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Etude des effets combinés du rayonnement et de la température sur les matériaux a base de
silice et les fibres optiques.
Résumé Cette thése s’inscrit dans le cadre du projet de recherche CERTYF dont 1"objectif est 1’amélio-
ration des connaissances sur les processus de dégradation des fibres optiques a base de silice utilisées
dans des environnements séveres combinant des contraintes d’irradiation, d’hydrogene et de tem-
pérature (R-H-T). Lorsqu’elle est exposée a un rayonnement, la fibre optique devient moins guidante
en raison de la création de défauts. Ces défauts sont caractérisés par des niveaux d’énergie dans la
bande interdite du matériau. Ainsi, lorsque la lumiere est injectée a I'intérieur d’une fibre optique,
la partie transmise de cette lumiére diminue et inversement, 1'atténuation radio-induite (ARI) aug-
mente. Les objectifs du controle de I’ARI sont de développer des systemes a base de fibres optiques
tolérants aux radiations, capables de fonctionner dans les lieux de stockage de déchets radioactifs ou
au contraire d’améliorer la sensibilité des fibres lors de leur utilisation pour la détection de la dose ou
du débit de dose de rayonnement présent dans 1’environnement radiatif. Ce travail est centré sur la
construction d’un modele physique capable de prédire 1’ARI dans cet environnement séveére a travers
une étude expérimentale basée sur la thermoluminescence (TL) et la spectroscopie d’absorption con-
duisant a la compréhension des mécanismes de création de défauts radio-induits. L’ARI qui en
résulte est un processus complexe dépendant de plusieurs parametres tels que la longueur d’onde,
la dose, le débit de dose, la température et la composition des fibres. Tous ces parametres qui doivent
étre pris en compte dans la modélisation refletent les nombreux problémes qui limitent I'intégration
de la fibre dans des environnements combinés.
Mots clés: Thermoluminescence, atténuation radio-induite, silice, fibres optiques, environnement
radiatif

Study of combined effects of radiation and temperature on silica based material and optical fibers.
Abstract This thesis is part of the CERTYF research project, acronym of Combined Effects of Radia-
tion Temperature and hYdrogen in optical Fibers. The CERTYF project aims to improve knowledge
on the degradation processes of silica-based material and optical fibers used in severe or harsh en-
vironments combining irradiation constraints, hydrogen and temperature (R-H-T), such as the one
encountered by ANDRA (Agence nationale pour la gestion des déchets radioactifs). When exposed
to radiation, the optical fiber becomes less guiding due to the creation of defects. These defects are
characterized by energy levels within the bandgap of the material. Thus, when the light is injected
inside an optical fiber the transmitted part of this light decreases and conversely, the radiation in-
duced attenuation (RIA) increases. The objectives of the RIA control are to develop radiation tolerant
systems capable of operating in the radioactive waste storage sites or, on the contrary, of improving
the sensitivity of fibers when used for the detection of the radiation dose or dose rate present in
the radiative environment. This work focuses on building of a physical model capable of predicting
RIA in this severe/harsh environment through an experimental study based on thermoluminescence
(TL) and absorption spectroscopy leading to the understanding of the point defects creation mecha-
nisms induced by the irradiation. The resulting radiation induced attenuation is a complex process
depending on several parameters like the wavelength, dose, dose rate, temperature and fiber com-
position. All these parameters that must be considered in the modeling reflect the several issues that
limit the fiber integration in combined environments.

Keywords: Thermoluminescence, Radiation induced attenuation, silica, optical fibers, radiative
environment
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Introduction

This thesis work takes part to the CERTYF project, whose name is an acronym
for Combined Effects of Radiation, Temperature and hYdrogen in optical Fibers.
The main objective of the CERTYF project is to improve the knowledge about
the basic mechanisms leading to the degradation through the radiation-induced
attenuation (RIA) of silica-based materials and optical fibers in harsh or severe
mixed environments. The environments of interest combine temperature, radia-
tions and hydrogen (R-H-T) constraints, as those encountered by ANDRA (Agence
Nationale pour la gestion des Déchets Radioactifs).

Silica-based optical fibers have a broad range of use in harsh or severe envi-
ronment applications with radiation constraints, for instance high-energy physics
facilities, waste depositories, nuclear power plants and space too. The exposure
of optical fibers to ionizing radiation involves damage to optical properties such
as transparency and contributes to the degradation of the fiber performances in
different ways depending on the fiber doping. This phenomenon is the direct ef-
fect of the Radiation Induced Attenuation (RIA): the attenuation of the transmitted
intensity light due to the radiation exposure. The degradation of optical proper-
ties of the silica based materials can be explained by the structural adjustments in
the silica lattice (generation of color centers, vacancies, interstitial defects...) and
depends on the chemical composition of the glass. The knowledge of the nature
and of the creation and annealing mechanisms after radiation of these defects is
important in the RIA control.

In this context there is a strong interest in improving knowledge about the
degradation processes through the RIA of silica-based optical fibers in severe or
harsh environments.

By RIA control can be developed radiation tolerant systems able to operate in
the radioactive waste storage facilities; or enhance the fiber radiation sensitivity
in order to design radiation detectors and dosimeters able to detect the radiation
dose or dose rate present in the radiative environment.

For the first intent are adopted radiation tolerant fibers, characterized by F dop-
ing or pure silica, while for the second one, are generally used Al- and P-doped
fibers, having proven their sensitive response to radiation. In addition, Telecom
grade fibers (Ge-doped) are also interesting because they are used for data trans-
fer applications. All these fiber classes are tested in this thesis work. Despite the
interest in this research area and the numerous studies devoted to this field, the
response of a fiber-based system to combined constraints can still not be predicted
by using the empirical laws or kinetics models discussed in the literature.

The aim is to build a physical model that predicts the RIA in this harsh envi-

ix



X INTRODUCTION

ronment, valid for all the three main types of fibers mentioned above, valid for
bulk and fibers (for this last one the propagation effects inside the fiber must be
taken into account), for a huge range of dose and dose rate and that takes into
account the presence of hydrogen and the temperature effects. The resulting RIA
is a complex process depending on the several issues that limit the fiber integra-
tion in combined environments, such as the dose, dose rate, temperature and fiber
composition. All these factors must be taken into account in RIA modeling.

Furthermore, the origins of the RIA in the near-infrared (NIR) part of the spec-
trum is of interest to the project, since in the NIR most of the applications inves-
tigated by ANDRA have their operating wavelengths. To understand RIA origins
in this spectral domain, it appears mandatory to consider the convolution between
the radiation response of bulk material and the guided modes propagating along
the wave-guides.

The first step of the RIA modeling is to assign point defects to energy levels.
This is made possible thanks to an initial exploration phase, where by means of
several spectroscopic techniques, a characterization of the dedicated samples is
studied. A set of experimental results that will be analyzed though a MultiVariate
Analysis has the aim to validate a first version of physical models allowing to re-
produce the dependence of the RIA versus the various R-H-T parameters and to
extrapolate RIA in non-tested conditions. The radiation in the experimental test is
made by X- or -rays. In this sense also the impact of these two different types of
irradiation on the RIA is seen.

A second phase will be put in place to simultaneously consolidate the physical
models and to exploit the knowledge acquired during exploration phase to inves-
tigate innovative structures of MCVD optical fibers with optimized properties for
operation in ANDRA’s R-H-T environments. Finally, the final deliverable of CER-
TYF project will be a guidelines report for radiation testing of silica-based fibers
and fiber sensors in harsh mixed environments combining several constraints in-
cluding radiations, temperature and hydrogen.

Exploit these knowledge and results to the benefit of radioactive waste man-
agement is the primary interest of the project. Concerning this aspect there is a
wide range of silica-based optical fibers in ANDRA applications. Optical fibers
can be used for several applications to transport signals over long distances, in
this case we talk about Data Transfer. As a result of increasing interest in dosimetry,
in literature are present a lot of studies on optical fibers used for dosimetry appli-
cations. In fact, optical fibers can be used in this field for monitoring of storage fa-
cilities. They are very sensitive in a large range of dose/dose rate, slowly intrusive
and in some cases, spatially distributed. For all these systems, controlling the RIA
dependence in varying R-H-T conditions also appears as crucial. Finally optical
fibers can be exploited in fiber sensing applications. ANDRA is extremely active in
the development of distributed or discrete sensors for the monitoring of environ-
mental parameters for the CIGEO project: these studies covered the development
of fiber-based sensors for radiation dose, hydrogen, strain, temperature measure-
ments using a wide large range of sensing techniques, from discrete ones (FBGs,
punctual measurements) to distributed (Raman, Rayleigh, Brillouin) technologies.

In accordance with one of the main objectives of the project, this thesis is fo-
cused on the modeling of RIA in the visible range combining radiation and tem-
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perature constraints for silica based materials. It is divided in four chapters, the
first two describe the context and the methodologies, and the last two concern the
results, both experimental and modeling. We start with a chapter describing the
theoretical context: the harsh environment and the optical fibers application re-
lated to it; a basic and small review about matter-radiation interaction and finally
an overview about silica (its structure and the point defects related to pure and
doped silica) and the optical fibers, how they work and how they are fabricated.
In the last section more emphasis is given to the MCVD process, since the fiber
preforms tested on this thesis are made by this technique at INPHYNI laboratory
at University Cote d’Azur (UCA).

The second chapter concerns the methodologies and the materials. It aims to
describe the phenomena and the technique encountered in this thesis: from the ir-
radiation processes and the radiation effects on silica based materials, to the spec-
troscopic techniques. Concerning this last aspect, the chapter reports not only the
theoretical aspect but also the experimental set up and conditions. The chapter
about the experimental results is divided according to the fiber classes under study.
The simulation results chapter is characterized by the same structure starting also
with the modeling approach description in detail.






Chapter 1

Theoretical context

1.1 Optical fibers devices in harsh environment . . .. ... ... ..
1.2 Theradiative environment . . . ... ... .............
1.3 Matter-radiation interaction . . . . . . ... ... ... .......
1.3.1 Particleradiation . ... ...................
1.3.2  Electromagnetic radiations . . . . . .. ... ... ... ..
14 Amorphoussilica and pointdefects . . . . . ... ... ... ...
14.1 Silicastructure . . . . ... ... ... ... ... ...
14.2 Puresilica pointdefects . . ... ... ...........
143  Al-related pointdefects . . ... ... ...........
144 P-related pointdefects . . .. ... .............
145 Ge-related pointdefects . . ... ... ... ... .. ..
14.6  F-related pointdefects . ... ................
1.5 Opticalfibers (OF) . . . ... ... ... ... .. .........
151 Optical fibers structure . . . . ... .............
1.5.2 Light propagationinOF . . . ... ... ..........
153 Opticalloss . .. ... ... ... ... .. .. ... .. ..
154 Absorption. .. ........ .. ... ... ... ...
1.5.5 Glass and fiber fabrication . . . ... ... ... ......

1.1 Optical fibers devices in harsh environment

The interest in optical fiber technologies applied in a harsh environment has
been growing since the 70s. At the beginning this interest was limited to data
transfer application, since the ionizing radiation damaged the optical fibers per-
formances in signal transmissions. The first studies devoted to the characteriza-
tions of the decrease on transmitted intensity, identified the RIA as phenomenon
at the origin of this degradation. It was thus figured out that the RIA is caused
by the generation of optically active point defects in silica [1-5]. The typical harsh
or severe environment with radiation constraints interested in optical fibers appli-
cation can be natural, as space, or artificial, such as those associated with fusion

1



2 CHAPTER 1. THEORETICAL CONTEXT

related facilities, nuclear power plants or high energy physics facilities [1]. There
are several advantages of silica-based optical fibers use for telecommunications:
such as low attenuation level, high bandwidth, high efficiency, small size... [6].
These characteristics are exploitable and valid also for data transfer application in
an environment with radiation constraint. In addition, optical fibers feature other
characteristics that make them a good choice for several kinds of application in
harsh mixed environment. One of these characteristics is the resistance to high
temperatures. In fact, with a proper acrylate coating they can operate up to 200°C
but it is possible to use metal based coating extending their range to higher tem-
peratures (up to 400°C) for aluminum or copper coated fibers and up to 800°C
for gold-coated fibers [1]. Furthermore, fiber based devices are lightweight, reli-
able and profitable for integration into a spacecraft or in nuclear facilities and are
almost immune to most electromagnetic perturbations since they are made by a
dielectric material as silica. This property is important in diagnostics operating
in Megajoule class lasers, where very high parasitic currents are generated in the
coaxial cables [1, 7]. Concerning the space applications, fiber-based technologies
are widely used in spacecraft and their potential incremental use is under inves-
tigation. The main issues in this kind of device are the RIA due to radiations in
space. The RIA can affect the performance of these devices. In nuclear indus-
tries or high energies facilities, optical fibers can be used for transfer information
(Data transfer) or as a sensor, especially for dose and temperature sensing. In the
same way in waste storage repository, optical fibers (OFs) are largely used as dis-
tributed sensor to detect the dose in the surrounding environment [7-11]. Finally
in the medical field, optical fibers offer considerable advantages over conventional
techniques for radiotherapy dosimetry, the small dimensions of optical fiber-based
dosimeters, together with being lightweight and flexible, mean that they are min-
imally invasive and thus particularly suited to in vivo dosimetry [12]. In table
are summarized the main applications for the optical fibers in the radiative envi-
ronment just mentioned.

The following section is dedicated to the characteristics of the radiation envi-
ronments.

Type of environment Applications for fibers
Data transfer
Fiber laser
Gyroscopes
Fiber sensing
Sensing
Nuclear industries and waste storage Data transfer
Distributed sensing
Data transfer
Plasma diagnostics
Sensing
Distributed sensing
Radiotherapy
Proton-therapy
Beam monitoring
Dosimetry

Space

High energies facilities

Medicine

Table 1.1: Optical fibers applications in radiative environments [1].
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1.2 The radiative environment

Several types of radiation environments exist. The principal ones interested in
optical fibers uses are the medical, space, high energy facilities and nuclear plants.
For this thesis we are mainly interested in the last two kinds of environment, thus
in the final part of this section are reported some examples of typical installations
relative to these radiative environments. The following concerns the main param-
eters used to define a harsh environment, such as the nature of particles, the dose,
the dose rate, the temperature, hydrogen and other constraints. The presence of
these factors in the same environment brings to a difficult evaluation and pre-
dictability of the RIA. Optical fibers may operate in an harsh mixed environment
with radiation, temperature and hydrogen constraints, and it is the main interest
of this thesis to characterize the response of silica to these constraints. In figure
1.1 is reported a 3D graph in dose, dose rate and temperature where are designed
some installations and radiative environments where the optical fibers find a large
use.

Radiation environment for OF based systems.

500

400

300

200

100

Dose rate (Gy/h)
Temperature [°C]

-100

-200

Dose (Gy)

Figure 1.1: A representation of the range in dose, dose rate and temperature of the
radiative environment where the silica based OFs operate. Adapted
from [13].

The nature of particles is an important factor when defining a radiative envi-
ronment. Depending on the impacting particles in fact, the relative contributions
of ionization and displacement damage processes in silica differ as well as the ra-
diation response of silica-based material and OFs [1, 4]. As it will be seen in section
2.1, the radiation response in an OF based device is principally governed by ion-
izing processes. Despite the displacement damage contribution is strongly present
as structural signatures in silica in environments associated with very high neutron
fluences or heavy ions [1, 14].

The dose defines the quantity of energy deposited in the material per mass unit.
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It is generally expressed in Gy (1Gy=1Jkg 1), or rad (1Gy=100 rad). In this work
we use to define the dose as dose deposited in silica: Gy(SiO»).

The dose rate is defined as the dose deposited in the material in unit of time.
One can encounter a high dose spread in a very long time, such as in the space
where the dose rate lies between 107 and 103 Gy /h [15], or in a very short time
like in the Megajoule laser facility, where the dose rate reaches the MGy/s [7].

The temperature is a significant factor for a lot of applications. Temperature
may damage the performance of silica based OFs as well as the radiation do, es-
pecially when these constraints are both present. The temperature for OFs ap-
plication may range from —200°C to 800°C for spacecraft and reactor monitoring
respectively [1]. The hydrogen presence is an other constraint in harsh environ-
ment, especially in nuclear one such as radioactive waste storage sites, since here
the waste releases hydrogen in the atmosphere [1, 11]. The hydrogen interacts
with silica lattice, so it is necessary to take into account the presence of this gas in
designing optical fiber based devices that operate in this kind of environment.

Some of the installations shown in fig.1.1 concern the industries, that is inter-
ested in the domain of high to very high energies, with all possible types of radia-
tions. Some of the most important nuclear installations are:

B Particle accelerators, such as the one at CERN: LEP (Large collider Electron
Proton) which was replaced by the LHC (Large Hadron Collider) in 2008.
The LHC consists of a 27-kilometer ring of superconducting magnets with a
number of accelerating structures to boost the energy of the particles along
the way. The mixed field at the LHC is composed of charged and neutral
hadrons (protons, pions, kaons and neutrons), photons, electrons and muons.
This complex field is due to particles generated by proton-proton (or ion-
ion) collisions in the LHC experimental areas, distributed beam losses (pro-
tons, ions) around the machine, and the beam interacting with the residual
gas inside the beam pipe. Electronic components and systems exposed to a
mixed radiation field will experience three different types of radiation dam-
ages, these are displacement damage (DD), Single Event Effects (SEEs) and
damage from the Total Ionising Dose (TID) [8].

B High energy experiments. Represented by two projects: ITER (International
Thermonuclear Experimental Reactor: fusion by magnetic confinement) and
the LMJ (Laser Mega Joule: fusion by inertial confinement). These two in-
stallations intended for fusion aim to convert deuterium and tritium into en-
ergy. The fusion will also produce radiation such as -y photons and neutrons.
Clearly the diagnostic designs for these projects will require components to
operate in harsh environments [7, 9] such as the optical fibers, that are em-
ployed in plasma diagnostic as well as data transfer and sensing of these
installations.

B Nuclear Power Plants, which nuclear reactors, are able to generate radioac-
tive fission products, photons, electrons, and neutrons. In this kind of in-
stallations the dose can reach the GGy and high temperatures up to 800°C.
As seen at Fukushima-Daiichi, instrumentations have gone out of order dur-
ing this nuclear accident as a consequence of power supply losses. Possible
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improvements in strengthen instrumentations concern materials and struc-
tures, which may be remotely monitored thanks to Optical Fiber Sensors
(OFS). OFS are widely involved in severe environment constraints detention
in nominal conditions as well as in case of severe accident. They include dis-
tributed sensing (Rayleigh, Raman, Brillouin) for temperature sensing, H2
concentration and ionizing radiation monitoring [10].

B Radioactive waste storage sites, where products from nuclear reactors re-
quire appropriate storage. One of the most recent challenge is offered by the
French project Cigéo of ANDRA, the underground repository for high-level
and intermediate level long-lived radioactive wastes [11].

1.3 Matter-radiation interaction

As we will see deeply in the following sections of this chapter, the degradation
of optical fibers is a consequence of the formation of Color Centers (CC), that are
due to the "redistribution” of charges in the silica matrix after the exposure to ioniz-
ing radiation. Before explaining the characteristics of silica and of the related color
centers, it is worth to report some fundamental notions about the radiation-matter
interactions and how the energy released by radiation can interact with the matter
which will undergo modifications.

With the term of ionization we refer to the process of extraction of an electron
from an atom and the following formation of electron-hole pair. This process can
be described by a bullet (charge particle or photon) interacting with the electrons of
the atom target that remains ionized [16]. All the types of radiations that interact
with the matter cause the ionization of the atoms or molecules that compound
it. The radiations can be directly ionizing, such as charge particles, or indirectly
ionizing like the electromagnetic radiations (X or 7y photons).

1.3.1 Particle radiation

Particle radiation can be made up of protons, electrons, B particles and « parti-
cles; it interacts with electrons and nuclei by transferring of energy in the crossed
medium. There are two types of interactions:

¢ with electrons: excitation and / or ionization;

¢ with the nucleus: elastic / inelastic diffusion, Brehmsstralung, pair creation.

The energy transfer from these interactions is called energy loss rate or stop-
ping power and denoted as dE/dx. This loss of energy per unit of length is given
by the equation [16]:

dj
dx

dj
dx

dE

== (1.1)

total electronic nuclear

For charged particles the average energy loss dE /dx is given by the Bethe-Bloch

formula:
_ dj B 224N, In 2mev>y? _ vj
dx — 4melm,v? I c?

(1.2)
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Where N, = NZ is the density of electrons target, obtained by Z, the atomic
number of the medium through which the high energy particle passes, multiplied
by the number density of atoms N; ze is the charge of the incident particle, v the
velocity of incident particle, 1, the mass of the electron, I is the medium excitation
potential. According to the Bethe-Bloch formula, the energy loss rate depends
only upon the velocity of the particle and its charge [16]. The dependence of the
loss rate upon the kinetic energy of the particle is shown schematically in Fig.

Energy loss rate, log (—dE/dx)

]
EE=M02

Kinetic energy, log E

Figure 1.2: A schematic representation of the energy loss rate upon the kinetic en-
ergy of the charged particle. Adapted from [16].

Energy loss varies as the particle goes through the material, reaching a maxi-
mum at a certain depth. The curves representing the energy loss dE/dx as function
of the penetration depth of the particle into the material are called Bragg curves,
and the Bragg peak is a pronounced peak occurring immediately before the parti-
cle comes to rest. Their knowledge becomes very useful in medical radiotherapy
tield, for example when you want to target cancer cells with a minimal damage to
surrounding healthy tissues. Knowing the energy loss per unit path of a particle
turns out important for the calculation of its range (R = [ dg%), from which you
can go back at the average ionization potential of the target and therefore to the
type of atoms of the target. In good approximation, the minimum ionization loss
rate for each species atomic and by any medium, is given by:

— izi = 27°MeV (cm?/g) (1.3)
The stopping powers are standardized values for different materials and they can
be found on the NIST (National Institute of Standards and Technology) which pro-

vides many references in the field of physics [17].

1.3.2 Electromagnetic radiations

Electromagnetic radiation is a form of indirect ionizing radiation and is com-
posed of photons whether they are v or X-rays. Depending on their energy they
will produce different kinds of effect that are summarized in table
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Energy (E) Effect Physical phenomena

E<leV thermic oscillation of atoms

1eV<E<10eV excitation excitation of the valence elec-
trons

excitation of electrons in the in-
ner orbitals,

nuclear transition with atomic
and nuclear ionization.

E>10eV ionizing

Table 1.2: The effects and physical phenomena of the electromagnetic radiation
based on the energy range.
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Figure 1.3: The total mass absorption coefficient for high energy photons in
lead, indicating the contributions associated with the photoelectric ab-

sorption, Compton scattering and electron—positron pair production.
Adapted from [16].

Pair production probability increases with the atomic number Z as Z2. In
Fig.1.3 is reported the total mass absorption coefficient for high energy photons
in lead, in order to represent the contributions associated with the photoelectric
absorption, Compton scattering and electron—positron pair production. These var-
ious radiations have a contribution in radiative environments to which our appli-
cations are dedicated such as space environment and nuclear environment, thence
these are the possible ionization that will be responsible for the degradation of the
material.

The interaction mechanisms between electromagnetic radiation and matter will
be mainly of three types: photoelectric effect; Compton effect; pair production.
Each of these processes will result in a transfer of energy from the photon to the
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kinetic energy of the electrons. The energy transferred to the electrons from the
photon can be complete or just a fraction, in the last case the energy can be lost
also with the interaction with the lattice or with the nuclei. These processes will be
very sensitive to the energy of the incident photon but also to the atomic number
of the material absorbing the photons.

In the photoelectric absorption process, a photon undergoes an interaction with
an atom target in which the photon completely disappears; in its place, an ener-
getic photo-electron is ejected from one of the bound shells of the atom. For -y rays
of enough energy, the most probable origin of the photo-electron is the most tightly
bound or K shell of the atom. The photo-electron appears with an energy equal to
E,- = hv — E,, where E, represents the binding energy of the photo-electron in
its original shell and hv = hc/A is the quantized energy of the photons, where h
is the Planck constant, ¢ the speed of light and A the wavelength of the incident
radiation. The photoelectric interaction is most likely to occur if the energy of the
incident photon is just greater than the binding energy of the electron with which
it interacts. The gap left will be filled by a free electron of the medium, thus the fill-
ing of an inner-shell vacancy is accompanied by the emission of an electron (Auger
effect) or by a fluorescence radiation [16]. The photoelectric process is the predom-
inant mode of photon interaction at relatively low photon energies (E<1 MeV) and
high atomic number Z.

The Compton effect describes the scattering of photons on free electrons. The inci-
dent photon v; will collide with an electron giving rise of a photon and an electron.
The latter, called electron Compton, will acquire kinetic energy and the emitted
photon <, will be emitted with an angle 6 relative to the direction of the incident
photon [16]. The Compton electron is always projected forward therefore the 7,
photon can be back scattered. The Compton effect probability is almost indepen-
dent by the atomic number Z and it decreases as the photon energy increases.

The electron-positron pair production occurs for photons of high energy (E> 2m,c?
= 1.022 MeV). It takes place in the Coulomb field of the nucleus, the photon dis-
appears completely producing an electron and a positron, both having the same
mass and the same kinetic energy. The electron will be free and will be able to
bind to an atom, whereas the positron meeting an electron will annihilate itself by
transforming into two y photons with energies equal to 511 keV each and emitted
in the opposite way [16].

1.4 Amorphous silica and point defects

In this section are presented and explained the characteristics of silica, its struc-
ture and the point defects, ranging from pure to doped silica. We start by explain-
ing the structure and the features of the pure silica in crystalline and amorphous
state. Later, having introduced the variety of defects present in silica, we then focus
on the Aluminum, Phosphorous, Germanium and Fluorine related defects, which
are the main doping elements used in this thesis work.
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1.4.1 Silica structure

Silica (S5i0») is an amorphous compound of silicon and oxygen. It’s one of the
most exploited insulators in solid state physics thanks to its physical characteris-
tics and low manufacturing cost. It presents high transparency in a wide spectral
range (from the UV-visible to the NIR) and low conductivity due to an energy gap
of about 9 eV between valence band (VB) and conduction one (CB) [18-20]. The
silica is present in a great portion of the Earth’s surface so it is one of the most
widespread materials [21]. For these reasons silica finds applications in a lot of
fields, from electronics and chemical processing to technological applications like
optoelectronic devices and optical fibers [18].

In general the SiO, crystallizes in at least seven known compact polymorphs,
which, with the exception of one high-pressure form (stishovite), comprises net-
works of SiO, tetrahedra bonded to each other through an oxygen [19]. The atoms
are held together by covalent bonds and this structure is the unitary cell. The
structure and properties can be defined with few parameters and information can
be obtained through diffraction data [18, 22]. The most studied form in the field
of solid state physics is the a-quartz [18]. In a-quartz each tetrahedron is charac-
terized by an O — Si — O angle of 109.5° and an angle between two tetrahedron
Si — O — Si of 144° [18, 22]; in each tetrahedron the two long Si-O bonds are 1.6145
A, and the two short bonds are 1.6101 in length [23].

The crystalline network is characterized by a perfect structure defined by the
crystallographic unit cell plus translational symmetry [22]. So the structure can be
defined by few parameters and from diffraction data over a region of reciprocal
space it is not hard to determine uniquely the structure of a crystalline solid [22].

The a-quartz can be transformed into the vitreous state by rapid cooling of
the melt but the optical and electrical characteristics do not change a lot from the
a-quartz state [19], since the amorphous state has the same primitive cell than the
crystalline one [18, 19]. Anyway in the amorphous form, on the entire macroscopic
structure, the symmetry and periodicity properties are lost in large scale.

To describe the structure of the glass, different theories have been devised since
1835, the one that continues to be accepted is the Zachariasen’s random network
theory (RNT) [18, 21, 24]. According to this theory, the basic network is the same
both in glass and in crystal. The main difference lies in the non periodic structure
leading to a lack of order and symmetry in the amorphous form that is due to the
atoms randomly bounded.

Zachariasen’s ideas about a general oxide glass as the SiO;, can be summarised
by the following rules [21, 24]:

* an oxygen atom is linked to not more that two Si atoms;
¢ the number of oxygen atoms surrounding Si atom must be small;
* the oxygen polyhedra share corners with each other, not edges or faces;

¢ at least three corners in each oxygen polyhedron must be shared.

Generally the characterization of amorphous solid structures is based on three
ranges of interest: short medium and long. But for silica, it is more convenient to
examine four ranges [22].
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The first range includes the structural unit: the AX4 tetrahedron, which in the
case of silica A corresponds to Si and X to O, namely one silicon bonded to four
oxygen creating a tetrahedral structure. In this range the elements of interest are
the A — X bond length and the X — A — X bond angles (¢). Silicon is bound to four
oxygen with an angle of 109.5° (see fig. ) [25].

The second range includes interconnection of adjacent structural units of the
type described above. The structure adopted for silica is composed by two tetrahe-
drons of SiO4 bonded to each other through an oxygen. The second range involves
three variable parameters: A — X — A bond angle () and two torsion angles (x4
, &2) [22, 25], (see fig. ). In the crystalline structure the two tetrahedrons are
bound to form a precise angle (Si — O — Si of 144°) but not in the case in the amor-
phous structure, where this angle may vary between 120° and 180° involving a
random distribution in the tetrahedron orientation [22, 25]. Figure shows this
distribution normalized by the maximum bond angle.
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Figure 1.4: a) Interconnection between two structural units in silica in view of de-
scribing the bond angles (6, ) and torsion angles (a1 , a2). b) Distribu-
tion of the Si — O — Si (B angle) adapted from [25].

The third range involves lattice topology, which, for an amorphous structure,
may be completely specified in terms of “first neighbor” theory, by means of a first
neighbor table with values for each of the topological units present [25]. However,
because of the disordered nature of the matrix, this is clearly impossible for real
glasses and hence their network topology is frequently discussed in terms of the
shortest path ring statistics [25].

This structure is called ring and it is defined as the smallest loop that contains
a pair of Si-O bonds relative to a same silicon atom. The ring number is given by
the number of tetrahedrons participating in the ring formation[22]. The shortest
path ring statistics for « — quartz gives a ring number of 6 and 8, whereas for silica
is expected to exhibit a distribution of ring sizes [22]. Most of the rings have order
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n=6, but there are rings of order 3 and 4 whose vibrations can be easily observed
by Raman measurements [26, 27].

Finally, the fourth range is given by density fluctuations which give rise to
microhetereogenity on longer scale of the order of 10s of Angstroms [22].

In figure 1.5 is shown the Zachariasen’s random network diagram for a glass
composition A X3, here are also highlighted in black the first, the second and the
third range order labeled respectively by I, II, III.

Figure 1.5: Zachariasen’s original random network diagram (retraced) for a glass
composition Ay X3 adapted from [22], where A is designed by a small
orange circle and X by a large cyan circle. The roman numbers I, II,
III indicates the range order with the respective structural unit high-
lighted in black. SiO, may occur in the vitreous state represented by
this random network diagram, where Si is represented by small orange
circle and O by a large cyan circle.

1.4.2 Pure silica point defects

Ideal silica has a transparent region in the electromagnetic spectral range from
NIR to UV due to its wide band gap [18]. However this property can be corrupted
and the optical characteristics of silica may change as a result of manufacture pro-
cesses or radiation exposure. In fact, during the same material preparation an over
or under stoichiometry state could cause localized defectiveness due to the pres-
ence of more or less atoms with respect to the ideal lattice. In addition, the presence
of impurity atoms (atoms different from Si, O) is the origin of modifications of the
energy levels distribution with consequences on the optical and electric features
of SiO; [22]. Finally, as said extensively at the beginning of this chapter, for many
applications the material is exposed to ionizing radiation or particles; after this
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exposure its transparency is damaged due to the creation of radiation-induced de-
fects. Overall the defects (also named color centers) can be divided into intrinsic
and extrinsic defects. Extrinsic defects result from impurities, that is atoms that
should not be present in the glass matrix. The intrinsic defects involves erroneous
arrangements of S5i, O atoms, incomplete or broken bonds. Some of the basic va-
cancy interstitial type defects are reported in fig.

® a) ; b) c)
Si
®o ﬁ&‘ w;f.‘%. P

Figure 1.6: Vacancy interstitial type defects observed adapted from [28]. a):Oxygen
vacancy (“Si-Si” bond); b) Peroxy bridge (interstitial O); c) Divalent Si
(Sig center)

E’ center and oxygen deficient centers (ODC(I) and ODC(II)) belong to the fam-
ily of intrinsic colors centers in non doped silica, while POR (peroxide radical) and
NBOHC (nonbridging oxygen hole center) are typical colors centers in oxygen ex-
cess silica [22]. These defects are characterized by the presence of an unpaired
electron and therefore they are paramagnetic.

{ E’ center
The E’ center is a paramagnetic defect characterized by an unpaired electron in
the sp3 orbital of Si (= Sie), as represented in fig.1.7. Electron Paramagnetic Reso-

nance (EPR) measurements enabled to study several forms of E’ centers, they are
distinguished in E/, ES,E%, E. [29, 30].

The Eiy center is the most important and can be induced by UV, X, gamma and
neutron irradiation. It is characterized by an axially symmetric EPR line shape and
has a hyperfine structure consisting of an EPR doublet of 42 mT. On the structural
origin of this signal there were several issues, but two main currents can be distin-
guished: the first assumes that it is given by the interaction of an electron with the
nucleus of 2°Si, which makes E’7 the equivalent of E] in Crystalline silica [22]. The
second states that it is due to the hyperfine interaction of an electron with a proton,
but this theory was finally eliminated by the studies made by D.Griscom [22, 31].
Several works find a correlation between the optical absorption (OA) band of silica
at5.8eV and E/, EPR signal [22, 28, 30, 32].

Ty
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Figure 1.7: Microscopic structure of SiE’ center
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& ODC
ODC (I) (oxygen deficient center) is a diamagnetic defect which most accepted
model is the single relaxed oxygen vacancy: O=Si-Si=O (see fig.1.8) consisting in
bonding between two Si atoms. This defect is considered a precursor of many
types of E” centers. To this defect is assigned the optical band induced by radiation
at 7.6 eV, which was founded both in a-quartz and silica [28].

The ODC(II) is a diamagnetic defect consisting in a twofold coordinated Si
atom(II) with two electrons not involved in any bond (=Si:). The most accepted
steric model is represented in fig.1.5. This defect is responsible for an optical ab-
sorption band localized at about 5 eV that it is typically 102-103 times lower that
ODC(I) band at 7.6 eV [28]. The precise position of ODC(II) band depends on the
intrinsic or extrinsic character of the defect. In fact, the ODC(II) could be observed
in pure as well as in Ge or Sn doped silica [32]. Two photoluminescence (PL) bands
in at 4.4 eV and 2.7 eV are due to this defect, the first emission band is due to the
singlet-singlet transition with a lifetime of 4.2 ns, the second one is due to a triplet-
singlet transition with a lifetime of 10.2 ms [32] (see fig.1.8), this last band is also
observed by TL emission, as it will be reported in the results if this thesis.
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Figure 1.8: Models of oxygen deficient centers: (A) Relaxed oxygen vacancy or SiSi
"wrong bond", denoted also as ODC (I). (B): Probable structure of the
oxygen deficiency center ODC(II): twofold coordinated Si atom. (C)
Energy scheme for silicon-related oxygen deficient centers SiODC(II)
adapted from [32].

& H(I) center
In silica containing hydrogen, the ODC(II) are the precursor sites of the H(I) para-
magnetic centers. It is originated from the capture of a hydrogen in an ODC(II).
This reaction requires the presence of hydrogen that can be produced by the reac-
tion between a H2 and an NBOHC [22, 23, 33]. H(I) is the analogous of SiE’ center
but with an H atom instead of one O bounded to Si, as represented in fig.1.9. This
center present an optical absorption band at 4.9 eV [32].

<& NBOHC
NBOHC, non-bridging oxygen hole centers, (= Si — Oe) is a defect very common
in silica, consisting in a dangling bond of one of the oxygen bonded to silicon, as
represented in fig. . EPR work on irradiated bulk silica established that the
unpaired spin resides in the 2p-like non-bonding orbital of the terminal oxygen
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Figure 1.9: Models of twofold-coordinated silicon with a trapped hydrogen atom
or H(I) center.

atom of NBOHC. This signal is often related to wet OHC signal, because it is found
in wet (high-hydroxyl content) silica. There is a wide EPR and optical evidence
that NBOHC can be created by radiolysis of hydroxyl groups [19]:

=Si-O-HH-0-Si=+——=S—0Oe H—-0—Si=+He

However this reaction is not the only way to create NBOHC’s. Oxygen dan-
gling bonds may be created as well in "dry" silica, with have a negligible amounts
of SiOH and a tendency to O deficiency, by rupture of Si-O bonds of the glass net-
work (e.g. by fiber drawing or neutron irradiation [19]) which allow for creation
of pairs of SiE” centers and NBOHCs by the intrinsic mechanisms [34]:

=S5i—-0—-Si=r—=5i—0e e5i =

In glasses where this last process is favorable, E” centers often occur without
the complementary NBOHCs; however, the opposite situation, NBOHCs without
E’-centers, is highly unusual [34]. NBOHC present three optical bands at 1.9 eV,
4.8 eV and 6.8 eV [35]. The energetic scheme of absorption transition is reported in
fig. 1.10D.
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Figure 1.10: (a) Microscopic structure of NBOHC center. b) Energetic scheme of
absorption transition adapted from [36].

In this work from “ab initio” calculation, the band at 2.0 eV is attributed to tran-
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sition from the ¢ bond between Si and dangling oxygen to nonbonding 7t orbital
on the dangling oxygen. Skuja highlighted that the absorption of this defect light
in the UV spectral domain can be described by a semi-continuous band from 4 to
8 eV[34]. A luminescence band related to this defects was observed at 1.9 eV [37].
The OA and PL bands are reported in fig.

& POR

The POR (peroxy radical (= Si — O — Oe)) consists of a silicon bound to a molecule
of oxygen having a delocalized unpaired electron over antibonding 7t-type orbitals
of the O-O bond [22, 28] (see fig.1.11). It can be originated by the reaction of inter-
stitial O2 molecule with silicon dangling bond [28]. POR is best-characterized in
irradiated silica by EPR spectroscopy [28] whereas its optical properties are not
accurately known due to the close proximity of the POR and NBOHC absorp-
tion bands parameters. This complication, due to the fact that the bulk POR’s
and NBOHC's typically interconvert via adding or detaching O atom [38], often
causes complex changes in absorption spectra, including pseudobands formed by
difference spectrum of two close gaussians [28]. Anyway to silica surface POR is
assigned a large absorption band peaked at 5.4 eV and and one at 5.3 eV assigned
to the corresponding bulk defect[28, 32].
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Figure 1.11: Microscopic structure of POR center.

& POL

The POL (peroxy linkage = Si — O — O — Si = constituted by silicon atoms con-
nected via two oxygen atoms, is formed when interstitial oxygen atom associates
with the bridging oxygen both in a-quartz and in silica [28]. It is a diamagnetic
center usually associated with oxygen rich silica samples[28]. A weak absorption
band at 7.1 eV is associated to this defect [28], as well as the one at 3.8 eV [39] even
if the origin of this band is not clear and some works attribute it to the interstitial
chlorine molecule [40, 41]. A rapresentation of this defect is reported in fig.
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Figure 1.12: Microscopic structure of POL center.

& STH
Self Trapped Holes (STH) are metastable intrinsic defects in silica. They are respon-
sible for most of the optical loss in the IR part of the spectrum in fibers containing
few OH radicals [42]. Exist two variants of STH (STH1 and STH2), both are re-
ported in fig.1.13.

oe
SiQ
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J

Figure 1.13: Microscopic structure of (a) STH1 and (b) STH2 centers.

STHI1 can be found anywhere in the glass, due to the potential hole trapping
of the glass itself. While STH2 are much rarer because the precursor sites able to
trap holes to form these STH2, present a local structure of « quartz [42]. Both are
paramagnetic defects observable in EPR [43].

The optical absorption bands assigned to them vary considerably depending
on the nature of the glass, if this last is bulk or fiber. Sasajima et al. report bands
centered at 2.60 and 2.16 eV for STH1 and STH2 respectively in bulk samples [44].
The values established by Griscom in an optical fiber are lower, around 1.63 and
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1.88 eV respectively [43].

< OH-group
Finally the OH group which is an extrinsic H-related defect. It is characterized
by some optical bands in the NIR peaking at 1380 nm, 1250 nm, 1140 nm, 945
nm and 880 nm, which are overtones and combination mode of the fundamental
absorption band at 2.7ym [45].

A summary of the optical bands, luminescence excitation bands and emission
bands of defects cited above is reported in fig.1.14
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Figure 1.14: Resume of the most optical absorption, luminescence excitation bands
and emission bands of defect centers in synthetic silica (top) and on
the surfaces of SiO, (bottom); adapted from [32].

In addition, in Fig.1.15 is reported a representation of the optical absorption
bands related to pure sﬂlca defects usually observed in pure silica bulk samples
and OFs, which characteristic positions in energy and the FWHMs are the typical
found in literature [32].
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Figure 1.15: Normalized Absorption bands associated with different pure sil-

ica related point defect structures. Bands parameters adapted
from [32].

A deep investigation on RIA in pure silica core fibers (PSC) was made by Girard
et al.[46]. In this work a comparison between RIA after 1s of Xray pulse and during
r-rays (200 Gy dose and 3 mGy/s dose rate) shows that the contribution of self
trapped holes (STH) in the visible domain is more important in the RIA obtained
after Xray pulse, while is negligible the contribution of NBOHC at 1.9 eV. In both
RIA spectra anyway, the RIA level reaches 10~ 'dB/m at around 3.5 eV. The main
contribution of this RIA level is due to impurities of chlorine (Cl; and CI° AO
bands peaking at 3.7 eV and 3.2 eV respectively).

One choice to reduce the amount of chlorine and as consequence the loss in
the visible part of the spectrum due to these impurities, is to increase the Si-OH
group, and by particular preform deposition technique allowing the manufactur-
ing optical fibers with low-OH and low-Cl contents [46]. In this case, at MGy dose
levels, the main contribution to the RIA in due to the NBOHCs [46]. Furthermore,
to improve the radiation resistance response of PSC fibers, it is possible to make a
H2 loading treatment (technique explained in the following section). Some works
investigate this effects for ITER project or for space applications [47, 48] Concern-
ing the NIR domain, especially the two telecommunication windows at 1310 nm
and 1550 nm that retrieve most interest for applications in this domain, it has been
shown that O2-loaded fibers exhibit better radiation response that the standard
ones. In fact, the contribution of STH defects to RIA seems to be less for O2-loaded
fibers [49, 50].

In is worth to know that several works [51-53] report the presence of one long
wavelength non-Gaussian OA band peaking at the wavelength greater than 1.7
pum at doses higher than 10 kGy in PSC fbers, but also in Ge- and N-doped fibers
by several researchers [46, 52-54]. The behavior of this absorption is very similar
to that of low-temperature infrared absorption (LTIRA) discovered by Chernov et
al.[55] that is associated with inherent STHs, but even if both bands are peaking
around 0.6-0.7 eV and are non-Gaussian composed of a continuum of states, the
LTRIA component shows a very short lifetime [55], while the former band appears
very stable even at increased temperatures. Finally, few studies [56-58] also report
the possible presence of an OA band around 1 eV in PSC fibers which needs also
further investigations to be definitively associated to a defect structure.
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1.4.3 Al-related point defects

Aluminum, which is incorporated by substituting a Silicon site, is one of the
most abundant impurities in SiO;. It results in a hole trapped in an oxygen bridg-
ing an Al and a Si atom: Aluminum-Oxygen-HoleCenter (AIOHC). It is considered
to be the major structural origin of a "smokey" coloration in quartz [19, 23, 59, 60]
and the first study was interpreted in detail by o’Brien’s in 1955 [61]. Despite it
being such a dated study, over the years, not many studies are developed con-
cerning the optical properties of the defects related to Aluminum. Moreover the
majority of these studies focused on point defects created in sapphire (crystals) or
crystalline [23, 60]; only few of them are related to aluminum effects in amorphous
silica [62].

More recently several works demonstrate how the Aluminum may be used as
main doping element in silica optical fibers for dosimeter applications, because it
would lead to a high sensitivity ideal for some applications such as sensors [63—
65]. A recent work made by Alessi et al. [66], demonstrates that Al-doped fiber can
be good dosimeter in a certain usable range of dose and dose rate. In this work
in fact, all the Al-doped fibers tested present in fact a linear RIA kinetics up to 2-
3kGy(Si02) for different dose rates and even irradiation temperatures (from RT to
50°C).

In this context, the choice of Al was born in principle after some observations
of the RIA in erbium-doped amplifier (EDFA) used in space applications [18, 67—
70]. The Al was used as co-doping in EDFA devices but its radiation induced
defects resulted as the main causes of the high RIA level observed after the ionizing
radiation exposure in space that affects the optical properties of the amplifiers [63—
65].

To the aluminum are related two point defects: the AIOHC and the AIE’. In the
following are reported their structures and their optical characteristics.

