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ABSTRACT 
 

High-intensity femtosecond laser pulses have the necessary field strength to induce 

nonlinear ionization processes in glasses, resulting in permanent modification to 

structure and optomechanical properties. While ultrafast laser modification of vitreous 

silica has received much attention, the effect of laser radiation on multicomponent SiO2- 

based glasses remains unclear. This thesis aims at developing silicate glasses with 

superior strength through a densification process using ultrafast pulse laser radiation, 

characterizing the structural changes, and establishing the mechanisms responsible. The 

impact of laser modification on glass structure remains highly dependent on several 

variables. Three of those variables studied in this body of work are repetition rate, 

fluence, and glass chemistry. 

The first part of this work focuses on the ability to alter glass surface hardness 

after exposure to high-intensity femtosecond laser pulses with high-repetition rates. 

Densification in aluminosilicate and decompaction of soda-lime silica, and concomitant 

increase and decrease in refractive index, respectively, begs the question of whether 

this phenomenon is compositionally dependent or contingent on laser 

parameterization. In search of an answer, two soda-lime silicate systems, with 

systematically varying Na2O:SiO2 and CaO:SiO2 ratios, were exposed to low-repetition 

rate laser pulses. The results led to the following conclusions: 1) repetition rate induces 

vastly different laser – glass interactions, increasing fictive temperature promotes 

decompaction, and densification via shockwave propagation, 2) laser peak intensities 

are directly proportional to densification, and 3) modifier valency acts as a rate-limiting 

factor for distortion to glass structure by laser irradiation. 

A comprehensive study integrating molecular dynamic simulations and 

experimentation of low-repetition rate laser exposure to calcium aluminosilicate glasses 

(along the tectosilicate join) confirmed densification trends. Both experimental and 

simulated results exhibit an increase in AlV concentration within the augmented residual 

density field, relative to laser fluence. Consequently, laser radiation densifies calcium 

aluminosilicate glasses through enhanced crosslinking. 
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1. Introduction 

1.1 Motivation 

Femtosecond laser processing of materials has become common over the past three 

decades. The application of tightly focused high-intensity energy packets into materials 

can modify and manipulate their structure and properties in the process. Most notably, 

this process became widely implemented in writing-waveguides in glasses1-6. As the 

need for laser processing evolved, so did its application in the manufacturing setting. 

Specifically, pulsed lasers have been used for 1) cutting glass7-9, 2) fabrication of 

microfluidic devices10-12, and 3) laser drilling of through glass vias (TGV)10, 13. Each of 

which is the result of either laser-induced ablation or periodic structures generated by 

stresses within the glassy network. Pulsed laser fabrication of materials goes far beyond 

the examples listed because the nature of modifying material properties at localized 

areas is highly desirable in emerging markets and innovative products. Although 

structural effects from laser exposure have been studied in single component systems, 

there is a lack of understanding how the same conditions modify multicomponent 

glasses and how those modifications can be controlled by changing the glass 

compositions. 

The effect of femtosecond laser pulses on fused silica have been studied 

extensively4-6, 14-21. However, no previous works have studied laser-induced densification 

of multicomponent silicate glasses. No systematic effort on glass composition versus 

ultrashort laser irradiation is reported in the literature. The goal of the present 

comprehensive work is to study the effect of laser fluence and glass composition on 

densification of the resulting structure, using both high and low repetition-rate lasers. 

We have focused on two ternary silicate systems, soda-lime silicate and calcium 

aluminosilicate. Additionally, we have identified the mechanisms responsible for 

densification in these glasses. Fundamental understanding of these mechanisms is 

crucial for designing a glass system most susceptible to local modification of glass 

structure, as well as laser parameters that will optimize properties of interest. 
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1.2 Glass Structure 

Glasses are a unique type of solid which have short-range order (SRO) but lack 

periodicity or long-range order (LRO). Zanotto and Mauro22 recently defined glass as a 

nonequilibrium, non-crystalline state of matter that appears solid on a short time scale 

but continuously relaxes towards the liquid state. Their structure is often thought of as a 

network of random orientation and position, compared to the close-packed structures 

found in crystalline materials. This is due to cooling process (quench) of the liquid 

(melt), in which atoms do not have enough time to reach equilibrium positions and 

orient into the smallest possible volume in periodic arrays (crystal). The glass transition 

temperature (Tg) is the point at which the structure is locked into place. The basic model 

glass structure is vitreous silica, which is comprised of tetrahedral silicon atoms bonded 

to oxygen at all four corners. These tetrahedra extend in all three dimensions, leading to 

isotropic properties in homogeneous glasses. 

 

1.2.1 Soda-Lime Silicate 

The structure of amorphous silica consists of four-coordinated corner sharing 

silicon tetrahedra, which share oxygen atoms referred to as bridging oxygen (BO) and 

link together network formers such as silicon. The addition of alkali and alkaline earth 

ions forms bonds to oxygen on the silicon tetrahedron, therefore creating a non- 

bridging oxygen (NBO). These network modifiers reduce the glass connectivity through 

depolymerization of the Si-O bonding. Because bonding between the modifier and 

oxygen are significantly weaker, the abundance of modifier ions reduces the melting 

and transition temperature of glass. The general composition of the ternary system used 

in this study is xR2O – yRO – (100-x-y)SiO2, as shown in Figure 1.1. 
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Figure 1.1 Ternary diagram of soda-lime silicate glass compositions investigated. 

 
1.2.2 Calcium Aluminosilicate 

As a cornerstone for display glasses, calcium aluminosilicate’s enhanced 

mechanical properties make its structure of great interest. To understand the role of 

aluminum, it is important to know it primarily exists in tetrahedral sites with small 

concentrations evident in five-fold coordination (AlV).23 Due to this, Al has a charge 

balancing requirement in the tetrahedral coordination (AlO4
-), which is generally 

satisfied through compensating alkali or alkaline-earth cations. Although the addition of 

calcium, in unity with Al (tectosilicate), creates a charge neutral system, several groups 

have observed intrinsic defects such as NBO, AlV, and triclustered oxygen (TBO)24-26. 

Tectosilicate glasses, of the composition xCaO – xAl2O3 – (100-2x)SiO2, are illustrated in 

the ternary diagram shown in Figure 1.2. Calcium assists in the depolymerization of the 

network through the formation of NBO, which require the presence of additional 

defects (over-coordinated Al and TBO) to compensate the charge differential. This study 

focuses on silica-rich glasses along the tectosilicate join. 
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Figure 1.2 Ternary phase diagram of calcium aluminosilicate glass compositions 
investigated. All points were experimentally prepared, red data points are simulated 

chemistries. 

 
1.2.3 Compositional Space 

Soda-lime and aluminosilicate glasses were selected because of their prevalence in 

every-day products. After preliminary findings in Chapter 2, the selected compositions 

created intrigue because of their opposing (densification, decompaction) responses to 

high-repetition rate laser radiation. The commercial glasses were simplified into ternary 

systems to better understand the complexities associated with depositing packets of 

high-energy into the glass and tracking changes to each component. We will briefly 

discuss the rationale behind the selections for both compositional ranges and what we 

were hoping to find. 

Soda-lime silicate chemistries were designed to have the following ratios: 

Na2O/CaO < 1 and Na2O/Ca > 1. These ratios were intended to probe how the laser- 

pulse electric field interacted with ionic bonding from sodium and calcium. It is well 

known that sodium is the principal charge carrier in soda-lime silicate glass, in part due 

to its high ionic mobility and low activation energy. Conversely, the integration of 

calcium into the SiO2 network simultaneously forms NBOs and crosslinking silicon 

tetrahedra. Due to a significantly lower bond energy, Ca-O sites are more susceptible to 
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laser distortions. Variations to Ca-O bonding can force Si-O bonds, within the 

tetrahedron, to compensate for charge distribution and result in the augmentation of 

bonding distributions. Additionally, the concentration range of both monovalent and 

divalent modifiers were systematically varied to investigate laser radiation impact on 

glasses with highly mobile ions or constrained rigid structure. 

Calcium aluminosilicate ternary compositions, xCaO – xAl2O3 – (100-2x)SiO2,were 

chosen for their enhanced mechanical properties. Aluminum’s susceptibility to switch 

from four- to five-fold coordination at elevated temperatures and pressures provided an 

intriguing structural phenomenon to optimize densification. Compositions along the 

tectosilicate join were selected because charge neutral glasses contain near zero NBO 

and relatively low (<10%) AlV concentration. Our focus is to define the mechanism 

responsible for laser-induced densification and how it scales with laser fluence. Minimal 

work has been reported on laser modified aluminosilicates, and none identify structural 

changes leading to density modification of these glasses. 

 

1.3 Femtosecond Lasers 

Lasers have become ubiquitous in today’s society. The interaction between laser light 

and materials quickly became popular due to spatial selectivity and extremely peak 

intensities deposited over highly localized areas. While various time regimes have been 

developed, femtosecond lasers developed in the late 80s have led to significant progress 

in the study of light-matter interaction. Manipulating light in unusual ways, 

femtosecond laser micromachining paved the way for numerous kinds of new physical 

and chemical phenomena, such as laser-induced periodic surface structures (LIPSS)27-29, 

waveguides4, 30, 31, enhancing etching rates32-34, multiphoton upconversion 

luminescence35-37, valence state change38-40, and ion migration41-43. 

 

1.4 Mechanisms of Femtosecond Laser Interaction with Glass 

The main advantages of femtosecond lasers are the ultrashort pulse duration and ability 

to generate high intensities. Pulse lengths within the femtosecond time regime are 

completed before the absorbed optical energy can be fully transferred to the lattice, 
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through electron-phonon coupling in the picosecond regime. Extreme peak intensities 

change the interaction between light and matter, thereby varying induced phenomena 

and physical effects from the laser, as seen in Figure 1.3.19 The femtosecond laser – 

glass interaction occurs by focusing the laser beam either on or into the transparent 

material and translating the beam longitudinally or transversely. Laser modification can 

be assigned to two processes: energy absorption and subsequent dissipation. Due to the 

wide bandgap in transparent materials, a single visible-energy photon cannot induce the 

transition from the valence to conduction band. Therefore, absorption must come from 

nonlinear processes via laser-induced optical breakdown. Avalanche ionization and 

multiphoton ionization, the nonlinear processes that induce breakdown, transform the 

material into a plasma that subsequently absorbs laser energy. 

 
 

Figure 1.3 Pulsed laser – matter interaction with respect to intensity (A) and the physical 
phenomena as a function of pulse width (B).19 

 
The multiphoton ionization process is illustrated in Figure 1.4A.44 Ultrashort pulses 

are capable of generating high field strengths due to extreme intensities associated with 

femtosecond timescale. For a monochromatic propagating wave, local intensity is 

related to the amplitude (E) of the electric field through the following: 

𝐼 = 
𝑣𝑝𝜀0𝜀𝑟𝜇𝑟 |𝐸|2 = 

𝑐𝜀0𝑛 
|𝐸|2 (1.1) 

2 2 

 

where 𝑣𝑝 is phase velocity, 𝜀0 is the permittivity of free space, 𝜀𝑟 is the relative dielectric 

constant, 𝜇𝑟 is relative permeability, 𝑐 is the velocity of light in a vacuum, and 𝑛 is 

refractive index. When subjected to high field strengths, bound electrons can be 

promoted to the conduction band by simultaneously absorbing m photons such that 
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mhv ≥ Eg, where hv is the energy of a photon and Eg is the bandgap. In short-pulse 

regimes, photoionization at the beginning of the laser pulse generates seed electrons 

for avalanche ionization over the remainder of the pulse.44 

 

Figure 1.4 Schematic of the ionization process using femtosecond laser radiation of 
glasses. (A) multiphoton ionization, the simultaneous absorption of m photon to induce 

transition from valence to conduction band. (B,C) avalanche ionization, initially free 
electrons absorb laser photons and ionize bound electrons from the valence to the 

conduction band through impact ionization.44 

 
Avalanche ionization (illustrated in Figure 1.4B and C) requires some seed electron 

already in the conduction band for free electrons to linearly absorb photons and move 

to higher energy states in the conduction band44. This is known as free carrier 

absorption. Free electrons can gain energy from laser pulses because of the inverse 

Bremsstrahlung process; collisions between electrons, phonons, and photons. Once the 

free electron energy is greater than the bandgap, the electron can collisionally ionize 

another electron from the valence band. The impact ionization results in two free 

electrons that can absorb energy through free-carrier absorption and collisionally ionize 

more bound electrons. As this process repeats, the free electron density grows 

exponentially until reaching a critical density. A plasma is created and becomes highly 

absorbing, eventually leading to irreversible material breakdown. 
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Following the nonlinear processes, energy is transferred from the hot plasma to 

the lattice through a thermalization process, which begins with electrons collisionally 

heating the ions and reaching a thermal equilibrium of approximately 105 K, on a 

picosecond timescale.44 Within nanoseconds, a pressure or shockwave is generated 

from the focal volume due to a rise in temperature at constant volume. Glezer et al.45 

attribute the rate of increase of pressure with temperature to be the product of thermal 

volume expansion and the material’s bulk modulus. 

 

1.5 Parameters affecting Laser-Glass Interaction 

Many parameters affect the process and resulting phenomena of femtosecond laser- 

glass interaction, such as laser light wavelength (λ), pulse energy (E), pulse duration (τ), 

and repetition rate (R).19 In the following sections, we discuss each of these parameters 

to help understand the nature of femtosecond laser-glass interaction and how tailoring 

those parameters can lead to unique glass structure and functionality. The present work 

is focused on the effects of laser fluence and repetition rate on oxide glasses, while 

maintaining near-infrared wavelengths and femtosecond pulse durations. 

 

1.5.1 Wavelength 

Central wavelength of the incident laser has been shown to affect the resulting 

properties significantly5, 14, 19, 44. Hernandez-Rueda et al.5 have investigated the impact of 

laser wavelength on spatial features and damage tracks in fused silica, reporting 

thresholds for damage (voids) and smooth changes (refractive index) increase with laser 

wavelength, and focal volume of features decreases when shorter wavelengths are 

utilized. The authors have proven that longer wavelengths provide a wider range of 

pulse energies over-which structural changes occur. 

The material damage threshold intensity is primarily attributed to three 

experimental parameters: pulse duration (τ), pulse energy (E), and numerical aperture 

(NA). The effects of τ, E, and NA on light intensity at a given wavelength is described by: 

𝐼 ∝ 𝐸 ∙ 𝑁𝐴2/[𝜏𝜆2(1 − 𝑁𝐴2)] (1.2) 
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Jia et al.14 have shown a strong correlation between threshold fluence and laser 

wavelength between 250-800 nm but is constant from 800-2000 nm. 

 

1.5.2 Pulse Energy and Intensity 

Transparent materials absorb femtosecond laser pulses through nonlinear 

ionization processes and generate permanent modification to the material’s structure. 

The threshold energy refers to the minimum energy needed for nonlinear absorption 

that seeds electrons.19 Energies near the threshold result in changes in the refractive 

index within the focal volume. At low pulse energies, we observe small isotropic 

changes to the refractive index, resulting from changes to the electronic configuration 

and polarizability, and minimal change to the structure and morphology. Intermediate 

pulse energies induce type II refractive index change, or birefringent modification. This 

is typical with femtosecond laser operating above the glass damage threshold and is 

achieved through multiphoton absorption.46 Under high pulse energies shockwaves are 

generated from significant pressures building within the focal volume and resulting in 

microexplosions and void formation. The relationship between pulse energy and visible 

modification to the glass is demonstrated in Figure 1.5, using white light microscopy to 

image the laser modified interface. 

 

 
Figure 1.5 White light microscopy images of laser modification inside fused silica over a 

range of pulse energies.18 
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Laser intensity (I) is directly associated with refractive index modification after 

laser exposure. Based on the following equation: 

𝑛 = 𝑛0 + 𝑛2𝐼 (1.3) 

 
where n2 is the nonlinear component of the refractive index, n0 is the linear refractive 

index, and n is the total refractive index. While the refractive index is strongly 

dependent on laser intensity, increasing the energy can displace the focus and cause 

self-focusing. This is a non-linear process induced by a change in the materials refractive 

index and subsequently acts as a focusing lens. The peak intensity of the self-focused 

region continues to increase as the wave travels through the medium, until defocusing 

effects or medium damage interrupt the process. The focus of this work is to laser 

irradiate glasses at and below damage threshold, therefore enabling and controlling 

changes in glass structure. 

 

1.5.3 Pulse Duration 

The effect of pulse duration (τ) on both structural changes and damage threshold 

has been well researched.21, 47-50 Optical breakdown is dependent on the laser field 

strength. Based on the previously discussed mechanisms of laser – glass interaction, the 

field strength required for plasma density growth to critical values hinges on laser pulse 

width. The amount of energy transferred from the electrons to the ions and lattice, 

during the pulse, depends on pulse duration. Additionally, it is important to account for 

thermal diffusion as energy can leave the focal volume due to thermal conductivity. 

Studies using pulse regimes longer than 20 ps, found optical damage threshold in 

fused silica to scale as τ1/2. Due to their lower intensity and field strength, the 

multiphoton ionization contributions are negligible, and breakdown is dominated by 

avalanche ionization. This process is more efficient when subject to longer pulses 

because it increases time for exponential growth of the conduction band electron 

density. Energy transfer from electrons to ions, in long pulses, involves significantly 

more heat diffusion across volumes larger than the laser focus. Although localized 

melting and cracking occur, peak temperatures are relatively low. 
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For pulses shorter than 10 ps, nonlinear photon absorption occurs on a timescale 

much shorter than the transfer of energy to the lattice or thermal diffusion. As 

previously mentioned, pulse lengths of this timescale promote the bandgap transition of 

electrons through multiphoton ionization prior to avalanche ionization growing the 

plasma to critical densities. Reducing the pulse width increases the laser field strength 

and peak intensity significantly, therefore energizing electrons from a few to tens of 

electron volts during the pulse.20 The extreme temperature difference between 

electrons and ions creates a shock-like deposition of energy into the glass after 

removing the pulse. Rapid heating and melting causes vaporization and ablation within 

the focal volume. Shortening the pulse width also reduces the thermally modified 

volume. In the present work, we focus on pulse durations in femtosecond timescale 

(high-repetition rate – ~ 50 fs, low-repetition rate – ~ 250 fs). 

 

1.5.4 Repetition Rate 

Material modification is distinguishable based on the time between pulses. The 

two modification regimes are attributed to low- and high-frequency (illustrated in Figure 

1.6), where the subsequent pulse occurs before or after thermal diffusion within the 

focal volume. Previous studies have investigated the effect of repetition rate on laser 

modified properties of glass.4, 51, 52 The authors have found cumulative heating occurs at 

repetition rates greater than 200 kHz, and thermal modifications can occur in volumes 

much larger than the photoexcited region once above that threshold. 

 

 

Figure 1.6 Femtosecond laser pulse radiation at low and high repetition rates.51 
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The low-frequency regime (1-200 kHz) generates material modification in a single 

pulse, making time between pulses on the order of hundreds of microseconds. Based on 

previous findings, thermal diffusion in most glasses occurs at ~1 µs.4, 51, 52 Low repetition 

rate lasers produce little to no thermal effects, seen in Figure 1.7, due to the time 

between pulses enabling thermal diffusion in silicate glasses. In the present thesis, we 

demonstrate the effect of pulse energy at low-frequencies on the resolving structure in 

both soda-lime and calcium aluminosilicate glasses.53, 54 

 

 

Figure 1.7 Simulated glass temperature as a function of total number of laser pulses 
exposed, for low-, mid-, and high-repetition rates.4 

 
At high-repetition rates (0.5-2 MHz) the energy from each pulse accumulates in 

the focal volume, achieving very high temperatures with pulse energies on the order of 

nanojoules. As the time between pulses becomes shorter than the time necessary for 

thermal diffusion of the laser radiation, cumulative thermal effects drive structural 

changes. These changes may manifest in numerous ways including but not limited to the 

following: phosphorescence, supercontinuum generation, point defects (color centers, 

oxygen hole centers), ion migration, nucleation, voids, and refractive index changes. In 

the present thesis, we study both high- and low-repetition rate femtosecond pulse 

lasers to investigate structural changes from thermal accumulation and shock-wave 

propagation. 
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1.6 Femtosecond Laser-Induced Phenomena 

Femtosecond pulse laser radiation has been used to modify both physical and material 

properties using the specific parameters previously discussed. Due to the laser’s unique 

capability of modifying highly localized areas and volumes, fabrication of micro and 

nanostructured devices presents enormous potential for widespread application. 

Femtosecond lasers are used in but not limited to the following: optomechanical 

materials, microfluidic devices, three-dimensional storage, laser surgery, and pump- 

probe imaging. Of the numerous laser-induced phenomena, we focus on void formation 

and densification in silicate glasses. 

 

1.6.1 Voids 

Formation of voids in glass using ultrafast laser radiation has been actively 

studied over the past twenty years. Applications ranging from LIPSS to high-density 

optical storage make voids an interesting area of research. Glezer et al.45 were among 

the first to demonstrate sub-surface microexplosions in transparent materials using 

femtosecond laser pulses. Their findings included a cavity (region of low density) 

surrounded by a region of compact material (densified substrate). Many other 

researchers7, 16, 17, 53, 55 have reproduced these void structures by varying the laser’s 

parameterization, inherently changing the physical and structural properties of the void 

and its surrounding material. 

As we know, microexplosions and void formation result from high-energy 

electron plasma transferring energy between the electrons and lattice, leading to the 

explosive expansion of a pressure wave or shockwave. This process ejects material from 

the focal volume and forces it into the surrounding area, generating a densified ring that 

surrounds a void or region of low density. The size of the void and pressure-densified 

regions have been determined experimentally as a function of deposited energy, where 

experimentation follows conservation laws. The void diameter (DV) can be determined 

using the following expression: 
 

𝐷   = 
𝐼𝑎  3√𝐴(𝐸 − 𝐸   ) (1.4) 

𝑣 𝐹 𝑝 𝑡ℎ 
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where Ia is absorption depth of laser radiation, absorption coefficient (A), F is a function 

of the compression ratio between laser densified and pristine densities, pulse energy 

(EP), and threshold energy for void formation (Eth). 

Most studies involving ablation and void formation in oxide glasses have focused 

on fabrication of LIPSS and laser interaction dynamics in simplistic systems, such as 

fused silica.16, 17, 45, 56 The majority of glasses manufactured for consumer applications 

are multicomponent systems. There is a lack of understanding how these comparatively 

complex systems respond to laser exposure, what effects modifier valency and 

concentration have on the laser interaction, and the mechanisms responsible for laser 

modification. In the subsequent chapters we address this in two of the most commonly 

manufactured glasses, soda-lime silicate and calcium aluminosilicate. 

