers the D2 band intensity (and 

thereby Rayleigh scattering) without necessarily producing a proportional increase in 

overall density.  

Beyond local structural distinctions, CC and HPHT densified silica also exhibit evident 

differences in their intermediate-range order. In HPHT densified silica, the first sharp 

diffraction peak (FSDP) appears both narrower and more intense than in CC sample 

with same density [108]. This suggests a more homogeneous network arrangement for 

HPHT silica, showing again how high temperatures produce a more uniform reconfig-

uration of the silicate network compared to the relatively heterogeneous structure 

formed during room-temperature compression [113]. According to Onodera et al. 

[110], CC and HPHT silica glasses show different structures, with the correlation length 

for the HPHT sample being approximately 60% longer than that of the CC one. This 

indicates a more extended ordering of tetrahedral SiO4 units in the HPHT glass. 

Furthermore, CC and HPHT densified samples can have differences in mechanical prop-

erties. For instance, at same density increases of 15 %, HPHT densified silica typically 

exhibits a higher bulk modulus than CC silica (Figure 18). For HPHT conditions from 0 

to 8 GPa, the Young’s modulus of silica glass rises from 72 to 123 GPa (a 71 % increase), 

and the shear modulus grows from 32 to 50 GPa (61 %), well outpacing the roughly 
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25 % increase in density. Such findings confirm that elevated temperatures not only 

promote a more uniform structural reorganization but also enhance the overall stiff-

ness of the resulting densified glass [108].  

 
Figure 18. Bulk modulus as a function of density increase of silica glass from CC and HPHT densifi-

cation. Cited from [108].  

 

I.4.2.4 Shock-wave densification 

Another way to densify silica glass is through shock wave interaction, which leads to 

structural differences due to a distinct compression mechanism. Shock wave 

densification occurs when high-velocity impacts or explosions generate supersonic 

pressure waves propagating in the material and causing rapid and extreme 

compression. During this process, both pressure and temperature rise sharply, creating 

a transient high-pressure, high-temperature state. Unlike static compression, the shock 

wave induces a non-equilibrium state, where the material undergoes rapid 

densification. After the shock passes, the material experiences thermal relaxation as the 

elevated temperature persists for a short period, enabling further structural 

reorganization and, in many cases, permanent densification.  

The shock compression behaviour of fused silica is typically characterised by three 

distinct pressure regimes [120]. Initially, an elastic regime is observed, extending up to 

approximately 8-9 GPa. Following this, a highly compressible region, spanning roughly 

10 to 35 GPa, is encountered and is notable for substantial densification of the glass. 

Within this region, studies indicate that the degree of densification generally increases 

with escalating shock pressures, often reaching a maximum at a certain pressure before 

potentially declining at even higher pressures due to the influence of post-shock 

residual temperatures (up to 8000 K [121]) causing partial annealing [120,122]. This 

trend is presented on Figure 19. 
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Figure 19. Densification rate of silica after shock impact as a function of shock pressure. Extracted 

from PhD thesis of C. Dereure [107], data based on [2,122,123]. 

Although the dynamics of the densification are different, structurally, the densification 

is similar to HPHT densified silica glass. Densification under shock load is attributed to 

structural rearrangements within the silica network, involving a reduction in the 

average Si-O-Si bond angle and modifications in the population and small and 

medium-sized rings [122]. Beyond the highly compressible region, above 

approximately 35 GPa, there is a transition to a dense, low compressibility phase. In 

situ X-ray diffraction studies have identified this high-pressure phase could be 

polycrystalline stishovite, a denser crystalline form of SiO2 [120].  

Researchers also use laser-induced shocks as another method to generate the high 

pressures and loading conditions comparable to hypervelocity impacts, offering the 

advantage of enabling the recovery of samples for detailed post-mortem analysis of 

the resulting damage and structural modifications [124,125]. For example, a study on 

fs-laser densification used effects of shock waves generated by two spatially separated 

focused beams, acting as quasi-simultaneous “pressure-wave emitters” [125].  

 

I.4.2.5 Optical properties of densified silica glass 

Optical properties of densified silica glass undergo systematic modifications as the 

structure compacts [78]. One of the most notable effects is the linear increase in 

refractive index with density (Figure 20 a), which is directly linked to changes in the 

mean polarizability of the glass network. As the glass densifies, the refractive index 

measured at the sodium D-line (589.3 nm) increases proportionally with density.  
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Figure 20. (a) Relationship between density and refractive index (at 589.3 nm) of silica glasses. (b) 

IR reflection spectra of the silica glasses with different densities. Adopted from [78]. 

 

IR spectroscopy further illustrates the structural changes caused by densification 

(Figure 20 b). In densified silica glasses, the main IR band near 1100 cm⁻¹, associated 

with the asymmetric stretching of the Si–O–Si bridges (as was reviewed in section 

I.3.3.1), shifts linearly to lower frequencies as density increases. This behaviour is 

quantitatively expressed by the following correlations: 

𝜈𝑅 = (1332 ± 13) − (95 ± 5)𝜌     (17) 
for the reflectance spectra, and  

𝜈𝐴 = (1270 ± 16) − (74 ± 7)𝜌     (18) 
for absorption spectra. 

Here, 𝜈𝑅  and 𝜈𝐴  represent the resonance frequencies (in cm⁻¹) obtained from IR 

reflection and absorption measurements, respectively, while ρ is the glass density. The 

negative slopes of these equations indicate that as the glass becomes denser, the 

vibrational frequency of the Si-O-Si bonds decreases. Owing to its sensitivity to 

structural changes and density, the position of the Si-O asymmetric stretching band is 

also widely used to monitor the fictive temperature (Tf) in silica glasses and optical 

fibers [73,75,79]. 

 

I.4.2.6 Thermal relaxation of densified silica glass 

It is important to study how densified silica glass behaves when subjected to heat 

treatment, so, during thermal relaxation. In glassy systems, relaxation is a fundamental 

process through which the material evolves toward an equilibrium state. Thermal 

relaxation can reveal the reverse transformation (opposite effect to the densification), 

providing a valuable perspective on the mechanisms behind structural rearrangements 

[116]. It is also crucial from an industrial point of view, as understanding how densified 

silica glass relaxes under working temperatures can provide the design of reliable, 

stable glass components. The relaxation of densified silica glass is, however, far from 
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straightforward. It strongly depends on factors such as the compression pathway, the 

initial density reached during densification, and the subsequent annealing temperature 

[3,126].  

The density of densified silica glass decreases monotonically during thermal relaxation 

[127]. This decrease in density is consistent with observations from FSDP 

measurements, which indicate an increase in the characteristic distance of the 

intermediate-range order during relaxation [116]. However, the underlying structural 

changes relax in a more complicated way. For example, Arndt et al. observed non-

monotonous behavior in the refractive index of densified silica during annealing at 600-

800°C [127]. This indicates that macroscopic density measurements alone cannot fully 

capture or represent the complexity of the relaxed glass network [117]. For example, 

as discussed in the previous section, CC and HPHT silica glasses can have the same 

densities but exhibit distinct Raman spectral signatures.  

There is also an anomalous behavior during thermal relaxation involving the Raman D₂ 

band. It was found that, counterintuitively, D2 intensity initially increases before 

eventually decreasing as the glass relaxes [3,116–118]. This short rise points to a 

transitory structural state, wherein 3-membered rings temporarily appear more prior 

to the network’s eventual return toward its low-density configuration. Such behavior 

indicates the polyamorphism of silica glass. 

HPHT compressed silica has higher thermal stability than samples produced via cold 

compression. In particular, HPHT silica maintains its densified structure at significantly 

higher temperatures (up to 650–700 °C), as confirmed by in-situ Brillouin scattering 

experiments [108]. In contrast, cold-compressed silica begins structural relaxation at 

lower temperatures (100–150 °C), indicating a lower stability of its network and the 

presence of the internal stresses. Cornet et al. [117] estimated the activation energy for 

relaxation in HPHT silica as 255 ± 45 kJ/mol (around 289 ± 21 kJ/mol, according to 

Höfler et al. [126]), while for CC silica suggested values were centered around 145 

kJ/mol.  

 

I.4.2.7 Silica polyamorphism 

In general, polyamorphism refers to the phenomenon where a material can exist in two 

or more distinct amorphous phases, with the potential for transitions between them. 

This concept was initially introduced to explain the negative melting slope observed in 

water and extended to the glassy state of water, leading to the identification of three 

different amorphous forms of ice [128,129].  
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Early research on polyamorphism in silica glass mentioned its occurrence in com-

pressed silica glass. Grimsditch et al. in 1980s first mentioned another 'amorphous pol-

ymorph' after observing irreversible structural changes in silica glass subjected to plas-

tic compression at a pressure of 17 GPa [130]. Nowadays, polyamorphism in silica glass 

is typically discussed in terms of transitions between Low-Density Amorphous (LDA) 

and High-Density Amorphous (HDA) forms, each characterized by distinct ring topol-

ogies, density, and stability [3,102,116,117,131]. A helpful way to visualize these trans-

formations is using the potential energy landscape, which depicts the possible config-

urational states available to a system and the energy barriers separating them (Figure 

21). For silica glass, the potential energy landscape is hypothesized to feature multiple 

“megabasins,” each corresponding to a separate amorphous structure [3,131]. 

For pressures near ambient, the most stable minimum is associated with LDA silica. 

Under higher pressures, the glass can enter basins corresponding to HDA states. As 

was discussed earlier, depending on the compression pathway, HDA silica can be ob-

tained through CC, resulting in c-HDA, or through HPHT, making h-HDA. Because sil-

ica’s densification pathways are highly sensitive to conditions such as shear stress, com-

pression rate, and temperature, numerous metastable HDA states may appear in ex-

periments [3]. It has also been suggested that silica glass under pressure can consist of 

coexisting LDA and HDA domains, with their relative proportions depending directly 

on the maximum pressure and conditions applied during densification [102].  

 

 
Figure 21. Schematic potential energy landscape for amorphous silica. Cited from [3]. 

 

Thermal relaxation is a way to observe the reverse transitions from HDA to LDA. The 

fact that HPHT silica is more thermally stable than CC silica indicates that h-HDA has 

higher energy barriers needed to overcome to revert fully to LDA [3]. In CC samples, 

relatively low thermal energy near room temperature is often enough to start reverting 

the network to LDA. Notably, HDA to LDA transitions occur continuously without crack-

ing or loss of mechanical integrity, showing the gradual nature of the structural relax-

ation [3]. One of the examples of amorphous-amorphous transition during thermal re-

laxation is, how was mentioned earlier, unexpected D2 band intensity increase (so the 
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increase in 3-membered ring number) during isothermal annealing of compacted silica 

under both conditions (CC and HPHT) shown by Cornet et al. [117], whereas density 

decreases. In their following study [116], they further investigated this question and, 

using in situ X-ray scattering studies, have revealed that during thermal annealing, den-

sified silica glass passes through a transient, disordered state. This state is characterized 

by a pronounced maximum in structural heterogeneities, shown by peaks in the FSDP 

width and SAXS intensity, which indicates the transition between HDA and LDA forms. 

The transient state represents an activated passage between the HDA and LDA mega-

basins, requiring the system to overcome significant energy barriers. 

Recent experiments on pre-densified silica (by HPHT) by Courtois et al. [131] showed 

that the elastic limit is directly linked to glass density, rather than to the thermome-

chanical history used to achieve this density. In other words, silica glasses with similar 

densities have identical elastic limits, regardless of whether densification occurred with 

CC or by HPHT. They report elastic limits of approximately 14.4 GPa and 16.5 GPa for 

silica glasses HPHT pre-densified by ~10% and ~16%, respectively. This closely 

matches the elastic limits observed for similarly dense CC silica glasses (about 14 GPa 

and 16.2 GPa, respectively). Moreover, authors suggest that once compressed beyond 

roughly 20 GPa at room temperature, all silica glasses converge to the same high-den-

sity amorphous structure (c-HDA). Authors propose that this ‘erasure’ of the glass’s 

thermodynamic history suggests that the energy barriers separating the various amor-

phous states vanish above a certain threshold pressure, leaving only one stable amor-

phous basin in the potential energy landscape. 

 

I.5 IRRADIATION OF SILICA GLASS 

Silica glass is widely used in optical devices exposed to high levels of ionizing radiation, 

such as nuclear reactors, space missions, and high-energy physics facilities [16,132] (the 

most exposed ones are usually optical fibers).  

Gamma or X-rays, neutrons, electrons, and ions can induce both transient and 

permanent changes in the silica structure. Understanding these effects is crucial for 

ensuring the performance and stability of silica under extreme conditions, making it 

significant for both fundamental studies and applied technologies. 

