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Abstract

Una dosimetria accurata è un requisito fondamentale nelle tecniche di radioterapia non conven-
zionali, come la Boron Neutron Capture Therapy (BNCT) e la FLASH radiotherapy, in cui la
presenza di campi misti neutroni–fotoni o le dosi ultra-elevate mettono alla prova le prestazioni
dei rivelatori convenzionali. In questo contesto, le fibre ottiche a base di silice sono emerse come
candidati promettenti per una dosimetria in tempo reale e minimamente invasiva.

La presente tesi combina approcci computazionali e sperimentali per valutare la fattibilità delle
fibre ottiche come dosimetri in tali condizioni. Sono state utilizzate simulazioni Monte Carlo
con il codice PHITS per riprodurre le condizioni di irraggiamento della colonna termica del
reattore TRIGA Mark II, fornendo una caratterizzazione dettagliata delle componenti di dose
da neutroni e fotoni e prevedendo la risposta della fibra alla scala micrometrica. Ciò ha permesso
una caratterizzazione dettagliata delle componenti di dose neutroniche e fotoniche attese in silice.

Nell’impianto PETRA del Laboratorio Hubert Curien a Saint-Étienne, sono stati effettuati es-
perimenti in condizioni controllate. Qui, sono state performate misure di Radiation-Induced
Luminescence (RIL) con fibre ottiche dopate con cerio (Ce-doped) e su fibre con una media
concentrazione di gruppi ossidrilici (M-OH). Le prime hanno mostrato un’elevata sensibilità in-
trinseca, mentre le seconde una risposta lineare caratterizzata da un afterglow trascurabile e una
sensibilità modulabile con la lunghezza della fibra. Invece, lo studio della Radiation Induced
Attenuation (RIA) è stato investigato con fibre dopate con il fosforo (P-doped) usando tecniche
OTDR, dimostrando l’attesa risposta lineare della dose fino a parecchi Gy, con buona ripetibil-
ità e risoluzione spaziale adatta per dosimetria distribuita. Questi risultati confermano l’idoneità
di entrambe le tecniche per l’applicazione nel campo misto della colonna termica del reattore
TRIGA.

Inoltre, lo studio è stato esteso alla FLASH radiotherapy. Effettuando test pulsati dedicati, è stato
possibile mostrare che fibre M-OH combinano una dinamica di recupero rapida con una risposta
lineare del segnale, permettendo un monitoraggio impulso per impulso senza sovrapposizioni,
mentre le fibre Ce-doped sono limitate da un persistente afterglow. Questi risultati identificano
le fibre M-OH come solidi candidati per dosimetria in tempo reale e in condizioni di ultra-high
dose-rate.

Nel complesso, questa tesi evidenzia il potenziale delle fibre ottiche a base di silice come dosimetri
versatili, a partire da applicazioni di BNCT fino alla FLASH. I risultati delle simulazioni, gli es-
perimenti e i calcoli confermano la fattibilità dell’implementazione di dosimetri a fibre ottiche
nella colonna termica del reattore TRIGA.

Parte dei risultati sperimentali sono stati presentati alla conferenza SiO2 2025 (Saint-Étienne)
e sono inclusi in un articolo in pubblicazione, a conferma dell’originalità e della rilevanza del
lavoro svolto.



Abstract

Accurate dosimetry represents a fundamental prerequisite for non-conventional radiotherapy modal-
ities such as Boron Neutron Capture Therapy (BNCT) and FLASH radiotherapy, where the pres-
ence of mixed neutron–photon fields or ultra-high dose rates challenges the performance of con-
ventional detectors. In this framework, silica-based optical fibers have emerged as promising
candidates for real-time and non-invasive dosimetry.

This thesis combines computational and experimental approaches to evaluate the feasibility of
employing optical fibers as dosimeters in the aforementioned contexts. Monte Carlo simulations
were performed using the PHITS code to reproduce the radiation field conditions inside the ther-
mal column of the TRIGA Mark II reactor in Pavia. This allowed a detailed characterization of
the neutron and photon dose components expected in silica.

Experiments under controlled irradiation conditions were carried out at the PETRA facility of
the Hubert Curien Laboratory in Saint-Étienne. Here, Radiation-Induced Luminescence (RIL)
measurements were performed on optical fibers doped with cerium (Ce-doped) and on fibers
with a medium hydroxyl concentration (M–OH). The former exhibited high intrinsic sensitivity,
whereas the latter showed a linear response with negligible afterglow and a sensitivity tunable
with fiber length. Radiation-Induced Attenuation (RIA) was investigated in phosphorus doped
(P-doped) fibers using OTDR techniques, demonstrating the expected linear dose–response up to
several hundred Gy, with good repeatability and spatial resolution suitable for distributed dosime-
try. These results confirm the suitability of both techniques for application within the mixed field
of the TRIGA reactor thermal column.

Furthermore, the study was extended to FLASH radiotherapy. Dedicated pulsed tests showed
that M–OH fibers combine fast recovery dynamics with linear signal response, allowing pulse-
by-pulse monitoring without overlap, whereas Ce-doped fibers are limited by persistent afterglow.
These findings identify M–OH fibers as solid candidates for real-time dosimetry under ultra-high
dose-rate conditions.

Overall, this thesis highlights the potential of silica optical fibers as versatile dosimeters, from
BNCT to FLASH applications. The results derived from the simulations, the experiments and
calculations confirm the feasibility of implementing fiber-based dosimetry in the thermal column
of the TRIGA reactor.

Part of the experimental results were presented at the SiO2 Conference 2025 in Saint-Étienne and
are included in a forthcoming publication, underscoring the originality and impact of this work.
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Introduction

Radiotherapy plays a central role in the treatment of many cancers, but its effectiveness is of-
ten limited by the need to preserve surrounding healthy tissues. Among the alternative strate-
gies under investigation, Boron Neutron Capture Therapy (BNCT) exploits the nuclear reaction
10B(n, α)7Li to achieve a highly localized energy deposition at the cellular scale. The products
of this reaction have a short range (5-9 µm) and a high Linear Energy Transfer (LET), enabling
the selective destruction of boron-loaded tumor cells while largely sparing adjacent healthy ones.
The selectivity of BNCT therefore relies both on the physics of the reaction and on the ability
of boron compounds to preferentially accumulate in malignant tissues. Over the last decades,
BNCT has been investigated in several clinical trials, initially with neutron beams extracted from
research reactors and, more recently, with accelerator-based neutron sources that are fostering a
renewed worldwide interest in this therapy.

As in all radiotherapy modalities, accurate dosimetry is essential to ensure both the safety and the
effectiveness of BNCT. In this case, however, the mixed neutron-photon field generated makes
the calculation of absorbed dose particularly complex, since it combines radiation components
with different LET and biological effectiveness. This motivates the continuous development of
new computational tools and experimental detectors.

Within this framework, the TRIGA Mark II reactor of the University of Pavia provides a unique
experimental facility to conduct BNCT tests and radiobiological studies. This facility represents
the reference environment for the work presented in this thesis.

In recent years, silica-based optical fibers have emerged as promising candidates for real-time
dosimetry in such mixed radiation fields. Their response relies on two different mechanisms:
Radiation-Induced Luminescence (RIL), which can be correlated to dose rate, and Radiation-
Induced Attenuation (RIA), which provides information on the accumulated dose.

A highly specialized research group in the investigation of optical fiber is the Materials for Op-
tics and Photonics in Extreme Radiation Environments (MOPERE) of Hubert Curien Laboratory.
From a collaboration established between this group and the Physics Department of the Univer-
sity of Pavia, a project was developed to investigate the feasibility of employment of optical fibers
for dosimetric purposes in the BNCT framework.

This master thesis has been conceived in this context. The ERASMUS+ Traineeship Exchange
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Introduction

Program allowed me to complete an internship of three months at MOPERE group in Saint-
Etienne, France. The experiments described in this work were carried out at the PETRA irradia-
tion facility, using radiaiton testing equipment.

The present thesis combines both computational and experimental approaches. Monte Carlo
simulations were performed with the PHITS code to reproduce the irradiation conditions of the
TRIGA thermal column in Pavia, providing reference spectra and dose distributions to guide
the detector development. Complementary to these studies, experimental campaigns (RIL and
RIA) were carried out to characterize the response of different fiber types under controlled irra-
diations at the mentioned facility. Together, these investigations provide the basis for assessing
the feasibility of optical fibers as dosimeters in the TRIGA reactor thermal column for BNCT
applications.

In parallel with BNCT, another field of growing interest in radiation oncology is ultra-high dose
rate irradiation, known as FLASH radiotherapy. This approach is based on the observation that
when ionizing radiation is delivered at dose rates above ∼40 Gy/s, normal tissues exhibit a re-
duced level of toxicity while the anti-tumor effectiveness is preserved. This so-called FLASH
effect has been reported in several pre-clinical studies and is currently the subject of intense in-
vestigation, with the aim of extending its applicability to clinical treatments. However, the trans-
lation of FLASH radiotherapy into routine practice is strongly limited by the lack of dosimetric
systems capable of providing accurate, real-time measurements under such extreme conditions of
dose rate.

Optical fibers represent a promising solution also in this context. Their fast response, small
size and radiation hardness make them suitable candidates for monitoring pulsed and continuous
high-intensity irradiations. In particular, time-resolved RIL measurements allow capturing the
transient light emission induced by the radiation pulse, while RIA can be used to monitor cumu-
lative effects at high doses. The possibility of employing the same sensing technology both in
mixed neutron–photon fields (as in BNCT) and in ultra-high dose rate photon or electron beams
(as in FLASH) highlights the versatility of optical fiber dosimetry and motivates its investigation
across these different but complementary research domains.

The manuscript is organized as follows. Chapter 1 introduces the fundamental concepts of radia-
tion interactions, dosimetric quantities, and optical fiber dosimetry, together with an overview of
BNCT. Chapter 2 focuses on the TRIGA Mark II reactor and its thermal column, presenting pre-
vious characterization studies, feasibility considerations and dedicated Monte Carlo simulations
with the PHITS code. Chapter 3 is devoted to photon irradiation experiments at the PETRA facil-
ity, where both RIL- and RIA-based techniques were investigated under continuous conditions to
benchmark fiber performance, and then extended to FLASH radiotherapy with dedicated pulsed
tests. Chapter 4 analyses from a quantitative point of view the feasibility of using optical fiber as
dosimeters in the thermal column of the TRIGA reactor. Finally, the Conclusions summarize the
main results and outline perspectives for future developments.
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Chapter 1

Background Knowledge

1.1 Radiation Interaction and Dosimetric Quantities

Particles interact primarily through four fundamental forces: the strong interaction, the electro-
magnetic interaction, the weak interaction and the gravitational interaction. The strong interaction
is responsible for binding protons and neutrons within the atomic nucleus. The electromagnetic
interaction governs the forces between electrically charged particles. The weak interaction en-
ables the transformation of one type of subatomic particle into another, playing a central role
in many processes, such as radioactive decay. Gravitation, although negligible at the subatomic
scale, acts on all particles with mass.

In the context of radiation, electromagnetic interaction is particularly relevant, as it mediates the
exchange of photons. Radiation can be defined as the emission or transmission of energy through
space or a medium, occurring either in the form of electromagnetic or particle radiation. Electro-
magnetic radiation consists of propagating waves, in which the electric and magnetic field vectors
oscillate perpendicularly to each other and to the direction of propagation. An electromagnetic
wave is characterized by its wavelength λ and frequency ν, related to the propagation speed v of
light in the medium by the general relation:

ν = v

λ
(1.1)

Since the velocity is given by v = c/n, with c the light speed and n the refractive index of the
medium, we obtain:

ν = c

nλ
. (1.2)

In the special case of vacuum (n = 1), this reduces to the simpler expression ν = c/λ.

Electromagnetic radiation is classified as ionizing when its energy is sufficient to remove elec-
trons from atoms and molecules, thus producing ions. In such cases, its interaction with matter is
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Background Knowledge

more accurately described by considering the wave as a stream of discrete particles, the photons.
Each of them carries an energy equal to E = hν, where h is the Planck constant. For hydrogen,
the energy necessary for the ionization is around 14 eV. Electromagnetic radiation is convention-
ally considered ionizing when the photon energy exceeds the ionization potential of atoms and
molecules. Since typical ionization energies for biological matter are on the order of 10 to 15
eV, radiation with photon energies above about 10 eV is generally classified as ionizing [1][2]. In
practice, this corresponds to the high-energy part of the electromagnetic spectrum, namely X-rays
and γ-rays.

It is possible to classify ionizing radiation into directly ionizing and indirectly ionizing. The first
one consists in charged particles, such as electrons, protons, positrons, α particles, etc., which
deliver their energy to matter directly, through many small Coulomb interactions between the ion-
izing particles and the orbital electrons of the crossed medium along the particle track. Indirectly
ionizing radiation consists in neutral particles such as photons (X-rays or γ-rays) or neutrons,
which first transfer their energy to charged particles in the matter. Neutrons interact with nuclei
producing charged particles, which in turn deliver the energy to matter as described above. Pho-
tons interacting with matter predominantly transfer their energy to electrons, through processes
such as the photoelectric effect, Compton scattering, and pair production. The resulting sec-
ondary electrons then lose energy via Coulomb interactions with atomic electrons in the medium.
At higher photon energies, however, additional processes such as photonuclear reactions may
also occur, leading to the emission of nucleons or other nuclear fragments.

When a beam of particles, directly or indirectly ionizing, traverses a layer of matter, it interacts
with the material, via processes such as scattering, diffusion, absorption, etc. This leads to an out-
put flux whose attenuation depends on the specific occurring physical processes. These phenom-
ena are characterized by a stochastic nature so their occurrence can be described by probability
distribution functions and average or expectation values. One of the most important parameters
used in this way is the cross section, defined as:

σ = AttenuatedF lux

IncidentF luxperUnitArea
(1.3)

It represents the effective area of the target projected perpendicularly to the direction of the in-
cident flux that can interact with the incoming particles. It is usually expressed in barns, where
1 barn corresponds to 10−28 m2.

These considerations naturally lead to the concept of dosimetry. Although so far the discussion
has focused on the physical description of radiation and its interaction with matter, dosimetry
deals with quantifying the interactions in terms of the energy deposited in a medium. In essence,
it provides the link between the microscopic and stochastic scattering, absorption and ionization
mechanisms, and the macroscopic non-stochastic quantities that can be estimated and in many
cases correlated to the radiation effects. For this reason, dosimetry plays a fundamental role
in areas such as medical diagnostics and therapy, radiation protection, monitoring of radiation
environments, and the study radiation effects in electronics and materials. In the next sections,
the interaction of ionizing radiation with matter is briefly described. In Section 1.1.4, the main
dosimetric quantities and their definitions are introduced.

8



1.1 – Radiation Interaction and Dosimetric Quantities

1.1.1 Interaction of Photons with Matter

Photoelectric Effect

The photoelectric effect is the result of the absorption of an incoming photon, with energy equal to
or higher than the binding energy of an electron, which is later released. Part of the energy of the
incoming photon is used to release the electron and it corresponds to the electron binding energy,
that depends on the specific atomic shell. The remaining energy is converted into kinetic energy
carried away by the emitted electron. Figure 1.1 shows a sketch of the photoelectric emission.
HereEb denotes the electron binding energy, T is the kinetic energy of the emitted photoelectron,
and TA is the recoil kinetic energy of the atom, which is usually negligible compared to the other
terms.

Figure 1.1: Scheme illustrating the photoelectric effect mechanism [3].

The cross section for the photoelectric effect can be calculated as:

σP Ea = kZn

(hν)m
(1.4)

where k is a constant, n is equal to 4 and m to 3 for hν = 0.1 MeV, n gradually increases up
to 4.6 for hν = 3 MeV, whereas m drops to 5 at 5 MeV. Accordingly, this phenomenon is more
relevant at low photon energies, and for high atomic numbers. In addition, the cross section
shows discontinuities at energies corresponding to the binding energies of the electrons in the
atomic shells, known as absorption edges (levels). At energies just above the edge, the photon
has enough energy to eject the electron, so the cross section abruptly increases due to the larger
number of electrons that can take part in the absorption process.