<& AIOHC
The AIOHC is a paramagnetic center deeply characterized by the EPR technique[71-
73], which corresponds to a hole trapped in a non-bridging oxygen atom, as repre-
sented in fig. [20, 60]. The absorption bands are centered around 2.3 and 3.2 eV
[59]. A band at 2.5 eV, associated with this center has also been observed in quartz
[74].
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Figure 1.16: Microscopic structure of the AIOHC center.
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O AIE

AlE’ is another paramagnetic defect [72], it is the analogous of the E’ center but
with an aluminum substituting the silicon (see fig.1.17). This defect presents an
optical band at 4.1 eV [59, 75]. AlE’ centers are formed by trapping electrons at
neutral oxygen vacancies shared by two Al atoms [= Al Al =] [76, 77], or much
more probably at positively charged oxygen ‘pseudo vacancies’ [= Al *Si =][78].
It is worth noting the capture of an electron at such unit does not only lead to AIE’
centes [= Al® Si =], it can alternatively form a SiE’ center [= Al *Si =] [76-78].
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Figure 1.17: Microscopic structure of AIE’ center.

In fig.1.18 is reported the work of Hosono, in which optical absorption bands
induced by irradiation were examined in high purity synthetic 5iO; [59]. Gamma-
induced absorption signal was decomposed into 5-Gaussian bands peaking at 2.3,
3.2,4.1,4.9 and 5.8 eV (see fig.1.15b). The bands at 2.3 and 3.2 eV are assigned to
AIOHC, whereas to the AIE’ center is associated the band at 4.1. The allocation of
the band at 4.9 eV to one of these two defects is uncertain [59, 73, 79].
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Figure 1.18: (a) Changes in y-induced optical absorption spectra with
isochronal annealing.(b) Examples of deconvolution of spec-
tra, adapted from [59].
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Some optical absorption bands attributed to aluminum have been character-
ized in a sample of silica containing Al by N. Trukhin [80], where is shown how
the amount of Al may change the optical absorption spectra. In [73], are reported
several optical absorption bands due to induced color centers appearing under ArF
laser at 290 K which conversely are not present for irradiation at 80 K. In this work
[73] a thermally stimulated luminescence induced by ArF laser in Al-doped silica
is observed at 2.7 eV ("blue band") associated to the ODC defect. Trukhin et al.
pointed out the formation of AIOHC as a result of a cascade of reactions. Irradia-
tion with an ArF laser induces the trapping of holes on defects that were identified
as STH in an aluminosilicate glass at 80 K. The thermal relaxation of STH releases
holes that will diffuse into the matrix to trap on AI** ions and ODC, leading to the
formation of AIOHC and SiE’ respectively [73].

Regarding the TL recombination mechanism Mady et al.[77], with an experi-
mental approach combining the characterization of TL, RIA, and RIA annealing
during TL readouts, showed that the main annealing process involves the recom-
bination of thermally de-trapped holes with AIE” would thus reform Al-related
vacancies (called Al-ODC) and subsequently the main TL band at around 3 eV
which was assigned to these vacancies [77].

The main loss in Al-doped silica after exposure to radiation is in the UV-visible
part of the spectrum, due to AIOHC and AIE’ related optical bands. Girard et al.
showed that in Al-doped optical fibers the RIA at around 600 nm can reach 200-500
dB/m after 200 Gy dose of X-rays radiation [46].

In fig. are reported the main optical absorption bands related to Al-doped
silica defects.

Al-doped silica related color centers
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Figure 1.19: Normalized Absorption bands associated with Al-related point
defect structures. Bands parameters adapted from [59].

1.4.4 P-related point defects

The choice of phosphorous as dopant in silica glass involves several advan-
tages in optical fibers use: P doping increases the refractive index of silica, reduces
its melting temperature [22] and changes its viscosity during the fiber drawing.
Another important property of P- doped silica is the increase of the solubility of
rare-earth ions with the consequent minor risk of cluster formation respect to the
aluminosilicate glasses [81].
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From an optical point of view, it is known that P-doped optical fibers are very
sensitive to radiation and for this reason they are widely used in sensors or dosime-
try applications [82, 83].

One of the first and most complete work on P-doped samples was made by
Griscom in 1983 [84], on the basis of optical absorption and EPR studies; while a
recent deep investigation of the radiation effects in P-doped silica has been done
by di Francesca et al. [85].

The major defects related to P-doped silica glasses are presented in fig.1.20,
where one can see the stochiometric structure of the defects, the precursors, the
carrier trapping mechanisms and the structures of the defects arising from the dif-
ferent possible mechanisms. The last line report the nomenclature of the different
defects. The structure and the main optical characteristics of these defects are re-
ported below.
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Figure 1.20: Phosphorus related radiation induced defects and the inferred precur-
sor structures in a P,Os — SiO; glass. Adapted from ref.[84].

¢ P1
P1 consists in a P atom with an unpaired electron and bonded with three oxygen
atoms. This defect, characterized by an absorption band at 0.78 eV in the NIR [84,
85], is considered as the analogue of the SiE’ center. This analogy comes from their
similar structure, since the P1 formation, shown in in the upper branch of Figure

, would be due to an hole trapping from the P,O3 molecule [84].

O P2
P2 is considered as the equivalent of the [PO,4]° center in phosphorus-doped «
quartz [84]. In a SiO; — P,Os glass, this same defect would be defined as silicon-
substituted phosphorus. Since P has a higher valence (+5) than silicon (+4), such a
precursor defect would provide a coulombic trapping potential for an electron. On
this basis, P2 has been ascribed to a silicon-substituted phosphorus in silica tetra-
hedron, which has trapped an electron [84]. This defect is linked to an absorption
band at 4.5 eV [84].
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Figure 1.21: Model for the formation of the P1 and P4 centers by hole and electron
trapping, respectively, at the site of a three-coordinated P3* precursor
structure.

& P4
P4 is characterized by a P atom bonded with two oxygen ones and attached to a
lone pair and an unpaired electron [84]. A potential precursor of P4 defect would
be a trivalent phosphorus ion (P?>*) bonded to three bridging oxygen atoms. It is
described by the figure 1.21 in which an electron is trapped by the precursor defect
forming the P4 [84], but another possible precursor of the P4 is the twofold coor-
dinated P, where a hole trapping gives rise to the conversion into P4 [84] (Figure
1.20). This defect is characterized by an absorption band located at 4.8 eV.

< POHC POHC is a P atom bonded to four atoms of oxygen with an unpaired
electron. If the unpaired electron is located on a non-bridging oxygen the POHC
defect is in the metastable configuration ("POHC), while, if the unpaired electron is
shared by two non-bridging oxygen atoms, the defects is in a stable configuration
(*POHC). A representation of both configurations is reported in fig.1.22.
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Figure 1.22: Microscopic structure of POHC metastable (1) and stable (2).
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In the past, it was thought that the metastable form of POHC was unstable at
room temperature, but successive studies have shown that this is not correct [86].
To this defect are associated several bands in the UV-visible range located at 2.2,
2.5,3.2and 5.3 eV [84]. A work made by Chan et al. attributed a photoluminescence
band at around 2.1 eV to the POHC centers [87].

In Figure are reported the main absorption bands associated to P-related
defects in doped silica. It is worth to know that a strong optical absorption bands
related to P defects appears only after irradiation.
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Figure 1.23: Normalized Absorption bands associated with different P-related
point defect structures. Bands parameters adapted from [84].

As reported in Fig. the P1 band is located in the NIR around 0.78 eV with-
out any overlap of other bands. This absorption property may compromise the
fiber performances in radiation field applications; especially during the recovery
process, when a decrease of POHC centers and the increase of P1 defects has been
observed [88, 89].

Concerning the potential dosimetry application of P-doped optical fibers, a
work made by di Francesca et al. [85] showed that the drawing conditions does
not affect the radiation response of this kind of fibers in the UV-vis domain. In
addition, studying the radiation response in the NIR together with EPR measure-
ments, it has been shown that the creation of P1 defect is promoted by the increase
of temperature up to 280°C. As said before, P1 defect is associated with an absorp-
tion band which is the main source of optical losses in the NIR domain in irradiated
P-doped OFs, so this result is particularly relevant for the dosimetry applications
[85]. The RIA in P-doped silica optical fiber is very high in the visible domain,
reaching 100dB/m after an irradiation dose of 200 Gy [46]. The main contribution
to this RIA comes from the POHCs defects in the UV-Visible and from P1 in the
NIR [46].

1.4.5 Ge-related point defects

Germanium has been used as dopant in silica for decades and is widely used to
realize different optical devices. Several reasons justify this choice. First of all, ger-
manium increases the refractive index of silica glass that is an important property
used to realize OFs for telecommunication; then Ge increases the photosensitivity
which is an important property that offers the possibility to induce variations of
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the refractive index of the material using radiation [22, 31]. In addition, the second
harmonic generation (SHG) was observed in Ge doped silica [22, 31]. SHG was
observed for the first time in 1985 by Osterberg and Margulis. In their experiment
they injected pulsed light at 1064 nm from a Nd:YAG laser in a germanosilicate
OF and they observed the generation of light at 532 nm with an intensity growing
with the exposure time to the Nd:YAG laser. Concerning the dosimeter purposes
in radiative field, it has been shown that germanium doped silica fibers have ther-
moluminescence properties that make them an excellent TL-mode detector in ra-
diotherapy and in nuclear facilities too [90]. The main characteristic TL features of
Ge-doped fiber to be a good TL dosimeter (TLD) is its high sensitivity to all types
of radiations (X-rays, y-rays, neutrons, . ..), [91]. Ge belongs to the same chemical
group of Si, therefore in nature germanium dioxide GeO; as crystalline structure,
or "germania" as amorphous structure, exists as fundamental unit. it is character-
ized by a tetrahedron with a Ge atom at the center and four oxygen atoms at the
vertexes. As for silica, it was shown that the continuous random network (CRN)
method can be applied to describe the germania structure too [22]; but in the GeO»
structure, the distribution of O-Ge-O angle is narrower than the O-5i-O one of silica
(about 132°), and the length of Ge-O bonds is about 1.7 A [22]. As a consequence
of the above similarities, when a SiO, glass is doped with germanium, the atoms
of the latter mainly replace those of silicon in the tetrahedral fundamental unit.
The exposition of the Ge doped silica to ionizing radiation induces the generation
of several optical absorption bands [31]. Given that Ge atoms are incorporated in
silica mostly as substitution atom to Sj, it is natural to expect that some of silica
intrinsic defects would have their Ge-modified counterpart in which the Si atom
has been substituted by a Ge one [22, 92]. In the following we report the main
defects usually found in a Ge silica glass and their optical properties; a normalized
representation of the Ge-related typical absorption bands is reported in Fig.
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Figure 1.24: Normalized Absorption bands associated with different Ge-
related point defect structures. Bands parameters adapted from
[31].

& Ge(1)

Ge(1) is a paramagnetic defect consisting of an electron trapped on a tetra-coordinated

Ge atom (see fig.1.25). The electron trapping is followed by a structural reorganiza-
tion [31]. Itis characterized by an absorption band at 4.5 eV [31]. The concentration
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of Ge(1) is independent from Ge content for low doses of irradiation [31].

Figure 1.25: Microscopic structure of Ge(1) center.

& E'(Ge)
GeE’ is a paramagnetic center where the Ge atom is three-coordinated, forming
three covalent bonds with three different O atoms, and it has an unpaired electron
in a sp> orbital (see fig.1.26). It shows the same structure than SiE’ defect and
presents an absorption band at 6.3 eV [22] .

Ge #

Figure 1.26: Microscopic structure of GeE’ center.

¢ GLPC
The germanium lone pair center (GLPC) is a diamagnetic defect that consists of
a germanium atom linked to two oxygen atoms by single bonds and with a pair
of electrons not involved in any bond (lone pair). This defect is associated with a
band centered at 5.2 eV, the so called Byg band [93]. It was shown in several works
[94-96] that under UV and Xray radiation, the concentration of GLPC decreases
with the creation of other absorbing and species. Furthermore, this defect has the
same structure of ODC (II) and has two photoluminescence bands peaked at about
4.3 and 3.2 eV [32, 93], this last band is observed also by thermoluminescence [90,
94]. A microscopic structure of GLPC and SiODC(II) center is reported in fig.1.27.



1.4. AMORPHOUS SILICA AND POINT DEFECTS 27

oe Ay ce

- ¢

Figure 1.27: Comparison between the structures of A) GLPC center and B)
ODC(II).

O Ge(2)

Ge(2), would be, according to some part of literature, a positively ionized GLPC
(GLPC™) but its stucture is still debated [97], as well as its attribution to an absorp-
tion band at about 5.5-5.8 eV [97].

In the literature there exist three different models describing the structure of
the Ge(2) defect. In addition to the first one, namely the ionized GLPC [94], an
other model considers the Ge(2) as a variant of the Ge(1) [78], and the last one and
more recent based on simulation modeling, proposes that the Ge(2) is a variant of
the E’(Ge) and that it can be generated after the ionization of a GLPC [98].
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Figure 1.28: Comparison between two structures of Ge(2) A) the ionized
GLPC type and B) the structure similar to the Ge(1).

In the perspective of exploiting the Ge-doped silica OFs applications, a large
interest in exploring co-doping with other elements has been developed. Some
studies related to F-co-doping in germanosilicate OFs have been that the use of
Fluorine as co-dopant can reduce optical losses and their on the drawing param-
eters [99-101]. Moreover, concerning the response of Ge-F OFs to radiation expo-
sure, it has been highlighted that F can reduce the radiation induced losses acting
as terminator of some preexisting precursor defects (like GLPCs) [102, 103].

Unlike what happens in pure silica or in Al-, or P-doped silica materials, in
Germano-silicate fibers or preforms the presence of point defects is observed be-
fore and after irradiation. OA and PL signatures of GLPC and Ge-NBOHCs were
observed before exposure to radiation [94, 104]. From a known work by Fujimaki
[94], is reported in fig.1.29a the optical absorption of a Ge-doped silica sample be-
fore (solid line) and after the KrF excimer laser irradiation (dashed line). One can
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see that the band located around 5.1 eV and related to GLPC occurs before irradi-
ation, while after exposure there is an increase of the optical absorption intensity
at around 4.5 and 5.8 eV. These two features are well shown in fig. , where is
reported the radiation induced absorption spectrum with its decomposition into
gaussian bands. One can see the presence of Ge(1) at 4.5 eV, Ge(2) at 5.8 eV. The
negative band at 5.1 eV corresponds to the decrease of GLPC centers after irra-
diation. This last particular feature can be explained by the fact that GLPCs are
present in the native fibers as precursor sites for generation of Ge(1) and Ge(2)
defects under irradiation [105]. Therefore the GLPC concentration decreases with
irradiation, explaining their absence in the RIA spectra [106].
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Figure 1.29: (a) Absorption spectra of a Ge-doped silica sample with Ge contents
of 1.0% mol before (solid line) and after (dashed line) the KrF excimer
laser photon irradiation. (b) Radiation induced absorption spectrum
with its Gaussian decomposition. Adapted from [94].

The typical photoluminescence spectrum of Ge-doped silica fiber excited at 325
nm is reported in fig.1.30. The two bands located around 400 nm and 650 nm are
assigned to GLPC and NBOHC defects respectively [104].

Defects such as GeE” and Ge(2) absorbing in the UV do not give a huge con-
tribution to the RIA in the NIR-VIS spectral range, while the largest contribution
is due to the Ge(1) defect. In addition to Ge(1), GeX and GeNBOHC centers were
also observed in the RIA during steady state X-, y-rays or neutron exposure [107,
108].

A work made by Girard et al. [46] pointed out by the RIA spectrum, the pres-
ence of metastable defects at 3.28 eV in Ge-doped multimode fiber after X-rays
pulse, using a dose of 200Gy(SiO2) and a dose rate of IMGy/s. He concluded
that these defects strongly contribute to the RIA at high irradiation dose-rate or
low temperature. In the infrared part of the spectrum the RIA in Germosilicate
OFs are still unknown [46]. It was observed just a band at 1.38 eV, attributed to
a Ge-related defect called GeY, whose structure still remains unknown and which
require further investigations [46].
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Figure 1.30: Photoluminescence spectrum of the core of an irradiated Germanosil-
icate fiber excited at 325 nm. Adapted from [104].

1.4.6 F-related point defects

Fluorine is a particular doping element in optical fiber use because it decreases
the refractive index of silica [109]. In fact in optical fiber design F is generally
inserted in the core of a pure silica fiber to guide the light. F-doped fiber has good
resistance to radiation compared to that of other Ge, P or rare-earth doped fibers
[110]. For this reason F is used as dopant in radiation hardened fibers and there is
a strong interest in exploiting the design of this kind of fiber. In fig. is reported
the F2-lased-induced absorption spectra of F-doped silica samples with different
amount of F [111]. Intensity of the absorption spectrum above 4 eV and then the
mainly defects induced by irradiation (SiE” and NBOHC) is drastically reduced
when increasing the F content in the samples [111].
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Figure 1.31: Optical absorption induced by F2-laser irradiation on F-doped silica
changing the F content, adapted from [111].

In fact, the main effects of this dopant in the silica matrix is to reduce the defect
precursors of the SiE” or NBOHC, such as Si-O strained bonds [86, 111, 112], as
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represented in fig.
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Figure 1.32: Schematic illustration of relaxation of glass structure by fluorine dop-
ing, adapted from[113].

The fluorine is incorporated in the silica matrix as Si-F group, instead of the
usual Si-O for silica. The replacement of a single bringing oxygen atom with a ter-
minal fluorine results in the formation of SiO3 ) F tetrahedra, but for glasses con-
taining more than 1wt% of fluorine a small amount of fluorine is bonded to silicon
atoms containing four bridging oxygen atoms, resulting in a five-fold coordinated
silicon as SiOy /o F [112].

Some effects of F doping are: the quenching of distinct color centers absorbing
in the edge region; the reduction of the structural disorder thanks to the breaking
up of the strained bonds in the glass network; the increase of the band gap due to
the Si — F bond, since it has a higher energy respect to the Si — O bond in silica;
and reducing the viscosity of the glass making it easier to reach a lower fictive glass
temperature [114].

In a work carried out by K. Arai ef al.[115] it was quantitatively studied the gen-
eration of defect in F-doped low-OH silica glasses as a function of both the F con-
centration and the dose of yrays. It was found that F doping effectively removed
=S5i-Cl bonds without introducing ODCs or =Si-H. Furthermore the concentration
of E” centers decreased steeply with the increase of F content, while the one of
NBOHC still remains the same [115]. By removing the precursors of the E” center
it was revealed that the E” center formed intrinsically is generated in a pair with
the NBOHC ones [115].

In 1993, Kyoto et al. showed by spectroscopic techniques that the absorption
band at 7.6 eV in high-purity silica glass is removed with the addition of fluorine
[116]; giving the glass more excellent transparency in UV and V.U.V spectral re-
gions. It was found that -5i:Si- defects in silica glass could be perfectly removed
during fluorine incorporation and the best UV-V.U.V , transparency occurs in F-
5i0O; glass with 1 wt % fluorine content. Furthermore, this high transparency is
maintained even under high-energy irradiation such as by an ArF excimer laser
(6.4eV)[116].

More recently Girard et al. [110] studies on both radiation and H2 loading ef-
fects on F-doped silica based OF, showed an increase of the RIA in the UV part of
the spectrum (200-300 nm), this loss is due only to Si related defects, whereas in
the visible part it is related to some absorption impurities such as Cl (2-4 eV) [110].

To resume all the optical properties of the samples studied in this thesis, in
tig. and table are reported the colors centers related optical absorption
bands with their parameters and referencies.
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Figure 1.33: Main absorption bands in pure, Al-, P- ,Ge- doped silica.

center name x. (eV) FWHM (eV) f ref.

SiE’ 5.8 0.7 0.4 [32]
1972 017-0.18  15e-d-de-d [22]]32]

NBOHC 4.8 1.05 0.2 [32]

6.8 1.76 0.05 [35]

SiODC 7.6 0.5 - [32]

SiODC(IT) 6.9 0.4 0.1-0.3 [32]

23 0.9 0.06 [59]

AIOHC 3.2 1.0 0.124 [59]

, 4.1 1.02 0.214 [59]

AlE 49 1.08 0.167 [59]

2.2 0.35 0.5 [84]

POHC 25 0.63 0.5 [84]

5.3 0.74 0.5 [84]

POHCm 3.1 0.73 0.5 [84]

P2 4.5 1.27 0.035 [84]

P4 4.8 0.41 0.014 [84]

GeX 2.61 0.97 - [46]
Gel 44-44 1-14 0.15-042  [97]-[117]
Ge2 5.8 0.9 0.6 [97]-[117]

GeODC 5.15 0.41-0.46 0.07-0.12 [94]

GeE’ 6.2 0.8 0.7 [97]

Table 1.3: Main absorption bands parameters in pure, Al-, P- ,Ge- doped silica.
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1.5 Optical fibers (OF)

This chapter ends with a section on the optical fibers, explaining briefly their
structure and the physical processes involved in their operation, such as the mech-
anisms of light propagation and the optical loss Finally we focus on OFs fabrica-
tion, in particular on the MCVD process, since it is the technique used to manufac-
ture the samples for this thesis work.

1.5.1 Optical fibers structure

An optical fiber (OF) is typically a cylindrical dielectric waveguide that oper-
ates at optical frequencies, from Ultraviolet (UV) to Infrared (IR) range [6, 118,
119]. It confines the light in one of the specific parts, called the core and guides it
in a direction parallel to its axis. The basic structure of an optical fiber is a solid
dielectric cylinder called the core, with a refractive index (or simply index) 1y, sur-
rounded by a solid dielectric cladding with a refractive index n;. 1>, being smaller
than n; so as the optical signal propagation occurs in the core through successive
reflections on the separation surface between the core and the cladding [6, 18, 118].
Furthermore an external coating covers the fiber, it is an elastic, abrasion-resistant
plastic material. This material adds strength to the fiber and buffers it from small
irregularities and distortions [18, 21]. The core material is generally pure SiO,,
while cladding can be made by either a glass or plastic [18, 118]. In fig. we can
see the basic structure of an OF.

Coating
Cladding
' Core

Figure 1.34: Basic design of an OF.

The refractive index is a fundamental parameter for the light propagation in an
OF. In view of this the change of the index can be obtained by opportune chemical
composition of the material [21]. As we can see in figure , doping silica with
germanium or phosphorous, as well as with aluminum, increases the refractive
index; unlike fluorine or boron doping, which induce a decreases in the refractive
index [6, 18, 106, 118]. These doping elements are usually employed to oppor-
tunely change the refractive index in the core or in the cladding and guide the
light.
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Figure 1.35: Variation in refractive index as a function of the dopant and its con-
centration in silica glass, adapted from [118].

1.5.2 Light propagation in OF

To describe the light propagation in an OF we can use two approaches: one con-
sists in using the concepts of electromagnetic modes and the other is the geometric
optics in the small wavelength limit [6].

Propagation properties of light inside an OF, in a rigorous way, are obtained
by solving the wave equations for the electromagnetic field [6]. The solutions are
expressed in terms of waveguide modes, which are the electromagnetic field spa-
tial configurations that maintain their intensity profile during the propagation [6].
With the other method we can study the propagation of light in terms of rays obey-
ing to the geometric optics [6].

Despite these two different methods and the great difference between the con-
cept of light rays and that of a mode, we can find qualitatively the relationship
between them. A guided mode can be decomposed into a family of superimposed
plane waves forming a standing-wave pattern in the direction transverse to the
fiber axis [118]. The family of plane waves in a particular mode forms a set of rays
(rays congruence), in fact we can associate to each plane wave a light rays per-
pendicular to the phase front of the wave [118]. Since only a certain number M of
discrete guided modes exists in a fiber, the possible angles of the rays congruence
corresponding to these modes are also limited to the same number M [118], al-
though a simple rays picture appears to allow rays at any angle less than a critical
angle to propagate in a fiber [18, 118].

Some parameters of the fiber like the diameter of the core, the size of the cladding,
the refractive index profile and also the signal wavelength, determine the char-
acteristics of the mode propagating in the OF. If a fiber sustains only one mode
(fundamental mode) of propagation, it is a single mode (SM) type. Generally typ-
ical SM OFs have core diameters of 8 ym and a small refractive index difference
between the core and the cladding (~ 0.3%)[18, 118]. Whereas if the fiber drives
many hundreds of modes it is a multi mode (MM) fiber. MM OFs have large core
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diameters (> 40 ym) and larger refractive index differences [118].

Multi mode fibers offer several advantages compared to single mode ones, the
larger core radii make it easier to launch optical power into the fiber and facilitate
the connecting together of similar fibers, but a disadvantage of MM OF is that they
suffer from intermodal dispersion [118]. In fact, the optical power traveling in the
OF is distributed over all of the modes of the fiber and each of them travels at a
different speed. So the modes in a given optical pulse arrive at the end of the fiber
at different time, this intermodal dispersion can be reduced by using a graded-
index profile in the fiber core as is reported further on [120].

In the geometrical representation, the fiber can guide the light if the angle
formed by the incident light and the fiber axis (¢) is less than

o8~ (M2yre = Metadding) (1.4)
where 7. is the refractive index of the core and 71¢/444ing is that of the cladding.

This is the case of a total internal reflection. Eq (1.4) is directly obtained from the
weel-known Snell Law [6].

In general many modes will be possible, and a parameter V determines the
number of modes propagating in the OF. V is the normalized frequency or V-
number, it is a dimensionless parameter that determines the number of modes that
a fiber can support [118]. It is related to the numerical aperture (NA) characteristic
of the fiber and to the wavelength A, by the equation

Tr
V = 27 \/(n%ore - ngladding> (15)

where NA = \/(n%m = nf,adding) and 7 is the core radius [118]. If V<2.4 a single

mode will propagate, if V>2.4 N modes will propagate, where N=V72 [18].

It is worth to note that the single mode behavior depends on the wavelength
and the separation between the single mode from the multimode region is defined
by the critical wavelength called cutoff wavelength.

From eq. (1.5) it is easy to see that the theoretical cutoff wavelength is given by

Athe = 2—‘77NA (1.6)
with V=2.4 for step index fiber. At this wavelength only the fundamental mode
should propagate in the fiber [118]. So also multimode fibers can have a single
mode behavior if the wavelength is near the cutoff wavelength [18].

Changing material composition of the core it is possible to realize different fiber
types. When in a fiber the refractive index of the core is uniform throughout the
core and undergoes an abrupt change at the cladding boundary [118], it is a typical
step-index fiber and it is schematically represented in fig.1.36. A graded-index
fiber core is rather characterized by a refractive index made to vary as a function of
the radial distance from the center of the fiber [18]. This last profile is necessary to
obtain a good output pulse. In fact, a multi mode fiber is affected by multimodal
dispersion and the shape of the signal is then distorted. This effect can be reduced
by producing a graded index [18, 120]. An example of this consists typically of
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a smooth parabolic increase of the refractive index in the core of the OF which
reaches its maximum in the center of it as shown in fig.

Cross Index Input Output
section profile pulse bulse
Multimode [~ S
step index SE— 2
o . A e A /\_
v/ v o L
Multimode
graded e ——Vat
e =
KRV RS
Single mode
step
index
I~ v o |~

Figure 1.36: Structure of optical fiber showing light trajectories for different refrac-
tive index profiles and output signal degradation, adapted from [120].

As mentioned before, the propagation of light is described in a rigorous way
by the waveguide representation. Thus, it the propagation of optical field in fiber
is governed by Maxwell’s equation for a linear isotropic material having no currents
and free charges[118]. With a deep and long procedure it is possible to obtain the
following equation of the electromagnetic field E for our system [6]

~ VE+n?(w)k3E =0 (1.7)

where n is the refractive index and kg is the free-space wave number defined as
27t/ A. A is the vacuum wavelength of the optical field oscillating at the frequency
w [6].

1.5.3 Optical loss

When the light travels in an OF, launched by the emitter, it is important that
the signal remains the same and arrives to the receiver without optical loss and
distorsions. Typical distortions of pulses of light traveling through a fiber with a
given refractive index profile of the core are already reported in Fig.

The signal attenuation or fiber loss is another important property that deter-
mines the maximum number of signal amplifiers needed between a transmitter
and a receiver. The attenuation depends on the wavelength of the transmitted
light [6] and is due to several mechanisms which are reported in fig. where is
shown a typical attenuation spectrum of silica-based OF.

The most important losses are [21]:
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Figure 1.37: Typical attenuation spectrum of silica-based OF. Wavelength depen-

dence of several fundamental loss mechanisms is also shown by dot-
ted curves, adapted from [121].

The fundamental absorption bands of the pure glass occurring in IR and UV
regions and their tails. The UV-tail first one arises from absorption of light
associated with the electronic transition in the UV spectral domain between
valence and conduction band electronic states, the IR tail arises from the ab-
sorption of light due to the vibrations of atoms as well as some impurities
like hydrogen [18];

the absorption resulting from the presence of impurities such as transition
metal atoms occurs in the wavelength range between 0.6 and 1.6 ym;

absorption due to the presence of water vapor, presents as -OH group in
the glass [21]. A vibrational resonance of the OH ion occurs near 2.73 ym.
Its harmonic and combination tones with silica produce absorption at the
1.39, 1.24 and 0.95um wavelengths, respectively the first, second and third
overtone [6, 21];

absorption due to atomic defects induced by irradiation or by manufacturing
process damages;

Rayleigh Scattering.

The first four loss mechanisms reported above are related to the material ab-
sorption, while the Rayleigh scattering, arises from local fluctuations density that
lead to a random ones of the refractive index. This contribution in optical loss in
silica takes a form varying as C/A* where C is a constant depending on the com-
position of the fiber core [6].
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Finally in an OF, as shown in fig.1.37, the structural imperfections at the inter-
face between the core and the cladding, causes a net attenuation in all the wave-
lengths [6]. Other processes cause signal loss: radiative losses that depend on the
perturbation in the fiber geometry; bending loss caused by curvature of the fiber,
and core/cladding losses that affect the modal coupling between the core and the
cladding [18, 122]. A quantitative expression that is widely used to calculate the
optical loss a(dB/km) in an OF [6] is described by the equation (1.5):

_ 10 P out
a(dB/km) = T log < 2 > (1.8)
where P, is the power launched at the input end of a fiber of length L and P, is
the output power.

1.5.4 Absorption

Light propagating inside a medium can undergo some processes that give rise
to an attenuation of its initial intensity. So when we measure the transmitted light
in an OF, the number of photons initially impinging on the sample could be re-
duced due to the energy absorption process. In the case of a silica matrix, this
process is due to the presence of defects that introduce new electronic levels in the
energy bandgap of the material [6, 118, 123]. The absorption coefficient « can be
derived from Lambert-Beer’s law [124], which states that, if a beam of light passes
through a sample of size d, the relationship between the incident (Ip) and the trans-
mitted (I7) intensity of the light is [124]

It = Iy exp*“d =1 exp*”Nd (1.9)

where ¢ is the cross section of the absorbing centers and N is their concentration.
If both the absorption coefficient « and N of the absorbing species are known, o
can be obtained as:

c=ua/N (1.10)

According to equation (1.9) it is simple to obtain an expression for the absorp-
tion coefficient that in OF applications is expressed in dB/m:

n = —?logﬁ (1.11)
Since « depends on A and on the absorbing centers concentration, the absorption
effect could be induced by the introduction of defects generated by irradiation. The
radiation induced absorption (RIA) measurements is based on this principle and
by this technique we can measure the attenuation during irradiation processes and
evaluate the concentration of induced defects. A useful quantity related to absorp-
tion data is the oscillator strength f of the electronic transition from an initial state to
a final one [22]. This is a dimensionless quantity defined as the ratio between the
integrated absorption over an experimental band at w and the theoretical absorp-
tion calculated approximating the atomic system as a charged harmonic oscillator
with frequency w and is related to the electronic dipole moment between initial
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and final state [22, 124, 125].

The oscillator strength can be expressed by different expressions, one of which
is the Smakula’s formula, that gives a quantitative relation between f and the
experimental quantity a;,,, (the absorption band amplitude at its maximum ex-
pressed in cm~1)[22]:

Eo 2 MeC
Nf=n <Eeff> ar TA (m) (1.12)
where n is the refractive index of the medium, Ej is the electric field in free space,
E.fy is the effective electric field acting on the defect (their ratio in Smakula’s for-
mula is the effective field correction due to the polarization of the medium sur-
rounding the defect caused by the incident light), I is a numeric coefficient, which
depends on the bandshape, A is the halfwidth (FWHM) of the absorption band ,
m, is the electron mass, e the electron charge, c the velocity of light in vacuum and
i the Planck constant[22].

For a Gaussian lineshape this formula can be related directly to the experimen-
tal parameters A and a5y [125]

Nf = 0.87 x 107 naya A/ (n? +2)?(eVem™2) (1.13)

Using this formula it is possible to determine the oscillator strength associated
to given point defects. On the other side by optical measurements, knowing the
oscillator strength, it is possible to derive the defects concentration and to study
their optical properties, as well as their mechanisms of generation by irradiation.

1.5.5 Glass and fiber fabrication

Glass is typically made by fusing mixtures of metal oxides, sulfides, silicates
or selenides [21]. Concerning silicate glasses, on the basis of the manufacturing
features and on the concentration the most diffused impurity, the OH group, we
can define four type of silica [125, 126]: natural and synthetic, each of them can be
dry and wet.

The Type I is natural dry, it is made by fusion of quartz powder by electric arc
in a crucible in vacuum or inert gas atmosphere at low pressure. The amount of
OH content is less than 30 percent by weight ((OH] < 30 ppm), other impurities
are usually less than 10 ppm.

The natural wet is Type Il silica, it is a flame fusion of quartz powder in water
vapor atmosphere. The [OH] content is 150 < 400 ppm; other impurities are less
than the starting material since some of them are volatilized in the flame.

To the synthetic type of silica belong the Type III (wet) and Type IV (dry).
Type III is obtained by hydrolysis of pure silicon compounds, usually SiCly, in-
jected in gas-phase into a hydrogen/oxygen flame, the compound is then trans-
formed by the flame into fused drops of SiO;. In this type of silica we found
[OH] > 100 ppm while other impurities content are negligible since the starting
material contains much less impurities than the natural quartz.

Finally the Type IV is the result of a reaction of O, with SiCl in water-free-
plasma. [OH] content is very low, less than 1 ppm but it is possible to find another
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relevant impurity: [CI] ~ 100 ppm [125, 126].

The manufacturing processes in glass for optical wave-guides can be distin-
guished in two basic techniques: the vapor phase oxidation process and the direct-
melt method. The direct method follows traditional glass making procedures where
optical fibers are made directly from the molten state of purified components of
silicate glasses [21, 120, 127]. In the vapor phase oxidation process, highly pure va-
pors of metal halides (like SiCly, SiF;) react with oxygen to form a white powder
of SiO, particles. The particles are then collected on the surface of a bulk glass by
one of different commonly used processes and are sintered (transformed to a ho-
mogeneous glass mass by heating without melting) by one of various techniques
to form a clear glass rod or tube [18, 21, 127]. This tube is called preform. It is
typically around 10 to 25 mm in diameter and 60 to 120 cm long and has the ra-
dial refractive index profile which reproduces, on much larger scale, the refractive
index profile of the final OF [118].

The preform can be produced by several techniques: Outside Vapor Deposition
(OVD), Modified Chemical Vapor Deposition (MCVD), Vapor Axial Deposition
(VAD), Plasma Chemical Vapor Deposition (PCVD) and Surface Plasma Chemi-
cal Vapor Deposition (SPCVD) [106, 120, 127]. In MCVD process, as represented
in Fig. , high-purity gas mixtures are injected into a rotating tube which is
mounted in a glass— working lathe and heated by a traversing torch. A homoge-
neous gas—phase reaction occurs in the hot zone created by the torch to produce
amorphous particles which deposit downstream of the hot zone. The heat from
the moving torch sinters this deposit to form a pure glass layer. The torch is tra-
versed repeatedly to build up the core or the cladding coat by coat [120]. One can
see some pictures of this process used at INPHYINI in fig.

Composition of the gas and process conditions can change in order to produce
different kinds of glass layers, according to the type of fibre to be manufactured
[128]. In the laboratory installation only germanium, silicon, phosphorus and flu-
orine can be brought in gas form, the other dopants will be brought in by solution.
The porous will be immersed in an aqueous or alcoholic solution containing the
dopants like Rare Earth or transient metals. Following this soaking the preform
will be dried before being annealed to vitrify the deposit.

At the end of the glass deposition, a collapse phase is started: the tube’s in-
ternal hole is progressively reduced by successive slower burner passes at higher
temperature (1800 — 2000°C), due to the action of surface tension when the high
temperature lowers the viscosity of the glass, until a solid cylindrical rod is pro-
duced, with a refractive index profile correspondent to the final optical fiber profile
[128]. With the MCVD process the amount of [OH] content is about 0.03 ppm [128],
this makes the fiber produced with this method a synthetic dry type of silica.

The preform thus produced is a glass preform of about 30 cm of approximately
1 cm in diameter. It will be used to produce bulk samples, (slices of preforms which
preparation is reported in section ) or, by drawing process, it will be an optical
fiber.

The drawing process creates the optical fiber from the preform. As shown in
Fig.1.40, in this process the preform is put vertically at the top of the building called
drawing tower, where the temperature reaches 2000°C and heating the preform a
molten drop preform starts to fall dawn.
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Figure 1.38: MCVD process consists of deposition of glass layers inside silica tube,
collapse of tube to solid rod, and drawing of preform into fiber.
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Figure 1.39: (a) MCVD machine used at INPHYNI. (b) Detail of preform silica tube
during the manufacturing process.
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Figure 1.40: Picture of a preform installed in the drawing tower during the draw-
ing process.

This forms a neck-down region which provides transition to a small-diameter
filament. Uniform traction on this filament results in a continuous length of fiber.
Before this fiber contacts a solid surface, a polymer coating is applied to protect
the fiber [118, 120]. All the drawing parameters are controlled during the process
to make the OF with the desired parameters such as the size of the outer diameter
of the cladding. The optical fibers obtained have an external diameter of about
125 ym. A schematic representation of the drawing tower with all its components
and picture of the installation used at INPHYNI are shown in fig. and
respectively.
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Figure 1.41: (a)The essential components of a drawing tower, are a preform feed
mechanism, a furnace, a diameter monitor, a resin-coating applicator,
a UV furnace, a guide pulley, an attraction capstan, and a take-up unit.
(b) Picture of the drawing tower used at INPHYNIL
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This chapter basically deals with the methodologies characterizing this thesis,
discussing their theoretical background until to get closer into more detail in the
experimental techniques, as well as the materials used. The chapter starts with
a section dedicated to the irradiation processes and the radiation-induced effects,
such as the RIA. Then, the basics of luminescence are presented, followed by a
more detailed discussion on the thermoluminescence phenomena. Finally, is ex-
plained the way in which the samples were prepared and the experimental setups.

2.1 Irradiation processes

In this thesis, we explore the response to radiation exposure of silica based pre-
forms by spectroscopic techniques. The type of radiations used in this work are

43
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X-rays and <y-rays. As explained deeply in section 1.4, the exposure of silica-based
material to ionizing radiation brings to the creation of radiation-induced point de-
fects. Their study requires to review the damage creation processes taking place
in the silica lattice during irradiation (sec.1.3). Two main mechanisms dominate
these processes [18, 22]:

¢ knock-on, where the atom displacement is caused by direct transfer of the
projectile kinetic energy;

¢ Radiolysis, in which the atomic motion is caused by ionization and electron
excitation.

In the knock-on process the particles from the incident beam act as bullet par-
ticles interacting directly with the lattice atoms and giving rise to a displacement.
The kinetic energy of the bullet is then transferred to the target atom and, if this en-
ergy is greater than the atom-lattice bond energy, this bond is broken. Furthermore
the energy transfer must be high enough to avoid the hit ("knocked-on") atom be-
ing caught by nearby atoms. This energy is called displacement (T; ) energy and
considering a bond energy between two Si and and O atoms of 5 eV, for the SiO;
it is estimated that to displace an Si atom occurs a T;(5i) of 20 eV and to displace
the oxygen a T;(O) of 10 eV. The knock-on process could be elastic or inelastic, the
last occurs when the bullet energy is lost in electronic transitions or nuclear reac-
tions [18]. A knock-on process could be followed by a collision cascade, it happens
especially for radiation involving neutrons. In fact, energetic neutrons interact es-
sentially only with nuclei in direct ballistic collisions in which the kinetic energy
transferred to the "knock-on" atom is distributed among hundreds of neighboring
atoms which are subsequently displaced in energetic collision cascades [18].

In radiolysis process the irradiation acting on the electrons of the material in-
duces a change of the state of an electron. The energy absorbed is invested in the
creation of electron-hole pairs in the conduction and the valence band respectively.
These charges may recombine immediately or can be trapped at impurities or other
defective network sites. Generally, the radiolysis process occurs when the atom is
unstable in the coulombic field and it moves to nearby configurations with less
potential energy [22]. In the case of X-rays and <y-rays irradiation, the principal
driving mechanisms in defects production is the radiolysis [18, 22].

A fundamental parameter to describe and characterize radiation processes is
the dose, or rather the deposited energy in the material [18, 125].

2.1.1 X-rays irradiation

X-rays correspond to photons coming from the de-excitaction of electrons or-
biting around the nuclei. But one can call X-rays also the radiations emitted by
electric charges accelerated or decelerated. They are produced when a substance is
bombed from high velocity electrons and the radiation mechanism is based on the
phenomenon of Bremsstrahlung [129] : an electromagnetic radiation produced by
the deceleration of a charged particle caused by the deflection by another charged
particle; the moving particle loses its kinetic energy, which is converted into pho-
tons [129].
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X-rays generators are built around a vacuum tube in which electrons are emit-
ted by an heated metalic filament (cathode), accelerated by high voltage and fo-
cused on a metal target (anode) [129]. Electron bombardement of solid targets is
the most usual method to generate x-rays. In our laboratory, we use an X-ray gen-
erator with a Copper anticathode tube.

The electron-anode interaction could give rise to ionization collisions and ra-
diation ones. In the first type an incident electron ejects a K shell electron from
a Cu atom, giving rise to a characteristic radiation. The second one is character-
ized by a collision between an electron of energy E and a nucleus, leading to a
Bremsstrahlung of Energy hv. The electron recedes from the collision with energy
E-hv. The resulting spectrum consists in a continuous bell shape spectrum form-
ing a produced by Bremsstrahlung, and a spectrum of emission lines consisting of
narrow peaks superimposed on the continuous spectrum. These peaks are caused
by the characteristic radiation and their positions depend on the atomic number of
the substance forming the anode. For Cu anode these characteristic emissions are
K, at 8.04 keV (0.154 nm) and Kjg at 8.9 keV (0.139 nm), in Fig.2.1 are reported K,
emissions from the work by H. Berger [130]. Concerning the intensity of the Kg,
for a copper anode, it is approximately 5 times less intense of K, intensity.

2| 01545 0.1546
A hag h,
Alam) —=

Figure 2.1: ko emission spectrum of Copper (dashed line) with the spectral line
decomposition (continuous lines), adapted from [130]. The two peaks
named K,; and K, are located at 0.154056 nm and 0.154439 nm respec-
tively.

A typical Bremsstrahlung spectrum for a voltage of 30 kV in Cu target material
is reported in figure
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Figure 2.2: Simulated Bremsstrahlung spectrum for a voltage of 30 kV in Cu target
material. Data for the figure taken from [129].

The irradiation beam hitting the material to be irradiated has a very low pen-
etration efficiency in the case of X-rays. In figure 2.3 the transmitted intensity is
normalized to that of the incident one of the beam as a function of thickness of the
material for 8 keV. The choice of 8 keV is related to the fact that for a typical Cu
anode X-rays tube running with a typical operating voltage of 30 kV, more than
60% of the emitted intensity correspond to the characteristic emission at 8-8.9 keV.
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Figure 2.3: Simulated X-rays penetration efficiency described by the intensity of
the beam operating at 8 kV as a function of the thickness of the material.

The trend is described by an exponential attenuation law of the form [131]:

Ii = exp [(—p/p)x] (2.1)
0

It describes a narrow beam of monoenergetic photons with an incident intensity Iy,
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penetrating a layer of material with mass thickness x and density p, emerging with
intensity I [131]. The ratio it/ p is the mass attenuation. For composite substance
as silica, it is possible to obtain the value of the mass attenuation coefficient from a
simple additivity [131]:

BIRCTCREND R
P/ sio, P/ si L/ o,

where w; is the fraction by weight of the atomic constituent. The typical values of
mass attenuation coefficients for X-rays are reported in fig.” 4 for some representa-
tive atoms and molecules of interest for this work".
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Figure 2.4: Mass attenuation coefficient as a function of the energy for silica pre-
form sample, oxigen, silicon and air.

Sometimes, it is useful to use the difference in the dose deposition in two differ-
ent materials that can be seen as the ratio between the mass attenuation coefficients
between these materials [131]; this quantity is of course strongly wavelength de-
pendent and differs from X-rays irradiation machines [131].

(7)
P/ sio,

(%)
P Air
This quantity gives the dose discontinuity of the interface of the two materi-
als in electronic equilibrium condition. The probe used to measure the dose rate
gives a mass attenuation in air, this value is then multiplied for 0.28 to obtain the
value in silica. In our measurements and results, dose and dose-rate values are all
converted in silica. Figure 2.5 shows the dose depth distribution in pure silica esti-
mated for mass proportions of 46.7155% silicon and 53.2845% oxygen. In abscissa,

this profile expressed as deposited dose is the equivalent of silica dose (Gy(SiOy))
for 1 Gy measured in the air through an ionization chamber (Gy(air)).

