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Abstract 
The photosensitivity mechanisms of the pristine silicate glass and the inscription 

of Fiber Bragg Gratings (FBGs) in highly transparent, step-index and microstructured 

optical fibers, using ultrafast, ultraviolet radiation, are presented in this thesis.  

The photosensitivity of pure and hydrogenated silica is investigated by 

examining the evolution curves of average and modulated refractive index changes 

versus accumulated energy density, for Bragg grating inscriptions in fluorine 

depressed cladding, pure silica core optical fibers, using 248nm, 5ps, 500fs and 120fs 

laser radiation. An important achievement of this work was the recording of strong 

FBG (20dB) in pristine fiber, by employing a double phase mask interferometer in 

order to apply high intensity laser pulses at 248nm. Thermal annealing results are also 

examined for understanding of the underlying photosensitivity mechanism. 

In addition, the possibility of inscribing Bragg gratings in high purity all-silica 

microstructured optical fiber is investigated. Weak Bragg gratings (~1dB) were 

recorded in both hydrogenated and pristine fibers and the differentiation between 

inscriptions in them and the aforementioned step index fibers are discussed. 

Finally, the first as far as we know, Type IIA Bragg Gratings in microstructured 

optical fiber are reported in this work. Strong Bragg gratings were recorded in MOF 

with highly Ge-doped core using 10ns 193nm excimer laser radiation. These gratings 

maintain the 50% of their strength up to temperatures of 700oC. Higher order notches 

were also observed in the transmission spectrum and considering that, the overlap of 

the guiding modes with the topology of the fiber is discussed. 
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Περίληψη 

Η μελέτη της φωτοευαισθησίας του πυριτιούχου γυαλιού (SiO2) υψηλής 

καθαρότητας και των μηχανισμών της, καθώς και εγγραφές φραγμάτων ανάκλασης 

Bragg (FBG) σε υψηλής διαφάνειας, βηματικού δείκτη διάθλασης αλλά και 

μικροδομημένες (MOF) οπτικές ίνες, χρησιμοποιώντας υπερβραχείς παλμούς 

υπεριώδους ακτινοβολίας, παρουσιάζονται σε αυτή τη διατριβή. 

Η φωτοευαισθησία γυαλιού από καθαρό οξείδιο πυριτίου (SiO2) καθώς και 

υδρογονωμένου μελετάται εξετάζοντας τις καμπύλες εξέλιξης των μέσων και 

διαμορφωμένων αλλαγών δείκτη διάθλασης συναρτήσει της συσσωρευμένης 

ενεργειακής πυκνότητας, για εγγραφές FBG  σε οπτικές ίνες με πυρήνα καθαρό SiO2 

και επίστρωση που περιέχει φθόριο στις οποίες χρησιμοποιήθηκαν παλμοί 5ps, 500fs 

και 120fs στα 248nm.  Ένα σημαντικό επίτευγμα αυτής της εργασίας ήταν η 

καταγραφή ισχυρού FBG (20dB) σε μη υδρογονωμένη οπτική ίνα καθαρού SiO2, με 

τη χρήση ενός συμβολόμετρου διπλών μασκών φάσης, προκειμένου να εφαρμοστούν 

παλμοί λέιζερ υψηλής έντασης στα 248nm. Τα αποτελέσματα θερμικής ανόπτησης 

εξετάζονται επίσης για την κατανόηση του ελλοχεύοντος μηχανισμού 

φωτοευαισθησίας. 

Επιπλέον, η δυνατότητα εγγραφής FBG σε μικροδομημένες ίνες καθαρού SiO2 

διερευνάται. Ασθενή FBGs (~1dB) καταγράφηκαν κατά την εργασία αυτή σε 

υδρογονωμένες και μη οπτικές ίνες και, οι διαφοροποιήσεις μεταξύ των εγγραφών 

αυτών και των προαναφερθεισών σε ίνες βηματικού δείκτη διάθλασης αναλύονται. 

Τέλος, τα πρώτα, από ότι γνωρίζουμε, Τύπου IIA FBGs εγγράφηκαν σε 

μικροδομημένη οπτική ίνα κατά την εργασία αυτή. Τα ισχυρά FBGs καταγράφηκαν 

σε MOF με υψηλής περιεκτικότητας σε γερμάνιο (Ge) πυρήνα, χρησιμοποιώντας 

ακτινοβολία excimer λέιζερ 10ns στα 193nm. Αυτά τα FBGs διατηρούν το 50% της 

ισχύος τους σε θερμοκρασίες μέχρι και 700oC. Παρατηρήθηκε επίσης ανάκλαση σε 

υψηλότερους ρυθμούς κυματοδήγησης και με βάση αυτήν την παρατήρηση, η 

επικάλυψη των ρυθμών κυματοδήγησης με την τοπολογία της ίνας συζητείται. 
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1. Introduction 
Fibre Bragg grating (FBG) is an in-fibre component in which the scattering 

perturbation is formed by periodically modulating the refractive index of the fibre 

core (Fig. 1.1). This perturbation causes the coherent scattering of a narrow band of 

the incident light for which the Bragg condition is fulfilled: 

λB = 2neffΛ  (1.1) 

where λB is the Bragg wavelength denoting the spectral perturbation, neff is the 

effective modal index of the fiber for the specific guiding mode and Λ is the period of 

the perturbation [1]. In that case each interface between the modulated areas reflects 

in phase with the next one and the mode is coupled to the backward propagating 

mode. Equation 1.1 is derived form the phase matching condition: 

r i Bk k k= +
uur ur uur

 (1.2) 

where kr is the propagation constant of the backwards propagating mode, ki is the 

propagation constant of the forward propagation mode and kB=2π/Λ is the vector 

corresponding to the Bragg grating with period Λ as defined in 1.1. 

 
Figure 1.1 Schematic structure of a fiber Bragg grating. The fibre core has a periodically varying 

refractive index along a given length. 
 

FBGs are produced by exposing the optical fibre core to a spatially modulated 

irradiation profile created by a phase mask component interposed in the laser beam or 

by an interferometric setup. The optical material of the fiber interacts with the laser 

light due to irregularities in the glass matrix and deliberately or not placed dopants in 

its structure. The underlying physical interaction and products resulting from the 

interaction between intense laser or other kind of photon or particle radiation with 
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optical materials is defined as photosensitivity. The change in refractive index might 

be caused by chemical reactions [2], structural modification of the glass matrix [3], 

stress changes, phase changes or thermal migration effects. 

Inscription of Bragg Gratings in pure silica optical fibres is of great importance 

due to the increasing interest on air-silica fibers such as microstructured optical fibres 

(MOF) or photonic crystal fibers (PCF). Such fibers have either axial air-holes 

surrounding the silica core in order to reduce the effective refractive index of the 

cladding (index guiding) [4] or, a propagating air-hole in the center (photonic 

bandgap guidance) [5]. 

Although MOFs like step-index fibers, guide light by modified total internal 

reflection [6], their complex cladding geometry leads to different guiding properties. 

Different group velocity dispersion allows endlessly single-mode operation since the 

cladding index is strongly wavelength dependent [7]. Large diameter of the air holes 

may obtain almost constant dispersion. Also, they are more bending resistant and have 

less Rayleigh scattering losses as long as they are fabricated from undoped silica. 

These properties indicate possible applications in modern fiber communication and 

sensing systems.   

Pure silica glass is significantly less photosensitive than Ge doped silica, but yet, 

inscription of Bragg Gratings in all-silica fibers can be carried out, by using high 

intensity ultraviolet laser pulses. By studying the photosensitivity of pure silica optical 

fibres and inscribing Bragg reflectors in these fibres, new possibilities for real field 

applications of MOFs are generated, especially in the areas of sensing (environmental, 

chemical, biological) and optical telecommunications (add-drop filters, laser mirrors, 

dispersion compensators). 

 

1.1 Historical overview of Bragg grating inscription 

Photosensitivity of germanosilicate glass was first time ever observed 

accidentally by Hill and co-workers in 1978 [8]. When they launched laser light, from 

a single frequency Argon ion laser emitting at 488nm, into the core of a Ge-doped 

silica fibre, they realised some minutes later that part of the light was reflected back 

from the fibre along with an increase in the attenuation of the fiber. This reflection 

was found to be generated by an index grating inscribed in Ge-doped fibre’s core. The 
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propagating laser light interfered with the Fresnel reflected beam (4% reflection from 

the cleaved end of the fiber) and initially formed a weak standing-wave intensity 

pattern. The high intensity points altered the index of refraction in the photosensitive 

fiber core permanently. Thus, a refractive-index perturbation that had the same spatial 

periodicity as the interference pattern was formed, with a length only limited by the 

coherence length of the writing radiation. This refractive-index grating acted as a 

distributed reflector that coupled the forward propagating to the counter propagating 

light beams. 

Nevertheless, this kind of grating was practically useless because it was able to 

reflect only the specific wavelength that had inscribed it and overexposing it to this 

radiation was destroying it. Slight tunability in the resonance wavelength could be 

achieved by longitudinally straining the fiber during the Bragg grating formation 

process. However, this method does not allow the fabrication of gratings that have 

resonance wavelengths in the infrared region, which is of interest in optical 

communications.  

The following years, Lam and Garside proved that the procedure was one of two 

photon absorption, since the strength of the inscription was proportional to the square 

of the incitend intensity [9]. It was later found, that absorption was caused mainly by 

the Ge-related defects which have a peak wavelength at 240 nm [10]. This absorption 

has been shown to bleach when exposed to UV radiation. Hand and Russel [11] 

developed a model to explain the change in the index of refraction by relating it to the 

absorption changes via the Kramer–Kronig relationship. The model proposed the 

breaking of the GeO defect resulting in a GeE΄ centre with the release of an electron, 

which is free to move within the glass matrix until it is re-trapped. 

It was straightforward for Meltz, et al, in1989 [12], to use ultraviolet radiation 

and the holographic technique to inscribe Bragg Gratings, exposing an optical fibre 

from the side to two interfering beams. This method made possible the fabrication of 

low loss Bragg reflectors for any longer wavelength than the one used for the 

inscription and particularly appropriate devices for the infrared light used for 

telecommunications. As a result of the intense interest, new techniques were 

developed such as the point by point inscription, or the phase mask technique. The 

photosensitivity study of the silica revealed that the fibre becomes significantly more 

photosensitive when the glass matrix is co-doped with Tin [13], Boron [14], or 

Aluminium [15] or by simply increasing the amount of Germanium inside the fibre 
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core during the fibre fabrication. Also, in 1993, was found that the pre-exposure 

loading of the fibre in high pressure of hydrogen, in order that hydrogen molecules 

diffuse into the glass matrix, enhances its photosensitivity [16].   

Photosensitivity of pure silica glass became of increased interest after Russell 

demonstrated the photonic crystal fiber in 1996 [17]. The high transparency of the 

glass due to the absence of dopants forced the researchers to use radiation of 

extremely high intensities or high energy photons. The reduced absorption in the 

cladding of step index fibres, which have fluorine doped cladding in order to depress 

the index, allowed the inscription of Bragg gratings in them either they were hydrogen 

loaded prior to exposure, or not [18]. However, in air-silica fibres, due to the absence 

of fluorine and the scattering of the incitend light from the holes, fabricating Bragg 

reflectors in them remains a challenge, especially without subjecting them to prior 

hydrogen treatment. 

1.2 State-of-the-art in Bragg grating Reflectors in All Silica Fibres 

Despite the fact that interest on FBGs fabrication was focused on pure silica 

fibres only recently, photosensitivity studies on fused silica were carried out for 

decades due to the broad use of this highly transparent material to optical components. 

These studies revealed colour centre formation is possible under irradiation of high 

energy UV pulses at 193 and 248nm [19,20,21], at both high and low OH contents. In 

addition, birefringence was observed on silica after exposing it at a large number of 

pulses of UV radiation, showing mechanical stresses caused by macroscopic volume 

changes [22]. Defining a dose as the number of pulses N times the square of fluence I 

per pulse, birefringence was found to follow a universal function of dose, a(NI2)b, 

where a and b can vary somewhat according to glass preparation and thermal history 

[23]. The constant b was later found to be ~2/3 and, by applying a model for 

compaction based on hydrostatic pressure, a slight variation on Si-O-Si angles in the 

glass matrix was calculated [24]. The aforementioned mechanisms (colour centre 

formation and structural modification) contribute differently to refractive index 

changes. Investigations also proved that both OH-content of fused silica [25] and 

hydrogen loading treatment [26] have a significant role in the procedure, accelerating 

mechanisms leading to higher optical absorption and radiation induced densification. 
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Refractive index changes in pure silica were reported in 1989 using 193nm 

excimer laser radiation, but they were typically of the order of 10-5 [22] and were also 

associated with a two-step process. For most fiber Bragg grating applications this 

value is too small to produce useful fiber components. First successful attempts for 

producing FBGs in pure silica fibres, took place in Communication Research Centre 

of Canada by Albert et al in 2001, where 193nm radiation was applied for inscriptions 

not only in hydrogen or deuterium loaded fibres but also in untreated ones [18]. These 

fibres were of pure silica core and fluorine depressed cladding but they had high 

hydroxyl concentration. Bragg grating inscription in a custom made air-silica fibre 

was reported by Canning et al, in 2003, using again 193nm excimer laser radiation, 

but this was a low quality fibre (having high concentration of impurities). 

The first FBG fabrications in standard telecom fiber and other low doped fibers 

utilizing a phase mask and multi-photon IR or two-photon UV excitation were 

reported in 2003 [27, 28]. Both these directions belong to novel and emerging 

technologies that have been gaining strength. Quite recently, the multi-photon 

approach was successfully used for point-by-point FBG inscription [29,30] and for 

point-by-point FBG fabrication through the fibre polymer jacket [31]. 

Based on two-photon absorption, it was straightforward for inscriptions in pure 

silica-core fibers, since the sum of two 4.8 or 5eV photons of 267nm and 248nm 

radiation respectively, were well above the 9.3eV bandgap of fused silica. High 

intensity of femtosecond pulses at 267nm [33] were applied for writing Bragg 

reflectors in H2 treated fluorine fibres, but very weak ones were obtained in untreated 

fibres. Very strong FBGs were achieved without any fibre sensitization using 

multiphoton absorption of 800nm high-intensity radiation [34], but these proved to be 

damage gratings (type II). Grating recording in holey all-silica fibres using 

femtosecond radiation at 267nm as also been reported [32], but they were 

hydrogenated before exposure. 