Structurally, irradiation disrupts the silica network through bond breakage, atomic 

displacements, and localized reorganization, producing several interconnected 

changes. These include alterations in density, the generation of point defects, and 

modifications of optical and mechanical properties. The extent and nature of these 

changes depend on the type and energy of the incident radiation (e.g., neutrons, 

electrons, protons, heavy ions) [133,134]. 
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I.5.1 Silica glass structure under electron irradiation 

Electron irradiation primarily causes damage through ionization processes and 

associated Coulombian interactions, owing to electrons’ low mass. The bulk of damage 

arises from bond breaking via ionization and creation of point defects [135–137]. By 

contrast, neutron and heavy ion irradiation involve both electronic and nuclear 

interactions that can result in atomic displacements (knock-on effects) [133,138].  

Despite these differing mechanisms, irradiation-induced processes eventually disrupt 

Si-O-Si bonds and create defect centers, thereby influencing the glass’s structural 

disorder [135–137]. Nevertheless, short-range order remains remarkably stable, as silica 

largely keeps its fourfold coordination regardless of irradiation conditions [135]. 

Molecular dynamics simulations though suggested a rare appearance of fivefold-

coordinated silicon atoms resulting from displacement cascades [139]. 

Medium-range order is more significantly affected through changes in angular 

distributions and ring statistics under significant irradiation dose (from GGy for 

electrons). A decrease in the average Si-O-Si angle and a reduction of its distribution 

can be seen from Raman spectroscopy through shifts and narrowing of the main band 

[140]. While this is true for non-densified silica glass, densified glasses exhibit relaxation 

behavior under irradiation [141]. As a result, their Raman signature displays the 

opposite trend, with broadening of the main band, as seen on Figure 22 a. Furthermore, 

there are increased intensities in the D1 and D2 Raman bands (true for both non-

densified and pre-densified silica glass), and molecular dynamics simulations which 

confirm the formation of 3- and 4-membered rings under irradiation [139,140,142]. 

There is also a shift of the boson peak to higher frequencies with the increase of 

irradiation (reported for neutron and ion irradiated silica), indicating reduced medium-

range order and enhanced structural disorder [143–145].  

 

Figure 22. (a) Raman spectra evolution with the integrated dose of electron irradiated densified 

silica glass under HPHT conditions of 5 GPa 1000 °C. Cited from [141]. (b) PL spectra under 266 nm 

laser excitation for non-densified silica glass unirradiated and electron irradiated at 2.9 and 4.9 GGy. 

Cited from [146]. 
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I.5.2 Defects formation  

Irradiating silica glass can create several intrinsic point defects, including oxygen 

vacancies (E′ centers), NBOHC, ODC (see Figure 22 b) and peroxy radicals [145,147–

150]. The formation and annealing of these defects are influenced by factors such as 

OH content and density, with densified silica typically showing both enhanced defect 

generation and reduced defect mobility [145,147]. In silica fibers, radiation-induced 

defects similarly produce new absorption bands and scattering centers, which manifest 

as increased radiation-induced attenuation (RIA) and can destabilize the performance 

of fiber-based sensing or data-transmission systems [151]. It has been suggested by 

Buscarino et al. [137,152,153] that electron irradiation can lead to an inhomogeneous 

restructuring of the silica matrix, and based on EPR studies, that there are locally 

formed defect-rich regions within the silica glass, resulting in a structurally 

inhomogeneous state. Their findings suggest an irradiation-induced structural 

modifications and local densification around defect centers like E′ centers [137,152]. 

They further support their hypothesis by a two-component model proposed for the IR 

absorption band at 2260 cm−1, with distinct Si–O–Si groups in pristine and irradiation-

densified regions [153].  

Furthermore, irrespective of starting density, electron-densified silica exhibits an 

enhanced population of NBOHC alongside stronger green luminescence [141,146,154]. 

The exact origin of green luminescence is still debated, but in silica glass, it refers to an 

emission band observed around 540 nm, typically enhanced in glasses that have been 

densified either by high-pressure and temperature treatment or by high-dose electron 

irradiation [146].  

I.5.3 Silica densification under electron irradiation 

Among the various structural alterations, the densification (and associated refractive 

index variations) of silica glass is one of the most studied yet intriguing ones. Early work 

by W. Primark showed that neutron irradiation induces a rapid initial density increase, 

saturating at around 3% [6]. Interestingly, similar saturation values of around 3-4% have 

been reported under various irradiation conditions, including ions, neutrons, electrons, 

and UV photons [4,91,135,155–157]. This densification is commonly attributed to the 

formation of point defects [149,158]. Therefore, point defect creation and densification 

drive further structural rearrangements, such as decreased bonding angles and shifts 

in ring statistics [135,148]. 

I.5.4 The Metamict-like phase 

High-dose irradiation can induce a distinct phase of silica glass, known as the 

metamict-like phase, which is formed under neutron, ion, or electron irradiation 

[134,136,159]. Borrowed from geological terminology, “metamict” traditionally 

describes minerals rendered amorphous by irradiation; it was also applied to quartz 
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damaged through radioactive decay, reflecting its disordered, post-irradiation state 

[6,160]. Because silica glass subjected to extremely high neutron irradiation doses 

(~2∙1020 neutrons/cm2) exhibited a vibrational signature similar to irradiated quartz 

[161], this glass is similarly termed metamict or metamict-like. Figure 23 presents the 

Raman spectra of the metamict-like phase obtained from quartz and silica glass. 

Upon sufficient exposure, silica gets a relatively stable state with a characteristic density 

of about 2.26 g/cm3 [118]. 

 
Figure 23. Comparison of Raman spectra for the metamict-like phase obtained from quartz and 

silica glass after neutron irradiation at 2×1020 n/cm2. (a) Initial spectrum of α-quartz and spectrum 

after irradiation; (c) Initial spectrum of silica glass and spectrum. Adopted from [161]. 

 

Upon sufficient exposure, silica gets a relatively stable state with a characteristic density 

of about 2.26 g/cm3 [118]. Interestingly, regardless of a silica sample’s initial density or 

the irradiation method, high-dose exposure consistently drives the material toward a 

uniform density near 2.26 g/cm³ [118,154]. This trend is clearly illustrated in Figure 24 

c, which shows density evolution data for silica under various irradiation conditions.  

As mentioned earlier, Primak first reported this phenomenon in 1958, followed by other 

scientists, demonstrating that heavily neutron-irradiated quartz and silica converged in 

both density and vibrational signature [6,161–163]. However, electron diffraction, SEM, 

and EPR investigations [138,164,165] show that metamict phases may vary depending 

on the original polymorph (quartz, cristobalite, tridymite) and the irradiation conditions 

(fast neutrons or electrons).  
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In silica glass irradiated with 2.5 MeV electrons up to 11 GGy, both non-densified and 

densified samples ultimately exhibit similar EPR spectra and comparable E' defect 

concentrations upon saturation [166]. These E' centers share similar line shapes, 

intensities, and hyperfine parameters, although their formation kinetics differ. In non-

densified silica, defect density rises gradually with dose [137], showing no rapid 

saturation. By contrast, pre-densified silica saturates more quickly, presumably because 

its compact network, formed under high-pressure conditions, restricts the migration 

and interaction of defect sites. Additionally, interstitial O2 is saturated in metamict like 

phase and destroyed with further irradiation [166], whereas non-densified silica 

supports a more constant formation of O2.  

Speaking about Raman signature, under electron irradiation, the D2 band increases 

with increasing dose; however, once density reaches approximately 2.26 g/cm3, the 

correlation breaks down, making the metamict-like phase the one with the highest D2 

band intensity [140–142] (Figure 24 a,b).  

 
Figure 24. (a) Raman spectra of HPHT and a reference silica non-densified sample – pristine and (b) 

spectra after 11 GGy of electron irradiation. Cited from [154]. (c) Evolution of silica glass density as 

a function of irradiation dose for different irradiation types. Cited from [118].  
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Recent work by Mobasher et al. [118] further underscores that silica glass after electron 

irradiation has a Raman spectrum that does not fully revert to its original state even 

after high-temperature annealing. These findings suggest that relaxed metamict-like 

silica glass, despite returning to its pre-irradiation density, remains structurally different 

from pristine silica and has higher configurational disorder. 

I.6 LASER IRRADIATION OF SILICA GLASS 

Silica glass can also be modified through laser irradiation. While UV laser irradiation is 

similar to mechanisms described in the previous section and typically results in 

modifications not exceeding 3% especially using ns or ps UV lasers, IR ultrashort 

(femtosecond, or fs) laser irradiation produces different effects. In particular, fs laser 

irradiation can induce 3D localized modifications within the silica glass thanks to non-

linear photoionization processes. To fully understand the structural reorganization and 

densification caused by fs laser irradiation, it is necessary to outline the underlying 

mechanisms of laser-glass interactions. 

I.6.1 The basics of light-matter interactions and underlying nonlinear effects 

In dielectric media such as silica glass, the behavior of electromagnetic waves is 

determined by how the material responds to the electric field of the light. 

The starting point is the wave equation, derived from Maxwell’s equations, which 

governs how the electric field 𝐸⃗⃗ of the laser propagates through silica glass: 

∇2𝐸⃗⃗ −
1

𝑐2

𝜕2𝐸⃗⃗

𝜕𝑡2 = 𝜇0
𝜕2𝑃⃗⃗

𝜕𝑡2       (19) 

where ∇2𝐸⃗⃗ represents the spatial variation of the electric field, showing how it changes 

across the glass; 
1

𝑐2

𝜕2𝐸⃗⃗

𝜕𝑡2  describes the temporal oscillation of the field in a vacuum, where 

c is the speed of light; 𝜇0
𝜕2𝑃⃗⃗

𝜕𝑡2  is the material’s response with the polarization 𝑃⃗⃗, with μ0 

being the magnetic permeability. 

At high intensities, this response is nonlinear, meaning that the material’s polarization 

𝑃⃗⃗ does not simply scale with the electric field but includes additional contributions that 

become significant: 

𝑃⃗⃗ = 𝜀0(𝜒(1)𝐸⃗⃗ + 𝜒(2)𝐸⃗⃗2 + 𝜒(3)𝐸⃗⃗3 + ⋯ ) = 𝑃⃗⃗(1) + 𝑃⃗⃗(2) + 𝑃⃗⃗(3) + ⋯  = 𝑃⃗⃗𝐿 + 𝑃⃗⃗𝑁𝐿   (20) 

where 𝜒(𝑖) is the susceptibility and 𝑃⃗⃗(𝑖) is the polarization of order i where according to 

the classical description of non-linear optics [54-56], the vector polarization is the sum 

of linear polarization 𝑃⃗⃗𝐿 = 𝑃⃗⃗(1) and non-linear polarization 𝑃⃗⃗𝑁𝐿 = 𝑃⃗⃗(2) + 𝑃⃗⃗(3) + ⋯ 

In centrosymmetric materials like silica glass, the second-order susceptibility 
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𝜒(2) vanishes due to symmetry considerations, making the third-order nonlinearity 

(associated with 𝜒(3)) the dominant nonlinear contribution. This leads to an effective 

expression for the polarization: 

𝑃⃗⃗ = 𝜀0 [𝑛0
2 (1 +

3

4

𝜒𝑒𝑓𝑓
(3)

𝑛0
2 |𝐸⃗⃗|

2
) − 1] 𝐸⃗⃗    (21) 

where 𝑛0
2 = 𝜒𝑒𝑓𝑓

(1)
+ 1  is the linear refractive index and the intensity-dependent term 

modifies the refractive index  

𝑛 = 𝑛0 + 𝑛2𝐼 = 𝑛0 (1 +
3

4

𝜒𝑒𝑓𝑓
(3)

𝑛0
2 |𝐸⃗⃗|

2
)

1

2

    (22) 

being the nonlinear refractive index, where 𝐼 = ε0𝑐𝑛0|𝐸⃗⃗|
2
 is the laser intensity. This 

modification of the refractive index is at the heart of the optical Kerr effect. 

 

The optical Kerr effect induces self-focusing of the beam. For a Gaussian beam, the 

central part, having higher intensity, experiences a larger refractive index than the pe-

riphery. This creates a lens-like effect (often termed a “Kerr lens”), which can focus the 

beam. When the beam power exceeds a certain threshold, defined as the critical power 

self-focusing becomes significant. The interaction between self-focusing, induced by 

the Kerr effect, and the focusing provided by any external optical system (lens focusing) 

can be further delineated by boundary conditions that account for both effects. When 

self-focusing dominates, the beam converges until a dynamic equilibrium is reached 

between Kerr-induced focusing, diffraction, and, at high intensities, defocusing due to 

plasma generation. This equilibrium results in a filament, which is a narrow, high-inten-

sity channel that can propagate over long distances without significant divergence. 

 

 

I.6.2 Femtosecond laser–silica interactions 

The interaction between fs lasers and matter is studied extensively, however, not yet 

fully understood, as it consists of multiple processes, including ionization, non-thermal 

and thermal effects (sometimes cumulative from pulses to pulses), and various relaxa-

tion pathways including structural or phase transformations. The response of silica 

glass to intense, ultrashort laser pulses can be categorized into three primary stages 

[167]: electronic excitation [168] (femtosecond timescale), thermalization (up to 10’s 

picoseconds), relaxation (nanoseconds to microseconds) followed by permanent mod-

ifications.  