CF(SiOy/ Air) = =0.28 (2.3)

IThis simulation is built from data sheet obtained by website NIST [131]
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Figure 2.5: Deposed dose profile in pure silica sample for 1Gy measured in the air
as a function of sample thickness, d.

Using these results, we plotted on Fig.2.6 the curve of the ratio of the average
dose deposited in a silica of thickness d and the dose deposited in air, as a function
of d. For thicknesses less than 0.23 mm (red dashed line), the average dose in silica
is higher than the one in air. The energy deposited in the material at a d greater
than the radiation penetration depth in silica, then considering a sample thickness
greater than this value, no longer depends on d. Conversely, the average dose
decreases as 1/d law.
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Figure 2.6: Ratio between coefficient of deposited dose in silica preform and air as
a function of thickness sample, d.

2.1.2 ~-rays irradiation

A < ray is a photon emitted by excited nuclei of radioactive atoms with energies
from some keV to several MeV. The sources of 7y radiation are the radionuclides,
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that can be distinguished in:

* naturals: primordial radionuclides, secondary radionuclides, and cosmo-
genic radionuclides;

¢ made by human activities.

Primordial radionuclides are produced in stellar nucleosynthesis and super-
nova explosions along with stable nuclides, they are going back to the creation of
the solar system. Generally they have a half-lives of about some hundred of million
years, in fact they have not yet completely decayed. Uranium-235, Uranium-238,
Thorium-232 and Potassium-40 are some primordial nuclides.

Secondary radionuclides derives from the decay of primordial radionuclides.
They have shorter half-lives respect to the primordial ones. Cosmogenic isotopes
are made by interactions of cosmic rays, an example is the carbon-14. Radionu-
clides can be produced as a result of nuclear fission such as Cs-137. Further ra-
dionuclides can be created by the activation process such as the ®Co .

The activation process is a process of secondary induction of radioactivity in
materials subjected to a neutron flux. It happens when the atomic nuclei capture
free neutrons, thus becoming heavier and passing to another excited state. The
excited nucleus decays immediately for the emission of particles such as protons,
neutrons or & particles. In the case of the ®*Co it decays for the emission of a B par-
ticle along with two very intense <y rays (1.1732 MeV and 1.3325 MeV) becoming a
ONi (Fig.2.7).

~: 0,31 MeV
60 CO & 3588 %
B : 1,48 MeV v:1.1732 MeV
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\
v:1.3325 MeV
Y

ONj
Figure 2.7: Disintegration diagram of the ®Co.

The 7 irradiation of this thesis were carried out in the IRSN facility at Saclay
with cobalt sources (®°Co).

2.2 Radiation-induced effects

There are three main processes originating by irradiation exposure involving
the guided light in optical fibers: Radiation-Induced Emission (RIE), Radiation-
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Induced Refractive Index Change (RIRIC) and Radiation-Induced Attenuation (RIA).

2.2.1 The radiation induced emission: RIE

The RIE can be generated from different mechanisms. One of them is due to
the Cerenkov effect, that may lead to the observation of the typical Cerenkov light
during the irradiation exposure [46].

Furthermore, always during irradiation, some luminescence bands associated
to precursors or radiation induced defects can be observed. The cathodolumines-
cence (CDL), and radioluminescence (RL) are based on these mechanisms. A deep
characterization by CL of point defects induced by irradiation in optical fibers can
be found in [132]. The main difference between RL and CL is that the first one con-
sist in the detection of emission of photons during X- or y-rays irradiation, and the
second one by electron beam. Whereas, if the emission is observed after the end
of the irradiation exposure, the techniques involved are the thermoluminescence
(TL) and optically stimulated luminescence (OSL), which consist on the detection
of the emission stimulated by heating and by light, respectively.

The TL is the main spectroscopic technique used in this thesis and its special
description is presented in section

2.2.2 Radiation induced refractive index change: RIRIC

The RIRIC is the change in refractive index (RI) due to radiation exposure. The
refractive index change is explained by Kramers-Kronig relations [46] and is di-
rectly related to the absorption bands of point defects. According to the Kramers-
Kronig relations, the RIRIC increases with the amplitude of the induced absorption
and it is inversely proportional to (A2 — {2), where A is the wavelength at which
the RIRIC has to be evaluated and { is the wavelength of the absorption [133]. The
contribution of point defects in the near IR to RIRIC is negligible at high doses,
since the concentration of most of the point defects saturate at values lower than
10" cm~3 for doses of 10kGy [18, 85, 105]. Exceptions being the SiE” and NBOHC
defects whose larger concentrations do not exceed 10%° cm 3. For high doses the
main contribution to the RIRIC is due to glass densification. From Lorentz-Lorentz
equations [18] it is possible to describe the densification with a power law A - Dk
where A is a constant, D the dose rate and k is a parameter equal to 1 for fast
neutrons and swift ions and around 0.67 for <-rays, electrons, or UV light [134,
135].

2.2.3 Radiation induced attenuation (RIA)

The Radiation induced attenuation corresponds to the attenuation of the trans-
mitted light passing through a fiber or a preform when exposed to radiation. This
attenuation is due to the creation of radiation-induced color centers (CC). RIA
spectra can be decomposed into Gaussian bands assigned to well-identified in-
trinsic or dopant related color centers.

The RIA levels and kinetics strongly depend on the wavelength (A) and the
time elapsed (t) since the beginning of the exposure. They are higher in the UV-
visible part of the spectrum than in the NIR, where it is more difficult to identify
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the optical absorption pattern of widely-admitted color centers as they are defined
in the visible part of the spectrum.

In Fig.?.8 is reported an example of RIA for a Ge-doped fiber spreading from
the UV-visible to the NIR. One can see that in the visible range it is possible to
recognize some absorption bands and a broad band tail in the NIR range.

1000

100

10

0.1

Normalized RIA [dB/km)]

0.01 T : : T T
400 200 1400 1900

Wavelength [nm]

Figure 2.8: Normalized RIA (after 100 Gy) decomposition for the Ge-doped fiber.
Adapted from [83].

During the exposure of a fiber to irradiation, the RIA grows with the dose and
decreases when the irradiation stops. Generally its intensity is also strongly de-
pending on the temperature. This behavior can be explained by competitive mech-
anisms of defect generation and bleaching, dominating in the irradiation and post
irradiation processes respectively. RIA levels and kinetics depend on many others
parameters: dose D, dose rate D, temperature T, and hydrogen H (eq. (2.4)), in
other words all the parameters that reflect the constraints encountered in harsh en-
vironments, but also by some fiber intrinsic characteristics such as the composition
of its core and cladding (x) and its light guiding properties [46].

RIA =f(Mt,D,D,t, H, x) (2.4)

Several approaches have already been proposed to model dose and dose rate
effects [136-141] on the RIA and very few of them take into account the effect of
temperature during the irradiation [136, 140, 142].

The RIA is usually fitted by power [136], stretched exponential [143], or satu-
rating exponential [67] models relaying from first to higher order kinetics formula-
tion [144-146]. All these models have the common assumption that two antagonist
mechanisms control the RIA growth, one related to the generation of color centers
and one to their annihilation such as the recombination processes.

Some empirical models [138, 141] use the "stretched exponential" Kohlraush
function [147] to fit the experimental data of the thermal decay of the colors centers
in glasses. This function is defined as [138]:

N(t) = N(0)exp—(t/T)P (2.5)
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where N(t) is the number density of color centers, T is the characteristic decay
time and B is a number between 0 and 1. Derivations of the equation 2.5 can be
re-conducted from the more generalized classical first order rate equation

dAN(t)/dt = —RN

where R=1/7 is the decay rate constant.

The first derivation of the Kohlrausch-type solutions for color-center creation
was obtained by Mashkov et al. [137]. Its solution reproduces the observed power-
law growth curve in the low dose regime before saturation sets in. The authors
assume in this derivation that the process involved in the formation and destruc-
tion of color centers are : a creation of colors centers from damageable sites due
to irradiation, a creation of colors centers from precursor sites (activation process)
and a deactivation of precursors that decrease the formation of colors centers. The
solution of Mashkov et al. for the number of activated color centers is:

N(D) = N.(kD)? + N, [1 - exp(—thﬁ)] (2.6)

Where the first term on the right-hand side represents the creation of new de-
fects from the glass network and their activation, while the second term represents
the activation of a fixed number of preexisting precursors limited by radiation-
stimulated deactivation. Mashkov et al. applied Eq.(2.6) to the case of E’ centers
successfully fitting the growth curves for the number densities of these color cen-
ters over more than four decades of dose. Anyway this analysis is based on a first-
order kinetics and it assumes the radiation-stimulated back reactions mentioned
before as the only mechanisms of color-center destruction, without taking into ac-
count higher order kinetics and other color-centers destruction processes such as
the thermally activated recombination of holes and electrons [138].

The main problem of these empirical (or semi empirical) models is that, as em-
pirical (so basically a phenomenological description of the measurements), they
do not fit the project aim needs. The aim is to develop a physical model of the
RIA based on the mathematical translation of well-understood mechanisms. in
fact, although empirical models may work in some cases, validity domain is not
guaranteed; for example under different conditions than those of the experimental
measurements on which they were built.

Some models are built to explain one particular feature or empirical law. It is
a kind of kinetics model, very common in literature describing the growth or the
decay of the RIA [136, 142, 148-150].

Griscom et al. proposed a kinetics model to fit the power law dependence on
dose for the concentrations of radiation-induced defect centers, predicting the re-
covery post irradiation behavior in Ge-doped optical fibers. This treatment consid-
ers the empirical growth curve of the form: agjqa = C D/ where D is the radiation
dose and C and f are constants, as the envelope of a series of discrete classical
curves given by the solutions of Eq. (2.7) [136]:

dxria

— = KD — Ra"ria (2.7)
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where the first term on the right is considered as a contribution of creation of the
defects, and the second term as an annihilation according to the nth order kinetics
formulation.

Gilard et al. [142] proposed a model that can explain the enhanced low-dose-
rate sensitivity (ELDRS) observed in certain type of erbium-doped optical fibers. It
is a first-order dispersive kinetic model able to simulate the growth of the density
of color centers during an irradiation. The assumption of dispersive kinetic means
that the reaction rate coefficient for the color center recombination depends on
time assuming that the recombination mechanisms are related to diffusion limited
processes [142]. This model is based on the assumption that the density of the
color centers responsible for the RIA evolves according to the following differential
equation:

o

dn .
= Z\]p(g]-))7 T

dt
where 7 is the color-center density, N, is the preexisting-defect density, D is the
dose rate, « and y are numbers between 0 (excluded) and 1, 7 is the trapped carriers
decay time, t is the irradiation duration, and g is a constant. The same model
generalized at n'"-order dispersive kinetic was applied to simulate the growth of
the density of color centers in irradiated Ge-doped glasses [149].

Concerning the Er-doped fibers, another model was proposed to predict the
gain of an EDFA in an ionizing environment obtaining good extrapolations at other
doses and dose rates than those used for testing [150].

Although these types of models are very common, do not exist a unified frame-
work that allows to understand which kinetics to apply. Moreover they cannot
explain the possible cross effects due to more parameters, such as the presence
of more than one population of color centers and other constraints. Finally, it is
worth to highlight that all these models are based on recombination mechanism to
explain the decay; but they only consider a single population, whereas it is in our
interest to find a solution for two population to recombine.

To conclude, it is reminded that in literature exist some ab initio models used
in prediction of structure and spectroscopic properties of point defects. They ad-
dresse atomic scale and are able to predict the formation energies and optical prop-
erties of the defects. Kimmel at al. applied a theoretical prediction of self trapped
holes in silica [151] and in a work by Sukuzi et al. [36] were calculated the electronic
structure and the nature of optical transitions in NBOHC.

This approach is too complex to be used in RIA prediction since it is based on a
very high theoretical level at the expense of experimental parameters and should
be implemented in a scale different from the microscopic one. Moreover, we are
interested in temperature and radiation effects that could make the approach even
more complex. In this thesis a RIA modeling approach is proposed and reported
in chapter 4.

11y (2.8)

2.3 H2loading effect

H2 loading of the silica glass is often used to modify the materials proper-
ties [22, 28, 48, 152], such as the more rapid index change when writing FBGs
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in fibers [22]. The most widely applied method of low-temperature hydrogen
photo-sensitization is called hydrogen loading and it was developed in the 90’s [153].
This method consists on storing the fiber in high pressure hydrogen atmosphere
at a temperature below 100°C for several days [22]. When the glass is stored in a
hydrogen-rich environment, the H2 molecules, penetrating into the glass, can form
bonds with the silica lattice. As a consequence of the interstitial hydrogen and re-
lated defects within the lattice optical absorption bands ranging from the UV to
the IR could appear. A typical high-pressure reactor is showed by a schematic
representation in Fig.
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s

Figure 2.9: Schematic representation of a typical reactor employed for the H2 load-
ing treatments. 1 is the vessel, 2 is a gasket, 3 is the cover of the vessel,
4 and 5 are the input and output valves for the gases, 6 is a pressure
transducer, 7 is the well in which a thermocouple is placed, 8 and 9 are
two steel half-rings for closing, 10 is a safety steel ring, 11 is an analog-
ical pressure gauge.

Compared with the non-hydrogen-loaded fibers, the fibers treated in this way
exhibit excellent photosensitivity in UV irradiation. Consequently, this approach is
adopted to enhance the photosensitivity of optical fibers prior to UV light exposure
in the fabrication of fiber gratings [154].

A diffusion model is employed to describe the characteristic of the hydrogen
diffusion into and out of optical fibers. The concentration of hydrogen diffusing
into the fiber is a function of its radius r and time ¢, and can be obtained by solving
the diffusion equation [155]:

oC 16 oC
5= rs (0% 29
where C is the hydrogen concentration and D is the diffusion coefficient.
The presence of hydrogen in glass brings to the formation of hydroxyl(OH) [22,
156].
This formation can have clearly different magnitude depending on the type of
silica, on its manufacture process and on the H2 treatment too. Some important
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results related to H2 loading effects regard the passivation of some defects created
in the fiber after exposure to radiation [48, 157], as well as the reduction of the
generation rate of some silica-related radiation-induced defects like non-bridging
oxygen hole centers (NBOHCs) [48]. In addition, it has been highlighted that the
hydrogen loading in fibers with different types of doping, involves the reduction
or disappearance of some defects due to radiation and the appearance of the peaks
due to hydrogen [157]. H2 loading treatment was especially used in P-doped sil-
ica [158-162]. Then, the OH content depends on P concentration and two optical
features related to OH formation are observed: one band peaking at 1.6 ym, char-
acteristic of a P(OH) overtone and a monotonic increase of absorption tail starting
at about 1.3um [158]. Recently, the effects of hydrogen loading of a multi-mode OF
after exposing to radiation was also studied [81]. The H2 loading is able to elim-
inate the RIA related to P1 centers (absorption band around 1600 nm) as well as
the long tail of the RIA induced below 600 nm by POHC. The remaining 1240 nm
absorption peak related to H2 molecules should disappear after few days due to
out-diffusion processes. More recently, the effect of a hydrogen-treatment in low-
OH and high-OH P-doped fibres under <-rays irradiation was studied by Girard et
al. [110]. They showed that the use of hydrogen allows to reduce significantly the
RIA in the visible region [163]. In F-doped silica fibers, the same authors showed
that a pre-treatment with H2 seems of poor interest as it does not decrease the con-
tribution species responsible for the induced losses in the UV-visible part of the
spectrum [110].

2.4 Luminescence

Luminescence is the emission of photons by a wide bandgap material previ-
ously exposed to ionizing radiation. Under exposition, being the radiation inci-
dent on the material, some of its energy may be absorbed and re-emitted as light
of longer wavelength [164].

In Figure 2.10, a summary of the basic electronic excitation and relaxation mech-
anisms concerning a molecule or a point defect are reported. In the absorption
process (highlighted by the red arrow) the electrons complete a transition from
the ground state (Sp) to the excited one (S1), then the nuclei instantly relax toward
the minimum energy configurations in a time scale of the order of 1072 s. Suc-
cessively, it relaxes back towards the ground state so the electronic system will
be in the minimum energy level. If the relaxation from the excited state to the
ground state is radiative, a photon is re-emitted and finally the nuclei undergo
a last relaxation toward the initial vibrational ground state. Since the excitation
of phonons reduces the energy available for the emitted photon, the photolumi-
nescence is shifted towards lower energies compared to the excitation light. The
altering energy is known as Stokes shift [124]. It may happen a transition from
the singlet electronic state S; to the triplet one T; by intersystem crossing process
(ISC). This is a forbidden transition leading to a spin state change.
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Figure 2.10: Jablonski diagram of the excitation and relaxation pathways involv-
ing the ground (S0) and the first excited (S1,T1) electronic levels of a
molecule. S0, S1 represent spin singlet states, and T1 a spin triplet
state. Red arrow highlights absorption transition, green and blue the
emission ones, with respectively the characteristic time 7c of each
transition.

The time decay 7¢ defines the type of radiative transition, which can be:

¢ allowed, in this case 7c < 1078 s and the process involved is the fluorescence;

e forbidden, with 7c > 1078 s, case called the phosphorescence.

In fluorescence the luminescence is almost simultaneous to irradiation: the electron
in the excited state after the absorption transition, returns directly to its ground
state by emitting a photon. In phosphorescence, the luminescence is delayed com-
pared to irradiation. The electron transferred to an excited state will not de-energize
radiatively directly to the fundamental level but being trapped on a metastable
level in the energy band gap. If the difference energy between this metastable
level and the closest band is greater than some kgT units, then the electron re-
mains trapped on this level. To get this electron out of the trap, it must be supplied
with sufficient energy to bring it back to the excited state from which it can then
de-excite to its ground state. Phosphorescence itself may be conveniently subdi-
vided into two main types: namely short period (¢ < 10~ s) and long period
(tc > 107% s) [164]. It is in this second category that the thermoluminescence (TL)
phenomenon can be done.

2.5 Thermoluminescence

Under the name of Thermally stimulated processes belong several physical
phenomena in which a certain property of the sample is measured as a function
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of the temperature. One of these phenomena is the thermoluminescence (TL). It is
the property of some previously irradiated wide band gap materials to emit light
when heated.

Figure shows a standard model of TL based on the generation of electron-
hole pairs by ionization processes between the valence and conduction band. Ex-
cited carriers get trapped on energy trap levels located in the band gap and related
to defects, impurities or luminescent ions. After irradiation, the equilibrium state
of trap filling is probed by the TL measurement consisting on collecting the emitted
luminescence during heating of the material at a constant heating rate.

Conduction band Conduction band
*—
t
[E. '
— Electron ——
. 5 traps -0
0 =)
S
S 5| Esap Hole o= ©
traps oG
En|
v
O
Valence band Valence band

Figure 2.11: Schematic standard TL model: on the left the generation of electron-
hole pairs and trapping by the traps; on the right the recombination
between electrons and holes giving rise to photons.

The supply of thermal energy frees carriers from deeper and deeper traps as the
temperature rises. Released carriers can recombine on the trapped-carrier centers
of opposite polarity called Recombination Centers (RC). When this recombination
is radiative the TL signal is collected by a PM tube and the plot of the intensity of
the signal as a function of temperature gives rise to a "glow curve". A typical TL
glow curve on Al-doped silica (1.97 at.% Al) is reported in fig.

The TL curve is a superimposition of several TL peaks each of which originates
from a single trapping level characterized by its depth E, the energy which sepa-
rates this level from the nearest band edge. The distribution of the peak temper-
atures reflects the distribution of the trap depths, since deeper is the trap, higher
is the temperature required to empty it. The TL standard scheme distinguishes
"traps’ from RC. Traps are not too deep level states between the valence band and
conduction band that are thermally released during TL readout, and RC consists
of deeply trapped states that remain thermally stable throughout the readout. RCs
are often formed upon electron or hole capture on defect- or dopant-related lumi-
nescent centers. When carriers are thermally released by the supply of thermal
energy during the TL readout, they can recombine with RC of opposite polarity
[165].

During the recombination process, the RC passes from an excited state to a
ground state and a photon is emitted. The rising front of the peak is due to the
steep increase of the thermal release probability and is thus governed by the Boltz-
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Figure 2.12: A typical TL glow curve on Al-doped silica (1.97 at.% Al).

mann term in exp(—E/kpT) as long as the level depletion remains small. The
exhaustion of the carrier reservoir at E finally dominates and explains the falling
peak flank. Resulting from the transition between the two regimes, a peak max-
imum is reached. TL also be spectrally-resolved when acquired with an optical
spectrum analyzer. Through the assignment of characteristic emissions, TL spec-
tra allows the identification of the recombination centers that are reformed during
the thermal relaxation process and, as a result, reveal the polarity of carriers in
traps.

It is therefore a very complete characterization technique that can be reinforced
thanks to its coupling to absorption measurements, through so-called protocols of
"thermal annealing". This procedure, which will be explained deeply in appendix

, may reveal the link between the trap centers (characterized by TL with in
particular their activation energy) and color centers revealed by RIA.

2.5.1 First order kinetics

The simplest model of TL is obtained by assuming it obeys a first-order kinet-
ics process. The latter is obtained when the re-trapping of carriers released from
shallow levels is neglected. Then, the population of electrons trapped at a depth
E, noted 7 (the electrons density in cm?) decays according to [165].

dn/dt = —w-n = —woexp(—E/k;T)n (2.10)

where w (s7!) is the thermally-activated release frequency. The pre-exponential
factor wy actually depends on temperature but at this stage it can be considered as
a constant [165].

The thermoluminescence intensity associated with the single level E, can be
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described by the following rule:

dn

Ity = —W(T)E (2.11)

where 7 is the luminescence yield (equal to 1 if every recombination is radiative)
which can be written as:

o 1
T = ke ¥k 1+ Cexp(—W/ksT)

(2.12)

where C = 1yv is a dimensionless constant”. The function #(T) is an inverted
sigmoid between 1 and 0 when the temperature increases. Its inflection point at
1 = 1/2is achieved at the temperature T;,s = W/ (kgIn(C)). For values of T such
as T > T}, ¢ the non-radiative recombinations become most probable and the TL is
fully extinguished. To write the TL intensity as a function of the temperature, one
has just to consider a linear heating law T = Ty + qt, where q is the heating rate set
experimentally:

1 1
Ity = —15(T) dn _ W(T)gwo xexp(—E/kgT)n (2.13)

gdt
The following steps are reported to solve equation giving an expression of n(T)
which can be inserted in and calculate the TL intensity produced by a single
level E [165]:

dn/dt = —woexp(—E/k,T)n

dn/n = —wg xexp(—E/k,T)dt = _u;o xexp(—E/k,T)dT
Wo
d(Inn) = —?exp(—E/ka)dT

T wo T
/ d(inn) = =20 " exp(—E/k,T)dT
To g JTp

In(n(T)) — In(n(Tp)) = —“:]0 T:exp(—E/ka)dT

n(T) = n(Tp)exp {—Z;O/TT

0

exp(—E/ka)dT]

It (T) = U(T)u:;)exp(—E/ka)n(To)exp [_u{;o /TTexp(—E/ka)] (2.14)

where Tj is the initial temperature of the TL readout. The two main contribu-
tions of this function, are the first exponential, from which we can estimate the
activation energy (see in ), that grows with the temperature (peak rise), and

2C takes generally a value between 10° — 101, considering v ~ 102 s~!, and t ~ 107* — 10~ % s.
W is typically some 0.1 eV
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a second exponential term, that decreases with the temperature (responsible for
the peak fall); at the intersection of these two contributions, these is a pick of TL
intensity that represents the total emptying of the traps. The shape of the curve is
not symmetric, the falling front being steeper.

A more generalized model, with respect to the first order process, is based on
the possibility of thermally-released carriers to re-trap instead of recombine at re-
combination centers. This general kinetics will be explained in chapter 4, since it is
the theoretical model based on the TL simulations.

2.5.2 Initial rise method

The initial rise method is the simplest and most generally applicable method
for evaluating the activation energy E; of a single peak [165-169].

This method is used on the assumption that at the low temperature end of
the peak all the relevant occupancy of the states can be considered as constant.
Under this assumption, the early rise of the measured intensity as a function of the
temperature is close to the first exponential term explicated in eq.(2.14), the second
remaining very close to 1:

Ir.(T) = Cexp(—E;/kgT) (2.15)

where the constant C includes all the dependencies on the other parameters and
occupancy. From one can obtain:

II’I(ITL) =InC - Et/kBT (216)

This leads to estimate the activation energy E; just plotting I as a function of 1/T
obtaining a line of slope —E;/kp. The equation (2.15) is in fact true for every equa-
tion describing the TL curve, whatever the actual kinetics order of the TL process,
at the very beginning of the TL peak rise.

Considering eq. (2.14), if the last integral is zero T ~ T , and one well finds:

Iy, = q(T)“;Oexp(—E/ka)n(TO) = Cexp(—E/k,T) (2.17)

Experimentally, this approximation is considered roughly valid as long as the in-
tensity remains below 1/10 of that of the TL peak. As will be shown later in chap-
ter 3, the procedure requires to measure a TL curve, then the measure is performed
again. It is repeated as long as the measurements are possible, giving a series of
successive TL peak at higher and higher temperatures. From the Arrhenius plots,
the distributions of the trap depth as a function of the temperature is obtained. In
tig. is reported an example adapted from [170].
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Figure 2.13: a) Arrhenius plots of the TL of Ge-doped core fiber after partial clean-
ing at different temperatures. b) Typical TL glow curve of Ge-doped
core fiber after X-ray irradiation at RT and the trap depth distribution
evaluated by IR method. Adapted from [170].

2.6 Materials and experimental setups

In this section we present the materials and the experimental techniques used
in this thesis. First of all, is reported a description of the tested samples focusing
on their preparation. Then, are described the radiation conditions and the experi-
mental set-up of the spectroscopic techniques involved in the experiments.

2.6.1 Samples

Sample preparation The preparation of the samples is characterized by two steps:
cutting and polishing.

In the first step the preform is cut into slices using a diamond wire saw to obtain
discs at most 2 mm thick.

Once the slices obtained, it is necessary to polish them on both sides. This
step is needed for the characterization measurements (optical absorption and TL),
which require the performance of an optical quality polishing of both sides, in or-
der to make them optically clean. Moreover, once the slice is polished, it is possible
to make chemical analyzes, allowing to check the doping concentrations designed
during the manufacturing process.

For the polishing procedure the samples were glued in a rotating support (see
fig. ) that is inserted into a cleaning machine, where is thrown on it an alu-
mina powder and water compound during the process (see fig. )- This step is
repeated few times for several alumina powders of decreasing particle size (alu-
mina 40um, 12ym and 3um) in order to abrade more and more finely the surface
of the samples, with different times of polishing. In a second time, with the same
support and a similar machine, is used a silica solution deposited on a synthetic
tray to obtain an optical polishing (see fig. )-
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(a) (b) (c)

Figure 2.14: The polishing procedure used to prepare the samples: a) the rotating
support where are glued the sample slices, b) the cleaning machine
during the polishing procedure with alumina powder and water com-
pound, c) cleaning machine during the polishing procedure with silica
solution deposited on a synthetic tray.

EDX The Energy-Dispersive X-ray spectroscopy (EDX), is a microscopy technique
which allows to carry out a quantitative chemical analysis of the elements in a tar-
get. An electron beam is collimated on a metal-coated target which will emit a
set of characteristic X-rays of the target’s constituent elements [171]. These X-rays
appear in the form of the well-defined lines for given energies, characteristics of
the chemical elements present. The electron beam pull off electrons in internal
orbitals of the various elements, the vacancies created will lead to a de-excitation
cascading electrons from outer orbital to fill them. The energy of these radiative
de-excitations is carried away by X photons whose energy is characteristic of the
element, which are collected and analyzed by the EDX spectrometer [171]. Fig.2.15
gives a schematic representation of this process.

Electron
gjected @ .

Electrons
beam

Figure 2.15: Atomic diagram of the X-rays generation by electronic bombardment.
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EDX technique is a powerful method of localized chemical analysis that makes
it possible to observe the elements of atomic numbers Z ranging from 4 (beryllium)
to 90 (uranium) and it has a detection limit of around a thousand ppm, basically
around 0.1% molar [171]. Since our samples are a not conductive materials, it has
therefore previously been covered with a conductive carbon coating on one of its
faces [171]. The instrument EMB-EDX (Microscopie Electronique a Balayage) used
to measure the dopants concentration in our samples is reported in fig.2.16.

Figure 2.16: Instrument EMB-EDX (Microscopie Electronique a Balayage) used for
EDX measurements.
Example of EDX results on one P-doped silica sample used in this thesis, is
shown in fig.2.17. In figure is reported the distribution of the P content as % of
weight (up) and % atoms (bottom) over all the diameter of the preform.

P content in L28
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Figure 2.17: EDX results on a P-doped silica sample with 4 at.% P used in this
thesis.
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Refractive Index Profile (RIP) Measurements The index profile of the preforms
was measured with the preform analyzer PK2600 (by Photon Kinetics). The preci-
sion on refractive index measurement is less than 0.005%.

Measurements are performed on several points along the preform length. More-
over at each distance the measurement of the refractive index An is made rotating
the preform in order to have a An profile at four different rotation angles.

The profiles of An in fig. are reported as function of the preform radius
(mm) at four different distances. Then, the An of the core is calculated from both
the left and right part from the center (0 mm). The average values at different
distances are reported in fig.
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Figure 2.18: Refraction index on P-doped silica preform (4at.% P) at different dis-
tances from the end of the preform. For each distance is measured the
An at four angles.



2.6. MATERIALS AND EXPERIMENTAL SETUPS

0.008

0.007

0.006

0.005

0.004

Refraction index (A n)

0.003

0.002

&0
45°
90°

O 135°

T T T T T T

T T T
8 10 12 14 16 18 20 22 24
distance upstream (cm)

65

Figure 2.19: Example of refraction index measured in a P-doped silica preform (4
at.% P). The values correspond to the An in the core of the preform for
each curve in fig.

The RIP measurements are performed also on fibers, by means of a 514 profiler.
The measurements are made at several positions respect to its total length. We

report in Fig.

0.01

just one to show a profile of An in the same P-doped fiber.
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Figure 2.20: Example of refraction index profile measured on a P-doped silica fiber
(4 at.% P).
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Cut-off wavelength The wavelength at which a mode ceases to propagate is called
the cut-off wavelength for that mode. However, an optical fiber is always able to
propagate at least one mode, the fundamental one, which can never be cut-off (see
subsection ). Determining the cutoff wavelength of a single mode fiber in-
volves finding the wavelength above which the power transmitted through the
fiber decreased abruptly, for this reason it is important to estimate this value.

The cut-off wavelength of a fiber may be measured from the bend-reference tech-
nique [172, 173]. The estimated value is considered to be the effective wavelength,
that is generally always smaller than the theoretical one. The bend-reference tech-
nique which experimental setup is shown in fig.?.21, is based on the attenuation
obtained from two different configurations of the tested fiber.
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RS232 -2
Chopper frequency — =
head synchronization Synchrotron detector v
;!Entham 218 Stanford research systems RS2%2
variable frequency SR830 DS Lock-In Amplifier
optical chopper Y PC
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outpu | input input
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J | usb
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Instrument /
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Monochromator I:D — P,
source
microscope
. objective D=28em Detector
amp Chopper ) 18/0.45
25V/80W Filter for b
A>850nm O > Ta
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Figure 2.21: Experimental setup of the cut-off wavelength.

The power P, transmitted through a 2 meter long fiber arranged in a single
loop of diameter D (shown as a circle in Fig.2.21), is determined as a function of
the wavelength. Then the reference power P, is obtained after introducing an addi-
tional small diameter loop as shown by the small circle in fig.?.21. The attenuation
of the first higher mode is then calculated as:

P
R(A) = 1Olog10?b (2.18)

In Fig. is reported the plot of measured attenuation as a function of the
wavelength for a P-doped silica fiber (4w% P). The effective cutoff wavelength A,
is defined as the wavelength where the long-wavelength-edge of the attenuation
increases by 0.1 dB over the long wavelength baseline [173] as highlighted by the
red dashed lines in Fig.



2.6. MATERIALS AND EXPERIMENTAL SETUPS 67

R(A)(dB)

T T T T T
800 900 1000 1100 1200 1300 1400

wavelength ()

Figure 2.22: Measured attenuation as a function of the wavelength by bend-
reference technique on a P-doped silica fiber (4w% P). The red dashed
line corresponds to the value of 0.1 dB, which crosses the spectrum at
a wavelength value of 1064 nm defining the A,

Sample details As reported in the introduction, some one of the main goals of
the CERTYF project are to:

¢ develop radiation tolerant fibers able to operate in the radioactive waste stor-
age facilities;

¢ enhance the fiber radiation sensitivity in order to design detectors very sen-
sitive to radiation dose and dose rate;

* to characterize Telecom grade fibers being used for data transfer applications.

In accordance to these objectives, the samples tested in this thesis are grouped
into three classes depending on their optical radiation responses: radiation toler-
ant, radiation sensitive and Telecom-grade fibers.

The physical-chemical characteristics of the samples are summarized in table

The radiation sensitive preforms are characterized by two different dopants: Al
and P. We tested for each dopant two kinds of samples differing in dopant content:
K04 and K05 for Al-doped samples, and L28 and L27 for P-doped samples; for the
radiation tolerant preforms: pure silica and F-doped fibers (Q11 and Q25). It is
worth to note that the preform containing only deposited silica (L02) was made to
serve as a reference and point of comparison for preforms of more complex com-
positions . Finally, as Telecom grade fibers, we tested three types of Ge-doped core
preforms: one containing only silica in the cladding (called Q01), the second one
and the third one are silica cladding doped with P (Q07) and F (Q09), respectively.
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The samples are slices of preform made by MCVD process, prepared according
to section

fiber class name doping characterization
Cladding Core at.% An
K04 Si Al 1.9 Al 47.1073
. -3
Radiation Sensitive IE;)? gi ?31 0(5.56?31 129 '1%)(13
L28 Si P 4P 45.1073
Qo1 Si Ge 2.88 Ge 35.1073
Q07 P Ge 4.46Ge, 0.89P 3.1073
Q09 F Ge 1.01 Ge 7-1073
Q11 F Si 0.85F —4.01-1073
Radiation Tolerant  L02 Si Si 4.107%
Q25 F F 119F 036F —23-1073

Table 2.1: Certyf preforms and fibers under investigation.

2.6.2 X-rays

The X-rays irradiations were performed at room temperature (RT) by means of
an INEL XRG3D generator using a Copper anode tube operated at an accelerating
voltage of 30 kV.

The estimated X-rays spectrum (Bremsstrahlung spectrum for a voltage of 30 kV
in Cu target material) is shown in fig.2.23. The characteristic lines Cu Ka and Cu
KB leaving the X-ray tubes at an accelerating voltage of 30 kV (after all corrections
required by the energy-dispersive method [129]) are estimated respectivly 46.38%
and 6.35% respect to the total spectrum (Bremsstrahlung plus characteristic lines)
[129].
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Figure 2.23: Simulated Bremsstrahlung spectrum for a voltage of 30 kV in Cu target
material. Data for the figure taken from [129].

The dose rate used for most of measurements is 200 Gy(SiO;)/min on silica
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preform. The X-rays chamber and a schematic representation of the irradiation
setup are reported in fig.2.24 and 2.25 respectively.

Figure 2.25: Detail of X-rays tube and a schematic representation of the irradiation
setup.

Before measurements, a calibration of the dose rate is made my means of an
ionization chamber. The dose rate in air is measured at several distances from the
X-rays tube using a fixed voltage and current: 30 kV and 30 mA in the representa-
tion reported in Fig.2.26a. Moreover, the dose rate in air (Gy/min) is measured at
different intensities of the current (mA) at a fixed voltage and a fixed distance (d)
from the window of the tube. The calibration represented in fig.?.26b, was made
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at 30 kV and at a fixed distance of 2.58 cm, a distance mostly used in our measure-
ments.
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Figure 2.26: X-rays calibration procedure. The dose rate in air is reported a) as a
function of the distance from the X-ray tube at a intensity current of
30 mA and b) as a function of the current at a fixed distance of 2.58 cm
from the window of the X-rays tube.
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2.6.3 ~-rays

The y-radiation was performed at IRSN (Institut de Radioprotection et de Stireté
Nucléaire) by IRMA facility (IRradiation de MATériaux). This irradiation cell is
composed by four sources of ®*Co. The dose rate ranges from 5 uGy/h to 16.4
kGy/h. The irradiation temperatures can reach 600 °C, thanks to the temperature-
regulated heating plates specifically developed for the CERTYF project. For the
present work, irradiations were performed at a dose rate of 50.3 Gy/min and a
dose of IMGy. In addition, some other samples were irradiated at IMGy at three
different temperatures (50, 90 and 250 °C).

Figure 2.27: Picture of IRMA facilities at IRSN.

2.6.4 Optical Absorption measurements

The optical absorption measurements were performed using the Perkin Elmer
Lambda 1050 spectrophotometer. This instrument and its main components are
schematically shown in fig.2.28.

In this figure, at each number correspond the following components: 1 source
system: Deuterium and Tungsten Halogen light sources; 2 double holographic
grating monochromators for ultra-low stray light performance; 3 common beam
mask that allows to adjust the beam; 4 common beam depolarizer; 5 chopper;
6 sample and reference beam attenuators that can assumes the value of 0%, 1%
10% and 100%; 7 Largest sample compartment; 8 detectors system: PMT and Pbs
to cover the UV /Visible/NIR range; 9 second sampling Area; 10 high sensitivity
PMT and 3 stage Peltier Cooled InGaAs to cover the full range (175-3300nm).

The main components of the spectrophotometer are the source, the optic sys-
tem made by a double monochromator with a complex grating system, a sample
compartment and a detector system. In fig.2.29 are reported the pictures of the in-
strument (a), the sample compartment (b) the sample holder (c) and an example of
an irradiated preform (c). One can note the dark core size thanks to the darkening
induced by the radiation exposure.
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' \ L Figure 1. All high performance LAMBDA series
A 8 % ‘q_—_’ i instruments feature:

Figure 2.28: Design of the spectrometer Perkin Elmer Lambda 1050. At each num-
ber correspond the components described in the text (adapted from
Perkin manual).

Figure 2.29: Pictures of the optical absorption setup: a) Perkin Elmer spectropho-
tometer, b) sample compartment; c) sample holder generally used to
focus the light only in the core part of the sample and d) a typical
preform slice with a dark core due to the irradiation.

The source is made by two lamps, deuterium and halogen, while the detector
system made of a PMT detector in the UV /Vis range, a PbS and an InGaAs detector
in the NIR. These detectors set allows covering a spectral range from 175 to 3300
nm. Change between detectors is automatic along the measurement at user-set.
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The light from the lamp hits a complex optical system of mirrors and choppers
that filters the light before it reaches the monochromators (this is helpful to cut
off the higher orders of the wavelength). From some mirrors the light reaches the
monochromators having passed a slid with modified dimensions. Then it reaches
a grating system that makes the radiation more monochromatic and characterized
by an high spectral quality.

Then, the incident bream arrives on an optical system that divides into one
passing to the reference arm and another through the sample placed on its holder
(see fig. 2.29 for the sample compartment). For our measurements we generally
used a sample holder with a hole which dimensions are similar to the core of the
studied preforms (Imm) (see fig.2.29).

The instrument is characterized by an accuracy of £+ 0.08 nm in the UV /Vis
range and £ 0.30 nm in the NIR. The spectral resolution is 0.05 nm, step 0.01 nm
in the UV /Vis and 0.20 nm, step 0.04 nm in the NIR.

2.6.5 Thermoluminescence setup

Thermoluminescence (TL) readout is carried out from RT (19°C) up to 500°C
with a constant heating rate by using a laboratory-made TL setup. It consists of
a resistivly-heated Inconel alloy on which can be placed a preform sample, of a
thermocouple placed very close to the sample and a PID regulation to achieve
linear temperature ramps at different heating rates g ranging from 0.1°C to 5°C s~ 1.
The emitted TL signal is recorded by means of a UV-Visible photomultiplier tube
(PMT) Philips XP-262B cooled by water circulation that maintains the operation
temperature close to RT. A schematic set up representation is reported in fig.2.50a,
then in fig.2.30b is shown a picture of the instrument.

Output signal

Detector
(Photomultiplier)
—_—

Sample holder

Cooling down
system

Heating system
-

(@) (b)

Figure 2.30: Block diagram of the TL setup. The sample holder is a circle of ~1cm
of diameter.

The spectral distribution of TL peaks can also be recorded from RT to 500°C
with a CCD detector (Fergie). The Fergie instrument is an integrated 80.8 mm
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focal length imaging spectrograph with a built in 256 x 1024 (row x column) TEC
cooled back-illuminated CCD detector and a motorized single turret grating drive.
The usable wavelength range is 200 nm-1100 nm, with a resolution of 0.16 nm. A
picture of the instrument is shown in fig.?.31a, whereas in fig.2.31b is shown the
coupling between the home made TL setup used as heater and the fiber bundle
connected to the spectrograph for the TL spectrally distributed measurements.

(@ (b)

Figure 2.31: Pictures of TL setups: a) Fergie spectrometer instrument, b) the cou-
pling between the home made TL setup used as heater and the fiber
connected to the Fergie for the TL spectrally distributed measure-
ments
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The chapter reports on the experimental results obtained by using the Ther-
moluminescence (TL) and optical absorption (AO) technique after exposure to X-
rays or 7y-rays irradiation. The aim is to characterize the samples and investigate
the mechanisms of creation and annealing of point defects by means of these two
spectroscopic techniques.

This chapter is organized into four sections, each of which related to:

1 the radiation tolerant fiber preforms results;

2 the radiation sensitive fiber preforms results;

3 the impact of the irradiation temperature in radiation sensitive fibers;
4 the Telecom-grade fiber preforms results.

We proceed reporting for each sample the TL measurements, in which we in-
vestigate the TL response at different heating rates and at different doses, and the
initial rise method results. Then, are presented the optical absorption measure-
ments, that consist in the Radiation induced attenuation spectra (RIA) and the
thermal annealing experiment (see appendix ). In a slightly different way it

75



76 CHAPTER 3. EXPERIMENTAL RESULTS

is instead articulated the third section 3.3, where particular attention is paid on the
impact of the irradiation temperature in radiation sensitive fibers. This study is
more focused on the thermal annealing measurements after exposure to v irradia-
tion.

3.1 Radiation tolerant fiber preforms

It is well admitted that the most radiation-resistant fibers are pure silica and
F-doped fibers. The corresponding TL emission is then so low that it is impossi-
ble to estimate the energy depth of the traps by initial rise method. For the same
reason, since this kind of fibers show a high tolerance to radiation, the absorption
measurements during the thermal annealing protocol reveal a too low and noisy
RIA level. For the last issue we managed to perform y-irradiation, which allows
reaching very high doses (up to 1IMGy) in order to obtain much higher RIA lev-
els. Whereas the trap depth levels are determined by another method based on
changing the heating rate of the TL readout. Below we report the TL and the op-
tical absorption results on pure silica and F-doped preform cores (L02 and Q25
respectively). We finally, discuss on the creation and recombination processes of
radiation induced point defects in this kind of fiber preforms.

3.1.1 Thermoluminescence

TL glow curves measured from the pure silica core sample (L02) at four heating
rates is shown in fig.3.1. They are characterized by a main peak located at around
70-90°C, depending on the heating rate used in the readout. The TL intensity de-
creases with the increasing heating rate, as well as the TL area under the glow
curve (red scatters in fig.3.1).
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Figure 3.1: TL on pure silica sample (L02) at four heating rates after irradiation at
a dose of 3 kGy. The red scattered points show the TL areas at three
different heating rates with an error bar representing a relative error of
5%.
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The same shapes and peak positions are found for the TL curves of the Q25
sample (fig.3.2). This kind of sample shows a higher resistance to radiation be-
cause of the presence of fluorine in the core. Q25 is more tolerant compared to
L02. Its radiation resistance is evident also from the TL results, which glow curves
recorded by the PMT tube are very noisy and of low intensity.
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Figure 3.2: TL curves of the Q25 sample at four heating rates after irradiation at 3
kGy.

The TL curves of fig.3.1 and 3.2 consist of broad peaks, which reach the maxi-
mum emission between 60 and 100°C depending on the heating rate. The broad-
ening of TL glow peaks results from the spread of trap levels reflecting the amor-
phous structure of the sample. The TL peak at 80°C (at 1°C/s) is usually observed
in silica and corresponds to a common intrinsic defect in this material [164].

Together with the decreasing of the TL intensity we observe a decrease of the
TL areas as shown in fig.3.1. The decreasing of the area as well as the intensity
is an usual behavior due to the thermal quenching of the luminescence following
the shift of the peak to higher temperature. This shift is a common feature due
to the different heating rate used in the TL recording. The use of a higher heat-
ing rate means that any given temperature is reached in a shorter time along the
TL readout; but since the thermal release frequency w of a level E; remain the
same (w = woexp(—Ey/kpT)), it takes more time and therefore a higher tempera-
ture to release the same amount of carriers [174]. The lowering of the TL intensity
and therefore of the peak area, is a direct consequence of this shift of the TL pro-
cesses towards high temperature. The radiative de-excitation of the luminescent
species, responsible for the TL emission, indeed competes with a non-radiative
de-excitation route which relative probability increases at high temperature [174].