Nevertheless, the use of femtosecond laser systems for Bragg grating inscription 

seems to be the right path to follow since the high intensity pulses provided lead to 

multiphoton absorption that can cause significant changes in the refractive index of 

pure silica. 

Another method for recording FBGs in microstructured fibres is highly co-

doping the core of the fibre in order to increase its absorbance. Low intensity 

radiation of 193nm has been used for writing Bragg gratings to such fibre with a 
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small, 3.5% Ge-doped core. Due the material high non-linearity and the possibility of 

extreme change of their dispersion behavior, these fibres are appropriate for 

applications like supercontinuum generation, Raman amplifiers and lasers [35]. 

1.3 Motivation, approach and novelty of the work presented 

As mentioned before, successful and repeatable inscription of FBGs in pure 

silica fibres and especially in MOF or PCF, remains a major challenge. In the current 

work, for improving this procedure, the following issues were examined:  

1) Photosensitivity of pure silica via recordings in fibres of fluorine depressed                   

cladding. Understanding the mechanisms behind the photoinduced refractive 

index changes both in pristine and hydrogen-loaded fibres was a significant 

goal. Investigation of the annealing processes provides also useful 

information. 

2) Production of strong, high spectral quality and temperature resistant FBGs 

in air-silica fibres. 

3) Reliable Bragg gratings recording in all silica MOF. 

For these inscriptions high intensity picosecond or femtosecond pulses of 

248nm laser radiation were used. Initially, the phase mask technique was applied. 

Afterwards and in order to be able to increase the energy density delivered to the fibre 

without damaging the phase mask component, a double phase mask interferometer 

was developed and demonstrated.  

Another subject investigated was fabrication of FBGs in 35% Ge-doped core 

MOF using high energy density of 193nm radiation in order to demonstrate the first in 

MOF Type IIA gratings. Such gratings exhibit higher temperature resistant than Type 

I gratings in photosensitive fibres and they are suitable for applications as biological 

or chemical sensors in harsh environments.    
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1.4 Thesis overview 

Chapter 1:  Introduction 

Chapter 2:  Theoretical background for optical step index and microstructured fibres. 

Theory for Bragg grating reflectors utilizing coupled mode theory. 

Chapter 3:  Review on the photosensitivity mechanisms in bulk fused silica and pure 

silica fibres using ns, ps and fs lasers along with hydrogen-loading sensitisation. In 

addition, photosensitivity models for Type I and Type IIA Bragg gratings are 

discussed. 

Chapter 4:  Bragg grating inscriptions using 248nm radiation of different pulse 

durations, both in pristine and hydrogen treated, fluorine doped cladding fibres. 

Discussion of the results. 

Chapter 5:  Bragg grating inscriptions in hydrogenated microstructured air-silica 

fibres. Attempts for recordings in pristine fibres of the same kind using higher energy 

densities are also presented. 

Chapter 6:  Type IIA gratings in highly Ge-doped MOF using 193nm nanosecond 

radiation. The behaviour of the grating when a layer of polymer is deposited in fibre’s 

holes is also discussed. 

Chapter 7:  Conclusions and future perspectives.  
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2. Propagation Theory in Standard and    
Microstructured Optical Fibers 

In this chapter we will describe the light propagation both in step-index and 

microstructured optical fibers, solving Maxwell’s equations in cylindrical geometry, 

deriving useful parameters. 

The interaction of a propagating mode with a Bragg grating will be analyzed 

using coupled mode theory in order to obtain quantitative information about the 

diffraction efficiency and spectral dependence of the grating.  

2.1 Waveguiding theory for step-index fiber 

A common step-index optical fiber (Fig. 2.1) is composed of a central core with 

a diameter of 6-12μm, surrounded by a 125μm diameter cladding, both made of 

silicate glass. Either the core or the cladding or both are doped in such way that the 

refractive index of the core is slightly higher than the one of the core in order to fulfill 

the guiding condition [1]. The fiber refractive index profile is described by 

nI = nco = ncl (1+Δ),    r ≤ rco 

                    nI = ncl ,             rco < r ≤ rcl             (2.1) 

nI = nenv ,             r > rcl        

where nco, ncl and nenv are the refractive indices of core, cladding and surrounding 

environment respectively, rco and rcl are the core and cladding radius and Δ is the  

core–cladding index difference, usually of the order of 1% for single mode fibers.  

 
Figure 2.1 Step-index fiber 
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As illustrated in Fig. 2.1, light is propagating in the core of the fiber through 

total reflection at the core-cladding interface. However, not all the modes at which 

light can be decomposed are located in the core. There can be also supported in the 

fiber cladding and radiation modes [2]. A single mode fiber is designed to propagate 

only one mode, called fundamental, for a range of wavelengths that the propagation 

constant kz of this mode lies between the values of 

cozcl n
c

kn
c

ωω
<<               (2.2) 

where ω is the frequency of the guiding light. This is possible when the difference 

between ncl and nco is small (Δ<0.01). 

For obtaining expressions for the modes in the fiber the electromagnetic 

equations are studied as a boundary-value problem with cylindrical symmetry [3]. The 

cladding is considered to be large enough compared to the core, so that the field 

which decays exponentially along the cladding is approaching zero at the cladding-air 

interface. This way is possible to analyze the fiber as a two-media boundary problem. 

For fields propagating in the z direction the modified wave equations are: 
2 2

2
2 2 2

1 1 0z z z
z

E E E E
r r r r

κ
φ

∂ ∂ ∂
+ + + =

∂ ∂ ∂
               (2.3) 

 

                         
2 2

2
2 2 2

1 1 0z z z
zr r r r

κ
φ

∂ Η ∂Η ∂ Η
+ + + Η =

∂ ∂ ∂
             (2.4) 

 For solving (2.3) we assume independent solutions for Ez in φ and r, that is, 

                                   Ez(φ,r)=AΦ(φ)FI                                         (2.5)    

 where   Φ(φ)= ive φ  and v is an integer. 

Taking the derivatives and substituting in (2.3), one obtains after multiplying by 

1/A, 

 
2 2

2 2

( ) 1 ( ) ( ) ( ) 0d F r dF r F r
dr r dr r

νκ+ + − =             (2.6) 

which is a form of Bessel’s equation. A similar equation is derived from (2.4). From 

the solutions that satisfy Bessel’s equation we choose those fulfill the followings: 

a) The field must be finite in the core of the fiber (at r=0) 

b) The field in the cladding of the fiber must decay exponentially at large distances 

from the center of the fiber. 
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Therefore we choose for r < rco , 

Ez=A (1)
vJ ) ( r)iγ ive φ               (2.7) 

Hz=B (1)
vJ  (κr) 

ive φ              (2.8) 

 And for r > rco , 

Ez=C (1)
vH ( r)iγ ive φ             (2.9) 

   Hz=D (1)
vH ( r)iγ  

ive φ            (2.10) 

Starting from the relation 

Er=Excosφ+Eysinφ        (2.11) 

and, using the chain rule we get for the transverse field for r < rco: 

2

1z z
r

HiE
r r

β ωμ
κ φ

⎛ ⎞∂Ε ∂−
= +⎜ ⎟∂ ∂⎝ ⎠

             (2.12) 

Substituting the derivatives we obtain: 

'
2

1( ) ( )( ) ( ) i
r v v

i A J r i J r e
r

νφβκ κ ν ωμ κ
κ
− ⎡ ⎤Ε = +Β⎢ ⎥⎣ ⎦

     (2.13) 

Similarly       '
2 ( ) ( ) iv

v v
iE i AJ r J r e

r
φ

φ
νβ κ κωμ κ

κ
− ⎡ ⎤= − Β⎢ ⎥⎣ ⎦

              (2.14) 

where, 2 2 2
1kκ β= −  is the wavenumber in the core and 2 2

1 1k οω μ ε= . 

The transverse fields in the cladding are obtained the same way for r > rcl : 

 

(1) ' (1)
2

1 ( ) ( ) i
r i r i r e

r
νφ

ν ο ν
νβγ γ ωμ γ

γ
− ⎡ ⎤Ε = ΨΗ + ΔΗ⎢ ⎥⎣ ⎦

      (2.15) 

(1) (1) '
2

1 ( ) ( ) iC i r D i r e
r

νφ
φ ν ο ν

νβ γ γωμ γ
γ
− ⎡ ⎤Ε = Η − Η⎢ ⎥⎣ ⎦

      (2.16) 

where 2 2 2
2kγ β= −  is the wavenumber in the cladding and 2 2

2 2k οω μ ε= . 

Similar relations can also be found for Hr and Hφ. 

The boundary conditions for the fiber problem are: 

A) The continuity of the wave equation at the core-clad interface: 

Ez1=Ez2 , Hz1=Hz2 

B) Tangential z-components of the fields at the core-clad interface must be equal: 

Eφ1=Eφ2 , Hφ1=Hφ2 

Applying these conditions we can relate the constants A with C and B with D: 
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(1)

( )
( )

v co

v co

J rC A
H i r

κ
γ

=                                                         (2.17) 

(1)

( )
( )

v co

v co

J rD B
H i r

κ
γ

=                                                         (2.18) 

After interpretation these relations lead to the waveguide equation for the fiber: 

1 1( ) ( )
( ) ( )

q co q co

q co q co

J r H i r
i

J r H i r
κ γ

κ γ
κ γ

− −= −                                       (2.19) 

In general case, the fiber supports propagation for more than one mode. If there 

is no electric field component on z axis the mode is called transverse electric (TE) and 

when there is no electric field component on z axis, transverse magnetic (TM) [4]. 

Their characteristic equations for the fundamental mode are respectively: 
(1)

1 1
(1)

0 0

( ) ( ) 0
( ) ( )

co co

co co

J r H i ri
J r H i r

κ γγ
κ κ γ

+ =                                         (2.20) 

(1)
1 1

(1)
0 0

( ) ( ) 0
( ) ( )

co co co

cl co co

J r H i ri
J r H i r

ε κ γγ
ε κ κ γ

+ =                                     (2.21) 

When longitudinal electric and magnetic field components are also present, 

hybrid modes exist denoted as HE and EH (for magnetic-electric when Hz is more 

significant than Ez and for electric-magnetic respectively) [6]. 

A mode is detached from the guide at the cut off frequency, where its field in the 

cladding ceases to be evanescent. At this point γ=0 so, 

2 2
2 0c ckβ − =                                                    (2.22) 

or,                            2 2 2
2 2c c c okβ ω μ ε= =                                             (2.23)       

Substituting this in  2 2 2
1kκ β= −  we find the cut off frequency to be : 

1 2( )
c

c
ο

κω
μ ε ε

=
−

                                            (2.24) 

The hybrid fundamental mode HE11 exists for all frequencies (Fig. 2.2), that is, there 

is always one supported mode in the fiber. The number of the propagating modes in 

the fiber is proportional to the cut off parameter called the “V” number: 

2 2
1 2

0

2
c

aV a n nπκ
λ

≡ = −                                                (2.25) 
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Figure 2.2 Plot of propagation constant versus V-number for HE, TE and TM modes [10] 

 

In a step index fiber, linear superposition of an HE and an EA mode results in a 

linearly polarized (LP) mode with only four components [2]. This simplification is 

allowed because HE and EH modes have slightly different propagation constants as a 

function of z. In the core then is, 

1

( ) cos
( )

o l
y x

l

AJ rE H l
n J a
η κ ϕ

κ
= =                                         (2.26) 

and in the cladding, 
(1)

(1)
2

( ) cos
( )

o l
y x

l

AH i rE H l
n H a
η γ ϕ

γ
= =                                     (2.27) 

 

Assuming n1≈n2 (Δ<0.1) and matching the tangential components of the fields, 

the characteristic equation for LP modes is derived: 

  
(1)

1 1
(1)

( ) ( )
( ) ( )

l l

l l

J H ii
J H i

κα γακ γ
κα γα

− −⎡ ⎤ ⎡ ⎤
=⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦
                                     (2.28) 

The fundamental mode LP01, which corresponds to the HE11, has no cut off 

frequency. The other LPlm modes cut off when 1( ) 0l cJ κ α− =  (Figure 2.3). 
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Figure 2.3 Plot of propagation constant versus V-number for LP modes [10] 

 

 

 

2.2 Waveguiding theory for a microstructured optical fiber 

Air-silica MOFs are also index guiding fibers. The cladding has lower refractive 

index in average because of the presence of the air-holes and light is guided in the 

core due to modified total internal refection. However, since the material between the 

holes is the same with this of the core, mode profiles are different and dependent on 

the arrangement of the cladding holes, their diameter and the displacement among 

them. Fig. 2.4 presents a type of MOF used for the current work (ESM-12-01). 

 

 
Figure 2.4 SEM scan of the Microstructured Optical Fiber ESM-12-01 from Crystal Fiber 
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In order to provide qualitative mode-propagation properties of such a fiber, one 

may use the effective-index approach [6], which is based on the idea of finding an 

effective index for the microstructured cladding. To do so¸ the cladding mode field Ψ, 

is determined by solving the scalar-wave equation within a simple cell centered on 

one of the holes. Their hexagonal structure is approximated with a circular one, in 

order to make a circular symmetric mode solution possible. By reflection symmetry, 

the boundary condition at the cell edge is 

0d
ds
Ψ

=                   (2.29) 

where s is the coordinate normal to the edge. 

 The propagation constant of the resulting fundamental space-filling mode is 

used to define the effective index of the cladding.  Then, the cladding is replaced with 

a properly chosen one with the same refractive index and the propagation properties 

of the MOF are approximately calculated as for the step-index fiber. The simplicity of 

this method costs in inaccuracy and therefore this method is not popular for 

quantitative calculations. 

A more precise approach is the Method of Localized Functions [7]. The guided 

modes of the MOF are localized in the close vicinity of the defect forming the core. 

Therefore, it is possible to model the guided modes using the direct solution of 

Maxwell’s equations, by representing the refractive index and the field distributions 

as sums of functions localized in the vicinity of the core. In order to implement this 

method, we reformulating Maxwell’s equations for a medium translational invariant 

along the z axis as an eigenvalue problem for the propagation constant β [8]. 