It is worth noting the discrepancy between voids formed using long and short 

pulses. Because long pulses lack the field strength necessary for multiphoton ionization, 

it relies solely on seed electron density from impurities and defects to induce avalanche 

ionization. This can vary significantly from site to site, causing fluctuations in the 

breakdown- and damage-threshold. Conversely, multiphoton ionization drives the 

formation of seed electrons in short pulse lasers, making the breakdown threshold more 

deterministic. In the present work, we induce void formation using high-energy, low- 

repetition rate laser exposures at and along the glass surface. 

 

1.6.2 Refractive Index & Densification Change 

Femtosecond laser modification of refractive index remains one of the most 

studied topics, in part due to localized changes serving as building blocks for complex 

photonic systems written in glass. Localized permanent changes to refractive index was 

first demonstrated in 1996 by Hirao’s group, when a focused femtosecond laser pulse 

from a Ti-sapphire crystal was used to write waveguides inside glass.2, 3 The 

aforementioned processes responsible for inducing change to refractive index are 

multiphoton and impact ionization. Transferring energy from the electron plasma to the 

glass, leads to a change in glass structure and its optical properties. During this process, 

there are several mechanisms believed to modify refractive index: 1) thermal effect or 
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fictive temperature model; local structure becomes denser after immediate quenching 

once the laser is removed57-60, 2) defect induced structural modification; formation of 

point defects (non-bridging oxygen hole centers (NBOHC), Si E’ centers, and color 

centers) lead to densification2, 3, 58, and 3) mechanical densification, typically observed 

with intensities above damage threshold where shockwave expansion induces ablation 

or void formation and condensing Si-O-Si rings from four- to three-membered1, 57, 61. 

Classification of the change in refractive index is ascribed into two types: Type (I) 

– highly localized increase in refractive index relative to the bulk occur when laser 

exposures of low-fluence and high repetition rate induce thermal accumulation, 

resulting in fast quenching (increased fictive temperature)61-63 and Type (II) – high laser 

fluences induce multiphoton and impact ionization, leading to significant temperature 

and pressure gradients that form shockwaves and irreversible structural damage61-63. 

Glass composition plays an important role in the sign of index change and 

mechanism responsible. Fictive temperature (Tf) from the thermal history of a glass 

prior to quenching, represents the last temperature at which glass reaches an 

equilibrium state. Most glasses densify with slower cooling rates (lower Tf), illustrated 

in Figure 1.8a. Pure SiO2 is the exception to this trend, where higher Tf increases three- 

and four-membered tetrahedral rings which reduces the average Si-O-Si bond angle 

(both characteristic of densification). Furthermore, Locker et al.60 have demonstrated 

the refractive index modification in multicomponent glasses may be positive or negative 

for Type (I), depending on glass composition. Showing a negative change in index for 

soda-lime silicate (consistent with expectations based on Figure 1.8a and a positive 

delta for aluminosilicates glass). Bhardwaj et al.64 have compiled a comprehensive study 

of femtosecond laser induced refractive index modification, within written waveguides, 

in a variety of multicomponent glasses such as borosilicate, aluminosilicate, sodium- 

phosphate, and lanthanum-borate glass. Similarly, they authors have reported negative 

index change in all compositions other than aluminosilicate, which showed positive 

change of index. 
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Figure 1.8 Glass relaxation plot comparing volume as a function of temperature 
dependence for (a) most glasses and (b) silica. Normal glass transition (a) results in 

higher densities with slower relaxation time, and lower fictive temperatures (Tf). Silica’s 
anomalous behavior causes higher Tf correspond to higher density. Points ABC 

schematically represent waveguide writing with ultrafast lasers; melting and rapid 
quenching.57 

 
Densification and Type (II) refractive index laser modification are attributed to 

the shockwave-induced compression of material outside the focal volume, exhibiting 

higher mass density. Laser-induced void formation in silicate glasses leads to a 

densification process strikingly similar to multi-anvil high-pressure cells and Vickers 

indentation; i) fused silica densification is driven by the breaking of Si-O bonds and, 

compressing the structure through the formation of three- and four-membered rings15, 

65, ii) soda-lime silica densifies through reduction in Si-O-Si bond angle53, 66, and iii) 

aluminosilicate densification relies on the transition of Al from four- to five-fold 

coordination.23, 54 

Changes to refractive index and density originate from electronic and structural 

modification, and these perturbations serve as a foundation for the innovation and 

fabrication of integrated photonic devices. 
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1.7 Thesis Outline 

The results and discussions of this thesis are divided into four chapters (Chapter 2-5). 

Chapter 2 presents preliminary finding when exposing various commercial oxide glasses 

to ultrafast pulse laser radiation. Chapters 3-5 detail laser-induced structural 

modification of soda-lime silicate and calcium aluminosilicate, respectively. Specifically, 

Chapters 3 and 5 discuss experimental analysis of laser modified glass structure and 

Chapter 4 presents a comprehensive study using modeling and simulations. Sample 

synthesis, processing, and characterization techniques are described in their respective 

sections. 

In Chapter 2, Ultrafast Modification of Oxide Glass Surface Hardness, high- 

repetition rate laser irradiation causes significant change in surface hardness in various 

commercial glasses. Terahertz time-domain spectroscopy (THz-TDS) verified these 

findings through refractive index changes consistent with laser-induced density changes. 

The following Chapter 3, Structural Modifications of Soda-Lime Silicate Glasses using 

Femtosecond Pulse-Laser Irradiation, discusses low-repetition rate laser exposure in 

soda-lime glasses using a range of fluences above the glass damage threshold. In 

combination with molecular dynamics (MD) simulations predicting Q-species 

distributions of target compositions and Raman spectroscopy of irradiated regions 

inside the laser focal volume. 

Chapters 4, Laser-Induced Structural Modification in Calcium Aluminosilicate 

Glasses using Molecular Dynamic Simulations, outlines a comprehensive and detailed 

investigation on the structural changes responsible for laser densification in 

aluminosilicate glass. The model samples glass chemistry and laser fluence as rate 

limiting variables required to maximize densification. 

Chapter 5, Spectroscopic Study of Laser Modified Calcium Aluminosilicate 

Glasses using Low- and High-Repetition Rates, presents experimental data supporting 

simulation predictions in Chapter 4. Coincident Raman and Brillouin measurements 

show low-repetition rate laser radiation creates non-homogenized regions with variable 
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densities. Based on 27Al MAS NMR data, ultrafast laser exposure leads to formation of 

AlV, which shows some dependence on pulse energy. 
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2.1 Abstract 

 
Application of femtosecond lasers is widely utilized in micromachining transparent 

materials. We have successfully altered the surface hardness of various commercial 

silicate glasses using a high intensity femtosecond pulse laser. The femtosecond laser 

generates pulse energy of 500 nJ with a central wavelength of 800 nm. Using a peak 

power of 2.2 W and a repetition rate of 5.1 MHz, we observed an 18-20% increase 

surface hardness in glasses with low-modifier content and 16.6% decrease in glasses 

with high-modifier content. All laser exposed glasses show no detectable induced- 

crystallization or surface ablation. X-ray photoelectron spectroscopy (XPS) results of our 

samples confirmed the laser irradiation had no detectable effect on surface chemistry. 

X-ray reflectometry (XRR) data showed the change in hardness was attributed to a thin 

layer with modified density. Experimental results suggest the strengthening mechanism 

derives from local structural transformation of interatomic bond distances and angles. 

 
2.2 Introduction 

 
The interaction between femtosecond laser pulses and transparent materials has 

become an actively researched topic over the past two decades1-3. Recently, many 

interesting phenomena induced by femtosecond laser irradiation in transparent 

materials have been reported, i.e. nonreciprocity writing, oxidation and reduction of 

dopants, migration of ions and micro-fabrication of 3D structures3-6. Femtosecond laser 

pulses have the unique capability of irradiating a localized area with a large amount of 

energy. Deposition of energy in the glass network enables the structure to relax into a 

quasi-equilibrated state7. Controlling and optimizing the glass structure with laser pulses 

involve nonlinear absorption effects. Linear absorption is not observed in pure 

transparent materials because of insufficient photon energy needed to overcome the 

large bandgap, however, when sufficient energy is applied to a glass, significant 

nonlinear absorption takes place1. 
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Classification of refractive index modification has been ascribed as Type (I) and (II). 

Regions with highly localized increases in refractive index relative to the unexposed bulk 

are known as Type (I). These changes are typically observed in laser exposures of low 

fluence and often result from local heating or melting followed by immediate cooling 

and the formation of color centers due to breaking Si-O bonds8, 9. Restructuring the glass 

matrix through a thermal process causes bond weakening and subsequent ionic 

rearrangement, however the degree of modulation is highly dependent on the thermal 

history and initial glass relaxation10. Type (II) refractive index changes are induced by 

high temperature and pressure gradients, resulting in the formation of stress fields11. 

Random network and space groups in glass provide an opportunity to distort 

bonds and interbonding angles. Applying intense femtosecond laser pulses to glass will 

produce a highly nonlinear interaction often resulting in permanent changes in material 

structure. Given the size of the incident beam, effective nonlinear interaction and 

subsequent modifications occur locally. Refractive index modifications via femtosecond 

laser irradiation have been observed with pulse energies ranging from 0.1-10 µJ and 

repetition rates from 1-100 kHz12, 13. These localized changes are highly dependent on 

composition and the positive or negative index changes tend to vary based on laser 

parameters. Processes using repetition rates greater than 200 kHz tend to observe 

minimal defect-induced damage14. The present paper provides methods to increase 

surface hardness by applying high repetition rate ultrafast laser pulses. 

Surface swelling is a common side effect observed during waveguide writing; laser- 

induced stresses manifest from confined quenching after near-surface exposure. 

Multiphoton absorption and subsequent plasma formation generate the necessary 

temperature and pressure to result in structural changes 15-17. Localized energy 

deposited beneath the material surface mitigates material oblation, therefore allowing 

stresses to develop as the irradiated region expands. As Bhardwaj et al.17 outline, 

focusing just beneath the surface restricts lateral expansion and forcing expansion 

parallel to the incident beam, resulting in swelling. Another technique that results in 

increased hardness involves high-repetition laser pulses to redistribute ions into unique 
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structures with enhanced properties. Ion migration is of interest because 

optomechanical properties are related to elemental distribution. High-repetition rate 

femtosecond laser irradiation provides an opportunity to not only manipulate ionic 

positions, but also be spatially selective. Repetition rate is a crucial variable to ion 

migration as it proportionally effects localized heat accumulation. High-repetition rates 

accumulate significant heat, enabling bond-breaking and ion migration. Thermal 

diffusion within the focal point causes a temperature gradient, elements with high 

diffusion coefficients escape to regions of lower temperature 1, 18, 19. Vacancies within 

the laser treated region are then occupied by network formers because the binding 

energy of former to oxygen is greater than modifier to oxygen. This results in a more 

structured network with superior hardness. Finally, high-repetition rate laser pulses of 

low-intensity can create an environment in which structural rearrangement occurs 

without a redistribution of elements. Heat accumulation within the laser focused region 

enables local changes to bond lengths and angles. However, before a thermal 

equilibration is reached, the structure is quenched. Observed structure relaxation is a 

result of transient laser-induced plasma generation and subsequent shock wave20. 

Highly focused beams are able to structurally alter a region under 1µm 21. Glass 

composition and modifier content play a large role in the laser-modified network; low 

modifier content shows change in Si-O network, high modifier content observe primary 

variation to non-bridging oxygen (NBO) sites20. Unique laser energy regimes result in 

various modifications to the glass structure: densification, decompaction, and ablation. 

We present our results and interpretations on selected commercial glasses in this paper 

22, 23. 
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2.3 Materials and Methods 

 
2.3.1 Femtosecond Laser Treatment & Terahertz Time Domain Spectroscopy 
Analysis 

We used a commercial femtosecond laser system, FEMTOLASER Scientific XL 500 

(FEMTOLASERS Produktions GmbH, Austria) for our laser treatment. The solid state 

Ti:Sapphire based high energy oscillator system provides a pulse energy of 490 nJ, pulse 

duration of less than 50 fs, and a repetition rate of 5.1 MHz. The XL 500 system has four 

major components: pump source that continuously emits green light of 532 nm, a 

Ti:Sapphire oscillator chamber, a laser cavity including a multi-pass Herriot cell and a 

prism compressor to compress the pulses into femtosecond timescale. A plano-convex 

lens was used to focus the collimated beam, producing a Gaussian profile of 1/e2 beam 

radius 7.5 µm measured at the sample surface. Calculated peak exposure fluences of 

1.59 J/cm2 were derived from pulse energy measurements outlined by Liu24. Irradiation 

experiments were performed on polished surfaces held at a normal incidence to the 

laser beam and directed to the sample fixed to a XYZ translation stage (Thorlabs, USA). 

The mechanical translation stage was positioned for the focal point along the surface; 

this was done by maximizing fluorescence of the incident beam (onto a Cs-doped 

ceramic) using a visualization system (CCD camera). The stage was moved in a two- 

dimensional plane normal to the beam. The sample was then rastered so parallel laser 

lines, 15 µm distant apart, were written across an area of 10 mm2 at a speed of 2.2 

mm/s. Figure 2.1 shows a schematic of our set up and rastering of a sample. 
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Figure 2.1. Femtosecond laser irradiation setup and beam rastering module. 

 
Soda-lime silicate (SLS), borofloat (BF), and alumino-borosilicate (ABS) refractive 

indices were characterized using terahertz time domain spectroscopy (THz-TDS, TPS 

Spectra 3000, Teraview, UK). Terahertz radiation is produced by a mode-locked 

Ti:Sapphire laser with central wavelength of 800 nm, 80 MHz repetition rate and pulse 

width of 100 fs. The pulse is separated into a pump and probe beam; pump beam 

generates THz radiation and probe beam detects THz pulses using GaAs semiconductors. 

Samples were mounted on a holder with an optical aperture of 4.55 mm. Reference 

measurements were made with the empty sample holder in air. Broadband THz-pulses 

are converted to a frequency regime through Fourier-transformation. Measurements 

were performed by averaging 3000 scans with a resolution of 1.200 cm-1 and scan 

frequency of 30 Hz. 

 

2.3.2 X-ray Photoelectron Spectroscopy 

All samples were cleaned with chemical detergent at room temperature, while 

immersed in an ultrasonic bath for 15 minutes. Nitrogen gas was used to dry samples 

before being stored in a vacuum desiccator. Prior to entering the introduction chamber, 

samples were placed into the Ultraviolet Ozone Cleaner (UVOC) for 15 minutes to 

remove carbon and other atmospheric elements deposited on the surface. Survey scans 

were collected for qualitative analysis of elemental composition. High-resolution scans 

of each identified element were collected using the same pass energy and dwell time. 

Elemental identification and concentration were determined using both CasaXPS and 
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V 2 

MultiPak 8.0 software. Relative sensitivity factors were then used to normalize area 

under the curve and calculate quantitative elemental compositions for each glass. All 

elemental concentrations come with a plus or minus 1 atomic % error. 

 

2.3.3 Surface Hardness Analysis 

A series of indentations were made on laser-irradiated and non-irradiated 

regions of aluminosilicate, Borofloat and soda-lime glass. Micro-indentations were made 

with a pointed indenter on a Buehler Micromet II micro hardness indenter. Surface 

hardness was calculated using Vickers hardness: 

 

H = 1.854 
F

 
d 

(2.1) 

 

where F is the incident force measure in grams and d is the indentation diameter or 

cross-section. Indentations were collected using 200 and 300 grams of force and a 15 s 

loading time, under ambient conditions. After indentation, each of the diagonal lengths 

in the square-shaped indentation were measured on an American Optical Microscope at 

100. 

2.3.4 X-ray Reflectometry 

X-ray reflectance (XRR) is a unique analysis technique well-suited for determining 

the near surface density (2-100 nm). Measurement were collected on a Bruker D8 

Advanced X-ray Reflectometer using wavelength of 154 nm from 0.000 to 3.500 degrees 

2θ with a step size of 0.005 degrees. DIFFRACT.XRR software was used to analyze XRR 

measurements through fitting a model against the measured data. Nevot-Croce 

roughness correction factor was used to define the vertical interface roughness and fit 

using a simulated annealing function. 

 
2.4 Results and Discussion 

 
2.4.1 XPS analysis of glass surface chemistry 

All XPS survey scans revealed expected elemental composition on the surface. 

Peak identification was consistent with the bulk chemical analysis. High-resolution scans 
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were collected for quantification of elemental composition. Elemental composition of 

manufacturer supplied glasses both before to and after laser irradiation are found in 

Table 2.1. All compositions showed a minimal change in Na ion concentration. Increased 

sodium concentration in SLS may be a result of the data collection and analysis; 

boundary position and using the area under the peak as opposed to fitting the data to a 

peak to determine composition. Minimal decrease in surface sodium content is likely a 

result of volatilization 25, 26. In this case, observed sodium concentration falls within 

detectable error. Figure 2.2 compares elemental concentration before and after laser 

treatment; a – Na2s at 63 eV and Al2p at 73.6 eV, b – C1s at 284.2 eV and K2p (K2p1/2 at 

292.6 eV and K2p3/2 at 295.6 eV), c – Ca2p (Ca2p1/2 at 350.6 eV and Ca2p3/2 at 347.0 eV), 

d – O1s at 531.6 eV, e – Si2p at 102.4 eV, and f – Sn3d5/2 at 486.4 eV. 

 

 
Table 2.1. Quantified Silicate Glass Surface Chemistry before and after Laser Irradiation. 

Glass/Treatment B O Na Mg Al Si K Ca Sn 

ABS/Untreated 2.8 65.5 1.5 1.3 1.0 25.8 1.3 0.2 0.6 

ABS/Treated 2.4 67.1 1.1 0.3 0.8 26.2 1.1 0.4 0.6 

SLS/Untreated 0.0 66.4 2.5 1.6 0.7 24.6 1.1 1.8 1.3 

SLS/Treated 0.0 66.3 3.0 0.9 0.5 25.3 1.2 1.6 1.2 

BF/Untreated 3.0 66.1 0.7 0.0 0.8 28.9 0.4 0.0 0.1 

BF/Treated 2.7 67.5 0.6 0.0 0.7 28.0 0.3 0.0 0.1 
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Figure 2.2. High-resolution XPS scans of SLS glass before (black) and after (red) laser 
irradiation 

 
In laser irradiated ABS glass, we observed a depletion of ≤ 0.4% and a surface 

enrichment in oxygen and silicon of ≤1.1% and 0.4%, respectively. The minimal 

depletion of boron, sodium, and aluminum are within the measurable associated error 

and standard deviation of 0.5 atomic%. However, thermal effects have been 

documented to induce the depletion of the previous elements in the literature27. 

Similar depletions were observed in both SLS and Borofloat glasses. Surface 

analysis showed minimal depletion of Mg ≤0.8% in SLS. Loss of magnesium in both SLS 

and ABS glasses can be a thermal effect, however, the depletion or enrichment of a 

cation species less than 1.5% is hard to definitively attribute to the femtosecond laser. 

The enrichment of sodium along the SLS glass surface lies within the measurable 

standard deviation and shows no conclusive evidence of ion migration in any other 

cation species. 

Laser-induced effects in BF glass were expected to be significantly different 

because of the low modifier content and lack of alkaline earth ions. BF ionic content 

within laser irradiated region, seen in Figure 2.3, shows no significant change after high- 

intensity pulse exposure. Elements shown in Figure 2.3 are as follows: a – Na1s and 
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Al2p, b – B1s at 192.2 eV, c – C1s, d – O1s, e – Si2p, and f – Sn3d5/2. Small amounts of 

potassium are found in Figure 2.3c at 293 eV. Post-exposure high-resolution scans are 

nearly identical to the pristine sample, aside from the minimal shift of Si2p observed in 

both SLS and BF glass. 

 

Figure 2.3. High-resolution XPS scans of BF glass before (dash) and after (dot) laser 
irradiation 

 
ABS high resolution scans are shown in Figure 2.4. Similar to SLS and BF, laser 

exposure has no observable effect on ion concentration at the glass surface. XPS scans 

of the detectable elements in ABS glass include a – Al2p, b – B1s, c – C1s, K2p1/2, and 

K2p3/2, d – Ca2p, e – O1s, and f – Si2p. The symmetric O1s peak indicates that the 

bridging oxygen (BO) to non-bridging oxygen (NBO) ratio is unaffected by laser 

irradiation, therefore proving femtosecond laser pulses do not cause restructuring in the 

glass network. 
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Figure 2.4. High-resolution XPS scans of ABS glass before (dash) and after (dot) laser 
irradiation 

 
Ion concentration along the glass surface is of interest because of the thermal 

and optical affects induced by the femtosecond laser (i.e. ion migration of network 

modifying agents that may induce surface stress layers). It has been shown that high- 

intensity laser pulses cause minimal change to glass surface chemistry. Unlike Shimizu 

and Luo 18, 19, where elemental distribution was observed under high-repetition-rate 

femtosecond laser exposure with peak fluences of 10.7 and 63.8 J/cm2 respectively, 

experimental peak fluences in this study only reached 1.59 J/cm2. All other 

components showed no variation between the manufactured surface and laser 

irradiated-manufactured surface, therefore proving that high-intensity femtosecond 

laser pulses do not affect the silicate glass surface chemistry. 

 
 

2.4.2 Surface hardness & Densification 

Both laser-irradiated and untreated glass surface indentation results are shown 

in Figure 2.5. Untreated glass surface compositions have a standard deviation of ≤0.08 
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GPa. Post-treated surfaces observe a greater standard deviation; Borofloat and SLS 

approximately 0.11 GPa and ABS 0.18 GPa. Increased deviation in calculated surface 

hardness of laser exposed glasses is believed to result from a more highly disordered 

structure. High-intensity pulse irradiation will cause distortion to interatomic bond 

angles and lengths, therefore increasing surface hardness variability. 

Vickers hardness comparison before and after laser exposure is illustrated in 

Figure 2.5. Under ambient conditions two of three silicate systems experienced an 

increase in surface hardness between 18.8 and 20.2%. SLS glass surface hardness was 

reduced 16.6%. Polarized light microscopy confirmed that the hardening effect in BF and 

ABS glasses was not a result of generating stress fields. Sample stress was observed 

using a polarimeter (70  90 mm field, 0-140 nm retardation with orientation, and ~0.3 

nm resolution), to ensure both surface and bulk stress remained constant throughout 

laser-processing. Annealing low stress glasses increases the surface hardness 6-9%, at 

most28. Given the standard effect from annealing on surface hardness, it is likely not the 

mechanism responsible for such a significant increase. Reduction of SLS surface 

hardness is believed to stem from its high network modifier content; nearly twice ABS. 

Increased modifier content reduces tetrahedra and increases Qx species, causing silica 

rings to break. Open structures may be more susceptible to undergo an increase to 

interatomic bonding lengths and angles. 
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Figure 2.5. Micro-indentation analysis of silicate glass surface hardness (left), refractive 
index as a function of frequency for soda-lime silicate and alumino-borosilicate 

 

 
The THz refractive index spectrum for SLS and ABS glass is shown in Figure 2.5. 