The shift of the TL peak with increasing heating rate is an effect that can be used
to estimate the energy depth of the peak [164]: within the first-order approximation
of the TL process, any single trapping level E gives rise to a single peak whose
maximum is reached at a temperature T,, which depends on the heating rate g and
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E; g and T, are linked by eq.(3.1):
qE /kpT2 = woexp(—E/kpTy) (3.1)

In fig.3.3 is reported the trap depth with the variation of the temperature for sev-
eral values of wg/q from a computation of the first order TL glow curve made by
Christodoulides and Ettinger in 1971 [164].
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Figure 3.3: Variation in T;, with E for different values of wy/q for a first order ki-
netics. Adapted from [164].

This picture shows very directly the influence of the heating rate. If one imag-
ines an horizontal line at a certain value of E and a given frequency factor, the
heating rate g is associated with a shift of T, to higher temperatures.

From the relationship 3.1, different methods in calculating E can be obtained.
We do not go deeply because in our analysis we used the initial rise method to esti-
mate the energy depth, since it is the most accurate experimental method. Anyway
from 3.1 and from the TL curves at four heating rate shown in fig.3.1, it is possible
to estimate the corresponding trap depth of the peak. This can be useful when we
cannot perform the initial rise method as in the case of pure silica samples. It is
worth noting that from the initial rise method we obtain an estimation of the en-
ergy depth of the distribution of traps for all the glow curve, from which we can
determine the energy of the trapping levels associated with the stopping temper-
ature Tstp. From eq.(3.1) we have just an estimation of the energy at the peak, so
we obtain only one value. As one can easily understand from 3.1, plotting In T2, /g
against 1/T,, we obtain a line of slope E/k from which E can be calculated. This
line with the linear fit is reported in fig.3.4. From the slope we estimate a trap
depth of 0.76 eV corresponding to the main TL peak .
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Figure 3.4:

Fig.
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InT?,,/q as a function of 1/ Ty, in order to estimate the trap depth.

Each T},;x and the relative q value correspond to the TL curve reported

in fig.3.1 for L02 sample.

shows the TL glow curve recorded from the L02 sample at 1°C/s. It

presents a main peak at 80°C. The fact that it starts from a non-zero intensity level
reveals that a phosphorescence does exist at RT. It corresponds to the recombina-
tion of the carriers thermally released at RT from shallow traps.
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Figure 3.5: a) TL curve recorded at 1°C/s on a pure silica sample (L02). b) Spec-

tral TL emission (black curve) and Gauss fit (red curve) of L02 at the
maximum of the peak.
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The spectral TL emission of this peak is shown in fig.3.5b. The Gauss fit su-
perimposed on the experimental spectrum reveals the presence of only one band
peaking at 2.7 eV and with a full width half maximum (FWHM) of 0.35 eV, in-
dicating that the TL emission mainly takes place around 2.7 eV. This well-known
emission is characteristic of oxygen deficient centers (ODC) [32, 73, 175], which is
the only luminescence center responsible for the TL signal on L02 sample. This
indicates that the ODC are reformed in excited state, by recombination, during the
TL process.

The spectral TL emission of Q25 sample, tentatively measured by the spec-
trophotometer, was impossible to record due to the low emission level.

3.1.2 Optical absorption

A typical RIA spectrum of pure silica sample is shown in fig.3.6. It was recorded
on L02 sample after an irradiation dose of about 10 kGy. The RIA intensity reaches
a maximum value of about 110 dB/m in the UV region. The low intensity in the
visible part of the spectrum is a characteristic of the radiation tolerant fibers such
as the undoped silica types studied here. A Gaussian decomposition attempt, su-
perimposed on the experimental data in figure 3.6, shows the presence of three
Gaussian bands, centered at 5.8 [1.0], 4.7 [1.1] and 6.8 [3.0] eV (the values in brack-
ets expressed in eV correspond to the FWHM.) These bands have been assigned to
the intrinsic defects SiE’ (at 5.8 eV) and NBOHC (at 4.7 and 6.8 eV) in silica [32, 42].

120 4[— Experimental RIA

—— gaussian FIT
NBOHC ‘

10091 __ g }‘

1.5 2 25 3 3.5 4 4.5 5 5.5 6 6.5
Energy (eV)

Figure 3.6: RIA on pure silica sample (L02) after an irradiation dose of 10 kGy.

The RIA spectrum for the Q25 sample is shown in fig.3.7. The absorbance
recorded after irradiation with a dose of 6 kGy (red line) has still an intensity close
to the one recorded in the pristine sample (black line). In the inset is shown the RIA
deduced from these absorption spectra. As one can see, it is difficult to highlight
any clear Gaussian bands related to defects due to the very low and noisy RIA
level. This highly radiation tolerant behavior is probably due to the presence of
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fluorine in the core of the preform. The presence of fluorine decreases the presence
of precursor defects [86, 111, 112], so the radiation induced ones are also decreased
respect to a pure silica sample such as L02. This kind of sample can be very use-
ful for radiation tolerant application where the RIA level must remain low at any
radiation dose.

Due to the low RIA level, the thermal annealing results are not exploitable at
the dose generally used in our laboratory. For this reason we performed the ther-
mal annealing experiment after an irradiation of IMGy by y-rays at IRMA facility
(see section ). The TL and optical absorption measurements were made long
time after the end of irradiation (about 26 days). This delay, together to the very
long irradiation time characterizing IRMA expositions (~ 14 days here), induce
strong changes in the energy distribution of trapped carriers by comparison with
routine laboratory irradiation, leading to a depletion of shallow levels and carrier
condensation in deep levels.
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Figure 3.7: Optical absorption in terms of absorbance before and after irradiation

(6kGy) on Q25 sample and the relative RIA in the inset.

As aresult, the TL on a sample after an irradiation of IMGy by y-rays at IRMA
facility, presents a TL peak shifted at higher temperature with respect to the TL at
1°C/s reported in fig.5.1 (blue curve). The TL at IMGy reported in Fig. shows
a TL peak at about 170°C(instead of 80°C in fig.3.5) and an evident shoulder at
around 350°C. In this figure are also reported the TL curves obtained during the
thermal annealing treatment on another sample slice cut from the same preform
and irradiated at IMGy but intended for the optical absorption measurements. As
one can see the heating process empties the traps bringing to a lower and lower TL
intensity.

The thermal annealing measurement protocol is explained in appendix
The RIA spectra recorded during this process and the bleaching map built from
them are reported in Fig. and 3.9 respectively. In the bleaching map is reported
also the TL glow curve shown in fig. in a semilog representation; with the aim
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to show clearly the correlation between temperature of the TL features and the one
of the bleached color centers in RIA by the thermal treatment.
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Figure 3.8: a) TL on L02 sample after an irradiation of IMGy (black curve). The
colored curves correspond to the thermal annaling treatment at dif-
ferent Ty1p. b) RIA of LO2 sample at each stopping temperature of
the fig.3.5a during the thermal annealing treatment after an irradiation

dose of IMGy by 7-rays.
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Figure 3.9: Thermal annealing bleaching map obtained from the RIA curves in
fig.5.8b. In a semi-log representation is superimposed the TL glow
curve (black line) recorded at a dose of IMGy by <y-rays.

As one can see from figure.3.9, the main bleaching takes place between 5 and 6
eV between 70 and 150°C and again from 200°C to 400°C, but the most important
bleaching occurs around 225°C. This is clearly due to the bleaching of SiE’ cen-
ters which destruction mechanism probably involves the release of their captured
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holes. In fig. and are reported the RIA curves at RT and at each heating
step of the thermal annealing treatment with the gaussian fit in order to show the
annealing of the radiation-induced color centers previously identified in fig.
the NBOHC and the SiE’ centers. The fits were done fixing the center of the single
Gauss band and the FWHM and let running only the amplitude. The amplitude
obtained from each fit is reported in fig. as a function of the temperature. One
can see that the behavior of the NBOHC and SiE” annealing is quite similar. More-
over to highlight their correlation during the annealing, in fig. is reported the
amplitude of the NBOHC peaking at 4.8 eV against the amplitude of the SiE” at 5.8
eV. As one can see from the logarithmic representation, the behavior is linear with
a slope close to 1, which means that both defects anneal within the same way.
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Figure 3.10: a) Experimental RIA (black points) recorded at RT 26 days after the ir-
radiation at IMGy. The fit (red) is composed by three gaussian bands
centered at 4.8, 6.8 eV and 5.8 eV, related respectively to NBOHC
(blue) and SiE’ (green) centers, as in fig.
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The TL spectrum of the pure silica sample (fig.3.5) indicates that the TL emis-
sion mainly takes place around 2.7 eV. This well-known emission is characteristic
of oxygen deficient centers (ODC) [32, 73, 175]. This TL emission confirms that
such SiODCs are clearly reformed in excited state by recombination during the
thermal annealing process that accompanies the TL readout. Both two structural
models of SIODC centers can trap a hole to give a SiE’ center [32]:

ht + SiODC — SiE/ (3.2)

SiE’ are clearly formed during the irradiation as proved by the RIA spectra
(tig.3.6 and fig.3.10).

We argued, based on strong evidence [77, 175], that such SiODC : e~ centers
act as the recombination centers in the TL process. During this process, the ref-
ormation of SiODC occurs as a result of de-trapping of holes that subsequently
recombine at SiODC : e~ centres.

From the bleaching map, we can say that the reservoir of holes released during
the TL readout is given by the intrinsic levels and the SiE” centers. The TL curve
superimposed to the bleaching map in fig.3.9, shows that the rising front of the TL
correlate with bleaching between 50°C and 100°C. The TL feature in this temper-
ature range is probably due to the release of holes from some intrinsic trapping
levels.

Between 50°C and 100°C is observed a small bleaching of the SiE” centers which
annealing involves the release of holes may contribute to the TL process right be-
fore the peak. Once the intrinsic levels are emptied, the TL curve reaches a maxi-
mum, which in our case is located at around 160°C, which means the most massive
re-formation of SiODC centers.

Right after the peak, at temperature greater than 200°C, starts the strongest
annealing of SiE’" centers, which continues with a slow decay up to 400°C. This
regime corresponds to the release of holes from SiE’ [77]. This annealing roughly
parallels the TL shoulder, showing that SiE” are the main hole providers in this
region.

To summarize the process at play, a schematic diagram is proposed in fig.

Under irradiation SiE” and NBOHC are formed in pairs by radiolysis:

= Si— O — Si =— NBOHC + SiE’ (3.3)
SiE’ centers are also produced by the capture of holes at SiODC:
h™ + SiODC + SiE’ (3.4)
SiODC : e~ are formed by the capture of electrons at the same neutral center:
SiODC +e~ + SiODC :e” (3.5)

Holes generated in the valence band (VB) can be captured to form hole trapped
centers (with the hole traps concentration Hy, the density of trapped holes hj and
the hole trapping coefficient Bi) such as SiE” and NBOHC centers. They can also re-
combined at RC consisting of electrons trapped into the form of SiODC:e-, which
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electron traps concentration and the density of trapped electrons are referred re-
spectively as Ngc and nrc. This recombination process can be written as:

SiODC :e” +h™ — SiODC + hvs 7pv (3.6)

Electrons generated in the conduction band (CB) can be trapped by a set of
intrinsic trapping levels (not shown in the figure to streamline the description) or
be captured at SiODCs. Holes can be released from some intrinsic unstable levels
(bandtails) and from deeper SiE’ centers.
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Figure 3.13: Diagram of recombination processes in silica samples.
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3.2 Radiation sensitive fiber preforms

The doping of optical fibers with aluminum or phosphorous enhances their
sensitivity to radiation. For this reason, Al- and P- doped OFs are widely used as
sensors or dosimeter materials [82, 83]. In this section we report the experimental
results of P-doped (L27, L28) and Al-doped (K04, K05) samples.

3.2.1 P-doped samples (L27, L28)

Thermoluminescence The TL curve on P-doped samples with more (L28) or less
(L27) content of phosphorous are reported in fig.3.14. The shape is the same except
(especially in intensity) for the shoulder at higher temperature, that is more evident
in L28, apparently as a results of its higher P content. The curves are characterized
by a main peak at around 80°C, similar to the one previously observed in a pure
silica sample.
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Figure 3.14: TL at 1°C/s on L27 (0.6 at.%P) and L28 (4 at.%P) P-doped silica sam-
ples.

The typical TL spectrum is shown in fig. . The TL intensity is here plot-
ted at the maximum intensity frame (~ 100°C), but it keeps the same components
through the temperature range covered by the TL readout. A gaussian fitting re-
ported as a red line in fig. reveals a single band located at 2.7 eV with a FWHM
of 0.5 eV. This energy, as already seen for pure silica, is associated to the SiODC
center [32].This similarity indicates that radiation-induced P-related defects do not
act as recombination centers in the TL scheme but rather as "traps", i.e. as trapped
carriers states that are primarily annealed by detrapping between RT and 450 °C.
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Figure 3.15: TL emission of P-doped silica sample (L28) and its fitting with a Gaus-
sian band.

The dependence of the TL glow curves on the heating rate shows the same
features as those encountered in pure silica. As fig. shows, whatever the P
content is, the TL intensity decreases with the increasing of the heating rate and
the peak is shifted towards higher temperatures.
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Figure 3.16: TL curves obtained at four heating rates after irradiation at a dose of
3kGy on the P-doped silica samples L27 (0.6 at.%P) (a) and L28 (4
at.%P) (b).
The dependence of the TL on the absorbed dose for L27 and L28 samples is shown
in fig. (a)L27, b)L28) and , where one can observe the increase of the TL
intensity with the dose and the corresponding areas, respectively. The TL response
is found to increase according to a power-law (kD*) with an exponent of 0.55 for
L27 and 0.65 for L28. The small difference of their slopes does not deal to the
presence of the shoulder in the TL of L28, since we obtain the same slopes plotting
the maximum TL intensity as a function of the dose, instead of the TL area.
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Figure 3.17: TL curves recorded at 1°C/s at different doses on P-doped silica sam-
ples L27 (a) and L28 (b).
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Figure 3.18: TL areas as a function of the dose, on P-doped silica samples L27 and
L28.

The initial rise method was impossible to perform because of a too low TL intensity.
As made for pure silica we give an estimation of the mean activation energy by
the TL glow curves obtained changing the heating rate shown in fig. for L28
sample. From a linear fit made on data in fig.3.19, we estimate a mean activation

energy of 0.66 eV.
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Figure 3.19: In T2,/ B as a function of 1/ Ty, in order to estimate the energy depth
of the peak and its linear fit, which slope is 7.7 - 10° E /k.

Optical absorption Fig. presents the optical absorption recorded on L28 be-
fore and after irradiation, at a dose of ~1 kGy. The spectra, ranging from the UV-
Visible to NIR, give the RIA according to eq.(63), which is shown in the inset. The
near-infrared part of the spectrum does not show any induced band, but all the
P related defect bands are recognizable in the UV-visible part [84]. The RIA was
recorded at 6 kGy on the sample (L28) in the UV-visible range to obtain a higher
RIA. The RIA spectrum with Gaussian fit is shown in fig.
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Figure 3.20: a) Absorption and RIA (inset) at 1 kGy from NIR to UV-visible on P-
doped silica sample L28 (4 at.%P). b) RIA on L28 after irradiation at a
dose of 6 kGy with Gaussian fit.

The obtained bands are summarized in table 3.1. One can see that in addition to
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SiE” and NBOHC centers already obtained on pure silica, we obtain some P-related
defects like POHC, POHCm and P2 [84].

The RIA obtained on L27 sample is much less important compared to the one ob-
tained for L28 sample in the same conditions (approximately 10 times smaller).
Because of both the noise and low RIA level, it turns out to be very hard to decom-
pose it in gaussian bands.

‘ Defect ‘ xc(eV) ‘ FWHM (eV) ‘

POHC | 2.2;2.5 0.5;0.8
POHCm 3.1 1.0
P2 4.5 1.1

NBOHC | 4.8;6.8 1.2;1.3
SiE’ 5.8 1.0

Table 3.1: Gauss fit parameters

The RIA on L28 sample was also recorded changing the irradiation dose at a fixed
dose rate of 200 Gy(SiO,)/min, in the NIR and in the UV-visible. As seen in fig.
, the RIA recorded the NIR part of the spectrum is flat compared with the vis-
ible one and can be considered as a tail of the RIA bands from the visible. Further-
more, the RIA intensity recorded at several doses do not increase and it remains
more or less in the same noisy level. For this reason we do not think it is interesting
to show the dose dependence results recorded in this part of the spectrum.
Fig. shows the RIA variation in the UV-visible part of the spectrum with the
irradiation dose. RIA measurements at the same dose and changing the dose rate
were also performed. But no dose rate effects were observed.
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Figure 3.21: RIA at several doses on L28 sample.

Fig. shows the thermal annealing (protocol described in appendix )on L.28
from RT to 500°C after an irradiation at about 5 kGy. In figure are reported the RIA
spectra recorded after irradiation at RT (black line) and after every Ty;, annealing

up to 500 °C.
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Figure 3.22: Thermal annealing on P-doped silica sample (L28) after irradiation of
a dose of 5 kGy reported as RIA spectra.

The corresponding bleaching map is shown in fig.3.23. To guide the eye, we also
presented in the figure the TL curve recorded at the same heating rate (black line)
and the energy positions of the color centers found (red lines). The main bleaching
occurs between 150 °C and 300 °C. 40% of the RIA induced at 3.5-4 eV is bleached
between 200 and 250 °C. This spot is probably due to the linking point between the
POHC and P2 bands. This shape, when is calculated the intensity plotted in the
map, brings to a high value of the bleach intensity. One can observe that at 2.2 eV
and 2.5 eV, about 20-25% are bleached between 200 and 250 °C. The SiE’ (5.8 eV)
and P2 (4.5 eV) centers are mainly bleached between 200 and 300 °C.
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Figure 3.23: Thermal annealing on P-doped silica sample (L28) after irradiation of
a dose of 5 kGy reported as bleaching map. The black line superim-
posed on the bleaching map represents the TL glow curve recorded at
the same heating rate (1 °C/s).

The TL spectrum of P-doped silica sample (fig.3.15) indicates that the TL emission
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mainly takes place around 2.7 eV, so as said for pure silica, the TL emission con-
firms that such ODCs are clearly reformed in excited state by recombination dur-
ing the thermal annealing process that accompanies the TL readout. Following this
parallelism with pure silica, one can conclude again that the reformation of ODC
during TL could be the result of the recombination of thermally-released holes at
such trapped-hole centers. The main TL emission mechanisms are the same of the
one reported for pure silica, summarizing again here we have free holes (h™) that
recombine at SiODC : e~ centers (see fig.3.24):

SiODC : e~ +h' +— SiODC + hvp 70y (3.7)

Watching the bleaching map in fig.3.23, one can see that at the temperature corre-
sponding to the main TL peak there is no bleach of defects. As said for pure silica,
it is probable that the holes released that recombine with SiODC : e~ come from
intrinsic levels. When this reserve is exhausted we observe the descending part of
the TL peak. Then between 200°C and 250°C we observe the bleaching of POHC
and SiE’, this last center keeps annealing up to 300°C. The annealing of SiE’ in this
temperature range, means a release of holes that could be one of the main source
of holes responsible of the shoulder of the TL curve between 200 and 300°C.

Also, we argued above, from the TL spectrum (fig. ), that all radiation-induced
trapped-hole P-related centers should act as TL traps and not as recombination
centers. The annealing of POHC centers, found to take place between ~200 and
250°C in fig.3.23, is therefore most probably due to release of their holes that sub-
sequently recombine at SiODC : e~ centers to contribute to the TL curve between
~200 and 250°C. This region is precisely the one where a shoulder appears in TL
curves at the higher P concentration (L28).
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Figure 3.24: Schematic diagram on the recombination processes in P doped silica
sample.
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3.2.2 Al-doped samples (K04, K05)

Thermoluminescence TL glow curve of Al-doped silica sample (K04) is pre-
sented in Fig3.25. The glow curve recorded at 1°C/s, measured with the PMT,
is characterized by a main peak at around 70°C with a shoulder between 200 and
350°C, highlighted by the semi-logarithmic representation in the inset.
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Figure 3.25: TL glow curve on Al-doped silica sample (K04, 1.97 at.%Al) measured

at1°C/s.
Fig. represents the spectral analysis of the TL in the same measurement condi-
tions. The emission map in fig. is a 3D plot of the TL intensity as a function

of the optical energy and the temperature. The main emission is located around
50-100°C between 300-500 nm (4.1-2.5 eV). The TL emission reported in fig. is
the spectrum corresponding to the peak emission at 70 °C.

A tentative fit reveals two emission bands: one is around 2.7 eV, already seen in
pure silica and in all doped silica preform, related to SiODC (revealing the ref-
ormation of this center during thermal annealing) and a more intense one peak-
ing around 3 eV related to the presence of aluminum. Since these various emis-
sion bands parallel each other along the TL process, they all result from the re-
combination of the same type of carriers. Mady et al. [77] showing the same TL
features, proposed a recombination mechanism where the reformation of this Al-
related center, assigned as a Aluminum oxygen deficiency (Al-ODC), is due to the
recombination of holes with AIE’ (e~ trapped at Al-related oxygen deficient cen-
ters, AI-ODC) [77]. In fact, if one supposes that the recombination involves holes,
so that Al-induced recombination centers should be trapped-electron centers, the
only trapped electron defect related to aluminum is the AIE’. Thus, the recombi-
nation of holes with AIE” would reform Al-ODC and the main TL band peaking at
2.9-3 eV can be assigned to these centers [77].
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Figure 3.26: Spectral analysis of the TL emission from the K04 sample at a dose
of 1 kGy. (a) TL map; (b) TL spectrum at 70°C with Gaussian band
decomposition. The Gaussian bands are located at 2.65 (SiODC) and
3.0 eV (Al-ODC) with a FWHM of 1.2 and 1.1 eV respectively.

The TL glow curves at different heating rates reported in fig. show the same
characteristic already seen in pure silica and P-doped one. The decrease of the TL
intensity with the increasing heating rates is naturally followed by the decreasing
of the TL areas, highlighted by the red points.
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Figure 3.27: TL glow curves on K04 sample at four heating rates after irradiation of
a dose of 3 kGy. The integrated area of each TL is plotted as a function
of the heating rate (red scattered line).

The dependence of the TL on the dose is illustrated in fig.3.28. In fig. one can
observe the increase of the TL glow peak with the dose. The area of these curves
are then plotted against the dose in fig. in a log/log representation, revealing
a power-law in D%’ behavior.

The initial rise measurements reported in fig. shows an energy depth distribu-
tion between 0.6 and 0.8 eV.
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Figure 3.28: a) TL on K04 sample at different doses. b) Area TL on K04 sample as
a function of the dose.
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Figure 3.29: Estimation by initial rise method of the distribution of the trapping
depths in Al-doped silica sample (K05, 0.53 at.%Al).

Optical absorption The RIA of the Al-doped sample (K04) is presented in Fig.
. A gaussian fit attempt is proposed, which parameters are reported in table

. This decomposition includes silica related centers such as SiE” and NBOHC
[32], and Al-related defects like the Al-Oxygen Hole Center (AIOHC) and the AIE’
center [59]. AIOHC is characterized by OA bands at 2.3 and 3.2 eV whereas an OA
band at 4.1 eV is assigned to AIE’ centers [59]. The fitting procedure was initiated
in accordance with values found in [59] for the AIOHC and AIE’ centers, and to
[34] for NBOHC, where Skuja found a semi-continuous spectrum of NBOHC from
4 to 7.8 eV that cannot be represented by a pair of distinct Gaussian bands but can
be described by several gauss bands. An additional band is required around 2.7
eV, between the 2.3 and 3.2 eV ones [77]. As one can see from the RIA intensity,
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the presence of Al enhances the RIA and the main contribution in the UV-visible is
due to the Al related absorption bands (we found a maximum of ~100 dB/m for
pure silica sample L02 irradiated at 10 kGy in fig.3.6 and ~750 dB/m at 3 kGy here
for K04 sample).
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Figure 3.30: RIA of Al-doped silica sample K04 after irradiation at a dose of 3 kGy.
The optical band properties related to NBOHC defects are based on
[34].

| Defect | x.(eV) | FWHM (eV) |

2.2 0.9

AIOHC 3.2 1.0
2.7 band 2.7 0.65
AlE’ 4.1 1.0
4.8 1.01

NBOHC | 5.47 0.9
6.09 0.8

SiE’ 5.76 1.0

Table 3.2: Parameters of Gassian fit reported in fig.

Fig. illustrates the increase of the induced absorption with the dose, between
1 and 10 kGy. The absorption spectra shows an increasing of the absorption with
the increasing of the dose, at least taking into account the repeatability error. We
also performed measurements between 800 and 1600 nm, but the spectra in this
region are just a tail of the absorption of the visible range. It is worth to note that
to investigate the low RIA levels characterizing the NIR range using thin preform
samples is hard and we cannot have accurate measurements in this region. To
investigate this part of the spectrum it is preferable to integrate on long distances,
i.e. to use fibers instead of preform slices [66, 176].
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Figure 3.31: Absorption spectra in at several doses from 1 to 10 kGy.

To study the RIA kinetics we shown in fig. the RIA intensity at the energies
of interest as a function of the irradiation dose in a logarithmic representation.
Again, one can observe a power-law behavior up to the maximum dose used. In
the explored range, all the bands increase as D*7.
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Figure 3.32: RIA Intensity at several doses from 1 to 10 kGy.

The results of the thermal annealing protocol conducted on the Al-doped silica
sample are reported on the Fig. and , according to the procedure exposed
at the beginning of this chapter. The RIA spectra in fig. decrease progressively
as the Ty, temperature is increased reaching an almost total annealing at Tstop =
450 °C.

Fig. represents the bleaching map built according to these RIA spectra, where
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the RIA bleaching can be directly correlated with the superimposed TL curve
(black line), the red lines mark the centers of the OA bands used in the Gaussian
decomposition of Fig.3.30 and table 3.2.
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Figure 3.33: Thermal annealing on Al-doped silica sample (K04) after irradiation
of a dose of 10 kGy at different Tyyop.
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Figure 3.34: Thermal annealing on Al-doped silica sample (K04) after irradiation of
a dose of 10 kGy reported as bleaching map. The black line superim-
posed on the bleaching map represents the TL glow curve measured
after identical irradiation at the same heating rate.

A detailed description of the mechanisms at play along the temperature range con-
cerning the alumino-silicate fibers is given in [77]. In this work similar results were
obtained and thus the mechanisms proposed by Mady et al. are confirmed.

The TL curve, resulting from the recombination of AIODC, parallels the annealing
of AIE’ centers. From fig.3.34, one can see that the AIE” annealing is observed:



3.2. RADIATION SENSITIVE FIBER PREFORMS 101

I within the main TL peak (50-100°C);

where it is accompanied by the partial annealing of AIOHC (~ 10% of the
RIA);

IT concurrently the TL shoulder (200-250 °C);

temperature range at which it is observed a strong annealing of SiE’ (~ 20%
of the RTA);

III concurrently the TL tail (300-350 °C);
where it is accompanied by the annealing of SiE” and AIOHC.

First of all, the annealing of AIE" concurrently with the TL, well supports the hy-
pothesis that the TL process involves the recombination at AIE’ centers that dis-
appear while producing TL. As proposed by Mady et al. [77], the AIE’ centers are
destroyed as a result of the recombination of holes released during the annealing
at AlE’ sites (=AIODC : e™).

Regarding the temperature range in the point I (main peak 50-100 °C), the TL is
probably a results of the recombination with holes released from shallow intrinsic
levels. In this temperature range, holes could be also released from AIOHC, which
are partially bleached. But since these centers correspond to deeper trapped states
and they are still stable up to 300°C, when occurs their annealing; it is more likely
that holes are released from shallow intrinsic levels in the shoulder to the top of
the main TL peak. This hypothesis is supported by the same results obtained for
pure and P-doped silica samples. The rising front of the TL, located in the same
temperature range in such kind of silica, is probably due to the same mechanisms,
involving the releasing of holes from intrinsic levels.

Regarding the point II, it is probably that in this range of temperature (200-250°C)
the TL shoulder (which is more important in Al-doped sample respect to pure silica
thanks to the larger amount of traps) is given by holes de-trapped from SiE’.
Finally (point III), with the annealing of AIOHC and SiE’, the holes released from
such centers probably contribute to the noise-level tail of TL, since the reservoir of
AlE” has been exhausted below 350 °C(see fig.5.34).

From the RIA measurements is observed a creation of Al-related point defects such
as AIE” and AIOHC and clearly also SiE” and NBOHC. The TL measurements in-
volving the emission of at the energies 2.7 and 3 eV, bringing to the conclusion
that oxygen deficiency centers were reformed during the TL readout. Thanks to
the thermal annealing protocol one can conclude, supporting the thesis reported
in [77] that the TL is due to the recombination of holes at AIE’ centers giving rise
to the formation of Al-related oxygen vacancy (the so-called AIODC) and more
marginally at SiODC : e~ centers and that the releasing of holes come from intrin-
sic levels (at the TL peak, near 50-100°C) and from SiE” center. The TL recombina-
tion process can be summarized by (3.9)-(3.8) and by fig.

AIE' +ht — AIODC + hv9_30y (3.8)

SiODC :e” +h™ + SiODC + hva ey (3.9)
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Figure 3.35: Energy level scheme proposed for Al-doped silica.

3.3 Effect of the radiation temperature on the RIA of sensi-
tive Al and P- doped silica

This section reports on the annealing process of irradiated preforms by - radiation
at several irradiation temperatures. This study aims to show:

1 the impact on the RIA intensity and on the annealing using a different type
of radiation that allows to reach a very high irradiation dose (1 MGy).

2 how the thermal annealing response changes with an irradiation performed
at temperatures differing from RT.

Using both the TL and RIA results we tried to design some bleaching behaviors on
the defects created under irradiation in Al- and P- doped silica preforms.

As we shown above, the RIA obtained in Al-doped silica sample shows the pres-
ence of two OA bands located at ~ 2.2 eV and 3.2 eV (Fig. and table 3.2). We
assigned both bands to the AIOHC center, since the relation between the AIOHC
and the 2.3 eV OA band is well supported by various investigations [59, 73]. The
second one (3.2 eV) still remains to be confirmed. In opposition to the works that
finds a correlation between these two bands assigning them to the same defect
[59], some investigations [73] found the presence of the 2.3 eV OA band in the RIA
spectrum whereas the 3.2 eV seems absent [46]. This work also investigates if this
band correlates to the one at 3.2 eV, trying to affirm whether it is related to AIOHC
or not.

Concerning P-doped samples, we saw that in the visible-NIR range, the induced
losses are mainly caused by the OA bands of the POHC and P2 (Fig. and
table 3.1)[84]. The POHC defect well described in [84], present both a stable and a
metastable form at RT. It will be shown that they anneal in different way changing
the irradiation temperature.

The samples are in the form of slices of about 1.5 mm thickness and 1 cm in total di-
ameter. They were irradiated with y-rays at IRMA facility (Saclay) (see sec. )-
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The dose used is 1 MGy with a dose rate of 50.3 Gy/min, at several temperatures:
room temperature (RT ~ 25°C), 50°C, 90°C and 250°C. In table are reported
the nicknames and the irradiation temperatures of the samples. We performed a
thermal annealing experiment for each sample from RT to 500°C in the same day
for each type of preform. The measurements were made 26 days after the end of
the irradiation.

Al-doped | P-doped | irradiation Temperature
Al_25 P_25 25°C
Al_50 P_50 50°C
Al_90 P_90 90°C
Al_250 P_250 250°C

Table 3.3: Names of the samples used in the present study.

Al-doped sample The RIA of Al_25 after exposure to 7y radiation at IMGy
and the fit obtained by gaussian decomposition are shown in fig.3.36. This
decomposition shows again the presence of AIOHC (band peaked at 2.3 eV
[1.6] and 32 eV [L1]), AIE’ (4.1 eV [1.0]), NBOHC (4.8 eV [1.05], 6.7 eV
[2.0]) and SiE’ (5.75 eV [0.8]), where the values in bracket are the FWHM ex-
pressed in eV. The peak assignment to color centers is proposed according to
[32, 46, 59, 73, 177]. The RIA intensity in the UV-visible reaches 6000 dB/m.
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Figure 3.36: RIA on Al_25 sample after an irradiation dose of 1IMGy at 25°C (RT)
recorded after 14 days from the irradiation, and its decomposition by
gaussian bands.

We report in fig. the RIA spectra for each sample at the different temperatures
Tstop of the thermal annealing protocol (see appendix ) conducted after irra-
diation. The RIA intensity reaches the greatest value of 6000 dB/m for the Al_25
sample, whereas it does not exceed 2000 dB/m in Al_250. This is significant be-
cause the temperature at which the sample is irradiated affects the RIA response a
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higher irradiation temperature leading to a lower RIA. As one can see for all the
conditions reported this figure, the annealing is complete at 400°C. The main gap
in RIA intensity is between 150°C and 200°C, while up to 100°C the RIA curves are
within the experimental error.
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Figure 3.37: Thermal annealing of the RIA on (a)Al_25, (b)Al_50, (c)AI_90,
(d)Al_250.

We carried out the fit of all these RIA spectra by means of the different characteris-
tic bands by keeping fixed the energy (x.) of these bands and their FWHM (values
reported above for the fit at RT of fig.3.36). Only the amplitude was allowed to
vary.

In figure are reported the ratio of the areas of the gaussian bands at 2.3 eV and
3.2 eV as function of Tsp at which the heating was stopped during the annealing).
The error bars reported represent the 10% of the area ratio (appendix )- As one
can see the ratio of the areas oscillates during the thermal treatment between 0.9
and 1.4, result that makes them quite constant. The results at higher temperatures
(400-450°C ) are not reported due to the degree of difficulty of a fit on such annealed
RIA.
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Figure 3.38: Ratio of the gaussian peak fit areas of 2.3 eV and 3.2 eV bands as a
function of temperature stop during thermal annealing.

From the same fitting parameters is obtained another representation in fig3.39, re-
porting the area of the gaussian band at 3.2 eV as function of that at 2.3 eV in
logarithmic representation. In the figure the experimental points follow quite well
a power-law function with an exponent of 1.1 (cyan line).
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Figure 3.39: Correlation of gaussian fit area of band at 2.3 eV with the one at 3.2 eV
in Al_25, Al_50, Al_90, Al_250.

These last results focus on the behavior of the AIOHC bands at 2.3 eV and 3.2
eV. If both OA bands belong to the same center they should correlate during all the
thermal treatment. So the ratio of the areas in fig. should be constant during the
treatment, and, in the same way;, in fig. , we should expect a straight line with a
slope of about 1 for a good correlation. Both figures appear to show a correlation
between these two bands.
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P-doped sample In fig. is reported the RIA during the thermal annealing
treatment after exposing to 7y radiation. The irradiation dose is IMGy at room
temperature and the fit obtained by gaussian decomposition. As radiation sensi-
tive fiber type, the RIA is quite high reaching 2500dB/m at around 6 eV, even if
less intense respect to the Al-doped specimen.

The RIA fit shows the presence of some P-related defects: POHC (band at 2.2 eV
[0.4], 2.5 eV [0.7] for POHCDb and 3.1 eV [0.8] for POHCm), P2 (4.5 eV [1.4]), and
some others related to silica: NBOHC (4.8 eV [1.08], 6.8 eV [1.3]) and SiE’ (5.75 eV
[1.0]).
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Figure 3.40: RIA of the P_25 sample after a dose of IMGy (given in 14 days) and a
possible Gaussian decomposition.

The left side of fig.3.41- are reported the thermal annealing RIA for all the sam-
ples irradiated at different temperatures: P_25, P_50, P_90 and P_250. The RIA
spectra are reported for all the Ty, of the thermal annealing protocol, from 25°Cto
500°C . As seen for aluminum, the irradiation temperature affects the RIA intensity:
in fig. the RIA obtained after an irradiation temperature of 250°C is less intense
than the one reported in fig. , and at 25, 50 and 90°C respectively. It is
worth to note that contrary to the Al-doped samples, whose RIA is completely an-
nealed at 400°C, the annealing is here not complete at 500°C and we can see some
residual RIA at this temperature, in particular the POHC related ones.

To have a more quantitative view about the POHCs annealing, we made the fit of
all the RIA spectra of the thermal annealing and for all irradiation temperatures.
The areas of the POHC bands obtained by the fit are plotted as a function of the
thermal annealing temperature stop (right side of fig.3.41-3.44). Before annealing
and for annealing temperature Ty, < 200°C the area of the band peaking at 3.1 eV
is always greater than the others for the irradiation temperature of 25°C (fig.3.41),
50°C (fig.3.42) and 90°C (fig.3.43). The area of the band at 2.2 eV is always the
smallest. Correspondingly, it is affected by a weaker annealing. At annealing tem-
peratures greater than 300°C, this band become more intense for all the samples.
It then appears to be more resistant to thermal annealing than the other POHC’s
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Figure 3.41: Thermal annealing RIA and the area gaussian bands as function of
thermal annealing T, for P_25 sample.

1200 . T : . : ;

3000
1 m 22eV
1000 - * 25eV i
2500 3.1eV
2000 — 800+ 7
- &
& 2
Jaa] o
= 1500 £ 8007 1
-8 — 0
= = e,
@
1000 5 09 ww ow b
500 - 200 = .
L
0+ 0 T T T T a
15 a 100 200 300 400 500

Energy(eV) Thermal annealing Temperature stop{°C)

Figure 3.42: Thermal annealing RIA and the area gaussian bands as function of
thermal annealing T, for P_50 sample.
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Figure 3.43: Thermal annealing RIA and the area gaussian bands as function of
thermal annealing Tstop for P_90 sample.

In fig.3.44, where the irradiation temperature is 250°C the bands at 2.2 eV appears
less annealed during all the treatment. At this irradiation temperature, the band
shows a higher RIA level during all the annealing process, proving again its higher
tolerance to heating respect to the others POHCs centers.
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Figure 3.44: Thermal annealing RIA and the area gaussian bands as function of
thermal annealing T, for P_250 sample.

3.4 Telecom grade fiber preforms

3.4.1 Ge-doped sample (Q01)

Germanium doped silica-based optical fibers are widely used as telecom-grade
tibers [178] and have been deeply evaluated for radiation-tolerant and telecom-
munication applications [90, 178, 179]. In this context, there is a strong interest in
improving the knowledge about their degradation processes through the RIA de-
veloping and thus the creation/annealing mechanisms of radiation-induced point
defects.

A procedure proposed by Mady et al. [174] for Al-, P- and rare-earth-doped silica
allows extracting the energy distribution of the Density of Trapped States (DOTS)
induced by ionizing radiations from TL experiments. As it will be reported in
chapter 4, this knowledge is of first importance to understand and predict the tem-
poral and thermal stability of the optical degradation, since the DOTS notably con-
tains the energy levels of color centers that mainly contribute to the RIA. Unfor-
tunately, the formalism introduced in[174] does not work in the case of Ge-doped
glasses due to their “anomalous” TL features. It is precisely the goal of this work
to extend the model and capability of the DOTS extraction technique to Ge-doped
glasses. This model will be deeply presented in chapter 4. In the following, we
present the experimental results obtained for Ge-doped and co-doped silica sam-
ples and the creation/annealing mechanisms we could demonstrate from these
results for the radiation induced point defects and color centers in this kind of
materials.

Thermoluminescence Fig. shows four TL curves obtained on the Ge-doped
preform sample QO01, after identical irradiations at RT but recorded at four heating
rates (0.5, 1, 2 and 3°C). In this figure, are superimposed in red symbols the areas
(in arbitrary units) under the TL curve calculated at each heating rate. The TL peak
at about 250 °C is typical of Ge doping [90, 170].
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Figure 3.45: TL glow curves of Ge-doped sample (Q01) recorded at 0.5, 1, 2 and
3°C after the same X-ray irradiation at RT. The red points correspond
to the TL area at each heating rate, the error bars represent the 5% of
the measured area.

One observes the usual effect of the peak moving towards high temperatures with
the increase of the heating rate, as in the case of silica whether pure (see section
) or doped (Al-, P- see section 3.2). But contrary to the latter where the TL area
decreases with the heating rate (see fig.3.27), here for Ge-doped silica we observe
an abnormal effect since the area under the TL peak (in arbitrary units) increases
with the heating rate.
The TL spectral analysis of Fig. shows a wide emission band located at 3 eV.
This spectrum has been recorded at 250°C, at the maximum of the glow curve, but
it remains unchanged across the full temperature range of the TL readout.
The Gaussian decomposition of this emission clearly leads to two bands: a main
one at 3.1 eV and a weaker one at 2.7 eV. These two luminescence bands have
already been observed by photoluminescence (PL) and they have been clearly
assigned to the luminescence of GeODC and SiODC centers, respectively [32].
This spectrum clearly demonstrates that GeODCs and SiODCs are reformed (in
excited state) throughout the annealing accompanying the TL readout following
the irradiation [4]. This result is consistent with the fact that some Si- and Ge-ODC
are destroyed by irradiation (both centers absorb at 5.1 eV [32, 40, 94] and restored
during the annealing process of the TL readout.
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Figure 3.46: TL emission on a Ge-doped sample (Q01) at 250°C and its Gaussian
decomposition. The band characteristics are written in the graph as
peak location and FWHM within brackets. In the inset is reported the
3D map of their emission.

In Fig. is shown the energy trap depth levels (red symbols) evaluated ac-
cording to the initial rise (IR) method. One can see that to the TL peak at 250°C
corresponds an activation energy level lying between 1.2 eV and 1.4 eV.
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Figure 3.47: TL glow curve (black line) of Q01 acquired at 1°C/s and energy levels
depth (red symbols) obtained according to the IR method.

The TL dependence on the irradiation dose is presented in fig. , where is re-
ported in a logarithmic representation the TL areas as a function of the dose. The
behavior is more linear compared to the samples investigated until now, a linear fit
in fig.3.48 reveals in fact a slope close to 1 (0.85). This value confirms that Ge-doped
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silica is a good candidate for TL dosimetry, since a linear relationship between TL
intensity and the absorbed dose is a desirable property for a TL dosimetry [91, 165].

® 0Q01
power-law fit

)
o
)
X
=)

1

TL Area (a.u.

3
10 ]

4
5.0x10 ]

T T T
1 2 2 3 3
5.0x10 10 5.0x10 10 5.0x10

Dose (Gy(Si0s))

Figure 3.48: TL areas as a function of the irradiation dose.

Optical absorption Fig. shows the RIA obtained at RT on the Ge-doped sam-
ple (Q01) at a dose of 6 kGy(SiO2). The RIA intensity reaches a maximum value of
about 1000 dB/m around 4.5 eV. Decomposition attempt of this RIA into Gaussian
bands have been done to comply with usual bands attributed to well identified
Ge-related centers: Ge(1) at 4.25 eV [1.2], GeX at 2.61 eV [0.9], and silica related
centers such as NBOHC (1.97 eV [0.3], 4.8 eV [0.9]) [46, 94].
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Figure 3.49: RIA of a Ge-doped sample (Q01) after 6kGy X-ray irradiation at RT

The band at 5.8 eV, corresponds to the intrinsic SiE” centers and to Ge(2) centers,
both centers being probably present [78, 94, 97, 98]. The optical absorption by the
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so-called Germanium lone-pair centers (GLPC), a variety of Ge-related oxygen de-
ficient centers (GeODC), clearly appears as a band centered around 5.1 eV in the
absorption spectrum of the pristine sample. In agreement with previous observa-
tions [94], we found that this band is reduced by irradiation. The decomposition
attempt of the RIA in Fig. well includes a band at 5.1 eV but with a negative
amplitude, therefore it was multiplied by (-1) to be visible in the semilogarithmic
representation used here. At lower energies, the RIA intensity is very low and
noisy, we tried to assign the gaussian band at 2.61 eV and 1.97 eV to the defects
mentioned above in order to follow the behavior of the tail [46]. One can note that
the main contribution to this observed RIA is mainly due to Ge(1) centers around
4.25eV.

The thermal annealing results are presented in the bleaching map of the RIA in
Fig. . Here, bleaching is just represented just as the contour plot of the RIA
intensities at each temperature.
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Figure 3.50: Bleaching map of Ge-doped sample after 6kGy of irradiation and ther-
mal annealing treatment at 1°C/s from RT to 450°C/s. The black line
superimposed on the bleaching map represents the TL glow curve
measured after 3kGy of irradiation at the same heating rate.

The bleaching is clearly observed for the predominant color center Ge(1) (at 4.25
eV) and to a lesser degree to the 5.8 eV band of SiE’ centers. The greatest destruc-
tion of Ge(1) centers occurs between 75 and 125°C. Since Ge(1) centers are admitted
to be trapped electron states [94], their annealing could originate from the thermal
release of the previously trapped electrons. This point of view is confirmed by the
parallel annealing of SiE” centers (around 5.8 eV) below 125°C. Indeed, SiE’ cen-
ters are undoubtedly trapped-hole states (holes trapped at oxygen vacancies [32])
and it was clearly demonstrated in [77] that they release the previously trapped-
holes between 225°C and 300°C in the TL process. Therefore, the annealing of SiE’
centers below 125°C can only be the result of their recombination by those elec-
trons released from Ge(1) centers. According to Fig. , and as expected from the
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previous results in this work, SiE” centers complete their annealing between 250
and 300°C, a region where they release the “de-trapped-holes” which is strongly
correlated to the main TL peak.