              2 2) ( ln ) ( )k h h hε ε β2
⊥ ⊥ ⊥ ⊥ ⊥ ⊥(∇ + + ∇ × ∇ × =              (2.30) 

where ∇⊥ denotes the gradient in the periodic xy plane, k is the free space wave 

number and the components of the vector 
T

x yh h h⊥ ⎡ ⎤= ⎣ ⎦  correspond to the transversal 

components of the magnetic field H which may be expressed 

  exp[ ( )]i iH h j ckt zβ= −                i=x,y                    (2.31)      

For the system of basic functions we used the set of Hermite-Gaussian functions may 

be used, which can be written as follows 

    
2 2

, 2exp
2m n m n

x y x yH Hφ
⎡ ⎤+ ⎛ ⎞ ⎛ ⎞= − ⎜ ⎟ ⎜ ⎟⎢ ⎥Λ Λ Λ⎝ ⎠ ⎝ ⎠⎣ ⎦

                  (2.33) 
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where Hm is the Hermite polynomial of the order m and Λ denotes the period of the 

lattice. The functions φm,n are mutually orthogonal and form a complete system in the 

x plane. They are localized in the vicinity of the point (x,y)=(0,0). In the basis of 

functions φm,n  Eq.(2.30) becomes the algebraic eigenvalue problem, 

                 
, ,, 2

,
,

k l m nm n
k l

k l

L h hβ⊥ ⊥=∑                                 (2.34) 

for the vector of coefficients 
,k l

h⊥  representing the transversal magnetic field in the 

Hermite-Gaussian basis. ,
,

m n
k lL  are the matrix coefficients of the operator on the left-

hand side of Eq(2.30) in the Hermite-Gaussian basis. They are real and can be found 

analytically for a wide range of lattices. 

In the high-frequency regime, the coupling between the orthogonal components 

of the field becomes negligible. Thus, a scalar approximation holds and the 

eigenvalue problem (2.34) becomes Hermitian. For triangular MOFs with an air-

filling fraction less than 10%, the high frequency limit is reached for wavelengths 

smaller than Λ [11]. 

Dispersion properties of the MOFs may be calculated using the effective index 

method. In Fig. 2.5 group velocity dispersion is presented for both MOF and step 

index fiber, versus the hole-pitch ratio in the cladding (d/Λ). As shown, for small air-

holes, where their influence on the guidance is strongly limited, the dispersion curve 

is very close to the material dispersion of pure silica (zero dispersion wavelength 

around 1.3μm). As the diameter of the air-holes is increased, the waveguide 

dispersion, which is negative, becomes more significant, so dispersion is reduced [6]. 

 
Fig. 2.5. Group velocity dispersion of the lowest-order mode of PCFs (a) and of equivalent step-index 

fibers with the diameter of the core equal to 2Λ (b) [11]. 
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Additionally, the large refractive index change between air and silica, allows the 

fundamental mode to be concentrated into the core even if the core is relatively 

smaller than usual. In such cases, the higher energy distributed in small area, may be 

exploited for inducing non-linear phenomena such as supercontinuum generation, 

using ultrafast pulse excitation.  

These properties make MOFs favorable both within the area of optical 

communication systems and the investigation for the manufacturing of highly 

efficient Raman lasers and amplifiers. 

 

2.3 Theory of Fiber Bragg Gratings  

Fiber Bragg Grating is a distributed Bragg layered reflector embedded in a  

waveguide cylindrical structure. It is a structure formed from multiple layers of 

different refractive index, resulting in periodic variation in the effective refractive 

index in the guide. Each layer boundary causes a partial reflection of an optical wave. 

For waves whose wavelength is close to four times the optical thickness of the layers, 

the many reflections combine with constructive interference, and the layers act as a 

high-quality reflector, meaning that within this range of wavelengths, light is 

"forbidden" to propagate in the structure. The reflected wavelengths are those for 

which the Bragg condition r i Bk k k= +
uur ur uur

 is fulfilled (Fig.2.6) 

 

Figure 2.6: k-vector diagram for the Bragg condition 

The refractive index perturbation in the waveguide is given by the following 

expression: 

____ 2( ) ( ) 1 cos ( )eff effn z n z s z zπδ δ ϕ⎡ ⎤⎛ ⎞= + +⎜ ⎟⎢ ⎥Λ⎝ ⎠⎣ ⎦
             (2.30) 
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where s is the fringe visibility associated with the index change, Λ is the grating 

period, φ(z) accounts for the grating chirp and 
____

( )effn zδ  is the average index change. 

The Bragg reflection effect can be viewed as a coupled-mode process of counter 

propagating waves. In coupled mode theory, the counter propagating fields are related 

by coupled differential equations. Despite its simplicity, this method describes 

accurately the optical properties of most fiber gratings, uniform or not [9]. 

The transverse component of the electric field is written as a superposition of the 

ideal modes, labeled by j, meaning the modes in a waveguide where no grating 

perturbation exist, is: 

( , , , ) [ ( ) exp( ) ( ) exp( )] ( , ) exp( )T T
m m m m m

m
E x y z t A z i z B z i z e x y i tβ β ω= + − ⋅ −∑
r r       (2.31) 

where Am(z) and Bm(z) are slowly varying amplitudes of the mth mode traveling in the 

+z and –z directions respectively and the propagation constant β is simply 

β=(2π/λ)/neff. The orthogonal modes in such an ideal waveguide do not exchange 

energy between them. However, the dielectric perturbation caused by a grating, 

provides the mechanism for coupling between the modes. In that case the amplitudes 

Am and Bm of the mth mode evolve along z direction according to 

( ) exp[ ( ) ] ( ) exp[ ( ) ]T L T Lm
q qm qm q m q qm qm q m

q q

dA i A C C i z i B C C i z
dz

β β β β= + − + + − +∑ ∑  

(2.32) 

( ) exp[ ( ) ] ( ) exp[ ( ) ]T L T Lm
q qm qm q q qm qm q m

q q

dB i A C C i m z i B C C i z
dz

β β β β= − − + − + − −∑ ∑  

(2.33) 

where T
qmC and L

qmC are the transverse and longitudinal coupling coefficients between 

the m and q modes. Usually L
qmC  is neglected since L

qmC << T
qmC . T

qmC  is given by the 

following integral: 

*( ) ( , , ) ( , ) ( , )
4

T T T
qm q qC z x y z e x y e x y dxdyω ε

∞

= Δ ⋅∫ ∫
r r      (2.34) 

where Δε(x,y,z) is the permittivity perturbation, which is approximately 2nδn for δn 

much smaller than n. For uniform gratings, 
____

( )effn zδ can be replaced by a constant one 

named 
____

( )con zδ  and two more coefficients are defined: 
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*( ) ( ) ( , ) ( , )
2

Tco
coqm q m

core

nz n z e x y e x y dxdyζ ω δ Τ= ⋅∫∫
r r       (2.35) 

( ) ( )
2qm qm
sz zκ ζ=                                                       (2.36) 

where ζqm(z) is a “dc” coupling coefficient and κqm(z) is an “ac” coefficient. 

The general coupling coefficient is now written as 

        2( ) ( ) 2 ( )cos ( )T
qm qm qmC z z z z zπζ κ φ⎡ ⎤= + +⎢ ⎥Λ⎣ ⎦

              (2.37) 

Equations 2.32 through 2.37 are the coupled-mode equations that can de used to 

describe the spectral response of fiber gratings. For Bragg gratings, the dominant 

interaction between the forward and backward propagating modes lies near the 

wavelength for which reflection occurs. In such conditions, relations among the 

amplitudes (2.32) and (2.33) may be simplified to the following equations: 

( ) ( )dA i A z i B z
dz

ζ κ
+

+ += +                                             (2.38) 

*( ) ( )dB i B z i A z
dz

ζ κ
+

+ += − −                                         (2.39) 

where ( ) ( ) exp( / 2)dA z A i zζ δ ϕ+ = −  and ( ) ( ) exp( / 2)dB z B i zζ δ ϕ+ = − +  and ζ+ the 

general “dc” self-coupling coefficient defined as 

           1
2d

d
dz
φζ δ ζ+ = + −                                                      (2.40) 

with δd, the detuning from the design peak reflection wavelength λd, which is 

independent of z : 

            1 12d eff
d

nπδ β π
λ λ
⎡ ⎤

= − = −⎢ ⎥Λ ⎣ ⎦
                                    (2.41) 

λd=neffΛ for a grating with period Λ. 

As mentioned earlier, 
____

( )effn zδ is constant and if there is no grating chirp, 

dφ/dz=0. Thus κ,ζ and ζ+ are constants also and (2.38), (2.39) may be simplified to 

coupled first-order differential equations with constant coefficients. Given the specific 

boundary conditions for the problem, a closed form solution can be found. Assuming 

a forward-propagating wave incident from z=-∞ to a uniform fiber Bragg grating of 

length L, while requiring that no backward-propagating wave exist for z ≥ L/2, the 



 27

reflectivity of the grating can be found. The amplitude ρ=B+(-L/2)/A+(-L/2) and the 

power reflection coefficients R=⏐ρ2⏐are derived: 

2 2

2 2 2 2 2 2

sinh ( ) ( )

sinh ( ) ( ) cosh ( ) ( )

L L

L L i L L

κ κ ζ
ρ

ζ κ ζ κ ζ κ ζ

+

+ + + +

− −
=

− + − −
         (2.42) 

2 2 2

2
2 2 2

2

sinh ( ) ( )

cosh ( ) ( )

L L
R

L L

κ ζ
ζκ ζ
κ

+

+
+

−
=

− −
                                                           (2.43) 

Different coupling coefficient κ or length L leads to different grating spectra as shown 

in Fig. 2.7, for κL=2 and κL=10 where curves are plotted against the normalized 

wavelength: 

1
1 /B L N

λ
λ ζ π+=

+
                                               (2.44) 

N is the total number of grating periods and λΒ is the Bragg wavelength at which 

maximum reflectivity occurs. 

From (2.43) the maximum reflectivity is found to be  
2

max tanh ( )R Lκ=                                                 (2.45)    

 

 
Figure 2.7: Calculated reflectivity of a uniform Bragg grating with κL=2 (dotted line) and κL=10 (solid 

line) and calculated transmission of a uniform Bragg grating with κL=2 [12] 
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3. Photosensitivity  
Photosensitivity is the underlying physical interaction and products resulting 

from the interaction between intense laser or other kind of photon or particle radiation 

with optical materials. Several materials change their physical properties (refractive 

index, density, micro-structure, etc.) under exposure to various kinds of irradiation. 

An important technological example of this effect is UV irradiation of glasses, which 

produces changes in the refractive index as a result of densification or of the 

formation of defect centres in the exposed region. 

The chemical composition, dopants and defects and the structure (amorphous, 

crystalline, etc.) of the optical material are the dominant factors defining its intrinsic 

photosensitivity. Thus, the magnitude of the index change is found to differ according 

to the dopants concentration and other preparation that a glass might be subjected (i.e. 

hydrogenation, thermal history). Also, it has been consistently shown that laser light 

causes particular changes into the optical material according to the exposure 

conditions such as the radiation wavelength, beam intensity, pulse duration, energy 

density and exposure dose. 

Although photosensitivity is not a directly measured quantity, it can be 

estimated by probing the photoinduced products after irradiation. Irradiation of a 

photosensitive optical material can cause changes except to its refractive index also to 

its density, structure or surface absorption, among other effects. Techniques such as 

microscopy (i.e. SEM, AFM, optical, infrared, Raman spectroscopy), optical 

techniques (i.e. sprectophotometry, refractometry, diffraction efficiency 

measurements), mechanical testing (i.e. material hardness), or other methods (x-ray 

scattering) can be utilized for measuring the changes induced by the laser light. 

Photosensitivity is responsible for revolutionizing the optical fiber 

communications fields, since it underlined the laser based fabrication of Bragg and 

long period in fiber gratings and other photonic devices. Therefore, the study of laser 
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photosensitivity has a direct impact on the development of functional photonic 

devices in planar glass platforms. It was initially believed that only fibers with 

germanosilicate glass exhibited photosensitivity [1], [2], but it was later discovered 

that Bragg grating inscription is also possible in optical fibers containing other 

dopants or no deliberately inserted codopants  at all [3]. Recordings in pure silica 

fibers became possible only after the creation of high intensity femtosecond lasers. 

 

3.1 Photosensitivity of pure silicate glass 

It is generally asserted that the photosensitivity of amorphous silicon dioxide (a-

SiO2) is closely related to the nature of intrinsic point defects that can be transformed 

into other defect species during the irradiation process [4]. Among other defect 

centres in a-SiO2, oxygen-deficiency centres (ODCs) have attracted much interest 

since they are believed to play a vital role in the irradiation process and subsequent 

structural changes [4,5]. It has been demonstrated that there exist at least two distinct 

diamagnetic ODCs in a-SiO2; these are commonly denoted as ODC(I) and ODC(II), 

giving rise to the photoabsorption bands at ~7.6 and ~5.0eV, respectively [6]. It 

should also be noted, that these ODCs are transformed into the so-called E’ centre 

upon strongly ionizing radiation using, for example, ArF [6] and KrF [7] excimer 

lasers. 

Although the physical origin of the diamagnetic ODCs is still a subject of 

controversy, there is a general consensus that the “relaxed oxygen vacancy,” namely, 

the ≡Si–Si≡ bond having a Si–Si bond distance identical with that of H3Si–SiH3 

(~2.3Å), is a good candidate for ODC(I) [8]. As for ODC(II), however, there are at 

least two alternatives. One is the “unrelaxed oxygen mono-vacancy,” namely, the 

≡Si···Si≡ bond having a Si···Si distance similar to that of regular Si–O–Si bonding 

(~3.1 Å) [8], and the other is the “divalent Si” having two Si–O bonds and a lone pair 

of electrons in a Si sp2 hybrid orbital [9-11]. Several researchers [5,10] have proposed 

that an conversion may occur between the divalent defect and the relaxed oxygen 

vacancy upon ultraviolet irradiation, although a detailed mechanism of this 

conversion is unknown. 
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3.1.1 The divalent Si defect 

Photosensitivity of pure and doped a-SiO2 is closely related to the 

transformation of the divalent Si defect [5], which can be viewed as a twofold 

coordinated Si ( =Si: ,  where ‘‘=’’ denotes the two Si–O bonds and ‘‘:’’ represents 

the two unpaired electrons). It is highly likely that the divalent Si defect is responsible 

for the observed 5-eV absorption band in a-SiO2 and that observed bleaching of this 

band upon ionizing irradiation is linked to the photo-induced transformations of the 

divalent Si defect to E′ centers as well as to oxygen neutral vacancies [11]. 

