
  iii 

Laser processing of Silica based 

glass 
 

 

Patrik Holmberg 

 

 

 

 

 

 

 

 

 
 

Doctoral Thesis  

Department of Applied Physics  

KTH – Royal Institute of Technology  

Stockholm, Sweden 2015 



  iv 

 

 

 

 

 

 

 

 

Laser processing of Silica based glass 
© Patrik Holmberg 2015 

 

Laser Physics division 

Department of Applied Physics 

KTH – Royal Institute of Technology  

106 91 Stockholm 

 

ISBN:  978-91-7595-709-8 

TRITA-FYS 2015:72 

ISSN 0280-316X 

ISRN KTH/FYS/--15:72--SE 

 

Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan 

framlägges till offentlig granskning för avläggande av teknologie doktorsexamen den 

14:e oktober 2015 i sal FB 52, Albanova, Roslagstullsbacken 21, KTH, Stockholm. 

Avhandlingen kommer att försvaras på engelska. 

 

Cover picture: An interferometer for fabricating Fiber Bragg Gratings designed for 

using ultra-short infrared pulses. The red light of a Helium-Neon laser used as a visual 

guide beam is seen, refracted by a fiber. 

 

Printed by Universitetsservice US AB, Stockholm 2015  



  v 

Patrik Holmberg 

Laser processing of Silica based glass 

Laser Physics, Department of Applied Physics, KTH – Royal Institute of Technology  

106 91 Stockholm, Sweden 
ISBN: 978-91-7595-709-8, TRITA-FYS 2015:72, ISSN 0280-316X,ISRN KTH/FYS/--15:72--SE 

 

Abstract  
The main topic of this thesis work is photosensitivity and photo-structuring of optical 

fibers and bulk glass. Although research in the field of photosensitivity in glass and 

optical fibers has been ongoing for more than three decades, the underlying 

mechanisms are still not well understood. The objective was to gain a better 

understanding of the photo-response by studying photosensitivity from a 

thermodynamic perspective, as opposed to established research focusing on point 

defects and structural changes, and strain and stress in optical fibers. Optical fibers 

was mainly used for experimental studies for two reasons; first, photosensitivity in 

fibers is more pronounced and more elusive compared to its bulk counterpart, and 

secondly, fibers provide a simplified structure to study as they experimentally can be 

seen as one-dimensional. 

Initially, ablation experiments on bulk glass were performed using picosecond 

infrared pulses. With a design cross section of 40x40 µm, straight channels were 

fabricated on the top (facing incident light) and bottom side of the sample and the 

resulting geometries were analyzed. The results show a higher sensitivity to 

experimental parameters for bottom side ablation which was ascribed to material 

incubation effects. Moreover, on the top side, the resulting geometry has a V-shape, 

independent of experimental parameters, related to the numerical aperture of the 

focusing lens, which was ascribed to shadowing effects.  

After this work, the focus shifted towards optical fibers, UV-induced fiber Bragg 

gratings (FBGs) and thermal processing with conventional oven and with a CO2 laser 

as a source of radiant heat. 

First, a system for CO2 laser heating of optical fibers was constructed. For 

measuring the temperature of the processed fibers, a special type of FBG with high 

temperature stability, referred to as "Chemical Composition Grating" (CCG) was 

used. A thorough characterization and temperature calibration was performed and the 

results show the temperature dynamics with a temporal resolution of less than one 

millisecond. The temperature profile of the fiber and the laser beam intensity profile 

could be measured with a spatial resolution limited by the grating length and diameter 

of the fiber. Temperatures as high as ~ 1750 °C could be measured with 

corresponding heating and cooling rates of 10.500 K/s and 6.500 K/s. 

Subsequently, a thorough investigation of annealing and thermal regeneration of 

FBGs in standard telecommunication fibers was performed. The results show that 

thermal grating regeneration involves several mechanisms. For strong regeneration, 

an optimum annealing temperature near 900 C was found. Two different activation 

energies could be extracted from an Arrhenius of index modulation and Bragg 
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wavelength, having a crossing point also around 900 °C, indication a balance of two 

opposing mechanisms. 

Finally, the thermal dynamics and spectral evolution during formation of long 

period fiber gratings (LPGs) were investigated. The gratings were fabricated using the 

CO2 laser system by periodically grooving the fibers by thermal ablation. 

Transmission losses were reduced by carefully selecting the proper processing 

conditions. These parameters were identified by mapping groove depth and 

transmission loss to laser intensity and exposure time. 
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Sammanfattning 
Huvudtemana i denna avhandling är fotokänslighet och fotostrukturering av optiska 

fibrer och bulk glas. Trots att forskning inom fotokänslighet i glas och optiska fibrer 

har pågått under mer än tre decennier är de bakomliggande mekanismerna ännu inte 

klarlagda. Syftet var att få en bättre förståelse för fotoresponsen genom att studera 

fotokäsligheten ur ett termodynamiskt perspektiv, i motsats till etablerad forskning 

med fokus på punktdefekter och strukturförändringar, samt mekaniska spännings 

effekter i optiska fibrer. Optiska fibrer användes för flertalet av de experimentella 

studierna av två skäl; för det första är fotokänsligheten i fibrer större och dessutom vet 

man mindre om bakomliggande mekanismer jämfört med motsvarande bulk glas, och 

för det andra kan fibrer vara enklare att studera eftersom de experimentellt kan ses 

som en endimensionell struktur. 

Inledningsvis utfördes ablaherings experiment på bulk glas med en infraröd laser 

med pikosekund pulser. Raka kanaler med ett designtvärsnitt på 40x40 µm 

tillverkades på ovansidan (mot infallande ljus) och bottensidan av provet och de 

resulterande geometrierna analyserades. Resultaten visar en högre känslighet för 

variationer i experimentella parametrar vid ablahering på undersidan vilket kan 

förklaras av inkubations effekter i materialet. Dessutom är den resulterande geometrin 

på ovansidan V-formad, oavsett experimentella parametrar, vilket kunde relateras till 

den numeriska aperturen hos den fokuserande linsen, vilket förklaras av 

skuggningseffekter. 

Efter detta arbete flyttades fokus mot optiska fibrer, UV inducerade fiber Bragg 

gitter (FBG), och termisk bearbetning med konventionell ugn samt även med en CO2-

laser som källa för strålningsvärme. 

Först konstruerades ett system för CO2-laservärmning av fibrer. För mätning av 

temperaturen hos bearbetade fibrer användes en speciell sorts FBG med hög 

temperaturstabilitet, kallade ”Chemical Composition Gratings” (CCG). En grundlig 

karaktärisering och temperaturkalibrering utfördes och temperaturdynamiken mättes 

med en tidsupplösning på under en millisekund. Temperaturprofilen i fibern, och 

laserns strålprofil, kunde mätas med en spatiell upplösning begränsad av gitterlängden 

och fiberns diameter. Temperaturer upp till ~1750 °C, vilket är högre än 

mjukpunktstemperaturen, kunde mätas med korresponderande uppvärmnings- och 

avsvalningshastighet på 10.500 K/s och 6.500 K/s. 

Därefter gjordes en omfattande undersökning av värmebearbetning och termisk 

regenerering av FBG:er i telekomfiber. Resultaten visar att termisk gitter-regenerering 

aktiveras av flera olika mekanismer. Värmebearbetning vid en temperatur omkring 

900 °C resulterade i starka gitter efter en regenerering vid en temperatur på 1100 °C. 

Två olika aktiveringsenergier kunde extraheras från en Arrhenius plot avseende 

brytningsindexmodulation och Braggvåglängd, med en skärningspunkt tillika runt 900 

°C, vilket indikerar en avvägning mellan två motverkande mekanismer vid denna 

temperatur. 

Slutligen undersöktes temperaturdynamiken och de spektrala egenskaperna under 

tillverkning  av långperiodiga fibergitter (LPG). Gittren tillverkades med CO2-
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lasersystemet genom att skapa en periodisk urgröpning medelst termisk ablahering. 

Transmissionsförluster kunde reduceras med noggrant valda processparametrar. 

Dessa parametrar identifierades genom mätningar av ablaherat djup och 

transmissionsförlust som funktion av laserintensitet och exponeringstid. 
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Chapter 1. Introduction 

Material processing using lasers in the modern society ranges from welding and 

cutting in the industry to marking, artistic decoration and cosmetic or invasive 

surgery. The success of using lasers in material processing originates from the nature 

of laser light, with the high powers available and efficient light-matter interaction. 

Also, the ability to focus laser light onto a very small area or volume allows for high 

intensities and localized processing. Laser structuring of glass is a contemporary 

method in industry and a diverse research field.  The term structuring refers here to 

the engineering of a functional structure on the surface or in the bulk of the glass 

sample. During surface structuring, material is removed by laser ablation or 

evaporation, with resulting geometries on the order of a few to tens or hundreds of 

micrometers. In bulk structuring, the refractive index of the material is tailored to 

achieve, e.g., waveguiding- and/or grating structures with dimensions down to a few 

hundred nanometers.   

One major field for surface structuring is microfluidics and microanalysis systems, 

commonly referred to as Lab-On-a-Chip or micro Total Analysis Systems (LOC or 

µTAS). The main advantage of such devises lie in the small sample volume required 

to carry out analyte handling and analysis, integrated onto devices measuring only a 

few centimeters across. In the field of optofluidics, waveguiding capabilities for 

sample analysis are integrated into microfluidic chips  [1], resulting in a compact and 

versatile device.  

Refractive-index tailored devices have a major importance in, e.g., 

telecommunication systems, laser design, spectroscopy and sensing applications and 

can be used for miniaturizing optical components  [2], fabrication of phase-

gratings  [3] or complex waveguide structures for photonics  [4]. Another important 

field is thermal processing of optical fibers towards extended functionality. Here, 

common components are splitters and circulators, tapers for mode conversion, and 

long-period fiber gratings.  

A phase-grating structure is a periodic variation of the refractive index, acting as a 

narrow bandwidth filter and reflector of light. Such devices are usually referred to as 

Bragg gratings and, specifically in bulk material, as volume Bragg gratings (VBG) 

and, in optical fibers, as fiber Bragg gratings (FBG). VBGs are typically fabricated in 

a photo-thermorefractive glass  [5] by exposure to UV light followed by a developing 

step at an elevated temperature.  

Fiber Bragg gratings are imprinted in the core of optical fibers, commonly using a 

UV laser, and can be used in fiber lasers for wavelength selection, in 

telecommunication systems for dispersion compensation and in multiplexing devices. 

Another application is to use FBGs for sensing, typically of temperature and strain. 

Advantages such as small size, long geometrical range, and immunity to 

electromagnetic interference, makes FBGs attractive in many applications such as for 
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structural health monitoring in civil engineering (buildings, bridges, towers, et.c.) and 

remote sensing in harsh environments. 

In order to induce any change in the material, it needs to absorb photons at the 

processing laser wavelength. The material response is a then consequence of photon 

absorption followed by different pathways towards the final material modification. 

The photo-absorption can be a single- or multi-photon process and the subsequent 

material response is determined by the material properties, and by the wavelength, or, 

inversely, the photon energy, of the laser light. This ability to change the material 

properties using light is referred to as Photosensitivity. The photosensitivity in optical 

fibers is higher when compared to bulk although the same material composition is 

considered. Even as photosensitivity in fibers was discovered more than three decades 

ago  [6], the underlying physical mechanisms are still not well understood.  

Another major concern for the feasibility of fiber Bragg gratings have been the 

stability of the photo-induced refractive index change. In telecommunication systems, 

operation life-time requirements can be several decades, and slow degradation at low 

temperatures can thus be detrimental. Even more challenging is the stability at high 

temperatures (~1000 °C). Standard gratings can survive temperatures limited to ~300-

400 °C and thus much effort has been made to push this limit. 

1.1. Objective 

The main objective of this study has been to gain a better understanding of the 

mechanisms of photosensitivity in optical fibers. The motivation has been twofold; 

firstly, a better understanding is essential for improving fabrication of the various 

types of fiber Bragg gratings and secondly, if better understood, the enhanced photo 

response in fibers might aslo be achieved in bulk glass. Most prior research efforts 

have been focused on the dynamics of point defects in glass and on the growth 

dynamics during UV irradiation. In this work, the photosensitivity was studied from a 

thermodynamic perspective where thermally activated processes include structural 

changes, strain relief, as well as annealing of point defects. 

1.2. Thesis structure 

This thesis is a summary of the published articles and manuscripts reproduced in the 

last section, Part II. The first section (Part I) describes this work, starting from a 

theoretical background and evolving into the specific methods and applications 

including the experimental results. In Chapter 2 & 3, a background to glass and its 

interaction with light is given. Chapter 4 describes surface ablation where a 

comparison between top- (facing laser) and bottom-side machining is made. Chapter 5 

describes the basic principles of optical fibers, their photosensitivity and the 

underlying mechanisms. Chapter 6 deals with fiber Bragg gratings and their 

classification, thermal stability, and decay models. In Chapter 7, thermal processing 

of fibers using a CO2 laser is described. Conclusions and an outlook are given in 

Chapter 8. 
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Chapter 2. Glass 

This chapter is a brief introduction to glass; what distinguishes a glassy material, 

together with theoretical models and experimental methods to characterize the glass 

structure. Also, related definitions and concepts are described. For a more complete 

background on glasses, please refer to, e.g., [1–3]. 

Glassy materials can be found in nature as well as engineered for personal or 

industrial use. Glasses are commonly referred to as amorphous solids since they 

possess a disordered atomic structure, in contrast to its crystalline counterpart. This 

definition is in some aspects flawed and a better description would be: A glass is non-

crystalline solid exhibiting the phenomenon of a glass transition [2]. Although most 

often associated with transparency as in window glass and table ware, there are many 

opaque glasses; for example, alloys for industrial use which has been engineered to 

meet specific demands and amorphous silicon used in many photovoltaic cells. 

Although glass is the oldest known man-made material, much is still not well 

understood about the fundamental physics of the transition between the liquid- and 

glassy state. There is no thermodynamic definition of the glass transition; there is no 

first order phase transition; it occurs without latent heat. Basically, it is a competition 

between cooling rate and crystallization and thus a kinetic phenomenon. Glass 

formation occurs when cooling or increasing pressure of a melt. Here, however, only 

the thermal case is considered. 

 

“There are more theories of the glass transition than there are theorists who 

propose them.” - David A. Weitz 

2.1. The glass transition and related definitions 

Glass is formed by cooling a melt at a rate high enough to avoid crystallization. At 

some critical temperature, referred to as the glass transition temperature, the structure 

of the melt is quenched into a solid as viscosity reaches a critical value. The 

phenomenon of the glass transition is schematically shown in Figure 2.1 where some 

material properties, which can be entropy or volume, specific heat or thermal 

expansion, are plotted as a function of temperature. During cooling the viscosity 

increases and there is a progressive solidification towards the glassy state. For 

comparison, the transition into a crystal is shown. Crystallization starts with formation 

of nucleation centers from which crystallization progresses, which is avoided at 

sufficiently high cooling rate since both the formation of nucleation centers and 

successive nucleation depends on cooling rate. 



 19 

 
Figure 2.1. Property – Temperature dynamics during cooling from liquid to solid state thru 

the glass transition. TM, Tf and Tg indicate the melting point of the crystal, the fictive 
temperature and glass-transition temperature of the glass, respectively. In (a), the first 

order thermodynamical properties energy, entropy and volume are plotted as a function of 
temperature. The fictive temperature as a function of cooling rate is also shown.  In (b) the 

change in specific heat during cooling is shown. From  [3]. 