 

During electronic excitation, electrons in the material absorb energy from the laser, 

resulting in ionization [167]. In silica, this process typically involves multiphoton ab-

sorption due to its large bandgap (~9 eV), which exceeds the energy of individual pho-

tons (e.g., 1–3 eV in the near-infrared range). As a result, the material is normally trans-

parent at the irradiation wavelength, allowing light to transport into the bulk. At low 
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intensities, single-photon absorption is insufficient to bridge this bandgap. However, 

under high-intensity conditions, the laser field can overcome the electronic band struc-

ture, enabling energy transfer to the electronic system and, subsequently, to the ma-

terial itself. This process, known as photoionization, involves several possible mecha-

nisms: multiphoton, tunnelling, or avalanche ionization (see  

Figure 25). However, it was demonstrated that multiphoton ionization is the dominant 

mechanism in silica glass (requiring 6 photons) [169]. For pulse durations below 200 fs, 

neither tunnel ionization nor avalanche ionization is observed [169,170]. 

 

 
 

Figure 25. Illustration of three photoionization processes: (a) multiphoton ionization, (b) tunnel ion-

ization and (c) avalanche or impact ionization. Cited from [171].  

 

Once electrons are excited into the conduction band, they continue to absorb addi-

tional photons in a process called electron heating. The energy absorbed by these elec-

trons is then transferred to the lattice (i.e., phonons) within approximately ten picosec-

onds, leading to localized heat generation. As these conduction-band electrons accu-

mulate, a dense free-electron plasma forms (above or below the critical plasma density, 

depending on laser parameters). This plasma redistributes part of its energy through 

electron-phonon coupling, creating high temperature and pressure gradients. Experi-

mental measurements using time-resolved Raman spectroscopy indicate that local 

temperatures can reach thousands of degrees Celsius in silica and silicate glasses [172].  

After a few nanoseconds, heat begins to diffuse outward from the focal volume. At 

sufficiently low rates [173], the material returns to ambient temperature within a few 

microseconds, avoiding heat accumulation. However, at high energies, additional pro-

cesses, such as non-thermal ionic motion, can induce permanent structural changes. 

Shockwaves on the order of several tens of GPa have been confirmed [174], and even 

higher pressures are predicted under more extreme focusing conditions [175]. Under 

such intense conditions, phenomena including expansion, stress formation [10,176–

178], cavitation, micro-explosions, densification, expansion, recrystallization, and 

chemical migration [167,179–181], as well as the formation of point defects [182], which 

exhibit absorption in the UV and vacuum UV spectral ranges. 
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I.6.3 Heat effects 

Building on the earlier discussion about plasma formation and the subsequent energy 

transfer from electrons to the lattice, we now consider the role of heat diffusion in 

shaping the final material transformations. 

The characteristic time for dissipating deposited energy from the focal volume is often 

estimated by the diffusion time 𝜏𝐷, given by 𝜏𝐷 =
𝜔0

2𝐷
, where 𝜔0 is the focal radius and 

D is the thermal diffusivity of the material [183]. The diffusivity D is defined by 

𝐷 =
𝜅

𝜌𝐶𝑃
 

with κ being the thermal conductivity, ρ - the density, and 𝐶𝑃 - the specific heat capac-

ity. In fused silica, for instance, a typical single-pulse modification using a numerical 

aperture (NA) of about 0.5 extends roughly 1 µm in width, giving a diffusion time on 

the order of 1 µs to evacuate 2/3 of the heart but it takes about 10 µs to go back to 

room temperature depending on the deposited energy. 

When the pulse period τ𝑝 is shorter than the thermal diffusion time 𝜏𝐷, the focal vol-

ume will experience stepwise heating under repeated exposure, referred to as heat 

accumulation process [168,173,184]. To evaluate the significance of heat accumulation 

relative to the pulse period, one can define the parameter 𝑅τ =
τ𝑝

τ𝑑
 [185]. 

Heat accumulation is minimal or negligible when 𝑅τ > 10 [186]. When the repetition 

rate is low (e.g., <100 kHz for silica), 𝑅τ is high, each laser pulse deposits energy that 

dissipates before the next pulse arrives, preventing significant thermal accumulation. 

The material thus returns to near-ambient temperature on the timescale of microsec-

onds, implying that each pulse modifies the material independently. However, incuba-

tion effects arising from successive pulses can alter the material response, particularly 

at low repetition rates and low numerical apertures (NA ≈ 0.25), resulting in a reduced 

damage threshold and an increase in the refractive index [187–189]. These effects stem 

from the progressive accumulation of point defects, which modify the absorption char-

acteristics, and the activation of additional energy-deposition mechanisms beyond 

conventional electron–phonon coupling [190]. The concentration of these defects de-

pends on the initial defect density, the number of pulses, and the number of atomic 

sites available for modification.  

At high repetition rates (>0.1 MHz in silica), so 𝑅τ is low, next pulses arrive before the 

material can cooled down to room temperature, leading to a pulse-to-pulse thermal 

accumulation up to a steady state regime resulting in an expansion of the heat-affected 

zone much beyond the focal volume and eventually to permanent modifications if the 

surrounding temperature is higher than a transformation one (e.g. fictive temperature, 

crystallization temperature, etc.) [168,173]. Simulations confirm that local melting can 
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occur and drives this process, with subsequent resolidification and densification, con-

tributing to the observed refractive index changes [173]. However, one can also observe 

solid-solid transformations like localized crystallization [191,192]. For example, the cor-

respondence between the laser-modified Raman D2 band and fictive temperature val-

ues demonstrated that the local fictive temperature can exceed the pristine level 

(~940 °C) and reach up to 1700 °C [193] within the so-called type I regime (see next 

section). Additionally, time-resolved micro-Raman studies indicate that at pulse ener-

gies around 2 µJ, peak temperatures in silica may approach 5000 K [172]. 

I.6.4 Volume modifications in silica glass 

Ultrashort laser pulses can induce a broad range of structural changes in the volume 

of glasses, primarily determined by how effectively the light energy is transferred to 

the material [180]. Nowadays the laser induced modifications are categorized as 

“Types” (e.g., Types I, II, III, A, X, or combinations thereof), each linked to distinct levels 

of energy deposition and resulting in different structural outcomes and related optical 

properties [167,194]. 

 

In silica, there exist main regimes of transformation, which can be separated by three 

“damage thresholds” (T1, T2, T3) [195]. Below the first threshold (T1≈0.085 ± 0.015 

µJ/pulse for pure silica at 800 nm, 160 fs, 0.5 NA, 100 kHz), the induced refractive index 

changes are transient and short-lived, producing no permanent modifications. Between 

thresholds T1 and T2 (with T2≈0.31 µJ/pulse under the same irradiation conditions), a 

stable and isotropic refractive index modification (Type I) emerges [196]. When pulse 

energies exceed T2 but remain below T3 (T3≈4 µJ/pulse), the refractive index change 

become strongly anisotropic (Type II), characterized by the formation of nanogratings 

[8] causing significant form birefringence [14,197]. Above threshold T3, the material 

undergoes micro-explosions, resulting in nano- or micro-void formation with densified 

shell around (Type III) [198]. The key stages leading to these structural transformations 

and resulting modification types are schematically illustrated in Figure 26 



 

56 

 

 
Figure 26. Schematic representation of the key stages in fs laser-induced structural modifications 

within bulk transparent materials. (a)–(c) A high-temperature electron-ion plasma is generated in 

the focal volume via nonlinear absorption of intense fs laser pulses. (d) The types of the resulting 

structural modifications in silica volume depend on the deposited energy. Cited from [180]. 

 

The nature of these modifications depends strongly on both the laser parameters [195], 

including pulse energy, duration, repetition rate, wavelength, polarization state, nu-

merical aperture, depth of focus, and scanning speed. These modification regimes can 

be distinctly identified when pulse durations are shorter than approximately 200 fs 

[197,199,200]. At longer pulse durations, the stable Type I modifications processing 

window becomes significantly narrower, making it challenging to achieve stable iso-

tropic index change under multi-pulse conditions. 

Another interesting type of transformation recently identified in silica is known as "Type 

X" [201–203]. This modification is characterized by the formation of oblate nanopores 

(with the diameters below 50 nm [203,204]) and typically occurs at low pulse densities 

with pulse durations exceeding approximately 220 fs. Counterintuitively, reducing the 

deposited energy density (achieved by increasing the scanning speed) can actually en-

hance the magnitude of Type X (as well as Type I) modifications in silica glass. This 

effect is attributed to the non-local nature of the interaction between light and matter 

[205]. Type X has a very high transparency up to 99 % in visible spectrum, however, at 

the same time, it exhibits lower retardance values (up to 50 nm) that leads to the ne-

cessity of multilayers writing [206]. The birefringence of Type X is usually in the order 

of 10−4 to 10−3 [201,206]). 
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I.6.5 Type I modifications 

The first effect observed in silica glass subjected to sufficiently intense laser irradiation 

above a threshold T1 (categorized as Type I modifications) is a reduction in optical 

transmission. This phenomenon has been documented across a broad spectrum of 

wavelengths, from infrared to blue [207,208] and even UV range [209], indicating fun-

damental structural alterations within the glass matrix associated with point defects 

centers.  

In general, Type I modifications present isotropic changes in refractive index while 

maintaining minimal structural alterations [7,196] (see  

Figure 27 a). These modifications produce permanent refractive index changes 

associated with increased density, as will be explained further, with high transparency 

and higher thermal stability compared to UV-induced modifications. However, still their 

thermal stability is moderate, with complete erasure occurring within 30 minutes at 

temperatures of 1000°C [210]. In silica glass, the maximum observed refractive index 

change for Type I (Δn) typically falls between 3-6×10⁻³ [196,211]. Usually, type I 

modifications are achieved by using lower energy densities, visible or near-infrared 

laser wavelengths, and shorter pulse durations, typically less than 10 ps. Recent studies 

have demonstrated that utilizing multiscan approach can significantly enhance 

refractive index contrast, achieving values up to 10⁻² [212]. The highest value of Δn = 

2.2×10⁻² [213] was achieved using high repetition rate regimes resulting in a different 

heating-cooling profile and a significant heat-affected zone. However, this approach 

introduces complications, including additional material damage and increased light 

scattering.  

The refractive index contrast (Δn) observed in Type I regime comes from several distinct 

mechanisms, including volumetric modifications ΔnV, surrounding stress fields (inside 

and outside of the light affected zone), and the formation of point defects ΔnD. The 

contribution from point defects can be quantified using the Kramers-Kroning relation, 

though its magnitude remains relatively modest (around 10-4) [214–217]. Within Type 

I modifications, the mains defects are E' centers, NBOHC, and defects associated with 

green luminescence [218,219] (see  

Figure 27 c). These defects can be completely erased through thermal treatment, for 

example, at a 2-hour annealing at 450°C [220,221]. Type I demonstrate quite low optical 

losses, with most absorption bands concentrated in the UV and VUV, while light 

scattering remains little [220]. The volumetric contribution (ΔnV) comes from several 

processes occurring during laser irradiation. These include rapid thermal quenching, 

the development of high localized pressures during ultrashort timescales, progressive 

bond breakage, or combinations of these mechanisms that result in glass restructuring 

and densification in silica or expansion in some others glasses [167,222]. The resulting 
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permanent refractive index modification correlates directly with the relative volume 

change (ΔV/V) and glass polarizability changes 𝛀 of the material through the Lorentz-

Lorenz relationship as detailed in previous Section I.3.4.  

 
 

Figure 27. (a) Type I modification inscribed in silica using 1 μJ fs-pulse energy (adapted from [219]). 

(b) Raman spectra of pristine silica (black curve) and Type I modified silica (red dotted curve), with 

the inset displaying the relative D₂ band area as a function of irradiation dose. (c) Normalized PL 

spectra recorded in Type I modifications under 633 nm (red line), 488 nm (blue line), and 325 nm 

(purple line) excitation (b and c adapted from [179]).  

 

From the vibrational spectroscopy point of view, structural changes in Type I 

modifications were characterized through Raman and FTIR micro-spectroscopy. Raman 

analysis (see  

Figure 27 b) of laser-modified regions reveals a narrowing of the main band's FWHM 

and increase in intensity of the D1 and D2 bands [219,222–224], indicating decrease in 

the average Si-O-Si angle and a moderate increase in small-numbered rings, linked to 

the densification. Further evidence of structural reconfiguration appears in the Si-O-Si 

antisymmetric stretching band, which shifts toward lower frequencies, indicating 

increased glass density from alterations in inter-tetrahedral Si-O-Si bridges [78,79]. 