As shown in Fig. relative to the spectral analysis of TL emission, the SiODCs
and GeODCs are reformed during the thermal annealing process that goes together
with the TL readout. In silica, oxygen deficient centers (ODCs) were shown to have
the common capacity to trap free electrons under irradiation, whether they are in-
trinsic (S5iODCs) or associated with aluminum in Al-doped silica (AlIODCs) [77].
Then the reformation of ODCs centers during TL heating can be readily interpreted
as the result of the recombination of thermally-released holes i at such trapped-
electron states (i.e. at ODC : e~ species) [77, 174]. This statement can be extended
to the reformation of GeODCs, since this reformation parallels that of SiODCs as
highlighted in Fig. . It therefore appears to be the result of the radiative recom-
bination of thermally released holes at GeODC : e~ centers. To sum up the main
mechanisms, we can retain that the trapping of electrons under irradiation leads
to the formation of at least Ge(1), GeODC : e~ and SiODC : e~ centers. The Ge(1)
centers apparently correspond to shallow trapped-electron states since they anneal
by releasing their trapped electron from the beginning of the TL readout at RT. Si-
and GeODC : e~ states are obviously deeper: before any detrapping, they anneal
thanks to their recombination by free holes (as those released from trapped-hole
states along the TL readout). ODCs are then reformed in excited state according to
the following processes explaining the TL emission:

GeODC : e~ +ht — GeODC + hus 1.y (3.10)

SiODC : e~ +h™ + SiODC(II) + hvyzev (3.11)

According to the bleaching map, free holes involved in these processes are mainly
released from SiE’ centers between 250 and 300°C (according to the heating rate).

As shown in Fig. , the TL intensity tends to increase when the heating rate
increases from 0.5 to 3°C/s. This behavior is unusual with respect to that of pure
silica, P- or Al-doped silica specimens, for which the TL intensity decreases when
increasing heating rate due to the well-known effect of thermal quenching of the
radiative recombination luminescence yield [32, 170, 174]. The “anomalous” be-
havior reported here has been already observed in Ge-doped samples [170, 180]
and it was tentatively argued to originate from the fact that the recombination
cross-section, governing the rate at which the released carriers are transferred to
the luminescence centers, increases with temperature [170, 180]. This proposal
seems reasonable, since TL processes shift towards high temperature at high heat-
ing rate. In fact, it is not enough by itself to explain what is observed, namely an
increase of both the TL peak intensity and the area at growing heating rates (see
Fig. )- If a temperature-enhanced recombination cross-section was the unique
specificity, the total amount of holes recombined during the TL process should fi-
nally remain the same at the end of the readout, regardless of the heating rate (pro-
vided the TL traps are completely emptied and the TL peak fully extinguished, as
observed here). This would undoubtedly affect the shape of the TL peak but not its
total area that should be independent of the heating rate (the peak being integrated
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over its whole temperature range). By contrast, the rise of the TL area indicates that
the total number of recombined holes increases. The most straightforward expla-
nation for this is that, in addition to the temperature-enhanced hole recombination,
a hole trapping process on a very stable level must compete with recombination
at ODC : e~ states responsible for the TL emission. Competing traps must be
too deep to be relaxed during the TL readout since they do not give rise to a TL
peak in the glow curve. They can be referred to as ‘thermally disconnected traps’
or TDT. The permanent capture of holes released by shallow TL traps in the TDT
eliminates many candidates for recombination and thus limits the area of the TL
peak. If the recombination cross-section grows faster than that of capture on TDT
with temperature, the competition progressively turns in favor of recombination
when the heating rate is raised: the total number of recombined holes and the
TL area increase. In fact, very stable Ge-related trapped-hole centers, namely the
GeE’ centers, were demonstrated to form in Ge-doped silica under irradiation[4].
These centers, which absorb in the UV part of the optical spectrum, have precisely
been found to anneal only above 500 °C in isochronal annealing experiments (and
thus certainly at an even higher temperature with the linear temperature profile
used in TL) [4]. Therefore, it seems very likely that holes trapped in TDT can be
assigned to GeE’ centers. This proposal makes the TDT the precursors of GeE’ cen-
ters and, as expected, a specific feature of Ge-doped silica. In what follows, we
simply consider that the cross-section characterizing the recombination of holes at
GeODC : e~ centers obeys a thermally-activated Arrhenius-like law, as referred to

0, = oype Fo/ksT (3.12)

Where 0,9 is the recombination cross section in the absence of recombination bar-
rier (at E, =0 eV), E, is the recombination activation energy, kj, the Boltzmann con-
stant and T the temperature.

The original model we propose to explain specific mechanisms in Ge-doped silica
is sketched in Fig.
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Figure 3.51: Energy level scheme proposed to explain the radiation-induced degra-
dation in Ge-doped silica and its annealing Ge-doped silica.
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Pair generation takes place at a constant rate gy per unit volume and time that is
fixed with respect to the dose rate absorbed by the material during the irradia-
tion process. Holes generated in the valence band (VB) can be captured to form
hole trapped centers such as SiE” centers, and GeE’ centers, the latter playing the
role of the “thermally disconnected traps”, with the hole trap concentration Hrpr,
the density of trapped holes hrpr and a hole trapping coefficient frpr. They can
also recombine at RC consisting of electrons trapped into the form of SiODC:e-
(SiODC™) and GeODC:e- (GeODC™) states, which electron traps concentration
and the density of trapped electrons are referred respectively as Nrc and ngc. Elec-
trons generated in the conduction band (CB) can be trapped by a set of intrinsic
trapping levels (which is not shown in the figure to streamline the description) or
be captured at SiODCs and GeODCs by an electron trapping coefficient §. Holes
can be released from some intrinsic unstable levels (bandtails) and from deeper
SiE’ centers. In Fig. the arrow pointing up represents the trapping, character-
ized by a trapping coefficient By = oyvy, for the ky, trap, where oy is the capture
cross-section and vy, the thermal velocity in the VB; instead the arrow pointing
down represents the de-trapping, described by the frequency factor wo, = 0xvy,No,
where N; is the equivalent density of states in the VB. The release frequencies are
then of the form wq exp(—Ex/k,T), where E is the trapped-state level measured
with respect to the closest band edge. The recombination coefficient is v = o, vy,
where 0; is the recombination cross-section, which expression is given by 3.12. The
stability of the traps induced by irradiation is determined by their thermally acti-
vation energy E; measured from the nearest band edge.

3.4.2 GeP and GeF samples (Q07, Q09)

In addition to the Ge-doped silica sample (Q01) as Telecom grade fibers, we also
studied germano-silicate preforms co-doped with phosphorous (Q07) and fluorine
(Q09) in the cladding.

The presence of P in the cladding does not affect too much the TL response previ-
ously observed on the Ge-doped sample, they in fact present similar TL curves.

In terms of RIA, that of sample Q07 has some characteristics associated with phos-
phorous, while that of sample Q09 is quite similar to that of the Ge-doped sample,
as could be expected since there are no induced fluorine-related defects.

Thermoluminescence The TL of GeP (Q07) and GeF (Q09) co-doped silica per-
forms present the same TL features to those presented for the Ge sample: a main
peak ranging from 200 to 270 °C, depending on the heating rate, due to the lumi-
nescence of GeODC centers and a large shoulder at lower temperatures related to
silica, as shown in fig.3.52. Moreover one can observe an increasing of the TL in-
tensity with the increasing of the heating rate, due to the presence of Ge. Thus, all
the considerations previously made in the case of the Ge-doped sample to explain
the abnormal behavior of the TL are also valid for these two co-doped samples.
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Figure 3.52: TL curves at different heating rates obtained on a) Ge-P (Q07) and b)
GeF (Q09) co-doped sample after irradiation of 100 Gy(SiO,).

Fig. shows the TL area variations of the co-doped samples as a function of the
dose in log/log scale representation. Both areas present a power-law dependence
on the dose, with the same slope of DO-85,
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Figure 3.53: Area TL on Ge-P (Q07) and GeF (Q09) doped silica sample as a func-
tion of the dose and the fitting functions A = kD%%.

The TL spectra reported in fig. present the same features as those of QO01: a
main band at 3 eV, resulting from 2 components: one band peaking at 2.7 eV related
to SiODC, and a second one at 3.1 eV related to GeODC. What we observe in b)
is a clear signal due to the high TL intensity which characterizes the Q09 sample.
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Figure 3.54: TL emission observed on a) Q07 and b) Q09 samples after irradiation
at 1kGy.

From the initial rise experiment, which energy distribution is reported in fig.
for Q07 (a) and Q09 (b), one can estimate the energy depth of the traps correspond-
ing to the main peak between 1.2 and 1.4 eV as well were obtained for Q01 sample.
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Figure 3.55: TL glow curve (black line) and energy levels depth (red symbols) ob-
tained according to the IR method in Q07 (a) and Q09 (b) samples.

Optical absorption Fig.3.56(a) represents the RIA obtained on the GeP co-doped
sample (Q07). A gaussian decomposition in reveals the same optical bands related
to germanium and phosphorous.

Optical absorption measurements are, as always, focused in the core of the per-
form. The presence of phosphorous associated bands on the RIA spectrum means
that this dopant present in the cladding probably diffused into the core of the pre-
form during MCVD synthesis.

From the fit, which parameters are reported in table 3.4, one can see that the main
contribution to the RIA is due to Ge(1) and P2 centers above 3.5 eV. The POHCs
dominate the Visible part of the spectrum where are located three bands related
to this center [84]. In the absorption spectrum before irradiation we observed the
band attributed to the GLPC as seen also in Q01, thus this involves the presence of
the negative amplitude band in the RIA at around 5 eV which is not visible in the
logarithmic scale of the figure
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In fig.

rameters are reported in table
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b) is reported the RIA of the Ge-F sample and a gaussian fit which pa-

. As seen for the Ge doped sample QO01, the main
contribution to the RIA is due to Ge(1) and we observe again a reduction of the
GLPC band under irradiation which leads to a negative amplitude band in the

RIA at around 5 eV.
Defect Qo7 Q09
name x.(eV)  FWHM (eV) | x.(eV) FWHM (eV) |
POHC | 2.2;2.5;3.1 0.2;0.6;0.7 - -
Ge(1) 4.4 1.1 4.4 1.3
P2 45 1.2 - -
GLPC 49 0.47 5.0 0.6

Table 3.4: Parameters of the gaussian bands used in fig.
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Figure 3.56: RIA spectra obtained on a) Q07 and b) Q09 samples after irradiation
at 3kGy and related Gaussian decomposition.

3.4.3 The case of the F-doped sample Q11

The emission and absorption features shown by Q11 sample, is different from the
other tolerant fibers. As one can see from tab.2.1 in chapter 2.6, Q11 is characterized
by Fluorine doping in the cladding and silica in the core, but as it will be shown in
this section, some features present in its RIA and TL spectra, brings to think that
are present some other doping elements as impurities.

Thermoluminescence The TL in Q11 sample present a peak around 170°C with
a shoulder between 250°C and 300°C (see fig.3.57). The TL shape is quite differ-
ent from the other tolerant fibers, which suggests a significantly different defect
composition. The intensity is much higher respect to the other tolerant fiber pre-
forms (LO2 or Q25). For this sample we were in fact able to perform the initial rise

measurements.
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Figure 3.57: TL on F-doped silica sample at 1°C/s after irradiation at a dose of 100
Gy(Si0Oy).

Fig. shows the energy level depth distribution estimated from the initial rise
method. This procedure was made for the main peak at 170°C and for the shoulder
at around 250°C (see fig.3.57). This was necessary to estimate the energy depth of
the deeper traps which gives a clear and visible contribution to the TL at at higher
temperature around 250°C. In fig. the red scatter graph shows a distribution in
energies between 0.8 and 1.3 eV, with an energy level around 1 eV corresponding
to the main peak. The energy trap depths concerning the second peak at 200-300°C
are located around 1.2 eV. To perform these measurements the first peak was first
depleted by pre-heating the sample up to 200 °C. The TL readout conducted after

this treatment then provided us with the blue curve (here in Fig. re-normalized
with respect to the original one).
The TL spectral analysis in Fig. shows a wide emission band peaking at around

3 eV. This spectrum has been recorded at 170°C, at the greatest TL intensity, but it
remains with the same band features across the full temperature range of the TL
readout. In the inset, the TL map reports the TL emission spectrally resolved dur-
ing all the TL readout. As one can see the emission is located at the energies around
3 eV for all the temperature ramp. The Gaussian decomposition of the band clearly
leads to two components: the main one at 3.1 eV and another one but with a less
contribution at 2.7 eV. This last band have already been assigned to SiODC centers
[32]. The band at 3.1 eV is generally attributed to GeODC, even if in Q11 should
not be germanium-doped, it is possible that a very small quantity of Ge impurities
entered in this preform during the MCVD process. The TL emission reaches the
maximum intensity at around 170°C, in accordance with what is obtained with the
PMT (fig.3.57).
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Figure 3.59: TL on F-doped silica sample after irradiation of a dose of 1kGy
recorded at 160°C. In the inset, representation as contour plot of the
TL recorded during all the TL readout as a function of the temperature

In fig.
obtained according to annex

and the energy.

are reported the areas of the TL glow curves as a function of the dose,
. From the log/log plot is observed a sublinear

behavior, as suggested by the slope of 0.43, with a trend that seems to saturate.
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Figure 3.61: TL curves measured on F-doped silica sample at four heating rates
after irradiation at a dose of 100 Gy(5iO,). It is also reported a com-
parison between two measurements made at the same heating rates.

Generally what we expect for this kind of samples is a decrease of the TL when
increasing the heating rate, as for pure silica. Generally what one obtains perform-
ing the TL measurements, is a clear behavior of the TL when increasing the heating
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rate (increasing or decreasing of the TL intensity), even considering the repeatibil-
ity error. For the case of Q11 sample one cannot conclude clearly whether the TL
increases when increasing the heating rate. As one can see from the figure, if an
increase is observed for one set of measurements (red lines, superimposed in the
top-left corner plot), is not the case for the other set (black lines, superimposed in
the bottom-left corner plot). For sure we do not observe any decrease if the TL
with the heating rate.

Optical absorption The RIA intensity of the Q11 sample is low. Its spectrum,
shown in fig.3.62, contains the typical intrinsic bands of silica found in the pure
silica sample (L02, see fig.5.6): the well-known bands of the SiE” peaking at 5.8 eV
[1.0], and two other bands related to the NBOHC center, at 4.8 [1.0] and 6.5 [1.0]
eV. In addition to the well known silica related defects [32], there is another band
centered at 3.8 eV [0.9].

In the literature, this band with a FWHM of about 0.7 eV is attributed to the inter-
stitial clorine (Cl) or to peroxy linkage (POL) defect [32]. The attribution of this
band to Cl impurities or to the POL is still questioned [41, 181], but the energy po-
sition and the FWHM of the band could be linked to chlorine impurity introduced
during the MCVD process.

350

+  Experimental RIA
— Fit
300 11— Por/ger

NBOHC
— SiE

250

RIA (dBm)

Energy (eV)
Figure 3.62: TL on F-doped silica sample after irradiation of a dose of 6 kGy.

Anyway, it is worth to know that to the absorption band at 3.8 eV is not related any
PL emission band. Conversely, the dis-coordinated Ge impurity (Ge?*) is related
to an absorption band at 3.7 eV (with a FWHM of 0.4 eV) and a PL band at 3.1
eV [32]. Considering also the TL emission in Q11 at 3.1 eV (fig.5.59) related to
germanium, it is probable that germanium impurities are present in this sample
bringing to some features related to this dopant, such as the OA band at 3.7 eV
and the TL emission and at 3.1 eV. The presence of germanium is justified by the
fact that some impurities still remains present during the MCVD manufacturing
process.

To conclude, several features related to germanium are all present in Q11:
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The high response of the TL (even at a small dose of irradiation, as in fig.3.57)

¢ TL emission at 3.1 eV (fig.3.59)

the increase of the TL intensity with increasing heating rate; more precisely a
small increase or a constant trend of the TL intensity peak (fig.3.61);

a TL peak at 250°C which energy depth was estimated around 1.2 eV
(fig.5.55)

Supported by these results, we are quite sure that a small amount of Ge is present
in the preform, even if unfortunately it is a quantity small enough that it cannot be
detected by EDX to confirm this assumption.

3.5 Summary

The experimental results reported in this chapter, aim to characterize the samples
of this thesis. This characterization is based on the studies of :

1 the radiation induced color centers created during the irradiation, which are
detected by the optical absorption thanks to the gaussian band decomposi-
tion of the RIA;

2 their annealing by means of thermal annealing protocol (annealed RIA);

3 the recombination processes during the annealing by means of the TL tech-
nique.

This strategy, based on a cross-check investigation, intended to provide an analy-
sis of the mechanisms of the RIA development and annealing in silica-based fiber
preforms taking into account different core compositions, thus exploring the main
dopants characterizing our samples: Al, P and Ge. The combination of the three
studies summarized above makes original this method, since it is based on the full
investigation of the TL measurements (both along the annealing temperature and
spectrally-resolved), with the characterization of the RIA and its annealing in the
same TL conditions.

TL measurements induce thermal bleaching of the RIA and provides informa-
tion on the luminescent centers that are reformed along the annealing process (i.e.
SiODC, which emission at 2.7 eV is well detectable in all our samples). In addi-
tion, one can extract information on those centers non detectable with the TL (non
luminescent) serving as radiation-induced trapped-carrier states.

On the other side, the RIA characterization allows the identification of the color
centers (CCs) through the gaussian decomposition of the RIA spectra.

Since it is widely admitted that CCs correspond to radiation-induced trapped car-
riers, it was important to correlate these complementary techniques (TL and opti-
cal absorption) to make a connection between CC revealed in RIA spectra and the
trapped-carrier states probed by TL.

Moreover, the annealed RIA detected according to the thermal annealing protocol,
may reveal (i) a possible correlation of the recovery in CC; (ii) the temperature
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range of the main bleaching of the centers. This last point is crucial in our analysis,
since it gives access to the correlation between CC bleaching and energy depth of
the trapping level. The correlation was established by measuring the progressive
RIA annealing along the TL process. This protocol gives "bleaching maps" that
reveal the annealing rate at any temperature of the TL readout and any wavelength
of the RIA spectrum. Then we can relate the bleaching of a center at a certain
temperature, to the energy depth of a trapping level through the DOTS revealed
by the TL.

In table 3.5 are resumed the radiation induced defects and the restored ones during
the TL for the Si-. Al-, P- and Ge-core doped samples. In the last column, the
main TL emission mechanisms are reported. A schematic representation of these
processes are illustrated in the energy level scheme of figure

Core doping Radiation induced CCs Restored centers  Prevalent TL emission mechanism
hole traps electron traps  (during TL readout)
Si SiE” - NBOHC SiODC™ SiODC h* + SiODC™ + SiODC + hvazey
Al AIOHC AlE’ AIODC ht + AIE' — AIODC + hvsey
SiE” - NBOHC SiODC™ SiODC h* + SiODC™ — SiODC + hva zev
POHC P2 4 . _ .
P SiE’-NBOHC  SiODC- SiODC W7+ SiODC™ = SiODC + hvazev
Ge Ge2, GeE’ Gel - GeODC~ GeODC ht 4+ GeODC™ +— GeODC + hvz 10y
SiE” - NBOHC SiODC™ SiODC It + SiODC™ + SiODC + hvazey

Table 3.5: Summary of the CC created during the irradiation and the main TL
emission mechanisms determined in the results previously reported for
the main dopants. The CC visible in the RIA are written in red.

In radiation tolerant fibers such as pure silica one (L02 sample), irradiation-excited
holes trap to form of SiE’ centers, NBOHC and a continuous distribution of shallow
trapped-holes states. Only the SiE’ centers and NBOHC are found to contribute to
the RIA. Counterpart electrons most probably trap at oxygen vacancies, such as at
SiODC. The annealing process consists in the recombination of thermally-released
holes with trapped electrons and is accompanied by the characteristic emission of
SiODC.

The doping with Phosphorous (L28 sample) induces an important increase on the
RIA. This sensitivity to radiation is a characteristic of P-doped fibers. The decom-
position of the RIA reveals the presence of intrisic defects (SiE” and NBOHC), shal-
low trapped-holes states and P-related radiation induced CCs, such as the hole
trap POHC and the electron trap P2. As in pure silica, electrons most probably
trap at oxygen vacancies, such as at SiODC.

In addition to the centers present in pure silica, as well as the distribution of
shallow trapped-holes states, Al-doped sample (K04 sample) is characterized by
the formation of Al-related radiation-induced CC: AIE” and AIOHC. AIE’ centers
correspond to electrons trapped at Al-related vacancies [77], whereas AIOHC are
holes trapped at fourfold coordinated Al atoms. The main annealing process in-
volves the detrapping of holes and their recombination at AIE’ centers and with
electron trapped at Si related vacancies. This process reforms both SiODC and Al-
related vacancies, a kind of AIODC [77]. Holes are emitted from intrinsic trapped
states, from SiE’ centers and finally from AIOHC.
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Figure 3.63: Energy level scheme for pure, P-, Al- and Ge-doped silica samples.
The trapped hole centers created during the irradiation and the RC
are reported in white and black respectively. The recombination is
highlighted by the purple arrow, whereas the trapping and the ther-
mal release process by green and blue arrow.

In Ge-doped sample irradiation leads to the formation of SiE” centers, NBOHC
a continuous distribution of shallow trapped-holes states and the Ge-related in-
duced CCs Ge2 and GeE’. The latter is not visible in the RIA spectra recorded in
our experimental condition but it might be formed at the irradiation dose used
in our measurements. Moreover, as deeply explained in the section dedicated to
Telecom-grade samples, the precursor of the GeE’ is a deep trap which trap holes
and compete with the RC. The GeE’ is the occupied TDT. The main contribution
to the RIA is due to the trapped electron center Gel. During the irradiation, elec-
trons most probably trapped at oxygen vacancies, such as SIODC and GeODC.
Again, the annealing process consists in the recombination of thermally-released
holes with trapped electrons and is accompanied by the characteristic emission of
SiODC, which in Ge-doped sample is less intense compared to that of GeODC.

To conclude this chapter, we can point out that from the experimental results we
get information of the extracted DOTS, which always correspond to distributions
of trapped holes.

From the summary reported here and summarized in table 3.5, the main TL emis-
sions for all the samples is characterized by free holes (h™) recombined at electrons
trapped at oxygen vacancies. Common to all samples is the fact that the TL emis-
sion is due to the release of trapped holes that subsequently recombine on RC
formed by trapped electron states. As a consequence of this feature, the extracted
DOTS always correspond to distributions of trapped holes in the gap, near by the
valence band. These DOTS are necessary to predict and simulate the temporal and
thermal stability of the RIA. To get this knowledge and probe the DOTS, we use
a powerful means: the TL. To simulate the RIA and its behavior as a function of



126 CHAPTER 3. EXPERIMENTAL RESULTS

time and temperature, we need the TL. From the simulation of the TL we can ex-
tract the DOTS and then, simulate the DOTS in several experimental conditions as
well as the one encountered in the RIA. The prediction of the RIA is now possible
knowing that the energy levels present within the DOTS are associated to certain
CC. This association is possible thanks to the thermal annealing protocol.
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The main objective of this thesis is to propose a model able to simulate the RIA in
the visible part of the spectrum. The ability of prediction of this model takes into
account the experimental condition that induce the degradation inside silica based
optical fibers, such as the time, the temperature, the dose and the dose rate.
As anticipated in section 3.5, we propose a model based on the connection between
the color center and the DOTS, through the thermal annealing protocol. The DOTS
is correlated to the thermal annealing of the RIA (protocol described in appendix
) and this allow us to assign the main color center to energy levels present in
the DOTS.
The temporal and thermal stability of the trapped radiation-induced states are
mainly determined by their thermal activation energy. The latter corresponds to
the "depth" E of the traps, which is the energy of each trapped state, located in the

127
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forbidden band with respect to the edge of the closest band. In amorphous mate-
rials like silica, which are characterized by a structural disorder, it is reasonable to
consider these energy levels closely distributed instead as discrete levels. We thus
refer to the density of trapped states n(E) or DOTS, as a collection of energies Ej
where ny carriers are trapped.

The knowledge of the DOTS is the first step to get a model capable of reproduce
and predict the evolution of the radiation-induced states over different external
conditions, such as the irradiation dose, irradiation time, the "relaxation time"
spent between the irradiation and the TL readout, or the temperature.

The obtain DOTS we need a complex procedure based on simulations and exper-
iments which will be presented in detail in the next section. Fig.4.1 summarizes
through a block diagram this procedure.

Comparison/Validation

Experimental

*_

Modeling and prediction of the RIA
as a function of t, T, D and D

RIA

Simulation and connection DOTS to CC through thermal annealing experiment

—>

Simulation
Simulated

DOTS

Cgmpa rison .
Experimental

Calibration TL
and
validation

DOTS extraction

Simulation

General Input parameters

model (as, e.q., relative density of traps)

Model of trap filling/recombination
under and after irradiation.

Figure 4.1: Block diagram of the simulation strategy adopted to built the RIA
model.

To predict correctly the RIA, one should be able to simulate the DOTS in several
conditions as those encountered in the RIA experiences. The DOTS are obtained
through a modeling of trap filling and recombination, under and after irradiation.
To get a correct prediction of the DOTS, the simulation model must be validated by
strong evidences. In this respect, it is needed a strategy to calibrate the DOTS sim-
ulation in a certain condition (standard laboratory condition) and to assure their
validity.
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The calibration and validation procedure is built on the TL. Basically, from experi-
mental TL curves we extract the experimental DOTS. This DOTS extraction proce-
dure provides crucial inputs for the general model (as, e.g., the relative density of
traps and kinetic parameters) which must be able to simulate the DOTS build-up.
To validate simulated DOTS we use again the TL. We simulate the TL given by
such theoretical DOTS, in order to prove that it well re-produces the measured TL.
Of course the simulated TL is compared to the experimental one until a satisfac-
tory result is obtained. At the same time, the simulated DOTS are compared to the
experimental ones. This phase of calibration and validation against experimental
results, allow us to built the DOTS for all the samples of this thesis in "standard
conditions". The validated model can then be used for extrapolation purposes, i.e.
to predict the DOTS and the RIA that should be expected in markedly different
conditions (as those that are not readily achievable in a laboratory).

We proceed in the explanation of our modeling procedure illustrating the results
for radiation tolerant fibers: L02 and Q25 fiber samples (see table below to
remind the details). The LO2 fiber is not doped and it is reasonable to cite as an
example the simplest and most general case of pure silica. Once the modeling
approach is explained by reporting step by step the results for radiation tolerant
samples, in the chapter will be reported the simulation results obtained for all the
preforms studied in this thesis.

sample name doping characterization
Cladding | Core at.% An
L02 Si Si - 4-107°
Q25 F F | 119-036F | —23-103

Table 4.1: Radiation-tolerant fiber preforms under investigation.

4.1 Modeling approach. Case of Radiation tolerant fibers

4.1.1 General model for the degradation build up.

The approach adopted to simulate the build-up (under irradiation) and relaxation
(after irradiation) of the DOTS, is based on the model used to simulate trap fill-
ing and emptying in standard description of TL. In chapter 2 is reported the de-
scription of the Thermoluminescence phenomenon. A more generalized TL model,
with respect to the first order process reported in section 2.5, includes the possibil-
ity for thermally-released carriers to re-trap instead of recombine at recombination
centers (RC). To understand this kind of process, one can start from a standard ex-
ample of trapping-recombination model illustrated by the energy level scheme of
fig.

Following irradiation, pair generation takes place at a constant rate gp per unit
volume and time, that is fixed by the dose rate absorbed by the material. Holes
generated in the valence band (VB) only undergo capture on recombination cen-
ters (RCs). Electrons generated in the conduction band (CB) can be trapped by a
set of discrete trapping levels or recombine with holes on RCs. Nj is the concen-
tration and #y is the electron density of trap k, n. and h, are the concentrations of
electrons in the CB and of holes in the VB, respectively.



130 CHAPTER 4. MODELING AND SIMULATIONS RESULTS

ne Conduction band
b Bu
Wi
[ el e
= Electron
> = t Y
B S raps
g "& Nk: ny
= 3
= RC —O—
= Hh
5
O
h, Valence band

Figure 4.2: Standard scheme to simulated the DOTS build-up and related TL
shown for discrete trapped electron states and a single trapped hole
RC. The mechanism is generally reversed for silica, where the recom-
bination takes place at trapped-electron RCs, following the release of
holes from trapped-hole states.

The trapping coefficient is By = oyvy, for the k" trap, where oy is the capture cross-
section and vy, the thermal velocity in the CB. wo, = 0}vy, N, is the frequency factor
that is the coefficient of the thermal de-trapping process (see appendix ). The
recombination coefficient is oy = 0,v;, where ¢, is the recombination cross-section.
H is the concentration of hole traps, occupied by a density / of holes (& is thus the
RC density), and § = 03,0y, is the hole trapping coefficient (here vy, is the thermal
velocity in VB). The stability of the radiation-induced trapped states is determined
by their thermal activation energy, which energy E (for the k'’ level) corresponds
to the energy difference between the energy level of the trap and the CB.

The evolution over time of the electron density n. in the CB is given by equation
(4.1) where the second member represents the generation, the trapping on M lev-
els, the thermally release from the same M levels and finally recombination [182]:

dn Ex
7; = ¢o — N Z Bk (N — ny) + Z wOrexp ( . T> ng — ynch (4.1)

The evolution of the density of trapped electrons is assumed to result from trap-
ping and release (4.2)

dl’lk

E
rTi Binc(Nx — ny) — wOrexp <_kBkT> ng, k=1.M 4.2)

The hole population in the VB varies according to the generation and trapping,
and hence obeys to equation (4.3)

dh
5 = 80— 0ho(H — ) (4.3)

At last, the population of trapped holes (RCs) evolves due to hole trapping and
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recombination according to (4.4)

The hypothesis of a single RC is made for simplicity, but it is rather justified for
optical fibers where experimental TL spectra show that one RC most often pre-
vails. Then, color centers are essentially related to the trapping of carriers whose
polarity is opposite to the charge of RCs. Since RCs has been identified as trapped
electrons, regardless of the dopant we consider in our silica samples, the thermal
annealing and TL processes are in fact triggered by the detrapping of holes. This
corresponds to the reverse situation compared with fig.4.2 which corresponds to
the most convenient representation. This arbitrary choice does not limit generality
since the role of carriers can be freely reversed.

After a certain time after the end of the irradiation, the material characterized by
the equations (4.1)-(4.4) reaches a thermodynamic equilibrium where the filling of
the different levels must obeys to the Fermi-Dirac statistics. This assumption is
valid only if the frequency factor is expressed as a function of By N, which implies
a temperature dependency of T? as reported in appendix [165].

The coupled-non linear-differential equations (4.1)-(4.4) can be solved numerically
to describe all the experimental phases:

1 the isothermal irradiation phase, which lasts as the irradiation time t;,,;

2 the isothermal relaxation phase, when we take into account the time ¢,y
elapsed between the end of the irradiation and the start of the TL reading (in
our case this time is maintained to 90 s);

3 the TL readout phase, during which the time t is linked to the temperature
by the heating rate q(dt = dT/q).

The irradiation phase is solved at a constant temperature Ty (generally RT) and
with a zero initial charges concentration (1, = ny = h = h, = 0), since the material
is pristine. The gg value is set based on the dose rate absorbed by the material.
When multiplied by the irradiation time t;,,, go gives the total number Nggp of
electron-hole pairs (EHP) created by irradiation per unit volume, a density repre-
sentative of the total dose. We pass from the physical dose rate unitin Gy s ! to the
generation rate in cm—3s~! by using the generation efficiency G which was taken
as 5.18 x 10" cm 3Gy ~1(Si0,) if a bandgap of 9 eV is considered for silica [182].

The relaxation phase starts with an initial populations different from zero which
values are given by the solutions of the equations obtained at the and of the irra-
diation phase. Even if during this phase the irradiation is stopped (g0 = 0), we
can have a change on population due to the thermal instability of the traps. No-
tably the probability of release from filled states increases with the increasing time
treiax- Finally, the calculation of the TL readout phase starts with the populations
obtained at the end of the relaxation phase and always for go = 0. Furthermore, in
this phase the temperature is not constant but increases linearly with the time from
Ty to Ty at a constant heating rate g. As said before, the RCs have the characteristic
to be stable during the TL readout (at least up to the the experimental temperature
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of 550°C, that is the maximum temperature in our measurements). This means that
RCs do not undergo de-trapping: they can only be depleted by recombination pro-
cesses. This also implies that the trapping of holes rifle quickly the VB during the
relaxation phase and this band stay empty during the TL readout in the scheme
of fig.4.2. Thus the TL readout is described by the equations (4.1)-(4.3) with the
condition &, = 0, the TL intensity being calculated, as given by the equation (2.11),
in term of number of recombined holes:

R S V!
TE™ "1+ Cexp(—W/kgT) q dt

(4.5)

Equations (4.1)-(4.4) are used for simulations. Among the parameters present in
these equations, most of them are unknowns, namely: go, Bi, Nk, wOx, Et,0, v, H.
During the TL readout phase, we must add the the Mott-Seitz coefficient C and W
to this list. Considering the k index which reflects the number of traps (k=1...M).
This gives 4M+5 unknown parameters. In our simulation we used an arbitrary
value M=60. This value sets the energy resolution of the DOTS, without impacting
on general conclusions. We therefore have to deal with 243 unknown parameters,
which became 245 when simulating TL. Obviously, this amount must be reduced,
otherwise it would be impractical to solve these equations. The steps we follow
to reach this goal are listed below and they will be described in detail in the next
sections:

¢ The first step is the assumption of a single cross section ¢ for all traps. This
hypothesis brings to a reduction of the unknown parameters from 4 x M 45
to 2 x M + 7, which means 127 for M=60. Under this assumption we have
0 =0, which implies By = B and w0, = w0. Summarizing, the unknown
parameters are now: Ny and E (2M values), 6, v, H, B, w0, C, W (7 values).

e First order analysis of DOTS extraction. Assuming that TL processes can be
modeled through first order kinetics, we propose an original protocol for the
extraction of the DOTS from TL glow curves. This will further give access
to most of the unknown parameters: wy, C and W; but also to the collection
of the pairs (Ex, ng(Tp)) for k = 1... M, i.e the DOTS at the onset of the TL
readout (relative estimate, not absolute).

* Dimensionless procedure. From the first order analysis we obtain the relative
DOTS and we drastically reduced the number of unknown parameters of eq.
(4.1)-(4.4) from 125 to only 5: N, H, ¢, § and B. At this point of the procedure,
it is in principle possible to solve the system of differential equations. But
the modeling of radiation-induced processes can be further refined thanks to
a new formulation which is based on the dimensionless treatment of equa-
tions (4.1)-(4.4). At this stage, the only remaining adjustable parameters are
the total density of the traps N and the trapping coefficient B. The first one
determines how the TL response depends on the total dose (the total density
of generated electron hole pairs being fixed by the dose), since N sets the
saturation degree of TL traps. Whereas the latter, 8, set the trapping kinetics.
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4.1.2 Single cross section for every energy level

The hypothesis of a single capture cross section ¢ for all traps brings to a reduction
of the unknown parameters from 4 x M + 5 to 2 x M + 7, which means 127 for
M=60. Under this assumption we have o =0, which implies f; = p and w0, = wO0.
Summarizing, the unknown parameters are now: Ny and E; (2M values), J, v, H, B,
w0, C, W (7 values). The consequences of this choice are analyzed in what follows.
With the assumption that all the traps are characterized by the same coefficient f,
their frequency factors w0y differ only by the concentrations Nj:

ka = O'kvthNk = thhNk (46)

The density 1y of the carriers trapped on each level Ey is then directly proportional
to Ny when the thermal release can be neglected, i.e. when the traps are deep
and thermally stable. A reformulation of equation (4.2) considering By = B and
neglecting the detrapping term, indeed gives:

‘thk = Brc(Nip — ng) (4.7)

Then with a change of variable, we can rewrite the equation above as:

d
= (1 g1) )
where @, = ny/ Ny is the evolution of the filling rate of the level E;. From this last,
it is easy to obtain:

dln(ldtfm — _pn, (4.9)
Thus, all the @i follow the same evolution equation. As soon as their initial value
is identical, which is the case if all the trapping sites are initially empty (¢ (0) =
0, k=1... M), the rates of filling ¢, = n;/ Ny always remain equal and therefore
independent from k. We can then write ¢, = ¢, let ny = ¢Nj, which shows that
nx and N remain independent from k. In other words, the density of trapped
charges is always proportional to the density of traps for thermally stable levels,
sharing the same trapping coefficient. Obviously, this significantly simplifies the
problem.

Now we introduce the notion of demarcation energy to set the limit between ther-
mally unstable and stable levels. This notion is also very useful to interpret and
understand the simulation results. The demarcation energy Ep(T,t), at a given
temperature T and time t after the beginning of the irradiation, is that energy which
roughly separates the energy levels Ej into two groups:

e shallower levels for which E; < Ep(T,t); which are subjected to thermal
release, so they are empty at time ¢ after the beginning of the irradiation (at
temperature T) because their dwell time tp < t. The direct consequence is
that n;, = 0 for these levels.

e deeper levels for which Ex > Ep(T,t); which remain thermally stable at tem-
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perature T during the time t. For these levels tp > t and one can assign to 7y
the value ¢Nj.

We can define the demarcation energy as as a function of the critical time t = tp =
acet kT by [174]:

Ep(T,t) = kgT x In [wy(300) x (T/300)* x t] (4.10)

The values of the frequency wy estimated by simulations are around 10 s~ for
all the samples studied in this thesis. From this order of magnitude, the demarca-
tion energy reached at the beginning of the TL readout in standard conditions (RT,
tiry=15 min, t,,1,,=90 s) lies between 0.6 and 0.7 eV above the VB. This means that
trapping levels shallower than 0.6 eV are no longer populated at the beginning of
the TL readout and they cannot be characterized by TL, at least in our experimental
conditions. One should keep in mind that, even by exploiting rather quick irradia-
tion and measurements, the tests conducted at RT are unable to resolve the density
of shallow trapped states. The proper characterization of shallow levels and their
related effects would require irradiating at cryogenic temperatures [174].

4.1.3 First order analysis of TL curves: the extraction of the DOTS.

Presentation of the procedure With the assumption of a single cross section, the
populations 7 of trapped state are proportional to the densities Nj for stable levels
(Ex > Ep). However, even under the single cross section assumption, the general
model introduced by equations (4.1)-(4.4) is still determined by too many unknown
parameters. An useful strategy to run the simulations starting with some known
parameters is to assume that the TL mechanisms follow kinetics of the first order.
Assuming that TL process can be modeled through first order kinetics, we propose
an original protocol for the extraction of the DOTS from TL glow curves. This will
further give access to most of the unknown parameters: wg, C and W; but also to
the collection of the pairs (Eg, ni(Tp)) for k = 1... M, i.e the DOTS at the onset of
the TL readout. As far as ni(T) is proportional to the densities of the traps Ny for
Ex > Ep (which is the case for all of the E; probed by TL), this provides us with
the relative distribution of traps (Ek, {x = Ni/N), where N = Z,I(\il N is the total
density of traps.

Thanks to this first order approach, the 2M unknowns introduced by the (Ei, Ni)
pairs are thus replaced by only one adjustable parameter, namely the total density
of the traps N, which order of magnitude will be later estimated from the compar-
ison between the simulated and experimental dependencies of the TL response on
the dose.

From first order analysis we reduce drastically the number of unknown parameters
to 5, which are the total density of traps N, the transition coefficients 7, 6, f and
the density of holes H.

Now, the DOTS extraction procedure is first explained starting from the first order
approximation theory and then exemplified in the case of the pure silica sample
LO2.

The first order approximation is made when the capture cross section is assumed
to be very small compared to the recombination cross-section, i.e. /7y < 1. On
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formal level, it is introduced by simply setting B/ = 0 in the equations during
the TL reading phase. This implies that the carriers released thermally from traps
can only recombine with the RCs and they cannot be re-trapped. Due to the very
large recombination cross-section 7y, we also consider the lifetime of released car-
riers in the CB to be negligible. The consequence is that the density of the free
charges passing through the CB remains negligible and that the rates of trapping
and recombination are equal during TL readout. Under these conditions, equation

takes the characteristic form of a first order kinetic process (see section )-
di’lk
T —woexp(—E/kgT)ny, (4.11)
where wy = w((300)(T/300)?, see appendix for details. The equivalence

between total densities of electrons and holes is written as:
M
h=Y_ n. (4.12)
k=1

The individual TL response I(T) produced by the carriers released from the en-
ergy level E; is then simply Iy = —#(T) x dny/dT. So one obtains from equation

(411):

E T E
L(T) = 5(T) e BT 1y (Ty) - exp [—wo / ekskf’dir’} . (4.13)
q q /T

In this expression, Ty is always the temperature at which TL reading starts and
ni(To) is the density of carriers trapped on the E level at the start of the readout.
Extending the process to more than one single trap (as M traps), and in absence
of "retrapping", the total TL intensity is just the superimposition of individual re-
sponses:

M
Ir.(T) = Y _ Iy,
k=1

In practice, the temperature measurements are made at discrete points T;, whereas
for the traps we consider M traps labeled by the index k. We can write:

M
Ir(Ty) = Y m(To) My (4.14)
k=1
where My, is:
M- _ T, _ E
My = —W(Tl)@ ZE R -exp [_wo/ e kBT/dT/} (4.15)
q 1= q JT

In matrix notation we can rewrite eq. (4.14) as:

ITL = MTI(T()), (416)

where M is the matrix whose elements are given in eq.(4.15), Iy is the vector of
experimental TL points, and n(Tp), the vector of the trap populations 7 at the
start of the TL readout. Introducing M as the transpose matrix of M, n(Tp) can be
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calculated by matricial inversion:

MT I, = MTMn(Ty), (4.17)
n(Tp) = (MTM) M1y, (4.18)

The determination of the vector ng requires at least two TL glow curves recorded
at two different heating rates, referred as q; and g, with g; < g2 (experimental
vectors Itp1 and Irrp). From the calculation of matrices corresponding to these
rates, M(1) and M(2), it is possible to obtain the associated populations, 1g; and
ngp, by solving equation (4.18). We then have by construction I7;1 = M(1)ng; and
IT12=M(2)ngy. Since the filling states ny; and ng, probed by the TL readout results
from the same irradiation conditions and is independent of the value of g, they
must obey ng; = ngp so the relationship Irp; = M(1)ng and Irzo = M(2)ny must
also be verified.

The adjustment of the 3 parameters C, W, wy and of the energy interval within
which the energies Ej are located, consists in finding the values leading to the
best agreement between: ny; and ngp; or between measured Ir;; and the curve
calculated thanks to M(1) np, on one hand and I7;, (measured) and M(2) ny
(calculated) on the other hand.

To conclude this section it is worth to note few remarks about this procedure.

1 The theoretical TL intensity is expressed as the number of radiative recom-
bination per unit volume and temperature (cm 2K ~!). The experimental TL
intensity is recorded by means of a PM tube whose output signal is an elec-
tric current expressed in Amperes (see 2.6). So this signal is proportional to
the theoretical intensity:

E
I, (T) = KIff*" (T) (4.19)

However, the conversion factor K is unknown. Therefore, the direct appli-
cation of the analysis proposed to the experimental curves actually provides
the vector Kng rather than ny. The populations of levels contained in this
vector are not the directly densities of trapped carriers but rather quantities
proportional to them. Moreover, since we make the approximation of a single
capture cross section for all trap levels, these quantities are also proportional
to the density of traps N for all levels E; > Ep(Ty, fr1.), where to trr is the
tirr + trelax-

2 The value of the Mott-Seitz coefficient W (see eq.(4.5)) extracted from
the analysis makes the exponential term in the denominator of #(T) (see
eq.(2.12)) very large for all physically plausible values of C (generally 108
in our results). So from eq. (2.12) one has: Cexp(—W/kgT) > 1, that leads
to:

7(T) =~ C1 x exp(—~W/kpT) (4.20)

If we use this exponential equivalent of the yield in the expression of the
TL intensity (2.13) and (4.5), we notice that the parameter C play only the
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role of a global multiplicative factor, without impacting the characteristics of
thermal extinction which is therefore exclusively adjusted by W. The order
of magnitude of C just affects the order of magnitude of the elements of the
vector Kng extracted from the analysis.

3 Finally, whereas the use of 2 heating rates is in principle enough to extract the
DOTS ny, the procedure carried out in this thesis work uses in practice 4 heat-
ing rates. We thus conduct the analysis on all of the 6 possible combination
of curve pairs. This makes it possible to check that the 6 sets of parameters
and the 6 DOTS ng obtained following the above protocol are comparable.
By doing so, we shown that the extraction procedure is robust and that the
results are fully consistent and reliable. This procedure is illustrated below
for pure silica.