2.1.1. Glass transition region 

There are various definitions of the glass transition temperature, Tg, of which many 

are accepted in science and industry. One definition is the temperature at which the 

viscosity reaches a value of 10
12

 Pa·s. As can be seen in Figure 2.1, the exact location 

of Tg will depend on the thermal history and therefore, measurement conditions are 

specified and depending on the specific measurement technique. There are different 

methods to measure Tg which typically does not yield the same value. Most common 

is Differential Scanning Calorimetry (DSC) which gives a value referred to as the 

calorimetric Tg. Other techniques are Thermal Mechanical Analysis and Dynamic 

Mechanical Analysis with the latter being the most sensitive. In DSC, the glass is 

formed at a specified cooling rate of 10 K/min and then reheated at the same rate 

while measuring the heat flow. Tg is then obtained as the temperature in the center of 

smooth step in heat capacity, as shown in Figure 2.1(b) 

2.1.2. Fictive temperature 

As molecular motion slows down during cooling, the viscosity increases and the super 

cooled liquid cannot conform to equilibrium. At a temperature near or at Tg, the 

structure of the melt is quenched into the high viscosity glass. Therefore, at 

temperatures below Tg, the glass is not at thermal equilibrium. The last temperature at 

which the glass was in thermal equilibrium thus occurs in the liquid state and this 

temperature is referred to as the fictive temperature, Tf  [4]. 
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2.1.3. Other definitions 

Since the glass transition is a kinetic phenomenon, the structure might change its 

configuration if heated to a sufficiently high temperature, around Tg. The exact 

properties of such change depends on the thermal history and thus on the fictive 

temperature, Tf. A rapidly cooled glass, having a high Tf, is typically strained at room 

temperature. If such glass is kept at a temperature around Tg for a time sufficient for 

the structure to reach thermal equilibrium, the strain is released. If the glass is then 

cooled at a temperature slow enough for the whole object to be free of temperature 

gradients, the strain at room temperature is minimized. This is a process known as 

annealing. The strain temperature, defined by a viscosity of 10
13.5

 Pa s, is the 

temperature below which no structural changes occur on convenient time scales. At 

the annealing temperature, defined by a viscosity of 10
12

 Pa s, structural relaxation 

occurs within ~15 min while at the strain temperature hours is required. The softening 

point, at which the glass may deform under its own weight, is defined by a viscosity 

of 10
6.65

 Pa s. 

Silica glass is manufactured from different raw material and using different 

methods and thus has different properties. Typical values for fused silica and quartz 

are  [5]: 

 

Glass transition temperature ~1200 °C 

Softening temperature  1600 - 1710 °C 

Annealing temperature 1100 - 1220 °C 

Strain temperature  1000 - 1125 °C 

2.2. Glass models 

The model most commonly used to explain the glass structure was proposed by 

Zachariasen; the Continuous Random Network (CRN) model  [6] with a modified 

version suggested by Greaves  [7]. The difference between the crystal structure and 

the CRN structure is shown in 2D for pure silica glass in Figure 2.2. The crystal and 

the glass have the same chemical composition, SiO2 with tetrahedral bonding. As can 

be seen, the crystal has a long range order and possesses translational invariance with 

a tetrahedron with corner sharing oxygen atoms forming a ring pattern. In the glass 

structure, similar rings can be seen but not sharing a constant number of oxygen 

atoms. The glass network is commonly described using ring statistics where the 

number of oxygen atoms shared by the SiO4 tetrahedrons labels the rings, i.e., n-

numbered ring denotes a ring with n corner sharing oxygen. When describing the 

glass network and structural modifications, it is convenient to define some 

characteristic length or ranges: 

First or zero range order: describes the structural unit, in pure silica the SiO4 

tetrahedral. 
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Short range: is on an atomic bond scale, i.e. a few Å, and include neighboring 

atoms. In glass networks it describes the network connectivity; the distance and 

relative orientation between two adjacent structural units, i.e. bond angels and density. 

Intermediate range: is related to the network topology which, slightly simplified, 

can be expressed as the surface topology of the 2D model (Figure 2.2) when adapted 

to a 3D network. The range thus includes the rings formed by corner sharing 

structural units, with a diameter on the order of <10 Å. 

Long range: since there is no ordered structure in glass at ranges of more than the 

structural unit, the long range describes the disorder of the network, or in other terms 

its density fluctuations, extending to lengths of more than 10 Å. 

 
Figure 2.2. 2D structure of crystalline and amorphous SiO2 (Adapted from 

http://www.ceramicindustry.com). 

2.3.  Probing the glass structure 

The most common methods to experimentally characterize the glass structure are by 

diffraction (X-Ray, neutron), infrared- (IR) and Raman spectroscopy or nuclear- or 

electronic spin resonance (NMR & ESR). Diffraction spectra from an ordered 

structure, i.e., a crystal, has sharp peaks while in the glassy disordered structure theses 

peaks are broadened due to the distribution of ring size. A typical diffraction spectrum 

contains a first sharp diffraction peak followed by ~3-4 low broad peaks, see Figure 

2.3. From diffraction data, the so-called pair distribution function, g(r), can be derived 

which is the probability to find another atom at a distance r from a central reference 

atom. The first two peaks of g(r) are the two first coordination shells, the short range, 

and provide the Si-O distance and the average and spread in O-Si-O bond angles, still 

considering pure silica glass. From the third peak, which is related to the corner 

sharing geometry of the network, intermediate range, the average Si-O-Si angle can 

be determined [3]. NMR also provides data on local structure and network 

connectivity. IR- and Raman spectroscopy provides information about vibrational 

bands in the glass network and can be used to study dynamical effects, such as 

diffusion processes  [8–12] and structural and fictive temperature changes following 

heat treatment or laser irradiation  [13]. 
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Figure 2.3. X-Ray diffraction spectra of a crystal structure (top) and a glass (bottom). The 

radial distribution function for glass derived from the diffraction spectrum for glass is 
shown (right) with explanations. Partly adapted from  [3]. 

2.4. Doping 

Doping of glass is the adding of small amounts of elements in order to modify the 

properties of the glass. The most obvious example of an application is coloring of 

glass. Doped glass can be used for gain media in lasers, and especially fiber lasers. 

For wave guiding or phase structure applications such as optical fibers and gratings, 

doping is used to modify the refraction and absorption or to enhance photosensitivity. 

Probably the most important application is manufacturing of optical fibers where 

minimizing transmission losses as well as enhance structural integrity is of major 

importance. Germanium (GeO2) and Phosphorus (P2O5) are common dopants in the 

core region of the fiber (see Ch. 5 on optical fibers) while Boron (B2O3) and Fluorine 

(F) are commonly used in the cladding. Germanium and Phosphorus increase the 

refractive index while Fluorine and Boron has a reducing effect, see Figure 2.4. 

 
Figure 2.4. Refractive index as a function of doping concentration for Ge, P, B and F doping. 

from  [14]. 

Germanium: is the most common dopant in telecom fiber cores (3-4 mol%) to 

increase refractive index for mode confinement. Germanium is also used in higher 

concentrations (10-20 mol%) to increase photosensitivity related to increased 

absorption at UV wavelengths around ~240 and 325 nm  [15,16]. 



 23 

Fluorine: is typically used to lower the refractive index in optical fiber claddings, 

i.e. in depressed cladding fibers, and is known to relax the glass structure, lowering 

the fictive temperature and viscosity [17]. Skuja et al. [18] showed that the absorption 

spectrum in the UV gradually changes with increasing Fluorine doping; the so-called 

Urbach tail, see Ch. 3, becomes steeper, which is an indication of increased order 

[19]. Fluorine has no major impact on photosensitivity or absorption, although being 

an important dopant in some types of fiber Bragg gratings, see Ch. 6. The Si-F bond is 

stronger than the Si-O bond and is incorporated in the SiO2 network as shown in 

Figure 2.5. 

 
Figure 2.5. Bonding between F and Si in a silica glass matrix.  [20] 

Boron co-doping (B2O3) along with GeO2 results in enhanced photosensitivity but 

without any changes in the absorption bands around 240 nm, characteristic for Ge 

doped fibers. When Boron is the only dopant, no absorption band around 240 nm is 

seen and the increase in photosensitivity is ascribed to modifications of internal strain 

(see Ch. 5) and softening of the glass network which lowers the threshold for 

structural rearrangement. Consequently, the thermal stability of induced index 

changes is lowered. 

Phosphorus is mainly used to tailor the refractive index profile of fibers and does 

not contribute significantly to increasing photosensitivity.  

Boron and Phosphorus doped glass was not studied in this work although 

commonly used in fibers for index profile design or enhancement of photosensitivity. 

There are many other dopants that have been evaluated in use with optical fibers. For 

a compact review see  ref  [21] and the references therein. 

2.5. Defects and impurities 

Impurities are typically related to the purity of the raw material and to the specific 

fabrication method used. From the raw material, common impurities are traces of 

metals, alkali metals and alkaline earth metals. Hydroxyl is introduced when the raw 

material is fused. When a flame is used for fusing, the hydrocarbons and oxygen from 

the fuel of the flame reacts to form OH within the glass. Electrically fused silica has 

lower OH concentration and in arc fused silica, the content is usually not detectable. 

Chlorine content is commonly associated with synthesized Silica and is remnant from 

the synthetization process where Chlorine gas is used for drying. 

Defects in SiO2 can be related to non-stoichiometry leading to non-bridging 

oxygen atoms in the network. The inclusion of dopants can lead to increased 
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absorption bands in the UV-VIS region, i.e. typical defect bands, see Ch. 3. Common 

defects associated to photosensitivity in optical fiber are described in Ch. 5. 

2.6. Relaxation, viscosity and diffusion in silica glass 

Looking back at Figure 2.1 (a), it can be seen that there is an excess of energy in glass 

compared to the crystalline state. This excess entropy can be seen as a potential and is 

a driving force for re-configuration of the glass towards a crystal state, i.e. a less 

disordered structure. From Figure 2.1 it is also clear that 1) such changes are more 

likely to occur if the temperature is increased and 2) since the glass structure would 

correspond to a glass formed at lower cooling rate, the fictive temperature is 

decreased. Such changes of the glass are referred to as structural relaxation. 

For pure silica, viscous flow and diffusion usually display an Arrhenius behavior; 

the change can be described with a single exponential function with an associated 

activation energy. There might be a change of activation energy for viscous flow at a 

temperature around 1400 °C  [22] although there is considerable spread in reported 

data. The activation energy for viscous flow should not be confused with the 

activation energy for viscosity changes, which can be seen as a measure of relaxation. 

Diffusion and viscosity is partly related since decreasing viscosity means increasing 

temperature which in turn opens up the glass structure and lowers the threshold for 

diffusion. There are different transport mechanisms behind diffusion, it can occur 

inertly or mediated by equilibrium reactions with the glass matrix. Self-diffusion 

occurs by reconfiguration of the glass network without breaking of chemical bonds 

and for interstitial diffusion the diffusing species moves between voids in the glass 

network.  

Oxygen diffusion 

Self-diffusion of oxygen can be expected to be directly linked to viscosity. 

Mikkelson  [23] found an activation energy of ~453 kJ/mol for temperatures between 

1200 – 1400 °C which is on the same order as that of viscosity  [22]. Early research 

showed that oxygen can dissolve and diffuse interstitially with an activation energy of 

~113 kJ/mol. Subsequent investigations did not come to the same conclusions and it 

was realized that the results were affected by water content, see refs in  [24]. 

Water diffusion 

Water diffuses interstitially in SiO2 governed by a reaction-diffusion mechanism. 

Two hydroxyl groups react to form molecular water having a higher mobility than the 

hydroxyl. Consequently, the effective diffusivity of water and hydroxyl is the same. 

Water diffusion can lead to relaxation of the glass structure through annihilation of 

oxygen vacancies [25]. The activation energy for OH diffusion has been found to be 

around ~80 kJ/mol [10,26] and possibly to be sensitive to changes in fictive 

temperature [9] [27]. 
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Fluorine diffusion 

The diffusivity of fluorine has not been as extensively studied as that of oxygen 

and water since the effects on telecommunication applications are less severe. When 

incorporated into silica, fluorine bonds to silicon due to the stronger binding of Si-F. 

For interstitial diffusion of fluorine, the presence of, e.g., hydroxyls catalyze the 

reaction-diffusion mechanism. With molecular hydrogen present, as for optical fibers 

photosensitized by hydrogen loading (Ch. 5), hydroxyl is formed by UV 

irradiation  [13] or thermal treatment  [28]. The transport of fluorine is proposed to be 

a reaction-diffusion process involving either hydroxyl or molecular water, in both 

cases diffusion occurs as a HF molecule  [29]  [30]. 
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Chapter 3. Light interaction with glass 

This chapter provides a description of the deposition of energy into a material, 

specifically glass, by means of laser irradiation. The focus is on the characteristics of 

laser light applied in this thesis work. The mechanisms and underlying physics of 

photon absorption is only briefly mentioned upon. More details can be found in 

e.g.  [1,2]. 

3.1. Nature of light and the index of refraction 

It is a well-known and rather puzzling fact that light can be described as an 

electromagnetic wave as well as a particle, the photon. The electromagnetic wave has 

two perpendicular in-phase oscillating components, an electric- and a magnetic field. 

The electric field can interact with charged particles in matter. The magnetic 

component, however, has very weak coupling to matter and is generally not 

considered in the context of laser machining. 

Photons can couple into available electronic- or vibrational states of a glass 

provided the photon energy is higher than the optical band gap. Photon energies 

below the band gap will not be absorbed unless multiphoton absorption occurs or if 

there are impurities or defects present. The process when the material and photon 

interact is casually referred to as a “hand-shake”, during which resonance with 

subsequent absorption occurs or not. 

The smaller the difference between the band gap and the photon energy, the closer 

to resonance between light and matter, the longer time does the hand-shake take. 

Photons always travel at the speed of light. However, due to these hand-shake events, 

the effective speed in a material is lower than the speed of light in vacuum. 

The intuitive picture painted here is the origin of the index of refraction and it can 

be understood that there are two possible effects; delay and absorption. Indeed, the 

index of refraction is a complex quantity where the real part determines the phase 

velocity, related to delay at hand-shake, and the imaginary part is the absorption (or 

gain depending on sign). 

The refractive index can be expressed as a sum of i oscillators with respective 

strengths and resonant frequency. For a summation up to i=3 and for negligible 

absorption, the so-called Sellmeier equation is obtained, see e.g.  [3]. 
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3.2. Propagation of light 

Interaction at an interface 

The propagation of light into a material starts at its surface and the light entering the 

material is given by the transmittance, T, which is related to the surface reflectance, 

R, as T=1-R. The reflectivity R is given by the refractive index of the material and the 

surrounding media as well as the angle of incident. The reflectivity is polarization 

dependent and is expressed for s- and p- polarized light by the well-known Fresnel 

equations; 

 𝑅𝑠 = (
𝑛1 cos(𝜃𝑖) − 𝑛2cos(𝜃𝑡)

𝑛1cos(𝜃𝑖) + 𝑛2cos(𝜃𝑡)
)

2

 3.1.  

 𝑅𝑝 = (
𝑛1 cos(𝜃𝑡) − 𝑛2cos(𝜃𝑖)

𝑛1cos(𝜃𝑡) + 𝑛2cos(𝜃𝑖)
)

2

 3.2.  

P-polarized light has the electric field oscillating parallel to plane of incidence and s-

polarized perpendicular, i.e. for normal incident Rp and Rs are identical.  

Absorption 

The light transmitted into the material can be absorbed provided there is a coupling 

mechanism available. Absorption can be divided into a linear and a non-linear regime. 

Linearly, the transmitted light is absorbed by the material according to the Beer-

Lambert law, 

 𝐼(𝑧) = 𝐼0𝑒
−𝛼𝑧, 3.3.  

where α is the linear absorption coefficient and z is the propagated distance. 

Typically, α is dependent on both temperature and wavelength, and can be derived 

from the material’s dielectric function and conductivity. For two photon absorption, 

the Beer-Lambert law changes to a power law described by 

 
𝐼(𝑧) =

I0
1 + 𝛽𝐼0𝑧

 3.4.  

where β is the two photon absorption coefficient. For higher order absorption, the 

situation is less straight forward. For an analysis of multiphoton absorption and cross 

sections see, e.g., [4]. 

3.3. Absorption mechanisms in Silica based glass 

Effective energy transfer from laser irradiation into a material requires conservation 

of energy and momentum and the presence of a coupling mechanism. The energy and 

momentum of photons are given by 
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 𝐸 = ℏω =
ℎc

λ
, 3.5.  