FTIR analysis of Type I modifications has documented a 6 cm⁻¹ shift in the primary IR 

band peaking around 1120 cm-1 [225], signifying localized glass densification in SiO2 

(about 3%). 
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Figure 28. (a) Schematic representation of the cantilever-based technique employed to measure 

volume changes induced by fs laser irradiation. The cantilever structures are exposed to a fs beam 

near the top surface through a series of closely spaced parallel lines. (b) Cantilever deflection meas-

urements following exposure to 150 fs laser pulses, showing variations with increasing pulse energy 

for both polarization states. Adopted from [176].  

 

Also, permanents strain and related elastic response may affect the local mechanical 

characteristics. For instance, cantilever deflection (Figure 28) experiments by Bellouard 

et al. have demonstrated upward sample bending correlating with localized volume 

reduction and an equivalent average tensile stress of approximately 40 MPa [176] in 

post-mortem measurements. Nanoindentation studies reveal a substantial 2-3 GPa in-

crease in local Young's modulus, elevating from approximately 72 GPa in pristine silica 

to 74–75 GPa within modified zones [226].  

The collective evidence from refractive index measurements, spectroscopic analysis, 

and mechanical property measurements confirms permanent densification in Type I 

modifications. The suggested mechanism can be briefly explained: the energy transfer 

from free electrons to the glass network generates extreme localized temperatures, 

reaching several thousand degrees [173] at the focal point, constrained by thermal 

conduction limitations [227,228], and accompanied by high pressure development. 

This extreme thermal environment can increase the glass fictive temperature by several 

hundred degrees above its pristine value [79]. The subsequent rapid cooling process 

effectively "freezes" these configurations, resulting in permanent structural transfor-

mations [62,219,222], making the thermal densification is predominant compared to 

point defects formation.  
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I.6.6 Type II modifications 

Type II modifications (known as nanogratings) exhibit a pronounced anisotropic 

change in the refractive index of glass. This effect primarily originates from form 

birefringence [12,13], with additional contributions from stress-induced birefringence 

that depend on the laser writing geometry [10,11,229]. In some cases, the refractive 

index shift can be as large as −2×10⁻² [212,230], and these modifications are 

remarkably thermally stable, surviving annealing at temperatures up to 1000 °C for over 

two hours [210,231–233], with even longer-term stability observed in fiber Bragg 

gratings [210] and bulk silica [233]. 

The key to this birefringent behavior lies in the nanograting structure itself [8,14]. 

Nanogratings are composed of alternating periodic layers: one consisting of oblate 

nanopores [19,234] and the other of a densified material. These layers are arranged 

perpendicular to the laser beam polarization [8,230], as illustrated on Figure 29. This 

specific orientation results in a negative uniaxial birefringent response, where the fast 

axis aligns parallel and the slow axis perpendicular to the polarization direction [230]. 

This was first shown by early work by Bricchi et al. in 2004 [230], who demonstrated 

that the sub-wavelength periodicity of these structures effectively makes them behave 

as uniaxial, linearly birefringent materials. Unlike intrinsic birefringence, which is linked 

to the anisotropic distribution of molecules, the form birefringence of nanogratings 

comes from the orderly alignment of nanolayers with a refractive index contrast com-

pared to the interlayer material.  

Consequently, light polarized parallel to these interfaces experiences a higher refractive 

index, leading to a measurable phase difference between the two perpendicular polar-

izations. Notably, the magnitude of this effect can be tuned by adjusting the periodicity 

of the nanogratings, allowing for the extraction of ordinary (nₒ) and extraordinary (nₑ) 

refractive indices under linear approximations and assuming a uniaxial birefringence 

[230,235]. In addition to the contribution from form birefringence, the total birefringent 

response in Type II modifications is also influenced by stress-induced effects [236,237], 

coming from permanent volume changes during laser writing (a net volume expansion 

of the porous nanolayers), as well as by point defects and the densified background 

material [20]. 
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Figure 29. (a) Schematic representation of nanogratings within a laser track cross-section. (b)-(e) 

SEM of nanogratings inscribed 65 µm beneath the surface with linear polarization oriented perpen-

dicularly. Extracted from PhD thesis of Q. Xie [238]. 

 

Optically, these modifications have high visible-spectrum transparency (approximately 

74% transmission at 550 nm [239]) and a laser damage threshold near 0.31 ± 0.05 

µJ/pulse for pure silica (under conditions of 800 nm wavelength, 160 fs pulse duration, 

0.5 NA, and 100 kHz repetition rate) [195]. However, imperfections in the nanogratings 

can cause anisotropic light scattering, with 10-50% of the incident light being scattered 

in the visible range [220]. Furthermore, these structures display linear dichroism 

[220,239] along with engineered circular effects such as optical rotation and circular 

dichroism [239,240], highlighting their potential for advanced photonic applications. 

 

I.6.6.1 Nanogratings formation mechanisms 

The mechanisms leading to the formation of periodic nanostructures (often called 

nanogratings) in the volume of transparent dielectrics is still a subject of debate, but it 

can be outlined in several steps, presented on Figure 30.  

 

Initially, inhomogeneities exist or arise within the dielectric, suggested to be present 

from the beginning or generated during laser irradiation. The literature proposes that 

these inhomogeneities serve as seeds for nanoplasma formation. Subsequent interfer-

ence of scattered waves on seeds [242] leads to the spatio-temporal structuring that 

forms nanogratings.  

 

(b)  (a)  (c)  (d)  

(e)  
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Figure 30. Schematic representation of the formation mechanism of nanogratings. Cited from [241]. 

 

Possible sources include defects (transient or otherwise, such as self-trapped excitons 

and self-trapped holes) or color centers [19,203,243,244], nanoscale inhomogeneities 

[245,246]. Recently, it has been demonstrated that nanostructure formation can be in-

tentionally seeded by creating initial modifications in the fused silica [247]. Gribaudo 

et al. presented a two-step approach in which fs laser pulses are first used to create 

nanovoids, serving as seeds for subsequent nanoplane formation. During a second la-

ser exposure at lower energy, these prefabricated seeds induce near-field enhance-

ment, enabling the controlled growth of nanoplanes. Similarly, another example is the 

formation of a single isolated nanoplane in porous silica prepared from phase-sepa-

rated alkali-borosilicate glass [248–250].  

The widespread model for nanograting formation nowadays is based on nanoplas-

monic phenomena [244,251,252]. In this theory, the generation of “defects” inside silica 

matrix is followed by the formation of inhomogeneous plasma. Under multipulse irra-

diation, local plasma hotspots develop into spherical nanoplasmas. Because of polari-

zation-sensitive field enhancement at the boundaries of the plasma, the initially spher-

ical plasma spots become elongated. When the electron concentration remains below 

the critical density, the electric field becomes amplified, driving the formation of nano-

planes through a multipulse process. This results in a periodic structure with a spacing 

of 𝜆/2n. However, if the plasma density becomes too high, field enhancement at the 

“poles” dominates, preventing nanogratings from forming.  

A recent refinement of this nanoplasmonic model incorporates randomly distributed 

inhomogeneities, seeding the process [246]. As the concentration of these seeds in-

creases, two types of perpendicular nanoplanes appear. At lower seed concentrations, 
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low spatial frequency planes (period ~λ/n) emerge from interference between the in-

cident beam and scattered light. At higher seed concentrations, the collective scatter-

ing of multiple nanoplasmas becomes dominant, producing a highly ordered high spa-

tial frequency pattern (period ~λ/2n). Further increases in seed concentration can re-

duce the spacing until the nanoplanes merge, resulting in uniformly distributed plasma 

across the irradiated region.  

 

Figure 31. SEM images of laser track cross-sections. (a) Full laser track with laser polarization aligned 

parallel to the scanning direction; (b)-(c) close-up views of the nanoporous regions. Images adapted 

from Lancry et al. [234]. Extracted from PhD thesis of Q. Xie [238].  

 

Speaking about the nature of the layers, some studies report fracture-like features, 

while others observe oxygen depletion [8]. Recent investigations using SEM suggest 

that nanogratings consist of alternating “uniform” and porous glass layers 

[234,253,254] (see Figure 31). By cleaving the sample along the nanograting planes, it 

is possible to observe small interior structures under a field-emission electron micro-

scope, features that would otherwise be hidden beneath a conductive coating.  

One proposed mechanism attributes nanopore formation to SiO2 decomposition into 

understochiometric silica SiO2(1-x) + x.O2. This happens by electronic heating, which ex-

pels ionized oxygen atoms [234], with a strain mechanism [255] that have recently been 

refined as a plasma mediated nanocavitation process [256]. As seen using Raman spec-

troscopy, the oxygen atoms accumulate in interstitial sites, but also inside nanopores, 

as confirmed by Raman spectroscopy. In silica, typical nanopore diameters range from 

10 nm to 30 nm, and small-angle X-ray scattering measurements corroborate the na-

noporous structure [254,257,258]. However, nanogratings formation would be sup-

pressed if nanopores become unstable during irradiation, for example, due to excessive 

temperatures (typ 3000-3500°C for 10’s ns) at high repetition rates [185,259].  
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I.6.6.2 Structure of Type II modifications 

In Type II modifications, the contribution of point defects to the overall refractive index 

contrast and birefringence is typically minor. Although there are some main defects, 

such as E′ centers [260] and NBOHC, similar to those observed in Type I modifications, 

resulting from the decay of self-trapped excitons [243,261]. Type II structures addition-

ally exhibit other defect types, including ODC and O2. NBOHC can react with E′ centers 

at critical concentrations to form ODC(II) [195,227,262]. E′ centers and ODC can be 

bleached relatively quickly (30 minutes of annealing at 600°C) [263], while NBOHC de-

fects can be removed for example after annealing for 10 hours at 300 °C) [264]. Even 

after full defect bleaching, the overall birefringence in the visible to near-IR spectral 

range reduces by less than 5% [220], confirming that photo-induced defects are a mi-

nor contributor to the observed birefringence compared to structural factors. 

From a vibrational spectroscopy perspective, Raman spectra of nanogratings in silica 

glass show increased D1 and D2 band intensities, a reduced FWHM of the main band, 

and the presence of O2 molecules. Raman spectroscopy has also served as a tool to 

estimate densification in Type II modifications [125,176,223,224,236,263]. For example, 

by comparing Raman signatures to HPHT treated samples, densification levels of about 

8% have been reported [224]. Other studies, using local density indicators such as D2 

band intensity or the R-band FWHM, estimate a post-irradiation glass density of 2.25–

2.27 [263]. However, the D2 band intensity becomes less reliable above densities of 2.3, 

due to its non-monotonous evolution i.e. a decreasing trend beyond that “returning” 

point [141]. More recent work has investigated pressures in the tens of gigapascals 

caused by fs-laser-induced shock waves, based on changes in silica’s Raman signature 

[125]. However, because Type I modifications exhibit a relatively homogeneous struc-

ture, techniques like Raman and classical FTIR are well-suited for their analysis. Type II, 

on the other hand, features a layered composite nanostructure, making nanoscale 

characterization using the same methods more challenging.  

Similarly to Type I, micro-cantilever deflection measurements have been employed to 

investigate specific volume changes and mechanical properties in Type II modifications 

[176,236,265,266]. Unlike Type I modifications, which exhibit upward deflection due to 

densification and volume reduction, Type II modifications produce downward deflec-

tion as a result of nanopore formation and net volume expansion [176,236], as illus-

trated on Figure 28. These observations reveal a stress-state inversion in silica glass 

[176], where the dense, Type I-like interlayer material possesses an elevated Young’s 

modulus (around 80  GPa), while the porous layers exhibit significantly lower modulus 

[176,265,266]. Moreover, the coefficient of thermal expansion (CTE) varies with modifi-

cation type: densified (Type I) zones show a decrease in CTE, whereas Type II exhibits a 

contrary trend compared to pristine silica [265]. In addition, Type II modifications dis-

play a reduction in the temperature coefficient of elasticity (TCE) of more than 50%, 
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attributed to submicron densified layers within the nanograting structure [267]. A re-

cent grid nano-indentation study further revealed a bimodal stiffness distribution 

along laser-affected regions, featuring a porous zone where nanogratings form and a 

more densified zone deeper along the laser track [268].   

 

I.6.7 Type III modifications 

Type III modifications (above threshold T3) are distinguished by the formation of nano 

or micro-voids within materials subjected to extremely high energy deposition [9,269–

271]. Morphological investigations employing SEM [173,176] have documented void 

dimensions ranging from 100 to 900 nm, as seen on the example on Figure 32 a. These 

dimensions are influenced by focusing conditions and laser parameters, and their 

length can be precisely engineered to create complex objects, including gradient-index 

metaphotonic structure [272]. 

At these high energy input levels, the material undergoes a localized micro-explosion 

phenomenon, resulting in void formation surrounded by a densified shell structure. 