 The microscopic structure and optical properties have can be studied using the 

cluster approach [12]. According to the cluster approach, the structure of a defect 

center in amorphous solids is described by a finite number of atoms comprising the 

local defect and its surrounding environment. Model clusters are composed of 10–100 

atoms depending on the aim of the study and the available computer facilities. 

Geometries of the model clusters are optimized in order to search for their local 

minimum configurations. Their structural, optical and vibration properties are 

investigated along with their excited states, at the respective levels of theory. This 

approach may not fully take into account the actual effect of condensed environments 

around the defect of interest but, it is reasonable to expect that, the electronic states 

associated with the defect, are rather localized and do not extend through the 

corresponding solid. 

It has been shown by initial cluster calculations that the divalent Si defect can be 

converted into various forms of E′ centers and oxygen neutral vacancies. Concerning 

singlet to singlet (S0→S1) and singlet to triplet (S0→T1) excitations, 5eV and 3eV 

transition energies were calculated [13], in good agreement with the corresponding 

photoabsorption bands at 5.0 and 3.15 eV [11], respectively. Thus, it is highly likely 

that the divalent Si defect is responsible for the observed 5-eV absorption band in a-

SiO2 and that observed bleaching of this band upon ionizing irradiation is linked to 

the photoinduced transformations of the divalent Si defect. 

  

3.1.2 The E′ centers 

The most widely investigated point defect in a-SiO2 is the so-called ‘‘E’ centre’’ 

which can be best characterized by electron spin resonance (ESR) signals due to its 



 32

paramagnetic nature [14]. The E’ centre is an unpaired electron in a dangling 

tetrahedral orbital of a three-coordinated silicon atom (≡ Si · ,  where ‘‘≡’’ denotes the 

three Si–O bonds and ‘‘ · ’’ represents the unpaired electron). It has been established 

that in a-SiO2 exist at least four distinguishable Si-relaxed paramagnetic centres (Eγ’, 

Eα’, Eδ’, and E′1) [15,16]. Τhe only common feature among them is the unpaired 

electron on threefold coordinated silicon 

The Eγ’ electron centre is referred to a threefold coordinated silicon atom 

owing an unpaired electron, bridged with another, positively charged threefold 

coordinated silicon atom, by a common oxygen atom (Fig. 3.1) [17]. This type of 

paramagnetic defect is also called as bridged hole-trapping oxygen-deficiency center 

(BHODC). 

 
Figure 3.1: A model for the Eγ’ electron centre [46] 

 

The precursor of the Eα’ centre is considered to be the divalent Si defect. It has 

been shown, that the divalent Si defect can trap a hole and then tends to interact with a 

nearby bridging oxygen atom, forming a highly anisotropic threefold-coordinated 

paramagnetic Si site (Fig. 3.2). It has also been demonstrated [12] that the unpaired 

electron is localized mainly on the paramagnetic silicon. This paramagnetic center 

may be stable only at low temperatures. 

 

 
Figure 3.2: Transformation of the divalent Si to Eα’ centre [46] 

The observed EPR spectrum of the E′δ center implies that, unlike the other E′-

center variants, the unpaired electron in this center is delocalized over multiple 

equivalent Si atoms [18]. The E′δ center is attributed to a hole trapped at a simple 
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oxygen monovacancy in which the unpaired electron is shared equally by two silicon 

atoms in the defect site (Fig. 3.3). The hole trapping in this case results in a symmetric 

relaxation, leading to a slight increase in the inter-atomic distance between the two 

paramagnetic Si atoms. 

 
Figure 3.3: The E′δ center where the unpaired electron is shared equally by two silicon atoms 

[46] 
 

 The trapping of a hole by an oxygen monovacancy site in crystalline α-quartz 

causes an asymmetric relaxation of the defect site, resulting in the paramagnetic 

center called the E′1 center. The unpaired electron in the E′1 center is localized solely 

on one of the two threefold-coordinated Si atoms in the oxygen vacancy site, whereas 

the hole is trapped at the other threefold-coordinated Si atom.  

 

3.2 Photosensitivity models 

Bragg gratings have been written in many types of optical fibers using various 

methods; however, the mechanism of photo-induced refractive index change is not 

fully understood yet. Several models have been proposed for these photo-induced 

refractive index changes. Each one might describe better from the others a different 

mechanism. 

 

3.2.1 Color center model 

The most well known photosensitivity model is the color center model which 

assumes that photo-induced changes in the absorption spectrum give rise to change in 

the index of refraction through the Kramers–Kronig relationship. 

The Kramers–Kronig relationship given as [20]: 

'
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        (3.1) 

relates the real and imaginary parts of the dielectric constant 
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2( )r ii n iε ε ε κ= + = +      (3.2) 

where n is the refractive index and κ is the absorption index. The relationship arises 

from the causality condition for the dielectric response and demonstrates that the 

index change produced in the infrared/visible region of the spectrum by the photo-

induced processing results from a change in the absorption spectrum of the glass in 

the UV/far-UV spectral region. 

In this model, proposed by Hand and Russell [21], UV exposure changes the 

material properties of the glass and introduces new electronic transitions of defects 

called colour centres. The underlying premise of this model is that the photosensitive 

effect arises from localized electronic excitations of defects. The wrong-bond defects, 

which initially absorb the light, are transformed to defects that are more polarisable by 

virtue of the fact that their electronic transitions occur at longer wavelengths or have 

stronger transitions. 

According to the colour centre model, the refractive index at a point is related 

only to the number density and orientation of defects in that region and is determined 

by their electronic absorption spectra. 

 
Figure 3.4: UV absorption spectra of 3 mol % germania MCVD optical fiber preform core (i) before 

and (ii) after 30 min of UV exposure. Induced UV spectral changes are shown in (iii) [22] 
 

Atkins et al. [22] reported a study of absorption changes in optical fiber 

preforms cores. They measured absorption changes between 165 and 300 nm, for 3.0 

mol% germania MCVD optical fiber preform cores before and after UV exposure. 

Fig. 3.4 shows the UV absorption spectra of the optical fiber preform core before (i) 

and after 30 min UV exposure (ii). The induced UV spectra changes are also shown in 

Fig. 3.4(iii). It is evident that the 240nm band is bleached, and a strong and broad 
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absorption band centered at ~195nm is present, for which is believed that, 

corresponds to the GeE’ centre. Kramers–Kronig calculations of the absorption 

changes shown in Fig. 3.4 resulted in a calculated index change, which was in good 

agreement with the index changes estimated from a Bragg grating written in fibers of 

similar composition and under the same UV exposure. 

 Atkins et al. also found that the induced absorption changes could be 

completely reversed by heating the fiber at 900°C for 60min and subsequently 

duplicated by re-exposure at the same intensity and duration used in the first 

exposure. The bleaching of the absorption band and subsequent creation of new 

absorption bands agrees with the redistribution of defects first suggested by Hand and 

Russell [23]. The fact that the absorption changes reverse as a grating is heated is 

consistent with mechanisms of grating formation in which the absorption changes 

play a major role. It is interesting to point out that their results are in conflict with 

other reported results [24] in which each cycle of writing and erasing a grating was 

found to reduce fiber’s photosensitivity. Nevertheless, there is strong evidence linking 

the mechanism of refractive-index changes, at least in part, to the colour centre model. 

To date, the colour centre model is the most widely accepted model for the formation 

mechanism of Bragg gratings, however, it is not clear whether this model alone can 

always account for all the observed index changes. 

 

3.2.2 Compaction model 

The compaction model is based on laser irradiation induced density changes, 

which lead to index of refraction changes. Irradiation by laser light at 248 nm at 

intensities well below the breakdown threshold has been shown to induce thermally 

reversible linear compaction in amorphous silica leading to index of refraction 

changes. Fiori and Devine [25] used a KrF excimer laser to irradiate thin-film a-SiO2 

samples grown on Si wafers. Fig. 3.5 shows the variation of this oxide thin-film 

thickness as a function of an accumulated UV dose for a nominally 100 nm oxide 

sample. 

At an accumulated dose of 2000 J/cm2, it is obvious that there is a reduction in 

the thickness of the film (approximately 15%) and a corresponding evolution of the 

refractive index during laser irradiation. After annealing for 1h in a vacuum 1026Torr 
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at 950°C, the compaction disappeared and the original thickness and prior-irradiation 

refractive-index value was retrieved. Continued accumulation of UV irradiation 

beyond this reversible compaction regime led to irreversible compaction until the film 

was entirely etched after a total accumulated dose of 17000J/cm2. 

 

 
Figure 3.5: Observed compaction of a 100 nm thick oxide as a function of accumulated UV dose 

(circle); the same sample after thermal annealing for 1h at 950 °C in vacuum (solid circle). Evolution 
of the refractive index during laser irradiation (solid square) [25] 

 

An approximate linear relationship has been found between the index of 

refraction and the density change (ΔV/V) by simply transforming the measured 

thickness variation into a volume variation using 

3
1 2

t
V t

V σ

Δ
Δ

=
+

    (3.3) 

Where σ is the Poisson’s ratio and t is the thickness. Fiori and Devine also measured 

the refractive-index variation in hydrostatically compressed silica as a function of 

pressure. Their results were in very good agreement with those found in laser 

compacted a-SiO2, which confirmed their hypothesis that laser and hydrostatically 

induced compaction arise though similar physical mechanisms. This result led them to 

suggest that the phenomenon of compaction of a-SiO2 proceeds through internal 

structural rearrangements in the material and not primarily through a process of defect 

creation. 
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3.2.3 Stress-relief model 

The stress-relief model [26] is based on the hypothesis that the refractive-index 

change arises from the alleviation of built-in thermo-elastic stresses in the core of the 

fiber. The fiber-optic core in a germanosilica fiber is under tension due to the 

difference in the thermal expansion of the core and the cladding as the glass is cooled 

below the fictive temperature during fiber drawing. Through the stress-optic effect, it 

is known that tension reduces the refractive index and is, therefore, expected that 

stress relief will increase the refractive index. During UV irradiation, the wrong bonds 

break and promote relaxation in the tensioned glass, hence, reducing frozen-in 

thermal stresses in the core. 

In this model, the refractive-index changes result as a consequence of stress 

relief in the core of the fiber. This mechanism is initiated by breakage of the ‘‘wrong 

bonds’’ by the UV light. The stress generation model has been particularly applied in 

the description of the case of Type IIA photosensitive gratings.  

3.2.4 Two- and multi-quantum photoexcitation processes 

Classical photochemistry [27], deals with single-quantum (or single-photon) 

photoreactions, which means that photochemical reactions in the irradiated molecules 

are initiated by the absorption of a single light quantum (Fig. 3.6a). At standard low-

intensity irradiation, the probability of the absorption of two or more light quanta is 

negligible [27]. The first two-quantum (more precisely, two-step, see below) 

photoreaction was realized in 1970, using the frozen molecule in the excited triplet 

state [28]. The lifetime of such a molecule is very long, about 1ms; therefore, it was 

possible to realize a two-quantum absorption by applying pulse radiation of a 

relatively low-intensity light source (mercury lamp). 

 

 
(a)                                             (b)                                          (c) 

Figure 3.6: One-photon absorption (a), two-step absorption (b), two-photon absorption (c)  
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 With the invention of high-intensity laser sources, the occurrence of multi-

quantum photoreactions became more frequent. The simplest multi-quantum 

photoreactions are the two-quantum ones; we will distinguish between the so-called 

two-step photoreactions [29] (Fig. 3.6b) and the two-photon photoreactions (Fig. 

3.6c). The difference between them lies in the nature of the intermediate state, which 

is real in the case of two-step photoreactions and virtual in the case of the two-photon 

ones. 

 The necessary condition for the realization of two-step photoreaction is the 

accumulation of a significant portion of all the irradiated molecules in this 

intermediate state or, using laser physics terminology, the saturation of the transition 

from the ground state to the intermediate level. 

  
Figure 3.7: Simplified scheme of low-lying singlet (S1) and triplet (T1) excited electronic states and the 
routes of deactivation of the excitation energy. Designations: S0 is the ground state; σ1, σ2, and σT

2 are 
the absorption cross-sections from the levels S0, S1 and T1, respectively; τ fl and τ phos are fluorescence 
and phosphorescence lifetimes; τ isc is the lifetime of intersystem crossing, τ ic and τTic are the internal 
conversion lifetimes from the levels S1 and T1, respectively; and τ chem and τTchem are the lifetimes of 

chemical transformations from levels S1 and T1, respectively. [29] 
 

 The sufficient condition is the superiority of the excitation rate from the 

intermediate level above the total rate of deactivation of this level [29], which 

includes non-radiative (internal conversion) or radiative (fluorescence or 

phosphorescence) processes, energy transfer to the triplet state (intersystem crossing), 

and/or the participation in different photochemical reactions from this intermediate 

state (Fig. 3.7). To fulfil both conditions, i.e. to force a significant number of already 

excited at the intermediate level molecules to absorb the second light quantum, one 

should apply laser radiation with a rather high intensity (typically, 106–108Wcm−2 for 

the intermediate singlet state and 103–104 Wcm−2 for the intermediate triplet one).  

While in the case of a two-step photoprocess, the second quantum should be 

absorbed during the lifetime of the excited molecule at the intermediate level, for the 

realization of a two-photon process, the simultaneous action of two light quanta is 
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essential. In other words, the irradiated molecule gets excited only after the 

simultaneous absorption of two photons. Therefore, even more intense laser radiation 

is needed for the realization of a two-photon process (typically, 109–1011Wcm−2). 

That is why the two-photon absorption processes, theoretically predicted in 1931 [30], 

were experimentally observed only in 1961 [31]. 