The cutoff frequency occurs when the intensity falls below the noise floor, at which 

point the signal to noise ratio was too low to calculate accurate dielectric properties. In 

the case of SLS glass, pulsed laser irradiation was found to decrease the refractive index. 

At higher frequencies, the delta between laser-modified and pristine decreased by 

approximately 50%. Identical laser exposure conditions for ABS glass resulted in a 

refractive index increase of 0.012 compared to an unmodified region. The change in 

refractive index is consistent at higher frequencies, where Δn = 0.011. These findings are 

consistent with Type I modifications in both SLS and ABS due to the fact that no 
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localized stress fields were generated and because low pulse energies can produce 

either a positive or negative index change depending on the type of glass11, 29, 30 

X-ray reflectometry (XRR) is a surface –sensitive X-ray scattering technique that 

determines material density, interface roughness, and layer thickness. Because of its 

sensitivity to electron density, structural modification after laser exposure will be seen 

through X-ray scattering (although highly sensitive to roughness as it causes diffuse 

scattering, the interface roughness remained well below the standard 2-3 nm). Figure 

2.6 shows the reflectivity pattern 2θ versus intensity of reflected X-ray photons. Pristine 

samples of both SLS and ABS glasses underwent density changes after laser exposure. 

The borosilicate observed increased scattering at higher 2θ and SLS scattering decreased 

at intermediate positions. Decreased scattering results from electron density reduction 

and vice versa. There is a high correlation between electron density and mass density in 

glass; increased electron density also increases refractive index. Interestingly, 

densification and decompaction do not occur at the same position. Decreased electron 

density in SLS begins around 0.75º 2θ, whereas the increase in ABS electron density 

begins at 1.5º 2θ. Interface roughness and densities are found in Table 2.2. These results 

validate our claim that femtosecond pulse irradiation induce structural changes in 

various silicate glasses. 
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Figure 2.6. X-ray reflectometry measurements before (black) and after (red) laser 
modification; top-ABS, bottom-SLS 

 
Table 2.2. Silicate Glass Surfaces Analyzed Using X-ray Reflectometry 

Composition Surface Roughness 
(nm) 

Profile Density 
(g/cm3) 

ABS Untreated 1.1946 No Gradient 2.20 
ABS Treated 0.8288 No Gradient 2.32 

SLS Untreated 1.314 No Gradient 2.65 

SLS Treated 1.505 No Gradient 2.50 

 
Increasing angular range from 0.12-0.42° 2θ is a result of finite dimensions for a 

measured sample, this part of the pattern below the critical angle is not modeled. Below 

0.12º the simultaneous effect of direct beam exposure and air scattering causes 

increasing intensity and has been ignored. Using a curve fitting procedure on the 

reflected profile, surface roughness and density are determined. Measured patterns 

were fit by minimizing χ2 through algorithmic refinement above the critical angle. ABS 
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glass surface has undergone a densification of 5.2% after laser exposure while SLS 

surface density was reduced 5.7%. The mechanism associated with the density changes 

is believed to be structural modification to interatomic bonds. As previously mentioned, 

reducing the bonding distance and angle on Si-O sites results in densification. Increasing 

these structural components causes decompaction and decrease in density31. 

 
2.5 Conclusion 

 
In conclusion, we report surface hardening in various commercial silicate glasses. 

Femtosecond laser pulses have been shown to increase surface hardness in glasses with 

low modifier content 18.8-20.2% and decrease surface hardness of high modifier 

content glasses by 16.6%. XPS and polarized microscopy validate the hardening 

mechanism operates without affecting surface chemistry or inducing residual stress 

layers within detectable limit of these tools. Scattering deviations in XRR 

characterization verifies electron density deviations, therefore supporting a change in 

near-surface density. Using a high-intensity femtosecond pulse-laser, the surface 

hardness of glasses with variable modifier have shown contrasting effects. These results 

show promise for rapid strengthening of commercial glasses. 
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3.1 Abstract 

 
Femtosecond pulse laser irradiation (250 fs, 1030 nm) of alkali and alkaline earth 

modified soda-lime silicate (SLS) glasses resulted in densification. The degree of density 

changes depends on pulse energy and glass-network connectivity. A Raman 

spectroscopy study of the high-frequency region (800-1200 cm-1) confirmed that surface 

densification was the result of interatomic changes in the distribution of silicon- 

nonbridging oxygen (NBO) bond lengths and Si-O-Si bond angle distribution (BAD). 

Modifier valency contributes to structural rigidity and the degree of disorder a glass can 

incur during the deposition of high-energy laser pulses. Varying soda content caused 

larger shift in the laser modified Q3 band position and width compared to the calcium 

modified system. Increasing laser fluence was found to affect the position of Q3 Si-O 

stretching mode as well as the band width, indicating the increased degree of disorder 

laser pulses induce. These results underscore the role of modifier ions in the laser- 

induced densification of the SLS glasses. 

 
3.2 Introduction 

 
Processing materials using femtosecond lasers has recently grown in interest.1-7 

Methods utilizing high-intensity packets of energy to manipulate material structures are 

actively evolving and are subsequently applied to countless applications. Among the first 

photo-inscribed devices fabricated by translating a focused laser beam along glass, 

waveguides and gratings originate from electronic and structural modifications like 

changes to local refractive indices. Understanding the degree to which femtosecond 

pulsed radiation of soda-lime silicate (SLS) induces densification would apply to ultrafast 

laser strengthening of glasses. Studying the effect of modifier valency and concentration 

on laser-densification provides insight into how glasses may best be designed to 

optimize photo-modification. 

The general irradiation process begins with nonlinear absorption of the laser 

radiation causing high density plasma formation confined in the solid.8, 9 Previous 



45  

studies have confirmed the effects of femtosecond laser modification in which 

permanent structural changes arise from void formation, shockwave generation, 

refractive index modification, and densification.10-12 Permanent structural modifications 

are a result of high-density plasma formation, high-pressure shockwave, densification, 

and thermal expansion from elevated residual temperatures. Hayasaki et al.13 studied 

phase changes using ultrafast-laser radiation to induce heating and expansion of the 

borosilicate glass system, where the pressure wave induced void formation and 

subsequent melting and resolidification. Modification of fused silica is driven by the 

absorption of optical energy from the incident beam, initially due to photoionization 

(including multi-photon ionization), then as the free-carriers acquire enough energy, 

avalanche ionization. The degree to which fused silica is modified is therefore expected 

to depend on the irradiance of the beam and polarization-dependent free-carrier 

generation rates.14 The relationship between laser fluence and optomechanical 

properties is not yet well understood, therefore this study aims to identify a correlation 

between both pulse energy and modifier valency on densification. 

Raman spectroscopy is a powerful characterization tool for analyzing structure of 

amorphous solids such as glass. Changes in composition and rate at which glass cools 

affect the system’s entropy and bonding, subsequently altering vibrational modes 

detected through Raman.15-17 Micro-Raman spectroscopy has been used to study the 

effects of femtosecond laser irradiation on fused silica. Zimmermann et al.18 studied the 

effects of heat accumulation from high repetition rate (9.4 kHz) pulse-lasers on the 

resulting glass density in fused silica and borosilicate glasses. Similarly, Chan et al.7 and 

Krol19 demonstrated densification through the formation of fewer-membered ring 

structures after exposure to tightly focused femtosecond laser pulses. Silicon 

coordination has been quantified using the high-frequency region (800-1200 cm-1) of 

Raman spectra fit primarily to Gaussian or Lorentzian bands, although the latter has not 

shown significant changes.20, 21 

Discrepancies in the literature in assigning Q species to Raman spectra have led to 

uncertainty in interpretation.22-24 In the literature, Molecular Dynamics (MD) simulations 
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have successfully been used to compare the concentration of Q species to those taken 

from Raman spectra.23 Thus, simulation predicted Q species may be used as a guide in 

assigning the peaks in the Raman spectra. Of the several potentials devised and used for 

glass MD simulations, we have chosen Pedone.25-27 This potential has not only shown 

adequate agreement with silicate structural features but is also parameterized for 

significantly larger gamut of atoms than other alternatives.25 Thus, using the Pedone 

potential provides the possibility of comparison with future works of different 

composition. Pedone et al.28 have already produced successful studies with similar 

sodium silicate and SLS glasses. 

The aim of this work is to study the effect of modifier charge type on the glass 

structure and correlations between charge type and degree of structural modification 

induced by femtosecond single pulse laser ablation. Previous works29, 30 have shown the 

effects of variable laser fluences on the degree of densification. This study aims to 

investigate the effect of glass modifier (alkali and alkaline earth) concentration and laser 

fluence on the densification trends observed using Raman spectroscopy, specifically the 

laser fluence effect on the Q3 Si-O stretching mode in the Raman high-frequency region. 

There is a need for further investigation into evaluating the level of disorder induced 

using ultrafast pulse-laser interaction in silicate glasses as well as studying the 

densification by laser modification of alkali-rich versus alkaline earth-rich silicate glasses. 

 
3.3 Experimental Methods 

 
SLS glasses were prepared by mixing reagent grade Na2CO3, CaO, and SiO2 and melted in 

a platinum crucible for 1.5 h. The melt was then quenched in a cylindrical carbon mold 

where it was subsequently annealed at 10°C above its respective glass transition 

temperature (Tg). The glass cylinders were cut into 2 mm thick disks with a 25.15 mm 

diameter and ground to a thickness of 1.5 mm. Diamond suspension was used to polish 

the samples, producing an optical quality glass surface. Characterization of glass, found 

in Table 3.1, include chemical analysis and mass density, experimentally using 

Archimedes principle. 
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Samples were irradiated in ambient conditions by a single femtosecond-laser 

pulse generated from a YAG crystal emitting pulses at 1030 nm central wavelength and 

width of 250 fs. Laser energies were attenuated using the combination of a half-wave 

plate and pulse picker. A microscope objective (NA=0.08) was used to focus the 

femtosecond-laser, producing a Gaussian beam profile with a 1/e2 beam radius of 16 

µm. The beam waist was focused onto the glass surface using a CCD camera and lens. 

An XY translational stage was used to raster the beam along the sample surface. Laser 

irradiated spots were separated at least 100 µm apart to avoid overlap. Irradiation pulse 

energies started at 80 µJ and reduced by 10 µJ until reaching 30 µJ, at which point the 

energy was reduced by 1.5 µJ until no visible surface modification was detectable with 

optical microscopy. Laser damage created relatively smooth craters with diameters 

ranging from 3 to 50 µm and depths up to 250 µm. 

Table 3.1. SLS Glass Density and Composition by Batch and Chemical Analysis using X-ray 
Fluorescence. 

Property ρ  Composition (mol%) 
Batch - Chem. Analysis 

 

Sample Code (g/cm3) Na2O CaO  SiO2 

SLS1 2.481 15 16.89 10 8.52 75 73.78 

SLS2 2.499 20 18.31 10 10.64 70 69.96 

SLS3 2.513 25 25.38 10 8.78 65 65.69 

SLS4 2.567 30 28.51 10 8.38 60 62.58 

SLS5 2.511 10 9.53 15 13.97 75 75.86 

SLS6 2.618 10 11.09 20 18.12 70 70.67 

SLS7 2.659 10 10.27 25 23.93 65 65.05 

SLS8 2.701 10 11.27 30 28.43 60 60.22 

 

Confocal-Raman measurements were performed using an Alpha300 R – Confocal 

Raman spectrometer (Alpha300 R, WITec, Germany) in the wavenumber range between 

200 cm-1 to 1400 cm-1. Measurements were made in the center of ablation spots and a 

non-irradiated surface at least 3 mm away from the laser modified region; unmodified 

measurements were utilized as a reference, using a continuous wave diode laser with an 

excitation wavelength of 488 nm and power of 1 mW. The excitation source was 
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focused on the sample surface using a Zeiss EC Epiplan-Neofluar 100x microscope 

objective (NA=0.9), illuminating a circular area 0.6 µm in diameter with spatial 

resolution better than 1 µm. Data were collected using 30 accumulations, integration 

time of 30 s/accumulation, and an optical grating of 1800 groves/mm. The optical 

grating was calibrated using a single-crystalline silicon wafer and its band positioned at 

~520.6 cm-1. Wavenumber resolution of the Raman spectrometer is better than 1 cm-1. 

MD simulations ran using the Large-scale Atomic/Molecular Massively Parallel 

Simulator (LAMMPS)31 using the Pedone potential. This potential models short range 

interactions with the Morse function: 
 

2 

𝑈(𝑟) = 𝐷𝑖𝑗 [{1 − exp (−𝑎𝑖𝑗(𝑟 − 𝑟0))} 
 

− 1] (3.1) 

 

Note that in the case of high temperature or pressure simulations, this potentially is 

accompanied by a repulsive term of the order r-12. Three independent boxes of 1,500, 

3,000, and 50,000 atoms for each target composition were randomly packed at the 

initial estimated molar density of amorphous silicate. In accordance with similar 

studies32-34, the system was melted to a temperature of 4000 K in the canonical 

ensemble (NVT) for 200 ps with 2 fs time steps. A Berendsen thermostat controlled the 

temperature.35 After this randomization, the system was quenched to 300 K in the same 

ensemble for 200 ps resulting in a cooling rate of 18.5 K/ps. After equilibration at 300 K 

in the NPT ensemble for 100 ps, trajectories were recorded for a 100 ps production run. 

To determine the ratio of Q species in the glass, we first distinguished bridging and 

nonbridging oxygens (BO and NBO, respectively). We were then able to distinguish Q 

species based on their coordination to BO species. In both cases, a cutoff of 2.43 Å was 

used as the first minimum in the Si-O radial distribution function (RDF). 

 
3.4 Results & Discussion 

 
3.4.1 Structure of Pristine Glasses 

Interpretation of MD simulation results prove useful in deconvolution of Raman 

spectroscopic data. The distribution of Q-units  varies with alkali and alkaline earth 
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concentration, as seen in Figure 3.1. Results of the MD simulations match with the 

Random Network Model22, which is based on the random distribution of alkali ions 

around silicon. Consistent results across system size suggests a lack of system size effects. 

Variation in density and distribution of Q species between the 3 independent boxes is not 

statistically significant up to the number of signification figures report in this work. 

Compositions with low modifier content (e.g. 15Na2O·10CaO·75SiO2 and 

10Na2O·15CaO·75SiO2) are primarily composed of Q3 and Q4 species with minimal 

contributions from Q2. Randomness associated with the connectivity of this glass system 

is the result of freezing the structure with a fast-cooling rate. Like all glassy networks, the 

silica tetrahedra are unable to achieve an equilibrated structure. These results are nearly 

identical to similar compositions modeled using MD ab initio, MD, and neutron diffraction 

paired with Reverse Monte Carlo (RMC) modeling.16 In the case of varying alkali 

concentration, our model predicts a slower rate of depolymerization compared to the 

addition of alkaline earth. Simulations where alkali content exceeds 20 mol% cause a 

reduction in Q3 silicon species. This is simultaneously accompanied by an increase in 

silicon bonded to only one BO and three NBOs. It should be noted that all simulations with 

variable alkali content observed negligible concentration of Q0 and Q5. The reduction in 

Q4 with an increase in modifier content is proportional to the formation of Q2 species 

when either sodium or calcium are varied. The distribution of Qn species is dependent on 

modifier valency; forming Q1 and Q2 species with increasing Ca content in the SLS glass 

(Figure 3.1b) and Q3 species when modifying Na content (Figure 3.1a). When varying 

sodium content in Figure 3.1a, simulations predict the concentration of Q4 species will be 

equal to Q2 at approximately 35 mol%, whereas the Ca-SLS is predicted to have the same 

ratio surpass equivalence after ~31 mol%. Additionally, at the largest Na2O concentration 

there is ~10 mol% more Q4 than Q1. The reverse is true when we reach 50 mol% of CaO, 

where there is ~10 mol% more Q1 than Q4. A similar trend regarding Q2 and Q3 content 

suggests greater compactness as the network is disrupted. The simulated density affirms 

this assumption in Table 3.2, where the Ca rich SLS8 is 0.098 g/cm3 greater than the Na 

rich alternative. Pedone et al.28 studied sodium silicate and SLS glasses using the same 
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methods and found that the stronger bonds between Ca and oxygen increases 

compactness and cohesion energy when compared to equivalent sodium content. 

 

Figure 3.1. Molecular dynamic simulated SLS glass with predicted silicon coordination 
species. (a) Coordination content of glasses with a constant CaO content of 10 mol% 

while varying Na2O content. (b) These glasses have a constant Na2O content of 10 mol% 
with varying CaO content. 
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Table 3.2. Molecular Dynamic Simulated Density and Percentage of Silicon Coordination 
to BO for Various SLS Glass Compositions. 

Sample Code Density (g/cm3) Q0 Q1 Q2 Q3 Q4 Q5 

SLS1 2.602 0.14 2.06 15.46 41.14 41.08 0.13 

SLS2 2.625 0.29 4.14 20.25 43.16 32.02 0.14 

SLS3 2.644 0.54 6.56 27.16 42.23 23.41 0.09 

SLS4 2.666 1.03 10.89 33.25 38.98 15.84 0.01 

SLS5 2.629 0.22 2.89 16.50 42.14 38.09 0.16 

SLS6 2.675 0.51 5.82 24.41 42.12 27.02 0.11 

SLS7 2.721 1.34 10.34 31.54 39.26 17.47 0.05 

SLS8 2.764 2.93 17.44 36.53 33.12 9.90 0.07 

 
Micro-Raman spectra were collected on eight pristine SLS glasses with 

systematically varying sodium oxide and calcium oxide (x = 15, 20, 25, 30). These spectra 

in silicate glasses can typically be separated into four distinct regions: the boson region 

(10-250 cm-1), low-frequency region (250-700 cm-1), medium-frequency region (700-850 

cm-1), and high-frequency region (850-1300 cm-1). The boson region includes only the 

Raleigh tail and the boson peak. This peak is attributed to the excitation of rotational 

motions in primarily rigid tetrahedra.15 The low-frequency region is primarily attributed 

to vibrations within the Si-O network. Multiple vibrational modes within this region are 

indicative of defects (e.g. D1 and D2). These defects are due to 4- and 3-membered rings 

of fully coordinated silicon, respectively.36, 37 The asymmetric peak ranging from 500-700 

cm-1 includes Si-O bending on depolymerized sites. As modifier content increases (both 

monovalent and divalent), the peak becomes more symmetric and indicative of the 

formation of Q2 species. This assertion is in agreement with the Q2 Si-O stretching mode 

found in the high frequency region. The intermediate-frequency region only consists of 

a single band related to fully polymerized silicon. The full width at half-maximum 

(FWHM) of this band, seen in Figure 3.2, dramatically decreases with higher modifier 

concentrations due to the depolymerization of SiO4 tetrahedra and subsequent 

formation of NBOs. The most significant region in this study is the high-frequency region 

(highlighted in Figure 3.2), which is assigned to Si-O stretching vibrations of SiO4 

structural units with variable NBO. The high-frequency envelope (850-1300 cm-1) has 



52  

been deconvoluted using the same technique reported in the literature.15, 38 All bands 

used in the deconvolution and their origin are compiled in Table 3.3. 

 

 

Figure 3.2. Experimental micro-Raman spectra of SLS glasses in A) xNa2O·10CaO·(90- 
x)SiO2 and B) 10Na2O·xCaO·(90-x)SiO2 
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Si 

Table 3.3. Assignment of Vibrational Modes and Their Origin used in the Deconvolution 
of the Raman High-Frequency Region. 

Frequency 

Range (cm-1) 

Structure Origin References 

850-890 SiO4
4-/Q0 Si – O* stretching 29, 39, 40 

870-910 Si2O7
6-/Q1

 -Si – O* stretching 15, 29, 39, 41-43 

940-980 Si2O6
4-/Q2 –Si – O* stretching 15, 20, 21, 29, 39, 41-44 

1000-1040 Si2O5
2-

 

/Q3’ 

Si-O-Si antisymmetric stretch 

(TO mode) 

15, 21, 45, 46 

1050-1100 Si2O5
2-/Q3

 –Si-O* stretching 15, 20, 21, 29, 39, 41-44 

1150-1200 SiO2/Q4 Si-O-Si antisymmetric stretch 

(LO mode) 

15, 20, 21, 29, 39, 41-44 

 
The deconvolution includes four or five Gaussian bands attributed to the 

stretching vibrations of tetrahedrons with 4, 3, 2, and 1 bridging oxygens; these 

correspond to Q1, Q2, Q3, and Q4.41, 42 The band located at ~940 cm-1 is assigned as Q2, 

where the silicon tetrahedron is bonded with two BO and two NBO.29, 39, 46 At a slightly 

higher frequency of 1050 cm-1 is band Q3’. At modifier concentrations higher than the 

disilicate, this band becomes more evident.41, 44 The assignment of this band is highly 

controversial.17 McMillan et al.42 have provided clarity, suggesting that this band cannot 

be attributed to fully polymerized Q4 species because while its relative intensity initially 

decreases with reduced SiO2 content, continuing to dilute Si content eventually results 

in increasing the peak intensity. Additionally, the intensity is approximately an order of 

magnitude lower than the stretching bands for either Q2 or Q3 species. Neuville15 

suggests the vibration mode is the result of Si-O- stretching in tetrahedra with one NBO 

per silicon. Koroleva et al.39 have assigned the band to Q3 connected to a silicon atom 

bonded with three BO and one NBO. Likewise, Trcera et al.46 have attributed the mode 

to Q3 species but interpreted the NBO is solely bonded to Na atom because the 

vibration of lighter atoms should occur at lower frequencies in comparison to Mg.47 

While the precise origin of this vibrational mode is controversial, our results suggest 

attribution to bonding between Si-O-1 and monovalent modifying cations represented 

by Q3’ because of changes in intensity and half-width at half-maximum (HWHM), when 
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Na-concentration is systematically varied. The deconvoluted band at 1090 cm-1 is 

assigned to Q3 stretching mode bonded between Si-O-1 and divalent network-modifying 

cation. The band at ~1150 cm-1 is due to fully polymerized SiO2 units with Si-O-Si 

stretching. Previous studies29, 47 have noted increased alkaline earth content in SLS 

glasses causes greater FWHM in Q2 and Q3 species due to the larger cationic radius 

increasing the range of BAD and bond length within the network. As Jones et al.47 noted, 

these results are consistent with closer binding of alkaline earth cations to sites with a 

negative charge, validated using nuclear magnetic resonance (NMR) and vibrational 

spectroscopic techniques. The FWHM of Q3’ remains constant throughout the addition 

of CaO, further indication of the band’s dependence on monatomic bonding. 