After the electron emission, the vacancy left in the atomic shell can be filled by another electron
coming from an outer shell. The exceeding energy is carried away through the emission of a
photon or an electron. The former is called characteristic X-ray, because it is characterized by
an energy equal to the energy gap between levels, and so it represents a specific signature of
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the atomic species. The latter is referred to as Auger electron. Characteristic X-rays and Auger
electrons are isotropically emitted.

Compton Scattering

If the energy of the incident wave is high enough and is larger than the binding energy of a weakly
bound electron, an inelastic scattering, called Compton effect, can occur. In this case, only part
of the photon energy is transferred to the recoil electron, that escapes leaving the atom ionized
and keeping a certain kinetic energy. The photon is scattered with lower energy and a different
direction (Figure 1.2). The kinematics of the reaction is obtained by conservation of energy and
momentum as in a two-particle scattering.

Figure 1.2: Scheme illustrating the Compton scattering mechanism [3].

The cross section of this process is obtained from Klein-Nishina differential formula integration
over a solid angle dΩ:

σKNe = 2πre
2
[︃ 1 + α

α2

(︃2(1 + α)
1 + 2α − ln(1 + 2α)

α

)︃
+ ln(1 + 2α)

2α − 1 + 3α
(1 + 2α)2

]︃
(1.5)

Where re is the electron radius and α is defined as:

α = hν

mec2 (1.6)

Being me the electron mass.

Pair Production

The pair production phenomenon can happen when an incident photon interacts with the Coulomb
field of an atom nucleus. It is totally absorbed with the production of an electron-positron pair;
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1.1 – Radiation Interaction and Dosimetric Quantities

the sum of their kinetic energies is determined by energy conservation (Figure 1.3). This process
has an energy threshold E = 1.022 MeV (= 2mec

2). The pair production cross section rises rapidly
above the threshold energy of 1.022 MeV and, in first approximation, is proportional to Z2 and
increases logarithmically with the photon energy:

σpp ∝ Z2 ln(Eγ). (1.7)

Figure 1.3: Schematic representation of pair production in the field of a nucleus. The incident
photon produces an electron-positron pair with kinetic energies T− and T+ and emission angles
θ− and θ+, respectively. Here the electron is labeled as "negatron" (e−) to explicitly distinguish
it from the positron (e+) [3].

Figure 1.4 summarizes the relative importance of the main photon–matter interaction processes
as a function of photon energy and atomic number Z. At low photon energies and for high-Z ma-
terials, the photoelectric effect dominates, reflecting the strong Z dependence of its cross section.
At intermediate energies, the Compton effect becomes the prevails, with a weaker dependence
on Z. Finally, at photon energies above a few MeV and for sufficiently high Z, pair production
becomes the dominant process, as its cross section grows approximately proportionally to Z2 and
increases with photon energy.
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Figure 1.4: Probability of the three main photon-matter interaction processes in the phase-space
of the atomic number Z and the incident photon energy hν [1].

Coherent Rayleigh Scattering

Rayleigh scattering is an interaction between a photon and the whole atom. It is called coherent
because the photon is scattered by the constructive action of the tightly bound electrons of the
whole atom. The photon maintains its initial energy, but is redirected through a small scattering
angle. Being that there is no energy transfer to charged particles, this process does not play a
significant role in radiation dosimetry.

Photonuclear Interaction

Photonuclear interaction is a direct interaction between an energetic photon and an absorber nu-
cleus. The latter absorbs the former, most likely resulting in the emission of a single neutron
(referred to as photoneutron) through a (γ, n) reaction. This process does not play a major role in
photon attenuation due to its low cross section, however it is important in shielding calculations
when photon energies exceed the photonuclear reaction threshold. In fact, the daughter nuclei
from the reaction may be radioactive and the produced neutron may undergo subsequent neutron
capture, producing radioactivity in the irradiation facility. Moreover, the neutrons thus produced
are ionizing radiation themselves, and may be a source of dose absorbed in biological tissues of
individuals in the proximity of the photon source. For all the interaction processes described,
the secondary particles produced represent ionizing radiation themselves and therefore require
proper consideration in terms of dosimetry and radiation protection. This aspect is particularly
critical in the case of neutrons, which pose specific challenges due to their high penetration and
indirect ionization mechanisms. Such issues become especially relevant in applications such as
clinical high-energy linear accelerators for radiotherapy.

12



1.1 – Radiation Interaction and Dosimetric Quantities

1.1.2 Interaction of Charged Particles with Matter

Heavy charged particles, such as protons and high Z ions, are capable of ionizing matter. This
process is predominantly governed by the Coulomb interaction, as it involves interaction between
charged particles. In a collision between a heavy particle and a light particle at rest, for example
an electron, the fraction of kinetic energy transferred is negligible. Consequently, heavy particles
tend to maintain their trajectories with minimal deflection after individual collisions. Although
the energy loss per interaction is small, the cumulative effect over many collisions (that can be of
the order of 104 for particles of MeV energy range) can become substantial. Figure 1.5 illustrates
a simplified comparison between two types of particles traversing matter. The key difference
lies in their mass: α particles, being much heavier than the target electrons, undergo only small
trajectory deviations and lose only a small fraction of their energy in each individual collision.
However, the cumulative energy loss over many interactions is substantial and ultimately limits
their penetration range in matter.

Figure 1.5: Trajectory of two electrons on the left and of an α particle on the right in a medium.
The dots represent the ionizations caused by the particles [4].

The mean energy loss per unit path length for a charged particle traversing a medium can be de-
rived from the Bethe–Bloch equation. Considering quantum and relativistic effects, the stopping
power for a particle of charge ze and velocity v passing through a medium of atomic number Z
and electron density N is given by:

⟨︃
−dE

dx

⟩︃
= z2e4N

4πε2
0mev2

[︄
ln
(︄

2γ2mev
2

⟨I⟩

)︄
− v2

c2

]︄
(1.8)

where γ is the Lorentz factor and ⟨I⟩ is the average excitation potential of the target material. The
linear stopping power depends on particle charge and velocity, as well as on the atomic number,
electron density, and ionization potential of the medium, but not on the particle mass. Dividing
by the material density ρ yields the mass stopping power −1

ρ
dE
dx , which allows comparison across

different materials independent of their density. Since it scales with the ratio Z/A (number of
electrons per unit mass), the mass stopping power is larger for materials composed of lighter
elements, such as hydrogen rich substances, than for high Z materials.

13



Background Knowledge

For protons and in general for charged particles heavier than electrons, the energy loss profile
changes with penetration depth, reaching a maximum at a specific range, described by the Bragg
curve. This property is particularly relevant in medical applications, enabling precise tumor irra-
diation, while sparing surrounding healthy tissues [5].

An important related quantity is the Linear Energy Transfer (LET), which represents the energy
deposited per unit path length, as derived from the Bethe–Bloch equation previously mentioned.
LET describes the energy transferred by the incident particle to the material through interactions
between the incident particle and the electrons of the medium. The term linear refers to the
approximately straight track of heavy charged particles in the medium. The maximum LET value
corresponds to the Bragg peak, which is associated to the depth at which the highest energy
deposition occur.

Electrons and positrons, being significantly lighter than protons, can reach relativistic speeds at
much lower energies, where relativistic effects become dominant. For electrons and positrons,
the Bethe–Bloch equation requires specific corrections, as their mass equals that of the target
electrons. This symmetry enhances large-angle scattering and modifies the stopping power with
additional terms compared to heavy charged particles.

Charged-particle slowing down is more pronounced in materials with higher proton density. At
sub-MeV energies, electrons lose energy mainly through collisional processes such as ionization
and excitation, gradually slowing down until they are absorbed. In general, the energy loss of
electrons can be divided into two contributions: collisional losses, due to interactions with atomic
electrons, and radiative losses, due to photon emission. While collisional losses dominate at low
energies, above about 1 MeV radiative losses become increasingly important, particularly in high
Z materials. Two main mechanisms are distinguished:

• Bremsstrahlung: a charged particle is decelerated in the electric field of a nucleus, resulting
in photon emission. The probability of this process increases with the energy of the charged
particle and with the atomic number of the medium, making it particularly relevant in high
Z materials. Bremsstrahlung is therefore significant in accelerator physics and high-energy
astrophysics, and it is also deliberately exploited for the generation of X-rays in diagnostic
radiology.

• Synchrotron radiation: emitted by relativistic electrons when their trajectory is bent by a
magnetic field. This continuous deflection causes the emission of intense photon pulses
tangential to the electron path.

For electrons with energies below about 1 MeV, collisional losses by ionization dominate, lead-
ing to a gradual reduction of energy during penetration in the target material. At higher energies,
Bremsstrahlung losses become increasingly relevant, particularly in high Z materials, and pro-
gressively reduce the particle energy. Moreover, due to multiple scattering and significant lateral
deflections along their path, electrons do not exhibit a pronounced Bragg peak as it is observed
for heavier charged particles. As a result, their dose distribution within matter tends to be more
spread out, and does not show any localized maximum at a specific depth.
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1.1 – Radiation Interaction and Dosimetric Quantities

1.1.3 Interaction of Neutrons with Matter

Neutrons are electrically neutral particles, and therefore do not undergo Coulomb interactions
with electrons. They interact only through nuclear forces, which occur less frequently, allowing
neutrons to travel relatively long distances in matter before colliding with a nucleus. When such
interactions take place, neutrons can be scattered or absorbed, often producing secondary charged
particles that subsequently deposit energy in the medium. Neutrons are conventionally classified
based on their energy:

• High energy neutrons (En > 100 MeV)

• Fast neutrons (100 keV < En < 10 MeV)

• Epithermal neutrons (0.1 eV < En < 100 keV)

• Thermal neutrons (En = 0.025 eV)

• Ultracold neutrons (En < meV-µeV)

Neutrons interact by nuclear force. Being neutral, they travel unaffected by electromagnetic
fields, this leading to straight a path. Deviations are associated with interaction with a nucleus,
followed by scattering into a new direction or absorption. To describe the neutrons interaction
through matter, the mean free path length λ is used, which is the average distance a neutron
travels in a specific material between interactions:

λ = 1
Σ (1.9)

where Σ is the macroscopic cross section, defined as Σ = nσ, with n the atomic density of the
material and σ the microscopic cross section.

Neutrons reaction can be classified into two categories: scattering and absorption reactions. Fig-
ure 1.6 shows a schematic synthesis of the different mechanisms.

Figure 1.6: Reactions of neutrons with matter. From the left: elastic and inelastic scattering,
radiative capture, interaction with charged and neutral products, fission.
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It should be noted that neutron interactions with matter can be classified in several different ways,
depending on whether the focus is on the final reaction products or on the underlying reaction
mechanism. The overview given here does not aim to be exhaustive, but rather to introduce the
essential aspects needed to understand the dosimetric context of this thesis.

From a phenomenological point of view (Figure 1.6), neutron interactions are commonly grouped
into two broad categories: scattering and absorption. Scattering processes may be elastic (n, n),
where the neutron only changes its direction and kinetic energy is conserved, or inelastic (n, n′),
where part of the incident energy is transferred to the nucleus, leaving it in an excited state. Ab-
sorption processes, on the other hand, include radiative capture (n, γ), charged-particle emission
(n, p), (n, α), or (n, d), multiple-neutron emission (n,2n), (n,3n), (n,4n), and fission (n, f).

At a more microscopic level, the same processes can be interpreted in terms of three underlying
mechanisms: potential scattering, direct interaction, and compound nucleus formation. Potential
scattering is essentially elastic scattering and can occur for neutrons of any energy, being deter-
mined by the potential landscape experienced by the neutron near the nucleus. Direct interactions
correspond to cases where the neutron, typically at relatively high energy, collides directly with a
nucleon in the target nucleus, which can lead to inelastic scattering or particle emission. Finally,
compound nucleus formation describes the situation where the incident neutron is absorbed by
the nucleus, producing a highly excited intermediate system that subsequently decays by emitting
one or more particles or photons. In the center-of-mass frame, the incident neutron and nucleus
merge at rest, and the system’s kinetic energy is converted into nuclear excitation energy.

1.1.4 Quantities to Describe the Radiation Field

The radiation field is the region of space through which radiation propagates [1]. Radiation in-
teractions are intrinsically stochastic: the occurrence and type of a single interaction cannot be
deterministically predicted, but are described in terms of probability distributions and cross sec-
tions. Accordingly, the physical variables associated with these processes, such as the number
of collisions or the energy imparted in a single event, are stochastic quantities. They can as-
sume different random values within a certain range, discontinuously varying in space and time.
In practice, however, it is difficult to work directly with stochastic quantities. For this reason,
non-stochastic quantities are introduced, defined as the expectation values of the corresponding
stochastic variables. These represent average values that can be predicted by calculation, are
continuous in space and time, and provide a practical basis for the description of radiation fields.

For a monoenergetic ionizing radiation beam, valid for photons, electrons, and heavy charged
particles, the most commonly used non-stochastic quantities are:

• Particle Fluence Φ: is the expectation value of the number of particles dN that enter a
small sphere, divided by the cross-sectional area dA of that sphere. Equivalently it can be
expressed as the total particle track length dL per unit volume dV .

Φ = dN

dA
= dL

dV
[m−2] (1.10)

• Fluence Rate ϕ: is the number of particles crossing the surface per unit time and unit of
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area.

ϕ = dΦ
dt

= d

dt

dN

dA
[m−2s−1] (1.11)

• Energy Fluence Ψ: is defined from the expectation value of the total energy transported
by N particles R, excluded the energy of the mass at rest.

Ψ = dR

dA
[Jm−2] (1.12)

For monoenergetic beams with energy E, it can be expressed as a function of the particle
fluence:

Ψ = E · Φ (1.13)

• Energy Fluence Rate ψ: is the energy fluence variation over the time interval dt.

ψ = dΨ
dt

= d

dt

dR

dA
[Jm−2s−1] (1.14)

In addition to these quantities, to characterize the process of energy release and absorption in
matter, dosimetric quantities are defined. These are referred, when possible, to field quantities
defined above. For a comprehensive description of dosimetry, it is first necessary to describe the
mechanism through which particles deposit their energy inside a material. This is especially true
for neutral radiation since it does not ionize matter directly. In this situation, ionization occurs
in two steps: the neutral particles first transfer their energy to secondary charged particles, which
subsequently deposit their energy in the medium through ionization and excitation processes.

Given a volume V , let us consider:

• (Rin)n: the energy associated to the particles entering V ;

• (Rout)nonrad
n : the energy associated to the neutral particles leaving V , excluding the energy

of the photons produced by radiative emission of the charged particles generated in V ;

• (Rout)rad
n : the energy associated to the photons produced by radiative emission of the

charged particles generated in V .

The machinism concerning this quantities is represented in Figure 1.7. The total energy output
can be defined as:

(Rout)n = (Rout)nonrad
n + (Rout)rad

n (1.15)

This allows the definition of fundamental quantities for the energy deposition mechanism descrip-
tion: the transferred energy (ϵtr), the net energy transfer (ϵntr) and the imparted energy (ϵ). The
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Figure 1.7: Schematic representation of the input and output energies inside an irradiated volume.
Acknowledgments to [6].

first one, is the kinetic energy transferred from neutral radiation to the charged particles inside V .
It is obtained with:

ϵtr = (Rin)n − (Rout)nonrad
n + ΣQ (1.16)

where ΣQ is the energy due to the transformation, occurring in V , of the mass at rest into energy
and vice versa, with Q being positive in the first case and negative otherwise.

The net energy transfer is the energy transferred to charged particles minus the energy loss by
radiation:

ϵntr = ϵtr − (Rout)rad
n (1.17)

The imparted energy is a macroscopic quantity that represents the difference between the energy
deposited within V and the energy that escapes V as radiation or particles:

ϵ = (Rin)n − (Rout)n + (Rin)c − (Rout)c + ΣQ (1.18)

where (Rin)n and (Rin)c are the energies of neutral and charged particles entering in V , (Rout)n

and (Rout)c are the energies leaving V . Fig.1.8 reports the mechanisms through which these
quantities interact with the volume of interest.

18



1.1 – Radiation Interaction and Dosimetric Quantities

Figure 1.8: Schematic representation of the quantities concurring to the imparted energy. Ac-
knowledgments to [6].