These modifications demonstrate remarkable thermal resilience. For example, high-

temperature annealing experiments reveal that voids experience shrinkage between 

1050°C and approximately 1150°C, followed by expansion and deformation at temper-

atures exceeding 1200°C, while the surrounding densified shell maintains its structural 

integrity [273] (see Figure 32 d). This exceptional thermal stability presents significant 

advantages for applications requiring materials to preserve their properties under ex-

treme thermal conditions, such as sensors for structural health monitoring, compo-

nents for laser additive manufacturing processes, and materials for nuclear applications 

[262,274,275]. 

Similar to Type I and Type II modifications, Raman spectroscopic analysis confirms the 

densification, which in case of Type III modification is localized in shells surrounding 

micro-voids in Type III modifications in both SiO2 and GeO2 glasses [276]. Complemen-

tary investigations utilizing quantitative phase microscopy (QPM) in optical fibers have 

revealed negative phase variations within the void regions contrasted by positive vari-

ations in surrounding areas, providing further evidence of densified matter formation 

and permanent strain [273,277] (Figure 32 b and c). Additionally, AFM combined with 

s-SNOM measurements at 1130 cm⁻¹ clearly attribute this positive phase shell to local-

ized material densification [273]. 
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Figure 32. (a) TEM image of a microvoid inscribed in the Ge-doped silica fiber core. (b) Quantitative 

phase image showing six microvoids in a silica fiber. (c) Phase profile across the fiber core, passing 

through the center of the microvoids. (d) Normalized area evolution of three microvoids inscribed 

at 30 nJ, 50 nJ, and 70 nJ during a 30-minute stepwise isochronal thermal annealing up to 1250 °C. 

Adopted from [273].  

 

The mechanisms underlying these structural transformations have evolved through 

several theories. For example an early model explaining micro-void formation at-

tributed it to a Coulomb explosion [269,278]. When the density of electronic excitations 

reaches extreme levels, electrostatic repulsion between ions surpasses their binding 

energies, forcing ions into interstitial positions. However, subsequent analysis suggests 

this scenario is improbable under typical irradiation conditions.  

Today’s understanding involves a more complex process: energy absorbed within a 

confined volume generates intense pressure gradients, launching a spherical shock 

wave that compresses surrounding material while simultaneously initiating a rarefac-

tion wave that reduces density at the energy deposition center [279]. This shock wave 

continues propagating outward until the pressure behind it approaches the Young's 

modulus of the material (reaching magnitudes up to 200 GPa), at which point it stabi-

lizes and forms permanent structural modifications [175,280–283].  

I.7 APPLICATIONS 

The fundamental properties of densified silica glass, described in previous sections, 

show intriguing structural transformations and behaviors. Beyond the fundamental 

interest of these modifications, densified silica’s unique properties, such as its refractive 

index, mechanical strength, and radiation response, make it extremely valuable for 

practical applications. Fs laser processing offers a convenient way to induce localized 
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density changes in silica, introducing it to a range of technological opportunities. Over 

the last two decades, fs-laser modifications have found use in a variety of fields, 

including birefringent optical elements [284–286], 3D geometric phase optics, 5D 

optical data storage [231,287], highly selective chemical etching (e.g. using HF or hot 

KOH), the development of optical fibers with sensors designed to withstand harsh 

environments [288,289], and many others [171].  

Because fs-laser inscription of nanogratings in silica glass produces form birefringence, 

it can be employed to fabricate various polarization-manipulating components, such 

as polarization diffraction gratings, birefringent Fresnel zone plates, and waveplates 

[15]. These elements allow precise control of light polarization and are integral to 

numerous optical systems. Furthermore, the birefringent nanostructures induced by fs 

lasers can be tailored to generate geometric phase optical components, including 

radially polarized vortex converters and Airy beam converters [241]. By carefully 

adjusting laser parameters, one can create space-variant birefringence profiles that 

enable complex phase modulation. 

An interesting example of fs laser induced modification is optical data storage, made 

with Type II or Type X modifications in silica glass [206,241]. In such systems, data is 

recorded by local inscriptions of the modifications in the bulk of glass and then read 

by detecting how these modifications affect light propagation. Advanced methods, like 

5D optical data storage, can encode up to seven bits in a single point (voxel) by varying 

coordinates, but also properties such as birefringence and orientation of the 

nanostructures resulting in 5 dimensions storage. Thanks to the remarkable thermal 

stability of fs-laser modifications, data stored in this manner can endure harsh 

conditions and has a “seemingly unlimited lifetime” at room temperature [231].  

One of the most prominent applications of densified silica glass is the fabrication of 

fiber Bragg grating (FBGs) sensors, which often rely on Type II or Type III modifications 

due to their optical properties and high thermal stability [15,16]. These gratings are 

formed by periodically inscribing refractive index changes into silica fibers, forming a 

Bragg structure that selectively reflects specific wavelengths in response to variations 

in strain, temperature, or pressure.  

Fs laser inscribed FBGs exhibit excellent thermal stability, making them suitable for 

high-temperature sensing, and are therefore particularly attractive for pressure and 

temperature monitoring in applications like aircraft engines, laser additive 

manufacturing, Tokamaks and next-generation sodium-cooled nuclear reactors [15–

17]. Conventional FBGs fabricated using UV-laser phase-mask techniques generally 

operate below 450 °C. However, many applications demand reliable operation at 

temperatures ranging from 400 °C to 1800 °C. In these environments, fs-laser-inscribed 

FBGs stand out for their ability to remain stable beyond 1000 °C in silica-core optical 

fibers [15]. 
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Another critical area involves high-radiation environments, such as space (exposed to 

X-rays, gamma rays, protons, heavy ions, and electrons), nuclear facilities (gamma rays, 

neutrons), and nuclear waste storage [17,132]. The radiation dose rate and doses in 

these settings vary considerably, from mGy levels in medical applications to GGy within 

nuclear reactor cores, and even MGy per second in laser fusion facilities. In space, total 

doses can reach up to 10 kGy. Nevertheless, as explained in earlier sections, electron 

and neutron irradiation can alter the refractive index, optical properties, and density of 

glass, causing radiation-induced attenuation and radiation-induced compaction, which 

in turn shift the Bragg wavelengths.  

Moreover, combining high temperature with radiation poses unique challenges: while 

elevated temperatures may partially anneal some radiation-induced damage, more 

measurements are needed to fully understand the dynamic behavior [17,132]. For 

example, for next-generation sodium-cooled nuclear reactors, which operate at around 

580 °C and involve significant neutron flux and gamma radiation up to GGy cumulated 

dose, FBG sensors are being explored for real-time temperature monitoring.  

 

I.8 CONCLUSION 

In this chapter, the fundamental properties of silica glass were reviewed, including its 

structural features, common defects, and the thermomechanical and optical behaviors. 

Beginning with an overview of amorphous silica’s tetrahedral network and characteris-

tic vibrational signatures, we covered the mechanisms driving densification under hy-

drostatic pressure, both cold compression or high pressure high temperature compres-

sion. It was described how polyamorphism arises from these different compression 

pathways, with the structural distinctions between HDA and LDA amorphous silica. Ad-

ditionally, it was shown that electron and laser irradiations can further alter the silica 

network, resulting in densification, defect formation, and, at high doses, the develop-

ment of a metamict-like phase. 

 

Yet, there are many questions remaining, for example, about HDA-LDA transition, es-

pecially under electron irradiation. The metamict-like phase, which forms under high-

dose irradiation, also show the polymorphic nature of silica glass but remains incom-

pletely characterized. Further question comes about how electron irradiation at ele-

vated temperatures might modify or accelerate these amorphous-amorphous trans-

formations, even though such conditions are directly relevant for nuclear applications. 

 

At the same time, there are questions about the structural modifications induced by 

ultrashort-pulse lasers. Depending on the laser parameters, silica can have isotropic 

index change (Type I), porous nanogratings (Type II), or micro/nano-void formation 

with densified shell (Type III). The seeding mechanisms for these nanostructures, as well 
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as their densification levels, are still under debate, particularly for Type II modifications 

at the nanoscale. Another question is how nanogratings might behave in radiative en-

vironment, a question with direct implications for many applications. 

 

All these open questions are addressed throughout this PhD dissertation. 
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Chapter II. STUDY OF FS LASER-INDUCED TYPE II MODIFICATIONS 

IN SILICA GLASS: MECHANISMS, STRUCTURE, DENSIFICATION 

II.1 INTRODUCTION 

Having discussed the densification processes in silica glass and the mechanisms of fs 

laser irradiation, the attention of this chapter will be on the unique birefringent fs-laser 

Type II modifications known as nanogratings. As shown earlier, these structures possess 

extraordinary properties that enable many advanced optical or micro-mechanical 

applications. Yet several open questions remain, as outlined at the end of the previous 

chapter. In this part of the thesis, we will study some aspects about nanogratings 

formation (with a focus on the connection with density of silica glass), examine their 

nanoscale structure, explore methods to measure the density at the nanometer scale, 

and finally address what drives densification. 

First, the aim is to fill a gap in understanding of nanograting formation. Literature 

suggests that the “seeds” of nanogratings are local inhomogeneities in the dielectric 

constant. We hypothesize that such inhomogeneities correspond to the free volume in 

the glass network. This idea matches criteria such as size of inhomogeneities and 

necessary the “sign” of the dielectric constant i.e. lower than the background material 

in the most accurate models. To test this hypothesis, we subjected silica samples to 

HPHT treatments (up to 5 GPa, 1000 °C) prior to laser inscription, thereby reducing 

drastically the available free volume [111]. Polarized optical microscopy probing the 

photo-induced birefringence, along with SEM imaging, revealed that the formation of 

nanogratings is significantly suppressed as the glass density increases. These 

observations illustrate the role of free volume, suggesting it acts as a “precursor” to 

nanocavitation and periodic plasma organization, two processes essential for 

nanograting formation. 

Next, we characterize the internal nanostructure of nanogratings in silica glass using 

SEM, scanning transmission electron microscopy (STEM), high-resolution transmission 

electron microscopy (HRTEM), and atomic force microscopy (AFM). By examining 

nanogratings from various orientations, we show that each layer consists of oblate 

nanopores in a wavy, discontinuous arrangement. We investigate how the nanograting 

period depends on the pulse density and, in light of our own data as well as prior 

studies, discuss deeply how nanogratings are formed through a plasma-mediated 

nanocavitation mechanism. 

Finally, we examine how fs-laser inscription restructures silica glass at the nanoscale in 

type II modifications, nanogratings. Our goal is to quantify their density and clarify the 

origin of densification. For this, we employ advanced spectroscopic techniques: 
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scattering-type near-field optical microscopy (s-SNOM) combined with nanoscale 

Fourier transform infrared spectroscopy (nano-FTIR) using synchrotron radiation. 

Applying these methods, we directly observe for the first time, at nanoscale resolution, 

the densification of glass between nanoporous layers. By monitoring the shifts in the 

primary infrared vibrational band of the silicate network (the Si-O-Si stretching), we 

detect densification levels of the interlayer material on the order of 8-13%. Lastly, we 

discuss the mechanisms behind such elevated density levels in nanogratings, 

integrating our findings with the existing literature. 

 

II.2 THE EFFECT OF COMBINING FEMTOSECOND LASER AND ELECTRON IRRADIATION 

ON SILICA GLASS  
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II.3 NANOSCALE INVESTIGATIONS OF FEMTOSECOND LASER INDUCED 

NANOGRATINGS IN OPTICAL GLASSES 
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II.4 NANO-FTIR SPECTROSCOPY REVEALS SIO2 DENSIFICATION WITHIN FS-LASER 

INDUCED NANOGRATINGS 

 

  



 

96 

 

  



 

97 

 

 



 

98 

 

 



 

99 

 

 



 

100 

 

 



 

101 

 

 



 

102 

 

  



 

103 

 

II.5 CONCLUSION 

This chapter has explored how fs laser-induced nanogratings form in silica glass, 

examined their nanostructure, and investigated the accompanying density changes. 

First, through polarized optical microscopy and SEM, we demonstrated that a material’s 

tendency to form nanogratings can be directly linked to its free volume. Densified 

samples exhibited notably lower retardance and reduced slope values (as functions of 

pulse energy and pulse count), reflecting a diminished ability to form nanogratings. 

This provides novel insights into the role of glass free volume as a crucial precursor for 

nanograting formation. Voids related to free volume at sub-nm scale may serve as an 

ideal seed owing to its size and lower refractive index, thereby facilitating the formation 

of nanoplasma hotspots and subsequent nanogratings that consistently align 

perpendicular to light polarization. This agrees with recent findings showing that 

laser‑induced nanostructures in fused silica can be seeded by creating a primary void 

(typically > 100 nm in diameter), which then allows the nanoplane to develop further 

under lower energy levels [247]. The suggested mechanism coherently explains why 

silica glass, which naturally possesses a high free volume, facilitates nanograting 

formation more efficiently than other types of glass. The relationship between free 

volume and nanograting efficiency could guide the engineering of materials (e.g. 

nanoporous dedicated materials) with tailored optical properties, paving the way for 

improved applications in advanced photonic systems. 