Conversely, the FWHM and area of Q4 species decreases with increasing alkaline earth 

content due to the reduction of highly coordinated structures. This decrease can be 

easily observed in Figure 3.3, where the shoulder at the highest frequency of the 

envelope significantly decays as a function of the CaO concentration. 
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Figure 3.3. Raman spectra of soda-lime silicate glass deconvoluted high-frequency 
envelope for 10Na2O·xCaO·(90-x)SiO2 glasses, range indicated in the red shaded region 

of Figure 3.2 A & B. 
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3.4.2 Structure of Laser-Modified Glasses 

The addition of sodium-oxide to the SLS system results in a similar high- 

frequency region as the alkaline earth-modified glass. Deconvolution of the high- 

frequency envelope requires 4 Gaussian bands which represent Q2, Q3’, Q3, and Q4, with 

an additional Q1 Gaussian band in cases with higher modifier content. Figure 3.3 

illustrates the four conditions in which alkali content was varied, where SLS1-SLS4 have 

Na2O concentrations of 15, 20, 25, and 30, respectively. In SLS1, Q2 is located at 945 cm- 

1, Q3’ at 1045 cm-1, Q3 at 1098 cm-1, and Q4 at 1153 cm-1. Increasing Na2O to 20 mol% 

results in Q2 to shift to 943 cm-1, Q3’ to 1042 cm-1, Q3 to 1095 cm-1, and Q4 to 1146 cm-1. 

This shift to lower wavenumbers is consistent with both Archimedes measurements and 

simulated densities, where addition of alkali causes increased density. In the high- 

frequency region, densification can be identified as a shift in vibrational modes to lower 

frequencies. Further increasing Na2O to 25 mol% introduces a vibrational mode for Q1 at 

889 cm-1. Due to the formation of this band, we do not anticipate an increase in the Q3, 

a result of depolymerizing fully-coordinated silicon, because of a simultaneous increase 

in lower-coordinated species and therefore appearing as if the Q3 concentration is 

relatively unchanged. These observations are supported by the simulated silicon Q- 

species. 

Femtosecond laser ablation of the SLS glass surface induces a shift of the Q3 Si-O 

stretching band to lower frequencies. Based on statistically fitting the high-frequency 

envelope, the magnitude of which this band shifts appears to be highly dependent on 

the alkali/alkaline earth concentration. Although the position of this Si-O stretching 

band varies based upon network modifier content, the range over which femtosecond 

laser pulse energy can distort the Si-O bond appears to have a strong correlation to the 

number of ionic bonds. The high-frequency region deconvolutions post laser exposure 

did not identify any other band shifting outside instrumental error. Based on others 

finding, it is well-known that observed shifting of Raman bands to lower frequencies 

indicate densification, likewise shifts to higher frequencies, decompaction or a decrease 

in density.48 Previous studies have found similar densification phenomena of laser 
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modified glasses using Raman spectroscopy.29, 48, 49 For example, densification of binary 

lithium silicate glasses has been investigated. Seuthe et al.29 studied the structural 

changes in lithium silicate glasses using femtosecond laser pulses to induce 

densification. They observed shifting in bands located in both the low and high- 

frequency regions that are signatures of densified materials. Similarly, Kitamura et al.48 

investigated low energy shift of the Q3 Si-O stretching mode after exposure to 

mechanically-induced high pressures. These studies have identified a method of 

qualitatively assessing densification based on the displacement of Si-NBO (Q3) stretching 

mode to lower frequencies and broadening of the Raman bands that indicate an 

increased degree of disorder in the laser modified region. 

Femtosecond laser radiation of SLS glass with variable sodium content, shown in 

Figure 3.4 (top), uses pulse energies ranging from 80 µJ down to the ablation threshold. 

The grey, vertical lines mark the crater-ablation threshold, or the lowest energy capable 

of producing craters observed using optical microscopy. When x= 15, 20, 25, and 30, the 

deconvoluted Q3 stretching band shifted most between the ablation threshold and 30 

µJ. Because the measurements were taken from crater centers formed from a single 

pulse, we attribute the consistent frequency reduction to an increase in densification.50 

When x=15, the vibrational mode position reaches a constant value at an energy of 40 

µJ. This is believed to be the result of reaching maximum densification with the current 

laser conditions, in which the Q3 stretching band shifted 4 wavenumbers before 

plateauing. As sodium concentration increases, glasses require higher fluences to reach 

maximum densification. Based on the deconvolution and second-order quadratic fit, 

when x= 20, 25, and 30 the Q3 band becomes asymptotic at approximately 50, 60, and 

65 µJ, respectively. It is believed that a maximum densification within the glass structure 

has been reached using pulse laser modification once the position of the Q3 Si-O 

stretching band reaches a constant value. With sodium concentrations equal to 20, 25, 

and 30 mol%, the Q3 band position shifts 4.3, 5.1, and 6.2 wavenumbers, respectively. 

Previous studies51, 52 have shown that higher alkali concentrations lead to an increase in 

the unmodified density and the density after applying pressure. The densification as a 
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function of alkali concentration is likely the result of molecular mobility and the 

depolymerization of the cage-like silica structure into chains.50 These observations were 

confirmed through MD simulations and formation of lower coordinated silicon. Similar 

pressure induced densification results were observed when glasses were placed under 

elevated hydrostatic pressures, where the maximum density change is associated with 

the apparent saturation of densificationn.52-54 These studies have attributed the 

densification to a result of decreasing atomic crosslinking, supporting their Raman 

spectroscopy shifts and intensity changes that indicate depolymerization and reduction 

of silicon coordination. However, reduced pressure induced irreversible structural 

changes independent of coordination have also been demonstrated using 17O and 29Si 

NMR55; although pressures are not significant enough to collapse silicon-rings, they 

induce short-range interatomic structural modifications through reducing the mean Si- 

O-Si angle (accompanied by an increase in the mean Si-O bonding distance) and 

broadening of the corresponding distribution. Based on constant Qn fraction in all lasing 

conditions, our findings are a result of interatomic structural modification leading to 

increased density. 
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Figure 3.4. Deconvolution of Raman spectroscopy high-frequency region Q3 Si-O 
stretching band position as a function of laser pulse energy, (top) Na2O/SiO2 

concentration and (bottom) CaO/SiO2 concentration. The dash line is a best fit quadratic 
intended as a visual guide. Grey vertical lines indicate the crater-ablation threshold at 

the given experimental laser conditions. 
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Varying calcium concentrations resulted in similar densification trends after 

femtosecond laser pulse exposure, shown in Figure 3.4 (bottom). The Q3 Si-O stretching 

mode shifted to lower frequencies as laser pulse energy was increased until 50 µJ, at 

which point the band frequency remained relatively constant. The change in band 

position from PE0 (Pulse Energy = 0) to PE80 is minimal compared to the system with 

variable sodium content, to better understand this we consider Phillip’s topological 

constraint theory43 for glass formability based on the covalently bonded system. Phillips 

assumed mechanical interactions to be rigid (zero deviation in bond length from 

equilibrium values) in the nearest and next-nearest neighbor distances, when the 

average coordination number exceeds the critical coordination number.43 When the 

average coordination number is less than the critical average coordination number, the 

glass is considered under constrained and has large floppy or flexible regions. In the case 

of varying calcium content, the system is over constrained; containing large rigid 

regions. The rigidity claim is further supported by the distribution seen in Figure 3.5. 

There is a dependence of laser fluence on the BAD in both Na and Ca systems, based 

upon findings of previous studies highlighting the correlation between pressure and 

densification.40, 53, 56 Given the rigidity of the calcium modified system, we anticipate a 

smaller distribution compared to the floppy sodium modified SLS glass.57 Based on the 

research of Hehlen et al.58, our previous claim regarding network rigidity and pressure- 

induced femtosecond laser modification of Si-O-Si BAD is highly dependent on the 

system connectivity. The addition of sodium completely severs bonding between 

tetrahedra, however calcium softens the system by creating NBOs while connecting 

tetrahedron. Kitamura et al.48 suggest the rate of change to Si-O bond length during the 

densification process is greater in alkali silicate glass than pure SiO2.The discrepancy in 

densification rate results from ionic bonding producing a more compact network 

because of the disjointed tetrahedra. 
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Figure 3.5. HWHM of Raman Q3 Si-O stretching of femtosecond-laser modified SLS 
glasses. Reference value for the pristine material is given at 0 µJ. 
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Upon comparing the simulated results to quantitative Si-coordination 

determined through high-frequency region deconvolution as shown in Figure 3.6, the 

model overpredicts Q2 and Q4 and underpredicts Q3. Underpredictions of silicon bonded 

to 3 BO remains nearly constant at each composition. Various studies investigating 

similar systems, using Raman deconvolution, MD simulations, and Si29 NMR were also 

compared to this study. Outside of simulations produced by Tilocca et al.59, simulation 

results consistently show the underprediction of Q3 species and the overprediction of Q2 

and Q4. It should be noted that the inconsistency in predicting silicon coordination is 

roughly identical for each composition, except for Q1. The cause for this discrepancy is 

due to simulations being a simplification of reality; ab initio MD would likely yield better 

results but require significant computational resources. 
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Figure 3.6. Comparing simulated and experimentally determined Na-SLS (top) and Ca- 
SLS (bottom) silicon coordination. Red dash line indicates experimental data, black dash 
line is simulated coordination. Left, hollow points represent experimental values found 
in literature using similar Raman deconvolution and 29Si NMR; red20, blue15, green and 

magenta47. Right, hollow points represent simulated and experimental values; purple59, 
violet47, and orange15. 
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3.5 Conclusion 

 
In this study, we have investigated alkali- (xNa2O 10CaO (90-x)SiO2, x = 15, 20, 25, 30) 

and alkaline earth-modified (10Na2O xCaO (90-x)SiO2, x = 15, 20, 25, 30) glass 

densification after single-pulse femtosecond laser ablation. The structure evaluated 

from MD simulated Qn distribution was applied to curve fitting of high-frequency region 

(850-1400 cm-1) of Raman spectra. Raman analysis detected changes in position and 

HWHM of the Si-NBO stretching mode. Increasing laser fluences resulted in a 

characteristic shift and broadening of the Q3 band. The total shift in Q3 position, PE80- 

PE0, has significant dependence on modifier type; Ca-SLS (x=30) shifted 4.0 cm-1, Na-SLS 

(x=30) shifted 6.2 cm-1. The degree of distortion observed in the sodium-modified 

system is attributed to severed cross-tetrahedral bonds, the under-constrained floppy 

network becomes susceptible to laser modification. Position and HWHM of the Q3 band 

in calcium modified system emulate densification characteristics, but plateaus at 40 µJ. 

We believe the formation of NBOs and cross-linking of tetrahedral units creates 

potential sites for limited modification. In comparison with literature, simulated Qn 

distribution overpredicts the concentration of two and fourfold coordinated silicon and 

underpredicts threefold coordination. 

 
 

3.6 Acknowledgments 

 
Sean Locker thanks Corning Incorporated for funding through the Corning research 

fellowship. Jennifer Clark acknowledges North Carolina State University’s High- 

Performance Computing (HPC) Services. SKS acknowledges support from Kyocera 

Corporation in the form of Inamori Professorship. Part of this material (Raman data) is 

based upon work supported by the National Science Foundation under Grant No. DMR- 

1626164. 



65  

3.7 References 

 
1. Qiu, J.; Miura, K.; Suzuki, T.; Mitsuyu, T.; Hirao, K., Permanent photoreduction 

of Sm 3+ to Sm 2+ inside a sodium aluminoborate glass by an infrared 
femtosecond pulsed laser. Applied physics letters 1999, 74 (1), 10-12. 

2. Yonesaki, Y.; Miura, K.; Araki, R.; Fujita, K.; Hirao, K., Space-selective 
precipitation of non-linear optical crystals inside silicate glasses using near- 
infrared femtosecond laser. Journal of non-crystalline solids 2005, 351 (10-11), 
885-892. 

3. Liang, F.; Vallée, R.; Chin, S. L., Mechanism of nanograting formation on the 
surface of fused silica. Optics express 2012, 20 (4), 4389-4396. 

4. Watanabe, M.; Sun, H.; Juodkazis, S.; Takahashi, T.; Matsuo, S.; Suzuki, Y.; 
Nishii, J.; Misawa, H., Three-dimensional optical data storage in vitreous silica. 
Japanese journal of applied physics 1998, 37 (12B), L1527. 

5. Papazoglou, D.; Tzortzakis, S., Physical mechanisms of fused silica restructuring 
and densification after femtosecond laser excitation. Optical Materials Express 
2011, 1 (4), 625-632. 

6. Wang, Z.; Jiang, L.; Li, X.; Wang, A.; Yao, Z.; Zhang, K.; Lu, Y., High-throughput 
microchannel fabrication in fused silica by temporally shaped femtosecond laser 
Bessel-beam-assisted chemical etching. Opt. Lett. 2018, 43 (1), 98-101. 

7. Chan, J. W.; Huser, T. R.; Risbud, S.; Krol, D., Modification of the fused silica 
glass network associated with waveguide fabrication using femtosecond laser 
pulses. Applied Physics A 2003, 76 (3), 367-372. 

8. Puerto, D.; Siegel, J.; Gawelda, W.; Galvan-Sosa, M.; Ehrentraut, L.; Bonse, J.; 
Solis, J., Dynamics of plasma formation, relaxation, and topography modification 
induced by femtosecond laser pulses in crystalline and amorphous dielectrics. 
JOSA B 2010, 27 (5), 1065-1076. 

9. Schaffer, C. B.; Brodeur, A.; Mazur, E., Laser-induced breakdown and damage in 
bulk transparent materials induced by tightly focused femtosecond laser pulses. 
Measurement Science and Technology 2001, 12 (11), 1784. 

10. Mermillod-Blondin, A.; Mauclair, C.; Bonse, J.; Stoian, R.; Audouard, E.; 
Rosenfeld, A.; Hertel, I. V., Time-resolved imaging of laser-induced refractive 
index changes in transparent media. Review of Scientific Instruments 2011, 82 
(3), 033703. 

11. Richter, S.; Döring, S.; Tünnermann, A.; Nolte, S., Bonding of glass with 
femtosecond laser pulses at high repetition rates. Applied Physics A 2011, 103 
(2), 257-261. 

12. Locker, S.; Sundaram, S., Ultrafast modification of oxide glass surface hardness. 
Applied Physics B 2019, 125 (12), 225. 

13. Hayasaki, Y.; Isaka, M.; Takita, A.; Juodkazis, S., Time-resolved interferometry of 
femtosecond-laser-induced processes under tight focusing and close-to-optical 
breakdown inside borosilicate glass. Optics express 2011, 19 (7), 5725-5734. 



66  

14. Little, D. J.; Ams, M.; Dekker, P.; Marshall, G. D.; Dawes, J. M.; Withford, M. J., 
Femtosecond laser modification of fused silica: the effect of writing polarization 
on Si-O ring structure. Optics Express 2008, 16 (24), 20029-20037. 

15. Neuville, D. R., Viscosity, structure and mixing in (Ca, Na) silicate melts. Chemical 
Geology 2006, 229 (1), 28-41. 

16. Cormier, L.; Calas, G.; Beuneu, B., Structural changes between soda-lime silicate 
glass and melt. Journal of Non-Crystalline Solids 2011, 357. 

17. Tan, J.; Zhao, S.; Wang, W.; Davies, G.; Mo, X., The effect of cooling rate on the 
structure of sodium silicate glass. Materials Science and Engineering: B 2004, 106 
(3), 295-299. 

18. Zimmermann, F.; Lancry, M.; Plech, A.; Richter, S.; Ullsperger, T.; Poumellec, 
B.; Tünnermann, A.; Nolte, S., Ultrashort pulse laser processing of silica at high 
repetition rates—from network change to residual strain. International Journal 
of Applied Glass Science 2017, 8 (2), 233-238. 

19. Krol, D., Femtosecond laser modification of glass. Journal of Non-Crystalline 
Solids 2008, 354 (2-9), 416-424. 

20. Grund Bäck, L.; Ali, S.; Karlsson, S.; Möncke, D.; Kamitsos, E. I.; Jonson, B., 
Mixed alkali/alkaline earth-silicate glasses: Physical properties and structure by 
vibrational spectroscopy. International Journal of Applied Glass Science 2019, 10 
(3), 349-362. 

21. Bancroft, G. M.; Nesbitt, H. W.; Henderson, G. S.; O'Shaughnessy, C.; Withers, 
A. C.; Neuville, D. R., Lorentzian dominated lineshapes and linewidths for Raman 
symmetric stretch peaks (800–1200 cm−1) in Qn (n = 1–3) species of alkali 
silicate glasses/melts. Journal of Non-Crystalline Solids 2018, 484, 72-83. 

22. Cormack, A.; Du, J.; Zeitler, T., Alkali ion migration mechanisms in silicate glasses 
probed by molecular dynamics simulations. Physical Chemistry Chemical Physics 
2002, 4 (14), 3193-3197. 

23. Du, J.; Cormack, A., The medium range structure of sodium silicate glasses: a 
molecular dynamics simulation. Journal of Non-Crystalline Solids 2004, 349, 66- 
79. 

24. Macháček, J.; Gedeon, O.; Liška, M., Molecular dynamics of silicate glass 
structure. Transactions of the VŠB-Technical University of Ostrava 2005, 48 (1), 
167-171. 

25. Cowen, B. J.; El-Genk, M. S., On force fields for molecular dynamics simulations 
of crystalline silica. Computational Materials Science 2015, 107, 88-101. 

26. Pedone, A.; Malavasi, G.; Menziani, M. C.; Cormack, A. N.; Segre, U., A new self- 
consistent empirical interatomic potential model for oxides, silicates, and silica- 
based glasses. The Journal of Physical Chemistry B 2006, 110 (24), 11780-11795. 

27. Soules, T. F.; Gilmer, G. H.; Matthews, M. J.; Stolken, J. S.; Feit, M. D., Silica 
molecular dynamic force fields—A practical assessment. Journal of non- 
crystalline solids 2011, 357 (6), 1564-1573. 

28. Pedone, A.; Malavasi, G.;  Cormack, A. N.; Segre, U.; Menziani, M. C., Elastic and 
dynamical properties of alkali-silicate glasses from computer simulations 
techniques. Theoretical Chemistry Accounts 2008, 120 (4-6), 557-564. 



67  

29. Seuthe, T.; Grehn, M.; Mermillod-Blondin, A.; Eichler, H. J.; Bonse, J.; 
Eberstein, M., Structural modifications of binary lithium silicate glasses upon 
femtosecond laser pulse irradiation probed by micro-Raman spectroscopy. 
Optical Materials Express 2013, 3 (6), 755-764. 

30. Veiko, V. P.; Kudryashov, S. I.; Sergeev, M. M.; Zakoldaev, R. A.; Danilov, P. A.; 
Ionin, A. A.; Antropova, T. V.; Anfimova, I. N., Femtosecond laser-induced stress- 
free ultra-densification inside porous glass. Laser Physics Letters 2016, 13 (5), 
055901. 

31. Plimpton, S., Fast parallel algorithms for short-range molecular dynamics. Journal 
of computational physics 1995, 117 (1), 1-19. 

32. Cormack, A. N.; Du, J., Molecular dynamics simulations of soda–lime–silicate 
glasses. Journal of Non-Crystalline Solids 2001, 293-295, 283-289. 

33. Laurent, O.; Mantisi, B.; Micoulaut, M., Structure and Topology of Soda-Lime 
Silicate Glasses: Implications for Window Glass. The journal of physical chemistry. 
B 2014, 118. 

34. Soules, T., A molecular dynamic calculation of the structure of sodium silicate 
glasses. The Journal of Chemical Physics 1979, 71 (11), 4570-4578. 

35. Berendsen, H. J.; Postma, J. v.; van Gunsteren, W. F.; DiNola, A.; Haak, J. R., 
Molecular dynamics with coupling to an external bath. The Journal of chemical 
physics 1984, 81 (8), 3684-3690. 

36. Galeener, F. L., Raman and ESR studies of the thermal history of amorphous 
SiO2. Journal of Non-Crystalline Solids 1985, 71 (1-3), 373-386. 

37. Pasquarello, A.; Car, R., Identification of Raman defect lines as signatures of ring 
structures in vitreous silica. Physical Review Letters 1998, 80 (23), 5145. 

38. Mysen, B. O., Role of Al in depolymerized, peralkaline aluminosilicate melts in 
the systems Li2O-Al2O3-SiO2, Na2O-Al2O3-SiO2, and K2O-Al2O3-SiO2. American 
Mineralogist 1990, 75 (1-2), 120-134. 

39. Koroleva, O. N.; Anfilogov, V. N.; Shatskiy, A.; Litasov, K. D., Structure of Na2O– 
SiO2 melt as a function of composition: In situ Raman spectroscopic study. 
Journal of Non-Crystalline Solids 2013, 375, 62-68. 

40. Okuno, M.; Reynard, B.; Shimada, Y.; Syono, Y.; Willaime, C., A Raman 
spectroscopic study of shock-wave densification of vitreous silica. Physics and 
Chemistry of Minerals 1999, 26 (4), 304-311. 

41. Furukawa, T.; Fox, K. E.; White, W. B., Raman spectroscopic investigation of the 
structure of silicate glasses. III. Raman intensities and structural units in sodium 
silicate glasses. The Journal of Chemical Physics 1981, 75 (7), 3226-3237. 

42. McMillan, P. F.; Wolf, G. H.; Poe, B. T., Vibrational spectroscopy of silicate liquids 
and glasses. Chemical Geology 1992, 96 (3), 351-366. 

43. Thorpe, M. F., Continuous deformations in random networks. Journal of Non- 
Crystalline Solids 1983, 57 (3), 355-370. 

44. Mysen, B. O.; Virgo, D.; Scarfe, C. M., Relations between the anionic structure 
and viscosity of silicate melts—a Raman spectroscopic study. American 
Mineralogist 1980, 65 (7-8), 690-710. 



68  

45. Seuthe, T.; Mermillod-Blondin, A.; Grehn, M.; Bonse, J.; Wondraczek, L.; 
Eberstein, M., Structural relaxation phenomena in silicate glasses modified by 
irradiation with femtosecond laser pulses. Scientific Reports 2017, 7, 43815. 

46. Trcera, N.; Rossano, S.; Tarrida, M., Structural Study of Mg-Bearing Sodosilicate 
Glasses by Raman Spectroscopy. Journal of Raman Spectroscopy 2011, 42, 765- 
772. 

47. Jones, A. R.; Winter, R.; Greaves, G. N.; Smith, I. H., MAS NMR study of soda- 
lime–silicate glasses with variable degree of polymerisation. Journal of Non- 
Crystalline Solids 2001, 293-295, 87-92. 

48. Kitamura, N.; Fukumi, K.; Mizoguchi, H.; Makihara, M.; Higuchi, A.; Ohno, N.; 
Fukunaga, T., High pressure densification of lithium silicate glasses. Journal of 
Non-Crystalline Solids 2000, 274 (1), 244-248. 

49. McMillan, P.; Piriou, B.; Couty, R., A Raman study of pressure‐densified vitreous 
silica. The Journal of Chemical Physics 1984, 81 (10), 4234-4236. 

50. Efthimiopoulos, I.; Palles, D.; Richter, S.; Hoppe, U.; Möncke, D.; Wondraczek, 
L.; Nolte, S.; Kamitsos, E. I., Femtosecond laser-induced transformations in ultra- 
low expansion glass: Microstructure and local density variations by vibrational 
spectroscopy. Journal of Applied Physics 2018, 123 (23), 233105. 