Both two-step and two-photon photoreactions are characterized by the square 

dependence of the final photoproduct on the irradiation intensity. The same 

dependence could also be valid in the case of so-called two-stage single-quantum 

photoreactions, when the resulting single-quantum photoproduct again absorbs a 

photon. However, such two-stage photoreactions are improbable for the short laser 

pulses with time duration of the scale of nanosecond or femtosecond that are 

considered in this work.  

There are some classical methods to distinguish the two quantum photoreactions 

from the single-quantum ones. The simplest is to plot the yield of the photoreaction 

(number of photoproducts) versus the irradiation intensity in double logarithmic scale 

[32]. Then, as it follows from elementary mathematical considerations, 

log10(None-quantum) = log10(A x Iirradiation)= log10A + log10(Iirradiation)           (3.4) 

log10(Ntwo-quantum) = log10(B x I 2 irradiation)= log10B + 2 x log10(Iirradiation)   (3.5) 

 where A and B are constants, the single-quantum photo-process in double logarithmic 

scale will possess a slope equal to 1, while the two-quantum photo-process should 

have a slope equal to 2, which allows easy discrimination between these two cases. 

Besides two-photon, there are three- and more quantum photoreactions. Such 

reactions require even higher levels of laser radiation intensity for their occurrence. 

For the case of high-intensity 248nm irradiation, the total energy of the two-

quantum excitation is about 10eV, which is significantly higher than the bandgap 

energy value of ~9eV for fused silica. Due to the high excitation energy, the two-

quantum approach is expected to possess a high efficiency (quantum yield) of 

refractive index change in the pure silica fiber core. 

 

 

 

3.3 Enhanced photosensitivity in silica through hydrogenation 
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Hydrogenation or hydrogen loading of optical fibers is a simple technique for 

achieving higher UV photosensitivity in silica optical fibers. Hydrogen loading [33] is 

carried out by diffusing hydrogen molecules into fiber cores at high pressures and 

sometime also at high temperatures. It should be noted that the increased fiber 

photosensitivity as a result of hydrogen loading is not a permanent effect, and as the 

hydrogen diffuses out, the photosensitivity decreases. Measurements of spectral 

response in the infrared of UV irradiated hydrogenated samples indicated the 

formation of OH absorbing species. On the other hand, UV irradiation of untreated 

samples showed no OH formation [22,33]. 

It appears the hydrogen molecules react in the glass at normal Si–O–Si sites 

during irradiation, forming OH species and UV bleachable oxygen deficiency centres, 

which are responsible for the enhanced photosensitivity. The inscription of Bragg 

gratings in hydrogen loaded fiber undoubtedly involves both thermal and photolytic 

mechanisms that take place during the irradiation process. A proposed model for the 

reaction that leads to divalent Si defects is illustrated in Fig. 3.9: 

 
Figure 3.9: Reaction of H2 with Si–O–Si sites that leads to divalent Si defects [45] 

 

3.4 Phenomenological classification of Bragg Gratings 

So far, it has been discussed that photosensitivity in optical fibers can be 

manifested by many different kinds of microscopic mechanisms and photochemical 

reactions, which vary in amplitude and effect depending on the glass composition and 

inscription setup. Based upon observations on the dynamics of the refractive index 

modulation during Bragg grating recording and grating thermal stability, Bragg 

gratings have been classified into different categories. This classification serves as a 

globally accepted reference for the scientific community. 

 

3.4.1 Type I Bragg gratings 
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Type I Bragg gratings are characterized by a monotonic change of both the 

average and modulated refractive index under laser irradiation [34]. These gratings 

usually exhibit excellent spectral characteristics but they are thermally demarked at 

temperatures as low as 300oC. The reflection spectrum of the guiding mode in these 

gratings is complementary to the transmission signal, indicating negligible loss due 

absorption or reflection in the cladding. Niay, et al, [35] report that the formation of 

Type I gratings in germanosilicate fibers is caused by the depletion of oxygen 

deficient centers and the formation of color centers which lead to positive refractive 

index changes. It has also been reported by Limberger, et al, that the development of 

Type I gratings is accompanied by an increase in the axial stress in the fiber core [36]. 

This stress increase could be due to a structural transformation of the irradiated core 

network into a more compact configuration that is believed to be responsible for 

photo-induced index changes of the type-I grating. This type of gratings is very 

commonly utilized in telecommunications applications. 

3.4.2 Type IIA Bragg gratings 

Type IIA gratings are characterized by the complex behavior of the average and 

modulated refractive index trend during laser irradiation [37]. During UV irradiation 

of germanosilicate, B/Ge and Sn/Ge codoped optical fibers the evolution of the type-I 

grating shows different stages: growth, saturation, decay and disappearance. The 

erasure of the type-I grating is followed by the appearance of the type-IIA grating that 

is characterized by negative index changes. This mechanism is indicative of an 

inverse relationship between the index modulation of the Type I and Type IIA grating. 

Niay, et al, have observed that the mechanism involved in the Type IIA grating 

formation induces negative index changes to the core of a germanosilicate fiber [35]. 

Ky, et al, have studied Type IIA grating growth in B/Ge and Sn/Ge codoped optical 

fibers and reported that the Type IIA gratings are slowly formed alongside negative 

index changes and reduction in the core’s stresses [36]. According to this group this is 

an indication that the origin of the negative refractive index changes is photo-induced 

compaction in the bright fringes of the irradiated core and dilation in the dark fringes. 

The thermal stability of these gratings has been studied by the entire above mentioned 

groups, as well as, by Tsai et al [38], who tried to correlated thermal stability with 

specific defect sites. Type IIA gratings have been found to endure temperatures of up 
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to 500oC for more than 4 hours without degradation. Groothoff and Canning have also 

reported the formation of thermally durable Type IIA gratings in a custom made B/Ge 

optical fiber under 193nm ArF laser irradiation [39]. These gratings were reported to 

withstand temperatures of up to 700oC without strength loss. From the thermal 

annealing studies it is evident that an advantage of Type IIA gratings over Type I is 

the enhanced thermal stability, a feature attractive for high temperature sensing 

applications. G. Violakis has shown that both intensity and energy density are critical 

to Type IIA grating formation by inscribing Bragg gratings in B/Ge-doped fibers 

using 5ps, 500fs and 120fs laser radiation at 248nm, with different energy densities 

per pulse [40]. Negative index changes were more affected by the pulse intensity, than 

the positive ones, indicating that their formation involves a non linear mechanism. 

Moreover, thermal annealing of Bragg gratings inscribed with high intensity beams 

revealed pronounced thermal stability compared to gratings recorded using 

nanosecond pulse duration [41]. 

 

3.4.3 Type II Bragg gratings 

Type II corresponds to conditions when the UV pulse fluence reaches the 

damage threshold of germanosilicate glass. Type II gratings were first demonstrated 

by Russell, et al, [42]. The grating was produced by a single high energy (1J/cm2) 

pulse of an excimer laser in an experiment to correlate pulse energy and grating 

strength. There is a critical level of absorbed energy, which – if surpassed – triggers a 

highly non linear mechanism that initiates damage to the fiber hyperstructure. The 

damage is confirmed by the examination of a Type II grating under an optical 

microscope, where a damage track at the core-cladding interface is easily observed. 

Another interesting remark concerning the damage track is the fact that it is localized 

on the illuminated side of the core, indicating a strong asymmetrical local absorption 

of UV laser light. Due to this asymmetrical damage inside the core, both the reflection 

and transmission spectrum of this type of gratings exhibit non-uniformities and are 

broader compared to Type I and Type IIA grating spectra. Their advantage, though, is 

their high temperature stability. In thermal annealing tests conducted by Russell, et al 

[42], it was demonstrated that this grating type can withstand temperatures up to 
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800oC for 24h with no degradation in grating strength. This makes them attractive for 

high temperature sensing applications. 

3.4.4 Other Types of Bragg gratings 

Alongside the three major Bragg grating types described above, three more 

types have been reported in the literature. Mihailov, et al, [43] have proposed two 

new grating types named Type I-IR and Type II-IR. These gratings are produced by 

an ultrafast (125fs) infrared (80nm) Ti:Sapphire laser, with the first (Type I-IR) being 

formed with laser pulse energy below the damage threshold of the fiber material and 

the second one (Type I-IIR) occurs coincidentally with white light generation inside 

the fiber. Both grating types withstand high temperatures with the Type II-IR 

retaining their strength for more than 450 hours at 1000oC. Another grating type has 

been proposed by Bennion, et al, [44]. It is the Type IA Bragg grating, which is 

formed under prolonged UV exposure of a standard grating in hydrogenated 

germanosilicate fiber.  
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4. Bragg Gratings Inscribed in Fluorine-Doped Silica 
Fibers 

For obtaining a complete picture of the grating inscription processes we 

considered that it was necessary to investigate the photosensitivity of fused silica 

using fibers with a pure silica core and fluorine depressed cladding. Bragg Gratings 

were recorded both in pristine and hydrogen-loaded fibers, using UV radiation at 

248nm wavelength of 5ps, 500fs and 120fs pulse durations. Different energy densities 

per pulse and intensities were used to provide us information about the physical 

mechanisms and the non-linear effects that cause the refractive index changes. In 

addition, inscription with 10ns excimer laser at 193nm which provides a photon with 

higher energy but much lower intensity is presented for comparison. 

The choice of the 248nm femtosecond laser source was made in order to take 

advantage of the high intensities of the pulses due to their short duration. This, along 

with the fact that the sum of the energy of two photons at that wavelength is well 

above the bandgap of the silicate glass, leads to significant two-photon absorption [1]. 

This is of major importance for our case because of the absence of dopants which 

could increase the single absorption of the material.  

4.1 Bragg grating inscription apparatus and methodology 

4.1.1 Hydrogenation treatment  

For hydrogen-loading the optical fibers, a metallic tube able to hold pressures up 

to 250 atmospheres was used. However, fibers were loaded to 130-140 atmospheres 

of hydrogen. The cell was placed outside the building, subjected to the environmental 

temperature (20oC in average). The temperature and the pressure during diffusion 

time define the solubility of hydrogen in glass as shown by the relationship [4]: 
3exp( / )  / ( )o sS S E KT mol atm cm= −             (4.1)        
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where So=0,49x1017 3/ ( )mol atm cm  is a constant, Es=-0.107eV is the enthalpy of 

solution and K the Boltzmann constant. In our case, we calculate for T=298oK 

S=3.19x1018 3/ ( )mol atm cm . So, for the pressure of 130Atm, the saturation value of 

the concentration of H2 in silica is found to be C=4.14x1020 mol/cm3. 

The diffusion of hydrogen is well described by the diffusion equation [5]: 
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where α is the fiber radius, D is the diffusion coefficient, t is the time and αn are the 

roots of the Bessel function Jo(ααn). The diffusion coefficient is given by: 
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Do is a constant independent of pressure and temperature, E is the activation energy 

for the diffusion process, R is the gas constant and T the absolute temperature. 

It is possible to obtain the gas-phase mass-transfer coefficient h experimentally 

from its relationship with the diffusion constant [4]: 

                       exp( )h
o

Eh h
KT

= −                                       (4.4) 

where ho=20.26x104μm/s and Eh=0.53eV. Using this relationship we calculate 

h=2.1x10-4μm/s and, setting as t =r/h for a radius r=67.5μm a diffusion time of 

t=3.2x105sec is found, meaning a time around 90 hours. 

However, for our experiments fibers were usually loaded for 15 days, time that 

we considered to be enough to ensure that hydrogen concentration will be close to its 

saturation value [3]. Fibers were exposed to irradiation immediately after they were 

off the cell in order to avoid out-diffusion of the hydrogen. 

4.1.2 Laser systems  

The main laser system used for the fabrication of Bragg gratings inside the fused 

silica optical fibers with fluorine doped cladding was a KrF excimer laser 

manufactured by Lambda Physik, emitting 248nm laser pulses. This system provides 

the possibility to change the pulse duration from 500fs to 5ps by placing an etalon [7] 

at the stage of the final amplification of the pulse which temporally broadens the pulse 

(and spectrally decreases it). Also the use of two reflection gratings which are placed 

in parallel in the path of the propagating beam after the 500fs pulse has been emitted 

from the laser, is used for compression down to 120fs. This system is able to deliver a 
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3cm x 3cm beam of 20mJ energy per pulse, at a repetition rate of 10Hz, allowing us 

to achieve intensities up to 250GW/cm2 per pulse, by focusing the laser beam onto the 

fiber. The spatial coherence length of this laser is 100μm approximately for emission 

at 500fs and the temporal coherence is estimated to be 75μm. 

A second laser system was also used for Bragg grating inscription. This was an 

ArF excimer laser emitting at 193nm. This system, manufactured by TUI Laser, is 

capable of delivering 193nm 10ns laser pulses with spatial coherence of 700μm 

approximately. The intensity per pulse of this laser, after focusing into the fiber was 

23MW/cm2. 

4.1.3 The phase mask technique 

For the inscription of Bragg gratings in optical fibers, the phase mask technique 

[8] was the first to be used at this experimental part. This technique utilizes a phase 

mask to spatially modulate and diffract the UV beam to form an interference pattern 

(Fig.4.1), which will be inscribed in the fiber core. The phase mask is a transparent 

diffractive optical element with a relief grating structure etched on it. When a UV 

beam is incident on the phase-mask, the light is diffracted into multiple orders along 

the path of the beam. The strongest of these orders are the plus and minus first 

diffraction orders. The zero-order diffracted beam is highly suppressed to values less 

than 3% of the transmitted power, by adjusting the depth of the grooves in the phase-

mask to half a wavelength. In this case wavefronts coming from inside the grooves 

have a phase difference Δφ=π with those coming from the component surface outside 

the grooves. Thus, waves interfere destructively in a direction perpendicular to the 

phase mask component. 

 
Figure 4.1 The phase mask and the creation of the interference pattern 
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 The depth of the grating of the phase mask is optimized for a specific 

wavelength, so that is imposing a periodic phase change of π/2 on the light that is 

transmitted through the grating. For the case of Bragg grating inscription these phase 

changes periodically create dark (light out of phase) and bright (light in phase) fringes 

(Figure 4.1) in the Fresnel diffractive regimes [9]. These bright fringes in turn induce 

refractive index changes in the fiber core, while the dark fringes leave their region of 

incidence unaltered, forming a periodic refractive index modulation inside the fiber 

core. 