 𝑃 =
ℏω

c
=
ℎ

λ
, 3.6.  

where c is the speed of light, ω is the angular frequency, ℎ(ℏ)is the Planck constant 

(reduced) and λ is the wavelength. 

3.3.1. Linear absorption 

Silica based glasses have a transmission window limited in the short wavelength 

region (typically 200-300 nm) by absorption of electronic origin or intrinsic defects. 

The long wavelength limit (typically 2-3µm) is due to multi-phonon absorption of 

molecular dipole origin. Within these limits the material can be considered 

transparent. For long propagation distances, as in the case for long distance 

transmission in silica based optical fibers, losses due to Rayleigh scattering become 

significant, as shown in Figure 3.1. 

 
Figure 3.1. Loss in optical fibers and the mechanisms of absorption. 

UV absorption 

In glasses the absorption in the ultraviolet (UV) region, which is of main 

importance in laser processing, is characterized by three different regions (see Figure 

3.1) the Tauc region, the Urbach region and defect or impurity related absorption [14, 

15, 16]. 

Tauc region 

The absorption in the Tauc region is related to electronic transitions in high 

probability states (not contributing to band tails, see next paragraph, Urbach region). 

The optical bandgap, Eg, of a material is typically derived by extrapolating the 

absorption in the Tauc region to zero. 
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Urbach (tail) region 

The disordered structure of the glass, which can be viewed as a non-perfect crystal 

structure, causes a broadened distribution of bond angles, primarily between SiO2 

units, leading to band tails. The Urbach energy is a measure of the width of the band 

tail, or disorder, in an amorphous dielectric. The absorption mechanisms are the same 

as in the Tauc region although less probable. 

Defects/impurity absorption  

Defects and impurities can give rise to strong absorption bands typically located in 

the UV to VIS wavelength region. This absorption is directly linked to the structural 

and compositional properties of the material. A common defect is oxygen deficiency 

with an absorption band located in the UV region (λ~190 - 250 nm). Absorption due 

to impurities is often related to transition metals ions with wide absorption bands 

extending from UV to VIS wavelengths. 

IR absorption 

In the long wavelength range, 2-14 µm, coupling occurs between incident photons 

and phonons. Phonons are quanta of the vibration in a crystal lattice. In glass, the 

concept of phonons can be viewed as a distribution of energies, and not a single one 

as for quantized particles. The coupling to phonons occurs when the electric field 

produced a change of state of dipole moment.  

Absorption at CO2 laser wavelengths 

CO2 lasers are typical operated at a wavelength of 9.2 or 10.6 µm. In Silica, there 

is a strong absorption between 8.5 – 13 µm related to fundamental- and degenerate 

vibration modes and also to additional vibration modes related to dopants. In Figure 

3.2, the absorption between ~8-12 µm is shown with an enlargement around common 

CO2 laser wavelengths shown in the inset. 

 
Figure 3.2. Absorption coefficient of fused Silica at IR wavelengths. Inset shows an 

enlargement around common CO2 laser wavelengths From ref.  [5]. 
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In Figure 3.3 the vibration modes of the SiO4 tetrahedron is shown. Here, the two 

strongest contributions are the 𝜈1 and 𝜈3 modes. Degenerate modes and their higher 

harmonics also contributes and are given by 

 𝜈𝑑 = 𝑖(𝜈𝑎 + 𝜈𝑏), 𝑖 ∈ 𝑍+, 3.7.  

where i is a positive integer. Inclusion of dopants such as Germanium, Boron and 

Phosphorous introduce additional bands in a wavelength region between ~8.6 – 12.9 

µm, see Figure 3.4  [6]. 

 
Figure 3.3. Vibration modes and their fundamental frequencies in terms of wavelengths of 

the SiO4 molecule, from ref  [7] adapted from  [6]. 

 
Figure 3.4. Absorption bands introduced by doping of species common in optical fibers. 

From ref  [6]. 
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3.3.2. Multiphoton absorption 

Multiphoton absorption is the simultaneous absorption of two or more photons. 

Electrons are excited to a virtual state and if interaction with another photon occurs 

before leaving the virtual state, resulting in ionization or transfer to higher energy 

available states. For multiphoton absorption to occur, the photons must overlap with 

some characteristic volume and coincide within a time short enough to allow 

subsequent interactions. So, high photon density, or intensity, is required which is 

typically associated with pulsed lasers of short durations. Two-photon absorption can 

be realized using ns pulses but higher order typically requires ultra-short pulses (<10 

ns). 

Interaction mechanisms for ultra-short pulses 

There are generally two different processes that occurs when a laser pulse with a 

duration from a few femtoseconds to the order of tens of picoseconds is focused into a 

glass sample; Photo ionization and Avalanche ionization. 

Photo ionization 

Photo ionization is divided into two possible processes; tunneling ionization and 

multiphoton ionization. In the case of tunneling ionization the electromagnetic field of 

the laser pulse suppresses the Coulomb attraction between the electron and nucleus 

(i.e. the Coulomb well holding the electron) which reduces the potential so that the 

electron is exited to the conduction band or ionized. For multiphoton ionization, the 

ionization rate is given by 𝑃(𝐼) = 𝜎𝑘𝐼
𝑘  where I is the laser intensity, 𝜎𝑘  is the 

multiphoton absorption coefficient, and k is the number of photons required to reach 

the optical bandgap, Eg (𝑘ℏ𝜔 ≥ 𝐸𝑔, ℏ𝜔 = photon energy). For tunneling ionization, 

the rate scales somewhat weaker with the laser intensity. Although the effects are very 

similar, the concept and calculations are very different. An indication of which 

process is occurring is often given by a parameter, γ, given by  [8]: 

 

𝛾 =
𝜔

𝑒
√
𝑚𝑐𝑛휀0𝐸𝑔

𝐼
, 3.8.  

where I  is the laser intensity at focus, ω is the laser angular frequency, c  is the speed 

of light, m is the reduced electron mass, e is the electron charge, n is the refractive 

index, and Eg the optical bandgap, 휀0 is the permeability of free space. In Figure 3.5 

the ionization mechanisms, with corresponding γ parameter, are illustrated. For a γ 

parameter of approximately  1.5 the photoionization is a combination of 

tunnelling- and multiphoton ionization. For  1.5, multiphoton ionization dominates 

while below,  1.5, tunnelling ionization is the dominating process. 
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                     𝛾 < 1.5 𝛾 ≈ 1.5 
    

𝛾 >
1.5  

Figure 3.5. Photo ionization mechanism given by the adiabatic  parameter γ. From ref. . [9]. 

Avalanche ionization  

For laser pulses with a duration of  > 100 fs, avalanche ionization is reported to be 

the main interaction process [9]. Avalanche ionization depends on seed electrons and 

for relatively long pulses (1 ps <  < 10 ps) the seed electrons are provided by either 

thermal excitation or by excitation of material inherent impurities. As the pulse 

duration decreases ( < 1 ps), seeding electrons are increasingly supplied through 

multi-photon ionization generated by the leading edge of the laser pulse. As a 

consequence the avalanche process becomes less dependent on stochastic material-

inherent seed electrons and hence more predictable. 

Avalanche ionization is a process of multiple steps starting with photons absorbed 

by free carriers, i.e. seed electrons. The number of absorbed photons, k, is given by  

𝑘ℏ𝜔 ≥𝐸𝑔 and the excessive energy goes into kinetic energy, allowing the ionized 

electron to collide and by impact ionization promotes a valence band electron to the 

conduction band, i.e. generating free carriers. The electron density, N, grows when the 

laser pulse is present according to, 

 𝑑𝑁

𝑑𝑡
= 𝜂𝑁, 3.9.  

where η is the avalanche ionization rate. Although the intensity dependence of the 

avalanche ionization rate is under discussion, recent reports suggest a linear 

dependence, 𝜂 = 𝛼𝐼, where 𝛼 is the avalanche coefficient  [10]. 

Since avalanche ionization starts with free carrier absorption, the generation of free 

carriers is more relevant to the non-linear absorption. The free carrier generation rate 

is then given by, 

 𝑑𝑁

𝑑𝑡
= 𝑃(𝐼) + 𝜂𝑁, 

3.10.
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where 𝑃(𝐼) is the photo ionization rate. The number density of free carriers relates to 

the plasma frequency as, 

 

𝜔𝑝𝑒 = √
4𝜋𝑛𝑒𝑒

2

𝑚∗
, 

3.11.

  

where ne is the number density of free carriers, e is the electric charge, m
*
 is the 

effective mass of the electron, and ε0 is the permittivity of free space. As the number 

density of electron grows by avalanche ionization, a high-density plasma is formed. 

This plasma strongly absorbs the laser energy by free-carrier absorption. The plasma 

becomes reflecting when it reaches the laser frequency. However, up to this critical 

level, sufficient energy is absorbed to generate material damage or modification. For 

pulses with a duration in the non-thermal regime, this energy is transferred into the 

surrounding atomic structure of the material after the pulse is gone and no 

accumulation of heat occurs. 

3.3.3. Thermal vs non-thermal 

Thermal processes are typically associated with CW lasers or pulsed lasers with pulse 

durations longer than approximately τ ~ 100 ps, while non-thermal processes are 

associated with lasers with pulse duration typically shorter than τ ~ 10 ps. For pulses 

of the latter kind the energy deposit into the material occurs on a time scale that is 

shorter than the time required for heat to be transferred from the focal volume to the 

bulk of the material. In thermal processes the material is damaged due to heat 

accumulation resulting in melting, evaporation or fracturing of the material  [9] Non-

thermal processing does not induce a thermal build-up, provided the repetition rate is 

below a critical value  [11], but changes the bond structure in the material.   

On the surface the extreme of possible light-matter interactions in the non-thermal 

regime is material removal by cold ablation, while in the bulk it may result in material 

densification or damage (void formation). In the thermal regime the damage threshold 

typically scales as the square root of pulse duration, √τ   [12]. In the non-thermal 

regime most research  [13] indicates a linear τ dependency. 

As an overview, characteristic time scales involved in energy transfer mechanisms 

are shown in Figure 3.6 
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Figure 3.6. Typical time scales of electronic and vibrational dynamics in a solid assuming a 

carrier density from 1017 to 1022 cm-3. Adapted from  [14]. 
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Chapter 4. Ablation 

Surface ablation using infrared ultrashort (<10 ps) laser pulses is a contemporary 

method for structuring optical materials for e.g., microfluidics devices with channel 

dimensions typically of the order of tens of micrometers. When ablating structures of 

these dimensions, multiple overlapping pulses are often required to achieve the 

designed geometry.  

4.1. Front-side ablation 

Although ultra-short pulses are associated with a non-thermal regime, where no heat 

accumulation occurs during the pulse interaction, thermal  [1–3] and incubation  [4–6] 

effects can occur when multiple pulses are overlapped. These effects can result in 

lowered ablation threshold for subsequent pulses, thereby changing the overall 

ablation dynamics. Depending on the geometry of the ablation region, multi-pulse 

exposure may also cause beam distortion, and shadowing effects, as well as light 

scattering due to residual debris. This is referred to as the taper problem since the 

resulting geometry has a triangular cross section, as can be seen in Figure 4.1. The 

design cross section is indicated by the dotted line. 

 
Figure 4.1. Typical cross section of front-side ablated channels. The dotted line indicates 

the designed 40 µm x 40 µm design geometry 

4.2. Rear-side ablation 

An alternative approach is to focus the light through the sample with the ablation 

occurring on the back-side, thereby minimizing beam distortion, shadowing effects as 

well as pulse scattering as any debris will not obstruct subsequent pulses. In paper I, 

front-side ablation (surface facing the laser) and back-side ablation (by focusing 

through the sample) was compared in terms of the resulting shape and dimensions of 

the ablated channels. The designed cross-section of 40 x 40 μm
2
 was achieved by 6x6 

straight tracks with a 6 µm displacement, see Figure 4.2. The focusing objective was a 

standard 20X microscope objective with a numerical aperture of 0.45. The focus was 
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moved using a XYZ translation setup (Aerotech ALS-130) with an accuracy of ~100 

nm. In the Z direction, the focus was moved from the surface and into the material for 

successive scans. The length of the ablated channels was ~2mm and the samples were 

cut using a diamond saw before evaluated using an optical microscope. 

 
Figure 4.2. Layout of the sample, sample holder, translation stage and focusing 

arrangement (top), with a schematic of the sample showing the square cross-section of the 
exposure area with each point in the matrix corresponding to a line scan in the Y-direction. 

The sample tested here was a commercial Boro-Aluminosilicate glass (Corning® 

EAGLE2000™) having an absorption spectra as shown in Figure 4.3 The 

corresponding wavelength for single- two- and three-photon absorption are also 

indicated in Figure 4.3, assuming a laser operating at a wavelength of 800 nm. 

 
Figure 4.3. Absorption spectra of Corning® EAGLE2000™ glass provided by the 
manufacturer and single- and multiple photon absorption indicated (λ=800nm) 

The laser system used in the ablation tests was a regeneratively amplified 

Ti:Sapphire laser at a wavelength of ~800 nm with a pulse duration of ~1 ps at a 

repetition rate of 1 kHz. Maximum pulse energy was ~850 μJ which could be reduced 

using a half wave-plate together with a polarizer. In Figure 4.3, three different cross 
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sections for three different pulse energies achieved using the same translation speed of 

0.8 mm/s. In Figure 4.4 the typically achieved shape is compared to the design input 

for different pulse energy and translation speed, i.e., number of overlapping pulses. In 

Figure 4.5, the general trend of the resulting cross section is shown as a function of 

translation speed and pulse energy. 

 
Figure 4.4. Cross section of ablation region for pulse energies and translation velocities of 
(a) 9.7 µJ and 0.8 mm/s (b), 32 µJ and 0.8 mm/s, and (c) 65 µJ and 0.8 mm/s, respectively. 

 
Figure 4.5. Typical behavior of resulting geometry (lines) compared to input design (white 
squares) within the parameter (pulse energy and translation velocity) range used in this 

report. Letter refers to Figure 4.4 

The V-shaped cross section seen for front-side ablation has a half-angle of 

approximately 27°, for the whole parameter space used. This value is close to the 

angle of the numerical aperture of the objective used (26.7°), suggesting that the 

ablation is shadowed at the edges and the part of the beam obstructed increase with 

each subsequent layer being processed. The depths of the front-side ablated channels 
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at the bottom of the V-shape are the same for the full range of pulse energies used and 

correspond to the input design depth. 

Back-side ablation show large variations in the dimensions, as well as shape, for 

different pulse energy and translation speed, as shown in Figure 4.4. Here the depth 

increases when lowering the translation speed or increasing the pulse energy, which 

can be explained with an increase in accumulated fluence. When decreasing the 

translation speed, for low pulse energies, the bottom shape of the ablation channel 

shifts from symmetrically curved, to flat, and further towards an asymmetric shape. 

For the cross-sectional shapes shown in Fig. 4.4, the 6 x 6 line exposure was 

performed back and forth, starting from the right to left for the first layer. When 

exposing each layer starting repeatedly from the right to left, the angle increased 

significantly, indicating that the formation of an angled surface is due to the 

incubation effect. The curvature is believed to be a combination of the incubation 

effect and that the shape of the effective focal volume with an intensity above the 

threshold changes. This is illustrated in Figure 4.6, showing results from numerical 

simulations of the cross-sectional intensity distribution of a focused Gaussian beam 

with different pulse energy. The truncated region near focus corresponds to the region 

having an intensity above the threshold for ablation, resulting in an extended ablation 

volume at higher pulse energies. Higher pulse energies will also extend the range of 

the incubation effects.  

 
Figure 4.6. Simulation of a focused (in vacuum) Gaussian beam with a beam waist, ω0 = 5 

µm. The truncated region around focus indicates the shape of the volume above some 
critical intensity for ablation. The bright to yellow area outside the truncated region 

indicates the shape of modified or incubated volume. 

To improve the outcome for a specific design geometry, one needs to optimize the 

pulse overlap, which is determined by the translation speed together with the 

incremental displacements in the X-Z plane, with the shape of the ablation volume, 

determined by the pulse energy as well as focusing arrangement. 