Subsequently, structural analyses using SEM, HR-TEM, and STEM revealed that 

nanogratings are composed of oblate nanopores “aligned along each other’s“ but in 

non-continuous, revealing wavy nanoplanes perpendicular to the laser polarization and 

along the propagation direction. Between the larger nanoplanes, smaller, elongated 

nanopores were observed, indicating a dynamic growth and merging process under 

multiple pulses. This pulse-to-pulse evolution lowers the grating period well below 

λ/2n. Our observations support a plasma-mediated nanocavitation model, in which 

nanogratings are more accurately described as “light-forced organized,” rather than 

purely self-organized, on a multipulse timescale. 

Finally, employing advanced spectroscopic methods, specifically s-SNOM combined 

with nano-FTIR, we have, for the first time, directly quantified nanograting densification 

at the nanoscale. IR band shifts in the Si-O-Si asymmetrical stretching mode indicate 

densification levels on the order of 8–13%, like those achieved through conventional 

HPHT compression. This shows how fs-laser irradiation can act as a confined HPHT 

micro-reactor in silica glass. Furthermore, our results uncover a complex interplay 

between Type I and Type II modifications, suggesting that a densified “background” 

aarises prior to nanograting formation. Collectively, these insights deepen our 

understanding of how fs-laser pulses change glass at the nanoscale, thereby offering 

insights for refining fabrication techniques and improving optical devices that depend 

on precisely engineered refractive index distributions and controlled birefringence.  
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Chapter III. EFFECTS OF ELECTRON IRRADIATION ON THE 

STRUCTURE AND STABILITY OF SILICA GLASS 

III.1 INTRODUCTION 

This chapter presents an investigation of how electron irradiation affects silica glass, 

focusing on the questions of the polyamorphism, transitions between HDA and LDA, 

activation energy distributions along thermal relaxation of densified silica, and the 

formation of the metamict-like phase under very high doses (11 GGy) of 2.5 MeV 

electrons. It further delves into how elevated temperatures, yet sub-Tg, during electrons 

irradiation alter both the point defects generation and the densification or its relaxation 

kinetics. 

In the first section, we examine the HDA-LDA transition that occurs during the thermal 

relaxation of densified silica. Here, in situ Raman spectroscopy during isothermal 

annealing is used to track the evolution of the D2 band, a key indicator of three-

membered rings and thus local density. A master-curve approach is applied to derive 

the activation energy distribution, which provides a quantitative measure for the 

thermal stability of densified states. By comparing densified silica samples subjected to 

different doses (0, 107 Gy, and 11 GGy), we show how even moderate irradiation can 

significantly lower the central activation energy and thus alter the stability of HDA 

phase; at very high doses, HDA phase is effectively “erased” beyond our detection limit. 

The second part of the chapter shifts to metamict-like silica formed under high-dose 

irradiation (11 GGy). Although all samples converge to a similar density of about 2.26, 

we demonstrate that the initial silica structure and impurities play crucial roles in the 

resulting structure and overall thermal stability. Specifically, silica samples prepared via 

HPHT treatment and then irradiated have higher thermal stability than the silica 

samples irradiated without densification. The OH-content of the silica glass also affects 

the resulted metamict-like state. Raman, FTIR, and PL analyses highlight that, despite 

achieving comparable densities, the differences in pre-irradiation processing and 

impurity content lead to distinct defect signatures and relaxation behaviors. 

Finally, we investigate the influence of high temperature (range from 300 K to 1000 K) 

during irradiation. By tentatively isolating the contributions of dose and temperature, 

we show that elevated temperatures can suppress certain defect centers and modify 

the densification of silica or relaxation rates. At lower temperatures (300-450 K), the 

structure of silica glass moves toward metamict-like state, thought the rate slows down 

with the rise of the temperature. However, with the increase of temperature (from 600 

K) the thermal effects dominate over irradiation dose leading to relaxation. This 

observation is essential for applications where silica experiences both high-radiation 

fields and high temperatures (e.g., nuclear reactor environments). 
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III.2 INVESTIGATING DENSIFICATION PROCESSES OF AMORPHOUS SILICA PHASES 

THROUGH ACTIVATION ENERGY DISTRIBUTION 
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III.3 IMPACT OF THE SILICA GLASS INITIAL STATE ON THE THERMAL AND STRUCTURAL 

PROPERTIES OF METAMICT-LIKE SILICA GLASS  

 

  



 

113 

 
 



 

114 

 

  



 

115 

 
  



 

116 

 



 

117 

 

  



 

118 

 

 



 

119 

 

  



 

120 

 

 



 

121 

 

 

III.4 THE INFLUENCE OF HIGH-TEMPERATURE DURING ELECTRON IRRADIATION ON 

SILICA STRUCTURE 
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III.5 CONCLUSION 

In this chapter, we investigated the effects of electron irradiation on silica glass, 

examining, metamict-like transformations. We also study how high-temperature 

combined with irradiation jointly influences the silica glass network in terms of 

vibrational structure and point defects centers i.e. bond breaking and charges trapping.  

By employing in situ Raman spectroscopy during thermal annealing, we could 

determine activation energy distributions that govern the relaxation of densified states. 

The results confirm that silica’s thermomechanical history has a pivotal role in its 

subsequent response to irradiation: samples that underwent HPHT treatment before 

irradiation consistently display higher thermal stability than those subjected only to 

irradiation. A key finding is that HPHT densified and pre-densified and low-irradiated 

silica exhibits a bimodal activation energy distribution, reflecting the presence of a HDA 

“transition phase” whose partial erasure is revealed through the non-monotonic 

behavior of the D2 Raman band along isothermal annealing in agreement with the 

literature on HPHT densified silica.  

Increasing the dose up to 11 GGy effectively removes that bimodality and diminishes 

the HDA contribution, pushing the glass into a largely LDA and metamict-like state. 

Nevertheless, even within this metamict-like regime, the exact thermal stability and 

structural details depend strongly on the sample’s thermomechanical preparation 

pathway and impurity levels. Higher OH content (e.g. 1000 ppm instead of 0.1 ppm) in 

the initial silica composition can slow the metamictization process, indicating that such 

small compositional changes affect long-term performance. From an applications 

perspective, the enhanced thermal stability observed in HPHT-densified silica hints that 

sensors or optical components fabricated through similar densification pathways, such 

as femtosecond-laser Type II as was shown in the previous chapter, would be more 

resilient under extreme radiation.  

Finally, examining irradiations performed at elevated temperatures clarified how 

thermal and radiative processes connect. At (300-450K) temperatures, the structure of 

both pristine and densified silica glass moves towards a metamict-like state with the 

increase of temperature, slowing the process. At sufficiently high temperatures, 

irradiation-driven densification gives way to simultaneous thermal relaxation effects. 

For instance, at 600 K, a total dose of 5 GGy essentially fully relaxes pre-densified 

samples, while at 1000 K the same phenomenon occurs even faster, below 1 GGy. These 

observations emphasize the need to account for both radiation dose and temperature 

when engineering silica-based components for harsh environments. Overall, our 

findings underscore the critical importance of thermomechanical history, dose, 

temperature, and composition in shaping the structure and stability of irradiated silica 

glass. 
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Chapter IV. DENSIFICATION MECHANISMS AFTER FS-LASER 

INTERACTION AND THE EFFECT OF COMBINED ELECTRON 

IRRADIATION 

IV.1 INTRODUCTION 

Building on the methodology developed in Chapter 2 and findings of Chapter 3, this 

chapter delves deeper and at large extent into the densification mechanisms of fs laser 

modifications in silica glass for types I, II, III and then explores how these modifications, 

particularly nanogratings, respond when subjected to high electron irradiation doses. 

In the first part, we extend our nanoscale spectroscopic approach, s-SNOM and nano-

FTIR measurements, to investigate all three main fs-laser-induced modification types 

(namely Type I, Type II, and Type III). Although each modification type is known to 

exhibit varying degrees of densification, detailed assessments of the density levels have 

remained challenging especially due to the intimate composite nature of these 

modifications at sub-micrometer scale. By reviewing existing knowledge and 

incorporating our new synchrotron-based nanoscale data, we clarify how and why silica 

densifies differently across these three modification types and relate those changes to 

the underlying laser light-induced mechanisms. 

In the second part, we shift our focus back to Type II nanogratings, which play an 

important role in numerous photonic and sensing applications due to their high 

birefringence and robust thermal stability. As we found, these periodic structures can 

reach very high densities, similar to HPHT densification. It is thus interesting to test how 

these fs modifications behave under electron irradiation in silica. Prior studies have 

shown that electron doses can either densify initially “low-density” silica or relax 

densified material (above ~2.26). We therefore expose nanogratings to a 5 GGy 

electron dose and track changes in both optical (e.g., retardance, phase) and structural 

(periodicity, pore size, Raman D2 band intensity) properties using SEM, Raman 

spectroscopy, s-SNOM, and nano-FTIR. Significantly, we find that the nanograting 

morphology (the periodicity, pore diameters) remains intact, but the dense interlayers 

relax. This relaxation lowers the birefringent properties, reinforcing both our earlier 

findings on the structure and density of Type II modifications and the impact of 

electron irradiation on densified silica. Finally, we analyze this result within the 

framework of the known relationship between the D2 band intensity and density, 

highlighting the non-linear behavior above 2.26. This observation underscores how 

three-membered rings in silica (probed via Raman D2 band) do not simply increase with 

density beyond the density of 2.26. From an applied point of view, these findings also 

have broad implications for sensors made via Type II modifications used in 

environments with high radiation, providing insights into their long-term stability and 

performance in harsh environments. 
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IV.2 PROPERTIES, MECHANISMS, AND PERSPECTIVES OF ULTRAFAST LASER 

MODIFICATIONS IN SILICATE GLASS VOLUME 
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IV.3 THE EFFECT OF COMBINING FEMTOSECOND LASER AND ELECTRON IRRADIATION 

ON SILICA GLASS  
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IV.4 CONCLUSION 

In this chapter, we investigated the densification mechanisms of femtosecond (fs) laser 

modifications in silica glass and examined how these modifications, particularly 

nanogratings, respond to subsequent high-dose electron irradiation. 

First, using s-SNOM and nano-FTIR techniques, we quantified the density changes 

across the three principal fs-laser-induced modification types (Type I, Type II, and 

Type III). By measuring the redshift of the Si-O-Si asymmetric stretching band inside 

and outside the modified regions, we converted those shifts into density estimations 

via a well-established linear relationship. In all investigated samples, the redshift of this 

band confirms significant densification across Type I, Type II, and Type III modifications. 

For Type I, a shift of about 7 cm⁻¹ corresponds to ~3-4% densification. For the 

densification mechanism, defect-driven structural modification (e.g., involving E′ 

centers and NBOHC) combined with thermal quenching likely contributes to the final 

densified state. Type II modifications, as we also saw in Chapter 2, exhibit more complex 

periodic shifts that mirror the alternating densified and porous layers of nanogratings, 

with overall densification reaching 8-13%. These higher values suggest a combined 

effect of elevated temperatures and high pressures, up to approximately 10-15 GPa as 

estimated from shock-wave models and the high-pressure Hugoniot relationship. For 

Type III modifications, which involve micro- or nano-void formation, the surrounding 

shell exhibits a densification of roughly 6%. Although initial shock-induced pressures 

may transiently exceed tens of gigapascals before being moderated by plasma 

shielding, the subsequent temperature rise (due to the strain relaxation wave) leads to 

partial structural relaxation and a lower densification. This outcome aligns with both 

hydrostatic and shock-wave pressure studies, where immediate post-shock densities 

are higher but partly relax due to increased temperature at short time scale.  

Second, we demonstrated that high-dose (4.9 GGy) electron irradiation relaxes strongly 

the densified interlayers that were first photo-induced in fs-laser-written nanogratings 

(type II) without altering their overall morphology. The local density drops from about 

2.49 to 2.33, reducing the form birefringence on 20% and increasing apparent net 

volume expansion. These results confirm that electron irradiation relaxes silica structure 

whose density exceeds the metamict threshold (~2.26), mirroring electrons-induced 

relaxation phenomena observed in other HPHT studies of silica. This finding has 

significant implications for photonic devices and especially sensors (e.g., Type II FBGs 

and likely Type III as well) deployed in high-radiation or high-temperature 

environments, such as nuclear reactors and fusion devices. Over time, electron- or 

neutron-irradiation-induced relaxation of dense interlayers can alter the Bragg 

wavelength and refractive index contrast, hence impairing the accuracy and reliability 

of these sensors. Understanding these relaxation phenomena is therefore critical for 

predicting long-term device performance in such extreme conditions. 
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GENERAL CONCLUSION 

With these findings, we conclude a thesis dedicated to exploring how silica glass, which 

is a seemingly simple yet remarkably versatile material and undergoes structural 

transformations under different types of irradiations. We have studied structural 

transformations under HPHT conditions and electron irradiation, as well as its response 

to ultrafast laser irradiation in three distinct modification regimes (Type I, II, and III). 