Parameters determination and application on pure silica The calculation of the
matrix elements defined by equation (4.15) requires knowing the thermal quench-
ing parameters C and W that appear in the luminescence yield #(T) and, most
importantly, the frequency factor wy. The importance of the wy value of the ex-
tracted DOTS ny is highlighted below for pure silica sample. The matrix M(0.5) (so
it means that the equation (4.18) has been solved based on the TL measured at g =
0.5°Cs™!,ie. It (0.5) ) has been calculated for 3 different values of the frequency
factor wo within its plausible variation range, namely wy = 5 x 10°,10% and 5 x 108
s~! (the other parameters being C = 10® and W = 0.072 eV). The DOTS Kny given

by equation (4.18) is plotted in Figure for these 3 values. It is normalized in %
of the total DOTS obtained for the M = 60 energy levels considered in the calcula-
tion. Figure compares the experimental TL curve (black line) to those rebuilt

according to ITL = KM(0.5)n, for these 3 frequency factors (color lines).

By construction, the 3 rebuilt TL curves merge and are in perfect agreement with
the experimental plot. However, these identical TL curves are produced by 3 dif-
ferent DOTS. This example well shows the crucial importance of the wy value on
the energy scaling of the DOTS. The order of magnitude of the frequency factor
must be properly estimated to ensure that the depths of trapped states are cor-
rectly returned by the analysis model. In order to choose the correct wy value, one
must consider an additional TL plot (at least) acquired after an identical irradiation
but at a different heating rate. The 3 DOTS of Fig. corresponding to g = 0.5 °C
s~! and now noted ng(0.5), were used to predict the TL curve they would produce
at g = 2 °C s~ ! by calculating I77(2) = M(2) no(0.5) (one matrix M(2) for each wy
value; C and W remained unchanged).

This prediction was then compared to the curve I7;(2) measured at 2°C s}, as
shown in Fig.

A too small frequency factor produces a too large temperature shift of the TL peak
(compare fig.). Conversely, a too large value would lead to a too small temperature
shift, with a consequent bad prediction of the TL peak. In the case of pure silica,
the value of wy = 5 x 107, leads to the best agreement with the experimental shift
of the TL peak between q=0.5 and 2°Cs~!. The same procedure was made for each
possible combination of heating rate pairs in order to obtain the best frequency
factor value. Of course, it is important to obtain the best choice for the thermal
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quenching parameters too. They are determined in a similar way to produce the
same TL response lowering as that observed experimentally.

b) — Experimental TL
TL curve rebuilt i ith kMng(0.5) :
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Figure 4.3: a) DOTS Kng extracted from equation (4.18) from the TL curve mea-
sured at 0.5 °C s~! for pure silica sample L02. (b) Experimental TL
curve used for the DOTS extraction (black line) and the TL curves re-
built according to I77(0.5) = KM(0.5)ng for the 3 ng vectors plotted in
(a). c) Experimental TL curve at 2°C s~! and the TL curves rebuilt ac-
cording to It1(2) = KM(2)ny for the 3 ng vectors plotted in (a)

Generally, once the frequency factor is determined, a wrong value of non-radiative
de-excitation barrier W would lead to a bad prediction of the lowering of the TL
intensity (when increasing the heating rate) compared with experimental data.
An example is reported in fig. 4.4, where a barrier of W = 0.05 eV and W=0.1 eV
are used to simulate the TL at 0.5 and 2 °C s~ ! with the same frequency factor wy
and C values, namely 5 X 10% s~ ! and 108, respectively. For each W value:

e The matrix M(0.5) was first calculated to extract the DOTS Kng(0.5) from the
TL curve measured at q=0.5 °C s~ 1. Then, the matrix M(2) was calculated for
g=2 °C s~ ! to predict the TL curve at this heating rate, i.e. KM(2)ny(0.5).

» The DOTS Kny(2) was extracted from the TL curve measured at q=2 °C s~
(using M(2)). This DOTS are used to predict the TL curve at q=0.5 °C s~! by
calculating KM(0.5)ng(2).

¢ Both predicted curve (KM(2)ny(0.5) and KM(0.5)ny(2)) were compared to ex-
perimental ones (I71(2) and I77(0.5), respectively).
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The comparison with data is shown in Figure 4.4 for W = 0.05 eV(a) and 0.1 eV (b),
respectively. A barrier of W = 0.05 eV is too small to explain the TL intensity loss
between the two considered heating rates. On the contrary, a barrier of W=0.1 eV
is too large. The value giving the best agreement is intermediate, equal to 0.072 eV

(fig.4 40).
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Figure 4.4: TL curves recorded (symbols) at heating rates q = 0.5 and 2 °Cs ! for
the pure silica sample (L02) after irradiation in standard conditions.
The predicted TL (solid lines) at 0.5 and 2 °Cs~! are calculated from
KM(0.5)np(2) and KM(2)ng(0.5), respectively.

We proceeded in this way with all the possible combination of 2 heating rates out
of the 4 used. We obtain a good overall agreement with the same parameters wy
and W for all of them. The results obtained from the correct parameter values
for all calibrations of heating rates are reported in fig.4.5 for the pure silica sample
(L02). The parameters are given in table 4.2. This cross-checking made between the
other TL curve combination confirms that these values always anticipate correctly
the TL peak shift and lowering.

The corresponding DOTS obtained with this procedure for each couple of TL
curves reported in fig.4.5, are superimposed in figure 4.6. As one can see, they are
well superimposed showing that the best parameter values are found. In practice,
we retain the average of these 6 energy distributions as the best DOTS estimate.
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Figure 4.5: Experimental TL and simulated TL curves obtained from the first or-
der kinetics simulations for the pure silica sample (L02) after irradia-
tion in standard conditions. The TL curves recorded at heating rates q1
(blue line) and g2 (red line). The predicted TL (dashed line) at q1 and
g2 (dotted line) are calculated from KM(ql)ng(q2) and KM(q2)ne(ql),
respectively. For each subfigure, the heating rates q1-q2 corresponds
respectively to: 0.5-1 °Cs71a)0.5-2°Cs 1 b)0.5-3°Cs~1c)1-2°Cs!
d) 1-3°C s ! e) 2-3 °C s~! f). The values of the main parameters used
for these simulations are reported in table
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Figure 4.6: DOTS generated by a "standard" irradiation in the pure silica (L02)
sample, as extracted from each pair of TL curves.

Fig.4.7 reports the DOTS extraction results on Q25 sample (see table.4.2 for the
parameters). TL curves are recorded (symbols) at two heating rates (q = 1 and 2
°C s~1) after irradiation in standard conditions. Cross-checking by predicting TL
(solid lines) at 1 and 2 °Cs ™!, calculated from KM(1)ny(2) and KM(2)ng(1), respec-
tively. The couple of DOTS extracted are not well superimposed such as the ones
obtained for L02 sample. This is ,most probably, a consequence of the quality of
the TL curves on Q25, which are quite noisy. Indeed F-doped silica is "radiation-
resistant " and the TL intensity from such doped silica is weak.
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Figure 4.7: DOTS a) extracted from the TL curves in b) (dashed line) recorded at
heating rates q = 1 and 2 °Cs~! for the F-doped silica sample (Q25)
after irradiation in standard conditions. The predicted TL in a) (solid
lines) at 1 and 2 °Cs~! are calculated from M(1)ngy(2) and M(2)ng(1),
respectively.
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L02 Q25

Frequency factor wp (s 1) | 5 x 10° | 5 x 10°
Mott-Seitz factor C 108 108
energy barrier W (eV) 0.072 0.12

Table 4.2: Parameters obtained from the DOTS extraction for L02 and Q25 samples
reported in fig.4.6- and the simulated TL of fig.4.5-

Discussion on the applicability of the first order approximation The pure silica
sample LO2 were also irradiated in IRMA conditions. The y-irradiation was per-
formed using a total dose and an irradiation time (t;,,) much higher respect to one
used in standard conditions (such as to perform the TL measurements of fig.4.5).
Moreover, the time spent between the end of the irradiation and the TL readout
(trelax) is much longer respect to the one usually spent during our experiment. A
comparison of both conditions is reported in table.

standard | IRMA
irradiation time (min) 15 2 x 10%
time relax (min) 1.5 3.7 x 10
Dose (Gy(SiO5)) 3 x10° 100
Dose rate (Gy(S5iO,)/min) 200 50.3

Table 4.3: Details of experimental conditions: standard and IRMA ones.

We want to highlight the difference of these conditions to support the application
of the DOTS extraction on the TL measured from IRMA experiment. The TL mea-
surements on L02 sample irradiated at IMGy at IRMA facility were performed at
1°C/s. The corresponding DOTS have been extracted with the same parameters
adopted to extract the DOTS in standard conditions summarized above in table
. The results of both TL recorded in standard and IRMA conditions are reported
in fig. . The extracted DOTS from both TL curves are then displayed in fig.
The DOTS obtained for such different irradiation conditions contain similar struc-
tures, but the intensity and the demarcation energy is different, due to the total
dose and the much longer t,,;,, respect to the standard case. Due to the much in-
tense irradiation, the DOTS extracted from the TL following the IRMA irradiation
are 10 times more intense than the standard DOTS, whereas the demarcation en-
ergy Ep is increased from 0.74 to 0.94 eV from standard to IRMA conditions. Since
the populated levels probed by TL have shifted toward deeper states, the IRMA
glow curves raise from a higher temperature and reach their main peak around
160 °C instead of 75 °C.
The TL recorded in these two different conditions, present a different intensity ratio
between the peak and the shoulder at 350°C. The relative intensity of this shoulder,
with respect to the main peak intensity, is significantly increased in IRMA TL. The
TL shoulder, being above the TL peak, is due to deeper trapped states.
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Figure 4.8: TL curves and DOTS from undoped sample L02 measured at q =1°C/s
in standard and IRMA condition a) Experimental TL and TL re-built
from the DOTS ny in b) according to KMn at 1°C/s.

This is directly explained by the fact that deep trapped states responsible for these
high-temperature TL components are relatively more populated with respect to the
maximum of the DOTS [174]. Under IRMA irradiation, the total density of trapped
holes is increased respect to that obtained under standard irradiation, as a conse-
quence of the higher dose given to the material. But since these levels remain much
deeper, the continuously shifting demarcation energy only store up trapped holes
whereas those crossing this energy are affected by a detrapping slowing down
the filling. Because of this effect of time, the total density of the trapped states
increases by favoring the relative fraction of carriers located in the deep states.
In other words, the holes gradually condense into deep traps during irradiation
[174]. This condensation effect could be reinforced by the post-irradiation time
elapsed before the TL measurement. During this period, the demarcation energy
is still progressing towards high activation energies and the population of deep
traps could be further increased by the re-trapping of holes emitted from the shal-
low levels reached by Ep. This contribution may be significant if the re-trapping of
released holes prevails over their recombination. In this case the basic hypothesis
of first order kinetics on which we based the DOTS extraction procedure would
fail. In most samples presented in this thesis there is however strong evidence that
recombination well dominates re-trapping. The only case where this evidence is
not obvious is that of Ge-doped silica. Anyway for this type of doped fiber we
proceed with a particular modeling because of specific features that we will show
ad the end of this chapter.

The first approximation seems to be consistent with these results. Considering the
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higher delivered dose in the case of IRMA irradiation with respect to the stan-
dard one, we expect to observe more electron hole pairs created in a proportional
way with the delivered dose. Contrary to what was expected, the maximum TL
recorded after IRMA irradiation is just increased by a factor ~7.3. Basically, despite
the delivered dose (which we note is ~ 300 times higher than that given in stan-
dard irradiation), most of excess pairs have disappeared by recombination, which
therefore prevails over trapping. The total trapped-hole density overall increased
but the DOTS following standard and IRMA irradiations are not simply propor-
tional [174]. We can note that respect to the DOTS left by standard irradiation (red
line in fig.4.8b, the DOTS maximum left by IRMA irradiation (black line in fig.

is increased by a factor ~ 10, whereas at higher energies such as the DOTS peak at
1.6 eV, just by a factor ~ 30. The main change introduced by IRMA is related to a
time effect reflected in the increase of the demarcation depth and in the subsequent
condensation of holes in deep levels. Another strong indication for prevailing re-
combination over trapping is the sub-linear dose dependence of the TL intensity,
which will be observed below.

4.1.4 Dimensionless formulation

From the first order analysis we obtained the relative DOTS and reduced the num-
ber of unknown parameters of eq. (4.1)-(4.4) from 125 to only 5: N, H, v, § and
B. At this point of the procedure, it is in principle possible to solve the system of
differential equations.

But the modeling of radiation-induced processes can be further refined thanks to
a new formulation which is based on the dimensionless treatment of equations
(4 1)-(4.4).

The dimensionless equations are obtained dividing the equation (4.1)-(4.4) by BN 2
[182], always under the assumption that all traps have the same capture cross-
section. BN? is a quantity measured in cm~3s~!, which corresponds to the maxi-
mum trapping rate BN of each single free carrier multiplied by the density of trap
N. It thus corresponds to the maximum trapping rate per unit volume in a case
where the density of free carriers is equal to that of traps. With this normalization,
one obtains:

du. . r . —E;
o = R- Mck;(fk(l — Pr) = JtePn + 1#’};@4’1(695}9 (kBT> (4.21)
dgl)k o M —Ek o
=7 = uc(1— @) kgtp(pkexp (kBT Jk=1..M (4.22)
du, R 0
P &7’”0(1 — ¢n) (4.23)
d(Ph . 0 1
a7 = &uvr(l —¢p) — e (4.24)

In (4.21), x = ni/ Ny is the trap filling rate of the k' trap. r = H/N is the ratio
of the density of hole traps to that of electron traps. ¢ = N./N where N, is the
equivalent density of states in the CB, ¢ = Ni/N is the relative fraction coefficient
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of each trap k, R = go/BN? is the dimensionless dose rate coefficient, u, = n./N
and u, = h,/H are the populations n, and &, normalized by the density of traps,
as well as the RC occupancy rate ¢, = h,/H; finally T = BNt is the reduced time,
« = B/7v and 6 = &/ are the coefficient representing the competition between
electron trapping-recombination and hole trapping-recombination, respectively.
Contrary to what happens in the standard equations reported at the beginning of
this chapter, the system described by these new equations is not determined by
individual parameter, but by dimensionless ratios accounting for the main compe-
tition between transitions: a= /7, 6= /7 and accounting for the concentration of
hole against electron traps.

This demonstrates that the system is not determined by individual parameters, but
by the value of their ratios. Such ratios being given, we only need to define one
density (N or H), and one transition parameter (&, 6 or 7).

In this work, we used to set f and N. Once N and g are set, the value of i is known,
since p = N./N = wp/BN where the frequency factor wy is known from the first
order analysis. It is worth to remind that the thermal extinction parameters C and
W involved in the simulation of TL, are also known from the first order analysis.
In practice, the choice of the transition parameter value (p), sets the kinetics of the
simulated processes. The choice of a value for the density of traps (N) sets the
saturation degree of the traps, given that the total density of the free electron-hole
pairs Ngpp injected by irradiation is fixed experimentally by the total dose given

to the sample. Since this density is Negp = gotirr (cm™3), one has % = % X

BNt;,, = R1j,,, a ratio which measures to the dose in a dimensionless form.% <
1 means that the system will remain far below saturation, and conversely.

In summary, the solutions of the equations (4.21) - (4.24) are only determined by 5
parameters: 8, N, 6, a, r. In the next section it will be noted that these parameters
are actually 4, because of the choice of a very small a value (and then set as a
known parameter) according to the first order modeling. We argue in the next
section that the first order approximation is justified for most of the samples tested
in this thesis.

4.1.5 On the validity of the first order approximation of the TL processes
in our materials.

This section discusses on the validity of the first order approximation of the TL
processes in our samples. This choice, which is translated into adopting & <1
(10*5 in our simulations), is well justified for all the samples tested in this thesis,
exception made for Ge-doped ones, which always require a separate discussion
because of the particularities that this element introduces. The technique of DOTS
extraction presented above, has been demonstrated in [174] to apply very well to
various silica-based fiber preforms with different core compositions (pure silica,
silica doped with aluminum, phosphorus, erbium or ytterbium). Here we will
keep to prove the solidity of this method showing other results concerning similar
samples as those used in [174].

As it will be reported further, for such kind of doped silica, extracted DOTS always
consist of a distribution of trapped-hole states. Before has been proven the consis-
tency between the DOTS extracted after two different irradiation conditions: the
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tirst one obtained in a standard configuration in our laboratory (X-rays irradiation
at 200Gy(5iO,)/min at RT and TL recorded after 90s from the end of the irradia-
tion), the second one by IRMA condition (see ), as reported previously in the
experimental results of this thesis. It has been found that the main change intro-
duced by IRMA conditions is related to a time effect reflected in the increase of the
demarcation depth and in the subsequent condensation of holes in deep levels.

Simulation with the general model [eq.(4.21)-(4.24)] In the previous section, the
modeling procedure has been explained following a standard energy level scheme
used to explain the TL phenomenon, such as the one represented by Fig. 4.2. This
means that we reported eq. (4.21)-(4.24) considering that TL traps are electron traps
and RCs are trapped holes. From the experimental results of chapter 3, we pro-
posed a reverse scheme respect to this standard one and represented in Fig.4.9 for
pure silica. We already argued that the recombination mechanism involves the re-
combination of thermally released holes at trapped electrons, such as the SiODC™
center. This claim is also valid for all the doped silica samples investigated in this
work.

The proposed energy level scheme needs new modified equations, which basically
are similar to eq. (4.21)-(4.24) but in a "reversed"scheme, where the role of electrons
and holes is simply switched. The same equations will be also used for radiation
sensitive samples, whereas for Telecom grade samples a specific model with ap-
propriate differential equations will be required.
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Figure 4.9: Diagram of trapping/recombination processes in silica samples.

The DOTS extraction protocol provided the DOTS reported in fig.4.6 and a starting
set of Hy. This H set is subsequently properly adjusted by simulating the DOTS
formed under irradiation and by comparing the related TL (the theoretical TL cor-
responding to these DOTS) with experimental TL curves at different doses.

Then, using the parameters we obtained, we can also simulate the effect of the
heating rate on the TL. We can also check the good agreement between simulated
and experimental dots. This is basically an internal consistency because we simu-
late in the same irradiation conditions. We will show that anyway we can predict
both DOTS and related TL in very different conditions.
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The remaining parameters are: &, 0 ,r, N and f and x. How they are estimated
is explained in what follow, where are also shown the results obtained from the
simulation with the general model.

Parameters estimation:TL simulation at different irradiation doses The predic-
tion of the TL at different doses is helpful to fix a, stating whether re-trapping is
negligible (¢« < 1) or significant (x = 1). The case of # < 1 is in fact a strong
precondition required by the first order approximation.

We argued that detrapping/recombination process well obey first order kinetics,
that is &« < 1. Then, to meet this condition, we set the value of « = 10~°.

The other parameters r and 6 are found to have only a negligible impact on the
simulation results across decades (between 10~3 — 10%). Then we choose for con-
venience the central values of r = 1and 6 = 1.

The trapping coefficient f and the trap density N appear to be the most important
parameters. In practice, N sets the saturation degree, so is best estimated from the
dose dependence of the TL response. f is such that wy = BN, but it is well-known
that the equivalent density of state N_ is usually between 10'® and 10% cm 3. Con-
sidering that wy is known from DOTS extraction, we can deduce the order of mag-
nitude of B, say at one decade. The values of (8, N) are also adjustable in such a
way that the DOTS produced when simulating the trap filling during irradiation
and after irradiation must be identical to that extracted directly from the TL curves
(experimental DOTS). DOTS are now generated (or simulated, which means build
by simulating the irradiation and trap filling), not extracted, We can use this sim-
ulation to predict the DOTS and the related TL in other conditions that differs
from standard irradiation conditions. So we can simulated the dose dependence,
from which we get a refined estimate of N and B. These determining parameters
have been calibrated to make this experimental DOTS successfully reproduced by
the general simulation of the irradiation and relaxation phase (trap filling state at
tirr + trelax). Once all the other parameters are calibrated and validated in our stan-
dard irradiation conditions, we are able to predict the DOTS (and associated TL)
in different experimental conditions. Notably those that are not achievable in lab-
oratory, changing t, T, D and D. Precisely, the following results are obtained from
the prediction of the DOTS at several t;,, + t.15, (then at different doses) different
from the ones used in the calibration procedure.

From these simulated DOTS we obtain the TL to compare with the experimental
ones recorded at the same irradiation times and doses. These results are reported
in Fig. and has been obtained by general model using the parameters reported
in table 4.4. Figure shows the areas of the TL areas measured and simulated ine
Q25 sample (1.19at.% of F in the core) as function of the irradiation dose.

The TL was recorded after each irradiation, at several doses, from 500 Gy to 3000
Gy, using a dose rate of 200Gy /min. Due to the low level of the TL intensity, the TL
glow curves were very noisy and the calculated area from each curve was there-
fore characterized by a bigger error than usual. A power-law fit of the simulated
points reveals a variation in D%8. As one can see, the agreement between the exper-
imental points and the simulated ones is good. The simulated results are obtained
from the parameter reported in table 4.4 changing the irradiation times, obtaining
6 irradiation doses from 500 Gy to 3 x 10° kGy.
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Figure 4.10: Experimental and simulated TL curve areas on the Q25 sample as a
function of the dose and power-law fit A = k x D™ (red line) of the

simulated points, with m = 0.8.

Q25
Trap density N (cm ) 1.3 x 10%
Trapping coefficient 8 (cmBsT) 10°10
x =B/ 107°
=46/ 1
r=H/N 1
frequency factor wy (s71 5 x 10°
Mott-Seitz factor C 108
Energy barrier W (eV) 0.12

Table 4.4: Parameters used for general simulation to obtain the simulated DOTS
and corresponding TL of fig. in Q25 sample. C and W are just
used to simulate the TL and are obtained from DOTS extraction, along
with the frequency factor wyg. N and B are adjusted from the general
simulation of the DOTS and dose dependence.

We now want to show how « selection is decisive in predicting the TL behavior as
the dose varies. Using « = 1, which then moves us away from the first order ap-
proximation, we get the TL simulated areas of figure (with otherwise the same
parameters of table 4.4). From a power-law fit revealing the dependence D!,
we see that the trend is markedly different from the experimental one, showing a
super-linear increase with the total dose. This proves that the first order approx-
imation (made a priori to stem the problem of an otherwise unsolvable model) is
strongly supported by experimental data.
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Figure 4.11: Experimental and simulated TL curve areas on the Q25 sample as a
function of the dose obtained using « = 1 in the simulation. The
power-law fit A = k * D™ (red line), reveals a super-linear increase,
with a slope m=1.21.

The DOTS obtained from these simulations, giving the TL areas of fig. , are
reported in fig. . One can see the occupancy states at different doses (black
lines) and the density of trapping sites (red line).
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Figure 4.12: Trap filling states probed by TL reported in a representation where
the ordinate is the energy from the CB and the abscissa the density
of carriers (cm~3). The black curve represents the occupancy states
at different doses (from 500 Gy to 3 x 10° kGy) and the red one is
the density of trapping sites, both simulated from the TL reported in
tig. from the general order simulation.

As one can see from fig.4.12, the trap filling remains far from saturation, at the
dose level used in fig. and . This is in agreement with results of chapter



150 CHAPTER 4. MODELING AND SIMULATIONS RESULTS

3, where this was shown to be the case for all the tested samples. The TL studies
as a function of the irradiation dose, indeed, indicated that at the maximum dose
level delivered to the samples the TL, and therefore the trap sites, are still far from
saturation. Therefore, the sublinear dose dependence of the TL response is not due
to the fact that trap filling approaches saturation but well to the fact that « < 1. If
« was close to 1, the dose dependence would be closer to linearity as in fig.4.11. It
however remains that the density of traps N has been adjusted to reproduce at best
the dose dependence of the TL response. This dose dependence is an important
point for the calibration of N.

Finally, we want to observe that in fig. the density of states in x-axis is ex-
pressed in cm 3, but its order of magnitude is not correctly calibrated. Also the
value of the density of traps N is not physically realistic; considering for exam-
ple that in silica the density of Si atom is around 5 x 10?2cm~3. This problem is
due to the lack of the shallower levels in the DOTS. The density of trapping sites
cannot be predicted for shallow states that are not probed by TL measurements in
our experimental conditions. The density of trapping sites must be extrapolated
between the demarcation energy Ep(To,trr) and a certain minimum depth consid-
ered in the simulation (between 0.5 and 0.6 eV). Unfortunately, this extrapolation
takes the form on an exponential tail growing towards the VB edge, so it introduces
an artificial, but very large density of trapping sites below Ep. This has two con-
sequences: first, the total density of states N is very large and then overestimated.
Second, this leads to a large underestimate of the density of TL traps (those levels
above Ep), and hence of the density of trapped carriers.

As the total density of considered traps is related to the all levels included in the
simulation, this amount brings to an underestimation of the density of trap levels
involved in the production of the TL (at an energy level deeper than the demar-
cation energy E p(To, tr1)). Only a refined knowledge of the density of traps with
energy smaller than the demarcation energy reached at the start of the TL read-
ing would allow a correct quantitative reproduction of the density of traps and
trapped carriers.

Effect of the heating rate Once all the parameters are found and validated, it is
possible to simulate correctly the effect of the heating rate with the general simula-
tions model. We expect that the DOTS simulated under standard conditions well
predict the TL (in shape and position). As well as the simulated TL at different
heating rates will predict the correct decrease in intensity and the shift of the peak
using the Mott-Seitz factors C and W (already estimated from the DOTS extraction
procedure). In Fig. are reported the experimental TL curves (dashed line)
acquired at 4 heating rates on L02 sample. Whereas fig. shows the compari-
son between the simulated DOTS and the re-normalized extracted DOTS, from the
tirst order procedure. Both have been calculated in the standard condition used
to acquire the TL: Xray radiation of 3kGy with a dose rate of 200Gy(SiO2)/min
and a relaxation time between the end of the irradiation and the TL readout of 90
seconds. Of course the agreement between the experimental and simulated one
is perfect by construction, since to simulate the DOTS are used the conditions on
which our calibration procedure is based.
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Figure 4.13: a)Experimental and simulated glow curve at four heating rates:
0.5°C/s, 1°C/s, 2°C/s, 3°C/s in the L02 sample (pure silica). b) Ex-
tracted DOTS (scatter graph) normalized with respect to the simulated
one (red line) by general model in standard conditions.

From the simulated DOTS we obtained the theoretical TL in fig. (solid lines).
The simulation parameters are summarized in table 4.5 for the L02 sample.
L02
frequency factor wy (s~ 1) 5 x 10°
Trap density N (cm ) 4 x 10%
Trapping coefficient (cmPs~ 1) | 10710
x=p/y 107°
0=46/v 1
r=H/N 1
Mott-Seitz factor C 108
Energy barrier W (eV) 0.072
r 1

Table 4.5: Parameters used for general simulation to obtain the simulated DOTS
and corresponding TL of fig. in the L02 sample. C and W are just
used to simulate the TL and are obtained from DOTS extraction, along
with the frequency factor wy. N and B are adjusted from the general
simulation of the DOTS.

The dashed black lines and the colored continuous ones represent the measured
and the simulated TL curves respectively. The agreement between the experimen-
tal curves and the simulated ones is good. This result is obtained with« < 1, i.e. in
condition of a weak re-trapping where recombination is dominant. This condition
is consistent with the fact that a first-order TL process is well the case for silica.
Anyway the TL prediction at 4 heating rates is possible also in a non negligible re-
trapping case (for example with a=1) [174]. This confirms that the assumption of
negligible re-trapping is certainly sufficient but not required to accurately account
for the TL measured at different heating rates. This is therefore not this type of
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measure that can provide a definite proof of the validity of the first-order approxi-
mation of the TL process, but the sublinear dose dependence of the TL response.

The case of « < 1 is in fact a strong requirement, in our general model, to re-
produce correctly by simulation the experimental dependence of the TL response
on the dose. Once all the other parameters are calibrated and validated in our
standard irradiation conditions, we are able to predict the DOTS (and associated
TL) in different experimental conditions. Notably those that are not achievable in

laboratory (changing ¢, T, D and D).

On the ability of the model to predict at different t, T, D and dose rate This
calibrated model is able to predict the DOTS and related TL curve in different ex-
perimental conditions, which therefore take into account the variability in time,
temperature, dose and dose rate. To confirm this ability we present now the pre-
diction of the DOTS and glow curve produced after irradiation in IRMA condition.
The details of this experimental conditions are reported in table.4.3. It is worth to
note that passing from standard to IRMA conditions means that the dose is mul-
tiplied by 333 to reach 1IMGy, the irradiation time is multiplied by 1333 and the
relaxation time by 24960.

Fig. shows a comparison between the experimental TL recorded on the L02

sample in standard and IRMA conditions, and the predicted ones. These latter are
obtained from the DOTS simulated in the same conditions (standard and IRMA)

reported in Fig.
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Figure 4.14: TL curves and DOTS from undoped sample L02 measured at g =
1°C/s in standard and IRMA conditions a) TL experimental and pre-

dicted one from the simulated DOTS in b) using in the general model

the parameters in table.
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The simulated DOTS are compared to the experimental one obtained by DOTS
extraction procedure, already shown in fig.4.8. Note that the model has been cali-
brated in standard laboratory conditions, and that no further adjustment has been
made to obtain the DOTS and TL predictions in IRMA conditions. As one can see
from the simulated TL, the peak shift is very well predicted (from 70°C to 130°C),
whereas from the DOTS comparison (black and green line in fig. we can ob-
serve that the demarcation energy is shifted up to the same energy (which demon-
strates clearly that kinetics are correctly rendered and anticipated). Moreover, the
quantitative error in the intensity of the DOTS and TL is within the TL experimen-
tal error (between 5 and 10%). These results well support the validity of the model,
since this prediction take into account experimental conditions very different from
those on which the model is calibrated.

4.1.6 RIA modeling

The RIA observed in the UV-Visible range, due to the presence of color centers
(CC), can be decomposed in optical absorption (OA) bands related to these CCs.
From the well known Smakula formula for gaussian bands [183], it is possible
to determine the density of CC (N in cm %) knowing some physical parameters
such as the amplitude (a;) and the FWHM (W) of each k" OA band, its oscilla-
tor strength (fy) and the refractive index n of the medium. Conversely, if Nj is
known (for instance from the DOTS), it is possible to obtain one of the unknown
parameters (for instance the OA band amplitude) from equation (4.25).

Ni X fi = 8.7 x 10% x X Wi X ag (4.25)

n
The amplitude and the FWHM of the gaussian band are expressed in cm~! and eV
respectively. The settings Wy and fj are easily found in the literature, but they may
be marginally adjusted to best reproduce the measured spectrum.

Following this approach, we can reproduce the optical absorption band obtaining
the value of their amplitude from the density of CC Nj that can be found in the
simulated DOTS. As seen before, from the TL simulation one can have access to the
densities of trapped holes, according to their energy levels in the gap. As it will be
shown further for pure silica and successively for other samples, these levels can
be associated with some particular CCs.

So, once is known the density of each type of CC contributing to the RIA spectrum,
it is possible to estimate the amplitude of their optical absorption band using equa-
tion (4.25) . Finally, the RIA spectrum is obtained from the superimposition of all
calculated absorption bands.

The simulated DOTS are located within a 0.4-2.1 eV energy range above the VB.
They show a main peak around 0.8 eV associated with that of the TL curve.

This value is reasonable since the one estimated experimentally from the initial
rise method and represented in Fig.3.4 for an undoped silica sample, from which
a depth of about 0.76 eV was estimated. This main peak most probably due to
the truncation of the density of trapping sites existing between the valence band
and Ep by the occupation rate function at the beginning of the TL readout [174].
For deeper hole states, between 0.9 and 1.6 eV the DOTS can be considered the
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result of the superimposition of several gaussian bands. Each one of them con-
tains the depths associated with a particular CC, being the depth distribution for
one CC due to some kind of in-homogeneous broadening. Some of these bands
are always present in all our samples. It is the case for the components centered
around 1.3 eV. In our RIA modeling, we tried to associate such bands to some ra-
diation induced CC contributing to the RIA. Previous works by our team already
demonstrated that one of the most important radiation-induced intrinsic trapped-
hole centers in silica, the SiE” centers, release their holes in a temperature range
around 250-275 °C during the TL process at g = 1°C/s [77]. At this temperature we
observed the bleaching of SiE” thanks to the thermal annealing protocol (bleaching
map of fig.3.9). This observation proves the connection between the TL component
at 250-275 °Cand the related energy in the DOTS. This energy component may be
then associated to the SiE’ center. In the framework of the first-order formalism
of the TL peaks, differentiation of equation (4.13) gives the relationship between
the depth Ej and the temperature Ty of the single TL peak it generates. It can be
written as follow:

Ei + 2kg T _ Cexp( W/kBTk) +@k3Tk E exp E; (4.26)
W 1 +Cexp(—W/kBTk) qg W 300 kg Ty

According to equation (4.26) and given the values of g, wy, C and W for L02 sam-
ple in table 4.5, TL components at 250 °C and 275 °C should correspond to holes
trapped at 1.19 and 1.26 eV above the valence band, respectively [174]. Con-
sequently, the holes trapped into levels between 1.2 and 1.4 eV in the DOTS of
Fig. most likely correspond to holes forming the SiE’ states.

In the DOTS of fig. is also present a band around 1.6 eV. Using again eq.(4.26)
with the same parameters, one obtains that the temperature corresponding to this
energy (1.6 eV) should be around 400°C, a temperature at which the annealing is
almost complete both for TL and RIA spectra.

For completeness, we showed in fig. the TL recorded in standard condition
(3 kGy in 911 s, t,,1,,=90s) and the one at 1 MGy measured more than 26 days af-
ter the end of the v irradiation, already referred as "IRMA conditions"(~ 1MGy
in ~ 14 days, t.;x ~ 26 days, see table 4.3). In fig. are shown the DOTS ex-
tracted from these TL curve (experimental DOTS), together with the temperature
correspondence (blue line) given by equation (4.26) for the L02 sample.

At 400°C the bleaching map resulting from the thermal annealing treatment re-
ported in fig.3.9 does not report any particular feature. Anyway, considering the
TL results in the same condition reported in fig. (red line), we still have a
shoulder at 400 °C (IRMA TL curve in fig. ). As already pointed out by our
group [174], the relative intensity of this shoulder, which is increased by compar-
ison with the case of a standard irradiation, can be explained by the fact that in
IRMA irradiation conditions, the carriers localized in deep states are accumulated
and such effect could be strengthened by the post-irradiation time that has elapsed
before the TL measurement [174]. In fact, as the elapsed time between the irradi-
ation and the TL readout (t,.,x) was much more important in the case of " IRMA
", the demarcation energy has significantly progressed towards high activation en-
ergies and the population of deep traps has been further increases (beyond the
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effect of a much more higher dose) by the re-trapping in deep states of holes emit-
ted from the shallow levels reached by the demarcation energy [174]. Even if the
re-trapping is weak compared to recombination, it does exist.
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Figure 4.15: Comparison between the normalized DOTS extracted from the exper-
imental TL in . The blue line is the energy as a function of tem-
perature obtained according to eq. (4.26) for the L02 sample.

A decomposition attempt of the DOTS obtained in standard conditions is reported
in fig. . The exponential contribution (magenta line) corresponds to the intrin-
sic levels, that are the first to be depleted since they are the shallower with respect
to the edge of the VB. The Gaussian band centered 1.3 eV (blue line) corresponds
to the SiE” centers. The band centered at 1.6 eV corresponds to "other contribu-
tions"already explained above in this section. These two contributions were prop-
erly used in the RIA modeling as explained in what follows.
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Figure 4.16: Attempt of DOTS decomposition of pure silica sample (L02).
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From the experimental results reported in chapter 3, the processes of creation and
destruction of color centers in pure silica were highlighted. As already said, the
silica related CC present in the RIA spectrum were the trapping holes centers:
NBOHC and SIE’, whereas, from the TL and RIA annealing studies, it was demon-
strated that were created also SiODC : e~ centers upon electron trapping at SiODC
(oxygen vacancies).

By summarizing, one can write a neutrality equation, stating that the amount of
trapped e~ and k" should be equal:

Nintrinsic,. + Nsiopc:e~ = Nintrinsic,, + NNBoHC + Nsi (4.27)

Where, in the left side we found the density of trapped electrons (which contribu-
tion is made by the intrinsic levels and the SiODC : e~ density), and in the right
side the density of trapped holes, composed by the densities of intrinsic levels,
NBOHC and SiE’.

From the DOTS and their contribution we can obtain the concentration of the terms
on the right hand side of this equation. The only term missing to be directly con-
ducted to the DOTS decomposition is the NBOHC density. This center in fact con-
tributes to the RIA, but they are not clearly associated with some levels present
in the densities of states. But, knowing that SiE” centers and NBOHC can be pro-
duced in pairs from certain processes [34], we assumed that the NBOHC density
is a fraction of that of SiE’ centers. This fraction, being an adjustable parameter in
the simulation of the RIA code, can be properly modified.

Concerning left hand side of the equation (4.27), we can get the Nsjopc..- value
from the TL simulations, given that the concentration of SiODC : e~ is simply that
of recombination centers (to one constant). The only missing contribution is that
of the intrinsic levels below the CB (Njystrinsic.e-)- As already reported above, this
problem is also responsible for a false quantification of the DOTS, due to the lack of
TL information at temperatures lower than RT. From eq. (4.27) we can estimate this
value since we have access to all the other terms, but we must to take into account
that is an underestimation. As a consequence, we may apply a correction factor on
the total trap density to make simulated RIA levels close to the experimental ones.
In the resulting RIA in fig. , this corrective factor is 75.

Once the Ni values calculated at all energies contained in each single DOTS con-
tribution, we can use equation (4.25) to calculate the amplitude of the related OA
band and simulate the RIA as explained above. The sum of each contribution (in
this case 3 optical bands: 2 for NBOHC and 1 for SiE’ centers) gives the total RIA
spectrum. The RIA spectrum of the pure silica sample was reconstructed accord-
ing to this approach. The calculation was based on the state distributions simu-
lated for this sample at a dose of 10 kGy (5i02), which result is shown in Fig.

The simulated spectrum in Fig. was optimized to reproduce the experimen-
tal spectrum of Fig. . The best agreement has been obtained for an NBOHC
density equal to 33% of that of the SiE’ centers. This value was estimated from
gaussian fit of the experimental RIA, using the Smakula formula. We calculated
the density of centers using an oscillator strength of SiE” and NBOHC of 0.14 and
0.05, respectively.

In figure are reported the simulated and the experimental RIA on pure silica
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sample. The characteristics of the simulated optical absorption bands of fig. ,
(which typical values of x,, FWHM and oscillator strength drawn from literature
[28, 46]), are reported in table 4.6. On the left of fig. , the experimental curve
(blackline) is normalized with respect to the simulated one (red line). As one can
see from this comparison the simulated intensity predict quite well the experi-
mental ones. Moreover the simulated bands are well located with respect to the
fit made on the experimental curve and respect to the characteristic values found
in literature. On the right side of fig. , the experimental curve (black line) is
shown with its gaussian fit (red line) and the single absorption bands related to
the characteristic color centers in silica: NBOHC and SiE’ (blue and green lines

respectively).
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Figure 4.17: a) Simulated RIA and optical bands and experimental RIA normalized
with respect to the simulated one for the L02 sample. b) Experimental
RIA after X-ray irradiation at 10 kGy on pure silica sample and gauss

fit.
Defect x. | FWHM f
(eV) (eV) simulation | literature
4.8 1.05 0.2 0.2 [32]
NBOHC 6.7 0.9 0.5 0.05 [35]
SiE’ 5.8 1.05 0.4 0.4 [32]

Table 4.6: Characteristics of the simulated optical absorption bands of fig.
The bands centers and widths have been estimated from well-known

admitted literature values [32, 35, 42].

This method will be properly adapted to all the other kind of samples tested in
this thesis. The predictive capacity of our RIA simulations will be demonstrated
through the anticipation of the RIA in IRMA conditions (for Al- and P-doped sam-
ples) and through the dependence of the RIA on temperature for Ge-doped sam-
ples (during annealing).
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4.2 Radiation sensitive fibers

We now present the calibration of the simulation and their results for radiation sen-
sitive fibers: Al- and P-doped silica samples, respectively labeled K04 and L28, (see
table 4.7 for details). The results for these samples has been obtained following the
procedure previously exposed for the pure silica and F-doped samples. We start
showing the DOTS extraction procedure from the TL ("experimental DOTS"), from
which we find the values for the frequency factor wy and the thermal quenching
parameters C and W. Then, we present the calibration of the general simulations
of DOTS. As seen for radiation tolerant samples, this procedure allow us to find
the unknown parameters necessary to the general model (the trap density N, the
trapping coefficient B, the dimensionless competition rates « and 6 and the ratio
between hole and electron traps concentrationr = H/N). This calibration is per-
formed thanks to the study of the TL response changing the dose. The results
predicted by these simulations, in terms of DOTS and TL, are validated against
experimental data, showing the correct calibration of the model. Moreover, the
DOTS simulated according to the irradiation conditions encountered in IRMA ir-
radiation demonstrates the extrapolation capacity of our model. In fact, from the
comparison between the experimental TL and the simulated one (obtained from
the simulated DOTS), we can see whereas the simulated DOTS are well predicted
or not. Finally, we present both the RIA modeling procedure the related results.

sample name doping characterization
Cladding | Core | at.% An

K04 Si Al [19A1|47-107°

L.28 Si P 4P |45-107°

Table 4.7: Radiation sensitive fiber preforms under investigation.

In chapter 3 the process of creation and destruction of the radiation induced cen-
ters following the irradiation and the TL readout was described through a spectro-
scopic characterization of the samples. The energy level scheme in fig. and

, adopted respectively for P- and Al- doped silica, were reported in order to
synthesize these processes, which are now expressed mathematically through the
evolution of populations by a system of coupled non linear differential equations.
The evolution of the electron population in the CB, in the RC and that of the hole
population in the trap levels and VB is described by equations (4.1)-(4.4) or ( )-
(4.24), previously reported for undoped silica. It is worth to remember that the
role of electrons and holes in the equations is reversed also in this kind of samples,
according to the scheme of fig. and

4.2.1 DOTS extraction

We now present the DOTS extraction results. The DOTS extraction procedure from
the TL recorded at two heating rates, allows the access to the values for the fre-
quency factor wp and the thermal quenching parameters: C and the energy barrier

W. These values are reported in table for Al-doped (K04) and P-doped (L28)
samples.
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K04 L28
Frequency factor wy (s~1) | 5 x 10° | 4 x 107
Mott-Seitz factor C 108 108

Energy barrier W (eV) 0.072 0.095

Table 4.8: Parameters used for 1st order kinetics simulation of fig. and in
K04 and L28 samples.

The DOTS reported in fig. are extracted from the experimental glow curves
of figure on K04 sample. The TL measurements are recorded following the

standard-laboratory conditions: irradiation dose D=3 kGy(SiO,), dose rate D=200
Gy(5iO;)/min, irradiation time t;,,=15 min, relaxed time t,,;,,=90s (time spent be-
tween the end of the irradiation and the start of the TL readout).
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Figure 4.18: DOTS and TL curves of the Al-doped sample K04 measured in stan-
dard conditions. a) Average density of trapped states (DOTS) ng ex-
tracted from glow curves reported in (b) measured at 0.5 and 2 °C/s.
The simulated TL curves in b) are re-built from the DOTS in a), ac-
cording to Mn at respective heating rates.

In these standard conditions, the DOTS is located within a 0.5-2 eV range above the
VB. It shows a peak around 0.8 eV. This value is reasonable given the one estimated
experimentally, as reported in Fig. for Al-doped sample, which shows the en-
ergy trap depths evaluated according to the initial rise (IR) method. In Fig.
one can see that to the TL peak at 75 °C corresponds an activation energy level
lying between 0.6 and 0.9 eV. This experimental range well correspond to that of
the main DOTS peak in fig. , thus demonstrating that the DOTS extraction is
correctly scaled in energy.

The DOTS reported in fig. is extracted from the experimental glow curves of
figure measured in the P-doped sample L28. The DOTS are located within
a 0.5-2 eV energy range above the VB. It has a main peak at about 0.7 eV. This
value is consistent with the one estimated experimentally by the initial rise method



160 CHAPTER 4. MODELING AND SIMULATIONS RESULTS

and represented in Fig. for P-doped silica sample, where the main peak were
demonstrated to be associated with activation energy in the 0.6-1.2 eV range.
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Figure 4.19: DOTS and TL curves of P-doped sample L28 measured in standard
conditions. a) Average density of trapped states (DOTS) ng extracted
from glow curves reported in (b) measured at 0.5 and 2 °C/s. The
simulated TL curve in b) are re-built from the DOTS in a), according
to Mny at respective heating rates.