Effectively, one needs to find a balance between the incubation effects and the 

shape and size of the ablation volume.  

Bulk focusing complications 
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In this work, effects of beam propagation thru the sample were not characterized. 

However, typical issues are self-focusing due to high peak power, and spherical 

aberrations  [7]. Self-focusing is more significant at low numerical aperture objectives 

(NA < 0.5) since the energy gradient is smaller. Aberrations become more dominant 

at high NA (NA > 0.65) since the paraxial approximation is not valid. By ray tracing 

it can be shown that there are optimal focusing depths depending on the refractive 

index of the material where the spread of rays are below 100nm and aberrations can 

be neglected. Provided aberrations can be neglected, the major problem is self-

focusing which makes it hard to accurately determine the laser intensity at the 

interaction site. This makes bulk damage thresholds or thru sample ablation thresholds 

problematic to determine. In ref  [7] there is a more detailed review of bulk focusing 

issues. 
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Chapter 5. Optical fibers 

Optical fibers are light-guiding devices shaped as long, thin rods. Unlike light 

propagating in free-space, the light propagating in optical fibers is confined within the 

fiber and guided in a manner determined by the material or materials and the 

geometry of the fiber. Common fiber materials are glass or plastic, but in principal, 

any transparent material is a possible candidate. The choice of material and geometry 

depends on the application, ranging from low-loss transmission fibers for 

telecommunication, illumination or imaging purposes, active fibers for laser 

applications, photosensitized fibers or any of a wide selection of special geometry 

fibers. Plastic fibers are mainly used for lightning, light-decoration and short distance 

communication, but for more sophisticated applications, glass is the most common 

material. 

The light- or wave-guiding capability of optical fibers relies on the principle of 

total internal reflections, TIR. If the refractive index of the fiber is larger than the 

surrounding media, there is a critical angle for which all light is reflected at the 

interface and confined within the fiber. Therefore, light launched into on end 

“bounces” inside the fiber until exiting thru the opposite end. 

Early fibers consisted of only one single material, which made them highly 

susceptible to external perturbations, such as contact or bending, which can result in 

scattering and high attenuation. One solution is to use different materials within the 

fiber with a core where light is confined and surrounded by a cladding having a lower 

refractive index. Although many types of glass are used for fabricating different types 

of fibers, the most common material is synthetized pure Silica (SiO2).  To achieve the 

index difference between the core and cladding, dopants can be added to the core 

and/or to the cladding to modify the refractive index. In standard telecommunication 

fibers, the most common dopant is Germanium. The dopants are deposited on the 

inside of a glass tube which is then heated to collapse and form a solid rod. This rod, 

called preform, is of the same cross sectional proportions as the fiber. To fabricate, or 

draw the fiber, the preform is positioned vertically in a tower and heated from the 

bottom. When it melts, a drop is formed which is pulled downwards, resulting in the 

fiber being “drawn”. The most important fabrication parameters are the drawing 

force, speed and processing temperature which affect the mechanical stability and 

internal stress of the fiber. 

5.1. Basic principles 

The light-guiding capability of optical fibers relies on total internal reflection within 

the fiber, which is a consequence of Snell’s law of refraction at an interface. Since 

there is a critical angle for TIR, there is a maximum acceptance angel for light 

launched into the fiber. This is referred to as the numerical aperture (NA) of the fiber 

where NA = sin(θmax) and θmax is related to the critical angle for TIR, θc. The situation 

is illustrated in Figure 5.1 where the blue arrow shows the maximum acceptance angle 



 44 

and the orange and red arrow depicts light leaking out of the core and reflected 

(orange) and transmitted (red) to the surrounding media. The angle of the red arrow is 

not true for all situations, it depends on whether the fiber is coated, commonly for 

protection, or not. Also, coatings can have both higher and lower index with the latter 

more common in specialty fibers for, e.g.,fiber lasers. 

 

 
Figure 5.1. Ray-optic illustration of light launched into the core of an optical fiber including 

an illustration of a step-index profile. The size of the core is greatly exaggerated.. 

  

From Snell’s law, it can be shown that for optical fibers the numerical aperture can be 

expressed as 

 
𝑁𝐴 =

1

𝑛0
√𝑛𝑐𝑜

2 − 𝑛𝑐𝑙
2 . 5.1.  

Here, 𝑛𝑐𝑜 and 𝑛𝑐𝑙 are the refractive indices, as seen by the optical mode, of the core 

and cladding respectively. 𝑛0  is the refractive index of the surrounding media, 

typically air. Light entering the fiber at an angle larger than the NA will not undergo 

TIR at the core/cladding interface and consequently exit thru the cladding as depicted 

by the red arrow in Figure 5.1. The index outside the fiber, radially, depends on if the 

fiber is stripped from its coating and on what type of coating that is used. 

An optical fiber can support propagation (i.e. confinement to the core) of a single 

or multiple numbers of transversal modes. The number of modes confined to the core 

is given by the core radius and the refractive index profile. Theoretically, the modes in 

a fiber are described by Bessel functions. Those are solutions to Helmholtz equation 

which is derived from Maxwell’s equations with the boundary conditions of a 

cylindrical waveguide.  A convenient parameter to describe the fiber characteristics is 

the V-number which is given by the core radius, 𝑎, the numerical aperture, 𝑁𝐴, and 

the wavenumber, 𝑘 =
2𝜋

𝜆
.Here 𝜆 is  the wavelength of the light for which the guiding 

is considered. For step index fibers the V-number is given by, 

 𝑉 =
2𝜋

𝜆

a

𝑛0
√𝑛𝑐𝑜

2 − 𝑛𝑐𝑙
2 . 5.2.  

The V-number is related to the Bessel functions and describes the overlap between the 

fiber core and guided modes. Consequently, a smaller core diameter supports fewer 
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modes and for values lower than V~2.405, the fiber supports only one core-mode per 

polarization state. Single-mode fibers without birefringence thus support a single 

degenerate mode. A typical single mode fiber has a core with an 8 µm diameter 

guiding the light and a 125 µm cladding. In standard telecom fibers the core is 

commonly doped with Germanium (~3-4 mol %) to increase the refractive index and 

the cladding can be doped with Fluorine and Phosphorus for index tailoring. 

5.2. Residual stresses and strains in optical fibers 

Strain is a geometrical deformation defined as ε≡ΔL/L and stress is the force-per-unit-

area experienced by some area inside a body. Stresses and strains can be normal or 

parallel to a surface with the latter referred to as shear stress. The total stress state is a 

superposition of normal and shear stresses. Typically, stresses and strains appear as a 

result of an externally applied force. Here, however, the effect of such force is not 

considered. Residual stresses and strains are those found in a body without an 

externally induced force, and can be frozen in into the fiber mainly resulting from two 

mechanisms, related to the fabrication process; the fiber being cooled down under 

tension, and the hybrid structure of cladded fibers, having different material properties 

of the core and cladding. Residual stresses and strains can be divided into elastic and 

inelastic changes. Inelastic strain is frozen into the glass structure which does not 

cause any stress. Elastic stress, on the other hand, is released when the glass is 

shattered into microscopic fragments being internally homogeneous. Therefore, it can 

be understood that such strain results in stresses given by the elastic modulus of the 

glass. 

Inelastic strain is related to the thermal history, resulting in structural differences 

and to time dependent material changes resulting in delayed material changes being 

quenched. Elastic changes can be mechanically induced related to drawing and/or 

thermally induced related to different material parameters of the core and cladding 

and to temperature gradients during cooling. Exposure to UV irradiation can cause 

compaction of the glass network  [1] and thus an inelastic stress free change of strain. 

During UV exposure of optical fibers, the objective is usually to modify the refractive 

index in the core. When the UV induced strain is isolated to the core, a pre-existing 

elastic stress state is modified and thus there is an elastic change associated with 

inelastic structural modifications. 

Refractive index profiles of optical fibers are commonly measured using a 

polariscope, i.e., measuring birefringence.  Therefore, without an absolute reference, 

isotropic changes are not detected. 

Elastic stresses and strains 

Elastic strains are generally related to radial gradients when the fiber is cooled 

from high temperatures and can be divided into two cases, draw induced- and thermal 

stress, with the final stress state being a superposition of the two.  

When drawn, the fiber is rapidly cooled down under tension. The fiber starts 

solidifying from the perimeter while the interior is still melted. The fiber is then 
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strained at the boundary while the interior is allowed to solidify without the load of 

the draw tension. When the fiber is unloaded, the strained periphery relaxes and the 

interior is placed under compression. The resulting radial stress profile is basically 

depending on the draw tension, cooling rate and the fiber dopants. This type of 

residual strain is referred to as draw- or mechanically induced stress and was first 

identified by Paek and Kurkjian  [2]. 

Thermal stress is generally related to fiber dopants, due to the fact that different 

parts of the fiber have different material parameters, mainly fictive temperature, 

thermal expansion and viscosity. This type of residual stress can be induced without 

the presence of a draw tension. When the fiber is cooled, the difference in thermal 

expansion result in some regions of the fiber being more contracted than others. Also, 

the thermal expansion is usually much higher above the fictive temperature which 

further differentiates the effective thermal expansion. In the case of standard telecom 

fiber, the pure silica cladding has a higher fictive temperature, lower thermal 

expansion and higher viscosity compared to the doped core. Therefore, the cladding 

will solidify first and a hydrostatic pressure arises. When the core cools and solidifies, 

it will thermally contract at a much larger magnitude than the cladding since 1) the 

cladding has lower thermal expansion and 2) the cladding has already been cooled 

below its fictive temperature. This results in a further buildup of the hydrostatic 

pressure. 

Inelastic strains 

The thermal history and especially the cooling rate during glass formation 

determine its fictive temperature (See Ch. 2) and thus the room temperature glass 

structure and density. The variation of room temperature density as a function of 

fictive temperature is inelastic due to its origin in the glass structural composition. 

However, high purity silica has a low OH content, as most standard telecom fibers, a 

very low thermal expansion and the room temperature density is in principle 

independent of cooling rate. 

As described above, there can be elastic strains frozen in during draw, when the 

fiber is cooled. This effect is governed by increasing viscosity and in the elastic case 

considered as being an instant response. However, it has been found that there is a 

time dependent deformation resulting in a viscoelastic behavior, i.e., an instant and a 

time dependent retardation of the deformation  [3]. When the periphery of the fiber is 

cooled below Tg, there is no tension on the remaining part of the cross section. 

Therefore, the interior is allowed to cool down and solidify unstrained. At a high 

cooling rate, the delayed deformation is then quenched, resulting in a frozen-in 

viscoelasticity. Furthermore, the time dependent deformation is isotropic and related 

index changes would thus not be detected using a polariscope.  

For a more detailed review on stresses and strains in optical fibers and their 

implications see, e.g.,  [4]. 

  



 47 

5.3. Photosensitivity in optical fibers 

As stated in Ch. 1, the photo-response of optical fibers is more pronounced compared 

to its bulk material counterpart. Although research has been vividly ongoing since 

first discovered by K. Hill and co-workers  [5], it is still an elusive topic. Proposed 

mechanisms are the color-center model  [6], the stress relaxation model  [7] and the 

densification-compaction model  [8]. 

Color center model 

Changes of the refractive index explained by creation of color centers can generally 

be described as a chain of events starting from absorption of an intrinsic precursor 

defect leading to creation of new defects, i.e., color centers. Two different approaches 

to relate color center formation to index changes has been proposed; the Kramer-

Kronig and the electric dipole model  [6]. The latter model suggests that locally 

frozen in electrical fields give rise to changes of the refractive index. The Kramer-

Kronig relation is used to relate the imaginary and real part of a complex entity such 

as the complex refractive index, see Ch. 3. Thus, changes of the absorption spectrum 

can be used to calculate changes in refractive index. 

Early research showed that bleaching of an absorption band at 240 nm could be 

linked to photosensitivity in germanium doped fibers  [9], and was later attributed to 

the germanium-oxygen deficiency  [10]. Following this observation, a number of 

different defects have been related to photosensitivity in optical fibers, the most 

common are shown in Figure 5.2. Absorption peak wavelengths of the most common 

defects involved in UV triggered processes are included in the figure, for a more 

complete background, see, e.g., ref  [11]. As can be seen, the GeE’ center is also 

referred to as DID, meaning draw induced defect. Those defects can result from fiber 

drawing  [12] and the absorption peak has been shown to change with drawing 

speed  [13]. 

Changes in refractive index derived from absorption changes in the UV to visible 

are on the order of 10
-4 

and cannot account for the total changes typically observed 

being on the order of ~10
-3

. Hong et al., however, calculated index changes resulting 

from creation of E’ centers being on the order of ~2-3∙10
-3

, which were derived from 

measurements of OH concentration.  

Stress relaxation model 

The stress relaxation model and the densification-compaction model are based on UV 

induced changes of elastic- and inelastic strain in terms of structural modifications, 

respectively. It is not clear to which extent each of those strain release mechanisms 

accounts for measured index changes. Probably, there is a cross-talk between the two 

and a superpositioning of the individual contributions; UV induced compaction of the 

core being inelastic, modifies the pre-existing stress state which also involves the 

cladding having elastically frozen in strains.  Predicted index changes due to 

relaxation of elastic strain are on the order of 10
-3

. However, the densification-
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compaction model is often favored since stress relaxation is commonly associated 

with thermal effects requiring relatively high temperatures. 

Densification-compaction model 

UV induced structural changes involves changes in ring statistics and fictive 

temperature (see Ch. 2) and has been shown to result in a compaction of the glass 

matrix  [14].  The refractive index following UV exposure increase linearly with 

density and fictive temperature  [15] implying that an increased number of higher 

order rings (associated with higher Tf) leads to compaction of the glass matrix. 

Limberger et. al. has measured stress changes following UV induced modifications in 

the core, which were translated into refractive index changes on the order of ~10
-

3 
 [16]. 

 
Figure 5.2. Defects related to photosensitivity in optical fibers with absorption peak 
wavelengths for the most commonly related to UV absorption. For remaining defect 

absorption bands see, e.g., ref.  [11] and references therein.. 

Enhancing photosensitivity 

There are a number of methods to enhance the photosensitivity, see, e.g.  [17], but the 

most common is by in-diffusion of molecular hydrogen  [18–20] or high doping 

concentrations of germanium. Both methods increase the concentration of precursor 

defects for color center formation. The presence of hydrogen however, leads to a 

number of possible hydrogen reactions that can be activated by, e.g., UV exposure 

and by thermal treatment. 
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Chapter 6. Fiber gratings 

Fiber gratings are optical filters and reflectors for specific wavelengths of light in the 

optical fiber which are widely used in telecommunication and sensor applications. 

The grating structure consists of a periodic variation of the refractive index along the 

fiber axis. The spectral response of such structure is determined by the index profile, 

which can be tailored to meet specific design requirements. Furthermore, since the 

refractive index changes with temperature and strain, the spectral response will 

change correspondingly. This correlation is the basis for a wide range of sensors 

based on fiber grating technologies. 

There are two main types of fiber gratings, identified by their index modulation 

periodicity and thus their operating principles; short- and long period gratings. At 

present, short period gratings are divided into sub categories by the nature of the 

underlying mechanism responsible for achieving the refractive index change, i.e. the 

type of photosensitivity. Although these changes of the refractive index are usually 

referred to as permanent, degradation due to e.g. heating or ionizing radiation can 

occur  [1]. 

Although more challenging to fabricate, it was short period gratings that was first 

realized by serendipity along with the discovery of photosensitivity in germanium 

doped optical fibers. During experiments on Germanium doped fibers, Ken Hill and 

his colleagues  [2] observed an increasing reflection at half the wavelength of that 

used for the absorption tests, ~500 nm. A standing wave pattern was formed in the 

fiber by interference from a weak end face reflection which induced a change in the 

refractive index. This type of gratings is called Hill or type 0 gratings. 

In this chapter the basic principles of different grating types will be described 

including their respective fabrication techniques. Also, the classification and related 

stability of induced index changes and sensing applications are presented. For more 

details on fiber Bragg grating, relevant books on the subject are, e.g., ref  [3] and  [4] 

and an extensive review is written by Erdogan,  [5]. 