51. Uhlmann, D. R., Densification of alkali silicate glasses at high pressure. Journal of 
Non-Crystalline Solids 1973, 13 (1), 89-99. 

52. Ohtaka, O.; Kikuchi, M.; Nakajima, K.; Yoshiasa, A.; Yamanaka, T., EXAFS Study 
of Densified GeO2 Glasses. Japanese Journal of Applied Physics 1999, 38 (S1), 
164. 

53. Rouxel, T.; Ji, H.; Hammouda, T.; Moréac, A., Poisson’s ratio and the 
densification of glass under high pressure. Physical review letters 2008, 100 (22), 
225501. 

54. Ji, H.; Keryvin, V.; Rouxel, T.; Hammouda, T., Densification of window glass 
under very high pressure and its relevance to Vickers indentation. Scripta 
Materialia 2006, 55 (12), 1159-1162. 

55. Trease, N. M.; Clark, T. M.; Grandinetti, P. J.; Stebbins, J. F.; Sen, S., Bond 
length-bond angle correlation in densified silica—Results from 17O NMR 
spectroscopy. The Journal of Chemical Physics 2017, 146 (18), 184505. 

56. De Michele, V.; Royon, M.; Marin, E.; Alessi, A.; Morana, A.; Boukenter, A.; 
Cannas, M.; Girard, S.; Ouerdane, Y., Near-IR-and UV-femtosecond laser 
waveguide inscription in silica glasses. Optical Materials Express 2019, 9 (12), 
4624-4633. 

57. McMillan, P., Structural studies of silicate glasses and melts—applications and 
limitations of Raman spectroscopy. American Mineralogist 1984, 69 (7-8), 622- 
644. 

58. Hehlen, B.; Neuville, D.; Kilymis, D.; Ispas, S., Bimodal distribution of Si–O–Si 
angles in sodo-silicate glasses. Journal of Non-Crystalline Solids 2017. 

59. Tilocca, A.; de Leeuw, N. H.; Cormack, A. N., Shell-model molecular dynamics 
calculations of modified silicate glasses. Physical Review B 2006, 73 (10), 104209. 



69  

 
 
 

4. Laser-induced structural modification in calcium aluminosilicate 
glasses using molecular dynamic simulations 

 

 
Scientific Reports 11 (1), 1-15 

DOI 10.1038/s41598-021-88686-7 

 
 

S. Locker1*, S. Goyal2, M. E. McKenzie2, S. K. Sundaram1, C. Ungaro2 

 

 
1Kazuo Inamori School of Engineering, The New York State College of Ceramics, Ultrafast 
Materials Science and Engineering Laboratory (U-Lab), Alfred University, Alfred, New 
York 14802, USA 
2Corning Incorporated, Science and Technology Division, Corning, New York 14831, USA 

 
 
 
 
 

 
*Address for Corresponding Author 
Sean Locker 
Kazuo Inamori School of Engineering 
Alfred University, 
Alfred, 
New York 14802, 
USA 
Email:Stl4@alfred.edu 

mailto:Stl4@alfred.edu


70  

4.1 Abstract 

 
Glass structures of multicomponent oxide systems (CaO-Al2O3-SiO2) are studied using a 

simulated pulsed laser with molecular dynamics. The short- and intermediate-range 

order structures revealed a direct correlation between the transformation of Al(IV) to 

Al(V), regions of increased density following laser processing, inherent reduction in the 

average T-O-T (T = Al, Si) angle, and associated elongation of the T-O bonding distance. 

Variable laser pulse energies were simulated across calcium aluminosilicate glasses with 

high silica content (50-80%) to identify densification trends attributed to composition 

and laser energy. High-intensity pulsed laser effects on fictive temperature and 

shockwave promotion are discussed in detail for their role in glass densification. Laser- 

induced structural changes are found to be highly dependent on pulse energy and glass 

chemistry. 

 
4.2 Introduction 

 
The application of photo-modified materials in industry reflect the importance in 

understanding changes to the resolving microstructure. Early studies focused on 

micromachining surface structures, but quickly evolved into generating 3-dimensional 

refractive index-modified structures. Femtosecond pulsed laser exposure to materials 

has become an extensively studied topic1-7. Ultrafast pulsed lasers have undergone 

significant technological breakthroughs, enabling the development and innovation of 

materials in diverse fields8-11. The application of high-intensity laser pulses on 

transparent materials remains an active topic in large part due to the lack of 

understanding laser pulse – glass interaction. 

Calcium aluminosilicate (CAS) glasses are well studied in materials research 

because of their superior mechanical- and physical-properties12-15. While prior works 

have investigated the structural dependence on composition and temperature16-20, 

studies of pressure induced structural changes primarily focus on peraluminous (R < 1)20 

and percalcic (R > 1) glasses12, 19-22. Limited work probing the silica-rich space along the 
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tectosilicate join (R = CaO/Al2O3 = 1) has been reported13-15, 23, and only a handful 

investigate pressure induced structural changes in the silica-rich CAS along the 

tectosilicate join23-25. 

Fused silica has been the primary glass studied in femtosecond laser exposure 

due to its primitive structure; including experimental and simulated studies26-28. Its 

enhanced thermal-mechanical properties and wide optical transmissivity, extending 

from the infrared (IR) to ultraviolet (UV), make it an important material used in industry. 

The densification of fused silica has been documented under extensive experimental 

conditions such as: hydrostatic compression29, neutron irradiation30, 31, femtosecond 

pulse laser irradiation32-34, and shock-wave propagation35, 36. Experimental studies in 

which fused silica was exposed to femtosecond laser pulses, formation of filamentation, 

ablation, and waveguides have been reported. Chan et al.1 have shown a positive 

correlation between pulse energy (PE) and Si-O ring structures from 5- and 6-fold to 3- 

and 4-fold membership. Computer simulations support the attribution of experimental 

densification in pure silicate glasses to the reduction of Si-O ring sizes35. Understanding 

the effects of glass modifiers added to the system under ambient conditions is pertinent 

to resolving thermal and pressurized effects. 

The addition of Al and Ca into the pure SiO2 system creates sites with reduced 

bond strength, therefore more easily deformed in comparison to fused silica. Aluminum, 

like it’s silicon counterpart, is integrated into the SiOx structure with tetrahedral 

geometry, under four-fold coordination. However, it’s prone to form over-coordinated 

(Al(V)) species when exposed to elevated temperature and pressure, enhancing its 

mechanical properties. Five-coordinated Al, along the tectosilicate join, have been 

widely reported by Neuville19, 37, Stebbins38 and others13, 23, 39, showing considerable 

deviation between Al(V) concentrations. Several MD and ab initio molecular dynamics 

(AIMD) simulated CAS glasses, along the tectosilicate join, report a range of five- 

coordinated aluminum from 1.4% to approximately 8% in CaAl2Si2O8
13, 24, 39. Using 27Al 

Nuclear Magnetic Resonance (NMR), Stebbins38 and Neuville37 reported a range of Al(V) 

for slow and fast quenched CaAl2Si2O8 from 7.5-9% and 6.5-7%, respectively. Based on 
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these results, five-coordinated Al in CAS glasses thermally equilibrated to room 

temperature are highly dependent on potential energies as well as fictive temperature13, 

38. Increased Al-coordination occurs in conjunction with triclustered oxygen (TBO) to 

compensate for the presence of non-bridging oxygen (NBO). Due to the equal 

concentration of CaO and Al2O3, the system has no net charge. In theory, these glasses 

should be void of any NBO; however, Stebbins et al.38 have demonstrated, using 17O 

NMR, the presence of NBO in otherwise charge neutral CAS glasses, also revealing most 

NBO occur at SiO4 sites12. Agnello et al.13 provide a detailed analysis of the Al(V), in which 

all were Q5 (meaning no NBO bonds were present) and 2-out-of-5 were TBO, while the 

other three bonds are bridging oxygens (BO). For CAS systems along the tectosilicate 

join, the number of NBO decreases as silica content increases16. 

Computer modeling of spatially confined laser-induced processes has largely 

focused on thermal evolution as a function of time, energy, and pressure. Recent 

studies have shown the effects of femtosecond pulse laser interaction with metallic 

surfaces through a two-temperature model (TTM)9, 40. Applying this model to 

amorphous materials, like glass, is challenging due to lack of long-range order and 

covalent bonding. Instead, this study focuses on applying translational kinetic energy in 

a localized region and allowing the thermal energy to dissipate through the system. Due 

to experimental limitations, modeling provides a critical insight into highly localized 

structural gradients and chemistries as a function of glass composition and pulse energy. 

To the best of our knowledge, this is the first systematic effort of investigating simulated 

pulse laser-glass interaction with CAS glass and the resolving structural dependence on 

laser-energy and composition. 

The motivation for this research stems from the lack of understanding localized 

glass structure after pulse laser exposure, and the effects of glass chemistry and pulse 

energy on the laser-modified region. In this work, we report the results of molecular 

dynamic (MD) simulations aimed at investigating the effects of composition and laser 

energy on short and intermediate range order, microstructure, and residual density 

profiles in silica-rich calcium aluminosilicate (CAS) glasses along the tectosilicate join 
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(CaO/Al2O3 = 1). We will present the methodology used in simulating both glass 

formation as well as laser exposure and determine the mechanism responsible for laser 

induced densification. 

 
4.3 Methods 

 
4.3.1 Simulated Glass Formation 

Calcium aluminosilicate systems were modeled using Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS)41. We have chosen the force 

field developed by Pedone et al.42 based on adequate agreement with silicate structural 

features. The initial structures were created using the correct stoichiometric ratio and 

experimentally calculated mass densities, seen in Table 4.1, that produced roughly a 1 

million atom sized system of the targeted composition. Each system had an approximate 

size of 240 × 240 × 240 Å3. 

Long-range Coulombic interaction were represented by a particle-particle particle 

mesh (PPPM) solver at an accuracy of 10-4 and a timestep of 2 fs. The system was 

heated to a temperature of 4000 K, allowing the atoms to move for 50 ps. The 

randomized structure was quenched to 300 K over 0.5 ns, using the NVT ensemble. The 

simulated glass was finally relaxed to atmospheric pressure under a controlled pressure 

and temperature ensemble for 1 ns using a Berendsen thermostat and Berendsen 

barostat43. Quench rates of 3.7 and 0.74 K/ps returned minimal change to defect 

concentration. Radial distribution functions (RDF) for initial configurations are shown in 

Figure 4.1. 
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Table 4.1. Simulated Calcium Aluminosilicate Glass Compositions and Respective 
Densities. Glasses will Further be Referred to by the Code and Pulse Energy in Subscript 
Format.  

Glass Code  Composition  Density 

(g/cm3)  CaO Al2O3 SiO2 

CAS10.80 10 10 80 2.414 

CAS15.70 15 15 70 2.523 

CAS20.60 20 20 60 2.672 

CAS25.50 25 25 50 2.708 

 

 

 

Figure 4.1. Radial distribution functions for each starting glass composition (left), 
illustration of the simulated system with assigned shells (ranging from 1 to 20, blue 

center represents focal point diameter) (right) 

 
4.3.2 Simulated Laser Exposure 

Simulating laser exposure is applied through a heat flux, J, across a defined 

region which we will be refer to as the hotspot or focal region. 

𝐽 = 
1 

[∑ 𝑒 𝒗 − ∑ 𝑆 𝑣 ] (4.1) 
𝑉 𝑖  𝑖   𝑖 𝑖   𝑖   𝑖 

 

𝐽 = 
1 

[∑ 𝑒 𝒗 − ∑  (𝑓 • 𝑣 )𝑥 ] (4.2) 
𝑉 𝑖  𝑖   𝑖 𝑖<𝑗  𝑖𝑗 𝑗 𝑖𝑗 

 

𝐽 = 
1 

[∑ 𝑒 𝒗 + 
1 

∑  (𝑓 • (𝑣 + 𝑣 ))𝑥 ] (4.3) 
𝑉 𝑖  𝑖   𝑖 2 𝑖<𝑗 𝑖𝑗 𝑖 𝑗 𝑖𝑗 

 

The first term in the equation for J is the per-atom kinetic and potential energy (ei), Si in 

the second term represents the calculated per-atom stress tensor, volume (V) and vi is a 

3×3 matrix-vector multiplier. The laser source is applied at (x,y) = (116.5, 116.5) nm 
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along the entire z-axis. Simulated laser heat is applied to this system in the form of a 

gaussian profile using the form of a normal distribution, 

𝑦 = 
𝐴

 𝑒 
𝜎√2𝜋 

(𝑥−𝜇)2 
−   

2𝜎2 (4.4) 

where 𝜎 is half pulse width divided by root two, A is number of atoms within the heated 

region multiplied by energy/atom (method for calculating this energy will be discussed 

later), x is step number multiplied by the timestep (2 fs), and μ is the pulse width (10 

ps). During the laser exposure process, a Nose-Hoover global thermostat was applied 

outside of the heated region to simulate thermal dissipation from the laser pulse44. A 

total of 80 ps trajectory was conducted to ensure thermal equilibration. To maximize 

laser modified volume, the simulated focal point was elongated to a cylinder. As 

previously discussed, the structural modifications fluctuate across the length of the box, 

therefore we cylindrically chunk along the z-axis with a shell width of 5 nm, seen in 

Figure 4.1. Although there are 48 chunks in the entire system, we will show 

perturbations are only observed in the first twenty shells. The remainder of this paper 

we will refer to specific shell numbers or a series of shells when referring to the 

modified system. For example, shell number 5 would be a shell starting from 25 nm and 

ending 30 nm from the center of the periodic box. 

To calculate per atom energy, we used an in-house script that with inputs from 

experimental laser parameters (pulse width, peak intensity, repetition rate, and spot 

size) and material properties to model nonlinear laser absorption during 

experimentation. A model similar to that of Couairon et al.45 was used, taking into 

account multiphoton and avalanche absorption, plasma defocusing, and Raman 

scattering. The amount of energy absorbed per atom in the center of the focal volume 

due to a Gaussian beam of pulse width of 10 ps and wavelength of 1064 nm focused by 

a lens of numerical aperture = 0.6 was modeled. Pulse energies of 4.5 uJ, 3.5 uJ, 2.9 uJ, 

2.4 uJ, and 2.2 uJ were found to correspond to 100, 50, 25, 15 and 10 eV/atom 

respectively. Note that both the volume of the absorption region and the percentage of 

the beam absorbed vary with laser PE, resulting in a varying sensitivity to PE. The 

material parameters in the model were for fused silica which may cause some variance 
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in the results; however, this range of energies was chosen to simulate common laser 

processing conditions. Energy per atom and spot size were optimized to reach target 

temperatures. A focal volume of less than 5% of the total volume is used to mitigate 

boundary effects. The visual software OVITO46 was used to investigate microstructure 

and atom distribution of simulated glasses. To calculate structural characteristics, using 

Visual Molecular dynamics47 (VMD), cutoff distances were chosen based on the first 

minimum of the pair radial distribution function (PRDF): Si-O, Al-O, Ca-O cutoff distances 

of 2.15, 2.25 and 3.15 Å, respectively. Running coordination numbers for Al-Al, Si-Si and 

Al-Si were calculated by integrating the radial distribution functions, using a delta of 

0.005. 

 
4.4 Results & Discussion 

 
4.4.1 Simulated Laser-Induced Residual Density Profile 

Figure 4.2 shows a time-lapse of the simulated laser pulse interaction with 

CAS10.80100. Peak laser fluence occurs at the 10 ps timestep, after which thermal energy 

dissipates until it’s equilibrated to room temperature. High intensity pulse interaction 

induces void formation, commonly seen in experimental studies of silicate glasses6, 7, 48, 

49. Voids were observed in all compositions when the PE ≥ 15 eV/atom. While the pulse 

reaches significantly higher temperature than the glass, this is because not all energy is 

translated via heating the system (e.g. fluorescence or plasma-induced shockwave). 

Formation of voids is accompanied by compaction in the surrounding region. 

The modified glass structure was first analyzed by mapping residual density 

profiles. Changes in density, and concurrent linear refractive index, align with Bhardwaj 

et al.50 results for aluminosilicate and alkali-aluminosilicate glass density after pulse 

laser exposure. Laser-induced refractive index gradients are the foundation for writing 

waveguides, and are reported to range 10-4 to 10-2 in fused silica2. These structural 

modifications, however, are highly dependent on glass composition and laser 

conditions. 
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Figure 4.2. Time-lapse of simulated kinetic energy (kg m2 s-2) during laser pulse 
interaction (PE = 100 eV/atom) with calcium aluminosilicate glass. 

 
Radial heatmaps, in Figure 4.3, illustrate per shell density of the pristine and 

post-laser modified glasses. Simulated initial glass densities show good agreement with 

experimental values. Density within the focal volume reduces significantly due to void 

formation. This process occurs in experiments when tightly focused laser pulse energy is 

absorbed by electrons, producing an electron-ion plasma6. Electrons collisionally heat 

ions within the focal volume, and upon expansion significant pressures build and 

generate a pressure wave, or shockwave, resulting in artifacts such as voids, change in 

chemical species and density profiles. As anticipated, higher energies increase void size. 

Our results are in good agreement with previous studies investigating the effect of PE on 

void size in fused silica, borosilicate, and aluminosilicate glasses51. These studies 

demonstrate picosecond and femtosecond timescales produce similar trends in void size 

as a function of PE. The observed trend of increasing plasma formation, increasing void 

size, imposes a greater densification (likewise higher dielectric), strain, and subsequent 

pressure wave generation34. 
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Figure 4.3. Radial heatmaps of simulated calcium aluminosilicate glass density in pristine 
condition and after exposure to various simulated pulse energies; inset even numbers 

denote shells. 

 
Compositional dependence of localized residual density fields for each laser 

condition are shown in Table 4.2. Note the trend in single shell maximum density 

change - the addition of calcium and aluminum reduces the maximum change in density 

observed in a single shell. Considering the kinetic fragility index, which characterizes 

how rapidly the relaxation process occurs, we anticipate fragility to increase with larger 

initial densities52. As a result, glasses with high silica concentration (and lower initial 

density) are more difficult to relax53. Highly localized heating from the pulse-glass 

interaction produces the largest distribution in density profiles for these glasses. 

Similarly, we see a compositional dependence on the void diameter and change in 

density within the focal volume presented in Figure 4.4 and Table 4.2. When x = 0.15, 

0.20 and 0.25, focal volume density increases 4.2%, 10.8% and 13.5%, respectively. The 
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addition of calcium creates NBO at either Si-O or Al-O sites, weakening the tetrahedral 

network. The reduction in network connectivity reduces the transition temperature (Tg) 

and viscosity, therefore increasing the observable viscous flow of the heated glass after 

removing the simulated pulse5. Lower viscosity provides more time for the glassy 

network to rearrange, confirmed based upon the direct correlation between density and 

fragility, causing the void to inherently collapse inward, reducing the diameter. 

Figure 4.4 shows the change in density on a per shell basis, for each composition 

under all simulated laser-exposure conditions (Figure 4.4(a-d)). Density change (Δρ) 

within the focal volume (diameter of 25 Å), seen in Figure 4.4(e), as a function of silica 

concentration and laser energy support the observation that modifier content and void 

size are inversely proportional. Focal volume Δρ, found in Table 4.2, varies 11% between 

CAS10.80 and CAS25.50 with PE = 100 µJ. Nearly every condition we find Δρ for shell 1 

(25-30 Å from the origin) synonymous to the pristine glass, CAS25.50 shows slight 

deviates from this trend. Subsequent shells (representing 5 Å rings) show positive Δρ 

and maximum densified shell that is dependent on silica content and pulse energy. The 

maximum observed densification occurs in CAS10.80 (14%). Integrating the function, we 

calculate area under the curve and find total densification increases with silica 

concentration. As previously mentioned, glasses with higher silica content have lower 

fragility and therefore experience enhanced peak densification. The position of peak 

densification for all conditions support relaxation based on structural rigidity. Based on 

the overall Δρ between shells 6-11, densification trend becomes asymptotic as PE 

increases. Further extrapolation to higher energies would likely yield a plateau in 

densification. Experimental studies in laser exposure of soda-lime silicates (SLS)40, 41 

observe similar behavior in densification as a function of PE. Laser-induced densification 

gradually reduces at increased distance from the focal point; shell 13 (90 Å from the 

focal point) the density returns to its unmodified condition. 
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Table 4.2. Simulated Localized Density Changes as a Function of Composition and Laser 
Energy for the Shell with the Highest Change in Density, Density Within the Focal Point 
(Shell 1-5), and the Change in Density from Shell 1-11. These Measurements were 
Averaged over Ten Timesteps and Standard Error Less than 1%. 

 

Composition PE 

(eV) 

Initial 

Density 

(g/cm3) 

Max Δρ 

(%) 

Focal Volume 

Δρ 

(Shell 1-5)(%) 

Overall Δρ 

(Shell 6-11) 

(%) 

 

 
10CaO 10Al2O3 

80SiO2 

100 2.57 14.0 -81.6 8.1 

50 2.57 12.4 -76.8 7.7 

25 2.57 11.3 -67.5 7.0 

15 2.57 9.7 -53.6 5.7 

10 2.57 7.4 -31.5 4.1 

 

 
15CaO 15Al2O3 

70SiO2 

100 2.68 11.6 -78.2 6.1 

50 2.68 11.2 -74.2 5.8 

25 2.68 10.1 -67.2 5.5 

15 2.68 8.6 -54.6 4.9 

10 2.68 6.7 -31.2 3.4 

 

 
20CaO 20Al2O3 

60SiO2 

100 2.78 10.1 -72.8 4.9 

50 2.78 9.5 -69.4 4.7 

25 2.78 8.3 -62.3 4.3 

15 2.78 6.8 -48.9 3.9 

10 2.78 5.7 -19.3 2.6 

 

 
25CaO 25Al2O3 

50SiO2 

100 2.86 8.7 -70.6 4.1 

50 2.86 8.0 -66.9 3.7 

25 2.86 7.7 -62.7 3.4 

15 2.86 6.6 -49.0 3.2 

10 2.86 4.9 -13.5 2.2 
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Figure 4.4. Change in density after simulated laser exposure for shells 1-13 (30-90 Å) in 
(a) CAS10.80, (b) CAS15.70, (c) CAS20.60, (d) CAS25.50 and (e) within the focal volume 

(0-25 Å). Error is within 1%. 

 
Based on simulated and experimental initial glass densities, we find the 

magnitude of laser-induced densification is dependent on the system’s free volume. 

Replacing Al and Ca by Si increases the structure’s packing density, therefore 

diminishing laser-exposure distortions to the glassy network. The position of peak 

densification occurring at greater distances from the focal point is attributed to a 

combination of enhanced fragility and reduced rigidity. Both factor into shockwave 

propagation during exposure and structural relaxation after the pulse is removed. 