It is now possible to introduce the dosimetric quantities. The ones of interest for the objectives of
this thesis are:

• Kinetic Energy Release per unit Mass (KERMA): quantifies the average amount of energy
transferred from indirectly ionizing radiation to charged particles, including the energy that
could be dissipated in radiative losses by charged particles emitted in V , per unit mass:

K = d(ϵtr)exp

dm
(1.19)

where (ϵtr)exp represents the expectation value of the transferred energy. Because the ki-
netic energy transferred to secondary charged particles can be dissipated through collision
and radiation losses, KERMA can be written as the sum of two components, the collisional
and the radiative ones:

K = Kc +Kr (1.20)

The dissipation of energy by collisions is predominantly local only when the ranges of the
resulting secondary charged particles are small compared to the characteristic dimensions
of the scoring volume; otherwise, a fraction of the collisional energy may escape the vol-
ume. By contrast, energy dissipated through radiative processes (for example Bremsstrahlung)
is transported by photons that can deposit their energy at distances comparable to their
mean free path, often much larger than the microscopic interaction region, unless reab-
sorbed nearby in high Z or sufficiently thick media. This is why, in the absence of charged
particle equilibrium (CPE), K and D differ (with K generally overestimating D), whereas
under CPE one has D = Kc.

• Absorbed Dose: is the expectation value of the energy imparted to matter, from directly
and indirectly ionizing radiation per unit mass:
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D = d(ϵ)exp

dm
(1.21)

• Dose Rate: is the amount of dose deposited over a time interval dt.

Ḋ = dD

dt
(1.22)

It is important to outline the difference between KERMA, schematically represented in Fig-
ure 1.9, and Absorbed Dose. In fact, the first quantity can be expressed as the product of a
radiometric quantity, describing the characteristics of a radiation field, and an interaction coeffi-
cient, which depends on the properties of the radiation and the medium in which the interaction
occurs.

Figure 1.9: The figures represents the transferred energy in the case of KERMA in a volume
V . Here, EK1 and EK2 represent kinetic energies transferred by radiations inside V , while EK3
outside. Acknowledgments to [6].

In a photon field, the KERMA at a point P , for an infinitesimal mass element dm surrounding
P , is linked to the energy fluence Ψ through the Energy Transfer Coefficient (µtr/ρ)E,Z , which
depends on the energy of the photons and the atomic number of the absorbing medium.

K = Ψ ·
(︃
µtr

ρ

)︃
E,Z

(1.23)

In a neutron field, the KERMA is expressed as the product between the particle fluence Φ, the
energy and the Energy Transfer Coefficient:

K = Φ · E ·
(︃
µtr

ρ

)︃
E,Z

(1.24)

On the other hand, it is not possible to write similar relations for the absorbed dose, as dose
estimation requires the follow-up of secondary charged particles, which may randomly escape
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the volume and deposit energy outside. While KERMA depends on the physical interaction
processes that transfer energy from uncharged to charged particles, the absorbed dose D depends
on how this transferred energy is subsequently distributed and deposited within the medium.
In other words, K quantifies the energy transferred to secondary charged particles, whereas D
accounts for the energy actually deposited inside the volume of interest, after considering that
some secondary electrons may leave it and that a fraction of their energy can be lost through
radiative processes.

Under Charged Particle Equilibrium (CPE) condition the equation D = Kc is valid, otherwise
D /= K and secondary charged particles must be followed explicitly. CPE conditions are satisfied
when the energy carried by charged particles into the volume is equal to the energy carried by
charged particles out of the volume.

(Rin)c = (Rout)c (1.25)

This condition can only be fulfilled when the number and the energy of secondary charged par-
ticles entering a given volume are equal to those leaving it. A necessary requirement is that
the range of the produced secondary electrons is small compared to the dimensions of the scoring
volume, so that the charged particles generated outside the volume are replaced by those escaping
from it. Homogeneity of material composition and density, together with a uniform radiation field
and the absence of strong inhomogeneous electric or magnetic fields, are additional favourable
factors, but they are not sufficient on their own. In practice, CPE is typically established at depths
beyond the build-up region of photon or electron beams, where charged particles production and
loss reach equilibrium.

From a practical and computational point of view, it is very useful, because, when verified, the
following equation is valid:

D = Kc (1.26)

CPE allows to replace a quantity that depends on secondary charged-particle transport, the ab-
sorbed dose D, with a quantity determined by primary-field descriptors and interaction coef-
ficients, the collisional KERMA Kc. Indeed, while D typically requires explicit transport (or
specialized calorimetry), Kc can be evaluated from the energy fluence Ψ and the mass en-
ergy–transfer coefficient (µtr/ρ). Hence, under CPE the dose can be obtained directly as D =
Kc.

However, the CPE condition is not always fulfilled. It may be lost, for example, near material
interfaces, at beam edges, or in very small or highly heterogeneous volumes. The key point is not
only that secondary charged particles can leave the volume, but that they are not replaced by an
equivalent number of incoming particles. In such cases, the balance between particles entering
and exiting the volume is broken, and the absorbed dose and KERMA no longer coincide. For this
reason, detailed radiation transport information are required whenever CPE cannot be assumed.
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1.1.5 Dosimeters

To measure the effects of radiation and the dose deposited in a given irradiated material, devices
called dosimeters are employed. An important characteristic of dosimeters is that they possess
at least one physical property that changes in a well-defined way as a function of the measured
dosimetric quantities. The properties required for a dosimeter are [7]:

• Accuracy, repeatability and reliability of measurement.

• A response (possibly linear) that can be calibrated without showing saturation.

• A good spatial resolution.

• Sufficient temporal resolution to accurately follow the time structure of the radiation field,
including variations in dose rate or pulsed delivery.

• Energy, angle, temperature and dose rate independence.

It is very difficult to build a dosimeter able to satisfy all these conditions simultaneously and for
every radiation field, so the choice of the sensor to be used for dosimetry often depends on the
specific application.

Dosimeters can be classified as active and passive. The formers can provide real-time informa-
tion, the latter give an integrated information that is normally accessible only after irradiation
conclusion.

Another possible classification is on the different physical principles of operation, distinguishing
among optical, charged-based and chemical dosimeters [8].

Optical Dosimeters

Dosimeters in this class rely on the luminescent response of specific materials, which emit light
in the UV, visible, or infrared range when exposed to ionizing radiation. The emission may occur
spontaneously (radioluminescence, RL or RIL), or it can be induced by heating (thermolumi-
nescence, TL) or by optical stimulation (optically stimulated luminescence, OSL). The resulting
light signal can be quantitatively correlated to radiation dose or dose rate once proper calibration
is performed. Due to dose deposition, free electrons and holes are created. These can either re-
combine directly or become trapped at defect sites within the crystal lattice, acting as storage or
recombination centers. Upon external stimulation, the trapped carriers can be released, produc-
ing luminescence. This is the case, for example, of TL or OSL. By contrast, in RIL the emission
occurs spontaneously during irradiation without the need for stimulation, while in RIA-based
dosimetry no luminescence is involved, and the radiation response is quantified as an attenuation
of the transmitted signal along the fiber. Such detectors, often referred to as scintillators, cover a
broad spectrum of materials, including crystals, optical ceramics, nanostructures, and glasses.

Charge Based Dosimeters

This group of detectors relies on charge production and collection mechanisms to link the gener-
ated signal with dose and dose rate. Ionization chambers operate by applying an external electric
field that sweeps ion pairs toward the electrodes. However, at high dose-per-pulse conditions,
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recombination effects may reduce sensitivity. They are mainly employed for beam calibration
and reference dosimetry. Semiconductor devices, such as silicon diodes, provide higher sensi-
tivity and faster time response, making them suitable for pulsed radiation fields. Their working
principle is based on charge separation in the depletion region of a p–n junction, but their re-
sponse is affected by factors such as temperature, accumulated dose, and beam geometry, which
limits their use as absolute dosimeters. Dosimeters called MOSFETs, on the other hand, exploit
threshold voltage shifts induced by charge trapping in the gate oxide. They offer good spatial
resolution and allow real-time measurements, although their sensitivity changes with dose his-
tory and temperature. Diamond detectors work in a way similar to diodes or ionization chambers,
with high spatial resolution and tissue-equivalent response, but require pre-irradiation to mini-
mize polarization effects. Finally, Radio-Photoluminescence (RPL) dosimeters, typically based
on silver-doped phosphate glasses, belong to the family of luminescence-based techniques and
are therefore classified as optical dosimeters. In this case, radiation creates stable luminescent
centers that can be stimulated by ultraviolet light. The resulting signal is linear with dose at rel-
atively low levels, while at higher exposures additional optical absorption effects arise, which is
why ongoing studies are aimed at extending their applicability [9].

Chemical Dosimeters

Film dosimeters, including radiochromic films and polymer gels, are widely used for monitoring
cumulative doses of X-rays, γ-rays, neutrons, and electrons, typically in the range of tens of µGy
up to several Gy. Their near water-equivalence makes them suitable for applications in personal
dosimetry and in mapping dose distributions in radiotherapy. They consist of a silver halide
emulsion embedded in a gelatin matrix. Radiation exposure induces redox reactions that modify
the optical absorption spectrum, with the intensity of the change directly linked to the absorbed
dose. Owing to their micrometer-scale thickness, films offer high spatial resolution and enable
detailed analysis of dose uniformity. Nevertheless, they are single-use devices and their response
may be affected by environmental factors such as temperature and chemical exposure.

Another very general and widely adopted distinction, introduced for example by [1], separates
dosimeters into passive and active devices.

Passive dosimeters accumulate the effect of radiation during the exposure and require a post-
irradiation process to extract the information. Their signal is therefore accessible only after the
irradiation has ended, and it typically corresponds to a quantity integrated over time. Common
examples include photographic films, TLDs, RPL glasses, and chemical dosimeters. They are
widely used for personal monitoring, quality assurance, and situations where cumulative dose
is of interest. However, their main limitation is the lack of real-time information, which makes
them unsuitable for applications where the temporal evolution of the dose or the instantaneous
dose rate is critical.

Active dosimeters, by contrast, provide an output signal in real time during irradiation. This
signal can be electrical or optical, and is usually proportional to the absorbed dose or to the dose
rate. Examples include ionization chambers, semiconductor detectors, and scintillators. Their
key advantage is the ability to follow the time structure of the radiation field, allowing online
monitoring and immediate feedback. For this reason, active dosimeters are essential whenever
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dynamic conditions are present, such as pulsed beams, varying dose rates, or when beam stability
needs to be verified continuously.

Within this framework, optical fiber–based dosimeters belong to the category of active detectors
but also occupy a unique position among them. While they share similarities with luminescence
dosimeters in their ability to convert radiation-induced processes into measurable light signals,
their geometry, material flexibility, and capability for remote readout make them fundamentally
different from traditional systems. These features enable their use in environments where conven-
tional detectors would be impractical, offering real-time, high-resolution, and minimally invasive
dosimetry. In particular, the extremely small space required by optical fibers and their negli-
gible perturbation of the surrounding field make them especially advantageous in constrained
experimental configurations. For these reasons, optical fiber dosimetry has become a rapidly de-
veloping field, and in the context of this thesis it will be investigated for feasibility studies within
the thermal column of the TRIGA reactor in Pavia.

1.2 Optical Fibers Dosimetry

Optical fibers are dielectric waveguides that operate on the principle of total internal reflection.
They typically have a cylindrical geometry and are composed of three concentric layers, from the
innermost to the outermost: core, cladding, and coating (Figure 1.10). The basic material of both
the core and the cladding is amorphous silica (SiO2), chosen for its excellent transparency, me-
chanical stability, and radiation hardness. To tailor their optical properties, controlled amounts of
selected dopants can be introduced into the silica matrix. For example, germanium or phospho-
rus can be added to increase the refractive index of the core, while fluorine can be used to reduce
that of the cladding. In this way, custom fibers can be realized with specific guiding or radio-
luminescent characteristics. The coating, instead, has the sole function of providing mechanical
protection and is typically made of polymers such as acrylate or polyimide [7].

Figure 1.10: Structure of an optical fiber. Acknowledgments to [7].

Reflection is a phenomenon that occurs at the interface between two materials characterized by
different refractive indexes, which are defined as the ratio between the speed of light in vacuum
and the speed of light in the specific material. In the case of optical fibers, the refractive index
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of the core n1 is larger than that of the cladding n2, to confine the light in the core and allow its
propagation. The necessary condition for the total reflection of the light traveling inside the fiber
are obtained by Snell’s law [10] and it is expressed as:

θ > θc = arcsin

(︃
n2
n1

)︃
(1.27)

Here, θ is the reflection angle and θc is the critical angle that we need to overcome to have total
reflection. If the incidence angle exceeds the critical angle defined by Snell’s law, the condition of
total internal reflection (TIR) is satisfied. Under TIR, light is fully reflected at the core–cladding
interface and no refraction occurs in the cladding. This mechanism is responsible for guiding
the signal along the fiber core. It should be noted, however, that TIR does not imply perfect
transmission through the core: intrinsic attenuation mechanisms such as Rayleigh scattering, ab-
sorption from residual defects, and, in radiation environments, RIA still contribute to the overall
signal loss. Optical fibers are engineered to minimize such effects, but their presence ultimately
determines the fiber transmission performance.

When light is coupled from air into the fiber core, the incidence angle ϕ in air and the trans-
mission angle ϕ′ in silica determine the propagation angle θ inside the core with respect to the
core–cladding interface. For total internal reflection to occur, θ must be larger than the critical
angle θc, defined by Eq. 1.27. This imposes a maximum acceptance angle for ϕ, which is com-
monly expressed in terms of the fiber numerical aperture (NA). In practice, dedicated coupling
systems ensure that injected light satisfies these conditions, so the exact angular dependence is
not a limiting factor for the applications discussed in this work.

Figure 1.11: Schematic representation of the internal reflection mechanism in an optical fiber.
Here, n0 is the air refractive index and ϕ and ϕ′ are respectively the incidence and transmission
angle. Acknowledgments to [7].

When optical fibers are exposed to ionizing radiation, the deposited energy produces electron–hole
pairs within the amorphous silica matrix. Some of these carriers recombine immediately, while
others are trapped at pre-existing imperfections or at newly created sites, leading to the formation
of point defects. The generation, migration, and transformation of these defects constitute the
microscopic basis of radiation damage in silica-based fibers.
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The presence of such defects modifies the optical properties of the material, giving rise to observ-
able macroscopic phenomena. In particular, changes in absorption, spontaneous light emission
during irradiation, or modifications of the refractive index are direct consequences of the defect
population and its dynamics under irradiation. Measurements of these phenomena provide prac-
tical observables that can be correlated with dose deposition, although they only offer indirect
insight into the microscopic nature of the defects.

Among these manifestations, three effects are generally considered as the most relevant for op-
tical fibre dosimetry: Radiation Induced Attenuation (RIA), Radiation Induced Emission
(RIE) and Radiation Induced Refractive Index Change (RIRIC) [11][12]. For the purpose of
this manuscript we will focus only on the first two mentioned.

1.2.1 Radiation Induced Attenuation

The working principle of optical fiber dosimetry relies on the presence of defects in the silica
matrix, which act as optically active centers. Even though a limited number of such defects al-
ready exists in the pristine fiber, exposure to ionizing radiation generates additional ones. These
radiation-induced defect structures can interact with photons from the ultraviolet to infrared range
traveling through the fiber, leading to their absorption and, consequently, to a measurable attenu-
ation of the transmitted light intensity. Since the concentration of defects increases with absorbed
dose, the resulting optical signal can be correlated to the radiation dose.

Radiation Induced Attenuation (RIA) is the excess of optical loss caused by irradiation, which
adds to the intrinsic attenuation of the fiber. The latter is mainly due to Rayleigh scattering
and to absorption from residual defects inevitably introduced during the manufacturing process.
Optical fibers are designed for telecommunication purposes to be as transparent as possible, so
that light can propagate over long distances with minimal losses. Under irradiation, however, this
transparency is compromised: radiation generates additional point defects that absorb or scatter
light, thereby increasing the overall attenuation compared to the pristine condition.