Taken together, our analyses highlight the fundamental and application-oriented 

richness of silica’s behavior when subjected to different densification pathways and 

levels.  

Several times throughout this thesis, we have drawn intermediate conclusions, so here 

we will avoid repeating all details. Instead, we highlight the following key findings: 

1. Glass free volume as a precursor for nanograting formation.  

We demonstrate that free volume within silica acts as a precursor for 

nanograting formation under fs-laser irradiation, facilitating the generation of 

nanoplasma hotspots that evolve into periodic structures aligned perpendicular 

to the laser polarization [18]. This explains why silica or GeO2 glasses, naturally 

rich in free volume, compared to other glasses like alkali alumino-borosilicate, 

exhibit highest nanograting formation efficiency. 

2. Nanogratings as continuous porous layers.  

Using high-resolution electron microscopy and advanced spectroscopy, we 

show that Type II nanogratings are composed of periodically arranged 

nanoporous layers embedded in a densified matrix, with the porous planes 

oriented perpendicular to the laser polarization and forming via a plasma-

mediated nanocavitation mechanism, which is initiated by a strain assisted 

cavitation around free volume seeds or nanovoids [19]. 

3. Nano-FTIR and s-SNOM for density mapping.  

We show that advanced near-field microscopies and nano-FTIR techniques offer 

powerful means to estimate local density variations in such “composite” 

materials containing nanogratings or voids. These spectroscopic methods 

revealed that nanogratings reach a local densification of about 8-13%, 

embedded within a densified background [20]. 

4. Densification regimes for the three laser modification types. 

a. Type I experiences about 3-4 % densification, driven predominantly by 

defect formation and a swift thermal quench. 
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b. Type II exhibits 8-13 % densification, reflecting a combined effect of high 

localized pressures and temperatures much beyond the glass transition 

temperature. 

c. Type III shows ∼6 % densification in the shell around voids, likely 

resulting from shock-wave compression followed by partial relaxation. 

5. Electron irradiation effects HDA-LDA phase ratio.  

We observe that electron irradiation can shift the ratio of low-density and high-

density amorphous phases, while also reducing the thermal stability of these 

phases in silica compared to their formation through a classical thermos-

mechanical pathway [21].  

6. Thermal stability of the metamict-like phase.  

The stability of metamict-like phases depends on the particular thermo-

mechanical pathway followed along its preparation. Additionally, the chemical 

composition of the glass (here hydroxyl content) can significantly influence the 

final characteristics and the formation kinetic of the metamict-like state [22]. 

7. Elevated temperatures during electron irradiation.  

Raising the temperature (up to 1000 K) while irradiating silica with electrons 

slows down the metamictization and structural reorganization, demonstrating 

how thermally activated relaxation can moderate or even counterbalance the 

solely radiation-driven processes. 

8. Combined fs-laser and electron irradiation effects.  

In Type II fs modifications, subsequent electron irradiation partially relaxes the 

densified interlayers, reducing the optical birefringence, increasing the net 

apparent volume expansion and modifying the final nanograting optical 

properties and likely the mechanical ones [23].  

Building on these outcomes, we can now look toward implications and perspectives. 

 

FUTURE WORK AND PERSPECTIVES 

Industrial-scale fs-laser direct writing: 

From its earliest demonstrations, the industrial field of fs-laser direct writing has relied 

heavily on progress in ultrafast laser systems. Early achievements like waveguide in-

scription became feasible only after the introduction of stable Ti:Sapphire lasers. Thus, 

future trends in this field should also be determined by the evolution of fs-laser systems. 
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Already, high-power fs-lasers exceeding 100 W have begun to meet high industrial de-

mands for speed and quality. Moreover, the emergence of compact and reliable fiber-

based laser systems (like Yb based laser developed by Amplitude) has opened new 

opportunities for two-photon polymerization and 2D-3D glass processing (marking, 

welding, etc.), providing an economical, 3D platform for rapid prototyping in fast grow-

ing areas such as microfluidics and quantum optics. 

Despite these advances, scaling fs-laser writing to large-volume industrial use requires 

further gains in processing speed and parallelization. While even low-energy (nJ-level) 

pulses can alter silica under tight focusing, conventional focusing strategies rarely em-

ploy the full power potential of modern ultrafast lasers. Integrating adaptive optics into 

laser direct writing systems has already shown promise for increasing process speed 

and efficiency by enabling parallel processing through multi-focus techniques and ex-

tended beam shapes, such as Bessel beams and others vortex beams. Appropriate spa-

tial beam shaping, including truncated Airy or Bessel beams, can also improve the uni-

formity of optical modifications and minimize optical losses. Additionally, temporal 

shaping methods, such as GHz burst machining, offer further opportunities to signifi-

cantly boost writing speed and optimize the quality of the resulting nano/micro-struc-

tures. 

Our research on silica’s densification and structure under ultrafast laser exposure helps 

towards this investigation and transition. By clarifying how the glass network responds 

to a range of irradiation conditions, we provide insight into how to better predict and 

control optical and mechanical properties in the final written structures, using other 

systems. This knowledge is essential for developing advanced, high-speed fs-laser 

methods that maintain consistent process quality at industrial scales.  

Next-generation photonic devices via fs-laser writing: 

One of the most promising directions for applying the insights gained in this work is 

the design and fabrication of next-generation photonic components. Photonics plays 

a critical role in numerous technological fields, including healthcare (bioimaging and 

diagnostics, optofluidics, lab-on-chip), transportation (light-based sensors and optical 

communication), space exploration (radiation-resistant optical systems), and 

fundamental research areas such as quantum optics and ultrafast laser science. 

Traditionally, the production of optical devices for these contexts has relied on bulky, 

costly, and/or time-consuming fabrication methods. In contrast, fs-laser direct writing 

offers an innovative alternative, enabling precise and localized micro- and nanoscale 

modifications within robust materials like silica glass; silicate glasses and recently non-

oxide glasses. 

To achieve this, Type II modifications can be employed in well-chosen glasses, allowing 

precise control over their properties and spatial arrangement through careful tuning of 

laser pulse energy and polarization. This opens the door to rapid, custom fabrication 
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of miniaturized and versatile 3D photonic elements, such as space-variant waveplates, 

polarization converters, or 3D geometric phase optics (lenses, gratings, prisms), devices 

that can drastically simplify optical setups by integrating multiple functions within a 

single element. Over last 5 years, the early birth of nanogratings formation so-called 

Type X modifications are also interesting, characterized by a much higher transparency 

compared to nanogratings, making them helpful for high-performance optical 

applications such as 5D optical data storage and geometric phase optics. 

Using capabilities of fs-laser direct writing for photonic applications demands a precise 

command of silica’s structural responses, like densification and porosity formation, etc., 

which was systematically investigated in this thesis. However, high scattering losses and 

slow writing speeds (often below 1mm/s) remain additional challenges, underscoring 

the need for refined pulse-intensity management and alternative approaches (such as 

extended focuses or GHz burst modes) that accelerate and stabilize the writing process. 

Laser-written optics could soon allow rapid, on-demand creation and customization of 

optical components, much like what 3D printing did for mechanical details. Researchers 

could easily produce on-demand specialized lenses, gratings, waveguides, and other 

photonic elements directly in their labs either in bulk, planar substrate or in optical 

fiber. This simpler and more accessible method would help create smaller, tougher, and 

more efficient optical systems for a wide range of scientific and industrial uses. 

 

Irradiation effects on silica-based devices in Generation IV reactor environments: 

An important extension of this work lies in high-radiation and high-temperature envi-

ronments such as those encountered in sodium-cooled fast reactors (SFRs), which is a 

leading concept within Generation IV nuclear systems. Unlike conventional reactors, 

SFRs allow neutrons to remain at high energy (so-called “fast” neutrons), thereby ex-

panding fuel options and reducing long-term nuclear waste. Yet this approach inevita-

bly entails intense fluxes of fast neutrons (E > 1 MeV, with fluences up to 1023 n/cm2) 

and substantial gamma radiation (doses up to 30 kGy/h, often exceeding 1 GGy over 

five years), all at elevated temperatures near 600 °C. The simultaneous exposure to such 

extreme irradiation and temperature conditions poses a significant challenge for ma-

terials performance.  

Despite studying the effects of electron irradiation at elevated temperatures, one open 

question for the SFRs silica-based sensors applications is the combined effect of neu-

trons, gamma radiation, and heat. It is particularly important since we know that most 

of irradiation types (neutrons, ions, etc.) can drive silica toward a metamict-like state. 

In principle, pre-existing electron-induced defects might influence how the glass re-

sponds to subsequent neutron bombardment, while high temperatures could either 

accelerate or suppress structural relaxation. Such interplay (neutrons, gamma radiation, 
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and heat) remains unexplored and is crucial for designing reliable silica-based devices 

that remain stable throughout the reactor’s operational lifetime or least for intermedi-

ate period of 2 years at least. 

Strategies for developing radiation-tolerant silica sensors: 

A key application area involves FBG sensors within SFR cores to monitor temperature, 

pressure, strain, or other parameters in real time. However, typical silica fibers in these 

environments suffer from radiation-induced densification, leading to drifting Bragg 

wavelengths and diminishing sensor accuracy. Based on the findings presented in this 

thesis, we could suggest several approaches to address these issues: 

1.  “Metamictizing” or pre‐conditioning the silica  

One potential strategy to enhance the radiation tolerance of silica involves in-

tentionally preparing the glass to metamict-like density (~2.26) prior to its use 

in reactor environments. By achieving this stable state, it may be possible to 

significantly reduce subsequent radiation-induced densification or structural re-

laxation. This approach involves either precise control of laser irradiation param-

eters to directly attain targeted density levels or a dedicated pre-conditioning 

procedure. Such pre-conditioning could include electron irradiation or exposure 

to carefully controlled reactor-like conditions (specific irradiation doses com-

bined with elevated temperatures) to stabilize the material properties before 

actual use. 

2. Alternative glass compositions  

Silica’s relatively large free volume makes it most susceptible to densification. 

Replacing or doping it with other network formers, for example, aluminosilicates, 

or adding alkaline‑earth modifiers for charge compensation, can partially “fill” 

that free volume. Although such compositions must still retain optical clarity and 

mechanical integrity, a more densely packed initial network could reduce radia-

tion-induced compaction. 

3. Predictive modeling and sensor recalibration  

Another approach is to accept that some wavelength drift is inevitable and in-

stead build an empirical model that predicts the Bragg shift as a function of 

accumulated fast-neutron fluence, gamma radiation dose and temperature an-

nealing. By using preliminary-obtained irradiation data, reactor operating con-

ditions, and real-time reference grating signals, these models could provide on-

going predictions of sensor drift. Periodic recalibration or drift corrections based 

on these predictions would help maintain sensor accuracy over extended reactor 

operations, transforming unavoidable wavelength drift into a manageable cali-

bration routine. 
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Ultimately, designing robust optical sensors for SFR environments involves under-

standing and controlling how silica (or alternative glasses) responds to synergistic ef-

fects of fast neutrons, electrons, and high temperatures. The findings of this thesis offer 

insight into the fundamental mechanisms of densification and defect formation, laying 

the groundwork for tailored glass compositions, pre-treatments, and device designs 

that can function reliably in next-generation nuclear reactors. 

Mechanical behavior of the metamict state: 

Understanding the mechanical and thermodynamic (e.g. viscosity) properties of the 

metamict-like phase in silica glass is just as critical as characterizing its structure. The 

metamict state changes the glass network, affecting properties such as hardness, elas-

tic modulus, and fracture toughness. These mechanical characteristics determine the 

material's durability and resilience in extreme environments. A thorough investigation 

into the metamict phase's mechanical behavior will be beneficial for design strategies 

for robust, radiation-tolerant photonic and sensor devices. 
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APPENDIX – EXPERIMENTAL DETAILS 

APPENDIX 1 - FEMTOSECOND LASER DIRECT WRITING SYSTEM 

In this thesis, the preparation of samples in silica glass was carried out using a femto-

second fibre laser writing system. Specifically, the setup employs a diode-pumped Yt-

terbium fibre laser (Satsuma HP from Amplitude Systèmes), operating at a central 

wavelength of 1030 nm with adjustable repetition rates ranging from 10 kHz to 2 MHz. 

The main characteristics of the laser system are summarized in Table A-1. Additionally, 

the system incorporates a pulse picker (acousto-optic modulator), enabling the selec-

tion of single pulses if required. With a fixed average power of 10 W, the laser provides 

pulse energies up to approximately 73 µJ per pulse at 400 kHz, 25 µJ per pulse at higher 

frequencies, and around 10 µJ per pulse at 1 MHz. 

 
Table A-1. Certificate of Conformance (CoC) for the Satsuma HP laser utilized in this research. The 

table is adapted from PhD thesis of J. Tian [290]. 