Additionally, our results indicate a limit to PE effect on densification in area surrounding 

the focal point. 
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4.4.2 Coordination Number Distribution 
 

Figure 4.5. Distribution of CAS10.80 AlOx units (at x = 3, 4, 5 and 6) as a function of shell 
number. Shell zero represents the combine statistics within the focal volume (shells one 
through five). These values were averaged over ten timesteps and were all within 2%. 

 
Figure 4.5 shows the average coordination number distribution per shell of Al 

species in CAS10.80. The initial condition, shell zero, represents the total coordination 

within the focal volume (shells one through five). Pressure of the overall system at peak 

intensity of the simulated pulse was 6.1, 4.5, 2.9, 2.0 and 1.3 GPa for 100, 50, 25, 15 and 

10 eV, respectively. Aluminum is predominately four coordinated in ambient conditions 

for all tectosilicate simulated systems20. The unmodified structure has predominantly 
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four- and some five-fold Al species (CAS10.80: 94% and 5%, CAS15.70: 91% and 8%, 

CAS20.60: 89% and 9%, CAS25.50: 87% and 12%, Al(IV) and Al(V), respectively). Average 

aluminum coordination changes for CAS15.70, CAS20.60, and CAS25.50 can be found in 

the Appendix. 

The concentration of AlO3 in the unmodified system is ≤ 1% for all compositions 

and decreases with SiO2. These results are in agreement with Agnello13 and Tandia39, 

who modeled identical compositions. Hong et al.12 show that increasing pressure in 

percalcic CAS glasses reduces the fraction of AlO3 while increasing 4- and 5-fold 

coordination. Based on shockwave propagation and direct relation to SiO2 

concentration, it seems the increased Al(III) species within the focal volume is attributed 

to the tetrahedral substitution of Al3+ for Si4+. 

The trend between PE and coordination is consistent across all compositions, 

while Al(V) concentrations increased with Al2O3/SiO2 ratio. Our results show that the 

presence of Al(V) in the glass structure are consistent with the observed increase in glass 

density (Fig. 3a). Previous studies53 demonstrated an increase in Al-coordination as a 

function of hardness and densification. Based on the residual density profiles, in Figure 

4.4, and the Al(V) coordination in Figure 4.5, it is likely the increased coordination state 

plays a dominant role in the densification and crosslinking of the glass network. 

Amplified Al(V) species appear inversely proportional to the change in Al(IV). This change 

is largely attributed to the ability of Al to go from fourfold to fivefold under increased 

temperature and pressure35, 54. The unmodified structure has predominantly four- and 

some five-fold Al species (CAS10.80: 94% and 5%, CAS15.70: 91% and 8%, CAS20.60: 

89% and 9%, CAS25.50: 87% and 12%, Al(IV) and Al(V), respectively). 

The fraction of AlO6 is less than 1% in all compositions in ambient conditions. 

Simulated PE = 100 eV increased Al(VI) concentration range from 1 to 4% for CAS10.80 

and CAS25.50, respectively. Stebbins et al.21 show that annealing quenched glasses and 

lowering their fictive temperatures significantly reduces the population of high- 

coordinated Al species. Denser silica glasses are formed at fast quench rates and large 
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fictive temperatures7. These findings are consistent with our results where the annealed 

starting structure has near zero Al(VI) concentration. 

It is worth noting that the simulated laser-pulses induced a pressure-wave which 

increases the number density by approximately 12.4% in shells with the highest Al(V) and 

Al(VI) content. Although the increase in number density is not attributed the larger 

population of over-coordinated Al, we find that pulse energy and high-coordination are 

directly related, similar to Stebbins et al.21 use of high-resolution 27Al and 17O NMR to 

show that the content of five-coordinated aluminum increases with fictive temperature. 

Figure 4.6. Distribution of CAS10.80 SiOx units (x = 4 and 5) as a function of shell 
number. Shell zero represents the combine statistics within the focal volume (shells one 
through five). These values were averaged over ten timesteps and were all within 2%. 

 
Under ambient conditions the coordination number distribution of nearly all Si 

atoms is four-fold, forming SiO4 tetrahedra. The distributions of Si(IV) and Si(V), seen in 

Figure 4.6, follow a similar trend as Al species where the density in regions surrounding 
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voids increases due to the increased fictive temperature and pressure. As Stebbins38 and 

Lee54 highlight in aluminosilicates 5- and 6-coordinated Al form much more readily at 

high temperatures and pressures than Si(V). Previous studies12, 23, 54 show that the Si 

transition from four to five-fold coordination occurs at pressures ranging from 10 to 15 

GPa, all the way up to 40 GPa; however, the maximum pressure predicted in the 

simulated laser pulse was 6.1 GPa. The densification process around silica tetrahedron 

primarily result from a reduction in the inter-tetrahedral angle (Si-O-Si), small or 

undetectable change of interatomic distances, and gradual increase of average atomic 

coordination29. Although our model generates pressures significantly lower than studies 

observing pressure induced over-coordinated Si (Si(V)), Stebbins et al.55 have shown its 

abundance also increases with fictive temperature. The simulated fraction of Si(V) in this 

study is small and may be unobservable using 29Si NMR - further experimental 

investigation should follow. The highest concentration of laser induced-five-coordinated 

silicon occurs in CAS10.80. Due to Si(V) dependence on silicon content, we anticipate 

lower concentrations in CAS15.70, CAS20.60 and CAS25.50. For this reason, our model 

shows silicon only exists as four-fold in those systems. 

 

4.4.3 Interatomic Bonding 
 

4.4.3.1 Short-Range Order 

Simulated aluminum and silicon interatomic bonding distance 

distributions over the first eleven shells (55 Å)are shown in Figures 4.7 and 4.8 

(normalized y-axis) along with distribution statistics in Tables 4.3 and 4.4. To better 

understand the effect of pulse energy on localized structure, the topology of TO units (T 

= Al, Si) has been investigated via T-O and T-T radial distribution and O-T-O bond angle 

distributions; ambient conditions are plotted over each simulated laser condition, 

including the difference in distributions. Histogramed data and statistics for the other 

compositions can be found in the Appendix. Distortions in the glass random network 

produce a distribution around the ideal bonding angle and interatomic bond distance. 

We show the effects pulse energy and composition have on the resolving distributions. 



 

 
 
 
 
 

 

 
 

Figure 4.7. Histogram of (a) Al-O distance, (b) O-Al-O bond angle, and (c) Al-Al distance for 10CaO 10Al2O3 80SiO2 glass 
(shells 1-11) after simulating various pulse energy exposures (wide black line) and ambient structure (wide red line). 

The thin black line under each distribution shows the difference in distributions for visual assistance. Error within 1%. 
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Table 4.3. Distribution Statistics for Al-O, O-Al-O, and Al-Al Under Ambient and Laser Modified Conditions in CAS10.80. 

These Values were Averaged over Ten Timesteps and Indicate Standard Error. 
 
 

Parameter Ambient 10 eV 15 eV 25 eV 50 eV 100 eV 
 

Mean 

Al-O-Al 
Median

 

116.1 ± 0.25 

114.5 

115.8 ± 0.24 

113.5 

115.8 ± 0.25 

113.2 

115.2 ± 0.25 

113.1 

115.7 ± 0.25 

113.8 

115.3 ± 0.25 

113 

St. dev. 20.5 20.6 20.8 20.4 20.3 20.7 

Mean 109.3 ± 0.01 135.6 ± 0.09 135.3 ± 0.09 134.6 ± 0.10 134.2 ± 0.09 134.3 ± 0.10 

Al-O-Si 
Median

 108.9 134.8 134.3 133.6 133 133 

St. dev. 6.70 18.7 18.8 18.9 19 19 

Mean 108.8 ± 0.13 108.6 ± 0.18 108.5 ± 0.14 108.4 ± 0.15 108.3 ± 0.16 108.3 ± 0.16 

O-Al-O 
Median

 107.5 106.7 106.4 106.1 105.8 105.7 

St. dev. 13.6 15.8 16.2 16.9 17.2 17.5 

Mean 1.76 ± 0.00 1.78 ± 0.00 1.78 ± 0.00 1.79 ± 0.00 1.79 ± 0.00 1.80 ± 0.00 

d(Al-O) 
Median

 1.74 1.76 1.76 1.76 1.77 1.77 

St. dev. 0.01 0.12 0.12 0.12 0.12 0.12 

Mean 3.09 ± 0.00 3.12 ± 0.00 3.12± 0.00 3.12± 0.00 3.13± 0.00 3.13 ± 0.00 

d(Al-Al) 
Median

 3.09 3.11 3.12 3.12 3.13 3.13 

St. dev. 0.26 0.27 0.27 0.28 0.27 0.28 
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Four-coordinated Al and Si have a tetrahedral geometry and average bond angle 

of approximately 109.5°; tetrahedron geometry is comprised of four 109.5° angles, 

trigonal bipyramidal geometry has three 120°, two 90° and one 180° angle. The average 

O-Al-O bond angle in CAS10.80 is approximately 108.8° and average Al-O and Al-Al 

bonding distance of 1.76 and 3.09 Å, respectively. Average Al-O and Al-Al distances in 

the ambient system (CAS10.80) were 1.76 and 3.09 Å. These values are in agreement 

with previous simulation12, 17, 56-59 and experimental20, 60, 61 studies. Compositions 

CAS15.70, CAS20.60 and CAS25.50, under ambient conditions, have an average Al-O 

bond distance of 1.77 Å and Al-Al distance of 3.10, 3.11 and 3.12 Å, respectively. Minor 

elongation of the average bond length can be attributed to elevated population in high- 

coordinated polyhedra. Average O-Al-O bond angle is consistent across all compositions. 

Bonding environment for Si under ambient conditions is extremely stable 

primarily due to its high bond energy62. The stability was previously eluded to in the 

discussion of nearly 100% tetrahedral geometry in high-silica content glasses under 

extreme conditions; similar findings have also been reported in experiments and 

simulations12, 20, 57, 59, 63. Average O-Si-O bond angle of 109.3° is constant in all simulated 

systems under ambient conditions. Likewise, the calculated Si-O and Si-Si bonding 

distance of 1.61 and 3.098 Å in agreement with experimental findings60, 61, 64. 

Pulsed laser-glass interaction increases the systems’ disorder through 

broadening of the O-Al-O and O-Si-O anglular distributions. The standard deviation for 

both distributions increase with pulse energy (Tables 4.3 and 4.4). Although both angle 

distributions are mostly-symmetric under ambient conditions, laser exposure causes 

some shift and asymmetry of the peak(unmodified O-Al-O and O-Si-O are centered at 

106.5° and 109°, respectively). The O-Al-O bond angle is more susceptible to distortions; 

PE = 10 and 15 eV show slight reduction around the average angle and increase around 

90°, PE = 25, 50, and 100 eV show similar trend with 100 eV distirbution centered at 103° 

and average of 108.3°; the data reflects a positive skew. Bond angle distribution for O- 

Si-O shows no change in average bond angle; however, as pulse energy increases the 

distribution shifts to lower angles with PE = 100 eV centered at 107°. 
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Figure 4.8. Histogram of (a) Si-O distance, (b) O-Si-O bond angle, and (c) Si-Si distance for 10CaO 10Al2O3 80SiO2 glass 
(shells 1-11) after simulating various pulse energy exposures (wide black line) and ambient structure (wide red line). 

The thin black line under each distribution shows the difference in distributions to help illustrate the differences. 

Error is within 1% 
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Increasing Al2O3/SiO2 ratio did not have a significant effect on O-Al-O peak position, 

where bond angle distribution (PE = 100 eV) in CAS15.70, CAS20.60 and CAS25.50 are 

centered at 102.5°, 102.5°, and 103°. However, it is important to note that enhancing 

the ratio increases the average O-Al-O distortions when compared to the ambient 

system. 

Laser induced changes to interatomic bonding distance echo the bond angle 

data, where structural modifications are most prominent in Al species and the average 

Al-O bond length increases with succesively higher pulse energy. Because bond length 

and interbonding-angle are inversely proportional, the densification process reduces the 

average bond angle and increases bond length. At PE = 100eV, Al-O bond length in 

CAS10.80 increased 0.04 Å, while the average bond distance in compositions CAS15.70, 

CAS20.60 and CAS25.50 show a slight reduction to 0.03 Å. Calculated increase in Al-O 

bonding distance is due to increased Al-coordiantion number12, 65; these findings are 

consistent with empirical observations in ionic crystals66. It is also worth noting the 

averge Al-O bond length is dependent on temperature and pressure, based on the 

incremental trend towards longer bonds as pulse energy increases. Calculated Si-O 

average bond length across all compositions increased by less than 0.01 Å. The 

aforementioned densification process around silicon species, which primarily occurs 

from a reduction in inter-tetrahedral angle and little to no detectable change in the 

interatomic distance, is supported by our study. Previous studies12, 23 investigating 

compression of glass melts have found changes in the O-Al-O bond angle distribution 

are almost exclusively associated to Al(IV). Based on these results, we have determined 

that 1) Si species are far less susceptible to laser-induced structural modifications 

compared to Al, 2) distortion to the O-Al-O bond angle are dependent on temperature 

and pressure generated from pulse energies, and 3) increased Al2O3/SiO2 ratio amplifies 

laser modified structural distortions. 
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Table 4.4. Distribution Statistics for Si-O, O-Si-O, and Si-Si Under Ambient and Laser Modified Conditions in CAS10.80. 

These Values were Averaged over Ten Timesteps and Indicate Standard Error. 

 
 

Parameter Ambient 10 eV 15 eV 25 eV 50 eV 100 eV 

Mean 148.4 ± 0.05 147.3 ± 0.06 146.8 ± 0.06 146.5 ± 0.06 146.2 ± 0.06 146.0 ± 0.06 

Si-O-Si Median 148.2 147.2 146.7 146.4 146.0 145.8 

St. dev. 13.9 14.5 14.8 14.9 15.0 15.0 

Mean 109.3 ± 0.01 109.2 ± 0.02 109.2 ± 0.02 109.2 ± .02 109.2 ± .02 109.2 ± 0.02 

O-Si-O Median 108.9 108.6 108.6 108.5 108.4 108.4 

St. dev. 6.70 8.30 8.54 8.82 9.01 9.05 

Mean 1.61 ± 0.00 1.62 ± 0.00 1.62 ± 0.00 1.62 ± 0.00 1.62 ± 0.00 1.62 ± 0.00 

d(Si-O) Median 1.61 1.62 1.62 1.62 1.62 1.62 

St. dev. 0.05 0.07 0.07 0.07 0.07 0.07 

Mean 3.098 ± 0.000 3.106 ± 0.001 3.105 ± 0.001 3.105 ± 0.001 3.106 ± 0.001 3.108 ± 0.001 

d(Si-Si) Median 3.102 3.111 3.108 3.108 3.106 3.106 

St. dev. 0.110 0.130 0.134 0.135 0.136 0.138 
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4.4.3.2 Intermediate-Range Order 

To better understand the effect of laser pulse interaction on intermediate 

range order of glass structure, we investigated the bond angle distribution between Si 

and Al species. Distribution statistics for Al-O-Al, Al-Al, Si-O-Si, Si-Si and Al-O-Si are 

provided in Tables 4.3 and 4.4 (statistics for CAS15.70, CAS20.60 and CAS25.50 are 

provided in the Appendix, Tables 6.1-6.6). Under ambient conditions, the average 

distance for Si-Si and Al-Al are approximately 3.10 Å59, 65. Pulsed laser exposure 

increases the average distance for both; however, as previously noted in the interatomic 

bond angle analysis, Al species show a significantly higher capacity for distortion. An 

interesting observation from bond length calculations highlights a distinct elongation of 

Al-Al between ambient and laser-modified structure, but little to no change between PE 

= 10 and 100 eV. Similar trends are seen in Si-Si bonding, but the magnitude of change is 

smaller. 

 

 
Figure 4.9. The distribution of average bond angle for Al-O-Al, Si-O-Si and Al-O-Si over 
the first eleven shells, relative to simulated laser pulse energy. Error is within 1%. 

 
The average Al-O-Al, Si-O-Si and Al-O-Si bond angle in unmodified CAS10.80 are 

116.1°, 148.4° and 136.8°, respectively. Based on the distributions presented in Figure 

4.9, the average bond angles all tend to decrease with pulse energies (resulting in 

concomitant increase in Al-Al and Si-Si distance). Contrary to aluminum avoidance 

principle, studies have shown the presence of Al-O-Al bonding in calcium aluminosilicate 

glasses19, 67. In CAS10.80, average Al-O-Al angle is 116.1° under ambient conditions and 
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115.3° after exposure to PE = 100 eV. Increasing Al concentration results in a larger 

distinction between the pristine and laser-damaged (PE = 100 eV) average Al-O-Al bond 

angle (x = 0.15 117.9° and 116.3°, x = 0.2 119.3° and 117.2°, x = 0.25 119.8° and 117.6° 

for ambient and PE = 100 eV, respectively). Heightened standard deviation to Al-O-Al 

distribution reflects the transition of Al four- to five-fold coordination, considering laser 

effects on short-range order were significantly more pronounced in Al-species. Agnello 

et al.13 have shown deconvolution of Al-O-Al bond angle distribution, in high silica 

content glasses, contains two distributions, 1) Al connected by a BO (Al-BO-Al) and 2) Al 

bonded to a triclustered oxygen (Al-TBO-Al)13. Reduced intensity along the distribution 

tail at higher angles is attributed to decreased BO and an increase around 100° indicates 

the formation of TBO. As the initial glass system is charge neutral, triclustered oxygen 

and five-coordinated Al form to compensate for the formation of NBO. 

Stability of Si-O and Si-Si distance (Table 4.4) after laser irradiation indicates the 

decrease in average Si-O-Si angle is likely unrelated. Reduction is attributed to the 

dissociation of high-coordinated ring structures (five- and six-fold) and increase in three- 

and four-membered rings. This phenomenon is reported in both simulated and 

experimental investigations of laser modified silicate glasses. Hehlen68 has shown the 

densification of vitreous silica at 1000 K under hydrostatic pressure decreases the Si-O-Si 

bond angle by roughly 5.7°, equating to nearly 20% densification, as a result of breaking 

six-membered rings and forming three- and four-fold rings. These studies are consistent 

with our findings in which increasing laser pulse energy reduces average Si-O-Si bond 

angle, likely through the dissociation of higher-membered rings and formation of three 

and four-membered rings. 
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Figure 4.10. Running coordination for Al-Al, Si-Si and Al-Si after exposure to various 
pulse energies. Error is within 1%. 

 
Al-O-Si bonding follows a similar trend as Si-O-Si bonding when exposed to laser 

radiation. With increasing Al concentration, the unmodified distributions are centered 

at 136.8°, 136.6°, 136.5° and 136.4°, respectively. Pulse energy equal to 100 eV shifts 

the average Al-O-Si bond angle by 2.5°, 2.7°, 2.8° and 3.0° for CAS10.80, CAS15.70, 

CAS20.60 and CAS25.50, respectively. The distribution shows significant dependence on 

temperature and pressure. Based on the changes to Al-O-Al and Si-O-Si, we attribute the 

shift and population increase around 100° to triclustered oxygen formation. Forming 

five-coordinated Al and triclustered oxygen is necessary for charge compensation of 

NBO. Most NBO are associated with SiO4 units12. The Ca2+ cation tends to be close to 

negatively charged species like [AlO4]-, [AlO5]- and [NBO]-, therefore they are most likely 

to be found connecting [AlOx]- units or along -Si-NBO units. 

Figure 4.10 illustrates the coordination number between Al-Al, Si-Si and Al-Si; 

calculated by integrating the pair radial distribution function (PRDF). The shoulders 

correspond to PRDF first minimum for cutoff distance; intensity represents the average 

coordination number of the pair. In the case of Si-Si under ambient conditions, each SiOx 

unit connects to approximately 3 other SiOx units. Laser exposure causes a slight 

decrease in shoulder height, indicating a reduction in silica clusters and forming of NBO. 

As previously discussed, this is to be expected with increased Al(V) and TBO 

concentrations, in order to maintain charge neutrality. Conversely, AlOx clustering 

increases as a function of pulse energy. As previously mentioned, Al(IV) species 
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transitioning to Al(V) is accompanied by an increase in TBO (predominately bonded to 

AlOX units). Under ambient conditions Al-Si has an average coordination of 1. Similar to 

Al-Al, due to a slight increase in coordination as a function of pulse energy we show the 

pairing is susceptible to laser affects. As a result, the coordination change indicates 

mixing between AlOX and SiOX units increases with pulse energy. Based on the fact that 

NBO are most often found with SiO4 units, we can expect the modifier ion (Ca2+) to 

bridge two negatively charged species. 

 
4.5 Conclusion 

 
Ultrafast pulse-laser exposure of CAS glasses was modeled using MD simulations. We 

have compiled a comprehensive study on the effects of pulse energy and glass 

composition (along the tectosilicate join) on the resolving structure. After analyzing the 

data, we find 1) thermally induced shockwave generation caused permanent 

perturbations to the average number density per shell, but does not alter localized 

chemistry, 2) glasses with the highest silica content incur the largest void size and 

densification in a single shell (up to 14%), 3) formation of fivefold Al increases with pulse 

energy, and 4) distortion in SiOx units primarily occur to intermediate-range order(Si-O- 

Si, Si-Si), with minimal modification in the short-range order(O-Si-O, Si-O). 

Systems with increased Al2O3 concentration have a smaller void diameter, this is 

attributed to longer relaxation times. Observations of the structure’s short-range order, 

including coordination number distribution and first nearest-neighbor bonding between 

Al-O and Si-O, showed the ability of Al-species to switch from four- to five-fold 

coordination, increasing the average Al-O bond length and reducing the O-Al-O bond 

angle. Shells with enriched Al(V) content showed the most significant change in density. 

Based on statistical trends relating to Al structure, we have determined that Al 

coordination and the subsequent bonding environment are dependent pulse energy. 

Our results are consistent with the literature, confirming that structural changes of Al 

species have significantly higher temperature and pressure dependences compared to 

Si. Formation of triclustered oxygen and reduction in silicon ring size were both 
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observed as a result of laser modification to intermediate-range order. Based on a 

decreased intensity in Si-Si running coordination number shoulder and increase to Al-Al 

and Al-Si coordination number, we postulate that the laser effects reduce clusters of 

SiOX units via enhanced mixing of AlOX species and creation of NBO to charge balance 

TBO and Al(V). 

In conclusion, the mechanism responsible for laser-induced densification is 

attributed to increased five-coordinated Al species and distortion to four-coordinated Si 

inter-tetrahedral bonding environment (i.e. Si-O bonding distance and Si-O-Si angular 

bonds). Densification in glasses with higher initial densities (Increasing the Al2O3/SiO2 

ratio) densify less; as a result of enhanced initial densities, therefore a smaller increase 

in AlV occurs in comparison to Si-rich compositions. Understanding the complexities of 

laser modified glass structure, in multicomponent systems such as CAS, requires strong 

fundamental comprehension of both short- and medium-range order. This work serves 

as an important first step in creating a material map of laser-glass interaction studies. 