The periodicity of the interference pattern induced in the fiber core is 

determined by the relief grating period Λ. Using vector analysis: 

1 1ik k k+ −= +
r r r

                      (4.4) 

and taking vectors numerical values: 

2 2 2

i

π π π
= +

Λ Λ Λ
                   (4.5) 

Λi=Λ/2                                (4.6) 

it is found that for eliminated zero order transmitted through the phase mask, a Λ/2 

interference pattern is formed in the Fresnel vicinity of the element, generated by the 

mixing of the +1 and -1 diffraction orders. 

 The phase mask technique is very popular due to its simplicity and reduced 

mechanical sensitivity compared to other methods like the point-by-point or the 

interferometric inscription, especially when low spatial and temporal coherence 

systems will be used. An important disadvantage of the method is the limited energy 

density that is possible to be delivered on the phase mask in order not to destroy it. 

For the various laser pulses used for this work, the limitations are presented in table 

4.1. 

 

Wavelength 
Pulse 
duration 

Max. energy 
density 

Max. 
intensity 

248nm 5ps 105mJ/cm2 750MW/cm2 
248nm 500fs 55mJ/cm2 250GW/cm2 
248nm 120fs 35mJ/cm2 80GW/cm2 
193nm 10ns 230mJ/cm2 23MW/cm2 

 
Table 4-1 Limitations in energy delivered on the phase mask 
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4.1.4 Interferometric method 

The disadvantage mentioned before limited our efforts to write Bragg Gratings 

in pure silica fibers. Larger energy densities were inevitable to obtain two-photon 

absorption which would lead to significant refractive index changes. Thus a double-

phase mask interferometer was adopted in order to allow a placement of the fiber a 

few centimeters further of the phase mask and tight focusing of the beam on the fiber 

without damaging the phase masks. 

A Bragg grating can be also formed by exposing the fiber to a pair of 

overlapping coherent UV beams [10]. For a specific wavelength, the desirable 

periodicity can be achieved by applying the appropriate angle between the beams and 

the fiber. However this is straightforward for a double phase mask interferometer 

which is consistent of two phase masks with the double period of the desirable grating 

periodicity. 

The two phase mask interferometric cavity setup (Fig.4.2) is composed by a 

1070nm period phase mask (diffractive element PM1), optimised for 248nm operation 

and a another one (element PM2) with 535nm period phase grating. The second is 

used for refolding the ±1 orders diffracted from the PM1 mask. The PM2 phase 

grating was optimised for suppressed zero order transmission under “near-incidence” 

248nm illumination. Both phase grating elements were made from high purity fused 

silica and manufactured by IBSEN.  

 
Figure 4.2: Interferometric cavity 

 



 53

The refolded orders interfere at the beam overlap area after the PM2, generating 

a pattern of bright and dark fringes with 535nm period. The basic principle for 

alignment of this interferometer is the mutual parallelisation between the phase mask 

plates and the optical fibre, in order that all angles of incidence are the same and both 

optical paths have the same length. Maximum contrast between the fringes is obtained 

at a distance L2 from PM2, exactly equal to L1 (distance between the phase masks), 

where optimum spatial and temporal overlap of the beams is performed.  

4.1.5 Bragg grating inscription setup 

Both the phase mask technique and the interferometric method were used with 

the 248nm KrF laser system but only the first with the 193nm ArF laser. In all cases 

the grating inscription setup was similar as illustrated in Fig.4.3 and Fig.4.4 

containing, along with the laser systems and the phase masks, the appropriate beam 

manipulation components.  

A) Phase mask technique setup 

 

 
Figure 4.3: Phase mask technique setup 

 

The beam passes through a 5m focal length spherical lens used for reducing the 

size of the beam, condensating the energy density. A set of mirrors direct the beam to 

the inscription setup. An aperture of 0.8cm x 1cm is placed to choose the most 

homogenous part of the beam, which after is focused by a 20cm focal length  UV 

grade cylindrical lens on the optical fiber. The optical fiber is placed on a micrometric 

x-y-z translational stage which is used for fine tuning position relatively to the phase 
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mask. The typical distance between the fiber and the phase mask is of the order of 

50μm, as measured by the translational stage verniers, so that it is kept under the 

spatial coherence length. The fiber is rigidly placed on the stage using specially 

designed holder featuring magnetic clamps on V-grooves. Adjustment of the energy 

density incident to the optical fiber is possible by altering the focusing of the beam by 

moving the cylindrical lens. The whole system is placed on sorbothane isolating pads 

in order to prevent environmental vibrations from reaching the system and is covered 

with a box of fiberglass which has an open aperture as beam entrance, in order to 

prevent any airflow to vibrate the optical fiber. The energy of the first diffraction 

order is measured for calculating the energy density of the exposure with a 

Joulemeter. Changes in the transmission or reflection spectrum of the inscribed fiber 

are measured online using an optical spectrum analyzer. The probing light is emitted 

by a superluminescent diode centered at 1530m and a 50-50 transmission-reflection 

coupler is used for getting the reflection signal. 

B) Interferometric method setup 

 

 
Figure 4.4: Interferometric method setup 

 
The setup described before is different for Bragg grating fabrication with the 

interferometric method. A 6cm focal length CaF2 cylindrical lens replaced the 20cm 

focal length used before, focusing this way less on the phase masks. Moreover, the 

optical fiber is placed on a micrometric translational stage able to move on x-z axes 

(towards-backwards the cavity and perpendicular) but also to rotate around y and z 

axes so that we are able to parallelize the fiber with the phase masks. In order to do 

so, a He-Ne laser beam passing from all the components of the interferometric cavity 

was used. The optical fiber was replaced by a small mirror for the alignment process. 
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The parallelization was crucial in order to have beams interfering constructively 

creating a homogenous, highly contrast pattern. 

4.1.6 Annealing setup 

For the annealing process, it was needed to increase the temperature up to 

1000oC, in a controllable manner. A furnace manufactured by Griffith corp. U.K. was 

used, which has the ability to reach a temperature of 1200oC (Fig.4.5). The heating 

element of this furnace is coiled around a ceramic tube of 25cm length and 4cm 

diameter. 

 
Figure 4.5: Annealing setup 

 
 The temperature is controlled via a Eurotherm Series 4000 programmable 

controller and thermal feedback is provided to the controller via a Type K 

thermocouple. The sensing edge of the thermocouple probe was placed in the middle 

of the tube, almost in contact with the Bragg grating of the optical fiber. The 

programmable controller provided the ability to increase the temperature with the 

desired steps and isothermal stages at equal temporal intervals between them. Usually 

it was set to rise the temperature 100oC for each step and stay there for 30min. 

The annealing process was monitored online using again the optical spectrum 

analyzer as before, and it was always carried out until no measurable light was back 

reflected from the Bragg grating. Errors in the temperatures measured by the 

thermocouple lie in the range of 1-2oC. 

4.2 Recordings of Bragg gratings in silica fibers with fluorine doped 
cladding using 248nm ps and fs laser radiation 

4.2.1 Inscriptions in hydrogen treated fibers with the phase mask 
technique 

The first successful inscriptions of Bragg gratings in silica fibers for this thesis 

work were realized with the 248nm KrF excimer laser described in 4.1.2, in hydrogen 
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treated fibers. Recordings took place with different pulse durations (5ps, 500fs and 

120 fs), as well as with different energy densities per pulse.  

Refractive index revolution results will be presented in terms of both modulated 

and average index changes in the fiber core. Figures 4.6a and 4.6b present the 

modulated and average index changes respectively versus accumulated energy, for 

irradiations with pulses of 5ps, 500fs and 120fs duration. The energy densities were 

respectively 100mJ/cm2, 45mJ/cm2 and 25mJ/cm2 per pulse.  

 

 
(a) 
 

 
(b) 

Figure 4.6 (a) Modulated index change versus accumulated energy density and (b) Average index 
changes versus the accumulated energy density incident to the fiber 
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Despite the greatest energy density of the 5ps pulse among the others, it is 

obvious that the index changes are smaller, indicating a significant role of the 

intensity of the incident light. However, comparing the almost linear and monotonous 

trend of the modulated refractive index changes, both at 500fs and 120fs; a similar 

behavior is realized, suggesting that intensity is less significant over a threshold, at 

least for the case of hydrogenated silica fiber.   

The recording process does not seem that has reached saturation for the case of 

5ps and 500fs pulses. A deceleration after a point at 120fs might be a result of 

increased absorption in the cladding due the great intensity applied in this case or 

hydrogen out-diffusion, since it takes longer time to accumulate the same energy 

density in this case.  

A transmission spectrum of an 8mm long grating, recorder using 500fs laser 

radiation is presented in Fig.4.7. The grating exhibited strength of 8.0dB, placed at 

1544.2nm, with minor spectra distortions caused by stitching errors. A small spectral 

notch feature is traced at 1542.4nm, which is considered to be associated with 

scattering by the 1st guiding mode. 

 

 
Figure 4.7: Transmission spectrum inscribed with 45mJ/cm2 energy density per pulse and 

accumulated energy 5.7KJ/cm2, applying 500fs pulses.  
 

The modulated and average index changes respectively, versus accumulated 

energy, for irradiations applying about the same energy density (25mJ/cm2) per pulse 

for 500fs and 120fs are presented in Fig.4.8. Intensity is calculated to be I=90GW/cm2 

for 500fs and I= 375GW/cm2 for 120fs. However, the growth of the two gratings is 
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almost identical. This graph supports the previous speculation that energy density 

plays the major role for such intensities. 

 

 
Figure 4.8: Modulated index change versus accumulated energy density incident to the fiber for 500fs 

and 120fs pulses with the same energy density (25mJ/cm2) per pulse.
 

4.2.2 Inscriptions in pristine fluorine doped silica fibers using a 
double phase mask interferometer 

The previous experiments indicated that two-photon absorption plays a 

significant role and can be further enhanced for greater exposure intensity. That 

would make possible the fabrication of Bragg gratings in silica fibers without prior 

hydrogen treatment. To overcome the problem of the limitations to the energy density 

delivered on the phase mask element, we developed the double phase mask 

interferometer described in paragraph 4.1.4. This allowed the deposit on the fiber 

500fs pulses of energy density up to 110mJ/cm2 per pulse, meaning the increased 

intensity of 220GW/cm2. As a result, very strong fiber gratings were inscribed in 

fluorine doped cladding, all silica core fibers. For comparative purposes, a Bragg 

grating was also recorded in a standard telecommunication SMF-28 fiber, at 248nm 

500fs applying 75mJ/cm2 energy density per pulse. Results are presented in terms of 

both modulated and average refractive index change versus accumulated energy 

(Fig.4.9a,b). The recording behavior is rather similar but the refractive index change 

in SMF-28 is greater due to the Ge-doping. 
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(a) 
 

 
(b) 
 

Figure 4.9: (a) Modulated index change versus accumulated energy density and (b) average index 
changes versus the accumulated energy density incident to the fiber, for energy density 110mJ/cm2 per 

pulse, in pure silica core fiber and SMF-28.  
 

A 7mm long grating recorded in fluorine doped cladding, all silica core fiber, 

with its notch exhibiting strength of 21.5dB at 1544.1nm in the transmission spectrum 

is presented in Fig.4.10. A second feature of 8.6dB at 1542.3 is present, probably due 

to a leaky mode, along with the cladding modes. Nevertheless no significant 

degradation of the overall transmittance of the fiber was observed in order to denote 

the case of a damage grating. The fiber was also examined under the optical 

microscope in order to reject this possibility.  
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Figure 4.10: Transmission spectrum inscribed with 110mJ/cm2 energy density per pulse and 

accumulated energy 3.0KJ/cm2, applying 500fs pulses. 
 

The modulate refractive index evolution versus accumulated energy for 

irradiation of pristine fluorine doped fiber at 500fs with 110mJ/cm2 energy density per 

pulse is compared with the one for irradiation of hydrogen treated fluorine doped fiber 

at 500fs with 110mJ/cm2 energy density per pulse (Fig.4.11), revealing that a different 

photosensitivity mechanism is taking place. Refractive index change growth is much 

faster and is characterized from a rapid evolution at the beginning and a slowing down 

only after the grating exceeds a 20dB depth. Refractive index changes seem to come 

to saturation at a value of Δn=2,3x10-4. 

 
Figure 4.11: Modulated index change versus accumulated energy density incident to the fiber 

for 500fs pulses in pristine and hydrogen treated fluorine doped fiber 
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The dominant physical mechanism for the case of the pristine fiber is that of 

two-photon absorption. The simultaneous presence of a huge number of electrons in 

the glass matrix, due to the high intensity (220GW/cm2), is in favor for multiphoton 

absorption. Electrons of the Si-O bond are excited through this procedure since the 

sum of two photons energy at 248nm wavelength is about 10eV, well above the 9.3eV 

bandgap of high purity fused silica. This excitation results to bond breaking and 

consequently to structural changes in the glass matrix which cause the large refractive 

index change (~2,3x10-4) that was obtained. 

 

 
Figure 4.12: Modulated index change versus accumulated energy density incident to pristine 

fiber for 500fs pulses with different energy densities per pulse. 
 

The strong dependence of this phenomenon on the high intensity, is depicted in 

Fig.4.13, where the inscription with energy density J=110mJ/cm2 per pulse is 

compared with another at which energy density was J=60mJ/cm2. Although this 

energy density is more than half of the previous, modulated index changes are 

reduced by a factor even greater than 4. A decay in index change by a factor 4 is 

expected when reducing the intensity approximately by a factor 2, since dependence 

on intensity is found to be analogous to (NI2)c for the case of volume modification 

such as compaction, where N is the number of pulses, I the intensity and c≈2/3. 

In order to obtain comparative results for an exposure using a different 

wavelength, a Bragg grating recording took place using ArF excimer laser emitting 

10ns pulses at 193nm. The modulated and average refractive index changes in a 

pristine fluorine doped silica fiber are presented in Fig.4.14a and b. As it is noticed, 

refractive index change of the order of 1.0x10-4 is obtained after the exposure under 
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90KJ/cm2 accumulated energy density, while at the case of 500fs irradiation at 

248nm, just 3.5KJ/cm2 where enough for refractive index change of the order of 

2.5x10-4. Consequently, despite the larger energy density per pulse (140mJ/cm2) and 

the higher energy photon at 193nm, the 20000 times higher intensity of 500fs pulses 

at 248nm proves to be much more effective through the two-photon absorption that it 

is triggered. 