Laser Parameters Unit 
Target Measurement 

400 kHz 2000 kHz 400 kHz 2000 kHz 

Energy per pulse µJ ≥ 25 ≥ 5 26.5 27 

Average power W ≥ 10 ≥ 10 11.1 11.3 

Center wavelength nm 1030 +/- 5 1032.1 1032.2 

Bandwidth FWHM nm ≤ 10 8.6 8.9 

Pulse duration fs < 500 220 240 

Pulse energy over 12h (Av-

erage) 
µJ > 25 > 5 27.8 - 

Pulse energy over 12h 

(RMS) 
% < 2 0.08 

Polarization ratio - > 100:1 625:1 

M² (Mx) 
- < 1.3 

1.10 

M² (My) 1.07 

Beam diameter (Wx) 
mm 2 +/- 0.5 

1.53 

Beam diameter (Wy) 1.50 

Beam ellipticity 

% 

< 13% 1.9 

Astigmatism < 50% 27.8 

Waist ellipticity < 13% 0.1 

 

After amplification and compression, the typical pulse duration is approximately 250 fs, 

measured at full width at half maximum (FWHM). To optimize pulse compression at 

different repetition rates, the intra-cavity spacing between chirped gratings can be 

adjusted via a motorized translation stage. Figure A-1 provides an example of an 

autocorrelation measurement for typical output pulses at 1030 nm. The experimental 
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autocorrelation data was fitted with a Lorentzian function, yielding an autocorrelation 

FWHM of 341 fs, corresponding to a pulse duration of approximately 221 fs under 

optimal conditions (prior to the focusing lens). Spatial chirp measurements indicated 

values of approximately 0.54 nm/mm along the x-axis and 0.02 nm/mm along the y-

axis. 

 
Figure A-1. Measurement of the temporal pulse profile of the laser using an optical autocorrelator. 

The horizontal axis represents time in picoseconds (ps), and the vertical axis represents power in 

arbitrary units. The graph is adapted from PhD thesis of J. Tian [290]. 

 

The output laser beam is linearly polarized in the horizontal direction (parallel to the 

optical table surface), perpendicular to the z-axis, as illustrated in Figure A-2. A 

computer-controlled half-wave plate mounted on a rotation stage (Newport SR50CC) 

combined with a Glan-Laser polarizer allows precise adjustment of the beam power 

while ensuring a constant horizontal polarization orientation. At this stage, the 

polarization is aligned along the x-axis, parallel to the plane defined by the laser 

compressor. After polarization control, the laser beam path can be directed through 

one of two routes: either through the acoustic-optic modulator (AOM) path or through 

the alternative non-AOM path. 

The AOM is computer-controlled via a digital radio-frequency (RF) driver, which 

generates primarily a single first-order diffracted beam. The diffraction efficiency can 

be precisely adjusted from 0% to 100% of the input beam's total power. In certain 

experimental conditions, the AOM acts as a rapid on/off switch, reliably operating at 

modulation frequencies of up to 2 MHz within the current setup. At this stage in the 

fabrication system depicted in Figure A-2, the laser wavelength is fixed at 1030 nm, 

with a typical pulse duration of approximately 250 fs. The repetition rate can be varied 

from 10 kHz to 2 MHz. Additionally, the AOM allows modulation frequencies typically 

around 100 kHz, down to the selection of individual pulses, and is complemented by a 

mechanical shutter used for synchronization purposes. 
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Figure A-2. Schematic diagram of the femtosecond laser direct writing setup. The graph is adapted 

from PhD thesis of J. Tian [290]. 

 

The laser beam is subsequently directed into the target delivery system illustrated in 

Figure A-3 and focused within the silica glass sample. The sample is secured on com-

puter-controlled XY motion stages (Newport ONE-XY200HA), providing a minimum 

positioning resolution of 50 nm, bidirectional repeatability of 90 nm, and maximum 

movement speed of 200 mm/s. The vertical positioning (Z-axis) is managed by a com-

puter-controlled translation stage (Newport UTS100CC), which typically focuses the la-

ser spot approximately 300 µm below the sample's surface. 

Focusing is achieved using aspheric lenses with numerical apertures (NA) between 0.16 

and 0.65, resulting in focused spot diameters ranging from approximately 4.5 µm down 

to 1.1 µm (e.g., about 1.3 µm for a 0.55 NA lens). The spot size diameter (measured at 

1/e² of the maximum intensity) is calculated using the relationship: 

ω0 =
𝑀2λ

π 𝑁𝐴
, 

 

where ω0 is the spot radius at the 1030 nm infrared wavelength, assuming a Gaussian 

intensity distribution and typical beam quality of 𝑀2 < 1.1. 

Additionally, the system includes a motorized half-wave plate (depicted in Figure A-3), 

mounted on a rapid belt-driven rotation stage (Newport URB100CC) with a rotation 

speed up to 720°/s. This allows precise adjustment of the linear polarization orientation 

at the sample position. Combining this polarization control capability with the adjust-

able laser power and XYZ positioning enables versatile alignment of the laser polariza-

tion (parallel, perpendicular, or at arbitrary angles) with respect to the laser scanning 

direction within the glass sample. 
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Figure A-3 illustrates the process of laser focusing into a fused silica sample, where a 

laser-written line is generated by translating the sample through the stationary laser 

spot.  

 

 
Figure A-3. Schematic diagram representing the fabrication of laser-written lines (waveguide-like 

structures). Here, EPar and EPer denote the parallel and perpendicular polarizations of the writing 

laser, respectively, while the scanning direction is fixed along the Y-axis. In the parallel polarization 

case (EPar, Yy writing configuration), the formed nanogratings induce a birefringence optical fast 

axis oriented along the y-axis, and a slow axis along the x-axis. Conversely, in the perpendicular 

polarization case (EPer, Yx writing configuration), the optical fast axis aligns along the x-axis, while 

the slow axis is along the y-axis. The graph is adapted from PhD thesis of J. Tian [290]. 

 

All motorized system components are connected to a computer via an XPS 8-axis mo-

tion controller (Newport). Control of the hardware is managed through the dedicated 

software interface "GOL3D," schematically depicted in Figure A-4. This software cen-

tralizes control over all integrated hardware components and translation stages where 

the sample is positioned. It facilitates performing complex writing trajectories, includ-

ing spiral patterns and three-dimensional sets of structures, while maintaining a con-

stant scanning speed. Maintaining uniform writing speed throughout the entire trajec-

tory is crucial, as it directly affects the pulse accumulation along the laser-written trace. 

Consequently, the writing algorithm and synchronization of the shutter operation are 

carefully optimized. 
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Figure A-4. Schematic overview of the hardware configuration controlled by the custom direct-

writing software "GOL3D." The graph is adapted from PhD thesis of J. Tian [290]. 
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APPENDIX 2 - ELECTRON IRRADIATION 

The glass samples were irradiated using the SIRIUS electron accelerator (belonging to 

EMIR&A accelerator French network), manufactured by National Electronics 

Corporation (NEC) and installed at the Laboratoire des Solides Irradiés (LSI) in Palaiseau, 

France (Figure A-5a). This Pelletron-type electron accelerator delivers electrons with 

adjustable energies ranging from 150 keV to 2.5 MeV and beam currents from 150 nA 

up to 50 µA. The accelerator system consists of four main components: electron 

production stage, two-stage electron acceleration section, electron beam steering 

system, scattering chambers. 

This accelerator operates by generating an electrostatic charge through a mechanical 

transport system consisting of a pellet chain. This chain comprises short conductive 

tubes interconnected by insulating links, used to accumulate charge on high-voltage 

terminals. The entire system is housed within a pressure vessel filled with sulfur 

hexafluoride (SF6), an insulating gas. The accelerator includes an evacuated beamline, 

where electrons are accelerated between the high-voltage terminals and the grounded 

end. The electrons exit through scattering chambers (Figure A-5b), after which their 

trajectories are precisely controlled by a magnetic field (electron steering) up to the 

final beamline exit (Figure A-5c). 

Figure A-5. SIRIUS accelerator in LSI (a) close view of inside – Pelletron charging system, (b) accel-

erator chamber, and (c) irradiation beam lines. 
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In this study, the glass samples were irradiated using a 2.5 MeV electron beam under 

homogeneous irradiation throughout the entire sample volume. The beam current was 

maintained at approximately 25 µA. The total accumulated doses ranged from 0.02 GGy 

to 11 GGy, with several intermediate dose levels, including 0.1, 0.6, 1, 3, 4.9–5, 7, 8.2, 

and 8.8 GGy. 

Irradiations were performed at various controlled temperatures: 300 K, 450 K, 600 K, and 

1000 K. For temperatures up to 600 K, the experiments were carried out using “Cirano” 

irradiation cell, with appropriate adjustments made to the cooling system depending 

on the target temperature. At 300 K, the copper sample holder was actively cooled 

using a water circulation system maintained around 290 K. In contrast, irradiation at 

600 K relied solely on heating by the electron beam, without any active cooling. 

Irradiations at 1000 K were performed using a recent modified commercial heating cell 

adapted to the constraints of the accelerator setup (Figure A-6). Prior to irradiation, the 

system was tested to ensure stable experimental conditions, including a beam current 

of approximately 25 µA and a temperature close to 1000 K. 

 

Figure A-6. Modified commercial heating cell for high temperature irradiations. 

During irradiations at 450 K and 600 K, electron beam exposure began and ended 

precisely with the start and stop of the heating phase. In the case of the 1000 K 
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irradiation, the electron beam was introduced once the sample reached approximately 

600 K via preliminary heating with the integrated heater. The initiation of the beam 

resulted in a rapid temperature increase, after which the heater was actively regulated 

to maintain the sample at 1000 K. The end of the irradiation coincided with a fast and 

significant drop in temperature. 

Throughout all experiments, the irradiation cell was electrically isolated and functioned 

as a Faraday cup, allowing for direct and accurate measurement of the beam current 

reaching the sample. These conditions ensured precise control over both dose delivery 

and irradiation temperature.
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APPENDIX 3 - S-SNOM AND NANO-FTIR 

Infrared investigations were carried out at the SMIS beamline of Synchrotron SOLEIL 

(Saint-Aubin, France) with a commercial scattering-type scanning near-field optical mi-

croscopy (s-SNOM) platform (IR-neaSCOPE, Attocube Systems AG, Haar, Germany). S-

SNOM combines the topographical precision of an atomic-force microscope (AFM) 

with the optical contrast of an infrared microscope by focusing light onto a 

metal-coated AFM tip. When the tip is brought into close proximity of the sample, the 

near-field interaction results in scattered light. By measuring both the amplitude and 

the phase of the scattered light s-SNOM is capable of retrieving the complex optical 

properties of the sample [291].  

The optical head of the instrument forms one arm of an asymmetric Michelson inter-

ferometer in which the conventional fixed mirror is replaced by the set of focusing 

mirror, tip and sample (Figure A-6). Half of the incoming beam is directed toward a 

movable reference mirror, while the remainder is concentrated onto the tip apex. 

Near-field scattering produced in the tip-sample interactions is collected by the same 

mirror, recombined with the reference arm and detected by an infrared photodiode. 

Because the interaction volume is set by the radius of the tip (typically a few tens of 

nanometres), the technique goes beyond the far-field diffraction limit and provides the 

signal with true nanoscale resolution [292]. 

 

Figure A-6. Schematic representation of a s-SNOM setup. Cited from [292].  

The selective detection of the near-field signal is achieved through a combination of 

mechanical and interferometric modulation. The AFM operates in tapping mode, so 

that the tip-sample distance oscillates at frequency Ω. The detector output is demod-

ulated at higher harmonics (nΩ, n ≥ 2). Owing to the non-linear distance dependence 

of the near-field, these harmonics suppress the much stronger, linearly varying far-field 

background. Additionally, mixing the back-scattered light with the beam from the ref-

erence mirror of the interferometer results in signal level enhancement and phase 
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modulation in the interference term [292]. With monochromatic illumination, the ref-

erence mirror movement is typically modulated at a fixed frequency in a pseudo-het-

erodyne detection scheme that further suppresses background and extracts the ampli-

tude and phase of the near-field scattering [291]. For broad-band illumination, the ref-

erence mirror is moved linearly over a fixed distance and the demodulated signal is 

recorded as a function of mirror position to collect an interferogram. The subsequent 

nano-FTIR interferogram is then Fourier-transformed to yield the amplitude and the 

phase of the scattered light [293]. 

Two operating modes were used. Broadband synchrotron radiation provided 

nano‑FTIR spectra across regions of interest, producing spatially resolved amplitude 

and phase information. Single‑frequency imaging used the system’s integrated quan-

tum‑cascade laser to visualise the selected vibrational fingerprints with enhanced sig-

nal‑to‑noise ratios. Throughout the study, all datasets were acquired in tapping mode 

and demodulated at the second harmonic of the cantilever oscillation [291]. 
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