6.1. Long period gratings 

Long period gratings (LPGs or LPFGs), originally proposed by Vengsarkar et al.  [6], 

have an index modulation period on the order of hundred to several hundreds of 

micrometers. Such index structure will couple light from the core mode to co-

propagating cladding modes which results in one or several notches in the 

transmission spectra, without any enhanced retro reflections. 

Without any perturbations there is negligible coupling between core and cladding 

modes, since the propagation constants are different (see Ch. 6). However, by adding 

a periodic perturbation, phase-matching between core and specific cladding modes 

can be achieved. Thus, if a grating vector,𝐾𝑔 =
2𝜋

Λ
, with a period of Λ is added to the 

smallest propagation constant, 𝛽, a phase matching condition can be expressed as: 
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𝛽𝑐𝑜 = 𝛽𝑐𝑙 + 𝐾𝑔 →

𝑛𝑐𝑜
𝜆

=
𝑛𝑐𝑙
𝜆

+
1

Λ
. 6.1.  

The propagation constant, 𝛽, is defined as 𝑘0 ∙ 𝑛𝑒𝑓𝑓 where 𝑛𝑒𝑓𝑓 is the effective index 

for the propagating mode and 𝑘0 is the wave vector in vacuum defined as 
2𝜋

𝜆0
. The 

resonant wavelength, 𝜆𝐿𝑃𝐺 , can then be determined from this phase matching, or 

mode coupling, condition;  

 𝜆𝐿𝑃𝐺 = 𝛬(𝑛𝑐𝑜 − 𝑛𝑐𝑙). 6.2.  

As described in Ch. 5, 𝑛𝑐𝑜and 𝑛𝑐𝑙 is the effective, or modal, index of the core and 

cladding respectively. Since there are many cladding modes, say i, there are several 

possible resonant wavelengths, 𝜆(𝑖) for a given period. Vice versa, there are i possible 

grating periodicities Λ(𝑖) to achieve one resonant wavelength. Therefore, predicting an 

LPG spectrum, or at least the notch wavelength, is not as straight-forward as Eq. 6.2 

might imply. 

 
Figure 6.1. Transmission spectrum of an LPG formed by periodic grooves by thermal 

ablation (see Ch. 7) where coupling occurs to three different cladding modes. 

So far, only the wavelengths of notches in LPG transmission spectra have been 

considered. Three other important aspects are the number of notches or equivalently 

their separation, their spectral width and attenuation. The phase-matching condition 

allows for bi-directional energy transfer between the fundamental mode and cladding 

modes. Therefore, light couples back and forth over a characteristic length, or beat 

length. The ratio between the power in the core- and cladding can be given by  [7]. 

 

𝑃𝑐𝑙
(𝑛)(𝐿)

𝑃𝑐𝑜(0)
= sin2

[𝜅𝑔𝐿√1 + (
𝛿
𝜅𝑔
)
2

]

1 + (
𝛿
𝜅𝑔
)
2  

6.3.  
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Here, 𝛿 is the detuning, or error, of the phase matching and 𝜅𝑔is a coupling coefficient 

of the grating, proportional to the index change. So, the attenuation is maximized for a 

grating length of half the beat length, a small detuning, 𝛿,and a large coupling 

coefficient𝜅𝑔. In  [6] the following expressions was derived for separation and width 

(FWHM) of notches in an LPG spectrum, assuming a full transfer of power between 

the modes: 

 
𝛿𝜆𝑝,𝑝+1 ≈

𝜆𝑐𝑢𝑡
3

8𝑛𝑐𝑙(𝑛𝑐𝑜 − 𝑛𝑐𝑙)

2𝑝 + 1

𝑎𝑐𝑙
2  6.4.  

And 

 
Δ𝜆 =

0.8λLPG
2

𝐿(𝑛𝑐𝑜 − 𝑛𝑐𝑙)
. 6.5.  

Here, 𝑎𝑐𝑙  is the cladding radius and 𝜆𝑐𝑢𝑡 is shortest possible wavelength were mode 

coupling can occur. For more on calculations regarding LPG spectra, see, e.g., 

refs  [6,7] 

6.2. Short period gratings 

Short period gratings couple light to backward propagating modes and potentially also 

to forward propagating cladding modes. The grating has a period on the same order as 

the reflected wavelength, and can be thought of as a distributed Bragg reflector where 

weak reflections from each grating plane add up and interfere constructively at the 

Bragg wavelength. From Bragg’s law, the Bragg wavelength of diffraction order m, 

𝜆𝐵𝑟𝑎𝑔𝑔
(𝑚)

 and grating period Λ are related by 

 
𝑚𝜆𝐵𝑟𝑎𝑔𝑔

(𝑚)
= 2𝑛𝑒𝑓𝑓,𝑚Λ,𝑚 ∈ ℤ+, 6.6.  

where 𝑛𝑒𝑓𝑓,𝑚 is the average index of the grating as experienced by the propagating 

mode related to diffraction order m. Not surprisingly, short period gratings in fibers 

are commonly referred to as fiber Bragg gratings, or short, FBGs. 

 As mentioned, coupling can occur to forward propagating cladding modes and 

therefore the reflection- and transmission spectra of FBGs are not necessarily 

complementary, see ref  [8] for a more detailed analysis. In Figure 6.2, the reflection- 

and transmission spectra of an FBG are shown. Strong coupling to cladding modes 

can be seen at wavelength shorter than the main Bragg peak. 
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Figure 6.2. Example of a transmission and reflection spectrum of a 9 mm long FBG 

written in an H2 loaded SMF-28 fiber using a UV laser with a wavelength of 213 nm. 

The index variation along the fiber axis (z) can be expressed as 

 
Δ𝑛𝑒𝑓𝑓(𝑧) = Δ𝑛𝑒𝑓𝑓̅̅ ̅̅ ̅̅ ̅̅ (𝑧) {1 + 𝑣 cos [

2𝜋

Λ
+ Φ(𝑧)]} 6.7.  

where Δ𝑛𝑒𝑓𝑓̅̅ ̅̅ ̅̅ ̅̅  is the average index variation, or dc-index. 𝑣is the visibility of the index 

modulation and Φ(𝑧)is the chirp of the grating that describes a variation of the 

grating period along the fiber axis. The simplest index profile is a step average index 

with a constant periodicity, i.e. Φ(𝑧) = 0 and Δ𝑛𝑒𝑓𝑓̅̅ ̅̅ ̅̅ ̅̅ (𝑧) is constant. The index profile 

can be tailored to modify the spectral response of the grating. One common technique 

is to use a Gaussian- or zero dc-index profile to suppress the side lobes which are 

introduced in step-index gratings. Such side lobes are caused by interference effects 

and can be thought of as Fabry-Perot interference caused by the index step at the 

grating boundaries. Other examples are chirped, phase-shifted and super-structured 

gratings which have different spectral response, see, e.g.,  [3,9].  

Calculations of fiber grating spectra are commonly based on coupled-mode theory 

developed by Kogelnik  [10] since it is a fairly simple and accurate method. The 

reflectivity of an FBG is mainly given by the index modulation depth and the grating 

length. For a step-index grating with a sinusoidal index modulation, the peak 

reflectivity, R, and spectral width, Δ𝜆𝐵𝑟𝑎𝑔𝑔, can be expressed as  [3]  [4]: 

 
𝑅 = tanh2 (

𝜋𝐿𝑣𝜂Δ𝑛

𝜆𝐵𝑟𝑎𝑔𝑔
), 6.8.  

 

Δ𝜆𝐵𝑟𝑎𝑔𝑔 =
𝜆2

𝜋𝑛𝑒𝑓𝑓𝐿
√atanh(√𝑅)

2
+ 𝜋2 

6.9.  

Here, Δ𝜆𝐵𝑟𝑎𝑔𝑔is the separation between the first two minima adjacent to the peak. In 

these expressions it is assumed that the index modulation is sufficiently low to allow 

light to penetrate the full length, L, of the grating. If this is not the case, the grating is 
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considered to be over-saturated and Eq. 6.8 is not correct. In such case, the 

penetration distance of the light, or in other words, the effective length of the grating, 

can be calculated from the grating linewidth using Eq. 6.9. Then, by substituting the 

gratings length, L, in Eq. 6.8 with the effective length and reorganizing, the following 

expression is derived: 

 

𝛥𝑛𝑚𝑜𝑑 =
𝑛𝑒𝑓𝑓𝛥𝜆𝐵 𝑎𝑡𝑎𝑛ℎ(√𝑅)

𝜂𝜆𝐵𝑟𝑎𝑔𝑔√𝑎𝑡𝑎𝑛ℎ(√𝑅)
2
+ 𝜋2

 6.10.

  

So far, only purely sinusoidal index modulation profiles have been considered. 

Since the maximum attainable index change is finite, saturation effects can lead to a 

deviation from the sinusoidal pattern described by Eq. 6.7. Such index modulation can 

be expressed as a Fourier-series and gives rise to higher order Bragg reflections  [11]. 

In  [11] a method for simulating the first- and second order reflectivity is suggested. 

They used Fourier expansion to express the index modulation profile as a function of 

a saturation coefficient. For an oversaturated index modulation (i.e. Non-sinusoidal) 

the peaks of the grating fringes are broadened and the saturation coefficient, c, is 

expressed as the peak width, d, divided by the grating period, c=d/Λ.  A saturated 

index profile with parameter d is shown in Figure 6.3. Simulations of maximum first- 

and second order reflections as a function of the parameter c are shown in Figure 6.4.  

 
Figure 6.3. Refractive index modulation profile resulting from over-saturation. From  [11]. 
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Figure 6.4. First and second order peak reflection from simulations, from  [11]. 

6.3.  Chiral gratings 

Another type of gratings is the so called chiral gratings. These are fabricated by 

twisting a fiber while heated to temperatures around the softening temperature of the 

fiber. Chiral gratings can be fabricated with short- and long periods and also with an 

intermediate grating pitch around 10 µm. This structure is not resonant and instead of 

coupling between optical modes, light is scattered out of the core  [12].  

Different types of chirality can be achieved depending on the geometry of the fiber 

and in particular the shape of the core. A rectangular core leads to a double-helix 

structure while a slight core offset gives a single helix. Chiral gratings have also been 

demonstrated in standard fiber and can be formed since there is a small but significant 

eccentricity between the core and cladding  [13].  

6.4. Fiber grating fabrication 

As mentioned previously, the grating structure is a periodic perturbation of the 

numerical aperture, i.e. the core-cladding index difference. In short period gratings the 

index changes are commonly assumed to be localized to the core and for long periods 

also the cladding can be involved. 

6.4.1. Long period gratings 

There are mainly two approaches for fabricating long period gratings; changing the 

refractive index in the core by UV exposure or to induce perturbations that can either 

change the stress state of the fiber and/or change the fiber cross section geometry, i.e. 

change the modal confinement. In the case of UV exposure, the same photo-response 

is triggered as in the case of short period gratings. Since the period of LPGs are on the 

order of several hundreds of micrometers, mechanical perturbations can be achieved 

by, e.g., clamping the fiber in a periodically grooved device or by etching. The most 

common approach is to periodically modify residual strain by means of local heating 

using, e.g., an electric arc or a CO2 laser  [14]. Originally, LPGs were UV imprinted 
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using point to point UV exposure or using an amplitude mask but was soon followed 

by using a CO2 laser both for stress relaxation  [14] and for periodic grooving  [15]. In 

Ch. 7, fabrication of LPGs by periodically grooving a fiber by thermal ablation is 

described. 

6.4.2. Short period gratings 

The dominating method for FBG inscription used today is the so-called side writing 

technique, which was first reported over a decade after the discovery of 

photosensitivity in optical fibers by Hill et al.  [16]. By exposing the fiber to laser 

irradiation laterally, the flexibility and Bragg wavelength tunability is greatly 

increased compared to Hill gratings, which can only be slightly tuned by straining the 

fiber, and are otherwise determined by the inscription laser wavelength. Short period 

gratings are most commonly fabricated by exposing the fiber to intense UV 

irradiation, but also ultra-short pulses (pico- to femtosecond pulse duration) in the 

near-IR (λ~800 nm) has been used. 

Fabrication of short period gratings are more challenging since the period is 

approximately one third of the first order Bragg reflections. In most application this 

corresponds to ~500 nm which is below the diffraction limit for UV-NIR 

wavelengths. In UV writing, interferometric configurations are used while for ultra-

short pulses point to point writing is possible due to non-linear absorption. The most 

common and also the most robust side-writing method is the so-called phase-mask 

technique. Here, the fiber is placed behind a diffraction grating, referred to as phase-

mask, for which all diffractions order but the first is suppressed. The +1 and -1 order 

forms a diffraction pattern at their intersection and by focusing the UV light, 

increased intensity in the core can be achieved. One limitation of the phase-mask 

method is that the Bragg wavelength is given by the pitch of the phase mask and can 

only be slightly tuned by applying tension to the fiber. A more flexible approach is a 

tunable interferometer such as the Talbot-interferometer and adapted variants, e.g. an 

elliptical configuration [17]. Here, the beam is split using a beam splitter or a phase-

mask and recombined at the fiber using suitable mirrors. 

During this work, a FBG writing setup was designed and realized and has been one 

of the work horses during the project. The design is based on the Talbot 

interferometer and the Bragg wavelength could be tuned between ~800 – 1600 nm 

using motorized translation stages to control mirror positions and angles. The setup is 

depicted in Figure 6.5 where the last pair of mirrors are placed on motorized 

translation stages with angle tunability using actuators mounted in the mirror holder. 

Due to the symmetry of the setup, alignment is straight forward and the path 

difference between the arms is neglectable. The pulsed UV laser used (Xiton Impress 

213) had a wavelength of 213 nm operated at 15 kHz with a pulse duration of ~6 ns. 

The power balance between the interferometer arms was measured to be below 1 %, 

see Figure 6.6. 
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Figure 6.5. FBG writing setup. Grating length is controlled by scanning the rear 

translation stage. Bragg wavelength can be tuned by translating the last (closest to fiber) 
pair of mirrors and by tuning the angle. 

 
Figure 6.6. Power balance in interferometer arms; UV power in left vs. right arm fitted 

with a linear function with a R2 of ~0.999 with a slope corresponding to a difference of ~0.9 
+/- 0.2%. 

The grating length was controlled by scanning the beam along the fiber using the 

rear translation stage thereby achieving a step-index grating. In Figure 6.7 the spectral 

evolution during writing a 9 mm long FBG in a hydrogen loaded SMF29 fiber by 

multiple scanning of MS1 is shown. After saturation, increased coupling to cladding 

modes occur and after 130 scans a roll-off in reflectivity and a decrease in coupling to 

the lower wavelength cladding modes is seen. There is a continuous increase in Bragg 

wavelength and during the last ~75 scans the linewidth of the gratings decrease. This 

behavior is probably related to increased average index and to decreased visibility of 

the grating. 
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(a) (b) 

Figure 6.7. Transmission spectra of a 9 mm long FBG written by multiple scans. In (a) the 
transmission is color coded showing the evolution of attenuation up to 195 scans. In (b) the 
transmission spectrum after scan no 75 is shown. In the legend in (a), min corresponds to 

maximum attenuation, i.e. maximum reflectivity. 

6.5. Classification and thermal stability of fiber Bragg 

gratings 

At the time of writing, the scheme for classifying FBGs is based on label the grating 

according to the type of photosensitivity involved in the formation. However, some 

gratings are labeled by the fabrication conditions and some gratings could be subject 

for re-classification, simply by altering the fabrication conditions. With better 

knowledge of photosensitivity in fibers, this scheme might be subject for a revision. 

Type I gratings are identified by a monotonic increase in reflectivity during 

inscription. Those gratings are commonly referred to as standard gratings and are 

fabricated in low photosensitivity fibers. Type I gratings start to diminish at ~100 °C 

and can retain part of the reflectivity up to ~400 °C. 

Type II, or damage gratings, are created by a high intensity single laser pulse 

which results in material damage  [18]. Although having high index modulation 

(~6∙10
-3

), the spectral properties of type II gratings is typically poor with large losses 

for wavelengths shorter than the Bragg wavelengths. 