 

 
(a) 
 

 
(b) 
 

Figure 4.13: Modulated (a) and average (b) index change versus accumulated energy density 
incident to the fiber for inscriptions with 10ns pulses at 193nm and 500fs at 248nm 

 

Additionally, exposing the fiber to such a large number of high energy density 

pulses at the wavelength of 193nm, cost to damage the fiber cladding, as it is shown 

in the picture in Fig. 4.15.  
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Figure 4.15: Damaged cladding of th fluorine fiber after the exposure at 193nm with energy 

density140mJ/cm2 per pulse Jacc.=90KJ/cm2. 

 

4.2.3 Annealing results 

Additional information on the physical mechanisms behind the grating 

formation can be derived from the thermal annealing process. Different photoinduced 

changes in the fiber core (electronic, structural or chemical), result in different 

thermal stability of the grating structures. Annealing experiments of the hydrogenated 

fibers, were performed 15 days after the exposure, allowing a reasonable time for 

hydrogen out-diffusion and glass network relaxation. 

All Bragg gratings inscribed in hydrogenated fluorine doped fibers exhibit 

rather good thermal stability until the temperature of 400oC at which they lose about 

the half of their strength (Fig.4.9). As shown, gratings recorded with 500fs and 120fs 

pulses retain the same percentage of their strength for about 100oC more than those 

written with 5ps. Nevertheless the similarity in decay of the gratings implies that they 

have been formatted by the same physical mechanism. The difference mentioned, 

might be a result of more effective operation of this mechanism due to the greater 

intensity. 
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Figure 4.15: Thermal annealing results of fiber Bragg gratings inscribed using 248nm excimer laser 

radiation and various pulse durations in hydrogenated pure silica core fibers 
 

Another important point realized in Fig.4.15, is that refractive index changes are 

not fully erased even at a temperature of 700oC. Especially gratings fabricated with 

500fs and 120fs pulses retain at this temperature a 20% of their strength. This fact 

indicates structural changes in the glass matrix. 

The thermal stability of the gratings inscribed in pristine fluorine doped silica 

fiber and SMF-28 applying high intensity pulses (220GW/cm2) was also investigated. 

In the next diagram (Fig.4.16) thermal stability of these gratings are compared with 

one of those inscribed in hydrogen loaded fluorine doped silica fiber applying lower 

intensity (90GW/cm2).  

 
Figure 4.15: Thermal annealing results of fiber Bragg gratings inscribed in pristine and hydrogenated 

pure silica core fiber as well as in pristine SMF-28.  
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As shown Bragg gratings recorded applying higher intensity are by far more 

thermally stable. Gratings in pristine silica fiber and SMF-28 keep 90% of their 

strength up to temperatures of 600 and 700oC respectively and they are not fully 

erased until temperatures of 900 and 950oC respectively. Only structural changes in 

the glass matrix such as bond cleaving have that high resistance at these temperatures. 

Color-centre defects are fully erased at a temperature level of 400oC [19]. 

4.2.4 Discussion  

The presented results include the refractive index evolution curves and thermal 

annealing behaviour of Bragg gratings inscribed in hydrogenated fluorine doped 

fibers, using 248nm laser radiation with different intensities and energy densities. The 

inscriptions realized, have the common characteristics of Type I photosensitivity. 

Namely, both modulated and average refractive index changes, have a monotonous 

growth versus accumulated energy, contrarily to Type IIA gratings which are traced 

by negative index changes. Similar results were reported by Albert et al, using 10ns 

pulses at 193nm [11] and Zagorulko et al, using 150fs pulses at 267nm [12]. 

As stated in Chapter 3, for the case of hydrogenated fused silica fibres, the 

primary underlying mechanism of the photoinduced refractive index changes seems to 

be that of single-photon absorption. Pre-existing defects such those of oxygen 

deficiency centres (ODC) with absorbing peak at ≈5eV along with other 

photorefractive contributions related to hydrogen generated pre-existing defects, such 

those of SiOH and SiH species [20] (both peaking at the 5eV vicinity), are enhanced 

by the hydrogenation effect that forms OH species, leading to significant absorption 

and colour-centre formation [21].  

However, the dependence on the intensity of the laser pulse, suggests that two-

photon absorption is also taking place. The GW/cm2 intensities used might trigger a 

bond cleaving process and re-arrangement in the glass network. This has as a result 

volume modification, probably compaction [13], even though expansion cannot be 

completely excluded [21] since disorders were observed in the average refractive 

index evolution (Fig.4.6b). Such hypothesis about structural changes is strengthened 

by the fact that gratings kept a considerable amount of their strength up to 

temperatures of 700oC during the annealing process.  
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Next, Bragg gratings inscribed in non-treated fluorine doped fibers, using 

248nm radiation, 500fs laser pulses, with different intensities and energy densities 

were presented. Results include the refractive index evolution curves and thermal 

annealing behaviour of these gratings. It has been shown that changes in refractive 

index were analogous to I2, suggesting two-photon absorption, which leads to volume 

modification, probably compaction. Previous studies [14] revealed the possibility of 

two-photon inscriptions in H2-loaded standard telecom fiber or other low Ge-doped 

fibers. But this is the first time where refractive index changes are measured in non-

treated pure silica core fibers with the recording of Bragg gratings of Type I. 

Strong Bragg gratings in SMF28 standard telecom fiber, with extreme thermal 

resistance were reported by Mihailov et al [15] but these proved to be damage 

gratings (Type II-IR). However, this is clearly not our case since no degradation was 

observed, for neither of the high intensity inscriptions, on the overall transmittance of 

the fiber, after the completion of the irradiation process and no damage was visible on 

the fibers when they were checked using an optical microscope capable of magnifying 

samples by 1000 times. Additionally their behaviour during thermal annealing was 

much different despite the remarkable stability they performed. So the case of Type II 

gratings is rejected. 

The compaction in the bright fringes is attributed by Friebele and Higby to the 

cleavage of ring structures and the subsequent formation of smaller ring structures 

[17]. However, this is not the only mechanism causing the compaction, as compaction 

has also been related with the annihilation of the concentration of non-bridging 

oxygen hole centers [18]. Allan, et al, [13] have conducted measurements on the 

compaction of fused silica under 193nm radiation and found compaction to be 

analogous to the number of pulses (N) and the square of the intensity per pulse (I2). 

Similarly, Schenker, et al, [16] studied compaction of fused silica under UV 

irradiation and found it to be analogous to (NI2)c, where c≈2/3. The fact that 

densification is squarely dependant on the pulse intensity could be an indication of a 

two-photon process.  

Concerning the effect of compaction as a physical mechanism which causes 

refractive index change, it is also important to note the extended thermal stability 

observed in the 110mJ/cm2, 500fs exposures of pristine fluorine doped silica fiber and 

standard telecom fiber (SMF-28). However, the exact nature of this mechanism is still 
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unclear and will be further discussed in conjunction with forthcoming Raman 

spectroscopy results. 
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5. Bragg Gratings Inscriptions in Micro-structured 
Air-Silica Optical Fibers 

After the inscription of strong Bragg gratings in hydrogen loaded and untreated 

fibers with all-silica core and fluorine doped cladding, the next step was to investigate 

the possibility of recording Bragg gratings in all-silica microstructured fibers. For 

fabrication of Bragg gratings in micro-structured optical fibers similar procedures 

were followed and the same experimental setup was used as the one described in 

Chapter 4. First inscriptions were made in hydrogen treated fibers and attempts for 

recordings in pristine fibers followed. 

The first gratings were inscribed in an ESM-12-01 from former Blazephotonics, 

while later gratings were inscribed in the LMA-10 manufactured by Crystal-Fiber. 

Both fibers are fabricated with the same material (high purity dry silica) and their air-

holes have the same hexagonal structure, but they slightly differ in the number of air-

holes they have, the holes’ diameter and the spacing between them. Details for these 

characteristics are given in Table 5.1.  

 

      Oπτική ίνα 
  Air-hole 
diameter 

Spacing between 
air-holes 

Fiber core 
diameter  

      ESM-12-01         3.7μm       8μm         12μm 

        LMA-10         2.9μm      7.2μm         10μm 

Table 5.1: Basic dimensions of the MOF used 

 

5.1 Recordings of Bragg gratings in hydrogenated air-silica fibers using 
248nm ps and fs laser radiation with the phase mask technique. 

In order to avoid rapid out-diffusion through air-holes during the exposure, 

before loading pieces of microstructured fibres into hydrogen, we spliced their both 
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etches with SMF-28 fiber in order to seal the air-holes. However it is not possible to 

exclude the possibility that there was hydrogen leaking through minor cracks on the 

splices. Fibers were then loaded for 15 days in hydrogen of 130Atm pressure. After 

unloading the fiber for exposure, about 10 minutes were needed for setting up the 

fiber and start irradiation. The aim is to minimize the time given to hydrogen to out-

diffuse.  

Modulated refractive index change versus accumulated energy for a Bragg 

grating recorded in an ESM-12-01 and for one in fluorine doped fiber, applying 5ps 

pulses at 248nm with the same energy density are presented in Fig. 5.1. The 

difference in favour of the fluorine doped fiber, is supposed to exist due to the fact 

that less energy density is reaching the core of MOF due to scattering on the interface 

between air-holes and silica. Moreover the out-diffusion is faster for the case of MOF 

since the effective silica radius of the fiber is calculated to be 122μm, but also because 

of the possibility to have micro-cracks at the splices with SMF-28. 

 

 
Figure 5.1: Modulated index change versus accumulated energy density for inscriptions in 

hydrogenated MOF and fluorine doped silica fiber using 248nm 5ps laser radiation. 
 

Gratings were recorded at 248nm in LMA-10 MOF using different pulse 

durations, applying for each case the maximum energy density allowed by the 

limitations for the protection of the phase mask. Namely, for 5ps and 500fs, energy 

densities of 105mJ/cm2 and 50mJ/cm2 respectively were applied. The modulated 

refractive index change versus accumulated energy, are presented in Fig.5.2. 
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Figure 5.2: Modulated index change versus accumulated energy density for inscriptions in 

hydrogenated MOF applying 500fs and 5ps pulses at 248nm. 
 
It is obvious that, for the reasons explained previously, the rate at 500fs is not 

that faster than at 5ps as for the case of the hydrogenated fluorine doped fibers 

(Fig.4.6). At the contrary, it seems that 500fs recording comes to saturation at lower 

accumulated energy, enhancing the suggestion that longer time exposure is affected 

by hydrogen out-diffusion. 

 

5.2 Recordings of Bragg gratings at 248 nm in hydrogenated air-silica 

MOF using the double phase mask interferometer 

In order to increase the energy density per pulse delivered on the fiber we used 

the double phase mask interferometer. Data from the exposure at 248nm and 500fs 

pulse duration, applying energy density 65mJ/cm2 per pulse, are presented in Fig.5.3a 

and b in terms of modulated and average index change respectively. For comparison 

the exposure with the phase mask technique and J=50mJ/cm2 per pulse is shown too. 
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(a) 
 

 
(b) 
 

Figure 5.3: (a) Modulated index and (b) average index changes versus the accumulated energy 
density incident to the fiber using the interferometric method (65mJ/cm2 per pulse) and the phase mask 

technique (50mJ/cm2 per pulse) energy density. 
 

As expected, a faster rate is observed and stronger refractive change is achieved. 

The transmission spectrum of the 5mm long grating is presented in Fig.5.4. The 

grating notch exhibits a depth of 1.3dB at 1542.94nm. A 0.3dB decay in the 

transmission level of the fiber and minor notches on either side, indicates a low 

damage in the cladding. However, this was not visible in the optical microscope or 

confirmed in any other way. 
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Figure 5.4: Transmission spectrum of a Bragg grating inscribed in hydrogenated MOF with the 

interferometric method. 
 

 After further raise of the energy density per pulse, it was realized that this cost 

to severe damage of the cladding (Fig.5.5). The hydrogenated cladding absorbs too 

much and no energy seems to reach the fiber core. The most serious damage is located 

at the point just before where the air holes start. This indicates that this area is 

affected both from the incident light and the light scattered from the air-holes. 

 
Figure 5.5: Damaged cladding after the irradiation with energy density 80mJ/cm2 per pulse 

 

5.3 Recordings of Bragg gratings at 248 nm in pristine air-silica MOF 
using the double phase mask interferometer 

After the successful inscription of Bragg gratings in pristine fluorine doped 

silica fibers, we decided to try the same in a pristine MOF (specifically that of the 

LMA-10). Since an amount of energy density is lost due to scattering on the air-holes, 

we applied very high energy density per pulse (J=130mJ/cm2). As is depicted in 
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Fig.5.6, at the beginning of the exposure refractive index change, has a good rate. 

However, it slows down unexpectedly. This might be a result of gradually increased 

absorption in the cladding during irradiation, or vibration induced distortions. 

 

 
Figure 5.6: Modulated index change versus accumulated energy density for recording in pristine 

MOF. 
 

Nevertheless, a weak grating of 1dB depth was recorded (Fig.5.7). Distortions 

are observed in the transmission spectrum. 

 
Figure 5.7: Transmission spectrum of a Bragg grating inscribed in pristine MOF with the 

interferometric method 
 

Efforts to record Bragg gratings in pristine MOF applying less energy density 

per pulse, in order to avoid absorption in cladding, did not produce notches of 

significant strength. Only very weak gratings were achieved, usually visible only in 

reflection spectrum. 
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5.4 Discussion 

In this chapter inscriptions of Bragg Gratings in microstructured all silica fibers 

were presented. Recordings in hydrogenated MOF resulted to refractive index 

changes of the order of 5x10-5 remaining at significantly lower level than those in 

hydrogenated fluorine doped fibers, especially at the case of 500fs (Δn≈10-4). For this 

differentiation, the faster out-diffusion in MOF can be a reason. This is enhanced by 

the fact that inscriptions in MOF always reach saturation. There have been reported 

[1] recordings in hydrogenated pure silica photonic crystal fibres applying ultra-violet 

femtosecond laser radiation at 267nm using a high repetition rate laser. 