Future work should investigate structural evolution after exposure to multiple pulses 

and defect stability post annealing. By developing a comprehensive model, we can begin 

to lay the groundwork for improved structural optimization via laser-exposure, and even 

bridge towards laser-induced nucleation. 
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5.1 Introduction 

 
Calcium aluminosilicate’s glass formation region was first reported by Shelby.1 There 

have been numerous studies on the structure of calcium aluminosilicate glasses2-8. Most 

ultrafast laser exposure studies of this system involve doping with rare-earths for bright 

and long-lasting phosphorescence.9-11 Limited work is published on the effect of laser 

radiation in this ternary system, among those previously documented include radiation 

sources of accelerated electrons12 and ions13 (both continuous-wave (CW) sources), and 

the work presented in Chapter 4.14 

Ultrafast laser modifications can be deduced from two key contributing factors, 

thermal and pressure effects on glass structure. Significant development has been made 

in understanding pressure and thermal contributions to densification in calcium 

aluminosilicate glass.3, 6-8, 14-19 Specifically, the significance of fictive temperature and 

cooling rates.6-8, 13, 14, 19-21 We use these reports to corroborate laser-induced 

densification observed in calcium aluminosilicate glass. 

The motivation for this research stems from the emerging need for fundamental 

understanding and research on laser radiation and subsequent densification in 

aluminosilicate systems. In this work, we report structural modifications, using various 

experimental characterization techniques, to the glass network over a range of glass 

compositions in the system using both high- and low-repetition rate lasers. We will 

present the methodologies applied throughout the experimental process as well as our 

hypothesis behind each observed phenomenon. 
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5.2 Experimental Procedures and Methods 

 
5.2.1 Glass Synthesis 

Glass samples were provided by Corning Incorporated, sample synthesis and 

preparation details have been previously outlined by Lamberson22. The compositional 

space, shown in Table 5.1, represents the series of calcium aluminosilicate glasses along 

the tectosilicate join. 

Table 5.1. Calcium Aluminosilicate Batched Chemistry, Density, and Glass Transition 
Temperature (Tg) 
 
 

Glass Code 

Mole% as batched Density 

(g/cm3) 

Tg 

(°C) 

CaO Al2O3 SiO2 

215BK 10 10 80 2.41 905 

215BJ 15 15 70 2.51 896 

215BI 20 20 60 2.67 889 

215CB 22.5 22.5 55 2.66 886 

215BY 25 25 50 2.71 880 

215BX 25.5 25.5 49 2.71 881 

215BL 27.5 27.5 45 2.72 877 

215BM 30 30 40 2.76 874 

215BN 32.5 32.5 35 2.79 872 
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5.2.2 Femtosecond Laser Exposure 
 

5.2.2.1 High Repetition Rate 

Laser exposures were done on a FEMTOLASER Scientific XL 500 

(FEMTOLASERS Produktions GmbH, Austria). The solid state Ti:Sapphire-based high- 

energy oscillator system provides energies of 500 nJ, ~50 fs pulse duration, and 5.1 MHz 

repetition rate. A plano-convex lens was used to focus the collimated beam, producing a 

Gaussian profile of 1/e2 beam radius 7.5 µm measured at the sample surface. Calculated 

peak exposure fluences of 1.59 J/cm2 were derived from pulse energy measurements 

outlined by Liu23. Irradiation experiments were performed on polished sample surfaces 

perpendicular to the beam and rastered using an XYZ translation stage (Thorlabs, USA). 

The stage was moved in a two-dimensional place normal to the beam, at velocities of 

0.25 mm/s. 

 
5.2.2.2 Low Repetition Rate 

Samples were irradiated in ambient conditions using femtosecond-laser 

pulses generated from a YAG crystal emitting 1030 nm central wavelength and pulse 

durations of ~250 fs. Energies were attenuated through the combination of a half-wave 

plate and pulse picker. Exposures were done at repetition rates of 100 kHz, however, 

the translation stage velocity and pulse picker were set for single pulse exposures to 

prevent any thermal accumulation effects. A numerical aperture of 0.08 was used to 

focus the beam, producing a Gaussian beam profile with a 1/e2 beam radius of 16µm. 

The beam waist was minimized using a CCD camera and lens, ensuring the focal point 

was at the surface. An XY translation stage rastered the beam, creating periodic craters 

across the sample surface. Laser fluences of 12, 24, 48, and 96 J/cm2 were applied to 

each composition. 

 

5.2.3 THz-TDS Procedure 

A Teraview TPS 3000 (Teraview, Cambridge, UK) was used for terahertz time- 

domain spectroscopy (THz-TDS) measurements. Incident terahertz radiation is produced 

from a mode-locked Ti:Sapphire laser with 800 nm central wavelength, 100 fs pulse 
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𝑇(𝑛) 

duration, and 80 MHz repetition rate. The incident pulse is divided into a pump and 

probe beams, and all data was collected using transmission mode detection. Reference 

spectra were collected in pure nitrogen, using 1.2 spatial resolution and 3000 scans to 

resolve ambiguities. Upon purging the chamber with nitrogen, our sample spectra were 

collected from zero to three terahertz with identical parameters to the reference. 

Optical and dielectric properties are calculated by measuring the ratio of electric 

field strength before and after transmission. Applying a fast Fourier transform (FFT) to 

the time delay of the incident pulse yields frequency domain data, which upon taking 

the ratio between reference and sample produces the absorption spectrum. The ratio is 

expressed as: 

𝐸𝑠   = 𝑇(𝑛)exp (− 
𝛼𝑑 

+ 
𝑖𝑛𝜔𝑑

) (5.1) 
𝐸𝑟 2 𝑐0 

 

where Er and Es are THz electric field strength before and after passing through the 

sample, respectively, c0 is the speed of light in a vacuum, T(n) is the Fresnel reflection 

loss at the sample surface, ω is the radiation’s angular frequency, d is sample thickness, 

n is frequency dependent refractive index, and α is frequency-dependent absorption 

coefficient. 

The absorption coefficient can be obtained using amplitudes of the electric fields 

(both sample (ASO) and reference (ARO) from the following expression: 

 

𝐴𝑆𝑂 

𝛼𝑑 = −20 log [𝐴𝑅𝑂⁄ ] (5.2) 

 

Here, refractive index is represented as a function of the phases for sample (ϕSO) and 

reference (ϕRO) THz pulses, which are obtained from the imaginary part of the fast 

Fourier transform. 

𝑛𝑑 = 
𝑐 

(𝜑 − 𝜑 ) (5.3) 
𝜔 𝑆𝑂 𝑅𝑂 

Multiple measurements were collected to establish standard error in the 

refractive index across the sample surface. Due to surface finishing requirements, THz- 

TDS measurements were only collected for high-repetition rate laser exposures. 
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5.2.4 Atomic Force Microscopy 

Atomic force microscopy (AFM) measurements were performed on an MFP-3D 

Infinity (Oxford Instrument, California, USA). Data were compiled using Igor software. 

The silicon cantilever (7 nm tip radius) scanned across laser induced surface structures, 

while in tapping mode, collecting 512 points and lines at scanning rates of 0.5 Hz. 

 

5.2.5 Raman and Brillouin Spectroscopy 

Vibrational analysis was performed using in-house built ARABICA (Associated 

Raman Brillouin Calorimeter) spectrometer. A single frequency 488 nm continuous- 

wave laser source excited optical and acoustic vibrations across the glass surface. Using 

a 180° reflective measurement setup, scattered light contains contributions from the 

following: elastic scattered light (Rayleigh), inelastic scattered light (Raman) and 

acoustically scattered light (Brillouin). Measurements illustrated in Figure 5.1 contain 

two acquisitions of 120 seconds, using number of data points (16x) collected and step 

size (1 µm) for the respective maps. 

 

 
Figure 5.1. Schematic of the surface mapping using coincident Raman and Brillouin 

spectrometer; XY surface (left), XZ depth profile (middle), and YZ cross-section (right). 

 
Raman baseline corrections were done using a linear baseline with anchor points 

at 30, 230. 350, 670, 820, 1250, and 1400 cm-1. Spectra were collected from 0 to 1600 

cm-1, assigning the Boson peak (30-230 cm-1), main band (350-670 cm-1), and Qn (820- 

1250 cm-1). 

As the Raman and Brillouin signals were collected simultaneously, acquisition 

times and step size are identical. The Brillouin shift represents the diffraction portion of 

the incident beam at the wavefront of induced vibration. This represents the sound 
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velocity in the observed material. Brillouin data were fit using Gaussian functions while 

considering three variable parameters: shift, intensity, and width. 

 

5.2.6 27Al MAS NMR 

27Al magic-angle spinning (MAS) NMR measurements were conducted at 16.4 T 

(182 MHz resonance frequency) using an Agilent DD2 spectrometer and 3.2 mm MAS 

NMR probe. Glasses were powdered with an agate mortar and pestle, and subsequently 

packed into 3.2 mm diameter low-alumina zirconia rotors for computer-controlled 

sample spinning of 22.00 kHz. MAS NMR spectra were collected using short radio- 

frequency pulse width of 0.6 µs (~π/12 tip angle), and with averaging of 1000 to 2000 

transients with a recycle delay of 2 seconds. Data were processed with commercial 

software, without any additional line broadening, and shift referenced to aqueous 

aluminum nitrate at 0.0 ppm. Spectral deconvolution was performed in DMFIT4, using 

the Czjzek lineshape to reproduce peaks from four- and five-fold coordinated aluminum 

environments, and by integrating peak areas to approximate the aluminum coordination 

numbers. A very weak AlO6 signal from the zirconia rotor was identified and fitted to 

account for the background 27Al NMR signal. 
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𝑟 

5.3 Results and Discussion 

 
5.3.1 THz-TDS Results 

Using the derivation provided by Ritland24, a combination of the electrostatic 

equation and Maxwell relation can produce the Lorentz-Lorenz relation: 
 

𝑛2−1 𝑀 
= 

4𝜋 
𝑁

 ∑ 𝑓 𝛼 (5.4) 
  

𝑛2+2 𝜌 3 0 𝑖   𝑖   𝑖 

 

where N0 is Avogadro’s number, ρ is density, fi is molar fraction of ions of type I, M is 

molar mass, αi is electronic polarizability, and n is the index of refraction. Therefore, we 

can relate polarizability of individual particles to the susceptibility of the medium via the 

Clausius-Mossotti relationship: 

 

𝜀𝑟−1   𝑀 4𝜋 

𝜀  +2 
(

𝜌 
) = ( 

3 
) 𝑁𝑎𝛼𝑐 (5.5) 

with εr representing the material’s relative dielectric constant (square of the refractive 

index). 

Based on this information, we anticipate the refractive index to increase relative 

to (Ca+Al)/Si, mirroring the increase in density. Due to a limited range of frequencies, in 

addition to oscillatory behavior from THz back reflections from to sample thickness, all 

measurements were made at 0.8 THz. Select samples were exposed to laser radiation 

with consistent intensities, step size, and translation speeds, prior to remeasuring the 

refractive index in the same area. 

Figure 5.2 shows the THz refractive index and its changes as a function of glass 

composition. We observe two interesting trends in laser modified glasses. First, we 

observed a positive refractive index change. Densification in laser modified glasses is 

rarely reported without some surrounding volume experiencing decompaction, or a 

negative refractive index change. Second, silica-rich glasses incur the largest change to 

refractive index. One reason for this was outlined by Locker et al.14, where the authors 

propose the magnitude of index change (along the tectosilicate join) is influenced by the 
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system’s free space and aluminum’s ability to convert from four- to five-fold 

coordination. 
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Figure 5.2. Index of refraction data collected using THz-TDS, at 0.8 THz, for unmodified 
(black) and high-repetition rate laser irradiated (red) samples. All measurements have 

standard error bars with deviations less than 0.5%. 

 
Another possible explanation involves the kinetic fragility index, or relaxation 

time near the glass transition temperature. Due to silica-rich glasses (215BI and 215BJ) 

having relatively short relaxation times, laser induced modifications are more likely to 

remain imprinted on the glass structure. Intuitively, this means highly modified 

chemistries (215BY and 215 BM) have longer relaxation times and the potential to 

mitigate laser-induced distortions during the relaxation process. If we consider the 

laser-induced shockwave propagation and thermal effects in the context of fragility, the 

rate of relaxation occurs faster in glasses with high silica content. This explanation aligns 

well with Allwardt et al.15, who have shown that the rate of decompression (after 

placing glass under high-pressure) significantly impacts the retention of densification 

and structural changes when placed under pressure. 

The compiled THz-TDS data presents a strong support of our hypothesis and MD 

simulation results shown in Chapter 4, where laser irradiated calcium aluminosilicate 

glasses experience a densification process directly related to the silica concentration. 
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Further analysis is required to understand laser densified spatial confinement as well as 

structural mechanisms responsible for laser densification. 

 

5.3.2 Raman & micro-Brillouin 

Raman and micro-Brillouin maps, shown in Figure 5.3, were collected across the 

damaged glass surface. The top row of illustrates band-specific intensity across the laser 

damaged area, indicated in the upper-left corner of Figure 5.3. Surface-mapping was 

acquired using 1 µm step size in the x-direction and 2 µm step size in the y. Maps of the 

Brillouin longitudinal acoustic mode and Raman (Boson peak, main band, and Qn or Si-O 

stretching mode) all appear similar, showing low intensities across the void with some 

higher intensities sounding the crater. This is expected, as intensity in both Raman and 

Brillouin are affected by surface roughness or scattering of the laser focus point on 

defects and local variation of refractive index. Increased intensity surrounding void 

region is likely the result of material expansion, or “pile-up” around the craters 

perimeter. This effect is commonly observed during indentation, where shear plastic 

deformation causes material that has moved from bulk to surface. This was confirmed 

by AFM imaging (seen in Figure 5.4) across the laser-modified surface. Although 

intensity maps coincide with morphological surface changes from laser-induced void, 

band positions for both Brillouin and Raman remain unaffected. Lack of structural 

change seen in position is likely due to laser modification occurring sub-surface. 
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Figure 5.3. Intensity and position maps (along the x, y surface across low-repetition rate 
laser-induced craters) using coincident micro-Brillouin and Raman (boson peak (BP), 

main band (MB), and Si-O stretching mode (Qn)) spectroscopy. Inset image (upper-left) 
is a schematic diagram of the surface-mapped area. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4. AFM surface map of low-repetition rate laser-induced crater formation in 
calcium aluminosilicate glass. 

 
In this case, Brillouin and Raman maps were collected during a depth profile, seen in 

Figure 5.5. Once again, trends in the intensity are attributed to laser-modified surface 

morphology that cause scattering of the incident beam. Due to the map collection 

across x- and z-axis, contours in the intensity maps appear as a valley or well. 
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Considering AFM surface map and laser beam energy profile, the highest intensity 

occurs at the focal point center and therefore result in concavities. The positions of the 

different contributions evaluated after baseline correction do not reproduce any of the 

variation of intensity, and small variations can be assigned to noise. 

 

 

Figure 5.5. Depth profile of intensity and position (along the x, z surface across low- 
repetition rate laser-induced craters) using coincident micro-Brillouin and Raman (main 

band (MB) and Si-O stretching mode (Qn)) spectroscopy. Inset image (upper-left) is a 
schematic diagram of the analyzed area. 

 
We believe the lack of structural changes could be attributed to three factors: 1) 

densification and residual stresses are below the spectrometers spectral resolution, 2) 

structural modifications are smaller than the instruments spatial resolution, and 3) 

plastic deformation is limited as most deposited energy is dispersed through brittle 

events in the ablation regime. In addition, Moulton et al.25 have noted that the Raman 

and Brillouin shift are almost constant until 6 GPa, at which point the glassy network 

converts inro a high-density amorphous state. The authors have also found the 

compression of anorthite glass during in situ higher pressure Raman causing the 

coordination number of Al to increase, similar to high temperature-pressure 

interactions augmenting Al coordination. This is further supported by in situ synchrotron 

x-ray diffraction compression of glassy anorthite, where elongation of Al-O bond length 
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is observed in the pair distribution functions at pressures above 5 GPa.16 Albeit in SiO2 

and soda-lime silicate, Rouxel et al.26 have reported densification onset identified using 

Raman occurs at approximately 10 GPa. Since our structural moieties may be smaller 

than the spatial resolution of the spectrometer, cross-sections of the void region were 

analyzed. 

Figure 5.6 illustrates the cross-sectioned samples that were polished to expose 

the laser-damage glass. Low intensities found at the top of each band analysis result 

from the incident beam partially off the sample edge. While this does reduce detectable 

signal, the interaction volume is minimized, and analysis shows the very top-most layer 

of the glass. As expected, intensities increase significantly as the map moves into the 

bulk glass. Band positions from the cross-section analysis show an obvious change 

matching with the laser-damaged region. 

 

 

Figure 5.6. Cross sectioned (low-repetition rate) laser-damage analysis of band intensity 
and position using coincident Brillouin and Raman (boson peak (BP), main band (MB), 

and Si-O stretching mode (Qn)) spectroscopy. The inset image (upper-left) is a schematic 
diagram of the analyzed surface. 

 
Beginning with Si-O stretching modes or Qn band, the glass surface experiences 

the largest shift to higher wavenumbers (cm-1). Qn band position within the glass bulk is 

roughly 997 cm-1 and 1009 cm-1 along the void surface. A shift of this magnitude is 

significant, given the spectrometer’s resolution is better than one wavenumber. A shift 

in the center of the Qn band is indicative of Q4 formation, seen in Figure 5.7a, where the 
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blue and green data sets correspond to bulk and surface measurements, respectively. 

The band position gradually reduces back to frequencies found within the bulk as we 

move away from the laser-modified glass surface. Main band position remains 

unchanged, while the Boson peak shift appears inverted compared to the Qn band. The 

laser modified surface reflects a shift in Boson peak to lower frequencies. Temperature 

and pressure have opposing effects on peak frequency; increasing temperature induces 

a shift to lower wavenumbers and increasing pressure promotes a positive shift.27, 28 

Because laser pulse effects involve both temperature and pressure, we believe 

increasing fictive temperature plays a more dominant role in the Boson peak shift. 

Similar to the Boson peak, Brillouin experiences a negative shift in the laser-exposed 

region. Position of the Brillouin band in Figure 5.6 illustrates the gradual recession of 

laser modification in the glass bulk. 

 

Figure 5.7. Comparison of pristine and low-repetition rate laser modified anorthite glass 
using Raman (band_1 – laser-modified, band_2 – pristine) (a) and Brillouin (b) 

spectroscopy. 

 
Pre- and post-laser modified Brillouin scattering, seen in Figure 5.7b, show two 

crucial changes to the glass structure: 1) shift of the main band from 42.9 GHz (pristine) 

to 42.8 GHz (laser modified), and 2) formation of a second band or interface at 41.4 GHz 

after irradiation. The observed signal represents the diffraction portion of the incident 
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beam along the wave fronts of the induced vibrations, and correlate to sound velocity in 

the sample material. Frequency shifts result from phonon scattering at acoustic 

velocities of the medium, and since scattered light satisfies a Bragg condition with 

respect to each regions’ interacting phonons, the frequency shift is directly proportional 

to the acoustic velocities in their respective regions.29 Similar shifts were reported in 

glasses with variable cooling rates.30, 31 Bergler et al.30 have shown increasing cooling 

rates in fused silica induces structural rearrangement of the Si-O-Si bond angle 

distribution, therefore causing a change in the sound velocity of the glass network and 

shift in Brillouin signal. Considering ultrafast laser radiation promotes both thermal and 

pressure contributions, we can interpret the shift as a compressive stress and possible 

change in fictive temperature along the laser focal volume. The second significant laser 

induced component is the formation of a Brillouin doublet. Based on findings in the 

previous chapters, we demonstrate structural modifications surrounding the 

photoexcited volume generates regions of enhanced density. These residual changes 

are consistent to those seen in waveguides written inside glass bulk, where scattering 

from longitudinal acoustic phonons within the core and cladding produce the Brillouin 

doublets.29 

Brillouin scattering maps of the cross-sectioned surface, shown in Figure 5.8, 

illustrate localized intensities for the first (42.9 GHz) and second (41.4 GHz) peak as well 

the shift in first peak position. Based on the map, it is evident that the laser-modification 

is sub-surface and appears to be surrounded by a slightly-modified structure; supporting 

MD simulation results presented in Chapter 4. As expected, signatures from the first 

peak are most prominent in the bulk glass, largely due to the limited interaction volume 

associated with single-pulse laser exposure. The first peak position (42.9 GHz) shift to 

42.8 GHz occurs along the laser exposed cross-sectional surface. Considering the void 

formation from the pressure-induced shockwave propagation, the incident beam’s 

interaction volume may overlap with micro-cracks or ablated surfaces of lower density, 

therefore reducing the sound velocity and causing the Brillouin shift. Based on the 
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evident laser-induced modification of glass structure, we use 27Al MAS NMR to study 

changes on Al sites. 

 
 
 

Figure 5.8. Brillouin scattering maps of low-repetition rate laser-damaged calcium 
aluminosilicate cross-section second peak intensity (left), first peak intensity (middle), 

and fist peak position (right). 

Coincident Raman and Brillouin spectroscopy data have uncovered important 

information regarding structural changes after low-repetition rate laser exposure. 

Although the glass surface and depth profile have shown no observable modification 

from laser radiation, measurements acquired along the laser damaged cross-sectioned 

have revealed significant detail regarding residual density fields and their spatial 

confinement. Additionally, preliminary Brillouin data exhibit a change in the glass 

modulus as well as the formation of a secondary structure. 

 

5.3.3 27Al MAS NMR 

Figure 5.9 shows the central transition peak positions of higher-order Al-species 

collected during 27Al MAS NMR. The peak at roughly 50-65 ppm is indicative of AlIV. This 

peak position shifts towards higher values as Al2O3 content increases, what is commonly 

known as the chemical shift. The shift results from changes around Al bonding such as 

Qn species or second nearest neighbor (e.g., Al-O-Si or Al-O-Al). The shouldering found 

between 20 and 40 ppm is attributed to the presence of over-coordinated Al-species 

(AlV). Five-fold coordinated Al species were found to increase with aluminum 

concentration. It is hypothesized that the presence of Al-O-Al linkages (in calcium 

containing glasses) promote the formation of excess NBO, therefore over-coordinated 

Al species are generated to compensate for the excess charge. Many studies have found 
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Lowenstein’s32 aluminum avoidance principle, which argues that Al-O-Al linkages are 

less favorable than Al-O-Si, is violated in glasses.3, 5, 14, 32 Furthermore, Stebbins and 

others support these claims using high-resolution 17O NMR and detecting non-bridging 

oxygen (NBO) in charge neutral glasses. 
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Figure 5.9. 27Al MAS NMR spectra for calcium aluminosilicate glasses; 
(a)15CaO·15Al2O3·70SiO2, (b) 20CaO·20Al2O3·60SiO2, (c) 25CaO·25Al2O3·50SiO2, and (d) 

30CaO·30Al2O3·40SiO2. 