Type IIa gratings are formed during extended UV exposure where the initial type I 

reflectivity growth saturates, followed by a decrease and subsequently again 

increases. Type IIa gratings are typically stable at temperatures up to ~6-700 °C.  

Regenerated gratings are characterized by going thru a regeneration process 

where the initial index modulation is erased or diminished, followed by a regrowth in 

gratings strength. Typically, this labeling refers to a thermally triggered regeneration 

process. Type IIa gratings, however, also goes thru a regeneration process, although 

occurring during UV inscription. The thermal stability of thermally regenerated 

gratings depends on the type of fiber used and on UV inscription conditions. A typical 

range is 800-1000 °C. Different models have been proposed to explain grating 

regeneration  [19–23], but there a lack of consistency in current literature. 
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Regeneration is most often associated with hydrogen loaded fibers but there are 

reports on regeneration without hydrogen [24–26].  

Chemical Composition gratings (CCGs) are a type of regenerated gratings with 

the distinction that the regeneration- and decay mechanism has been related to 

diffusion of core dopants  [27]. CCG formation has been reported in two types of 

fibers with the dopant of interest being Fluorine [28] and Oxygen [29]. The thermal 

stability of CCGs is determined by the thermally activated diffusion of the specific 

dopant. Activation energies for thermal erasure of Fluorine and Oxygen CCGs has 

been found to be Ea ~270 kJ/mol and ~450 kJ/mol, respectively [27,29]. Operation 

lifetime at a temperature at ~1000 °C is expected to be several weeks to months. 

6.5.1. Decay of Chemical Composition Gratings 

As mentioned, different models to explain the mechanisms of regeneration of type I 

gratings has been proposed. As discussed in paper III, many of these models are 

flawed and based on various assumptions that are unrealistic as carefully pointed out 

in the introduction to paper III. However, for CCGs fabricated in fluorine doped 

fibers, a decay model based on a diffusion mechanism has strong evidence. Three 

separate observations support this model; i) the thermally activated decay has an 

Arrhenius behavior with an activation energy in close agreement with fluorine 

diffusion in silica, ii) Tof-SIMS measurements shows a redistribution of fluorine 

following heat treatment and iii) the decay rate is inversely proportional to the grating 

period which could only be explained by the longer diffusion path required to erase 

the index modulation of the grating. 

For oxygen modulated CCGs fabricated in SMF28 fibers, the activation energy for 

thermal decay agrees with values from a widely recognized report on self-diffusion of 

network oxygen in silica by Mikkelsen  [30]. 

6.6. Annealing and decay of fiber Bragg gratings  

Annealing of fiber gratings is typically performed to stabilize the index modulation 

for long term operation and is referred to as accelerated ageing. Type I gratings 

typically follow a stretched exponential decay model proposed by Erdogan et al.  [1] 

which is explained by a recombination of electrons and point defects. The stretched 

exponential function can be seen as a superposition of exponential functions having 

different time constants. According to the model, there is a distribution of energies for 

erasing the index change which leads to the concept of a demarcation energy, see 

Figure 6.8. For increasing temperature, the remaining distribution gets narrower and 

the decay in refractive index goes from multi- (or stretched) to single exponential 

behavior. 
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Figure 6.8. Schematic of the trapping and de-trapping of electrons proposed by Erdogan et 

al.  [1]. De-trapping is depicted for traps with energy E<Ed where Ed is the demarcation 
energy. 

The demarcation energy can be expressed as 

 𝐸𝑑 = 𝑘𝑇𝑙𝑛(𝜈𝑡), 6.11. 

where 𝜈  is an attempt frequency. From decay of refractive index by annealing at 

temperatures T for a duration t, a so-called master curve can be obtained as a plot of 

index modulation as a function of demarcation energy. By differentiation the master 

curve, a distribution of activation energy or energies can be obtained. In order to 

determine the attempt frequency, 𝜈 , Rathje et al.  [31] proposed a method where 

annealing is performed using continuous temperature ramps with different heating 

rates. The attempt frequency can then be determined by finding the best overlap of the 

master curves extracted for different heating rates. Using this method, they obtained 

an energy distribution (Figure 6.9.) for deuterium loaded fibers (similar to H2 

loading), which had previously failed since the Erdogan model fails for hydrogen 

loaded fibers. 

 
Figure 6.9. Defect energy distribution of D2 loaded fibers showing at least two defect 

species, from  [31]. 
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6.7. Thermal regeneration 

As previously pointed out, thermal regeneration is most often associated with type I 

gratings UV-inscribed in hydrogen loaded fibers. The process is performed in the 

following steps: 
 

1) Hydrogen loading,  

2) FBG inscription by UV exposure 

3) Out diffusion of remaining hydrogen at low temperature (< 100 °C) 

4) Annealing at an intermediate temperature 

5) Grating regeneration at elevated temperature around 1000-1100 °C 

 

The annealing step (3) has been performed either by a temperature ramp or at one 

or more iso-thermal steps. In Figure 6.10, a typical evolution of the grating reflectivity 

during heating at 20 K/s is shown. When the temperature reaches ~800 °C, the grating 

reflectivity rapidly drops to zero (or below noise floor) and subsequently increases 

and stabilizes at a temperature of ~1000 °C. Without a temperature ramp or iso-

thermal step at an intermediate temperature, strong re-growth of the grating has not 

been reported, to our knowledge. 

 
Figure 6.10. Reflectivity during F-CCG fabrication using a temperature ramp at 20 K/s. 

From  [32]. 

In Figure 6.11, iso-thermal annealing of type I gratings written in hydrogen loaded 

telecom fiber SMF-28 is shown (paper III). For temperatures below 800 °C the decay 

dynamics cannot be described by an exponential, but rather by a stretched 

exponential. For higher temperature there is a rapid non-exponential initial decay, 

followed by single exponential behavior. In these tests, one grating were used at each 

temperature. The gratings were annealed in a box furnace by rapidly (one to a few 

seconds) inserting the gratings, placed in a quartz pipe, into a ceramic tube that had 

been fitted into the furnace thru a hole drilled thru the rear wall. 
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Figure 6.11. FBG decay dynamics during 30 min isothermal annealing  (a) in the range 
200 ºC to 900 ºC with the corresponding labels to the right in the figure, and (b) in the 

range 900 ºC to 1100 ºC. 

After annealing for a duration of ~30 min, the gratings were removed from the 

furnace and the set temperature was changed. When the furnace was stable at 1100 

°C, the pre-annealed gratings were again rapidly inserted into the furnace for the 

regeneration step (5). Actually, for pre-annealing temperatures above 900 °C, 

regeneration occurs in during pre-annealing but the final index modulation is further 

increased during the regeneration step. The dynamics during regeneration in, e.g., 

SMF-28 differs from the dynamics for Fluorine doped fibers. After reaching a peak 

value, the index modulation decrease during ~10 min at 1100 °C. In Figure 6.12 the 

refractive index modulation as a function of time is shown for the pre-annealed 

gratings (paper III). The labeling in the figure indicates the pre-annealing temperature 

where 1100 °C correspond to omitting the pre-annealing step, or alternatively, pre-

annealing at ~86 °C during 72 h which is the hydrogen out-diffusion step. 
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Figure 6.12. Regeneration dynamics for FBGs isothermally annealed in the temperature 
range (a) 200 C to 900 C showing an increase in refractive index modulation with 

increasing temperature, and (b) 900 C to 1100 C showing a decrease in refractive index 
with increasing temperature. Arrows indicate direction of increasing temperature. 
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For F-CCGs, an optimal iso-thermal annealing temperature has been found around 

6-700 °C  [28]. The optimum pre-annealing temperature for regeneration in SMF-28 

fibers was found near 900 °C and also appearing to be more sensitive to temperature, 

i.e., the achieved index modulation as a function of temperature is narrower. In Figure 

6.13 data from  [28] for fluorine doped fibers is compared to SMF-28 data (Figure 

6.12, paper III). Two main differences between the fluorine doped fibers and SMF-28 

can be seen; For SMF-28 there is a unstable component that is erased within ~10 min 

at T~1100 °C and there is also a minimum index modulation achieved which is 

independent of pre-annealing temperature, see  Figure 6.14. The latter is a 

phenomenon not previously observed and as discussed in paper III, one explanation 

can be relaxation occurring during the UV inscription of the initial grating. To our 

knowledge, the UV laser wavelength of 213 nm has not been used before in the 

context of grating regeneration. The pre-annealing step was also carried out at 

durations of 15 and 60 minutes but with minor, inconclusive differences. The 

strongest regeneration was achieved for the 30 minutes duration. 

 
Figure 6.13. Index modulation of regenerated gratings in Fluorine doped and SMF-28, i.e., 
Oxygen doped fibers as a function of pre-annealing temperature. F-CCG data from  [28]. 
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Figure 6.14. Absolute values of the refractive index modulation as a function of pre-

annealing temperature, corresponding to the peak value (nP),  stable (nS) and unstable 
(nU) components of the regenerated grating. 
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When looking closer at the decay plots where the index modulation drops to zero 

followed by a re-growth, it seems like the data “bounces” off the noise floor which 

seems somewhat un-physical. Therefore, the question arises whether the index 

modulation changes sign following erasure. Due to the quadratic dependence on the 

refractive index modulation of the reflectivity, the sign cannot be concluded from 

Eq.6.8. However, in order to preserve continuity of the refractive index modulation at 

the point of erasure, and considering the exponential decay behavior, the regenerated 

grating is expected to have a negative refractive index modulation compared to the 

initial type I grating. In Figure 6.15 the refractive index modulation for the gratings 

during isothermal annealing and regeneration are plotted in sequence, with a reversal 

in sign when passing through nm = 0, i.e., at the point of erasure of the initial grating. 

0 5 10 15 20 25 30 35 40 45 50 55 60

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Regeneration step
 

 


n

m
  
[1

0
-4

]

Time  [min]

   900 °C

   950 °C

  1000 °C

  1100 °C

Annealing step

 
Figure 6.15. Grating dynamics during annealing and regeneration plotted in sequence. 

Data is plotted with a change in sign of the refractive index modulation after full erasure of 
the initial grating. Regeneration was performed at 1100 C, while the labels refer to the 

annealing temperatures. 

6.7.1. Regeneration mechanisms 

In Figure 6.16 the data from Figure 6.11(b) is replotted in lin-log scale and shows 

clearly the single exponential decay following the initial rapid erasure of the grating. 

In Figure 6.16(b), the corresponding changes in Bragg wavelength are plotted along 

with single exponential fits. From this data, time constants was extracted and are 

plotted in an Arrhenius plot in Figure 6.19 from which activation of Ea(nm) = 294.5 

(±19.9) kJ/mol
 
and Ea(B) = 86.2 (±0.8) kJ/mol could be extracted. There is a 

crossing point between the two plots near 900 °C, being close to the temperature 

found for optimum pre-annealing temperature which implies two opposing 

mechanisms. The extracted activation energies are in close agreement to values for 

water diffusion and relaxation in silica reported by  [33]. This possible link is very 

interesting and could explain the mechanisms of regeneration in this type of fibers. 

This is discussed in much more detail in paper III. 
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Figure 6.16. Replotted data (a) from Figure 6.11(b) in lin-log scale to highlight the single-
exponential type decay behavior, and (b) the corresponding dynamics in Bragg wavelength 

during annealing, including the fitted curves (dotted line) using a single exponential 
function. 
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Figure 6.17. Arrhenius plot with time constants derived from the decay in refractive index 
modulation and changes of the Bragg wavelength during isothermal annealing. Activation 

energies are included in the figure as lines. 

Looking back at Figure 6.9, the authors stated that there could be two different 

defects seen in this plot. However, it appears it should be several defects present, 

considering a deconvolution to separate Gaussian distributions. In Figure 6.18, the 

refractive index modulation is plotted as a function of Bragg wavelength to highlight 

to complexity in the decay and regeneration dynamics. The symbols denote the 

starting point at a time t=0. Also here, around a temperature of ~900 °C there is a 

dividing line in terms of different initial directionality of the traces. 
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Figure 6.18.  The change in refractive index modulation as a function of change in Bragg 

wavelength during the regeneration process at 1100 C. Labels indicate annealing 
temperatures with the arrows indicating increasing time. Data has been shifted vertically 

for clarity. 

6.8. Sensing of temperature and strain 

In most sensing applications using FBGs, the measurand is the Bragg wavelength, 

given by the Bragg condition (Eq. 6.6). Since the variables, neff and B, are and 

temperature dependent through the stress-optic, thermo-optic and thermal expansion 

coefficients, the spectral response of the grating will change with temperature. If 

stress effects are disregarded, the change in Bragg wavelength, ΔλB, is given by the 

following expression: 

 

6.12.

  

where  and  are the thermal expansion coefficient and the thermo-optic coefficient, 

respectively. 

If two FBGs are imprinted in a fiber with a small separation, a Fabry-Perot cavity 

is formed. The spectrum of such cavity will be a superposition of the FBG and the 

Fabry-Perot spectra as shown in Figure 6.19. 

 
Figure 6.19. Reflection spectrum of a Fabry-Perot cavity formed by two gratings (L~250 

µm) and the individual grating spectrum. 
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For a Fabry-Perot cavity of length LFP, a change in temperature will change the 

phase of the interferometer according to:  

𝛥𝜙𝐹𝑃 =
2𝜋

𝜆𝐹𝑃
2𝑛𝐿𝐹𝑃(𝛼 + 𝛽)𝛥𝑇, 

6.13.

  

where n is the refractive index of the optical path in the cavity. The phase, 𝛥𝜙𝐹𝑃, can 

be extracted from the intensity modulation at a selected wavelength, λFP, in the FP 

spectrum. Alternatively, by differentiating the condition for interference, 𝑚𝜆 =

2𝑛𝐿𝐹𝑃 , with respect to temperature, almost the same expression as for changes of 

Bragg wavelength (Eq. 6.12) is obtained: 

Δ𝜆

𝜆
= 2𝑛𝐿𝐹𝑃(𝛼 + 𝛽)Δ𝑇.        6.14 

The difference is merely that the wavelength λ is any wavelength in the FP fringe 

spectrum and can be set equal to λFP in Eq. 6.13. Then, by combining Eq 6.13 and Eq. 

6.14, the following expression is obtained: 

𝛥𝜆𝐹𝑃 =
𝛥𝜙𝐹𝑃

2𝜋

𝜆𝐹𝑃
2

2𝑛𝐿𝐹𝑃
, 6.15 

where the second, right hand fraction is the free spectral range of the cavity spectrum. 

Thus, the change of phase of the interferometer is linearly related to a change in 

wavelength with the free spectral range as a weighting factor. 

For temperature sensing using FBGs, chirping of the grating caused by a 

temperature grating can result in multiple peaks in the spectrum. In such situations a 

short gratings is preferred. For example, in paper II profiling of a CO2 laser beam 

using a short (~1 mm) and long (~5 mm) CCG was compared. In Figure 6.20 the 

spectra of a short and long CCG are compared. In the case of the short grating, no 

significant chirp is seen while for the long grating, two peaks at the extremes of the 

spectrum is seen which corresponds to the coldest and warmest part of the grating. 

 
(a) (b) 

Figure 6.20. Comparison of the spectral response of a CCG of length ~1 mm (a) and ~5 mm 
(b) placed in a CO2 laser beam with a 1/e2 diameter of ~6.2 mm. 
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Chapter 7. CO2 laser heating of optical 

fibers 

It is widely acknowledged that direct heating of optical fibers using CO2 lasers has 

many advantages over conventional heating methods. Since the heat is generated 

within the material itself by phonon excitation, the thermal response is very fast and 

there are no thermal loads except the fiber itself. During experimental tests reported in 

paper II, heating- and cooling rates of 10.500 K/s and 6.500 K/s, respectively, was 

measured. Temperatures high enough to evaporate glass are easily reached due to the 

high powers available in CO2 lasers, and to the possibility to achieve high intensities 

by focusing. Also, ambient conditions can easily be changed, and on-line monitoring 

during processing is readily realized. One major concern, however, has been the 

inability to accurately measure the fiber temperature during processing. Researchers 

have basically relied on simulations and extrapolation from low temperature data. 