 Additionally, the air-holes cause significant scattering, decreasing the intensity 

that reach the fiber core. In contrast, the fluorine doped cladding in step-index silica 

fibers is more transparent to UV radiation, allowing better photosensitivity yield [2]. 

We believe, the scattering losses did not allow us to write strong Bragg gratings 

in pristine MOF despite the much higher energy density per pulse (J=130mJ/cm2) 

delivered on the fiber using the double phase mask interferometer. It seems that not 

enough intensity is reaching the fiber core in order to trigger significant two-photon 

absorption which is essential for remarkable refractive index change [3,4,5]. 

Nevertheless we proved that inscription in untreated all-silica microstructured 

fiber is possible using 500fs radiation at 248nm. The interferometric setup appears to 

be rather promising approach since it allows delivering pulses of high energy density 

and provides a good contrast between bright and dark fringes. 
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6. Bragg Gratings Inscriptions in Micro-structured 
Optical Fibers with Highly Ge-doped Core 

Another method for obtaining a high yield Bragg grating inscription in MOF, is 

the co-doping of the silica fiber core in order to increase the local ultraviolet photon 

absorbance. By co-doping only a small central area of the core, the microstructured 

fiber maintains its important properties and the same time the inscription of Bragg 

gratings into the core is possible using laser irradiation.  

Microstructured silica fiber, having an up to 36mol% concentration of Ge in the 

centre of its core, is used for this part of the experimental work. This fiber is 

manufacture at Institute of Photonic Technology Jena in Germany. The holey 

cladding was manufactured with 90 capillaries of HERAEUS Suprasil F300 silica. 

The over-cladding tube was also made from HERAEUS Suprasil F300. The numerical 

aperture of the prepared MOF is strongly influenced by the high air fraction. The 

estimated depression of the effective refractive index of the holey cladding is 

Δn=−2.8x10−3. A picture of the cross-section of this fiber is presented in Fig.6.1. The 

Ge-doped volume has a diameter of 3.3μm while the whole core diameter is 6.6μm. 

The hole-pitch ratio in the cladding is 0.87-0.90 [1]. 

 
Figure 6.1: Cross-section of the Ge-doped MOF [1] 
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6.1 Bragg gratings recordings using 193nm radiation 

For Bragg grating inscription the ArF excimer laser was used at 193nm with 

pulse duration 10ns at a repetition rate of 30Hz. The setup described in paragraph 

4.1.5 for the phase mask technique. Energy density of 220mJ/cm2 per pulse was 

applied on the subjected fibers for the exposures described next.  

 
(a) 

 

 
(b) 

 
Figure 6.3: (a) Modulated index change and (b) average index changes versus the accumulated 

energy density incident to the fiber, for energy density 220mJ/cm2 per pulse 
 

Data collected during exposure are presented in Fig.6.2a and 6.2b in terms of 

modulated and refractive index change versus accumulated energy. The evolution, 

both of modulated and refractive index change has main the characteristics for Type 

IIA Bragg gratings [2]. That is, the Type I grating formed at the early stage of the 

exposure is erased later and replaced from a Type IIA grating, as is depicted in 

Fig.6.3a. Meanwhile, average index change, which is positive at the beginning, is 
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becoming gradually weaker and even negative after a point. However, a quite strange 

differentiation can be noticed in modulated refractive index evolution. At the very 

early stages of the irradiation process, a Type I grating is formed and erased very 

quickly. After, a new Type I grating is formed that is also erased to be replaced from a 

Type IIA. 

Strong Bragg gratings, like the one presented in Fig.6.3, were recorded. At this 

6mm long grating, the peak notch at 1557.9nm, exhibits 12.3dB strength. No 

significant spectral errors are observed or overall transmission level decay. 

 
Figure 6.3: Transmission spectrum of Bragg grating recorded in Ge-doped MOF applying 10ns 

pulses with energy density of 220mJ/cm2  
 

After a close look at shorter wavelengths of the spectrum, more features were 

traced (Fig.6.4), like the peak notch of 7dB at 1536.9nm and another one of 0.8dB at 

1535.3nm. These peaks are the result of coupling to higher reflection modes (they 

were visible also in reflection) 

 
Figure 6.4: Higher order transmission gratings 
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The straightforward step was to investigate the evolution of a higher mode 

during irradiation. Results taken simultaneously of the first and second order are 

presented in Fig.6.5. As it is noticed, an identical behavior exists, meaning that higher 

orders are formed due to the same physical phenomenon.  

 

 

 
Figure 6.5: (a) Modulated index change versus accumulated energy density and (b) average 

index changes versus the accumulated energy density incident to the fiber, for the first and second 
order grating notches. 

 

 

6.2 Annealing results 

As expected Type IIA Bragg gratings exhibit high thermal stability [3] (Fig.6.6). 

As it is shown, the grating retains a 50% of its strength up to a temperature of 750oC 

and is not fully erased until the temperature is raised to 830oC. Furthermore a slight 
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rise in strength is observed after 400oC, indicating that relaxation and stress relief 

mechanisms lead to further refractive index change. 

During the annealing process the behavior of the 2nd reflected mode was also 

monitored and data were collected. As depicted in Fig.6.6, this order exhibits lower 

thermal stability.  

 

 
Figure 6.6: Thermal annealing results of fiber Bragg gratings inscribed in Ge-doped MOF for 

both 1st and 2nd order  
 

The existence of the stress relief mechanism mentioned before, is enhanced by 

the observation that the grating strength was increased by 2.2dB a week after the 

exposure (Fig.6.7). The shift of the grating wavelength is due to tension 

corresponding 50gr placed along the fiber during the irradiation. 

 

 
Figure 6.6: Differentiation in grating strength a week after the inscription 
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6.3 Polystyrene layer inside the air-holes of the MOF 

In order to investigate the differentiations in the guided light modes of the MOF 

after the placement of a thin layer of an optical material inside the air-holes, on the 

air-silica surface, a thin layer of polystyrene was realized. Polystyrene was chosen 

because its refractive index (nps=1.51) was much higher than this of silica, inducing a 

significant phase perturbation for thin overlayed layers. 

Polystyrene, which is solid in room temperature, was first diluted in toluene 

with analogy of one part of weight polystyrene in two parts of weight toluene. This 

analogy was chosen in order to have a liquid with the proper viscosity to make the 

layer with the desired thickness. Then the solution was infiltrated inside the fiber 

capillaries by placing the one face of the fiber in the solution and connecting the other 

with a vacuum pump. Next the solution was pushed out using high pressure nitrogen 

flow at 5bar, and the fiber was heated to 100oC for one hour in 0.1Atm pressure, in 

order to evaporate the toulouen.  

Figure 6.7 presents the spectrum of a Bragg grating inscribed in an MOF with 

highly Ge-doped core, before and after the placement of the polystyrene layer in the 

fiber, at the area where the grating was inscribed. Different shifting of the modes was 

observed. No significant change was observed in the strength of the grating. 

 

 
Figure 6.7: Spectrum of a Bragg grating inscribed in an MOF with highly Ge-doped core, before 

and after the placement of the polystyrene layer 
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The shifting of the grating notches was found to be analogous to the wavelength 

of the corresponding notch of the grating (Fig.6.8). Only the fourth mode has a 

negative shift and the third zero shift. First and second modes have a positive shift.  

 
Figure 6.8: Shifting of the Bragg grating notches of the four modes 

 

The polystyrene layer is increasing the effective refractive index of the cladding. 

As a result, the modes become less localized in the core of the fiber. The first mode is 

more affected by the placement of the polystyrene layer because it is the most 

localized in the highly doped central area of the core where the refractive index is 

higher. Thus, when it is delocalized, a larger part of the mode propagates in the pure 

silica area of the fiber core and the effective refractive index for this mode decreases. 

The same but in lower grade happens with the second mode. The third and fourth 

modes which are less localized in the core of the fiber, are also affected from the 

increased refractive index in the cladding. 

The aforementioned are supported by a simulation of this fiber, carried out by G. 

Tsibidis [7], using a commercial finite-difference time-domain (FDTD) method 

software [8]. According to these calculations, TE and TM components of the 

fundamental guiding mode, exhibit a confinement factor in the high refractive index 

area that is greater than 99%. The corresponding confinement values for the TE and 

TM polarization components of the 1st mode, were calculated to be ≈94% and ≈91% 

respectively. 
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6.4 Discussion 

The first Type IIA Bragg gratings in microstructured optical fibers, were 

demonstrated during this part of the current experimental work. The main physical 

mechanism is considered to be the same with the one described in other works for 

Type IIA Bragg gratings, in conventional step-index optical fibers [4]. The negative 

index changes gradually counterbalance the positive index changes until the Type I 

grating is totally or partially erased and then the Type IIA grating is formed. The 

origin of this mechanism is generally agreed to be the structural change of the vitreous 

fiber core [5,6]. The UV irradiation is causing compaction on the bright fringes of the 

irradiated grating pattern. Extensive volume compaction leads to dilation effects. The 

volume dilation is induced by radial and axial stress relaxation induced by the volume 

compaction in the bright fringes. 

 However some interesting differentiations exist in the case of MOF. First of all, 

the two times of raise and erasure of the Type I grating followed by a distortion also 

in the average refractive index change. This phenomenon is repeatable but no 

profound reason is found to explain it yet. A speculation is that, this is not a step-

index fiber, but a fiber with a core made of gradually doped silica, having a peak of 

35mol% Ge at its centre. This might cause different mechanisms taking place 

simultaneously at different areas of the core. 

Secondary, higher reflection modes were observed at shorter wavelengths. 

Although these modes have identical evolution with the basic mode during exposure, 

they exhibit different behavior at the annealing process. They seem to have less 

resistance in raised temperature. This leads to the conclusion that the structural 

changes which form the Type IIA grating are stronger at the inner volume of the fiber 

core where the concentration of Ge is much higher. Thus, the outer volume of the core 

is annealed at lower temperature and higher modes, which are more expanded there, 

lose their strength faster. 

Another interesting observation was the enhanced grating strength as this was 

measured one week after the fabrication process. As mentioned earlier this can be 

related with stress-relief mechanism. The wrong bonds that broke during irradiation 

continue to promote relaxation in the tensioned glass, reducing frozen-in thermal 

stresses in the core, and hence, increasing the contrast in refractive index between 

irradiated and not irradiated regions of the grating.  



 85

References 

1. K. Schuster , J. Kobelke, S. Grimm, "Microstructured fibers with highly 

nonlinear materials", Springer Science+ Business Media, LLC. ,(2007) 

2. P. Niay, P. Bernage, S. Legoubin, M. Douay, W. X. Xie, J. F. Bayon, T. 

Georges, M. Monerie and B. Poumellec, "Behaviour of spectral transmissions 

of Bragg gratings written in germania-doped fibres: Writing and erasing 

experiments using pulsed or CW UV exposure", Optics Communications 113: 

176-192, (1994) 

3. T. E. Tsai, E. J. Friebele, D. L. Griscom, "Thermal stability of photoinduced 

gratings and paramagnetic centres in Ge- and Ge/P-doped silica optical fibres", 

Optics Letters, 18: 935-937, (1993) 

4. G. Violakis, M. Konstantaki, S. Pissadakis, "Accelerated Recording of 

Negative Index Gratings in Ge-Doped Optical Fibers Using 248-nm 500-fs 

Laser Radiation", IEEE Photonics Technology Letters, 18: 1182, (2006) 

5. N. H. Ky, H.G. Limberger, R.P. Salathe, F. Cochet, l. Dong, "UV-irradiation 

induced stress and index changes during the growth of Type I and Type IIA 

fiber gratings", Optics Communications 225: 313-318, (2003) 

6. J. P. Bernardin, N. M. Lawandy, "Dynamics of the formation of Bragg gratings 

in germanosilicate optical fibers", Optics Communications, 79: 194-199, 

(1990) 

7. Pissadakis, M. Livitziis, G. D. Tsibidis, “Investigations on the Bragg Grating 

Recording in Standard and All-silica Microstructured Optical Fibers Using 

248nm 5ps, Laser Radiation, Optics Express (submitted) 

8. OptiFDTD, Optiwave, www.optiwave.com 

 

 
 

 

 

 

 

 

 



 86

7. Conclusions 
In the current thesis, the inscription of Bragg Gratings in highly transparent 

optical fibers using ultraviolet laser irradiation was presented. The photosensitivity of 

pure silica was examined by interpreting data of modulated and average refractive 

index changes obtained during the exposures, along with data taken from the thermal 

annealing process of the fiber gratings. 

The inscriptions realized in hydrogen loaded fluorine depressed fibers, using 

248nm radiation, 5ps, 500fs and 120fs laser pulses, with different energy densities, 

have the common characteristics of Type I photosensitivity. However, the colour 

centre formation seems to be the primary underlying physical mechanism only at the 

early phase of recording, since a two-photon process is believed to be has the primary 

role, due to a strong dependence of the index change growth to the intensity of the 

laser pulses that was observed. 

On the other hand, the achievement of inscribing strong Bragg gratings in 

untreated fluorine depressed fiber and SMF-28 standard telecom fiber applying 500fs 

pulses at 248nm of extremely high intensity (220GW/cm2), revealed that a two-

photon mechanism might trigger a bond cleaving process and re-arrangement in the 

glass network resulting volume modification. Such hypothesis about structural 

changes is strengthened by the thermal stability that these gratings exhibit. 

Despite the fact that Bragg gratings were also inscribed in commercial all-silica 

MOF, these were weaker than what was expected. Scattering losses due to the 

multiple air-silica interfaces of the capillaries might be a reason for that, since, as it 

has been explained, the intensity that reaches the fiber core is of major importance.   

Another achievement of this work was the first, as far as we know, Type IIA 

Bragg gratings in microstructured optical fibers, that were recorded in highly Ge-

doped core MOF. Laser pulses at 193nm with pulse duration 10ns were used and 

energy density of 220mJ/cm2 per pulse was applied to achieve modulated refractive 

index change up to 1.5x10-4. These gratings retain 50% of their strength up to 

temperatures of 700oC, a property that makes them exploitable in high temperature 

hostile environments for thermal, structural, biological or chemical sensing. 

Moreover, the possibility of depositing layers of various materials inside the air-holes 

broadens the field of applications in sensing. 
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