Both DOTS of Fig. - in the K04 and L28 samples, respectively, are located
between 0.4 and 1.8 eV. Both present a main density peak extremely steep which is
due to the truncation of the density of trapping sites existing between the valence
band and Ep by the occupation probability function [174] (this effect will be clearer
further, when a DOTS fit will be shown in the RIA simulation results). The hole
states above 0.9 eV are deeper and, from a gaussian decomposition, it is possible to
see how these hole states are distributed within overlapping energy bands. Such
as decomposition attempt will be shown below in fig. and . Some of these
bands are always present in our samples. It is the case for the components centered
at 1.2 eV, already found in pure silica sample (L02) and now in Al- and P-doped
silica. For this latter, also a band around 1 eV is present, probably linked to a P-
related trapped-hole defect. In the RIA modeling we tried to associate such bands
to some radiation induced CC. All radiation-induced states are distributed within
a rather narrow energy range (0.7 — 2 eV), so trapped-hole centers associated with
silica or different dopants can be characterized by similar activation energies.
According to equation (4.26) and given the values of g, wy, C and W for K04 and
L28 samples, TL components at 250 and 275 °C should correspond to holes trapped
at 1.19 and 1.26 eV above the valence band, respectively (according to eq.(4.26)).
Consequently, the holes trapped on levels between 1.2 and 1.4 eV in the DOTS of
Fig.4.18-4.19 again most likely correspond to holes forming the SiE’ states.

As already reported in chapter 3 for P-doped sample L28, the irradiation exposure
leads to the formation of the P-related radiation induced CC like POHC, P1 and
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P4 centers, which are annealed during the TL readout. In the same sample, the TL
spectra do not contain any P-related centers but only the typical emission of intrin-
sic oxygen vacancies (S5iODCs). Thus, P-related hole centers do not act as recombi-
nation centers but as trapped states in the TL scheme (see fig.5.24). Consequently,
the trapped-hole states forming the POHCs as well as P1 and P4 centers must be
present in the DOTS of Fig. . In the RIA modeling section, this argument and
the the DOTS components will be treated in detail.

4.2.2 Calibration of the general simulations of the DOTS

From the DOTS extraction procedure, using the 1st order kinetics simulation, we
obtained the experimental DOTS, which is needed as an input in the general
model, and some of the necessary parameters (reported in table.4.8) for solving
the equation describing the trap filling (eq.(4.21)-(4.24) or (4.1)-(4.4)).

The passage from the experimental DOTS to the simulated one, needs the knowl-
edge of the other parameters: N, a, §, 0, r. All the considerations made for the L02
sample remain valid here. So we refer to section for the justification of the
reasonable values range for the parameters and the choice of &, 6 and r values. But
we remind here that the estimation of N and B is the most important step.

N sets the saturation degree, so is best estimated from the dose dependence of
the TL response. f is such that wy = BN, where N, lies between 10'® and 10%°
cm ™3 typically. wp is known from DOTS extraction so we can deduce the order
of magnitude of B. To determine these last parameters we use the general model
to simulate the TL response as a function of the dose. The dose dependence of
the TL response and the DOTS predicted by simulating irradiation and relaxation
phases best reproduce the experimental dose dependence and the experimental
(extracted) DOTS by setting 8 = 1071 cm 3571 and N=2 x 10% c¢m 3 for K04, and
1.4 x 10% cm 3 for L28 (see table 4.9).

K04 L28
Trap Density N (cm=3) | 2 x 100 | 1.4 x 10%
B (cm=3s7T) 10°10 1010
o 10° 10°
0 1 1
r 1 1
Frequency factor wg (s~ 1) | 5x10° | 4 x 107
Mott-Seitz factor C 108 108
Energy barrier W (eV) 0.072 0.095

Table 4.9: Parameters determined for the general model for Al- and P-doped sam-
ples K04 and L28, respectively. C and W factors, found from the 1st
order kinetics simulation, are used just in the TL simulations.

Table 4.9 summarizes the best parameters used for the general model to simulate
the DOTS and the related TL response changing the dose for Al- and P-doped
samples (fig. and , respectively). It is worth to remind that the Mott-Seitz
parameters C and W, found from the 1st order kinetics simulation, are used in the
general model just in the TL simulations, not for the DOTS.
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In Fig. is reported the area of the TL curves as a function of the dose for K04
sample. The measurements are carried out for several irradiation at a fixed dose
rate of (200 Gy(S5iO2)/min) but changing the irradiation time. The TL readout were
then performed at 1°C/s. The TL areas shows a power-law dependency of D%4°
on the dose, as highlighted from red line fit in figure. The simulated areas follow
perfectly the experimental ones. Similar considerations are made for the P-doped
sample (fig.4.21). The TL response reported in figure is found to increase according

to a power-law (D*) with an exponent of 0.65.
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Figure 4.20: Areas of experimental TL glow curve (blue) and simulated ones
(green) as a function of the dose for Al-doped silica (K04 sample).
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Figure 4.21: Areas of experimental TL glow curve (blue) and simulated ones
(green) as a function of the dose for P-doped silica (L28 sample).

At this point, we found all the parameters necessary for the general model. Now
we want to check if the parameters reported in table 4.9 allows us to predict the TL
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response correctly, notably upon changing the heating rate. In Fig. and are

reported the superimposition of the experimental and simulated TL curves at four
heating rates (0.5, 1, 2 and 3°C/s) adopting the general modeling, for the K04 and
L28 samples respectively. Considering an error of 5% on the measured intensity,

we can conclude that the agreement is good.
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Superimposition of the experimental TL glow curves (solid lines) and
simulated ones (dotted lines) at 0.5°C/s, 1°C/s, 2°C/s, 3°C/s for the
K04 sample, after standard irradiation.

Figure 4.22:
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Figure 4.23: Superimposition of the experimental TL glow curves (solid lines) and
simulated ones (dotted lines) at 0.5°C/s, 1°C/s, 2°C/s, 3°C/s for the
L28 sample, after standard irradiation.
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4.2.3 Validation of the DOTS simulation by IRMA prediction

The general method, calibrated to simulate the DOTS and the TL recorded in
standard-laboratory conditions, is able to predict the DOTS in conditions that
markedly differ from the standard ones (extrapolation capacity). As shown for
un-doped and F-doped silica (L02 and Q25 samples) in the introduction of our
simulation procedure, we pass from the calibration procedure to the validation of
the model. This means an available prediction of the DOTS confirmed by the sim-
ulation of the TL. We show now how the calibrated model well predict the DOTS
left by IRMA irradiation, trough the TL. We used the parameters reported in table

to simulate the DOTS left by the IRMA irradiation in Al- and P-doped silica
samples. From these simulations, we obtain the DOTS in IRMA conditions. These
DOTS are well predicted because the simulated TL recorded in IRMA condition is
well superimposed to the experimental one. These results are shown in fig. for
K04 sample and in fig. for L28 sample. Once again, it is worth noting that once
the model is calibrated in standard conditions, the simulation is made in IRMA
conditions without any further adjustment.
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Figure 4.24: TL curves and DOTS from Al-doped sample K04 measured at q =
1°C/s in standard and IRMA conditions.

In fig. the TL following standard irradiation conditions is more intense than
the one obtained in IRMA conditions. Compared to other tested samples, the Al-
doped one, such as K04, presents the highest TL intensity (at least one order of
magnitude higher than other doped silica samples). Then, despite the high dose
delivered during IRMA irradiation (IMGy), the time t,,,, between the end of the
irradiation and the beginning of the TL readout, causes a significant fading ef-
fect. The DOTS simulated in standard condition are reported in blue in fig. ,
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whereas the one in IRMA condition are in red. One can say that these DOTS are
well predicted since the simulated TL obtained from these DOTS, are well super-
imposed to the experimental one. If this result is obvious for the TL recorded in
standard condition (being the parameters calibrated on these TL curves), it is at
least a non-trivial result for the IRMA TL curves. These last are in fact recorded
in irradiation and post irradiation conditions significantly different from the stan-
dard one (remind to table 4.3): compared with the standard conditions, the dose
was multiplied by 333 to reach 1IMGy, the irradiation time was multiplied by 1333
and the relaxation time by 24960.

In the same way, we obtained the DOTS and the simulated TL in standard and
IRMA condition for the P-doped silica sample L28 (fig.4.25).

1.1e16
1.1e-06 Aa) <& Experimental TL standard condition l)) — Simulated DOTS standard condition
— Simulated TL standard condition 1616 4 — Predicted DOTS IRMA condition
1e-06 + Experimental TL IRMA condition
— Predicted TL IRMA condition
9e15
9e-07
8e15 -
8e-07
- 7e15
= 7e-07 A —
< 7.
o 5  6e154
£ 6e-07 4 N2
2 w0
g & 5e15
2 5e-07 1 o ®
S A
H 4e-071 4e15 A
36-07 3e15
2e-07 2e15 1
1e-07 1e15 4
0e00 + 0e00 T T T
0 100 200 300 400 500 0.5 1 1.5 2 2.5
Temperature (°C) Energy (eV)

Figure 4.25: TL curves and DOTS from P-doped sample L28 measured at g =1°C/s
in standard and IRMA conditions.

4.2.4 Simulation of the RIA

Before presenting the RIA simulation we need to analyze the DOTS decomposi-
tion. Once the DOTS contribution at each energy was reconducted to the forma-
tion of a particular CC (thanks to the annealing protocol correlates TL and the RIA
annealing), the connection between the DOTS and the optical absorption bands in
the RIA allows to calculate the amplitude of the CC absorption bands and simulate
the RIA spectrum in the visible range.

As it was done for the undoped silica (section ), we now present a discussion
on the connection between the DOTS features of Al- and P-doped samples and the
radiation induced CC to simulate the RIA.



166 CHAPTER 4. MODELING AND SIMULATIONS RESULTS

The results are presented for the Al-doped sample K04 and for the P-doped sample
L28.

As shown by the experimental results, the CC present in the RIA spectrum of K04
sample were the trapped holes centers NBOHC, SIE’, AIOHC and the trapped-
electron center AIE’ (Fig. ). From the TL and the RIA annealing study, it was
proposed that were created also SiODC : e~ centers upon electron trapping. Con-
sidering the total density of trapped electrons and holes, the charge conservation
equation for an Al-doped silica sample such as K04, can be written as:

Nintrinsic, + Nsiopc:e- + Naier = Nintrinsic,» + NNporc + Nsier + Najonc  (4.28)

As one can see from the DOTS fit reported in fig. for the Al-doped sample
K04, it is easy to recognize the contribution already proposed in the DOTS of
the L02 sample: the exponential tail for the intrinsic levels and the SiE’ contri-
bution centered at 1.3 eV. As regards the NBOHC centers we can again assume
that their density is a fraction of that SiE’" centers, because these two types of de-
fects can be produced in pairs [34]. The DOTS presents a main density peak ex-
tremely steep starting from 0.6 eV due to the truncation of the density of trap-
ping sites existing between the valence band and Ep by the occupation proba-
bility function (or the occupancy rate here shown in blue line). The DOTS fit
is calculated by multiplying each contribution of the fit (exponential tail and
the gaussian bands) by the occupancy rate, given by the simulation at the on-
set of the TL readout (estimated by the simulation at RT and t =t + tyeay)-

0.5 1 1.5 2
14 t\ P S S S A S S | 0.0012
] * DOTS
12 intrinsic levels fit r
1 SiE' band it 0.001
] — Occupancy rate
10 — DOTS fit F o
1 band peaking at 1.5 ev |[~0.0008 2
< o1 [ o
X 81 t 2
o - 0.0006=
5 ¢l » 3
a °7] @
] [ M
45 50.0004 5
2] 0.0002
R e e
0.5 1 1.5 2

Energy (eV) .

Figure 4.26: Decomposition attempt on the DOTS reported in fig. for K04 sam-
ple. The occupancy rate at the onset of the TL readout is given by the
general simulation at RT and t = t;,, + t,e14x-

On the left side of equation (4.28), in addition to the Ng;opc..- already encountered
in L02, is also present the term Ny p. The density of electron centers AIE’ repre-
sents a certain part of the total density of trapped electrons, being proportional to
the number of RC (SiODC : e~), which density is given by the simulation. This
fraction is a parameter that can be suitably adjusted in order to obtain the best
result for the RIA. For our results, considering the proportional rule between the
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density of AIE” and that of RCs as N;pr=ax Ngc, we use a factor a equal to 0.365.
This value was found to provide us the with the best agreement between measured
and simulated RIA spectra.

In chapter 3, it has been shown, from the thermal annealing results on K04, that the
radiation-induced Al-related AIOHC centers release their holes around 375-400 °C
during the TL process. In the works by Mady etal. [77, 174] it was highlighted
that the holes released from AIOHCs were shown to be the main contributors to
the restoration of Yb>" ions in Al:Yb doped sample. It was then proposed that
for this kind of sample the TL components between 275 and 300 °C are associated
with holes trapped between 1.42 and 1.5 eV [174], and that the DOTS levels around
these values might be attributed to holes trapped into the form of AIOHCs. In our
results, this contribution between 1.4 and 1.5 eV is barely visible. Anyway, a small
contribution is still present, and from the results previously carried out by our team
in [77, 174], we assigned these levels to AIOHC centers in the RIA simulation.

The RIA spectrum of the K04 sample was reconstructed according to the approach
explained for the sample L02: calculation of the intensities of the optical absorp-
tion bands of the main CC based in the Smakula’s formula. The central energy
of these OA bands being known from literature, FWHM and oscillator strengths
were adjusted to produce the best agreement between simulated and measured
RIA spectra. The result is shown in Fig. . The simulated OA bands are re-
lated to the following radiation induced CC: the AIOHC, peaking at 2.3 eV, the
AlE’” peaking at 4.08 eV, the NBOHC, at 4.9 and 6.8 eV, and finally the SiE’ center
at 5.7 eV. The simulated OA band parameters are reported in table . In ad-
dition to the oscillator strength characterizing the simulated gaussian bands, the
reproduction of the RIA spectrum is obtained adjusting other factors, such as:

* The proportionality factor between the recombination Centers and the AlE’
centers: RatioAIE = DWaer — 365

Densityrc
* The proportionality factor between the densities of NBOHC and SiE’
centers which gives the estimation of the density of NBOHC centers:

NBOHC=0.66 x Wiglm (f is the oscillator strength);

o Total trap density value N = 10?2 cm 3

The agreement is quite good but it should be noted that using the trap density N
value obtained from the calibration procedure (table4.9) the simulated RIA would
be one order of magnitude lower. This quantitative discrepancy is the directly
consequence quantitative problem of density of states already explained for LO02.
As written, this difference in magnitude compared to the physical one is due to
the lack of knowledge about the density shallow states that are not probed by TL
(already emptied at the beginning of the TL readout). This also implies a non neg-
ligible difference in the calculation of the RIA. Although sometimes this problem
does not persist, and the calculated and experimental intensities are ultimately
quite close, it seems not negligible for the present Al-doped samples. In order to
obtain the same intensity, one choice is to arbitrarily change the total number of
the density of traps N in the simulation.
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Figure 4.27: Simulated OA bands and RIA spectrum and normalized experimental
RIA on K04 sample after irradiation of a dose of 3 kGy in standard
conditions.

Defect x. | FWHM f
(eV) (eV) simulation ‘ literature
2.2 0.9 0.11 0.06 [59]
AIOHC 3.2 1 0.15 0.12 [59]
AlE’ 4.08 1.07 0.21 0.214 [59]
4.9 1.08 0.6 0.2 [32]
NBOHC 6.8 1.76 0.7 0.05 [35]
SiE’ 5.7 1.0 0.5 0.4 [32]

Table 4.10: Parameters of the OA bands used in the RIA simulation of fig.

Concerning the L28 sample, a decomposition attempt of the DOTS is reported in
tig.4.28. The exponential contribution (cyan line) corresponds to the intrinsic lev-
els, the energy distribution centered at 1.3 eV (green line) corresponds to SiE” cen-
ters, in accordance with what explained above, whereas a band at around 1 eV is
also present. This contribution is mostly likely associated with P-related trapped-
hole states since it appears to be specific to the P-doped sample. In fact, from the
experimental results on 128, we argued in chapter 3, that all radiation-induced
trapped-hole P-related centers should act as TL traps and not as recombination
centers. The annealing of POHC centers, found to take place between 200 and 250
°C (see fig.3.23), is therefore most probably due to the release of their holes that
subsequently recombine at SiODC : e~ centers to contribute to the TL curve be-
tween 200 and 250 °C. This region is precisely the one where a shoulder appears in
TL curves at the higher P concentration. To this temperature range, corresponds a
demarcation energy of about 1 eV, calculation obtained from eq. . This analysis
suggests that the band in the DOTS at around 1 eV is due to the POHCs.
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Figure 4.28: Decomposition attempt on the DOTS reported in fig. for the 128
sample. Blue line: occupancy rate at the onset of the TL readout given
by the general simulation at RT and t = t;,, + t,e10x-

The RIA spectrum of the L28 sample shown in fig. with the appropriate fit,
revealed the presence of some P-related CCs such as POHC and P2, respectively
trapped hole and a trapped electron centers. According to what has been already
reported for undoped silica, considering also the presence of P-related CCs, one
can write the charge conservation equation for the P-doped silica sample such as
follows:

Nintrinsic, + Nsiopc:e- + Np2 = Nintrinsic,, + Nnponc + Nsier + Npopc — (4.29)

The RIA spectrum of the 128 sample was reconstructed according to the usual
approach considering that the densities of trapped-hole CCs is given by the DOTS,
following the decomposition shown in fig. . The P2 center does not act as a
recombination center, but its contribution in the RIA spectrum has been calculated
by assuming that Np; is a fraction of the total density of electron centers N,- in the
left side of this equation. Precisely we set Np, = 0.35N,-. This parameter, together
with the ones describing the ratio between NBOHC and SiE’ centers concentration,

are adjustable. This latter was set considering the NBOHC=0.33 x J(SIE)

where f is the oscillator strength of the 4.75 eV NBOHC band.

The simulated and experimental RIA are compared in fig. , where the simu-
lated RIA (red line) is well superimposed to the experimental RIA one (scattered
line). The energy location, the FWHM and the oscillator strength of the simulated
gaussian bands are reported in table

As one can see the agreement between the experimental and the simulated RIA is
quite good for both Al-doped and P-doped silica samples (K04 and L28, respec-
tively). Starting from their DOTS in fig. and , it was possible to build the
RIA in the visible part of the spectrum.
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Figure 4.29: Simulated and normalized experimental RIA on L28 sample after ir-
radiation of a dose of 6 kGy.

Defect x. | FWHM
(eV) (eV) simulation ‘ literature
2.2 04 0.1 0.5 [84]
POHC 2.5 0.7 04 0.5 [84]
3.1 0.8 0.8 0.5 [84]
P2 4.5 1.3 0.53 0.035 [84]
4.8 1.08 0.15 0.2 [32]
NBOHC 6.8 1.76 1.5 0.05 [35]
SiE’ 5.8 1.0 0.8 0.4 [32]

Table 4.11: Parameters of the OA bands used in the RIA simulation of fig.

To support the method and check the predictive capacity of our model, we now
report the RIA simulated with the parameters calibrated in laboratory conditions
(those used above), but applied to very different irradiation conditions, namely
those of the IRMA experiments. The details of this irradiation have been reported
in section and has been summarized in table4.3; we refer to them here as
"IRMA conditions". The simulated DOTS and the related TL in these conditions
has been reported in fig.4.24- together with the standard results. We report
again here just the results by IRMA condition to show them in a clearly way.

In fig. are reported the experimental TL curves recorded in the IRMA con-
ditions and the simulated ones for Al- doped sample, predicted from the DOTS
simulated in the same experimental conditions, reported in b). One can see how
the model can predict very well the TL behavior and hence, more importantly, the
DOTS existing on the moment of the TL readout. The main goal is not just the pre-
diction of the DOTS (and related TL) but the ability to simulate the RIA at IMGy
from the simulated DOTS. From the DOTS and the protocol explained before, it
was possible to calculate the optical absorption bands due to the radiation induced
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CCs, following the same connection reported above for the standard DOTS of fig.
. The comparison between the experimental RIA and its simulation at IMGy
is reported in fig. . As one can see the agreement is quite good.
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Figure 4.30: a) Comparison between the TL curve predicted from the DOTS simu-
lated in IRMA conditions (in (b)) and the TL curve actually measured
in such condition on K04 sample. b) DOTS simulated in IRMA condi-
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Figure 4.31: Comparison between the experimental and the predicted RIA in
IRMA condition on K04 sample.

As presented above for K04, we report the same results for the P-doped sample
L28. In fig. are reported the experimental TL curves and the simulated ones
predicted from the DOTS simulated according to IRMA conditions, reported in
b). The results for P-doped sample (L28) showed that the DOTS obtained for such
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different irradiation conditions contain similar structures. Due to the much longer
irradiation and delay before the TL readout, the demarcation energy is increased
from 0.7 to 0.9 eV for the P-doped sample in IRMA conditions. The delay in the
TL readout brings to a shift of the populated levels probed by TL towards deeper
states, consequently the TL glow curves by IRMA conditions reach their main peak
at around 160 °C instead of 70-90 °C (in the standard condition which leads to
the TL shown in fig. at 1 °C/s). A similar discussion is valid for Al-doped
sample (K04). In this sample the TL glow curves by IRMA conditions shown in
tig. , reach their main peak at around 170 °C, while the TL recorded in standard
condition at 1°C/s presents a peak around 65 °C (fig. )-
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Figure 4.32: a) Comparison between the TL curve predicted from the DOTS simu-
lated in IRMA conditions and the TL curve actually measured in such
condition on L28 sample. b) DOTS simulated in IRMA conditions.

Using the same DOTS decomposition as in fig. and the parameters calibrated
in laboratory conditions for the RIA simulation, we can predict the RIA recorded
following IRMA irradiation. The comparison between the RIA actually measured
in those conditions to that predicted by our laboratory calibrated physical model
is reported in fig. . This agreement is obtained without additional adjustment
in IRMA conditions. This results clearly demonstrate that the physical model we
propose to anticipate the DOTS, related TL and the corresponding RIA, has well a
predictive capacity to perform dose, temporal or dose rate extrapolation.

To conclude, in this section it has been shown how the TL technique has been
successfully used to extract the DOTS in Al- and P-doped silica and anticipate
the RIA in these materials. This was possible once the specific radiation-induced
mechanisms associated with the presence of Al and P in silica were elucidated (see
section 3.2). Then these mechanisms were put into equations whose determining
parameters were calibrated against experimental data in standard conditions.
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Figure 4.33: Comparison between the experimental and the predicted RIA in
IRMA condition on the L28 sample.

The main determining parameters of the model are calibrated so as to reproduce
the experimental DOTS (extracted from TL curves) as well as its dose dependence
(experimentally probed by TL measurements). Not only the theoretical TL re-
sponces, associated with simulate DOTS, was proved to have a similar dose depen-
dence as experimental ones, but they also deproduce the impact of the TL heating
rate on TL curves.

Thanks to this calibrated model, the DOTS can be predicted in conditions that dif-
fer from those of laboratory test to allow the extrapolation of the DOTS and RIA
behavior. These DOTS present activation energies distribution confirmed by exper-
imental measurements using the ‘Initial Rise’ method. For K04 and L28 samples,
these DOTS show a peak at a depth of 0.8-0.9 eV above the VB edge (in standard
conditions) .

Finally, the connection between the DOTS and the optical absorption bands in the
RIA allows to calculate the amplitude of the CC absorption bands and simulate
the RIA spectrum in the visible range. The obtained results present a good agree-
ment with data. This goal supports the hypotheses reported on the mechanisms
of creation/destruction of the radiation induced point defects and the relevance of
our approach. Extrapolation capacities, both for the DOTS and the RIA, have been
demonstrated for pure, Al- and P-doped silica.
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4.3 Telecom-grade fibers

We now present the results concerning Telecom-grade fibers containing germa-
nium. The samples belonging to this category are the Ge-, GeP- and GeF- doped
silica samples, named respectively Q01, Q07 and Q09 (see table for sample
details). The main discussion concerning the creation and annealing mechanisms
is focused on the Q01 samples, but what is deduced on this sample is also true for
Q07 and Q09, since they present the sample TL features which are mainly related
to the presence of germanium. To show this, a comparison between Q01, Q07 and
Q09 will be reported.

sample name doping characterization
Cladding | Core at.% An
Qo1 Si Ge 2.88 Ge 35-1077
Qo7 P Ge | 4.46Ge,0.89P | 3-1073
Q09 F Ge 1.01 Ge 7-1073

Table 4.12: Telecom-grade fiber preforms under investigation.

The procedure proposed in the previous sections for pure, Al-, P-doped silica al-
lows extracting the energy distribution of the Density of Trapped States (DOTS)
induced by ionizing irradiation from TL experiments. This knowledge is of first
importance to understand and predict the temporal and thermal stability of the
optical degradation, since the DOTS notably contains the energy levels of color
centers that contribute to the RIA. Unfortunately, the formalism introduced for
pure, Al-, P-doped silica, does not work in the case of Ge-doped glasses due to
their "anomalous" TL features, namely an increase of the TL intensity with the in-
creasing of the heating rate. It is precisely the first goal of this section to extend the
model and capability of the DOTS extraction technique to Ge-doped glasses.

The objective is primarily to elucidate the specific radiation-induced mechanisms
associated with the presence of Ge in silica, that notably induce the anomalous
TL response. We already showed in section 3.4 the experimental study of the RIA
thermal annealing during the TL readout, and its correlation with the TL glow
curve. We proposed that ODCs centers, trapping electrons during irradiation, form
deep states (SiODC : e~ and GeODC : e~) which act as recombination center (RCs)
in the TL process (fig.3.51).

In this chapter we propose a specific model that predicts the anomalous TL features
and how they are arise from two specific properties of the annealing processes
of Ge-related radiation-induced centers: the presence of "thermally disconnected
traps " (TDT) and a temperature dependent recombination cross section.

This model built "ad hoc" for Germanium doped samples, consists of a " modified
first order kinetic" used to extract the experimental DOTS and of a general model,
described by eq.(4.30)-(4.34) below, able to simulate the DOTS and from them, pre-
dict the TL and the RIA.

The good prediction of the simulated DOTS in the laboratory experimental condi-
tion and then of the simulated TL at different heating rate, would prove the validity
of our model. The prediction of the TL through this calibrated model is the way
to validate the model, since the increasing of the TL intensity with the increasing
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heating rate is the anomalous feature that the "classic " model previous reported
cannot account for.

Once the DOTS simulation is validated, the RIA simulation will be introduced. The
validation of the RIA model will be finally presented through the simulation of the
RIA during the thermal annealing treatment. This last result is obtained thanks
to a specific TL measurement from which it was possible to simulate the DOTS at
several heating steps. The details of this procedure will be explained below.

4.3.1 Specific TL model and DOTS extraction

The evolution of the electron population in the CB, in the RC and the evolution
of hole population in the trap levels, in the thermally disconnected trap (TDT)
(see sec.3.4) and VB is described by a system of coupled-non linear-differential
equations (4.30)-(4.34):

dhy M dhy  dhrpr
g =80 k:zl TR T ynrchy (4.30)
dh E
TZ{ = hV‘Bk (Hk — hk) — Wokexp <_kBI'{T> hk (k = 1M) (431)
dhrpr
T Brorhy (Hrpr — hrpr) (4.32)
dn
dfc = dn¢ (Nrc — nre) — ynrchy (4.33)
dn,
g = 80— dne (Nrc — nre) (4.34)

In (4.30) the right-hand side term represents the generation, the trapping on the
M-levels, thermal de-trapping from the same levels, and recombination.

Pair generation takes place at a constant rate g per unit volume and time which is
representative of the dose rate absorbed by the material during the irradiation pro-
cess. Electrons generated in the conduction band (CB) in concentration 7, can be
trapped by a set of shallow trapping levels (not included in these equations) or cap-
tured at SIODCs and GeODCs to form the RC with an electron trapping coefficient
0. The densities of electron traps and of trapped electrons are referred to as Ngc
and ngc, respectively. Holes generated in the valence band (VB) are in concentra-
tion /1,. The hole trap concentration is defined by H, the density of trapped holes is
hi and the hole trapping coefficient is B = oyvy, for the kth trapping level, where oy
is the capture cross-section and vy, the thermal velocity in the VB. Holes captured
in these levels can be released thermally at a rate wo, x exp (—Ey/k,T), where Ej is
the trapping depth measured with respect to the VB edge and the pre-exponential
factor wo, = 0vy, Ny is the frequency factor. TDT are in concentration Hrpr. They
are populated by a density hrpr of trapped holes, representing the concentration
of GeE’ centers, and characterized by the trapping coefficient Brpr characterized
by the energy barrier Erpr (Brpr = 0exp (—Erpr/kpT) vy,). Holes in VB can also
recombine at RC consisting of electrons trapped into the form of SiODC:e- and
GeODC:e- centers. The recombination coefficient is v = o, vy, where o, is the re-
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combination cross-section, which expression is given by ¢, = g,0e~E2/%T. The
stability of the traps induced by irradiation is determined by their thermally acti-
vation energy Ej.

The evolution of the trapped hole density in (4.31) is assumed to result from trap-
ping and de-trapping. The population of holes in TDT, described by (4.32), has
just a positive term due to the hole trapping since we are considering that we do
not have de-trapping from the such deep trapped states. The population of elec-
trons on RC evolves due to electron trapping and holes recombination according
to (4.33). The electron population in the CB varies according to the generation and
trapping on RC and hence obeys (4.34).

The coupled-non linear-differential equations (4.30)-(4.34) can be solved numeri-
cally, and as already mentioned, it is useful to reduce the amount of parameters.
First of all, we make the assumption of a same trapping cross section ¢, so in equa-
tions (4.30)-(4.34) Bx and wy are the same for all the traps [182]. Its direct conse-
quence is the proportionality between the density hy of trapping carriers and the
density of sites Hy at any energy level Ej provided this level is thermally stable.
As already explained in section , equations (4.30)-(4.34) describe all the ex-
perimental phase characterizing the TL measurements: the irradiation stage (¢;.+),
the relaxation post irradiation stage (t,.,,) and finally the TL readout (when the
temperature increases from Ty to Ty linearly with time at a heating rate g ).

The RCs have the characteristic to be stable during the TL readout. This means that
RCs do not undergo to de-trapping but they can be depleted only by recombination
processes. This implies that the trapping of electrons rifle quickly the CB during
the relaxation phase and this band stay empty during the TL readout. Thus the TL
readout is described by the equations (4.30)-(4.34) with the condition n, = 0 and
solving these equation the TL intensity can be calculated, as given by the equation
It = —n (T) d';fjc [164, 165]. The main difference between the model previously
presented and this new model adopted for Ge-doped samples, is the temperature
dependence of the recombination cross section and the presence of the TDT in
competition with the RC. The carriers trapped by the TDT cannot be thermally
released during the TL readout, at least up to the experimental temperature of
550°C.

As already seen for other kinds of doped silica presented in this work, the model
described by equations (4.30)-(4.34) presents also the issue that the DOTS, repre-
sented by the set of trapped-hole populations /. in the above equations, depends
on the density of trap states Hy that are also unknown.

To overcome this problem, we adopted the useful strategy based on the DOTS ex-
traction from the TL curves (named experimental DOTS). This experimental DOTS
gives the relative distribution of trap densities above the VB for depth E > Ep (T,
tirr + trelax) that are probed by TL. DOTS extraction is made under the assumption
that the TL process obeys first-order kinetics. Normally, as said in section , this
approximation implies that carriers thermally released from traps can only recom-
bine with the RCs and they cannot be re-trapped on deeper levels. In this specific
TL model for Ge-doped sample, we need to imply the possibility that carrier re-
leased thermally from traps can be re-trapped on the TDT. We refer to this new
DOTS extraction strategy as a "modified first order approximation".

Due to the very large recombination cross-section (y = 0;vy,), the lifetime of re-
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leased carriers in the VB is also considered to be negligible (it is even more negligi-
ble that it is further reduced by the trapping of released holes on TDT). Thus, the
density of the free charges in the VB remains negligible in front of trapped pop-
ulations and the rates of de-trapping equals the rate of trapping on TDT plus the
rate of recombination. At given trap depths, the temperature of TL peaks and the
amplitude of their shift upon varying the heating rate are then only determined by
the frequency factor wy of TL traps (trapped-hole levels in silica). This factor can be
estimated from TL curves acquired at several heating rates (at least 2, commonly
4) following a procedure similar to that described in detail in section and in
[174]. This finally provides us with the DOTS, i.e. the distribution of energy lev-
els E; within the bandgap with their relative populations /, at the onset of the TL
readout. As far as all hole trapping levels share the same capture cross-section, this
DOTS is simply parallel to the density of trapping states: the hj are proportional
to the Hj for all levels that are thermally stable at RT, at the beginning of the TL
heating. This provides a very good starting set of Hj to initiate the optimization
of the general model in equations (4.30)-(4.34) and fit it correctly to experimental
glow curves. In particular, the depths of trapping levels are correctly located in
the gap thanks to the DOTS extraction made from a modified first-order analysis,
which will be presented in detail below.

We now summarize briefly the strategy adopted to find the best results which are
presented below. In the following subsections, we explain in detail the modified
first-order analysis and the simulations results with the general model.

From the first order modified kinetics we obtain the experimental DOTS (extracted
from the TL curves at two heating rates) and some of the parameters we need in the
general model: wy(300) (already discussed for pure silica), arpr, {TpT, Ep @and .
Where arpr = Brpr/7Y, ¢tpT = Hrpr/H is the proportion of TDT respect to the
total density of hole traps (TL traps and TDTs), and ug = ngc(Ty)/H is the initial
filling rate. Note that at this step, in the TL re-built from experimental DOTS, we
are assuming the effect of Mott-Seitz parameters negligible, then C = 0. One of the
assumption of the first-order method is that recombination prevails over trapping,
which means Brpr < ¥ (arpr = Brpr/Y <K 1). In our modified model, the best
agreement is with 0.4 < arpr < 10. We start using arpr = 1, which assigns the
same importance at both mechanisms: frpr = 7.

Once we have the DOTS we keep to find the parameters for the general through the
study of the experimental TL recorded at different doses and at different heating
rates. The remaining unknown parameters are: x = /7,0 =6/, r = H/N, H.
Once the DOTS has been extracted and arpr, {rpr and E, values are estimated,
we keep to find the rest of unknown parameters. These are estimated from two
different studies: the dose dependence on the TL response and the TL recorded at
different heating rates. From the first study we were able to find the values for:
«=p/v,0=456/y,r=H/N,N,whereas from the last one we found the value for
Erpr, and, if necessary, refine the values of the other parameters previously found,
such as arpr.

modified first order kinetics In the description of the DOTS extraction protocol
(section ), we assumed that the TL process was obeying to a first order kinetics.
This assumption implies that the carriers cannot be re-trapped by traps (no re-
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trapping) during the TL readout; but they recombine with the RC immediately
upon their thermal release from traps. Concerning the Ge-doped silica samples,
we assume the presence of TDTs. The presence of this deep trap in competition
with the RC, is one of the crucial point in the trap filling model built for this kind
of sample (the other point is the recombination cross section depending from the
temperature). Since trapping on TDTs compete with recombination, the first order
kinetics is no longer valid. In fact, the basic assumption of no re-trapping is no
longer true because we are assuming now the possibility for holes released from TL
traps of re-trapping on the TDT. We therefore need a specific modified description
of trap filling and recombination in Ge-containing silica; both for the general model
razionalized by equations (4.30)-(4.34) and for the DOTS extraction.

We report here the description of the so-called "modified first order " kinetics used
for DOTS extraction in Ge-doped silica samples, which energy level scheme is rep-
resented in fig.

(B
Ngc,ngc
RC
)
‘%‘3 Hrpr — hrpr
= DT %
H,h
— Bror
—
1 Wor | VB
O
(%

Figure 4.34: Energy level scheme.

The "modified first order " kinetics model is based on the following assumptions:

* The recombination of de-trapped carriers is the predominant process
(Bror < /7);

¢ holes released from TL traps cannot re-trap on other TL traps, they immedi-
ately recombine at RC or get trapped by the TDTs (competition between RCs
and TDT);

¢ Carriers trapped in the TDT cannot be released (no de-trapping from very
deep TDT states);

¢ The recombination cross section is related to the temperature and to the acti-
vation energy in the form: o, = aye Ev/ksT

During the TL readout, the population of holes stores in the k" TL trap varies

according to:

”Z;" = —wqre Be/ks T, (4.35)
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where the de-trapping frequency factor from k" level is wq, = wgy(300)(T/300)2.
wok (300) is the value of wy at room temperature (T=300K), (see appendix ).
Using the change of variable dhy /dt = 1/qdhy/dT and with the single cross section
assumption, which leads to the same frequency factor value for all traps (wo, =
wp), we can write eq.(4.35) as follow:

2
iz}"illf _ _wo(soo) (3&)) e~ E/kaTpy, (4.36)

As a result of integration from Ty to T we have:

T 7\ 2 )
I (T) = hi(To)exp [_ZUO(S’OO)/T <?£()> o~ E/KsT g
0

Once the carriers are de-trapped, they can be trapped by the TDT or recombine
with the RC. On one hand, the rate of hole trapping in TDTs (per unit time and
volume) is: Brprhy (Hrpr — hrpr). On the other hand, the recombination rate is
Yhyngc. If we assume that these processes happen instantaneously upon detrap-
ping, the recombination rate yhyngc can be written as:

(4.37)

o dhy ynrchy _ v 1
Thynre = ; dt yhyngc + Brprhy (Hrpr — hrpr) ; dt 1 4 Bror(Hror—hrpr)
YNRC

(4.38)
We rewrite the equation above having made explicit the dependence from the tem-
perature of the thermal velocity vy, in Brpr and 7. The thermal velocity can be
written as vy, = v4,(300)(T/300)'/2, where vy;,(300) is the velocity at room tem-
perature (T = 300K). The expression of Brpr and 7y become then: Brpr = orpTUH, =
orpr04(300)(T/300)"/2 = Brpr(300)(T/300)'/2. In the same way, v may be made
explicit as follow: v = 0,0y, = oye Bo/M oy = gpe Fe/ksTy,, (300)(T/300)1/2.
Finally, by placing atpr = Brpr(300)/7(300), and assuming that the TDT is far
from saturation (np < Np), the } % =Y %%, can be written from eq.( ) as:

dhy arpTHTDT [ E, k5300300 T2
— = hy |14+ ——=— b/ *B 4.39
Zk; g7 — T"RC v[ + " <€ ) (4.39)

We already reported in section 4.1, that the theoretical TL intensity is expressed
as the number of radiative recombination per unit volume and temperature
(em3K~1). The experimental TL intensity is recorded by means of a PM tube
whose output signal is an electric current expressed in Amperes (see section 2.6).
So this signal is proportional to the theoretical intensity:

dngc
dt '

177 (T) = KI{fr(T) = —K (4.40)

where the population ngc of RC only varies due to recombination during the TL
readout. By integrating equation (4.40) from the initial temperature Tj to the final
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one Ty;, of the TL readout, we obtain:

]_ Tfin
nrc(Trin) — nre(To) = _E/T I (T")dT’ (4.41)
0

which can be rearranged in order to obtain the following expression:

I (Tt
nre(T) = nre(To) |1 - ——p—— , (4.42)
prO I P (T")dt
_ nRrc Tfm
where p =1 — ;RC Ty (0= 1).
By inserting equation (4.42) in (4.39) we obtain the following expression
300/T—1
hy, E arprérpr (eFr/*s300)
;—T T{” 1+ (4.43)

fT EW T/ Aar
0 1 o fln Exp
o J " Iy (T)at
where 1y = nrc(To)/H and rpr = Hrpr/H (proportion of TDT with respect to
the total density of hole traps, then TL traps and TDTs).

By inserting (4.36) and (4.37) into (4.43) we obtain the "first order modified TL"
equation, which modifies eq.(4.14) and (4.15):

E /kp300 300/T-1
arprérpr (67 *®

. T IEXP(T’)dt’
pf;;)fm Exp(T/)dt,
w0(300) T 2 —Ei/kgT ZU()(300> /T T’ 2 —Ex/kgT’ 3/
BN _ O — dT
K p 300 ;hk(To)e exp p o \ 300 e
(4.44)

n

The main difference between this modified first order equation and the "classic
one is the presence of the modified factor F:

300/T—1
arprérpr (eFe/*e300)

1 TTIE"”(T/)dt/
0 fom IEW(T/)dt’
Which depends by the parameters arpr, {TpT, Ep and ug. Since the temperature

measurements are made at discrete points T; (I = 1... N) (whereas we considered
M traps labeled by the index k); eq.(4.44) can be written in matricial form as follow:

F= |1+ (4.45)
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ITL X F = KMHQ (446)

where the N x M matrix M is made of elements:

wo(300) [ T; \?
My = 2 (=L
Lk g \300) ~

2
—Ey/kTy wo(300) /T’<T'> ~Ey/kpT!
X)) e exp | ——— — ] e aTr’| (4.47)
; P[ q T, \ 300

From the experimental TL one can calculate the integrals fTTo It (T)dt and

Iy szf " It (T")dt (at each T) in eq.(4.45). Then, it is possible to calculate the right
hand side of eq. (4.44) or (4.46).
The vector Kny is obtained by applying the matricial inversion rule on eq.(4.46):

Kng = (MTM)'MT (I x F) (4.48)

The determination of the vector ny requires at least two TL glow curves recorded
at two different heating rates, referred as q; and g, with g1 < g (experimental
vectors Itr1 and Itrp). From the calculation of matrices corresponding to these
rates, M(1) and M(2), it is possible to obtain the associated populations, 1y and
n2, by solving equation (4.46).

We then have by construction It;1 =K M(1)ng; /F and It ,=KM(2)ng, / F. Since the
filling states 191 and ngp probed by the TL readout results from the same irradiation
conditions and is independent of the value of g, they must obey n¢y; = np, so the
relationship Irp1 = KM(1)ng,/F and Itro =K M(2)n¢;/F must also be verified.
The adjustment of the parameters w((300), ap, {p, E, and 1y and of the energy
interval within which the energies E; are located, consists in finding the values
leading to the best agreement between: ng; and ngp; or between measured Iry;
and the curve calculated thanks to M(1) np, on one hand and I7;; (measured) and
M(2) np (calculated) on the other hand. In what follows, we report the best DOTS
extraction results using this modified analysis formalism.

DOTS extraction results with modified first order kinetics In addition to the fre-
quency factor parameter which has been already introduced for the other samples
in the DOTS extraction procedure, we need an estimation of ap, {p, E; and uy,
present in the factor F. We then proceed in the adjustment of these parameters
which lead to the best agreement between the measured TL and the calculated one
from M ng at two heating rates. We proceed describing the way we choose the
parameter values (at least in a possible reasonable range), then we show the best
results giving the best parameter values found.

The modified first order equation is obtained in the approximation of not saturated
TDT, which means ¢rpr = hrpr/Hrpr < 1. This assumption also means that
we should have Brpr < 7, or arpr < 1. Anyway a small value of arpr does
not predict correctly the increasing if the TL rebuilt form the extracted DOTS. We
then started using the value of arpr = 1 (the case where trapping on TDT and
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recombination at RCs have the same cross-section). We remind that the DOTS
extraction is a first attempt which intent is to extract the DOTS and obtain the
parameters necessary to the general model. We will find from the general model,
that the approximation of TDT far from saturation does not predict correctly the
TL curves from the simulated DOTS.

Concerning the estimation of #y and ¢ it was necessary to use a comparison be-
tween a first attempt of the results by DOTS extraction and a feedback from the
simulations made by the general model. We proceed with this double check to re-
fine the parameter choice. The initial filling rate 1o = ngc(Tp)/H, may depend on
the dimensionless rate &« = 3/, arpr and {rpr by the following relation (obtained
under the assumption of np < Np):

hrpr(To) [ o« (1_(?TDT>}
Uy = 1+ 4.49
0 H ATDT ¢roT (1.49)
where the term hTLH(TO) is related to the reduced dose D and arpr by [182]:
T 2D
hrpr(To) _ arpr [1/1+ - 1] (4.50)
H XTDT

The relation in (4.50) was proved in the work by Mady et al. [182], where they
shown how the filling of traps ruled by the trapping coefficient frpr under the
case of very low dose rate and direct recombination obeys to relation:

D = arpr <1 - > ¢p — In1 = ¢p) (4.51)

XTDT XTDT

Eq.(4.51) is approximated to (4.50) in the case of negligible saturation of traps
(¢p = np/Np < 1).

By using a value of reduced dose D and a already refined for the other samples,
and choosing the arbitrary condition of {7pr = 60% with respect to the total den-
sity of traps, we obtain a first estimation of the initial trap filling u.

Results of the "first order modified kinetics" are shown Fig.4.35- for the Q01
sample (Ge-doped core). These results are obtained using the parameters reported
in table

Fig. reveals that trapped states extend up to 2 eV in the bandgap from the VB
edge. The DOTS extracted from the experimental TL curves at two heating rates
are in good agreement each other and are both centered at an activation energy of
1.2 eV. This value is reasonable given the one estimated experimentally and rep-
resented in Fig.5.47; where is shown the trap depth (red scattered lines) evaluated
according to the initial rise (IR) method [165, 184]. One can see that to the TL peak
at 250°C corresponds an activation energy level lying between 1.2 eV and 1.4 eV,
and that the energy range of the DOTS is correctly scaled.