As described in chapter 6 and in paper II, fiber Bragg gratings (FBGs) has 

temperature sensing capabilities, especially well-suited for high temperatures are 

regenerated gratings, e.g., Chemical Composition Gratings (CCGs) which are 

thermally stable up to T~1000 °C during long term operation. Gratings are ideal 

intrinsic temperature probes without thermal mass, at least for measuring the 

temperature in the fiber itself. The fiber temperature can be extracted from the 

thermally shifted Bragg wavelength due to the temperature dependence on the 

parameters in the Bragg condition (see Ch. 6). However, for absolute temperature 

measurements and reliability, a calibration and performance evaluation of the CCG is 

required. The calibration procedure reported in paper II was performed in a high 

temperature furnace (Carbolite HT1700) up to 1200 °C. Two ceramic pipes which had 

been cemented together were placed in the furnace thru a hole in the insulation. To 

ensure fiber integrity and avoid crystallization, it was placed in a quartz pipe which 

was inserted into one of the ceramic tubes. The temperature was measured with two 

K-Type thermocouples positioned to reveal any temperature gradients; one was 

placed centered in the furnace and the other inserted in a quartz pipe of the same type 

as for the grating and then placed in  the empty ceramic tube. The calibration data 

along with a quadratic fit (R
2
 ~ 0.9999) is shown in Figure 7.1 with 

 𝜆𝐵𝑟𝑎𝑔𝑔 =𝜆𝑏𝑟𝑎𝑔𝑔(0) + 0.012𝑇 + 2.8 ∙ 10−6𝑇2.  7.1. 
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.  

Figure 7.1. Plot of temperature-wavelength calibration for the CCG with experimental 
values shown as symbols (error bars are included). The dashed line is a quadratic fit to 

experimental data, with values extrapolated to 1800 °C. 

7.1. Heat transfer in optical fibers 

For an analytical treatment, a thermally thin object greatly simplifies calculations 

since the heat transfer equation can be reduced to a 1D model. A body can be 

considered thermally thin when there is no thermal gradient in steady-state or during 

transient heat flow at a time greater than relevant time scales, given by the specific 

situation. The condition for thermal thinness is typically fulfilled for geometries with 

low volume to surface ratios and is a consequence of thermal conduction being more 

efficient compared to convection. Thermal thinness can be related the Biot number, 

Bi, which is a dimensionless quantity given by  [1] 

 
Bi =

ℎ𝐿𝑐
𝐾

,  7.2. 

where Lc = Volume/Area, K is the thermal conductivity and h is in the case of optical 

fibers the coefficient of convective cooling. So, it is a simple measure of both 

convection-conduction and volume-surface ratios. For Biot number smaller than 0.1, a 

body can be considered thermally thin. For a standard fiber, the value is 

approximately ~3x10
-3

.  

Another approach is to define a thermal time constant to get an estimate of the time 

required for temperature gradients to vanish. From the solution to the 1D heat 

equation, it can be seen that such a time constant can be defines as  [2] 

 
𝜏~

𝑑2𝐾

4𝑐
  7.3. 

Here, d is the distance and c is the specific heat. For a standard optical fiber, this 

equates to a typical time of 2-3 ms. It is common to assume 1D heat transport in 

thermal modeling of optical fibers, since such time scales are typically considered 

short. For a small Biot number, this assumption is generally valid in steady state. 

However, with the effective and near instantaneous heating using a CO2 laser, 

gradients can be present, especially when high intensities are used. For heating to a 
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temperature of ~1300 °C, the heating rate can be as high as 10.500 K/s, see Figure 

7.11 (paper II).  

Although no analytical simulations were made in this work, the thermal transfer 

model gives an intuitive picture of how the involved parameters influence heat flow. 

In Figure 7.2 the thermal situation for 1D heat flow is depicted and the relation given 

by Eq. 7.4 describes the gain and loss in the system  [3]. Table 1 defines the 

parameters involved. 

 
Figure 7.2. Thermal model of CO2 laser heated fiber assuming 1D heat flow. 

 𝑞𝑧|𝑧 + �̇�𝑔 = 𝑞𝑐 + �̇�𝑠 + 𝑞𝑧|𝑧+𝛿𝑧 + 𝑞𝑟  7.4. 

 

Conductive heat transfer 

𝑞𝑧|𝑧 = − [𝐾𝐴
𝜕𝑇

𝜕𝑧
]
𝑧
 

𝑞𝑧|𝑧+𝛿𝑧 = −[𝐾𝐴
𝜕𝑇

𝜕𝑧
]
𝑧+𝛿𝑧

 

Convective heat transfer 𝑞𝑐 = ℎ𝑝Δ𝑇𝛿𝑧 

Rate of energy storage �̇�𝑠 = 𝜌𝑐𝐴 (
𝜕𝑇

𝜕𝑡
) 𝛿𝑧 

Rate of  heat generation �̇�𝑔 = 𝐴𝑞(𝑧)𝛿𝑧 

Radiative cooling 𝑞𝑟 = 𝜎𝜖𝑝(𝑇4 − 𝑇4
𝑎𝑖𝑟)𝛿𝑧 

Table 1 Quantities involved in the thermal transfer model. 

Symbol Parameter Unit 

𝑞(𝑧) Heat generation rate from laser W m
-3

 

A  Cross sectional area of fiber m
2
 

d Diameter of the fiber m 

p  perimeter of fiber m 

σ Stefan-Boltzmann constant W m−2 K−4 

Δ𝑇 Temperature difference to ambient air K 

K Coefficient of thermal conductivity W m
-2

 K
-1

 

h Coefficient of convective heat transfer W m
-2

 K
-1

 

𝜌  Density kg m
-3

 

c  Heat capacity J kg
-1

 K
-1

 

ε Surface emissivity  

Table 2 Terms and parameters used in the quantities involved in the thermal model. 
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7.2. CO2 laser setup 

The fiber heating system was slightly modified for the different experiment performed 

in this work. Generally, the setup consists of: 

 

- CO2 laser source 

- Red HeNe laser aligned with the CO2 laser beam as a visual guide using a 

ZnSe beam combiner 

- Mirrors for beam-steering 

- Electronic shutter for On/Off switching of CO2 laser exposure 

- Reference power monitoring using a power meter measuring the ~1% 

reflection from the beam combiner 

- Power meter for measuring total power at the fiber 

- Fiber holders for horizontal or vertical orientation 

- FBG interrogation including white-light source, optical circulator and 

spectrometer 

- Motorized translation stage for scanning the laser beam along the fiber 

-  
- Figure 7.3. Schematic of the CO2 laser setup for heating of optical fibers used in 

paper II.. 

7.2.1. Stability issues 

The power stability of the laser (Universal Laser Systems ULR-25) after warm up 

(~30 min) is typically within ~ 1% at high powers and 5-10% at low powers. Stability 

in the present context, however, also includes pointing stability, mode stability and 

wavelength and polarization stability. Pointing instability is usually not critical when 

a collimated beam is used but if focusing the beam or having long laser-to-target 

distances it could introduce instability in terms of intensity, although power is stable. 

If the mode changes in terms of intensity distribution, the same problem arises. 

However, such changes are typically associated with thermal stabilization of the laser 
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cavity and should not be an issue after power stabilization. Fluctuations in wavelength 

and polarization can lead to changes in absorption and reflections. The absorption 

coefficient for pure silica as a function of wavelength has a steep slope around 10.6 

µm, see Ch. 3. However, the absorption is still very effective and should only 

introduce variations in absorption depth and has limited influence on the total power 

absorbed. The absorption coefficient, also being dependent on temperature, for three 

different wavelengths is used to simulate the intensity depletion as a function of depth 

in pure silica at 100 °C and 1000 °C using the Beer-Lambert law (Eq 3.3): 

 
Figure 7.4. Intensity vs. penetration depth in fused Silica at typical CO2 laser wavelengths 

at temperatures 100 °C and 1000 °C  [4]. 

If fluctuations in polarization are present, those would translate into fluctuations in 

power or absorbed intensity related to variations in Fresnel reflections (Eq. 3.1 & 3.2). 

If optical elements such as windows are present in the beam path, polarization 

fluctuations translates into power fluctuations since the polarizing effect of the 

element remains constant. If no polarizing components are present, the absorbed 

intensity would fluctuate due to variation in Fresnel reflections over the curved 

surface of the fiber. In the current experimental setups used, a beam combiner and one 

or more ZnSe windows are included and variations in polarization would be translated 

into power fluctuations. However, the polarization or possible fluctuations were not 

experimentally investigated in this work. 

The stabilization during warm-up was characterized by measuring the Bragg 

wavelength of a grating placed in the fiber holder, the reference power and power 

behind the fiber and the beam elipticity. The power meters were placed as shown in 

Figure 7.3. A ZnSe window was also placed between the mirrors M1 and M2 at 45° 

angle with respect to the laser beam. The weak reflection (~1%) from the window was 

imaged onto a thermal camera (Spiricon Pyrocam III). The elipticity of the mode was 

calculated as ωx/ωy from the extracted x- and y center lines. Here it can be seen that 

temperature fluctuations during warm-up is more correlated to mode fluctuations than 

to total power. 
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Figure 7.5. Power, mode elipticity and fiber temperature fluctuations during CO2 laser 

warm-up. 

7.3. Fiber temperature and laser intensity profiling 

CCGs can be a powerful tool not only in measuring and profiling temperature in 

heated fibers, but also for characterizing the laser beam, i.e. measure the intensity 

profile. The setup used in paper II is shown in . The mirror M2 was placed on a 

motorized translation stage in order to move the laser beam along the fiber which 

could be oriented vertically (VP) or horizontally (HP), see Figure 7.6. The difference 

between these two orientations is that when the fiber is parallel to the translation 

direction of the laser beam (HP), the measured temperatures correspond to the actual 

temperature profile in the fiber. When the fiber is perpendicular to the translation 

direction, (VP), the intensity profile of the laser is measured. To explain the difference 

between the two cases the heat transport in the fiber and the gradients of the laser 

beam must be considered. Assuming a 1D heat transport along the fiber axis, and 

referring to Figure 7.6, it can be seen that when the fiber is in HP orientation, there is 

a temperature gradient along the fiber resulting in heat transport from the warmest to 

colder parts of the fiber. In the case of VP orientation, the gradient at the grating is 

small and the grating is always probing the warmest part of the fiber. The warmest 

part of the fiber obviously corresponds to the Gaussian peak intensity and therefore 

the laser beam profile can be extracted from the thermally shifted Bragg wavelength. 

The temperature is extracted using the calibration curve (P) which was used to derive 

temperature profiles. However, the intensity is not linear with temperature as can be 

seen in Figure 7.7, which can be accounted for by operating at low powers where 

temperature can be considered linearly proportional to intensity, or using calibrated 

data (Figure 7.7). 

The three data points denoted as Triple exposure (3X) are measured under slightly 

different conditions; to achieve higher intensity (c.f. limited by laser power) without 

using a focusing lens, two mirrors were placed closely behind the fiber (see Figure 

7.8), resulting in symmetric exposure from three directions with a mutual angle of 
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120°. However, the steady-state temperature is strongly related to the convective 

cooling which can be expected to change in the 3X exposure situation since the flow 

dynamics probably changes. Also, the mirrors could be acting as heat sinks due to the 

close proximity to the fiber. This, however, was not verified experimentally.  

 
Figure 7.6. Schematic showing the position and orientation of the fiber when scanning the 
CO2-laser beam, shown as a 2D contour plot. The grating is positioned on the centerline of 
the beam, along the scan direction indicated by the arrow. Note a slight asymmetry of the 

beam, measured with a pyro-electric camera. 

 
Figure 7.7. Fiber temperature as a function of gaussian beam peak intensity. The 

temperature is calculated from the thermally shiftet Bragg wavelength using calibration 
data from Figure 7.1. 

 
Figure 7.8. Schematic of beam recycling setup with the three beams having an angular 

separation of 120° resulting in symmetric heating. 
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In Figure 7.9, the intensity and resulting temperature profile are compared with the 

1/e
2
 widths being 6.2 and 7.8 mm, respectively. The intensity profile was also 

measured using a pyroelectric camera and by scanning the beam over a 1 mm pinhole 

while measuring transmitted power using a thermal power meter. The CCG, pinhole 

and camera data are compared in Figure 7.10 (a) and (b) with the latter being a re-plot 

of Figure 7.10 (a) in lin-log scale to compare resolving capabilities. 

 
Figure 7.9. Intensity profile of the laser beam and the resulting fiber temperature as a 

function of position, with measurements in VP and HP being proportional to the intensity 
and local fiber temperature, respectively. 

 
(a) (b) 

Figure 7.10. CO2-laser beam profiling (a) acquired by scanning the beam across a 1 mm 
long CCG, and a 1 mm diameter pinhole. The dashed line is the extracted centerline data 

from a 2D pyro-electric camera image. The same data is plotted in (b) in lin-log scale to 
highlight resolving capabilities. 

 

7.4. Temperature dynamics in fibers 

The temporal response of the fiber temperature was investigated during square pulse 

exposure formed by the electronic shutter. For intensities up to 1.7 W/mm
2
 single-

beam exposure during 2 s was used and for higher intensities the triple-beam setup 

shown in Figure 7.8 was employed for 1.2 s pulses. The dynamics are shown in 
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Figure 7.11 for intensity up to 3.3 W/mm
2
, corresponding to a temperature range in 

steady-state of 200 – 1510 °C. The initial heating rates range from 500 to 10.500 K/s 

and seem to increase linearly with intensity, see Figure 7.12 (a). The rise and fall 

times defined as 1/e are plotted in Figure 7.12 (b). If relevant parameters are assumed 

to be independent of temperature, one would expect a single exponential behavior [5]. 

As seen in Figure 7.12 (b), there is a decrease in both rise and fall times with 

temperature which is explained by the temperature dependency of the material 

parameters and of the convective cooling. 

 

0 1 2 3
0

200

400

600

800

1000

1200

1400

1600

T
em

p
er

at
u

re
 [

°C
]

Time [s]

3.3

Intensity  [W/mm
2
]

0.14

0.31

0.49

0.80

1.1

1.3

1.7

3X exposure

 
Figure 7.11. Thermal dynamics during square pulsed irradiation (heating and cooling). 

The numerals below each curve in the graph represent the corresponding pulse intensities. 
The pulse duration for the red curve labeled 3X (triple beam setup) was 1.2 seconds and 

has been extended for clarity (dashed line). 
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Figure 7.12. Initial heating rates extracted from data in Figure 7.11 including a linear fit 
(a) and (b) shown time constants (1/e) for heating and cooling as a function of peak 

temperature including simulated value from  [5]. 
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7.5. CCG decay at 1750 °C 

The thermal stability of fluorine modulated CCGs (F-CCG) has been found to follow 

a diffusion based model, as described in Ch. 6. In the work behind this model  [6], the 

CCG decay was measured up to  ~1200 °C. Due to the high heating rates involved in 

CO2 laser heating, thermally activated processes, which are too fast to measure using 

conventional heating methods, can be measured even at extreme temperatures. In 

paper II, a F-CCG was heated to ~1750 °C using a 1.2 s long pulse, see Figure 7.13, 

during which the grating decay ~30%. 
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Figure 7.13. Bragg wavelength change and decay of reflectivity during a 1.2 s square pulse 

at an intensity of ~4.4 W/mm2. 

From the decay constant extracted from this data, the diffusion rate was calculated 

(see ref. [6]) and included in an Arrhenius plot along with previous data, see Figure 

7.14. The agreement between those experiments is excellent, which implies that the 

decay mechanisms for F-CCGs do not change at temperatures even exceeding the 

softening temperature of pure silica. 
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Figure 7.14. Arrhenius plot of logaritmic diffusion constant at T~1750 °C plotted as a 
function of inverse temeprature. The figure include present data for T~1750 °C and 

previous experimental data extrapolated  [6]. 
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7.6. Thermal ablation & long period gratings 

Different fabrication of long period gratings was described in Ch. 6 and included 

periodic grooving using a CO2 laser. In paper IV, the temperature dynamics and 

ablation parameters during formation of long period gratings by periodic thermal 

ablation were characterized. To achieve high attenuation with low background losses, 

the grooves were formed on the side facing the laser and the back side of the fiber 

remained intact.  