The magnitude of RIA depends on the concentration of radiation-induced defects and therefore
increases as a function of the absorbed dose, for example with irradiation time, and also scales
with the fiber length considered. This increase in optical losses can be quantified using the fol-
lowing relation:

RIA(λ, t)
[︃

dB
km

]︃
= 10
L (km) log10

(︃
I0(λ) − Inoise(λ)
I(t, λ) − Inoise(λ)

)︃
(1.28)

Here, L is the fiber length (in km). The measurement is performed in transmission, for example
by comparing the light collected at the fiber output before and after irradiation. I0(λ) represents
the transmitted intensity at wavelength λ before irradiation, while I(t, λ) is the transmitted in-
tensity after an irradiation time t. Both quantities are expressed as photon counts per unit time
recorded by the spectrometer, and the instrumental noise contribution Inoise(λ) is subtracted to
obtain the net signal. This formulation explicitly accounts for the spectral dependence of RIA
and reflects the practical procedure used in the experiments.
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For dosimetric purposes, only specific types of optical fibers can be employed, namely those in
which the RIA exhibits a dose dependence fulfilling the requirements of a measurable dosimetric
quantity. This includes a response that is linear, or at least monotonic, with absorbed dose,
independent of the dose rate, and not affected by significant recovery during irradiation. Such
behaviour is typically observed only within certain ranges, as saturation effects may occur at
high doses and the usable spectral window is limited to specific wavelengths. The sensitivity of
the fiber can be tuned by modifying the dopant type and concentration, thus enabling the design
of fibers with enhanced radiation response. Under these conditions, a calibration procedure can
be established to relate the measured RIA to the absorbed dose. Among the various compositions,
phosphorus-doped (P-doped) fibres are well known for their high sensitivity to ionizing radiation
and are therefore commonly employed in RIA-based dosimetry [12]. In this work, P-doped fibres
have been selected as the reference material for this type of experimental investigations.

It is important to consider that part of absorbed signal can be recovered after irradiation con-
clusion, resulting from the reorganization of the silica matrix due to the presence of metastable
defects. This can lead to RIA decrease after irradiation end. For most dosimetric applications,
null or very limited recovery effects are desirable [12].

1.2.2 Radiation Induced Emission

Ionizing radiation leads to dose deposition within the fiber, causing electronic transitions in the
materials composing the core and the cladding. The electron–hole pairs produced in this process
can acquire mobility within the silica matrix and recombine at specific centers, a mechanism that
may be accompanied by photon emission. This phenomenon is referred to as Radiation Induced
Emission (RIE) and it is represented schematically in Figure 1.12.

The contribution to RIE of interest for this thesis is Radiation Induced Luminescence (RIL),
also referred to as radioluminescence (RL). In contrast to RIA, which is typically exploited to
build dosimeters capable of measuring the total integrated dose, RIL provides a signal that is
emitted during irradiation and is therefore directly proportional to the instantaneous dose rate.
This distinction is crucial for applications where real-time monitoring is required.

RIL can originate from radiation-induced point defects, but its efficiency can be strongly influ-
enced by the presence of dopants introduced during fibre manufacturing. In particular, fibers
doped with rare-earth ions such as Ce3+ or Gd3+ contain scintillating centres that enhance radi-
oluminescence and have therefore been traditionally used for dosimetric applications [12].
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Figure 1.12: Schematic representation of radiation-induced electronic transitions in silica fibers.
The process of interest for this work is the recombination of electron–hole pairs at specific centers,
which can be accompanied by photon emission (RIL). Adapted from [12].

1.2.3 Optical Fibers Advantages and Applications

Optical fibers present several significant advantages for operation in radiation environments. A
first key benefit lies in their immunity to electromagnetic interference, which arises from the
dielectric nature of silica and the transmission of information through light pulses. A second
advantage is their high bandwidth and multiplexing capability: optical fibers can transfer large
volumes of data per second, exploiting techniques such as spectral, spatial, polarization, or modal
multiplexing. Another notable characteristic is their low weight and volume, which also ensures
minimal intrusiveness. This property is particularly valuable in fields such as space applications
and nuclear technology, as it contributes to reducing the overall volume of radioactive waste.
Finally, optical fibers with dedicated coatings can reliably operate over an exceptionally wide
temperature range, from a few kelvin up to 1000 K. Taken together, these advantages explain the
widespread use of optical fibers across many domains.

For medical applications, optical fibers offer several potential uses. In this work, we are partic-
ularly interested in their role as dosimeters for the characterization of radiation beams employed
in therapeutic treatments. This research area is rapidly evolving: optical fibers have already been
employed for real-time beam monitoring during radioisotope production [13], as well as in pro-
ton therapy [14], where they can act as multi-point sensors to increase patient safety and improve
treatment precision. Building on these advantages, in this thesis we will explore the feasibility
of applying optical fiber dosimetry to Boron Neutron Capture Therapy (BNCT), which will be
introduced in the next paragraph, and to FLASH radiotherapy.
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1.3 Boron Neutron Capture Therapy

Boron Neutron Capture Therapy is a binary form of radiotherapy. It is based on the combined
effect of neutron irradiation and the administration of an isotope (in this case 10B) that has a high
cross section for neutron capture reaction. Specifically, the reaction of interest is 10B (n, α) 7Li
(Figure 1.13). This forms an unstable state that produces high LET secondaries: a 7-lithium
nucleus and an α particle. The therapy principle is that boron can be concentrated into the tumor
via specific carriers, allowing a boron tumor-to-normal tissue concentration ratio of at least 3 [15].
Low energy neutrons interact with elements in biological tissues, depositing energy via different
mechanism, however, the cross section of neutron capture in 10B is higher than all the others in
tissues, with a value of 3840 barn at 0.025 eV. Table 1.1 lists the energy ranges and penetration
depths, referred to tissue equivalent material, which characterize the reaction products.

Particle Energy (MeV) Range (µm)
α 1.47 - 1.78 9 - 10

7Li 0.84 - 1.01 4 - 5
γ 0.48 -

Table 1.1: Energy and ranges of the products of the neutron capture reaction of 10B.

The ranges of the secondaries are comparable with the average cell diameter. This is one of the
main advantages of BNCT: the particles produced into tumor cells do not affect surrounding
tissues, potentially healthy. The γ is included in the table because, in 93% of cases, 7Li is
produced in an excited state and it returns to its ground state with the emission of a 478 keV
photon. However, the contribution of this photon to tumor dose is minimal, as its high penetration
allows it to escape the patient’s body without depositing significant local energy.

Figure 1.13: Schematic representation of the Boron Neutron Capture Reaction with the produc-
tion of 7Li in its excited state [16].

The therapeutic effect of BNCT arises from these high LET secondary particles, which create
dense ionization tracks and induce complex, irreparable double-strand DNA breaks, eventually
leading to tumor cell death.
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For optimal treatment, it is essential to use carrier molecules that can selectively accumulate in
tumor cells while avoiding healthy tissue. Achieving the correct microscopic distribution of 10B
is therefore crucial. This selectivity can be expressed as the ratio between the 10B concentration
in tumour cells (CT ) and in normal cells (CS):

TC = CT

CS
(1.29)

Values in the range of 3–5 are typically reported in the literature and allow successful treatment
[17].

Because the reaction products are highly ionizing particles with high LET, even a single track
crossing the cell nucleus can deposit sufficient energy to cause clustered DNA damage that may
lead to cell death. This is in contrast to low-LET radiation, where multiple tracks or repeated
hits are often required to achieve a similar biological effect. The likelihood of significant energy
escaping from the cell where the reaction occurs is low, meaning that surrounding healthy cells
are largely spared. This represents a fundamental difference from conventional external beam
radiotherapy, where selectivity relies on shaping and conforming the photon or proton beam to
the tumor volume. In BNCT, by contrast, selectivity arises from the boron distribution within
the tissue and is independent of the geometrical shape of the neutron beam. As a result, the
neutron field can be kept broad enough to encompass not only the whole tumor volume but also
neighbouring regions that may host isolated malignant cells undetectable with standard diagnostic
techniques, which could lead to the development of metastases or recurrence if untreated [18].

Another notable advantage is that dose delivery occurs only during neutron irradiation, as the
reaction products are non-radioactive. The rest of the patient’s body is therefore spared from
unnecessary exposure. Although sodium and chlorine in the body can be activated by neutron
irradiation, the resulting dose is negligible [19]. This differs from traditional radiotherapy using
radioisotopes, where the absorbed dose can also be delivered to tissues far from the tumor site.

This intrinsic selectivity makes BNCT a potential option for the treatment of tumors that are
surgically inaccessible or unsuitable for other radiotherapy techniques, for example when the tu-
mor margins are not well defined, located in proximity to radiosensitive structures, or infiltrating
surrounding healthy tissues [20].

Given that both selectivity and localized dose release are key features of BNCT, accurate dosime-
try of neutron beams is of primary importance. This is true not only in the clinical context, where
beam quality assurance is mandatory for treating patients, but also in research, particularly in
radiobiology. In fact, preclinical in vitro and in vivo experiments require precise knowledge of
the absorbed dose to correlate biological effects with radiation exposure. However, dose assess-
ment in BNCT is particularly challenging, as it results from multiple components associated to
different radiation contributions, that are difficult to disentangle. For this reason, biological ex-
periments often rely on simulations of the deposited dose [21]. Such simulation models, once
validated by experiments, can be used to estimate dose components in a specific set of irradiation
conditions and on a defined target geometry. However, they do not provide real-time informa-
tion on the ongoing experiments or treatment planning as, for example, they cannot account for
possible fluctuations of the actual beam. The availability of an experimental dosimeter capable
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of validating simulations and directly measuring the delivered dose would therefore represent a
significant improvement. In this framework, optical fibers offer a promising approach.

1.3.1 Mixed Field Dosimetry

For all the radiotherapy techniques, the safety and effectiveness of the treatment are determined
by the ability to calculate the dose deposited in tissue with high accuracy. In the specific case
of BNCT, dose estimation is complex, due to the nature of neutron energy deposition, which
leads to a mixed radiation field in the biological tissue. Each radiation component has distinct
physical properties and, consequently, different interaction with matter and dose deposition, and
a different effectiveness in producing biological damage at equal dose.

Energy deposition from epithermal and fast neutrons in biological tissue is primarily due to recoil
protons generated through elastic scattering with hydrogen nuclei: 1H(n, n′)1H ′. As neutrons
scatter, they lose energy, progressively thermalizing with depth. When an epithermal neutron
beam is used, the spectrum is harder in superficial tissue layers and becomes predominantly
thermal at greater depths. This energy moderation is strategically designed so that the neutrons
are thermalized at the tumor location, maximizing neutron capture by boron. This is why BNCT
neutron fields are epithermal when tumors to be treated are deep seated.

At thermal energies, neutron interactions are dominated by capture reactions. Among them,
the most relevant in terms of contribution to local energy deposition are the one of 16O and 12C.
Hydrogen capture 1H(n, γ)2H produces a 2.2 MeV photon, whose energy is mostly carried away
and deposited far from the interaction site. Nitrogen capture, instead, produces a 583 keV proton
and a 14C recoil nucleus, which deposit their energy locally. These last two reactions, along with
the scattering reaction with hydrogen, lead to an unavoidable, non-selective dose to both tumor
and healthy tissues, differently from the selective component coming from the products of the
boron neutron capture reaction. Another unavoidable background dose is due to the prompt γ
component intrinsically present in any neutron beam. In reactor-based facilities this originates
mainly from fission processes, while in accelerator-driven or generator-based sources it arises
from nuclear reactions in the target and surrounding structures. Although this component can be
reduced with appropriate shielding, it cannot usually be suppressed to negligible levels.

The total absorbed dose in both tumor and normal tissues is the sum of the above-mentioned
components, characterized by different LET values and, therefore, different radiobiological ef-
fectiveness. They can be summarized as:

• DB : boron dose, from the neutron capture reaction 10B(n, α)7Li;

• DN : nitrogen dose, from the reaction 14N(n, p)14C, mainly due to protons and 14C re-
coiling nucleus;

• Dγ : gamma dose, it is due to the incident gamma dose (background photons) and in-
duced prompt gamma dose (hydrogen capture reaction 1H(n, γ)2H with the emission of
2.2 MeV);

• DH : hydrogen dose, it is the induced proton-recoil dose from 1H(n, n′)1H ′ scattering
reaction, energy released by the recoiling protons produced in the interactions with H of
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fast and epithermal neutrons.

The coexistence of these components is at the core of one of the main challenges in BNCT
dosimetry. Conventional detectors generally lack the ability to distinguish between them, so their
signals represent a convolution of neutron and photon induced effects. This limits the determina-
tion of the individual dose contributions and their biological relevance. In clinical applications,
this limitation might affect beam quality assurance and, in the most critical scenarios, possibly
compromise patient safety. In preclinical research, the lack of detailed dosimetry makes the cor-
relation of biological effects with radiation exposure difficult to establish. Although Monte Carlo
simulations are commonly employed to estimate dose distributions, they cannot capture beam
instabilities or experimental uncertainties, or intrinsic differences between the real case and the
simulated model.

These limitations underscore the need for innovative dosimetric tools. Optical fiber-based de-
tectors offer several advantages in this context. Their small size enables minimally invasive
in-phantom or in-vivo use, their flexible geometry and remote readout capabilities make them
well suited for reactor environments and their light-based response can, in principle, be directly
correlated with radiation-induced processes. Furthermore, their composition and doping can be
controlled with high precision, enabling the fabrication of custom-made fibers tailored to enhance
sensitivity to specific radiation fields. These properties suggest that optical fibers could represent
a valuable solution to some of the unresolved challenges in mixed-field dosimetry for BNCT.

For these reasons, this thesis explores the feasibility of using optical fibers as dosimeters in the
thermal column of the TRIGA reactor in Pavia, where a thermal neutron field is exploited for
BNCT experiments in cell cultures and small animals, and also for other medical applications,
such as FLASH therapy. The following chapter describes in detail the experimental facility and
the setup employed for the measurements.

1.4 Research Aim and Objectives

Conventional dosimeters often face limitations in serving the BNCT dosimetry requirements, ei-
ther because of their size, their sensitivity to environmental factors, or their inability to provide
real-time, spatially resolved measurements. Optical fibers, due to their small dimensions, flexi-
bility, and capability for remote readout, represent a promising alternative that could overcome
many of these limitations.

The specific objectives of this research are the following:

• to identify the challenges of dose measurement in mixed neutron-photon fields, with a
focus on BNCT applications;

• to assess, through Monte Carlo simulations realized with the PHITS code, the expected be-
havior of optical fibers when placed in the thermal column of the TRIGA reactor, including
energy deposition and dose component separation;

• to evaluate the potential advantages of optical fibers for experimental dosimetry in terms of
spatial resolution, minimal perturbation of the radiation field, and capability of providing
experimental validation of simulation-based dose estimates;
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• To establish the groundwork for subsequent experimental tests, identifying optimal condi-
tions and limitations for the integration of optical fibers in BNCT-related research.

Through the combination of simulation and methodological analysis, this work aims to demon-
strate whether optical fiber dosimetry can provide a reliable, practical, and innovative tool for
dose measurement in BNCT and other applications involving complex mixed radiation fields.

In addition to addressing BNCT dosimetry challenges, this thesis introduces pulse-resolved RIL
tests of medium-OH and Ce-doped fibers, thereby extending the scope of optical-fiber dosimetry
to FLASH therapy.

The following chapter will focus on the TRIGA reactor, which provides a representative neu-
tron–photon mixed field for BNCT dosimetry. Afterwards, attention will be shifted to photon
irradiation experiments carried out at the PETRA facility, used both as a benchmark environment
for fiber characterization and as a platform to explore FLASH radiotherapy conditions.

33



34



Chapter 2

Dosimetry in the Neutron and Gamma
Mixed Fields of the TRIGA Mark II
reactor

The TRIGA Mark II reactor is located at the laboratory LENA (Laboratorio di Energia Nucleare
Applicata) of the University of Pavia, Italy. The reactor, shown in Figure 2.1, is a pool-type light-
water moderated facility with a nominal steady-state power of 250 kW and a maximum total
neutron flux in the central thimble of about 2 × 1013 cm−2 s−1 [22] [23].

The reactor core is immersed in a cylindrical tank filled with demineralized light water, which
acts as coolant, moderator, and biological shield, while a thick graphite reflector surrounds the
core to reduce neutron leakage [24].