In Fig. is reported the superimposition of the experimental TL curves (solid
lines) and the theoretical ones (dashed lines), at two heating rates (0.5 °C/s and
2°C/s). These theoretical TL curves are generated by the DOTS displayed in
Fig. from M(0.5)n¢(2) to check the prediction of the TL at 0.5°C/s and from
M(2)np(0.5) to check the prediction of the TL at 2°C/s.
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Figure 4.35:

Figure 4.36:
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(due to TDT). These distributions of trapped holes give the theoretical
TL curve of Fig.
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of Q01 sample recorded at 0.5 and 2 °C/s and the ones rebuilt with
extracted DOTS of fig. (dotted lines). These latter (theoretical TL)
are calculated from M(0.5)ny(2) to check the prediction of the TL at
0.5°C/s and from M(2)ng(0.5) to check the prediction of the TL at
2°C/s.

This modified DOTS extraction protocol considers the presence of a TDT and a
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recombination cross section depending on the temperature. As far as we tried to
account for the " anomalus" increase of the TL response with the heating rate, this
combination is the only one that proved to reproduce experimental behaviors. The
ability of this protocol to extract similar DOTS from the TL curves at 2 heating rates,
strongly supports the relevance of our proposal concerning the specific features of
TL processes in Ge-containing samples.

Qo1
Frequency factor wy (s™1) | 1.5 x 1010
XTDT 1
Initial filling rate ug 0.005
Proportion of TDT &rpt (%) 60
Energy barrier E;, (eV) 0.12
Table 4.13: Simulation parameters used for the DOTS extraction of fig. and
the relatives TL curves in Fig. rebuilt from these DOTS . Ej, is the

energy barrier of the recombination cross section.

4.3.2 Simulations with the general model.

In the study of the TL response as a function of the dose, the best agreement with
extrapolated DOTS and simulated ones and from the TL responses (peak areas)
and experimental ones, we refine the choice of the following parameters: a = /1,
0 =06/v,r=H/N,N,Cand W. Basically we put all the parameters related to the
TDT at zero, such as in the "classical general model" adopted for all the other sam-
ples. This choice does not effect the results since the anomaly characterizing the
Ge-doped silica samples is related to the TL response with the increasing heating
rate. The "classical general model" can predict well the TL response when chang-
ing the dose but not the heating rate. The procedure used in the search for these
parameters is therefore similar to that observed in the other samples. We refer to
section for the justification of the reasonable values range for the parameters
and the choice of &, 6 and r values. The TL response as a function of the dose
allows us to estimate N, which sets the saturation degree and B. B is such that
wo = BN., where N, lies between 108 and 102 cm—3 typically. wp is known from
DOTS extraction so we can deduce the order of magnitude of B.

Finally, from the simulated DOTS obtained with the general model we can well
predict the increasing TL with the increasing heating rate. From this last study we
found Erpr and refine the values of the other parameters previously found, such
as arpr. The value of arpr was found to be a very important parameter in the
effect of the decreasing or increasing of the TL with the heating rate. If in the first
order modified model, the choice of arpr between 0.4 and 10 does not change the
results, in the general one, arpr must be between 1 and 0.1. A too small value
of ap does not predict the correct TL. Moreover, using a small value of arpr (i.e.
10~°), with a small percentage of TDT (10%), the simulated TL predict a decreasing
of the TL. Then the choice of {Tpr = 60% previously used in the DOTS extraction
is confirmed by the general model.

In what follows we report the best results of the simulated TL at several doses and
at four heating rates. We present the results showing the comparison between the
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samples Q01 (Ge), Q07 (GeP) and Q09 (GeF). All of these samples present the same
TL features, then the simulations are obtained using the same parameters.

TL response as a function of the irradiation dose The determining parameters
estimated from the TL response changing the irradiation dose are the dimension-
less ratios rationalizing the competitions between the various transitions (3/7,
0/1y), the ratio between the total densities of hole and electron traps (H/N).

In Fig. is reported the area of the TL curves as a function of the dose of Q01
(Ge), Q07 (GeP) and Q09 (GeF) samples. The parameters used to obtain these
results are reported in table
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® @ @Experimental
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Figure 4.37: Areas of Experimental TL glow curve and simulated ones as a func-
tion of the dose using a dose rate of 200Gy /min(5iO2), for Q01 (a), Q07
(b) and Q09 (c) samples. The power-law fit (red line) to experimental
points reveals a power dependence from the dose of D%%.

The measurements were performed using several irradiation times at a fixed dose
rate (200 Gy(SiO,) min~!) and changing the irradiation time. TL readout were
performed at 1°C/s. The TL areas show a power-law behavior with the dose with
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exponent 0.85, highlighted in the figure by the red line. Simulated TL responses
with parameter values of Table follow quite well the experimental ones, even
if they are underestimated at low doses. As seen for the other samples previously
reported in this chapter, the TL dose dependence prediction set the correct value
of a. Also for Ge-doped silica sample we found a small value of « (10~°), meaning
that the re-trapping is negligible (at TL traps).

Q01-Q07-Q09
Trap Density H (cm =) | 1.6 x 10
B (cm3s~1) 10-10
x=p/y 107°
=246/ 10°
r=H/N 10°
Table 4.14: Simulation parameters used for the results reported in Fig. . The

proportion of TDT(%) is set in relation to the total hole trap density H.

In order to obtain the best agreement, we played with the ratio between hole trap
density and electron traps density r = H/N. This parameter affects the prediction
of the TL intensity and the temperature of the peak. For a small value of r (<
1 x 107°) the peak is shifted to higher temperature when decreasing of the dose,
whereas for value of r=1 the TL intensity is overestimated. For this reason, this
study is useful to understand the effect of some parameters and find the best ones.

TL response changing the heating rate Note that the only determining parame-
ters are the energy Barrier for trapping cross-section on TDT (Erpr), C and W.
Fig. shows the superimposition of the experimental and simulated TL at four
heating rates (0.5, 1, 2 and 3°C/s) adopting the general model described by equa-
tions (4.30)-(4.34) for the Ge sample (Q01).
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Figure 4.38: The superimposition of the experimental TL glow curves (solid lines)
and simulated ones (dotted lines) in Q01 sample, at 0.5°C/s, 1°C/s,
2°C/s,3°C/s.
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The experimental curves were recorded after a dose of 1kGy, at t,.1,x = 120s from
the end of the irradiation. Simulations have been done with the parameters given
in Table , with the same irradiation and relaxation times as those used in exper-
iments. Using these parameters, the reproduction of the TL response dependence
on the heating rate is quite good. The correct location of the peak with the good
prediction of the TL intensity increase with the increasing heating rate, validate the
simulated DOTS from which these TL curves are calculated.

Considering an error of 5% in the measured intensity, the agreement between ex-
perimental and simulated curves is good, proving that the proposed model well
explains the increase of the TL peak area observed in Ge-doped silica samples
when increasing the heating rate. The presence of the TDT combined with the
temperature dependence of the recombination cross-section o; (see eq. (3.12)) are
crucial in this respect. To fit the experimental difference in intensity at various heat-
ing rates, we can adjust the parameters already estimated such as the percentage
of TDT among hole traps or the ratio r = H/N. But the most determinant fac-
tor in the increasing of the TL intensity with the heating rate is the ratio between
Brpr and v (then ;). This factor describes the competition between the trapping
of holes in the TDT and their recombination at RCs. If this ratio tends to zero we
approach a process where all free holes recombine (as if there was no TDTs). From
this study we found that the best choice for arpr is 0.1.

Q01

Trap Density H (cm %) [ 10™

B (cm3s~1) 1010

B/ at300 K 1073

5/v at 300 K 107°

H/N 107>
C 10°

W (eV) 0.05

ETDT(GV) 0.007
Proportion of TDT (%) | 60
Brpr/7v at 300 K 0.1

E, 0.17

Table 4.15: Simulation parameters used for the results reported in Fig. .The

proportion of TDT(%) is set in relation to the total hole trap density H.

From parameters of table we obtained the results of Fig. and from
the general simulation model, where is reported a comparison between the sim-
ulated curves obtained for a GeP doped silica preform (Ge in the core and P in
the cladding), and a P-doped core preform (L28). The results on P-doped sam-
ple were obtained using the "normal" simulation model already presented in
based on equations similar to (4.30)-(4.34) without the population on TDT and for
a temperature-independent recombination cross-section.
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Table 4.16: Simulation parameters used for the results reported in Fig.

TL Intensity (a.u.)
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Q07-Q09

L28

Trap Density H (cm =) | 10® | 1.4 x 10%
B (cm®s~1) 10-10 10~ 10
B/ at 300 K 10° 107°

6/~ at 300 K

107°

1

H/N

107°

1

C

108

108

W (eV) 0.05 0.095
ETDT(eV) 0.007 -
Proportion of TDT (%) 60 -
,BTDT /’)/ at 300 K 0.1 -
Ey 0.17 -

.The pro-

portion of TDT(%) is set in relation to the total hole trap density H.
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Figure 4.39: TL glow curves at 1°C/s and 2°C/s on a) GeP- (Q07), b) P-doped silica
preform (L28), and c) GeF (Q09) doped silica sample.
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The GeP-doped sample shows the same TL features than the Ge-doped one. The
effect of Phosphorous doping is negligible since the TL intensity due to Germa-
nium is much higher than that of pure silica or P-doped silica. Even if germanium
doping is focused in the core of the preform while phosphorous spreads over all
the cladding, in Q07 sample the P content is just 0.89 at.%, whereas the Ge content
is 4.46 at.% (see table 2.1). In fig. is reported the results for GeF doped silica
(Q09). The considerations made for Ge sample are valid also for GeF. Although
this sample contains F, it does not involve any new characteristics in the TL fea-
tures compared to the germano-silicate sample and exhibits the same TL features
as the Ge-doped sample QO1.

4.3.3 RIA simulation during thermal annealing

The model exposed above was built specifically for Ge-doped silica in order to
describe an anomalous feature characterizing the TL on this kind of doped silica.
Such model allowed us to extract the DOTS. As seen previously for other kinds of
tested samples, the final goal of the modeling procedure exposed in this work is
to predict the RIA from the assignment of color centers, whose optical absorption
bands contribute to RIA to some of the trapped states present in the DOTS.

This subsection presents such RIA modeling for Ge-doped samples. After calibrat-
ing the RIA model (from DOTS simulation) against the RIA spectrum measured at
RT, we will show that the simulation is capable of predicting the RIA spectra ob-
tained at the various temperatures of the RIA thermal annealing protocol. These
results will demonstrate that the thermal effects are well accounted by the pro-
posed model.

In order to predict the RIA during the thermal annealing procedure, we must sim-
ulate the DOTS at each "stopping temperature" of this protocol. The experimental
procedure performed to get the TL curves of these temperatures steps is explained
below. It was performed in the same heating conditions as those of RIA during the
thermal annealing.

The experimental results obtained from this experiment are reported below. Then,
the section continues by assigning the DOTS to the color centers causing RIA in
the visible, as shown for the other samples. Finally, the simulation of the RIA
bleaching during the thermal annealing will be presented as well as a comparison
with the experimental spectra.

Experimental details The studied fiber preform presented here, named GeD2, is
produced by iXFiber SAS by MCVD process. The Ge content and the doping pro-
file are already reported elsewhere [96]. Germanium doping levels are designed
to follow a two-step distribution: the first step is doped with ~ 4.5wt.%, whereas
the second with 9 ~ wt.%. The preform slice sample has a thickness of about 0.6
mm. This sample presents a germanium content lower than QO01, which presents
an in-core Ge concentration as high as 10 wt.%. This high amount of Ge leads to
problems in the simulation of the RIA, since the GLPC absorption band recorded
before the irradiation, is saturated. In order to have a clear gaussian band we have
chosen to do the study on another sample with less Ge content such as the GeD2
one. The use of a sample from a different manufacture will be the opportunity to
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show that our simulation model are not just adapted for the particular sample fab-
ricated in Nice for the CERTYF project. By contrast, in includes sufficiently basic
physics, common to all Ge-doped silica, to offer the required universality.

The RIA thermal annealing experiment (see section ) was performed on the
GeD2 sample after a dose exposure of 4.6 kGy at a dose rate of 150 Gy(5iO;)/min.
The thermoluminescence annealing treatment or "pre-heating protocol" was per-
formed on GeD2 sample from RT to stopping temperature Tsp, which was in-
creased from 50 °C to 500 °C by step of 50 °C, i.e. according to the same scheme as
for the RIA thermal annealing protocol (appendix )-

Once the sample has been exposed to radiation (at a dose of 330 Gy(SiO,) and
using a dose rate of 200 Gy(SiO;)/min), it was heated up to the temperature Ts;op
by means of the TL setup. Then the sample temperature was brought back to RT
and the TL measurement was recorded at 1 °C/s from RT to 500 °C. This process,
consisting in (i) irradiation, (ii) heating up to Tstp and (iii) TL readout, has repeated
for several Ttp values; namely at 50°C , 100°C 150°C , 200°C , 250°C , 300°C ,
350°C , 400°C, and 450 °C . With this procedure we empty progressively traps of
increasing depths and the TL readout probes the DOTS starting from deeper and
deeper levels (increasing Ep values). The important point here is that we can get
the simulated DOTS from which calculate the TL curves. These TL curves can be
compared with the experimental one to prove that the simulated DOTS are well
predicted. Once obtained the DOTS, we can then simulate the RIA spectra at each
step of the thermal annealing.

Experimental results Fig. shows the RIA obtained at RT on the GeD2 sample
at a dose of 4.6 kGy(S5iO;). Decomposition attempt of this RIA into Gaussian bands
have been done to comply with usual bands attributed to well identified Ge-related
centers: Gel at 4.25 eV and silica related ones such as NBOHC (4.8 eV)) [46] (see
tab.4.17).
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Figure 4.40: RIA of a Ge-doped sample GeD2 after 4.6 kGy(SiO,) X-ray irradiation
at RT.
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One can note that the main contribution to this observed RIA is largely due to Gel
centers. The band at 5.8 eV corresponds to the intrinsic SiE” centers and to Ge(2)
centers, both centers being most probably present [46, 78, 94, 98, 185]. The optical
absorption by the Germanium lone-pair centers (GLPC), a variety of Ge-related
oxygen deficient centers (GeODC), clearly appears as a band centered around 5.1
eV in the absorption spectrum of the pristine sample. In agreement with previous
observations [94], we found that this band is reduced by irradiation. The decom-
position attempt of the RIA in Fig. therefore includes this band at 5.1 eV with
a negative amplitude.

Defect xc.(eV) | FWHM (eV)
Gel 4.25 1.5
NBOHC 4.8 1.17
GeODC 5.1 0.46
5.8eV/SiE’ | 5.8 0.6

Table 4.17: Characteristics of the optical absorption bands used for the Gaussian
decomposition of fig.

The thermal annealing results are reported in Fig. , where the RIA curves at all
the temperature steps are superimposed. The RIA progressively decreases as the
stopping temperature increases as a result of CC annealing. One can observe on
one hand the decrease of the RIA at energies related to the Gel, SiE" and NBOHC
centers, and on the other hand the increase of the band related to GeODC. The
latter starts from a negative amplitude up to almost zero at 500 °C.
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Figure 4.41: RIA recorded during the thermal annealing treatment.

To better analyze the bleaching of defects, we plotted in Fig. the evolution of
the different band areas (optical intensities) at each stopping temperature (Tstop) of
the annealing protocol. We observe an important decrease of the optical intensities
between 150 and 400°C, exception made for GeODC centers, which are reformed
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during annealing. The band intensities at RT and 50°C are pretty close. This result
is observed for all the thermal annealing measurements made in this work. The
temperature of 50°C is not high enough to observe a change in the RIA intensity,
at least under our experimental condition.
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Figure 4.42: Optical intensities (areas) of the various gaussian bands used in the
decomposition reported in fig. as a function of Ty of the thermal
annealing step.

The TL curves measured along the "pre-heating protocol" is reported in fig.

The TL glow curves show a decrease of the intensity with the increasing Tstop- One
can note that up to ~100°C, the temperature of the main TL peak and its intensity
remains more or less the same, while lower temperature components are logically
extinguished.
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Figure 4.43: TL glow curves recorded after an irradiation dose of 330 Gy(5iO,) and
after pre-heating up to Tstop, from 20 to 400°C.

This is due to the fact that in that range of temperature we are depleting the shal-
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lower traps. When the stopping temperature Ty, exceeds the peak temperature,
the intensity of the peak decreases significantly up to the total annealing at 500 °C.
This behavior is an obvious result, that one may expect from the way on which the
experiment is carried out, since the temperature of the readout increases at each
step. But what is important for us is the possibility to simulate the DOTS from
these experimental curves which will be used in the RIA modeling to simulate the
RIA spectra bleached shown in fig. at the various Tstop-

Simulation results In order to predict the RIA at RT and during the thermal an-
nealing procedure, we must simulate the DOTS at each "stopping temperature" of
this protocol (note that the RIA at RT (fig.4.40) will be obtained from the DOTS at
Tst0p=20°C). The simulated DOTS at each pre-heating is the results of a prediction
which must take into account the irradiation time (¢;,,) and t,,,, between the end
of the irradiation and the TL reading, but also the pre-heating phase of the sample
before the TL readout. During this phase, when the temperature increases with a
constant heating rate, holes trapped in the shallower levels are progressively re-
leased, as one can see on the TL curves of fig. which low-temperature side is
more and more depleted as the Ty, increases.

The experimental condition characterizing the "pre-heating" TL experiment, need
a specific procedure in the simulation, composed by the following steps:

1 DOTS extraction from TL curves using the "first order modified kinetics" ;

2 Simulation with the general model of the DOTS under the irradiation and
post-irradiation condition before the "pre-heating" protocol (Dose = 330
Gy(SiOy), Dose rate = 200 Gy(SiO,/min), o5, = 120 s). This DOTS at Tstop
= 20 °C gives us the simulated TL at the same Ts,,, which is the TL curve
recorded just after the end of the irradiation and without the "pre-heating "
treatment.

3 Simulation of the DOTS under the post-irradiation conditions of the "pre-
heating" protocol and of the related TL at each Tg;,. The comparison be-
tween these simulated TL with the experimental one of fig. would con-
firm whether the DOTS prediction is good or not.

This first step has been obtained in a similar way to that of Q01 sample. After the
extraction of dots from the experimental curves it was possible to simulate dots
under the above experimental conditions. The DOTS extraction and the research
of the parameters has been rendered simple once the model has been calibrated
for Q01 sample. Both samples, although with a different concentration of germa-
nium, have the same TL, which differs only in intensity. Then we just report the
simulation results obtained following the steps 2-3 above, explaining in detail the
procedure and summarizing the parameters found for the results.

Fig. reports the comparison between the experimental TL curves and the sim-
ulated ones during the "pre-heating" protocol. These latter curves (dashed lines in
figure) are obtained from the simulated DOTS reported in fig.
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Figure 4.44: Experimental (continuous lines) and simulated (dashed lines) TL glow
curves, during the thermal annealing treatment at the same Ty, val-
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Figure 4.45: Simulated DOTS during the thermal annealing treatment which pro-
duce the calculated TL curves of fig.

The simulated DOTS at each Ty, step of the "pre-heating protocol " are obtained
from the general model considering an irradiation and post irradiation condition
in accordance to the cit pre-heating protocol " and a TL readout phase carried up
to Tstop. From this step we obtain the population of the traps (1;(Tstop)) after the ir-
radiation and the heating up to Tsop. Then, we perform the TL simulation readout
using n4(Tstop) as initial condition of the trap filling. From this last step we obtain
the simulated TL at Tyop.

This procedure has been made for all the heating steps from RT to 400°C. One
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can see from the results of fig. that the agreement from the experimental TL
and the simulated one is quite good. The model for trap filling is well capable of
rendering the effect of pre-heating treatment. One can see that the position of the
peak at each Ty, is well located. The intensity during the simulation procedure
is normalized just to the TL recorded right after the radiation (Tstop:20°C). Then
the relative TL intensities at teach T, are also well predicted. The agreement
between experimental and simulated TL obtained from the simulated DOTS of
fig.4 45, strongly support that the DOTS simulation is reliable.

The results reported here have been obtained by varying some parameters previ-
ously reported for Q01. The main difference concern the general model param-
eters, namely the percentage of TDT, H and the values of Mott Seitz for the TL
simulation. The parameters used to obtain the simulated DOTS and the related TL
are reported in table

GeD2
Trap Density H (cm ) | 3.1 x 1018
B/ at 300 K 10-°
5/vat300K 107
H/N 1073
C 108
W (eV) 0.095
ETDT(EV) 0.007
Proportion of TDT (%) 30
,BTDT/’)’ at 300 K 0.1
Ey 0.17
Table 4.18: Simulation parameters used for the results reported in fig. and

Once the simulated DOTS are validated, we can proceed to the RIA simulation at
RT and during the thermal annealing treatment. First of all, we start with the usual
assignment of each component of the DOTS at RT (Ts1,=20°C) to CCs involved in
the RIA, from which it is possible to calculate the optical absorption produced by
the densities of the radio-induced centers. As adopted for all the other doped sam-
ples, we report the charge conservation equation which in the case of Germanium,
can be written as:

Nintrinsic,- + Nsiopc:e- + Neeopcie- + Nee1 =

= Nintrinsic,, + NNBoHC + Nsierjce2  (4.52)

As seen from the experimental results (fig. ), the radiation-induced CC are the
trapped holes centers such as NBOHC, SiE’, and Ge2 if we consider its structure as
an ionized GLPC, and the trapping electrons centers such as the SiODC : e~ and
SiODC : e~, Gel (and Ge2 if we consider its structure as the Gel similar one).

In the exploitation of the charge conservation equation, the usual difficulty con-
cerns the NBOHC centers. The latter contribute to the RIA, but it have not yet been
associated with any particular level of the DOTS. We always assume the NBOHC
density as a fraction of the SiE’ centers concentration, because these two types of
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defects are produced in pairs [34]. This fraction is an adjustable parameter of the
RIA simulation.

In the same way, the estimation of Gel and Ge2 concentration a priori is not inde-
pendent, as it will be explained in what follows. In Ge-doped silica the absorption
band at 5.8 eV is usually related to Ge2, but SiE” centers are also characterized by
an absorption band centered at the same energy. One can consider that the main
contribution to the RIA at that energy is due to Ge2. Anyway, in our RIA model,
we considered just one band centered at 5.8 eV. This lack of separation is unfortu-
nately present also in the DOTS. In the DOTS decomposition attempt reported in
tig.4.46, we notice the presence of a wide band around 1.2-1.3 eV. In silica this band
undoubtedly contained to the levels of the SiE’ centers.
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Figure 4.46: Simulated DOTS at RT and its decomposition.

In the DOTS of GeD2, this band is very high and wide. This feature can be inter-
preted into two different ways:

1 The presence of Ge strongly enhanced the formation of trapped-hole centers,
including SiE’ centers.

2 Ge2 centers are trapped-hole states that share the same activation energy as
SiE’ (and not only the same optical absorption energy), thus giving rise to an
additional contribution to the DOTS around 1.2-1.3 eV.

In both cases, we can just consider the DOTS contribution centered at 1.2-1.3 eV,
related to a CC absorbing around 5.8 eV. This is basically what we made. The prob-
lem consists now in the calculation of the Gel band. The relationship between the
production of Gel and Ge2 centers is indeed not obvious. In literature, the nature
of Ge2 is still questionable. If it is considered as a kind of Gel, is it a trapped elec-
tron. If it is, conversely, considered an ionized GLPC, it is a trapped hole center. In
the first case we cannot calculate it from the DOTS since it is a trapped electron. In
the latter one, we can find a correlation in the DOTS as we made for SiE’. Moreover,
once is found the Ge2 contribution in the DOTS and is calculated the amplitude of
his gaussian band, we can obtain an estimation of Gel centers because it is known
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that both are created in pairs. Since this description works and is quite accessible
from our model, we followed this way and we assumed the Gel concentration as
a fraction of that of Ge2 ones, as made previously for NBOHC and SiE’".

The simulated DOTS for each heating step can be fitted properly thanks to the
occupancy state information obtained from the simulation procedure. The simula-
tions give the occupancy rate of hole traps at any step of the protocol. Thanks to
this occupancy rate, we were able to follow the "truncation " of the DOTS at each
step, and, as a consequence, also the components of the fit.

As an example, we report in fig the DOTS at RT (circles), the DOTS at Tstop =
150 °C (blue line) and the normalized occupancy state at T, = 150 °C (red line).
Basically, the DOTS at Tstop = 150 °C is the results of the DOTS at RT multiplied
by the occupancy state at Ts,, = 150 °C. We obtain the truncation of the gaussian
components of the DOTS multiplying all the contributions by the occupancy state.

Normalized occupancy state at T=150°C
1.24lo0 o oDOTSatRT
DOTS T=150°C

Normalized dots (a.u.)

T T T
0.6 0.8 1 1.2 1.4 1.6 1.8 2

Energy (eV)

Figure 4.47: DOTS at RT (circles), at Tsop = 150 °C (blue line) and the normalized
occupancy state at Tstop = 150 °C (red line).

To follow the DOTS composition at each T, we use exactly the same bands (cen-
ters and FWHM) as for the decomposition of the RIA at RT. But now, knowing the
occupancy rate of levels (from DOTS simulation) at each step of the protocol, we
truncate the gaussian components by adjusting not with pure gaussian functions,
but with gaussian multiplied by the occupancy rate. In this way we can use the an-
alytical functions of the DOTS bands at each heating step for the RIA modeling, in
the same way as made for the RIA at RT. The fit of the DOTS at all the temperature
annealing steps are reported in fig.

Once the density of each type of CC contributing to the RIA spectrum is known,
it is possible to estimate the amplitude of their optical absorption band using
Smakula’s formula for Gaussian bands as explained before. The RIA spectrum
of the Ge sample was reconstructed according to this approach.
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Figure 4.48: Fit of the simulated DOTS reported in fig. at all steps of the an-
nealing along the "pre-heating" protocol.

The simulation of the RIA at RT is shown in Fig. , where the half-height widths
and the band position used are given in tab. . The NBOHC concentration
was set at 33% respect to SiE’, whereas the Gel concentration is 66% of that of
Ge2. Concerning the oxygen-deficiency centers centers, we considered GeODC
represent 80% of the total ODC concentration.
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Figure 4.49: Experimental (scatter graph) and simulated (red line) RIA on Ge sam-
ple after a dose of 4.6 kGy(SiO,). In the figure are also reported by
colored lines the simulated gaussian bands which parameters are re-
ported in table
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Defect x. | FWHM f
(eV) (eV) simulation | literature
Gel 4.38 1.2 0.19 0.28 [117]
NBOHC 4.8 0.48 0.05 0.05 [36]
GeODC 5.1 0.46 0.3 0.4 [186]
5.8eV/SiE’ | 5.8 0.7 0.14 0.14 [32]

Table 4.19: Characteristics of the RIA simulated bands.

The RIA simulation was also performed at all temperature steps of the RIA anneal-
ing (fig. ). We used the DOTS in fig. to calculate the RIA at each thermal
annealing step with the same parameters as those found at RT. In order to show
the comparison between the experimental and simulated curves, we compare in
fig. the optical intensities (areas) of the simulated gaussian bands to the fit of
the experimental ones. As one can see the agreement is quite good.
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Figure 4.50: Optical intensities of the gaussian bands used for the fit of each RIA
curve reported in fig. as a function of Ty of the thermal anneal-
ing step. Comparison between simulation and experiment.

4.3.4 Summary of the results for Ge-doped silica.

To summarize on Ge-doped silica results, we can say that from TL, we are able to
investigate the radiation-induced mechanisms and estimate activation energies of
these radiation-induced trapped-hole centers governing the temporal and thermal
stabilities of the RIA. As already used to extract the DOTS in pure, Al-, P-doped
silica (in addition to Er- and Yb-doped silica made elsewhere [174]), it could not
be applied to Ge-doped fibers due to an "anomalous" increase of the TL response
with the heating rate. However, Ge-doped silica fibers are of obvious technological
importance and they well deserve a special treatment. The objective of this section
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was thus: (i) to elucidate the specific radiation-induced mechanisms associated
with the presence of Ge in silica, that notably induces the anomalous TL response;
(i) to put these mechanisms in equations to allow their validation and calibration
against experimental data. Our experimental study of the thermal annealing of the
RIA during the TL readout, and its correlation with the TL glow curve, made it
possible to conclude that ODCs centers (both SiODC and GeODC) trap electrons
during irradiation to form deep Si- and GeOCD:e- states which act as recombina-
tion center in the TL process. Part of native ODCs are thus destroyed. They can
only be restored upon recombination of trapped ODC:e- states by free holes. This
process is at the origin of the TL emission. The recovery of color centers associated
with trapped electrons, as the Gel centers, takes place below 250 °C during the TL
readout. The main TL peak around 225-275 °C was found to follow the release of
holes from SiE’centers. The anomalous TL response was argued to be due to the
combination of two specific properties. First, the cross-section characterizing the
recombination of free holes with RCs, i.e. Si- and GeODC:e- trapped electron cen-
ters, must increase with temperature. We used a thermally activated cross-section
(Arrhenius law) in our model, considering that it was a simple and reasonable as-
sumption for demonstrative purposes. Second, a process of hole capture on very
deep hole traps (TDT) must compete with that of recombination at RCs and the
related capture cross-section must be less sensitive to temperature than that of re-
combination. The presence of such competing deep traps is specific to Ge-doped
glasses since holes trapped in TDT were associated with the thermally-stable GeE~
centers [4].

When rationalized into a set of coupled non-linear ordinary differential equations,
our model well reproduces the increase of the TL response with the heating rate as
well as its dependence on the total dose. This twofold validation strongly supports
the model and its parameters. Thanks to this new validated model, the DOTS
could be extracted from TL curves. The activation energies were confirmed by
the 'Initial Rise” method, the most basic physical approach. This DOTS shows
a peak around a depth of 1.22 eV (above the VB edge). According to the RIA
bleaching map (Fig. ), this level most probably corresponds to holes trapped
into the form of intrinsic SiE” centers. This location of SiE’ states in the bandgap
is in fair agreement with that we estimated in [174] from Ge-free silica samples.
Once the DOTS are obtained from the TL modeling, it is possible to correlate the
band present in the DOTS to the CC responsible of the RIA. As reported above, it
was possible to get a comparison between the experimental thermal annealing RIA
and the simulated ones using this method. The agreement between the fit on the
experimental band and the simulated ones is good considering the repeteability
error of the experiment.

One can conclude that the method created starting from the DOTS is well capa-
ble of predicting the annealing of the RIA, after the thermal treatment at various
temperature. Therefore, we now have a predictive model to simulate the RIA in
Ge-doped glasses, with extrapolation capacities.



Conclusions

Silica-based optical fibers have a broad range of use in harsh or severe environ-
ment applications with radiation constraints. The exposure of optical fibers to
ionizing radiation involves damage to optical properties and contributes to the
degradation of the fiber performances. This phenomenon is the direct effect of the
Radiation Induced Attenuation (RIA): the attenuation of the transmitted light in-
tensity due to the radiation exposure. The degradation of optical properties of the
silica-based materials can be explained by the structural adjustments in the silica
lattice with the creation of point defects. The nature of the defects depends on the
chemical composition of the glass. The knowledge of the creation and annealing
mechanisms after radiation of these defects is important in the RIA control. For
these reasons, in optical fibers application fields with radiation constraints, such
as high-energy physics facilities, waste depositories and nuclear power plants,
there is a strong interest in improving knowledge about the degradation processes
through the RIA. It is in this context that the CERTYF project fits. The project aims
to improve the knowledge about the basic mechanisms leading to the degradation
through the radiation-induced attenuation (RIA) of silica-based materials and op-
tical fibers in harsh or severe environments encountered by ANDRA, combining
temperature, radiations and hydrogen (R-H-T) constraints. By RIA control can be
developed radiation tolerant systems able to operate in the radioactive waste stor-
age facilities; or enhance the fiber radiation sensitivity in order to design radiation
detectors and dosimeters able to detect the radiation dose or dose rate present in
the radiative environment. The RIA control is achieved by being able to predict its
trend in this harsh environment, namely building a physical model able of predic-
tion. We proposed a model able to simulate the RIA in the visible part of the spec-
trum. The ability of prediction of this model considers the experimental conditions
that induce the degradation inside silica based optical fibers, such as time, temper-
ature, dose and dose rate. This model is based on the connection between the color
centers (CC) and the density of trapped states (DOTS), through the thermal anneal-
ing protocol. The thermal annealing of the RIA allowed us to assign the main color
centers to energy levels present in the DOTS. The knowledge of the DOTS is the
first step to get a model capable of reproducing and predicting the evolution of the
radiation-induced states over different external conditions. The obtain DOTS we
used complex procedure based on simulations and experiments. The experiments
aimed to provide an analysis of the mechanisms of the RIA development and its
annealing in silica-based fiber preforms by exploring the main dopants character-
izing our samples: Al, P and Ge. The study carried out according to the thermal
annealing protocol, gave a mapping of defect destruction with the increasing tem-
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perature. This last point is crucial in our analysis, since it gave access to the cor-
relation between CC bleaching and energy depth of the trapping levels. From the
bleaching map results, we were able to relate the bleaching of a center at a certain
temperature, to the energy depth of a trapping level through the DOTS revealed by
the thermoluminescence (TL). Our experimental study of the thermal annealing of
the RIA during readout, and its correlation with the TL curve, made it possible to
conclude that ODC centers trap electrons during irradiation to form deep Si-/Ge-
/Al-ODC:e- states which act as recombination centers in the TL process. Part of
native ODCs are thus destroyed. They can only be restored upon recombination of
trapped ODC:e- states by free holes. Common to all samples is the fact that the TL
emission is due to the release of trapped holes that subsequently recombine on RC
formed by trapped electron states. As a consequence, the extracted DOTS always
correspond to distributions of trapped holes in the bandgap, near by the valence
band. The DOTS are obtained through a modeling of trap filling and recombina-
tion, under and after irradiation. To predict the RIA, we simulated the DOTS in
several conditions as those encountered in the RIA experiences. To get a correct
prediction of the DOTS, these must be validated by strong evidence. In this sense,
it is needed a strategy to calibrate the DOTS under a certain condition (the labo-
ratory standard) and to assure their validity by simulating them in any condition
(such as the IRMA irradiation conditions at IMGy). We showed that our model
is well capable of prediction thanks to the comparison between the simulated TL,
obtained from the simulated DOTS, and the experimental one. Once the DOTS
were obtained, it was possible to correlate the components of the DOTS to the CC
responsible of the RIA through the thermal annealing protocol. The agreement
between the fit of the experimental gaussian band and the simulated ones was re-
vealed good for all the sample tested. Moreover, we can strengthen the robustness
of the model thanks to the simulations of the RIA annealing on Ge-doped silica
samples. We showed how our model, starting from the DOTS and without any ad-
justment, is well capable of predicting the annealing of the RIA, after the thermal
treatment at various temperatures. Therefore, we now have a predictive model to
simulate the RIA in Ge-doped glasses, with extrapolation capacities. Both DOTS
extraction and simulation procedures were successfully conducted using the same
modeling for pure, Al-, P-doped silica samples. For Ge-doped fibers we needed
to build a model ad hoc. We presented the anomalous increase of the TL response
with the heating rate in this kind of samples, which makes impossible the DOTS
extraction procedure. Elucidating the specific radiation-induced mechanisms asso-
ciated with the presence of Ge in silica, we argued that the anomalous TL response
is due to the combination of two specific properties: (i) the cross-section charac-
terizing the recombination of free holes with RCs, i.e. Si- and Ge-ODC:e- trapped
electron centers, must increase with temperature; (ii) a process of hole capture on
very deep hole traps (thermally disconnected trap, TDT) must compete with that
of recombination at RCs and the related capture cross-section must be less sensitive
to temperature than that of recombination. The presence of such competing deep
traps is specific to Ge-doped glasses since holes trapped in TDT were associated
with the thermally-stable GeE” centers. When rationalized into a set of coupled
non-linear ordinary differential equations, our model well reproduces the increase
of the TL response with the heating rate as well as its dependence on the total dose.
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Thanks to this new validated model, the DOTS could be extracted from TL curves
also in Ge-doped silica samples.






Density state equations. Fermi
level approximation.

The rate equation governing the electron population in the conduction band ()
is composed by a positive contribution describing the trapping of the electrons
by the traps located below the CB (at Ey energy), and a negative contribution
describing the de-trapping of the electrons from the traps to the CB.

d[ZC = pn.(N —n) —wn (53)
where B = ov;h is the trapping fluence rate expressed in cm3s~! that depends
by the electron cross section (¢) and the thermal velocity (vy;), w is the detrapping
frequency, expressed in s~! and n is the electron density in the trap levels N,
expressed in cm 3, see fig.

At equilibrium ‘;—’Z = 0, so we have:

Ne t BC

sI Jg‘w

E, —n,N

BV

Figure 51: Energy level scheme.

pn(N —n) = wn
w=p—(N—n)
At equilibrium we can use the Fermi-Dirac statistic to calculate n., n, (N — n) in
order to obtain an expression for w. We will obtain at the end of the following

steps the expression 60 while in the appendix we will see that the frequency
factor wy is not a constant but is a function of the temperature by a power law
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dependence.
From the well known Fermi energy function

1

f(E) = 11 B En/hsT (54)
we can calculate the density of electrons in BC solving the expression:
e = / N.(E)F(E)dE (55)
E.
we can use the approximation:
(E—EF)
E)~ _A=—oF)
f() = exp |-
for E — Er > kgT.
Using this approximation we can calculate
® E—E +E —Er
= N:(E dE
e /EC <(E)exp [ T ]
o E—Er E.—Er
= E E. -
. N.(E)exp [ T ] dE - exp [ T } (56)
_ exp | — E.—Ep
TP | T T GT

where for the integral we substitued N, = 2(27tm*koT/h)3/? the known effective

density states from physics of semiconductors[187]

For the calculus of n we use the same approximation for the Fermi-Dirac function

for the energies Eg — Er > kgT', where Ey is the energy at the N level (see fig.
). In this approximation we can write:

n « Nexp [— Eok;TEF] (57)
and
N—n=N —nf(E)
= N(1-f(E))
Y e I
N

Lit is worth to note that if Ey « 1eV, Eg — Ep « 5e¢V; and if T = 600°C = 873K, then kT =
0.0035¢V. So we can always make the assumption that Ey — Er > kpT.



Substituting 56,57, 55 in

w:ﬁnc<

n

= ooy, Neexp

= ooy Neexp | —

= ooy, Neexp

N-—n

[ Ec—Ef|N__ [Eo—Er
T kT | NOP | kT
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, We obtain:

(59)

EC - EO
kgT

e
| kgT

€
= wpexp [_kBT]

(60)






Temperature effect

The trapping frequency obeys to a Arrhenius type law (see ). In this equation,
wo = ooy, N, is actually a function of the temperature and of the cross section:

wy=T? ¢ (61)

In fact wp has a dependence from T being a function of vy, N; and ¢. Exploiting
the T dependence of these therms we have:

¥ EL‘*T, this expression is obtained from the equivalence between

the average translation kinetic energy of the particles in thermal mo-
tion (Ect = 3/2kpT) and the translational kinetic energy of a particle
(Ecr = 1/2m*v},)";

Ot =

N, = 2(2rtm*koT /h)3/?[187].

Handling these expressions we can write the equation for wy 61 as:

wo = am%(kBTf (62)
where m* is the reduced mass.
Considering wy(300) as the trapping frequency value at room temperature (T=300
K), the expression for wy can be written as wy = wy(300)(T/300)>.
To give some estimations, wp(300), varies between 108 -10# s 1, considering that
at this temperature oy ~ 108 - 10™ cm?, vy, ~ 107 em s~! and N, ~ 10%° cm—3.

2 Actually is possible to prove that the right expression is vy, = (8kgT/mwm*)1/2.
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Experimental conditions

TL conditions In the experimental results will be reported for each sample, the
dependence of the TL on the heating rate and the dependence of the TL on the
dose.

For the first experiment, the TL is recorded at four heating rates (0.5°C/s, 1°C/s,
2°C/s and 3°C/s) at the same irradiation and post-irradiation condition, generally
using a dose rate of 200Gy /min(SiO;) and waiting 90s between the irradiation and
the TL readout (¢,¢14)-

For the TL dose and dose rate dependence, the TL curves were recorded at sev-
eral irradiation doses, which are reached changing the irradiation time (at fixed
dose rate of 200Gy /min(SiO;)) or changing the dose rate turning the current. The
procedure used is reported in table

Intensity current Irradiation time dose rate dose
mA s Gy(S5i02)/min  Gy(5iO5)
5 40 34 22
25 300 17 84
5 300 33 168
10 300 67 335
15 300 101 503
20 300 134 671
30 25 200 84
30 60 200 201
30 150 200 503
25 300 168 838
30 300 200 1006
30 450 200 1509
30 600 200 2012
30 750 200 2515
30 911 200 3055

Table 20: Experimental procedure adopted to investigate the TL dependency from
the dose and dose rate.

The experiments were expected to reveal weather the TL intensity or TL area is
linear with the dose and if there are any dose rate effects. For the last intention, we
found no significant effect from the dose rate. This is supported by the fact that
the TL areas recorded by the procedure exposed in table 20, lay in the same line,
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and some point recorded after the same total dose but using a different dose rate
are almost superimposed. In the results we just report a singular line to show the
dependence of the TL from the dose.

A deep explanation of the initial rise technique and how it is performed is reported
in . Experimentally, the procedure require to measure a TL curve, then is per-
formed again the measure, but stopping it when the TL reach 1/10" of the in-
tensity of the peak. When the sample is cooled back to RT the measurement is
relaunched and this step is repeated until the peak will remains less intense of
1/10 of the intensity. From all these curves is obtained a distribution of energies as
shown in fig. (red scatters).

Optical absorption and RIA measurements The optical absorption measure-
ments were made by a UV-VIS-NIR spectrophotometer (Perkin-Elmer) with a reso-
lution of 0.16 nm in the spectral range (200nm-850nm). We used a perforated plate
as sample holder in order to leave the light passing only through the Ge-doped
core of the preform. The RIA was deducted from absorbances A measured before
(Ap) and after (A,) irradiation, as referred in (63) [118]
1 10

RIA(dBm™") = E(Aa —Ap) (63)
where d is the thickness of the preform sample. Equation (63) is directly obtained
by the relation between the attenuation («), the optical input power (P;,), optical
output power (Py,) and the fiber length (L) given by 1.5 [118].
To make the sought connection between TL mechanisms and RIA, the thermal
annealing experiment was performed. It consist of several steps [77]:

1 Recording the OA of the pristine sample;

2 Recording the OA of the sample after exposure to X-rays at RT, thus giving
the RIA;

3 heating the sample up to Tst,=50 on the TL reader at the same heating rate
as the TL readout (generally 1°C/s)

4 The new core OA was measured after cooling at RT, thus giving the RIA at
Tstop:500C

5 by repeating the steps 3 and 4 each 50°C up to 500°C , we obtain the RIA after
heating in TL condition up to Ts,,=50, 100, 150, 200, 250, 300, 350, 400, 450,
500°C.

With this procedure, the partial RIA recovery within 50°Cintervals could be fol-
lowed correlatively to TL peaks and their emissions. From these measurements,
we build a thermal bleaching map by differentiating RIA spectra with respect to
Tsto .

Frofn these measurements, we built thermal bleaching maps by differentiating RIA
spectra with respect to Tstp. At any wavelength, the absolute RIA variation around
Tstop values were normalized to the total RIA to obtain the relative bleaching in
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each 50°C interval (in % of the RIA at the considered wavelength) [77]. Treated
into the form of a color contour plot, these data are interpolated to provide an
overview of the RIA annealing as a function of both temperature and wavelength
along the TL readout. Color levels give an estimate of the percentage of the RIA
(at wavelengths in the vertical axis) that is bleached at temperatures in the hori-
zontal axis [77]. Sometimes, because of the low RIA level, the bleaching map is
built without differentiation respect to the total one, this choice anyway does not
compromise the physical interpretation. This is the case of L02 and Q01 samples
(fig.3.9 and respectively).






Experimental errors

The experimental error in the TL measurements by means of the PM tube is around
5% of the measured intensity. This typical value was estimated once several mea-
surements were made under the same conditions. In fig 52 is reported a TL glow
curve (red line) with the error bars (blue lines) along the y-axes. The error bars are
not reported in the result plots to lighten the graphs, but one should keep in mind
this error especially in the fourth chapter, where the experimental TL curves are
superimposed to the simulated ones.

1.8e-07

1.6e-07

1.4e-07 4

> 1.2e-07 A

1e-07

8e-08

TL Intensity (a. u.

6e-08

4e-08

2e-08 A

0e00 T T T T T T T
0 50 100 150 200 250 300 350 400

Temperature (°C)

Figure 52: Typical TL glow curve on pure silica sample with the error bars corre-
sponding to 5% of the intensity.

The indeterminacy of the RIA results is mainly due to the lack of precision in plac-
ing the sample in exactly the same position in the sample holder during the opti-
cal absorption measurements. In order to have an estimation of the error due to
this inaccuracy, several spectra were recorded under the same experimental condi-
tions The estimated error is estimated at 3-5% of the measured absorption (Fig.53),
which then bring to a relative error on the RIA spectra of about 10%.
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Figure 53: Absorption spectrum after an irradiation of IMGy on P-doped silica
sample showing the error bars corresponding to 3% of the measure-
ments.
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