 
We investigated aluminum coordination after exposure to low and high fluence 

laser radiation in two glass systems: 215BY (25CaO·25Al2O3·50SiO2) and 215BM 

(30CaO·30Al2O3·40SiO2). Deconvoluted high-resolution NMR spectra for aluminum 

coordination states are shown in Figure 5.10; aluminum is primarily integrated in 

tetrahedral geometry (AlIV) as calcium acts as a charge neutralizer on the AlO4
-1 sites, 

but also exists in the over-coordinated trigonal bipyramidal geometry (AlO5). Both 

chemistries have 9% AlV after laser radiation of 12 J/cm2. Increasing the laser fluence to 

96 J/cm2 resulted in increased AlV in both compositions. Although increases were 1-2% 

at higher laser fluence, this is likely due to the laser’s small interaction volume only 

modifying the top or near top-surface of the glass, causing NMR signal to be 

predominately unmodified glass bulk (~1 mm) and therefore minimalized signal from 
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laser induced structural changes. The other glass compositions (215BJ and 215BI) 

showed no apparent change in Al-coordinating species after laser exposure. 

 
 

Figure 5.10. Deconvoluted high-resolution 27Al MAS NMR spectra for low-repetition rate 
laser modified ((a) 12 J/cm2 and (b) 96 J/cm2) 25CaO·25Al2O3·50SiO2 glass and 

30CaO·30Al2O3·40SiO2 ((c) 12 J/cm2 and (d) 96 J/cm2). 

 
To understand the observed increase in average coordination number, it 

important to know how aluminum acts under high temperature and pressure. Several 

studies report the conversion of AlIV → AlV at high temperature and pressure during 

experimentation such as variable cooling rates6, indentation22, hydrostatic pressure15-17, 

22, and ultrafast laser radiation14, 33. While the reason behind this conversion is not 

agreed upon, some believe it is the result of high field strength modifier cations’ 
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preference for short oxygen bonds, forcing aluminum to bond with a greater number of 

oxygen atoms with lower available valence.15, 34 Based on our findings in Chapter 414, we 

corroborate the previous theory under the circumstance that AlV is bonded to at least 

one triclustered oxygen (TBO). 

Based on the 27Al MAS NMR, we know that AlV concentration is inversely 

proportional to silica content in the unmodified glasses. The replacement of bipyramidal 

motifs for tetrahedra allows AlV to share edges with neighboring tetrahedra, as opposed 

to corner sharing found in AlIV and SiIV, giving it a stronger bond to surrounding 

tetrahedra. Furthermore, previous studies have demonstrated this assertion through 

correlating increased hardness and higher average Al coordination number.22, 35 Two 

theories explaining this phenomenon are: 1) over-coordinated aluminum helps crosslink 

the fragmented network by forming AlV and triclustered oxygen to balance excess non- 

bridging oxygen charge using the equilibrium 𝐵𝑂 ↔ 𝑁𝐵𝑂(𝑇𝐵𝑂 + 𝐴𝑙𝑉) and 2) enhanced 

bond strength in edge-sharing AlV prevents the movement of NBO (similar to dislocation 

movement in crystals) and shear deformation, thus increasing the glass hardness. 

27Al MAS NMR results support our hypothesis that ultrafast laser exposure of 

calcium aluminosilicate glass induces densification through the formation of AlO5 

species. The lack of change to average aluminum coordination after laser exposure in 

high silica content compositions (215BJ and 215BI) was unexpected. We postulate that 

the silica-rich glasses incur the largest change from four- to five-fold conversion. 

 
5.4 Conclusion 

 
We present a comprehensive systematic study to investigate laser – glass interaction 

and modification, as well as define the likely mechanisms responsible for laser 

densification. Ultrafast laser exposure of calcium aluminosilicate glasses, using variable 

pulse energies and repetition rates, exhibit a strong correlation between energy 

deposited and the magnitude of structural change. Refractive index measurements from 

THz-TDS show a positive index change after high-repetition rate laser exposure, in 

addition to a strong correlation between magnitude of the index change and silica 
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concentration. Raman and Brillouin spectroscopy provides the evidence of densification 

in terms of its spatial relation to the surface and bulk glass, as well as structural 

information regarding the formation of a new structure in the glass after exposure to 

low-repetition rate laser radiation. We believe an increase in fictive temperature plays a 

dominant role in the Boson peak shift. Finally, 27Al MAS NMR data have defined the 

likely mechanism responsible for densification in laser-modified calcium aluminosilicate 

glasses. These findings are preliminary in nature and warrant elaboration for 

fundamental understanding across a larger gambit of glass chemistries and laser 

conditions. In conclusion, we have established the following: 1) high-repetition rate 

densification is attributed to thermal accumulation and increased fictive temperature 

that may also result in larger AlV concentrations, 2) low-repetition rate laser radiation 

forms two regions around the void interface with distinctively different elastic moduli, 

and 3) laser radiation induces the propagation of AlV in low-repetition rate conditions, 

exhibiting a relationship between laser fluence and AlV concentration. 
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6. Conclusions 

 
The overall body of work described in this thesis contributes to the fundamental 

understanding of ultrafast pulse laser exposure to silicate glasses by focusing on glass 

chemistry, repetition rate, and laser fluence. Early results summarized in Chapter 2 

detail experimental studies that demonstrate a change in glass surface hardness and 

index after high-repetition rate laser exposure of various systems. Borosilicate and 

aluminosilicate glasses underwent a densification process, while decompaction was 

observed in soda-lime silica glass under constant laser parameters and exposure times, 

suggesting a compositional dependence on the type of laser modification. Laser 

modified regions were characterized using techniques such as THz-TDS, XPS, and XRR, 

showing no perturbations to the surface chemistry after laser radiation. However, the 

combination of THz-TDS, XRR, and Vickers hardness confirm the opposing effects. 

On the contrary, the effect of low-repetition rate on soda-lime silica glasses is 

summarized in Chapter 3, in addition to fluence and modifier concentration. Molecular 

dynamic simulations supported the prediction of silicon coordination species used in 

curve-fitting the Raman high-frequency envelope. Distinct shifts to lower frequencies in 

the Q3 Si-O stretching mode and concomitant augmentation of the band’s HWHM are 

indicative of a densification process within the inter-tetrahedral bonding environment. 

In all cases, low-repetition rate exposures lead to densification, however the magnitude 

is highly dependent on laser fluence, modifier valence state and concentration. 

Increasing pulse energies leads to greater densification, however each system exhibits 

an asymptotic behavior likely attributed to reaching maximum densification. The 

predefined degree of distortion observed in soda-lime silica glasses results in a higher 

degree of densification for under-constrained systems of lower connectivity. 

Single-pulse ultrafast laser exposure of CAS glasses was modeled using MD 

simulations. The results summarized in Chapter 4 is a comprehensive study on the 

effects of pulse energy and glass composition, along the tectosilicate join, revealing that 

1) thermally induced shockwave generation caused permanent perturbations to the 
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average number density per shell, but does not alter localized chemistry, 2) glasses with 

the highest silica content incur the largest void size and densification in a single shell (up 

to 14%), 3) formation of five-coordinated Al increases with pulse energy, and 4) 

distortion in SiOx units primarily occurs to intermediate-range order(Si-O-Si, Si-Si), with 

minimal modification in the short-range order(O-Si-O, Si-O). Based on statistical trends 

relating to Al structure, we have determined that Al coordination and the subsequent 

bonding environment are dependent on pulse energy, and the mechanisms responsible 

for laser-induced densification are attributed to increased five-coordinated Al species 

and distortion to four-coordinated Si inter-tetrahedral bonding environment. 

Finally, the experimental investigation, presented in Chapter 5, demonstrates 

densification of CAS using both low- and high-repetition rate lasers. High-repetition rate 

compaction is attributed to an increase in fictive temperature, resulting in structural 

changes such as the enrichment of AlV. A positive change in terahertz refractive index 

provides further support of this interpretation. Through Raman, Brillouin, and NMR 

characterization, single pulse exposure experiments validate the model detailed in 

Chapter 4, where residual density fields from post-laser radiation and densification lead 

to the formation of AlV. Furthermore, the dependency of five-coordinated Al on laser 

fluence is the result of increased localized fictive temperature from rapid cooling once 

the laser irradiation is stopped. 
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7. Future Work 
 

As evident from this thesis work on ultrafast structural modification of oxide glasses, 

there is still much work to be done to render a complete understanding of how laser 

interaction with glass affects its structure and properties. In part due to the thin layer of 

material modified within the laser focal volume, most characterization techniques do 

not have the necessary spatial resolution to detect such small-scale changes. Resolving 

and understanding surface-structure after laser-exposure, using surface extended X-ray 

absorption fine structure (SEXAFS) spectroscopy, would be greatly beneficial. Detecting 

changes in Al-coordination with spatial selectivity, along the sample surface, would 

provide critical localized structural information that the bulk analysis of NMR cannot 

attain. Additionally, the precision of SEXAFSs probing interatomic distances allows us to 

measure changes in Si-O and Al-O bond lengths as precisely as 0.01Å. 

Advancements to the MD simulation portion of this work should focus on varying 

pulse width and multi-pulse exposure. Modeling the energy deposited from different 

pulse durations will strengthen our understanding of the relationship between laser 

intensity and resolving structure. In addition, simulating the interaction of multiple 

pulses on glass will provide valuable information on laser modified structure, outlined 

under high-repetition rate conditions, which remains undetectable through 

experimental characterization techniques used in this work. 

Coincident Raman and Brillouin analysis could provide additional insight in the 

structural changes. Specifically, increasing the breadth of chemistries in the calcium 

aluminosilicate study, as well as analyzing damage regions from different laser fluences. 

Correlating the frequency shift to NMR and MD simulations will help evaluate the 

preliminary findings and further validate the laser-induced structural modification 

model. Finally, studying fictive temperature effects, using in situ differential scanning 

calorimetry (DSC) and Raman, will provide valuable information about the cooling rate 

after pulse removal and confirm our hypothesis of a densification process controlled by 

fictive temperature within the laser-modified region of glass. 
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8. Appendix 
 
 

Figure 8.1. Calcium aluminosilicate glass density around the focal diameter of simulated 
laser pulse at the peak intensity (top), Temperature profile of the pulse (PE = 100 eV) 

(red) and the focal volume (black)(bottom). 
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Figure 8.2. Five-coordinated Al for all simulated CAS systems as a function of silica 
concentration and pulse energy. 
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Figure 8.3. Distribution of CAS15.70 AlOx units (at x = 3, 4, 5 and 6) as a function of shell 
number. Shell zero represents the combine statistics within the focal volume (shells one 

through five). 



 

 
 
 

 

Table 8.1. Distribution Statistics for Al-O, Al-Al and O-Al-O Bonding under Ambient and Laser Modified Conditions in 

CAS15.70 These Values were Averaged over Ten Timesteps and Indicate Standard Error. 

 

Parameter  Ambient 10 eV 15 eV 25 eV 50 eV 100 eV 

 Mean 117.9 ± 0.16 117.4 ± 0.16 116.9 ± 0.16 116.6 ± 0.16 116.5 ± 0.17 116.3 ± 0.16 

Al-O-Al Median 116.6 115.8 115.1 114.8 114.7 114.6 

 St. dev. 20.1 20.3 20.3 20.2 20.3 20.3 

 Mean 136.6 ± 0.08 135.4 ± 0.08 134.9 ± 0.08 134.5 ± 0.08 134.2 ± 0.08 133.9 ± 0.08 

Al-O-Si Median 135.3 134.2 133.7 133.3 133.0 132.9 

 St. dev. 17.6 18.3 18.4 18.6 18.5 18.6 

 Mean 108.7 ± 0.04 108.4 ± 0.05 108.3 ± 0.05 108.2 ± 0.06 108.2 ± 0.06 108.1 ± 0.06 

O-Al-O Median 107.2 106.2 105.8 105.5 105.3 105.2 

 St. dev. 14.3 16.6 17.4 17.9 18.1 18.4 

 Mean 1.769 ± 0.000 1.790 ± 0.000 1.794 ± 0.000 1.796 ± 0.000 1.797 ± 0.001 1.798 ± 0.001 

d(Al-O) Median 1.750 1.768 1.771 1.772 1.773 1.774 

 St. dev. 0.099 0.121 0.123 0.124 0.124 0.125 

 Mean 3.105 ± 0.002 3.132 ± 0.002 3.133 ± 0.002 3.133 ± 0.002 3.137 ± 0.002 3.134 ± 0.002 

d(Al-Al) Median 3.098 3.128 3.128 3.129 3.132 3.135 

 St. dev. 0.263 0.270 0.275 0.275 0.279 0.278 

1
3

1
 



 

 
 
 
 
 

 

Table 8.2. Distribution Statistics for Si-O, Si-Si and O-Si-O Bonding under Ambient and Laser Modified Conditions in 

CAS15.70. These Values were Averaged over Ten Timesteps and Indicate Standard Error. 

 

Parameter Ambient 10 eV 15 eV 25 eV 50 eV 100 eV 

Mean 148.0 ± 0.06 146.8 ± 0.07 146.3 ± 0.07 146.0 ± 0.07 146.0 ± 0.07 145.9 ± 0.07 

Si-O-Si Median 147.8 146.8 146.2 145.8 145.8 145.6 

St. dev. 14.1 14.7 14.9 15.0 15.1 15.1 

Mean 109.3 ± .01 109.2 ± .02 109.2 ± .02 109.2 ± .02 109.2 ± .02 109.2 ± .02 

O-Si-O Median 108.8 108.6 108.5 108.5 108.4 108.4 

St. dev. 6.68 8.38 8.68 8.84 9.01 9.02 

Mean 1.611 ± 0.000 1.621 ± 0.000 1.621 ± 0.000 1.621 ± 0.000 1.622 ± 0.000 1.622 ± 0.00 

d(Si-O) Median 1.607 1.614 1.614 1.614 1.614 1.614 

St. dev. 0.054 0.074 0.074 0.074 0.074 0.074 

Mean 3.096 ± 0.000 3.109 ± 0.001 3.109 ± 0.001 3.108 ± 0.001 3.110 ± 0.000 3.109 ± 0.001 

d(Si-Si) Median 3.102 3.111 3.111 3.109 3.110 3.109 

St. dev. 0.111 0.135 0.135 0.137 0.138 0.139 

1
3

2
 



 

 

Figure 8.4. Running coordination for Al-Al, Si-Si and Al-Si (CAS15.70) after exposure to 
various pulse energies 

 
 

Figure 8.5. Distribution of CAS20.60 AlOx units (at x = 3, 4, 5 and 6) as a function of shell 
number. Shell zero represents the combine statistics within the focal volume (shells one 

through five). 
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Table 8.3. Distribution Statistics for Al-O, Al-Al and O-Al-O Bonding under Ambient and Laser Modified Conditions in 

CAS20.60. These Values were Averaged over Ten Timesteps and Indicate Standard Error. 

 

Parameter  Ambient 10 eV 15 eV 25 eV 50 eV 100 eV 

 Mean 119.3 ± 0.12 118.1 ± 0.12 117.5 ± 0.12 117.2 ± 0.12 117.2 ± 0.12 117.2 ± 0.12 

Al-O-Al Median 118.1 116.9 116.3 115.9 115.8 115.9 

 St. dev. 19.2 19.8 20.0 19.9 20.13 20.0 

 Mean 136.5 ± 0.07 135.1 ± 0.07 134.4 ± 0.07 134.1 ± 0.07 133.7 ± 0.07 133.7 ± 0.08 

Al-O-Si Median 135.2 134.0 133.2 132.9 132.4 132.4 

 St. dev. 17.1 17.9 18.0 18.1 18.2 18.2 

 Mean 108.6 ± 0.04 108.3 ± 0.05 108.1 ± 0.05 108.1 ± 0.05 108.0 ± 0.05 108.0 ± 0.05 

O-Al-O Median 107.1 105.8 105.4 105.1 104.9 104.8 

 St. dev. 14.7 17.5 18.3 18.6 18.9 19.1 

 Mean 1.769 ± 0.00 1.795 ± 0.000 1.798 ± 0.000 1.799 ± 0.000 1.801 ± 0.000 1.801 ± 0.000 

d(Al-O) Median 1.750 1.772 1.775 1.776 1.777 1.777 

 St. dev. 0.098 0.123 0.125 0.125 0.126 0.126 

 Mean 3.110 ± 0.002 3.141 ± 0.002 3.142 ± 0.002 3.139 ± 0.002 3.139 ± 0.002 3.139 ± 0.002 

d(Al-Al) Median 3.103 3.136 3.139 3.134 3.137 3.137 

 St. dev. 0.252 0.269 0.273 0.275 0.274 0.271 
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3
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Table 8.4. Distribution Statistics for Si-O, Si-Si and O-Si-O Bonding under Ambient and Laser Modified Conditions in 
CAS20.60. These Values were Averaged over Ten Timesteps and Indicate Standard Error. 

 

Parameter Ambient 10 eV 15 eV 25 eV 50 eV 100 eV 

Mean 148.0 ± 0.08 146.6 ± 0.08 146.1 ± 0.08 145.8 ± 0.08 145.7 ± 0.08 145.4 ± 0.08 

Si-O-Si Median 148.1 146.4 145.8 145.4 145.5 145.4 

St. dev. 14.1 14.8 15.0 15.0 15.2 15.1 

Mean 109.3 ± 0.01 109.2 ± 0.02 109.2 ± 0.02 109.2 ± 0.02 109.2 ± .02 109.2 ± 0.02 

O-Si-O Median 108.9 108.6 108.6 108.6 108.4 108.5 

St. dev. 6.45 8.34 8.68 8.82 9.01 8.97 

Mean 1.610 ± 0.000 1.621 ± 0.000 1.621 ± 0.000 1.621 ± 0.000 1.621 ± 0.000 1.621 ± 0.000 

d(Si-O) Median 1.606 1.613 1.613 1.613 1.613 1.613 

St. dev. 0.053 0.074 0.075 0.075 0.075 0.074 

Mean 3.100 ± 0.000 3.116 ± 0.001 3.114 ± 0.001 3.112 ± 0.001 3.112 ± 0.001 3.111 ± 0.001 

d(Si-Si) Median 3.106 3.117 3.114 3.111 3.112 3.111 

St. dev. 0.110 0.134 0.137 0.138 0.139 0.140 

1
3

5
 



 

 

Figure 8.6. Running coordination for Al-Al, Si-Si and Al-Si (CAS20.60) after exposure to 
various pulse energies. 

 
 

Figure 8.7. Distribution of CAS25.50 units (at x = 3, 4, 5 and 6) as a function of shell number. 
Shell zero represents the combine statistics within the focal volume (shells one through five). 
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Table 8.5. Distribution Statistics for Al-O, Al-Al, O-Al-O Bonding under Ambient and Laser Modified Conditions in 
CAS25.50. These Values were Averaged over Ten Timesteps and Indicate Standard Error. 

 

Parameter Ambient 10 eV 15 eV 25 eV 50 eV 100 eV 

Mean 119.8 ± 0.09 118.4 ± 0.10 117.8 ± 0.09 117.5 ± 0.10 116.5 ± 0.11 117.6 ± 0.10 

Al-O-Al Median 118.9 117.4 116.8 116.5 116.2 116.4 

St. dev. 18.8 19.6 19.9 19.9 19.8 20.0 

Mean 136.4 ± 0.07 134.8 ± 0.07 134.0 ± 0.07 133.7 ± 0.07 132.2 ± 0.09 133.4 ± 0.07 

Al-O-Si Median 134.7 133.5 132.6 132.3 131.8 132.1 

St. dev. 16.8 17.6 17.6 17.7 20.4 17.8 

Mean 108.5 ± 0.04 108.1 ± 0.04 108.0 ± 0.04 107.9 ± 0.05 107.6 ± 0.05 107.6 ± 0.05 

O-Al-O Median 106.7 105.4 104.9 104.7 104.2 104.1 

St. dev. 15.6 18.3 19.1 19.3 20.3 20.4 

Mean 1.772 ± 0.000 1.799 ± 0.000 1.802 ± 0.000 1.803 ± 0.000 1.804 ± 0.000 1.805 ± 0.000 

d(Al-O) Median 1.753 1.776 1.778 1.779 1.780 1.780 

St. dev. 0.100 0.125 0.126 0.127 0.123 0.124 

Mean 3.112 ± 0.001 3.146 ± 0.001 3.146 ± 0.001 3.145 ± 0.001 3.145 ± 0.001 3.144 ± 0.001 

d(Al-Al) Median 3.110 3.141 3.140 3.140 3.140 3.139 

St. dev. 0.251 0.268 0.273 0.2274 0.274 0.272 
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Table 8.6. Distribution Statistics for Si-O, Si-Si and O-Si-O Bonding under Ambient and Laser Modified Conditions in 

CAS25.50 These Values were Averaged over Ten Timesteps and Indicate Standard Error. 
 
 

Parameter Ambient 10 eV 15 eV 25 eV 50 eV 100 eV 

Mean 147.7 ± 0.09 146.2 ± 0.10 145.6 ± 0.10 145.4 ± 0.10 142.3 ± 0.10 145.2 ± 0.10 

Si-O-Si Median 147.4 146.1 145.2 145.0 143.5 144.8 

St. dev. 14.1 14.9 15.1 15.0 20.1 15.2 

Mean 109.3 ± 0.02 109.2 ± 0.02 109.2 ± 0.02 109.2 ± 0.02 109.2 ± .02 109.2 ± .02 

O-Si-O Median 108.9 108.6 108.6 108.5 108.5 108.5 

St. dev. 6.45 8.40 8.61 8.67 8.74 8.78 

Mean 1.609 ± 0.000 1.620 ± 0.000 1.620 ± 0.000 1.620 ± 0.000 1.620 ± 0.000 1.620 ± 0.000 

d(Si-O) Median 1.605 1.613 1.612 1.612 1.612 1.612 

St. dev. 0.053 0.075 0.075 0.074 0.075 0.074 

Mean 3.101 ± 0.001 3.117 ± 0.001 3.117 ± 0.001 3.115 ± 0.001 3.114 ± 0.001 3.115 ± 0.001 

d(Si-Si) Median 3.107 3.118 3.116 3.115 3.112 3.114 

St. dev. 0.111 0.136 0.139 0.140 0.141 0.140 
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Figure 8.8. Running coordination for Al-Al, Si-Si and Al-Si (CAS25.50) after exposure to 
various pulse energies. 

 
 

Figure 8.9. Fractional change in non-bridging oxygen (NBO) content as a function of 
silica concentration and pulse energy. 
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Figure 8.10. Fractional change in triclustered oxygen (TBO) content as a function of silica 
concentration and pulse energy. 

 
 

Figure 8.11. AlV in CAS10.80 
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Figure 8.12. membered ring in CAS10.80 between AlIV and AlV 
 
 

 
Figure 8.13. TBO formed in CAS10.80 between Al- and Si-tetrahedra and AlV 