The reactor is equipped with several irradiation facilities both in-core and out-core. In-core posi-
tions include the central thimble, mainly used for neutron activation analysis, isotope production
[23] and radiation damage studies on polymeric materials [25] [26] and the pneumatic transfer
channel, connected to the radiochemistry laboratory to allow short-lived radioisotope experi-
ments. Out-core facilities include the rotating channel (called Lazy Susan), horizontal channels,
the Thermal Column (TC), and the Thermalizing Column. In particular, the TC [27][28] is de-
signed to have neutron flux and energy spectra serving the scopes of BNCT experiments and
treatments [29][30]. The Thermalizing Column is not used at the moment, and leads to a pool
of water designed to irradiate large samples in a fully-thermalized neutron field. The Lazy Su-
san, located in the graphite reflector surrounding the core, accommodates up to 80 samples for
uniform irradiation. The horizontal channels extend radially or tangentially through the reflector,
and are used for both basic and applied nuclear physics studies.

Of particular relevance to this thesis is the TC, consisting of an air cavity inside a graphite struc-
ture, where an isotropic, and predominantly thermal neutron flux sufficiently intense to perform
BNCT radiobiological experiments is present [28]. The irradiation cavity (20.5 cm × 40 cm ×
103.5 cm) with reduced gamma background has been created inside the column, by shielding the
irradiation position with bismuth walls. The irradiation chamber can be accessed from the reactor
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Figure 2.1: Picture of the TRIGA Mark II reactor of the University of Pavia, Italy. The yellow
part of the reactor is the core, while the Thermal Column is visible in blue. The gray block is the
thermalized channel.

hall. Figure 2.2 shows a vertical section of the TC, where the irradiation cavity, part of the reactor
core and the access area are visible. Two sliding shutters made of borated concrete are located at
the end of the column, allowing flexible shielding of the facility for radiation protection purposes.
The TC has been extensively used for BNCT research, as well as for radiobiological experiments
in cell cultures and small animals [32][33]. Notably, the Pavia TRIGA reactor is the only facility
where BNCT treatment was realized with an organ autotransplant protocol. In this advanced clin-
ical treatment, the liver of two patients affected by multiple metastases were explanted, irradiated
in the TC following boron administration, and finally re-implanted in the patients after neutron
irradiation [30][29]. This pioneering clinical research inspired several international groups to
investigate the same BNCT protocol for liver and other organs [34][35][36][37].

As detailed knowledge of the irradiation conditions is pivotal for the realization of BNCT treat-
ments and radiobiological experiments, several studies have been carried out at the Pavia TRIGA
TC to characterize its mixed neutron and photon field.
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Figure 2.2: Schematic top view of the TRIGA Mark II reactor at LENA. The core is surrounded
by a graphite reflector (in gray) and is connected to several horizontal irradiation channels. The
TC (in pale blue) is an air cavity visible on the right side, surrounded by graphite. On the left
the water irradiation pool (in blue) is visible. Geometrical model obtained with the Monte Carlo
code MCNP6.3 [31].

Figure 2.3: Schematic vertical view of the TC of the TRIGA Mark II reactor at LENA (University
of Pavia). Different colors represent different materials as reported in the picture. Geometrical
model obtained with the Monte Carlo code MCNP6.3 [31]
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In these experiments, the accurate determination of absorbed dose has been a central and chal-
lenging issue. To date, most studies have largely relied on Monte Carlo simulations, validated
from indirect measurements, to integrate and support the design and realization of experimental
activities.

A comprehensive characterization of the irradiation positions available at the TRIGA reactor
has been achieved through a multi-step effort combining experimental measurements and Monte
Carlo modeling. The first stage consisted in neutron spectrum determinations in air by means
of multi-foil activation and unfolding techniques [38][27]. In parallel, alanine dosimeters were
employed to quantify the photon dose contribution, providing complementary information on the
mixed radiation field. These experimental datasets served as reference benchmarks to validate the
MCNP transport models used for the reactor. This characterization is described in [28], where
the neutron spectrum in one irradiation position and the photon dose in three irradiation positions
along the TC are reported.

A robust knowledge of the radiation components in the TC is very relevant because the facility
is extensively used for radiobiological experiments in BNCT. Cells cultivated in flasks or tissue
samples are irradiated in order to study the biological response as a function of the absorbed
dose. An illustrative example is provided by the comprehensive dosimetric evaluation of in-vitro
BNCT cell survival experiments reported in [32], where KERMA-based estimates were compared
with detailed absorbed-dose simulations in cell monolayers. In that study, the absorbed dose to
cells was assessed by means of Monte Carlo simulations with the previously validated reactor
model, explicitly transporting the secondary charged particles generated by neutron and photon
interactions. The resulting dose values were then correlated with measured biological endpoints,
enabling a quantitative link between the physical radiation field and its biological effectiveness
[39].

However, currently the TC is not equipped with any experimental neutron or photon monitor to
measure the dose during the experiments, thus accounting for possible variations or fluctuations.
BNCT dosimetry for radiobiology is thus affected by the lack of real-time (or online) dose veri-
fication. As a result, BNCT radiobiology at TRIGA still predominantly relies on computational
dosimetry only providing average time values. Further experimental benchmarks are accordingly
necessary to complement and validate Monte Carlo predictions.

In this framework, the present thesis aims to explore the use of optical fiber dosimeters as a
novel tool for real-time, spatially resolved experimental dosimetry in BNCT-related applications.
Carrying out measurements in the TRIGA TC is particularly demanding. The irradiation cavity
is located within a controlled reactor area with strict access restrictions, and residual activity may
persist after operations. In addition, the confined geometry leaves little room for the installation
of complex setups. These factors significantly limit the use of conventional dosimeters, which
often require manual handling, electrical feedthroughs or post-irradiation readout.

Optical fibers, by contrast, offer the possibility of remote, on-line monitoring with minimal in-
trusion into the irradiation volume and following impact on the existing radiation fields. This
approach has already been demonstrated in other high-radiation facilities, for example at CERN,
where distributed optical fiber systems are employed for the online characterization of mixed
fields along the particle accelerator complex [40], for in-core reactor irradiation for nuclear waste
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monitoring applications [41], for medicine, in-core instrumentation and space applications [12].
Building on these advances, this work investigates whether similar strategies can be applied to the
TRIGA TC, where the complexity of the mixed neutron-photon environment and the constraints
of reactor operation demand innovative dosimetric solutions.

2.1 Feasibility study for the use of optical fiber-based dosimeters in
the Thermal Column

Before optical fibers can be employed as dosimeters in a mixed field, such as the one in the TC
of the TRIGA reactor in Pavia, it is necessary to test optical fiber dosimeters under laboratory
controlled irradiation conditions that, at least in terms of dose and dose rate, are as close as possi-
ble to those expected during operation in the TC. The present study largely builds upon previous
investigations already carried out on fiber-based dosimeters, which provide the methodological
background for their use in mixed radiation fields [12][42][43].

The experimental work of the present study was carried out at the PETRA X-ray platform [44] of
the Hubert Curien Laboratory of the Jean Monnet University, Saint-Etienne, France. This facility
offers a well-characterized environment in which it is possible to evaluate the dose–response
relationship of the fibers, verify the reproducibility of the measurements, and investigate potential
dependencies on external parameters such as dose rate, beam energy, and exposure time (see
Chapter 3 Section 2).

Addressing optical fiber response in a reference photon field represents a necessary prerequisite
before moving to the more challenging conditions of a complex mixed neutron–photon field.
The experiments realized at the PETRA facility (Chapter 3) therefore constituted a fundamental
first step in building a robust dosimetric methodology and provided the reference data needed to
proceed. This allows the feasibility of a case study specifically targeting the TC to be designed.

Before introducing the PHITS simulations performed for this thesis, it is useful to briefly recall
the main results already available from experimental and computational characterizations of the
TRIGA thermal column, fundamental starting point of the present work.

As reported in [28][27], the thermal neutron flux in the central irradiation cavity at the most inner
position reaches about 2.0 × 1010 cm−2s−1, with an epithermal-to-thermal ratio below 0.05,
confirming the predominance of thermalized neutrons.

Complementary MCNP simulations, previously performed, reproduced these results and pro-
vided detailed spatial maps of the neutron and photon fields along the whole column. Such
distributions are reported in Figure 2.4 and Figure 2.5, showing that the neutron flux decreases
by roughly one order of magnitude along the longitudinal axis of the column, while the photon
field remains comparatively more uniform.

These datasets constitute the reference input spectra used in the present work to reproduce, with
PHITS, the local radiation environment at specific irradiation positions, thus avoiding the need
for a full-core transport simulation.
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Figure 2.4: Simulated neutron tridimensional flux distributions in the TRIGA thermal column
obtained from MCNP calculations.
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Figure 2.5: Simulated photon tridimensional flux distributions in the TRIGA thermal column
obtained from MCNP calculations.

41



Dosimetry in the Neutron and Gamma Mixed Fields of the TRIGA Mark II reactor

2.2 Dosimetry Monte Carlo simulations

In order to investigate the feasibility of using optical fibers as dosimeters in the mixed radia-
tion field of the TRIGA reactor TC, simulations were performed using the Monte Carlo code
PHITS (Particle and Heavy Ion Transport code System)[45][46]. These simulations represent a
complementary work to anticipate the expected response of optical fibers when exposed to neu-
tron–photon mixed fields, supporting the design of the experimental measurements and providing
integrated information for their interpretation.

The principle behind this approach lies in the intrinsic complexity of dosimetry in BNCT-related
neutron fields. As anticipated above, the absorbed dose originates from multiple radiation compo-
nents, including thermal and epithermal neutrons, recoil protons, capture reactions, and photon
backgrounds. Disentangling these contributions is experimentally challenging, since conven-
tional detectors provide convoluted responses that cannot easily be decomposed into their single
components.

Monte Carlo simulations overcome this limitation by enabling a particle-by-particle tracking of
radiation transport and interactions in the reactor environment. Through PHITS it is possible to
calculate the spatial and energy distributions of each component of the radiation field, as well as
to estimate the dose contributions associated with the different interaction channels.

In particular, the simulations carried out in this work were designed with two main objectives:

• to characterize the radiation field inside the TC of the TRIGA reactor in Pavia, with em-
phasis on the relative contributions of neutrons and photons to the absorbed dose (this work
had been previously performed in Pavia using MCNP);

• to evaluate the interaction of this mixed field with silica-based optical fibers, in order to
assess their potential response and limitations as dosimeters in such an environment.

The results obtained serve a dual purpose. On one hand, they provide predictive data that can be
compared with and validated by future experimental measurements. On the other, they highlight
specific features of the optical fiber response that may be advantageous for disentangling dose
components in BNCT applications.

The following sections describe the simulation setup in detail, including the material modeling of
the optical fibers used in the experiments. Results regarding flux distributions, dose components,
and expected fiber responses are then presented and discussed.

2.2.1 Particle and Heavy Ion Transport code System

Particle and Heavy Ion Transport code System (PHITS) is a general-purpose Monte Carlo particle
transport simulation code, developed through the collaboration of Japan Atomic Energy Agency
(JAEA) together with several research institutes worldwide [45]. PHITS is widely employed
in applications ranging from reactor physics and radiotherapy to space radiation protection and
accelerator design, due to its versatility in handling particle transport over wide energy ranges.
This is achieved through the use of multiple nuclear reaction models combined with extensive
evaluated nuclear data libraries.
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The structure of a PHITS input file is text-based and organized into sections that can be filled
using two formats: one based on specific keywords, set as numeric values or strings, and another
allowing multiple numerical entries separated by spaces. This flexible structure makes PHITS
adaptable to a wide variety of problems while still maintaining consistency across projects. The
output is also provided in text format, typically accompanied by additional files, often graphical
representations, that summarize calculation results. The code consistently adopts a right-handed
Cartesian coordinate system to describe the geometry of the simulated setup.

For the purposes of this thesis, only a subset of PHITS sections is directly relevant [45]:

• [Title]: where the title of the project is set.

• [Parameters]: defines general calculation parameters.

• [Source]: describes the radiation source characteristics.

• [Material]: specifies the materials used.

• [Mat Name Color]: assigns physical properties to the materials used in the geometry.

• [Cell]: to define cells, i.e. spatial regions bounded by surfaces.

• [Surface]: specifies the geometry-defining surfaces.

• [Volume]: necessary to set the volume of the regions.

• [Importance]: to define regions importances.

• [T-track]: scores particle fluence in specified regions.

• [T-deposit]: scores deposited energy in specified regions.

Among the many particle species that PHITS is capable of transporting, the most relevant for this
work are neutrons (referred to by the keyword neutron) and photons (referred to as photon), as
these are the dominant components of the radiation field in the TRIGA TC.

The simulation output is structured into several categories of information that can be distinguished
into [45]:

• Basic information, such as the title, the version and the calculation summary;

• Input echo, reproducing the input file for verification;

• Information on memory usage and batches;

• Information on transport particles, including the number and type of transported particles;

• Detailed information: variance reduction, number of scattered particles for each region,
information for each material;

• Information on PHITS developers and references.

Scores are referred to as tally in PHITS. Tally results are reported together with their statistical
uncertainties, typically stored in separate files whose names contain the suffix err. These un-
certainties are essential for assessing the reliability of the simulation outcome, from the point of
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view of statistical convergence. When dealing with complex mixed fields such as those in BNCT,
issues may concern on the less intense components of the field.

PHITS also allows users to select different calculation modes, each optimized for specific appli-
cations or output requirements. A summary of these modalities is reported in Fig. 2.6, which
illustrates the flexibility of the code in adapting to various simulation objectives.

Figure 2.6: Available calculation modes [45].

The choice of PHITS for this thesis is motivated by its proven reliability in modeling neutron
and photon transport in reactor environments, as well as its ability to handle complex geometrical
configurations. These capabilities are particularly relevant when reproducing the radiation field
at the irradiation position, where mixed neutron–photon spectra and steep spatial gradients are
present. In this work, PHITS was employed to simulate this local environment using the neutron
and photon spectra previously obtained from MCNP calculations, rather than to model the full
thermal column geometry.

A specific challenge of this work in the dosimetry point of view lies in the very small dimensions
of the optical fibers. This introduces issues of statistical convergence and requires an optimiza-
tion of the tally configuration, in particular the size and discretization of the scoring regions, to
balance spatial resolution with statistical uncertainty. In practice, the core, cladding, and coat-
ing were defined as separate tally cells with volumes large enough to ensure sufficient particle
statistics while still preserving the microscopic structure of the fiber. Moreover, it is fundamental
for BNCT to be able to distinguish the neutron and photon contributions to the total dose, as
their biological effectiveness is different. For this reason separate simulations with photons and
neutrons as projectiles were developed.

The simulations presented in the following sections were therefore designed to predict the ex-
pected behavior of optical fibers in relevant irradiation positions in the TC, and to evaluate their
feasibility as experimental dosimeters for BNCT applications.

44



2.2 – Dosimetry Monte Carlo simulations

2.2.2 Simulation setup

The simulations were implemented in PHITS using input files designed to reproduce the field of
the two components in the studied position of the TC of the TRIGA reactor in Pavia. Instead
of using the full geometrical model of the reactor, the adopted approach relied on neutron and
photon spectra obtained from previous simulations at reference positions in the TC by MCNP.
This consisted in recording a track-by-track neutron and photon source across the surfaces of
a box enclosing the irradiation position, and run the simulations starting by this source. This
method ensures higher statistical convergence, avoiding the time-consuming radiation transport
in the whole reactor, while keeping a reliable representation of the radiation field in the volumes of
interest, hence in the fiber geometry. To further improve calculation time, dosimetry calculations
were further simplified by using the spectra present in the positions chosen. The positions where
the fibers were simulated were chosen referring to the ones described in [28], also reported in
Figure 2.7.

The coordinate system adopted in PHITS was defined consistently with that of the reference
MCNP model, with the x-axis corresponding to the longitudinal direction of the thermal column.

In the simulations, the spectra was chosen as if the optical fiber was placed in the position of co-
ordinates (x, y, z) = (126.95,−2.0,−8.0) cm in the MCNP model. A symmetric configuration
with respect to the y-axis was also considered. For comparison, the same calculations were re-
peated at 226.95 cm along the x-axis from the reactor core (referring to positions 1 and 3 reported
in [28]). Both neutron and photon source spectra were tested in these irradiation points.