7.6.1. Temperature dynamics during ablation 

By using FBGs in various configurations, see Figure 7.17, the temperature dynamics 

during ablation could be characterized. The setup used for thermal ablation is shown 

in Figure 7.15. Two gratings, BG1 and BG2, being separated in wavelength were used 

to monitor non-resonant background losses. BG1 was used to record a reference 

power of the white-light source and BG2 to record the losses. The OSA adjacent to 

BG2 had a high resolution but could not resolve rapid dynamics. The OSA connected 

to the circulator had a sampling rate up to 5 kHz and were used to record transmission 

during short pulses, typically around 10 ms. Since the reflected light passes through 

the ablation region twice, the transmission loss (single-pass) is taken as half of the 

reduction in reflectivity. 

After initial search for suitable combinations of power and pulse duration, it was 

realized that short pulses with sufficient intensity can modify the surface of the fiber 

to a depth of a few to ten or more micrometers without deforming the opposite side of 

the fiber. The picture matrix in Figure 7.16 shows ablation profiles and fiber 

deformation with corresponding pulse and power settings given in Table 3. 

 

 
Figure 7.15. Schematic layout of the experimental setup where M1, M2, and M3 are 

mirror, ES is the electronic shutter, BC is a ZnSe beam combine, TS1, TS2, and  TS3 are 
computer controlled motorized translation stages, OSA is the optical spectrum analyzer. 

BG1 and BG2 are reference gratings. 
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Figure 7.16. Microscope images of ablated fibers using power (a, b, c) and pulse duration (1 

to 5) summarized in Table 3. 

Power 2.4 W 3.9 W 6.0 W 

PWM 10 % 15 % 20 % 

Fiber 

sample 

(a) (b) (c) 

Duration 

p [ms] 

Depth h  

[µm] 

Duration 

p [ms] 

Depth h  

[µm] 

Duration 

p [ms] 

Depth h  

[µm] 

1 20 12.2 10 12.6 10 29.5 

2 40 21.5 20 32.6 15 41.4 

3 60 - 30 - 20 - 

4 80 - 40 - 25  

5 100 - 50 - 30  

Table 3. Processing parameters used in ablation experiments with results shown in Figure 
7.16. PWM is the duty-cycle of the laser trigger signal. 

The temperature dynamics during ablation was measures using FBGs (i.e. not 

CCGs) placed alternatively centered in the focused beam or separated 1 mm 

symmetrically around the beam, thus forming a Fabry-Perot cavity, see Figure 7.17. 

The Bragg wavelength dynamics during ablation using a 10 ms pulse with P = 3.9 W 

are shown in Figure 7.18 for BG3, the FP cavity and the FP BG. In this test, the depth 

of the ablated region was ~13 µm and from the Bragg wavelength shift of BG 3 the 

temperature reaches ~600 °C. There is some uncertainty, thought, due to lack of data 

points between 10-40 ms due to chirping of the grating which causes the height of the 

peak to drop below sampling threshold. In Figure 7.20, a well fitted single exponential 

function is included and if extrapolated to a time t=10 ms, the maximum temperature 

is estimated to 850-1100 °C. The fact that there is no detectable permanent change of 

the Bragg wavelength also indicates that the maximum temperature is well below the 

glass transition temperature, i.e. there is no significant change in core fictive 

temperature. The response of the FP BGs is a delayed due to axial heat flow with a 

maximum temperature of ~250 °C after ~100 ms. The response of the FP cavity, 

however, is much faster compared to BG3. Also, there is a permanent red shift (~0.8 

nm) after the pulse, when cooled to ambient temperature which implies that the stress 

state of the fiber is modified. The cooling dynamics differ significantly and BG3 

follows an exponential curve while the FP cavity dynamics involves two time 

constants clearly seen in Figure 7.18. 
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Figure 7.17. Schematic of the experimental configuration using a single test grating BG3 

(top) and dual grating Fabry-Perot cavity (bottom) with the arrow indicating the location of 
CO2-laser beam and the ablation region. 

 
Figure 7.18. Bragg wavelength dynamics of FBG3, FP cavity and FP FBG during ablation 

using  a 10 ms pulse with a power of P ~ 3.9 W. 

Following the initial ablation characterization, transmission losses for multiple 

pulses at the same position was investigated. The power was set to ~3.9 W and the 

pulse duration to 10 ms. In Figure 7.19 (b) the ablated profile is shown for up to six 

pulses with the spectra after pulse 6 shown in Figure 7.19 (a). The Bragg wavelength 

and grating reflectivity of BG 3 is shown in Figure 7.20 (a) during the first pulse and 

transmission in Figure 7.20 (b) with permanent and transient loss indicated.  
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Figure 7.19. Grating reflection spectra (a) of BG2 and BG3 before ablation and after 6 
pulses, and (b) seven sequential images showing the initial fiber (top) and the same fiber 

after each subsequent pulse. 
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(a) (b) 

Figure 7.20. Temperature dynamics during a 10 ms long pulse (PCO2 = 3.9 W) showing (a) 
changes in Bragg wavelength and normalized peak reflection for the test grating BG3, and 

(b) dynamics of reflected signal from the reference grating (BG2). The shaded regions 
indicate the duration of the pulse. 
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Figure 7.21. Summary for 6 pulses showing the reduction of the reflected signal from BG3 
after each pulse, the transient loss during the pulse, the renormalized permanent loss per 

pulse, and the accumulated permanent loss for pulse 1 through 6. 

In Figure 7.21 a summary of the 6 pulses is shown, after a 7’th pulse transmission 

was lost. The four traces show; (i) the decrease in reflected signal from the test grating 

(BG3), (ii) the transient transmission loss, (iii) the permanent transmission loss per 

pulse, and (iv) the accumulated transmission loss. 

7.6.2. Long period gratings 

The spectral evolution of LPGs was studied during LPG inscription using one CO2-

laser pulse per grating period. First, the grating period was kept constant while 

changing the pulse duration and secondly, the grating period was changed with 

constant pulse duration. All gratings had a total length of LLPG ~25 mm, limited by the 

translation stages. Therefore, when the period is varied, gratings with longer periods 

have fewer ablation points in total. The color coded contour plots in Figure 7.22 & 
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Figure 7.23 shows the changes in transmission spectra with increasing number of 

pulses, i.e. periods.  

In Figure 7.22 the grating period was fix to LPG = 620 µm, and the pulse durations 

were set to 8, 10, and 12 ms. LPG formation can be seen in all cases. For 8 ms the 

peak transmission loss was 4.9 dB after 41 periods. Transmission losses of more than 

18 dB were measured for 10 ms pulses with background losses below approximately 

1 dB. 12 ms pulses results in LGP notches as deep as 20 dB with background losses 

on the order of 10 dB. However, to most part the losses arise during the initial pulses. 

Looking at the characterization of 12 ms pulses, such loss would not be expected and 

is likely related to slight axial misalignment of the fiber in the two fiber holders. 

When the pulse duration is set to 10 ms and the grating period changed, 

background losses remained on a comparable level while the spectral features 

changed, although with similar notch depth, see Figure 7.23. To interpret this spectral 

evolution, modeling of mode coupling and confinement in the asymmetric geometry 

achieved is required, which is out of the current scope. 

The transient transmission loss and the response of the FP-cavity are much faster 

than that of BG3 which means that some mechanism faster than heat flow is involved. 

Video captures of the fiber during ablation shows that the fiber slightly bends towards 

the incident laser beam. Thus, thermo-mechanical effects are likely to be involved 

during ablation. There is a combined effect of extreme temperature and the resulting 

stress induced by both thermal expansion and the elastic deformation, or bending. 

 The red-shift of the FP-fringes after ablation strongly indicate that the mechanism 

of grating formation is related to frozen-in residual stresses at the surface layer of the 

fiber. 

    
(a) (b) (c) 

Figure 7.22. Evolution of the transmission spectra as a function of the number of pulses 
during LPG formation for pulse lengths of (a) 8 ms, (b) 10 ms, (c), 12 ms in duration with a 
grating period of LPG = 620 µm. Measured power from CO2 laser was PCO2 = 3.9 W. The 

color code for the transmission loss for (a-c) covers the range from 0 to 34 dB, shown to the 
far right. 
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(a) (b) (c) 

Figure 7.23. The contour plots (top) shows the transmission evolution during LPG 
formation as a function of the number of pulses for gratings with period LPG = 560 µm, 
LPG = 630 µm, and LPG = 680 µm. The color coded scale is shown to the right. The final 
transmission spectra for each grating period is shown below the corrsponding countour 

plot. 
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Chapter 8. Conclusions & Outlook 

Conclusions 

The presented thesis provides novel insight into the mechanisms of the 

photosensitivity in optical glass and fibers and of the thermal regeneration of fiber-

Bragg-gratings (FBGs). It also presents a solid platform for CO2 laser processing of 

optical fibers and gratings and resolves issues of temperature assessment and 

reliability. 

During the thesis work, laser processing of silica glass, both in bulk and in fiber 

forms, was studied with different aspects: cold ablation of the bulk glass using near-

infrared, picosecond long laser pulses, as well as UV-induced refractive index 

changes in the optical fibers and their thermal stability. Also, thermal regeneration of 

fiber-Bragg-gratings and thermal ablation of the optical fibers for long-period gratings 

was investigated. 

Ablation of bulk glass was compared for front and rear side processing. It was 

shown that rear-side ablation, i.e., opposite side to the incident light, has a better 

potential for fabricating, e.g., microfluidic channels due to a better agreement between 

the input design and the resulting features. In the case of front-side ablation, it was 

difficult to overcome the so-called “taper problem” which is a consequence of the 

shadowing effects which becomes significant when the design geometry is large 

compared to the focal volume, i.e., several tens of micrometers. However, for rear-

side ablation, sensitivity to processing parameters increased due to material 

incubation effects and detrimental material chipping that potentially will occur for 

excessive input powers. However, with the proper choice of ablation conditions, i.e., 

laser power, focusing and pulse overlap, a high design-result fidelity can be achieved. 

The measurements of the temperature in optical fibers during heating using a CO2 

laser beam as the source of heat have been demonstrated. By using thermally stable 

fiber gratings, referred to as Chemical Composition Gratings (CCGs), along with a 

fast (5 kHz) optical spectrum analyzer, temperatures of up to ~1750 °C with heating 

rates as high as ~10.500 K/s was successfully measured. In the extreme temperature 

regime, precaution has to be taken with respect to uncertainties arising from the 

grating decay and fiber deformation due to viscous flow. It is quite remarkable, 

though, that a temperature in excess of the softening point of silica material is still 

possible to be determined with an acceptable uncertainty, estimated to be within a few 

tens of degrees. Profiles of the temperature distribution inside the fiber and of the 

laser intensity profile itself could be measured with high spatial resolution limited 

only by the grating length and the fiber diameter, respectively. 

In the above thermometric study, the modulated chemical species of the CCG was 

fluorine. Such gratings require a special type of fiber with fluorine present in the core, 

which is not the usual case. CCG formation, or regeneration, has been demonstrated 

in standard telecom fibers where oxygen was proposed to be the modulated species 

(O-CCG). However, no optimization of the processing temperatures of O-CCGs has 
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been earlier reported to our knowledge. Strong regeneration of FBGs, UV-inscribed in 

standard telecom fibers at a wavelength of 213 nm, was found to have an optimum 

behavior when pre-annealed at a temperature near 900 °C. Maximum achieved index 

modulation was around 10
-4

 and a minimum ditto modulation of 10
-5

 was achieved 

independent of the pre-annealing conditions. This contrasts with previous research 

and could be related to UV-induced relaxation during the FBG fabrication. The reason 

no prior observation of this feature has been made could be the novelty of the UV 

source used in these tests. The most interesting point of the investigation is that a link 

to different diffusion mechanisms in silica could now explain the origin of the 

optimum annealing temperature. Two different activation energies of 294.5 kJ mol
-1

 

and 86.2 kJ mol
-1

 could be extracted from the thermally activated erasure of the 

refractive index modulation and the changes in the Bragg wavelength, respectively. 

Those values are in close agreement with the reported values for water- and hydroxyl 

diffusion in silica with diffusion coefficients having a crossing point also near 900 °C. 

No decay study was made on these gratings to verify the previously suggested 

oxygen self-diffusion model. The diffusion decay model of fluorine modulated F-

CCGs, however, could be verified at a temperature of 1750 °C from the results in the 

thermometric study. 

The temperature dynamics in optical fibers was successfully measured during the 

formation of long period gratings (LPGs) fabricated by periodic thermal ablation. 

Even with an ablation depth of ~12 µm, the core temperature was measured to be 

below 1000 °C during the CO2 laser pulse (λ~10.6 µm) and, possibly, as low as 650 

°C. At such temperatures, well below the glass transition, the core is likely unchanged 

and the origin of the grating formation could be ascribed to changes in the frozen-in 

residual stresses on the surface of the fiber. LPGs with ~12-14 dB suppression, and 

with a background loss below 1 dB, were achieved for 10 ms pulses and with an 

intensity of ~12.5 kW/cm
2
. For higher input fluencies, the LPG notch depth increased 

but at the cost of increasing the overall background loss. The asymmetric nature of 

this type of grating leads to somewhat complicated spectral changes with grating 

period which requires analysis that was not included in the present work. 

Outlook 

The ablation tests in this thesis work require access to expensive equipment and 

skilled operators, and should be considered a means of rapid prototyping, or 

fabrication of structures that are not possible to achieve by using methods of mass 

production. However, it is a valuable technique for fabricating complex structures 

with the capability of also integrating waveguides for, e.g., sensing or counting. 

The possible link between the mechanisms of thermal regeneration and water 

diffusion and structural relaxation found in this work requires further investigations. 

Also, the decay mechanism for this type of gratings has yet to be determined. The 

non-zero refractive-index component that was ascribed to UV-induced relaxation 

needs to be investigated; the influence of UV-exposure conditions, i.e., intensity, 

fluence and, possibly, also focusing parameters, on the regeneration dynamics should 



 89 

be investigated and also compared to using other UV-laser wavelength under similar 

conditions. This kind of thorough investigations should also be extended to include 

several other types of fibers having different dopants and refractive index profiles. 

Another interesting comparison, regarding the whole regeneration procedure, would 

be between fibers extracted directly from the hydrogen loading and those that are 

loaded and subsequently stored at low temperatures to prevent out-diffusion (here -62 

°C). 

The main goal of the investigations reported in paper IV was to investigate the 

temperature dynamics during thermal ablation for LPG fabrication. Using this 

technique, many different experiments could be designed for future use, both for 

thermal characterization during LPG fabrication in other temperature regimes and for 

measuring, e.g., thermal transport. Also, analyzing mode coupling for different 

grating periodicities of the asymmetric LPGs formed by grooving could be of interest 

for tailoring multi-notch LPG spectra for filtering or sensing applications. 

CO2 laser heating is a versatile method not only for device fabrication such as 

LPGs but also for more fundamental studies, with the strength being in the extremely 

high temperatures and heating rates. Various thermally activated processes, usually 

terminated before reaching the target temperature, can now be made measurable. 

Also, the very low heat load and the small collateral heating makes it possible to 

arrange a variety of experimental setups for measuring material properties such as 

viscosity, thermal expansion and heat transport parameters at temperatures hard to 

access otherwise. The CO2 laser setup described in both paper II and IV could be 

further developed. Most obvious is further power stabilization, and beam shaping for 

improved temperature profile control. 

One commonly overseen, and most likely important piece of the puzzle to resolve 

issues regarding photosensitivity in optical fibers, is the possible changes of the 

geometrical length of the fibers, caused by structural relaxation and the release of 

frozen-in residual strains. Such changes could be activated both by UV-irradiation or 

by heat, and with a suitable device for such measurements along with the know-how 

and infrastructure from the present work, there is a great potential for very interesting 

findings! 
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