Figure 2.7: Longitudinal view of the reactor model of the TRIGA Mark II thermal column real-
ized with MCNP and adapted from [28]. The neutron and photon spectra were chosen consider-
ing in position 1 (130.95 cm from the center of the core) and 3 (208.95 cm from the center of the
core). Grey: graphite; magenta: bismuth; green: Boral (borated aluminum); white: air.

The input files were organized into distinct sections, each addressing a specific aspect of the
simulation. The tested fibers are the one employed in experiments: P-doped, Ce-doped and
M-OH. For brevity, only the complete input file of one representative simulation is reported
here as an example, the one with the P-doped fiber sample at position, referred to the MCNP
model, (x, y, z) = (126.95,−2.0,−8.0) cm, using photons as projectiles with the correspondent
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spectrum.

In the Parameters block (Fig. 2.8), general simulation controls were defined. The number of
primary particles was set to 106, divided into 2000 batches, in order to achieve sufficiently low
statistical uncertainties in the tallies. According to the recommendations of the International
Commission on Radiation Units and Measurements (ICRU Report 60 [47]), an overall uncer-
tainty within 5% (at one standard deviation) is generally considered acceptable for dosimetric
applications; the adopted simulation settings ensured compliance with this accuracy requirement.

Electron–photon transport was activated with a cut-off of 1 keV for electrons, allowing for an
accurate description of secondary electron production and transport in the fiber. This threshold
corresponds to the lowest transport energy available in PHITS [45]. According to NIST ESTAR
data, 1 keV electrons in fused silica have a continuous slowing down approximation (CSDA)
range of about 4 × 10−2 µm, several orders of magnitude smaller than the fiber core diameter.
Hence, electrons below this energy are effectively absorbed locally, and the chosen cut-off can
be considered sufficiently low to ensure accurate local dose deposition within the silica materi-
als [48] [49].

Figure 2.8: General simulation parameters used in PHITS. The number of source particles was
set to 106 in 2000 batches, with electron–photon transport enabled down to 1 keV.

The Source (Figure 2.9) block defines the characteristics of the particle source, including its spa-
tial distribution, emission directions, and energy spectrum. In this case, the source is a spherical
surface emitting photons so that an isotropic flux is reproduced in its inner volume, with an energy
distribution corresponding to the previously simulated spectrum through at the selected irradia-
tion position. The photon (and neutron) energy spectrum, obtained from the MNCP results, is
introduced as a continuous distribution, discretized into bins with associated probabilities, derived
from the transport results in the TC. The resulting radiation field at different studied positions in
the model is obtained through the transport of these particles through the materials.

Figures 2.10, 2.11, 2.12 and 2.13 report the neutron and photon flux spectra obtained from the
MCNP model of the TRIGA Mark II reactor in function of energy. The spectra correspond to
four positions inside the thermal column, located near positions 1 and 3 detailed in Figure 2.7
at ±2 cm along the horizontal direction with respect to the longitudinal one. Each spectrum
represents the differential particle flux in units of cm−2s−1, integrated over the energy bin width,
and is normalized to the nominal reactor power of 250 kW. These datasets were used as input to
reproduce the mixed neutron–photon field in the PHITS simulations.
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Figure 2.9: Definition of the photon source in PHITS. The source is modeled as a spherical sur-
face reproducing an isotropic flux in its inner volume, with an energy distribution corresponding
to the simulated photon spectrum at the selected position.

(a) (b)

Figure 2.10: Neutron (a) and photon (b) spectra at the position (226.950, -2.000, -8.000).

(a) (b)

Figure 2.11: Neutron (a) and photon (b) spectra at the position (226.950, 2.000, -8.000).
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(a) (b)

Figure 2.12: Neutron (a) and photon (b) spectra at the position (126.950, -2.000, -8.000).

(a) (b)

Figure 2.13: Neutron (a) and photon (b) spectra at the position (126.950, 2.000, -8.000).

The Material (Table 2.1) section specifies the compositions and densities of all the used mate-
rials. Air, pure silica (SiO2), polyamide, and acrylate were defined as background or structural
materials, while the fiber core was modeled as silica doped with 3 % P2O5, representing the
P-doped case (the dopant concentration was chosen referring to [50]). The explicit inclusion of
dopants is essential, as it allows PHITS to take into account changes in interaction cross sections
and energy deposition mechanisms. The elemental compositions of the polymeric materials were
taken from previous works as [51] and [52].

Fiber Silica (Si) [g/cm3] Oxygen (O) [g/cm3] Dopant [g/cm3]
P-doped 0.4534 0.5335 0.0130 (P)

Ce-doped 0.4671 0.5321 0.0007 (Ce)
M-OH 0.4675 0.5325 0.0001 (H)

Table 2.1: Concentrations of elements in the core for the three different simulated samples.

The Cell and Surface (Figure 2.18) sections describe the fiber geometry. The optical fiber model
consisted of three concentric cylindrical regions: an inner core (radius 5 µm), a cladding layer
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(radius 62.5 µm), and an outer acrylate coating (radius 117 µm). This structure reproduces the
typical dimensions of a single optical fiber layer (see Chapter 1). Although the investigated
fibers present slight differences in their geometrical dimensions (see for example Table 3.2), the
same fiber model was adopted in the simulation. This assumption is justified by the fact that,
in the TRIGA TC, the neutron and photon fluence (as shown in the following Table 2.2, 2.3,
2.4, 2.5, 2.6 and 2.7) does not vary significantly across the fiber cross-section. Therefore, small
variations in core or coating diameters are not expected to appreciably affect the local energy
deposition or the resulting dosimetric response. The fiber was placed in an air cavity, reproducing
the irradiation environment inside the TRIGA thermal column, to complete the geometry. A
schematic representation of the implemented model is shown in Figure 2.14, 2.15 and 2.16.

Figure 2.14: PHITS 3D geometry of the outside of the spherical source.

Figure 2.15: View of the PHITS 3D geometry of the optical fiber.
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Figure 2.16: PHITS 3D geometry of the optical fiber section. It is possible to distinguish the
three different layers: the core in yellow, the cladding in cyan-blue and the coating in magenta.

Similar geometrical approaches have been adopted in previous Monte Carlo studies of optical
fiber dosimeters. In [53] the relationship between fluence and dose was simulated in a monolayer
fiber model exposed to proton and gamma fields, while in [54] the authors modeled the fiber
response to continuous and pulsed X-ray irradiations, reproducing the experimental conditions of
the PETRA facility. The material compositions for the polymeric coatings were defined according
to the datasets presented in [52]. It is important to emphasize that, unlike the aforementioned
studies, which focused on photon or proton irradiation, neutron transport was considered. The
present work therefore extends the modeling of optical fiber dosimeters to mixed neutron–photon
fields, explicitly including neutron transport in the thermal and epithermal ranges characteristic
of the TRIGA thermal column, thereby addressing a gap in the existing literature.

Figure 2.17: Definition of cells and surfaces describing the fiber geometry in PHITS. The model
consists of three concentric cylindrical regions: coating, cladding, and P-doped core.

The Importance block (Figure) was implemented to apply variance reduction, through the defini-
tion of importance values for each region, in order to optimize the statistical sampling of particles
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within the geometry. Higher importance factors were assigned to the core and cladding regions,
where the scoring volumes are located, to increase the number of particle histories contributing to
the tallies. In contrast, a lower importance was attributed to the outer regions (coating and air), re-
ducing unnecessary computational processing. This approach improves the simulation efficiency
without affecting the physical accuracy of the results.

Figure 2.18: Part of the PHITS input file showing the [Importance] block, where variance
reduction is applied through the definition of importance values for each region.

Finally, the Tally sections defines the scoring of physical quantities. Several T-track (Fig-
ure 2.19) tallies were used to calculate particle fluence.

Figure 2.19: Example of a [T-track] tally block used to score particle fluence. Here the fluence
is recorded per region, with results expressed in units of 1/cm2/source.

To complement the tally results for integrated quantities, two-dimensional mesh tallies were im-
plemented to visualize the spatial distribution of fluence and energy deposition within the fiber
cross section. Figures 2.20 and 2.21 respectively show the fluence and dose distributions obtained
in the xz plane crossing the fiber model in the case of neutrons. The T-track mesh provides a
map of particle fluence [cm−2 per source particle], which exhibits a nearly uniform distribution in
the air region and a sharp attenuation within the dense silica layers. Conversely, the T-dep mesh
illustrates the local energy deposition [MeV g−1 per source particle], clearly concentrated within
the fiber core where most of the photon interactions occur. This spatial analysis confirms that the
microscopic geometry of the fiber strongly influences the local dose gradient and supports the
need for accurate transport modeling at the micrometric scale.
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Figure 2.20: Two-dimensional mesh tally (T-track) showing the neutron fluence distribution in
the xz plane at the considered position. The color scale represents the fluence [cm−2 per source
particle].

Figure 2.21: Two-dimensional mesh tally (T-dep) showing the spatial distribution of neutron
energy deposition in the xz plane at the considered position. The color scale represents the de-
posited energy [MeV g−1 per source particle].

In addition, T-deposit (Figure 2.22) tallies were implemented to estimate the absorbed dose,
both as spatial maps (to visualize possible gradients across the fiber cross-section) and as mean
values in the core, cladding, and coating. This redundancy provided internal consistency checks
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and ensured the reliability of the results.

Figure 2.22: Example of a [T-deposit] tally block used to score the absorbed dose. Here the
dose is calculated per region (core, cladding, coating) and expressed in units of Gy/source.

The tree representative fiber types considered in this study are, as previously mentioned, P-doped,
Ce-doped, and medium-OH pure silica core (M-OH), as they exhibit mechanisms of radiation
response relevant to dosimetric applications. The P-doped fibers are characterized by a high con-
centration of defect precursors leading to strong RIA, and are thus representative of transmission-
based dosimetry systems. Ce-doped fibers, conversely, emit intense RIL and enable real-time
optical detection of dose, while M-OH fibers are used as transport fibers in both the performed
experiments.

The described geometry model was replicated for all fiber considered in this work for the four
selected positions in the CT. By following this scheme, a set of simulations was performed to
compare the dose absorbed in different fibers placed in the mixed field of the TC.

The difference in the code between the three fibers tested resides in the Material section and is
reported in the case of M-OH fiber in Fig. ?? and for the Ce-doped in Fig. ??.

2.2.3 Simulation Results

To analyze the Monte Carlo results, we first discuss one representative irradiation point for both
neutrons and photons for all the sample fibers and then extend the comparison to the other posi-
tions.

The selected position has coordinates (126.950, - 2.000, - 8.000), placed next to position 1 in 2.7
and corresponds to the neutron and photon spectra presented in Figure 2.10. The reference fiber
for this discussion is the P-doped sample. It was modeled as a cylindrical segment of 3 cm in
length, composed of three concentric regions: the P-doped silica core (radius 5 µm), the pure-
silica cladding (radius 62.5 µm), and the acrylate coating (radius 117 µm). The output files
include: (i) absorbed dose in the different fiber regions; (ii) the spatial distribution of the deposited
energy, represented as a two-dimensional map in the longitudinal (xz) plane crossing the fiber
axis, together with the corresponding statistical error map; (iii) fluence; (iv) track-length map on
the xz plane and its error map.

The results of the simulations are summarized in Table 2.2 for neutrons and in Table 2.3 for
photons. They provide a quantitative comparison between the neutrons and photons contribution
to the total dose and fluence in the three different regions of the P-doped geometry.
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Region Volume Fluence Fluence RE Dose Dose RE
[cm3] [1/cm2/source] % [Gy/source] %

Coating 6.1467 · 10−4 3.1806 · 10−3 0.12 3.2531 · 10−15 0.70
Cladding 2.4384 · 10−4 3.1769 · 10−3 0.17 6.8659 · 10−16 1.67

Core 1.6000 · 10−6 3.1374 · 10−3 0.58 7.1320 · 10−16 6.01

Table 2.2: Results obtained for the fluence and dose, with the respective relative errors (RE), in
the three regions of the fiber geometry (coating, cladding, core) for neutron irradiation in the
case of the P-doped fiber.

For neutron irradiation, the fluence values are nearly uniform across the layers, indicating that
the low-energy neutron field inside the TC is spatially homogeneous at the micrometric scale. In-
stead, the corresponding absorbed dose exhibits more pronounced variations, with the dose value
decreasing going from the coating towards the core. This reflects the different material compo-
sitions and geometrical locations of the regions. The most of the energy deposition takes place
in the hydrogen-rich coating through neutron moderation and recoil interactions, while the core
is characterized by a lower energy transfer. While in fast or epithermal neutron fields the main
hydrogen-related contribution to the absorbed dose originates from elastic n-H scattering produc-
ing recoil protons, in a thermal spectrum the predominant process is the radiative capture reaction
1H(n,γ)2H, which emits 2.2 MeV photons. These photons constitute a non-negligible source of
background dose in BNCT but, given the small thickness of the optical fiber, their interaction
probability within the silica matrix can be considered negligible for dosimetric purposes.

For what concerns the relative uncertainties they are below or close to the value of 5%, required
to guarantee statistical reliability. The larger error observed in the core region arises from the
significantly smaller scoring volume, which reduces the number of sampled particle interactions.

Region Volume Fluence Fluence RE Dose Dose RE
[cm3] [1/cm2/source] % [Gy/source] %

Coating 6.1467 · 10−4 3.1875 · 10−3 0.10 2.6698 · 10−15 1.67
Cladding 2.4384 · 10−4 3.1852 · 10−3 0.13 2.9841 · 10−15 1.53

Core 1.6000 · 10−6 3.1338 · 10−3 0.47 3.3838 · 10−15 5.22

Table 2.3: Results obtained for the fluence and dose, with the respective relative errors (RE), in
the three regions of the fiber geometry (coating, cladding, core) for photon irradiation in the case
of the P-doped fiber.

For the photon case, it is possible to see how both fluence and dose distributions appear more
uniform across the three regions. Photon transport in this energy range is governed by Compton
scattering, which depends weakly on atomic composition. Also in this case coating and cladding
show nearly identical fluence and comparable dose values. The core records a lower dose, con-
sistent with its smaller volume.

The relative errors, also in this case, are below or close to the required 5%, ensuring statistical
validity of the results.
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These considerations are visually summarized in Table 2.23 and 2.24. In addition, these results
are consistent with what has been observed in similar studies, such as in [52]. In this work, even
if the radiation field was different, it was observed, through PHITS simulations, the different
deposition in the different components of optical fibers (core, cladding and coating) irradiated in
the mixed neutron-photon field of the n_TOF NEAR station at CERN. The outcomes highlighted
for photons that the absorbed dose remains approximately constant within the three fiber layers,
while for neutrons it changes depending on the layer composition and it is dominant in hydrogen-
containing materials, accordingly to what showed in the present work.

Figure 2.23: Comparison of fluence for photons and neutrons across the three fiber components
(coating, cladding, core) of a P-doped fiber. The error bars correspond to the statistical errors.

Figure 2.24: Comparison of mean dose for photons and neutrons in the three regions of P-doped.
The error bars correspond to the statistical errors. Y-axis in logarithmic scale.

The results concerning the M-OH fiber, which is the transport fiber used in all the experiments
and also a sample for some of them, at the same position inside the TC are collected in the case
of neutrons in Table 2.4 and for photons in Table 2.5.
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Region Volume Fluence Fluence RE Dose Dose RE
[cm3] [1/cm2/source] % [Gy/source] %s

Coating 6.1467 · 10−4 3.1824 · 10−3 0.09 3.2600 · 10−15 0.53
Cladding 2.4384 · 10−4 3.1793 · 10−3 0.13 6.8638 · 10−16 1.28

Core 1.6000 · 10−6 3.1287 · 10−3 0.45 6.9509 · 10−16 4.49

Table 2.4: Results obtained for the fluence and dose, with the respective relative errors (RE), in
the three regions of the fiber geometry (coating, cladding, core) for neutron irradiation in the
case of the M-OH fiber.

Region Volume Fluence Fluence RE Dose Dose RE
[cm3] [1/cm2/source] % [Gy/source] %

Coating 6.1467 · 10−4 3.1891 · 10−3 0.06 2.6557 · 10−15 1.04
Cladding 2.4384 · 10−4 3.1888 · 10−3 0.08 3.0340 · 10−15 0.97

Core 1.6000 · 10−6 3.1410 · 10−3 0.29 3.3705 · 10−15 3.35

Table 2.5: Results obtained for the fluence and dose, with the respective relative errors (RE), in
the three regions of the fiber geometry (coating, cladding, core) for photon irradiation in the case
of the M-OH fiber.

As for the P-doped fiber, the simulated fluence is essentially uniform across regions for both neu-
trons and photons, with deviations well within the uncertainties. A similar behaviour is observed
for the dose. Under neutron irradiation, the energy deposition is dominated by n-H elastic scat-
tering in the hydrogen-rich polymer coating, which contains several atomic percent of hydrogen
and therefore acts as the main site of neutron energy transfer through recoil protons. In contrast,
the silica core shows neutron dose values compatible within their uncertainties, indicating that the
detailed core composition does not significantly influence the neutron response. This behaviour is
consistent also in the M-OH case, where the very low concentration of hydroxyl impurities, typi-
cally of the order of ppm, is insufficient to appreciably modify the interaction probability. Under
photon irradiation, the fibers exhibit similar behaviour, with modest variations among regions and
a slightly lower dose in the core.

These trends are summarized in Figs. 2.25 and 2.26.
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Figure 2.25: Comparison of mean fluence for photons and neutrons across the three fiber regions
(coating, cladding, core) of a M-OH fiber. The error bars correspond to the statistical errors.

Figure 2.26: Comparison of mean dose for photons and neutrons in the three regions of M-OH.
The error bars correspond to the statistical errors. Y-axis in logarithmic scale.

Finally, the Ce-doped fiber at the same position shows the results gathered in Table 2.6 (neutrons)
and Table 2.7 (photons). The data are compared in Figure 2.27 and Figure 2.28.

Region Volume Fluence Fluence RE Dose Dose RE
[cm3] [1/cm2/source] % [Gy/source] %s

Coating 6.1467 · 10−4 3.1806 · 10−3 0.08 3.2597 · 10−15 0.47
Cladding 2.4384 · 10−4 3.1785 · 10−3 0.11 6.8888 · 10−16 1.12

Core 1.6000 · 10−6 3.1242 · 10−3 0.38 6.7690 · 10−16 4.55

Table 2.6: Results obtained for the fluence and dose, with the respective relative errors (RE), in
the three regions of the fiber geometry (coating, cladding, core) for neutron irradiation in the
case of the Ce-doped fiber.
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Region Volume Fluence Fluence RE Dose Dose RE
[cm3] [1/cm2/source] % [Gy/source] %

Coating 6.1467 · 10−4 3.1891 · 10−3 0.05 2.6547 · 10−15 1.04
Cladding 2.4384 · 10−4 3.1888 · 10−3 0.08 3.0331 · 10−15 0.97

Core 1.6000 · 10−6 3.1410 · 10−3 0.29 3.3955 · 10−15 3.38

Table 2.7: Results obtained for the fluence and dose, with the respective relative errors (RE), in
the three regions of the fiber geometry (coating, cladding, core) for photon irradiation in the case
of the Ce-doped fiber.

Figure 2.27: Comparison of mean fluence for photons and neutrons across the three fiber regions
(coating, cladding, core) of a Ce-doped fiber. The error bars correspond to the statistical errors.

Figure 2.28: Comparison of mean dose for photons and neutrons in the three regions of Ce-
doped. The error bars correspond to the statistical errors. Y-axis in logarithmic scale.

The same considerations previously done for the other two optical fibers apply to the Ce-doped
fiber. Hence, within uncertainties, the detailed core composition (P-doped, M-OH, Ce-doped)
does not appreciably affect dosimetry, while significant differences are observed between neutron
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dose components in the coating, made of organic H-rich material, and core and cladding, mostly
made of silica and whose composition differ by small concentrations at the ppm scale only. These
results are in agreement with previous Monte Carlo studies in which the irradiation of optical fiber
geometries in different neutron and gamma mixed field is simulated.

For this specific type of fiber simulations were performed also eliminating the coating layer,
according to the fact that, as subsequently shown in Chapter 3, for RIL experiments usually
the sample is used stripped of its coating. The results obtained in case of neutron and photon
irradiations are reported respectively in Table 2.8 and 2.9.

Region Volume Fluence Fluence RE Dose Dose RE
[cm3] [1/cm2/source] % [Gy/source] %

Cladding 2.4384 · 10−4 3.1781 · 10−3 0.13 6.8793 · 10−16 1.26
Core 1.6000 · 10−6 3.1247 · 10−3 0.44 6.9159 · 10−16 4.42

Table 2.8: Results obtained for the fluence and dose, with the respective relative errors (RE), in
the two regions of the fiber geometry (cladding and core) for neutron irradiation in the case of
the Ce-doped fiber.

Region Volume Fluence Fluence RE Dose Dose RE
[cm3] [1/cm2/source] % [Gy/source] %

Cladding 2.4384 · 10−4 3.1876 · 10−3 0.08 2.5198 · 10−15 1.17
Core 1.6000 · 10−6 3.1404 · 10−3 0.29 3.0030 · 10−15 3.68

Table 2.9: Results obtained for the fluence and dose, with the respective relative errors (RE), in
the two regions of the fiber geometry (cladding and core) for photon irradiation in the case of the
Ce-doped fiber.

Comparing the Ce-doped fiber without the polymer coating (Table 2.8 and 2.9) with the corre-
sponding coated case (Table 2.6 and 2.7), we observe that in a thermal neutron spectrum the
removal of the coating produces negligible changes in the fluence and dose within the silica re-
gions (core and cladding), well within the statistical uncertainties. This is consistent with the fact
that, at thermal energies, the dominant hydrogen-related process is 1H(n,γ)2H and the emitted
2.2 MeV photons have a low interaction probability over micrometric path lengths in silica. For
photons, moderate variations (typically ∼10-20%) appear in core and cladding when the coating
is removed, which can be ascribed to changes in electron build-up and, more generally, to the
lack of strict CPE at micrometric scale across the fiber interfaces. Importantly, the order of mag-
nitude and the relative hierarchy of the dose contributions remain unchanged. Since our results
are based on deposited-energy tallies, no CPE assumption is required and the observed trends
directly reflect the transport of secondary particles in the actual geometry.

While for BNCT, experiments at the TRIGA facility, with the simulations presented above, will
provide the proof that optical fiber dosimetry can be an online monitor in mixed neutron–photon
fields, additional experimental tests are needed to assess fiber performance under controlled pho-
ton irradiation for other medical applications, such as FLASH radiotherapy. For this reason, the
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next chapter presents the PETRA X-ray facility and the experimental campaigns performed to
benchmark the fiber response, before extending the study to FLASH radiotherapy conditions.
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Chapter 3

X-ray Irradiation Experiments at
PETRA platform

Following the simulation studies at the TRIGA reactor, the experimental characterization of op-
tical fibers was conducted at the PETRA X-ray platform. These photon irradiation experiments
served as a benchmark to reproduce dose rates comparable to those expected in the thermal col-
umn, obtained from previous studies (see Figures 2.10, 2.11, 2.12 and 2.13), and to explore the
potential extension of fiber dosimetry to FLASH radiotherapy.

In addition, an original contribution, based on this research activity, has been submitted for publi-
cation to physica status solidi (a) in September 2025 [55]. This work concerns M-OH fibers and
the dedicated pulsed-beam setup developed to investigate their response. The focus of this latter
work is on pulsed radiation fields, such as the ones we have in FLASH therapy, and while it does
not directly reproduce the thermal column environment, it offers complementary insights into the
behaviour of optical fibers under extreme dose-rate conditions for medical applications.

3.1 PETRA X-ray irradiation platform

The PETRA X-ray irradiation platform includes three commercial X-ray tubes, which allows
tests on optical fibers [56] [57] and materials [58] [59], across a wide temperature range, from
- 120 °C to + 400 °C, in laboratory standard atmospheric conditions. The available equipment
encompasses [60]. Of the three irradiators, the two used in the experiments of the present work
are the LabHX and the MOPERiX facilities. The main specifics, common to both, are reported
in Table 3.1 and two pictures are respectively reported in Figure 3.1 and 3.2.
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Characteristic Details
Maximum Voltage 225 kV (160 kV)
Maximum Current 30 mA (45 mA)

Target Material Tungsten (W)
Anode Angle 30°

Tube Filtration 2 mm of Beryllium (Be)
Maximum Tube-Sample Distance ∼ 1.5 m

Table 3.1: Main characteristics of the X-ray facilities at Hubert Curien Laboratory, Saint-Etienne,
France [60].

Figure 3.1: Picture of the LabHX facility at Hubert Curien Laboratory.

These features make the PETRA facility particularly suitable for dosimetry studies. The X-
ray fields are generated by an electron beam impinging on a metallic target, producing photons
mainly through bremsstrahlung radiation and, to a lower extent, by characteristic X-ray emission.
By adjusting the acceleration voltage of the tube, the maximum photon energy and the spectral
distribution can be tuned, while variations of the tube current directly control the photon flux
and therefore the dose rate. Moreover, the dose rate can be easily varied by several orders of
magnitude not only through the current setting but also by changing the sample position with
respect to the source, thanks to the large accessible range of distances in the irradiation cell.

62



3.1 – PETRA X-ray irradiation platform

Figure 3.2: Picture of the MOPERiX facility at Hubert Curien Laboratory.

In this work, the X-ray fields of PETRA were used as a reference environment to test optical
fiber dosimeters, providing a well-defined and tunable photon field prior to their investigation
in mixed neutron–photon environments such as the one at the TRIGA reactor. The selection
of beam parameters (voltage, current, and exposure time) thus enables exploration of the fiber
response under different total doses, dose rates, and spectral conditions, laying the experimental
groundwork for subsequent analysis.

The experiments serve a dual purpose: on one hand, they allow us to calibrate and benchmark the
response of the fibers against well-characterized reference conditions; on the other hand, they can
provide insights into the feasibility and limitations of fiber-based dosimetry in reactor irradiation
scenarios.

In particular, two dosimetric techniques previously introduced in Chapter 1 were investigated:
RIL, suitable for real-time dose-rate monitoring, and RIA, which provides a real-time cumulative
measure of the absorbed dose. The complementary nature of these approaches makes it possible
to assess different potential applications inside the TRIGA TC. From the Monte Carlo simula-
tions performed with the TC fields (see Chapter 2), the photon and neutron dose rates in the
central irradiation positions were estimated to be of the order of a few tens of mGy·s−1, corre-
sponding to cumulative doses ranging from a few gray up to several hundred gray for irradiation
times between a few minutes and many hours, which are typical durations for BNCT treatments.
These values can be directly compared with the sensitivity ranges obtained experimentally at PE-
TRA: the RIA-based P-doped fiber shows a linear and stable response up to several hundred Gy,
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making it suitable for integrated dose mapping over extended irradiation periods, while the RIL-
based fibers provide real-time dose-rate measurements in the mGy·s−1 range, which matches the
instantaneous dose-rate conditions predicted in the TC. Therefore, combining RIA and RIL de-
tection allows both cumulative and real-time dosimetry within the same radiation environment,
addressing the different operational needs expected in the TRIGA facility.

The following sections present the results of these experimental campaigns, highlighting both
methodological aspects and their relevance for future deployment of optical fiber dosimeters in
BNCT and, more broadly, in non-conventional radiotherapy contexts.

3.2 RIL Measurement

The methods and results presented in this section are part of the work published and currently
under revision for the article "Radiation-Induced Luminescence of a Medium-OH Pure Silica
Core Multimode Optical Fiber in Steady-State and Pulsed X-ray Irradiations: Potential and Lim-
itations for Dosimetry", by L. Breccia et al., submitted to Physica Status Solidi (a) in Septem-
ber 2025 [55].

3.2.1 Materials and Methods

The experimental campaign was devoted to the characterization of the RIL response of the Ce-
doped and M-OH optical fibers under continuous X-ray exposure. The former are known to
exhibit strong RIL around 500 nm under radiation exposure. For this reason they are among the
candidates for radiation RIL-based monitoring [7] [61]. In this campaign this fiber was considered
as reference. M-OH is a multimode optical fiber with pure silica core, fluorine-doped cladding
and polymide coating, manufactured by Exail [62]. The term "medium" refers to the intermediate
concentration of hydroxyl groups, compared to the existing high and low-OH optical fibers. M-
OH fibers have been employed as transport fibers in RIL experiments [57], because of their low
RIA in the visible range. Information about both the samples is reported in Table 3.2.

Sample Core Diameter Cladding Diameter Coating Diameter
M-OH 112 µm 125 µm 150 µm

Ce-doped 110 µm (50 µm doped with Ce) 126 µm 242 µm

Table 3.2: Geometrical characteristics of the investigated optical fibers.

Irradiation experiments were performed with the X-ray tube operated at 100 kV (standard value,
see for example [61] and [63]). Eight different dose rates were tested by adjusting the tube cur-
rent: 0.3, 0.6, 2.3, 6.0, 29.9, 59.9, 89.9 and 179.7 mGy(SiO2)/s. The dose rate was experimentally
determined using a calibrated ionization chamber placed at the irradiation position. The chamber
readings, originally expressed as absorbed dose in water, were converted into the corresponding
absorbed dose in silica (SiO2) by applying a conversion factor of 2.5 [55]. For the short Ce-doped
sample (2 cm in length), a single readout centered on the sample was sufficient to characterize
the delivered dose. In contrast, for the longer M-OH spooled fibers, four measurements were
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performed at different positions along the coil and averaged to account for possible field inho-
mogeneities. The maximum variation among these positions was below 1.6%, confirming the
uniformity of the irradiation field across the entire fiber length.

RIL was detected with a photomultiplier tube (PMT) connected to the irradiated fiber through
a M-OH transport fiber. The transport fiber (as schematically representated in Figure 3.3) was
shielded with ∼3 mm of lead to minimize parasitic contributions, such as luminescence induced
in the transport line.

PMT signals were recorded as counts per second (cps) with a gate time of 1 s. Background signals
were acquired in dark conditions and subtracted from the measurements.

Figure 3.3: Schematic of the setup used in the first campaign.

Two samples were tested:

• a 2 cm Ce-doped fiber, stripped of its coating;

• a 391.5 cm M-OH fiber (simply referred to as M-OH 4m), spooled with an internal radius
of 2.5 cm (Figure 3.4).

The choice of employing a monolayer spool was made to ensure a sufficiently homogeneous
irradiation of 4 m of optical fiber in both the vertical and horizontal directions.

Additional measurements were performed on a shortened M-OH fiber of 290.5 cm (M-OH 3m)
in order to evaluate the length dependence for the M-OH fiber.

Finally, a systematic study was carried out with M-OH fiber lengths ranging between 59 and
190.5 cm, irradiated at a fixed dose rate of 89.5 mGy(SiO2)/s, to investigate the linearity of
sensitivity with fiber length.

3.2.2 Results and Discussion

Figure 3.5 reports the RIL kinetics for both samples during a sequence of irradiation steps at
increasing dose rates (each step corresponds to a dose rate value). In both cases, the luminescence
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Figure 3.4: Photograph of the M-OH fiber (4 m) arranged in a spool with 2.5 cm internal radius.

increases with dose rate when the beam is switched ON (plateau of the step) and decreases when
the beam is switched OFF. This well-known response is used for the construction of RIL-based
optical fiber dosimeters for dose rate measurement. However, a significant difference emerges in
the relaxation kinetics of the two fibers: the M-OH fiber rapidly returns to the background level,
while the Ce-doped fiber exhibits a slower signal decay when the irradiation turns OFF, resulting
in a pronounced afterglow. The faster recovery of the M-OH fiber could represent a promising
feature for dosimetry in scenarios where fast stabilization or afterglow is required.

However, it is important to note that, in this experiment, the two samples have very different
length (2 cm for the Ce-doped and almost 4 m for the M-OH). Therefore, the absolute RIL values
cannot be directly compared. The experiment focuses on a comparison between the two fibers
for what concerns transient behaviors and the measurement of parasitic effects such as afterglow.

Figure 3.5: RIL kinetics for the Ce-doped fiber (blue) and the 4 m M-OH fiber (red) as a function
of irradiation times. The Ce-doped sample shows a marked afterglow once the beam is switched
off, while the M-OH fiber more rapidly returns to the background level. The inset highlights the
behaviour at the three lowest dose-rate conditions. Acknowledgments Breccia et al. [55].
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The RIL as a function of dose rate is shown in Figure 3.6. As expected, M-OH samples of
both lengths exhibit a linear RIL dependence on the dose rate across the entire explored range
(0.3–179.7 mGy(SiO2)/s). This linearity is a desired prerequisite for this promising RIL-based
dosimeter [8]. The higher absolute signal recorded from the M-OH samples compared to the 2 cm
Ce-doped fiber reflects the different sample lengths and does not correspond to a higher intrinsic
sensitivity.

Figure 3.6: RIL signal as a function of dose rate for the Ce-doped (2 cm) and the M-OH fibers
of 3 m and 4 m length. Both M-OH samples show a clear linear dependence across the entire
investigated range, confirming their suitability for quantitative dosimetry. The parameters of
the fit for the red line are: slope = 876.95 kCounts/mGy[SiO2] and R2 = 0.999. For the green
one: slope = 694.78 kCounts/mGy[SiO2] and R2 = 0.999. Finally for the blue: slope = 526.19
kCounts/mGy[SiO2] and R2 = 0.999. The higher absolute signal of the M-OH fibers is mainly
due to their longer length.

Figure 3.7 shows the sensitivity of the M-OH fiber, expressed in counts per second per unit dose
rate, as a function of fiber length. The results show a linear trend (slope = 2.29 cps·mGy−1·cm−1,
R2 = 0.998), allowing the sensitivity of the fiber to be tuned by simply adjusting the fiber length.
For comparison, the 2 cm Ce-doped sample (represented by a blue dot in the picture) exhibits
a sensitivity of 526.2 cps/mGy, which, when normalized by length, remains significantly higher
than that of the M-OH fiber due to the intrinsic efficiency of Cerium doping. Extrapolation of the
linear trend suggests that M-OH fibers longer than ∼230 cm can reach signal levels comparable
to those of short Ce-doped probes.
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Figure 3.7: Sensitivity of the M-OH fiber as a function of fiber length at a fixed dose rate of
89.5 mGy(SiO2)/s. The blue dot represents the 2 cm Ce-doped sample, which exhibits much
higher intrinsic efficiency per unit length.

These results highlight the flexibility of M-OH fibers: by properly choosing the length, the sen-
sitivity can be tuned across a wide dynamic range while preserving linearity. Moreover, their
reduced afterglow compared to Ce-doped fibers represents a clear advantage for applications re-
quiring rapid recovery and minimal memory effects. Although the present measurements already
demonstrate tunable sensitivity, the upper limit of the usable dynamic range has not yet been
reached. Future experiments involving longer fiber lengths need to be carried out to identify the
onset of radiation-induced attenuation effects that may impact the transmitted signal and limit the
overall linearity.

The encouraging performance of the M-OH and Ce-doped fibers confirms the suitability of RIL-
based systems for real-time dose-rate monitoring in photon fields. Beyond the specific exper-
imental conditions tested here, RIL dosimeters represent a promising solution for applications
in mixed radiation fields, such as neutron–photon environments encountered in research reactors
or accelerator facilities. In these conditions, the rapid and purely optical response of RIL sen-
sors makes them well suited for operation in harsh or mixed radiation fields, where the use of
conventional electronic detectors may be challenging.

3.3 RIA Measurement

3.3.1 Materials and Methods

The fiber investigated in this campaign is a single-mode phosphosilicate (P-doped) optical fiber.
The fiber has an acrylate coating and is characterized by a high sensitivity to radiation due to the
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presence of phosphorus-related point defects, in particular the P1 center, which exhibits an ab-
sorption band peaked around 1570 nm. This band is thermally stable and spectrally well aligned
with the probing wavelength of standard OTDR systems (1550 nm), making P-doped silica fibers
intrinsically suitable for distributed radiation dosimetry [50]. Fluorine is also introduced in the
cladding to tailor light guiding properties, while residual chlorine impurities from the fabrication
process remain at low levels (∼0.2%).

For these irradiations, the X-ray tube current was set to 12 mA, corresponding to a dose rate of
1 Gy(SiO2)/s at the irradiation position. The sample was irradiated up to a total absorbed dose
of 375 Gy. The fiber, 20 m in length, was arranged in a monolayer coil with a 2.5 cm of internal
radius to ensure uniform exposure. The irradiation setup is reported schematically in Figure 3.8,
while photographs of the irradiator and of the spooled fiber are shown in Figures 3.10 and 3.9,
respectively. This specific combination of dose and dose rate was selected to reproduce, un-
der controlled X-ray conditions, the magnitude of cumulative doses and instantaneous dose rates
similar to the expected ones in the TRIGA TC. Although the radiation fields differ in nature, this
configuration allows assessing the feasibility of RIA-based measurements for reactor environ-
ments, verifying the fiber stability and linearity over the dose levels relevant for potential in-core
dosimetry experiments.

Distributed measurements were acquired with a VIAVI/JDSU OTDR operating at 1550 nm. The
selected configuration employed a pulse width of 5 ns and an integration time of 4 s.

Figure 3.8: Schematic layout of the RIA experimental setup. A single-mode P-doped fiber was
spooled in a monolayer geometry and interrogated with the OTDR during irradiation. A radiation-
hard transport fiber was used to connect the exposed section to the instrument, ensuring that the
measured attenuation variations originated solely from the irradiated sample.
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Figure 3.9: Photograph of the 20 m P-doped silica fiber arranged in a monolayer coil of 2.5 cm
radius for irradiation.

Figure 3.10: The MOPERiX X-ray irradiator at PETRA used for the RIA campaign. The fiber
coil was placed in the irradiation field produced by the target. The coil on the square plate is the
sample and the hole in the cylinder connected to the blue and red tubes is from where X-rays are
emitted.
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Data Analysis

The characterization of the RIA was carried out using an Optical Time Domain Reflectometer
(OTDR). This technique allows to measure the optical power backscattered along the fiber as
a function of distance, thus providing spatially-resolved information on the local transmission
losses. In practice, the OTDR launches a sequence of short optical pulses into the fiber and
records the intensity of the Rayleigh backscattered light as a function of the time-of-flight of the
return signal. By converting time into distance, the resulting trace represents the response of the
fiber along its entire length, meter by meter.

The initial portion of the trace corresponds to the transport or pigtail section, which is not directly
exposed to radiation. Following this region, a distinct section appears, corresponding to the
irradiated fiber sample. Within this portion, the recorded signal progressively decreases with
increasing dose, due to the generation of radiation-induced defects that absorb and scatter light.
The slope of this descending region is therefore directly related to the RIA, which quantifies the
additional optical losses caused by irradiation.

The RIA is defined as the excess attenuation of the transmitted signal per unit length, as defined
in Chapter 1. An increasing RIA corresponds to a larger induced absorption, and consequently to
a steeper slope of the OTDR trace.

The final segment contains reflections from splices or connectors, which appear as sharp step-like
peaks. These discontinuities are excluded from the slope fitting procedure, as they do not carry
information on the RIA itself.

By comparing OTDR traces acquired at successive irradiation times, the progressive increase in
slope provides a direct visualization of the RIA build-up as a function of dose.

A reference signal was firstly acquired before the irradiation start. Afterwards the irradiator was
switched on for 375 s to obtain a total dose of 375 Gy. The data registered as a function of the fiber
length were plotted. For clarity, only a limited number of representative profiles, corresponding
to the unirradiated reference, an intermediate dose, and the maximum accumulated dose, are
reported in Figure 3.11, which represents the complete OTDR profile along the whole scan length
set to 100 m. Graphically, we choose a specific region in terms of length of the profile obtained,
in order to have a signal not disturbed by the noise. Figure 3.12 represents a zoom on the region
of the signal in function of length (15 - 19 m) interesting for the RIA analysis.

71



X-ray Irradiation Experiments at PETRA platform

Figure 3.11: Representative OTDR backscatter profiles acquired during irradiation in function
of time. The slope of the exposed section steepens progressively due to RIA. Step-like features
correspond to splices and connectors and are excluded from the slope fitting.

Figure 3.12: Zoom on the analyzed fiber span (15 - 19 m). Colored curves show successive
acquisitions; dots mark the samples used for local linear fits to extract the attenuation coefficient
α(z). It is possible to notice that the slope of the signal increases with time.

As already described, before irradiation a reference trace is acquired to determine the intrin-
sic losses of the pristine fiber, which include contributions from Rayleigh scattering and resid-
ual manufacturing defects. During irradiation, additional losses arise from the generation of
radiation-induced point defects acting as absorption centers within the silica matrix. The total
attenuation coefficient αtot can therefore be written as the sum of two components:

αtot(λ, t) = αint(λ) + αRIA(λ, t), (3.1)
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where αint is the intrinsic attenuation of the non-irradiated fiber, and αRIA represents the ad-
ditional attenuation induced by irradiation. This relation follows the conventional definition
adopted in the literature for RIA, where it is expressed as the increase of the linear attenuation
coefficient under irradiation with respect to the pristine value [64].

Experimentally, the slope of the logarithmic OTDR trace in the irradiated region provides a direct
estimate of αtot. The intrinsic coefficient αint is determined from the pre-irradiation reference
trace, and the radiation-induced term is obtained by subtraction:

αRIA(λ, t) = αtot(λ, t) − αint(λ). (3.2)

This difference corresponds to the excess optical loss caused by the creation of radiation-induced
defect centers. This approach allows the evaluation of the RIA evolution as a function of dose and
distance along the fiber, following the methodology commonly adopted for distributed radiation
measurements in optical fibers (see for example [12]).

This allows RIA as a function of time to be estimated starting form an OTDR track. The result
of this data analysis is shown in Figure 3.13. The uncertaintes were estimated from the standard
deviation of fit residuals and are shown as error bars.

Figure 3.13: RIA as a function of the absorbed dose with linear fit with error bars (±σ from fit
residuals). The slope is 0.003135 dB·m−1·Gy−1 (≈ 3.135 dB·km−1·Gy−1). RIA versus dose
with error bars (±σ from fit residuals). The linear model adequately describes the response in the
analyzed dose range.

The obtained RIA exhibits a linear dependence on the absorbed dose within the investigated
range, with a slope of (3.1 ± 0.1) dB·km−1·Gy−1, consistent with a proportional increase of in-
duced absorption with dose. This behaviour confirms that the attenuation process is dominated
by the formation of radiation-induced point defects whose concentration increases linearly with
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deposited energy. The quality of the linear regression is confirmed by a coefficient of determi-
nation of R2 = 0.998, indicating an excellent agreement between data and model. The slope
value extracted from the fit is in good agreement with the results reported in the literature for
P-doped fibers, which typically range between 3 and 4 dB·km−1·Gy−1 under similar irradiation
conditions [50].

3.3.2 Discussion and Conclusions

The OTDR measurements allows RIA measurement for dosimetry. The method allowed the de-
termination of local attenuation coefficients, enabling quantification of the radiation response
along the exposed fiber span. This spatially resolved capability represents a key advantage of
OTDR-based dosimetry, as it provides information on the dose distribution along the fiber rather
than a single integrated value. Such distributed measurement allows the detection of local inho-
mogeneities in the radiation field or the identification of regions subjected to different exposure
conditions, which is particularly relevant for complex fields such as the one at the TRIGA TC.

The RIA versus dose curve (Figure 3.13) shows a linear trend with the parameters previously
introduced, up to the maximum investigated dose of approximately ∼400 Gy. The sensitivity
coefficient was found to be 0.0031 dB·m−1·Gy−1, with residual deviations within a few percent
beyond 100 Gy. This value is in agreement with previous studies on this optical fiber [50].
OTDR investigation can provide a reliable estimation of absorbed dose. Beyond its sensitivity to
radiation-induced attenuation, this technique offers specific advantages that make it particularly
attractive for applications in complex irradiation facilities such as the TRIGA TC.

First, OTDR is a single-end measurement: both light injection and signal collection are performed
from the same side of the fiber. This feature allows dosimetric monitoring in areas that are
difficult to access or that cannot be instrumented on both ends, such as the inner regions of the
TC, using only one optical port and a single interrogation unit located outside the biological
shielding. Moreover, the method enables the acquisition of spatially resolved information along
the fiber length, providing a distributed dose profile rather than a single integrated value, while
also allowing almost real-time readout during irradiation.

Such characteristics could, in principle, make OTDR-based fibers suitable for permanent integra-
tion within the TC as part of a monitoring system capable of tracking the dose distribution during
experimental campaigns. However, several practical challenges can be anticipated. The high
radiation field may progressively degrade the fiber and connectors, thermal variations could in-
fluence both the optical response and the calibration stability and the long-term operation would
require radiation-hardened feedthroughs and stable optical alignment over repeated reactor cy-
cles. Nevertheless, the possibility of obtaining spatially resolved, single-end dose information in
real time represents a significant advantage for experimental dosimetry in mixed neutron–photon
environments.

The effective spatial resolution is limited by the OTDR pulse width and SNR, which in this con-
figuration allows reliable extraction of attenuation over windows of a few meters. This sets the
minimum detectable irradiated length for this technique. The broad appearance of the splice
signature is consistent with the effective spatial resolution of approximately 1 m in this configu-
ration.
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Error bars derived from the standard deviation of the linear regression slopes, obtained from
the residuals of each fit, remain below ±0.05 dB·m−1 across the investigated dose range. This
corresponds to a relative uncertainty below 5% on the RIA values, indicating good reproducibility
of the measurements and reliable sensitivity estimation.

The results show that OTDR-based monitoring can provide both real-time and distributed dosi-
metric information with a simple setup.

3.4 A setup for pulsed X-ray irradiations for FLASH Radiotherapy
applications

In recent years, an innovative radiotherapy technique, known as FLASH (FLASH RT) has at-
tracted growing interest. It was observed that irradiation delivered at ultra-high dose rate (UHDR,
>40 Gy/s) leads to a remarkable sparing of normal tissues while maintaining tumor control com-
parable to conventional dose rate (∼0.1 Gy/s) radiotherapy [65]. This property has the potential
to substantially expand the therapeutic window of RT.

A key feature of FLASH RT is the dependence of normal tissue sparing on both the dose and
the temporal structure of irradiation. Quantitative analyses have demonstrated that the FLASH
effect becomes more pronounced for single-fraction doses above 5-10 Gy, provided that the entire
fraction is delivered within a time window shorter than 200 ms [66].

Although the underlying mechanisms are not yet fully cleared, several hypotheses have been
advanced. Among the most widely discussed is the oxygen depletion hypothesis, according to
which UHDR irradiation transiently reduces tissue oxygenation, decreasing the production of
DNA-damaging reactive oxygen species. Other proposed mechanisms include modifications of
the immune response and altered redox signaling. Regardless of the precise biological basis,
extensive preclinical evidence supports the FLASH effect. Studies in mice, mini-pigs, cats and
dogs have consistently shown reduced acute and late toxicity in organs such as brain, skin and
intestine, while tumor control remained unaffected. Furthermore, the first patient was treated
with electron FLASH RT in 2019, marking a milestone in its clinical translation [67].

The vast majority of preclinical and early clinical FLASH studies have employed high-energy
electron (HEE, 4-20 MeV) beams, which are well suited for superficial targets. Such beams can
be generated by either dedicated compact accelerators or by modified clinical linear accelerators
operating in UHDR mode [65]. However, their limited penetration depth restricts applications to
shallow lesions or intraoperative settings.

To overcome this limitation, very-high energy electron (VHEE, 50-250 MeV) beams have been
proposed. VHEEs can reach deep-seated tumors while offering sharp lateral penumbrae, poten-
tially enabling treatments with conformity comparable to intensity-modulated photon therapy.
In addition, the compactness and cost-effectiveness of VHEE accelerators make them attractive
candidates for future clinical adoption [68].

Unlike conventional RT, where sophisticated treatment planning systems (TPS) are routinely em-
ployed, FLASH RT has so far been delivered with simplified irradiation geometries, often single
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broad beams. Nevertheless, the transition to more complex anatomical sites will require accurate
three-dimensional planning and beam modeling.

Monte Carlo (MC) methods represent the gold standard for dose calculation in UHDR electron
beams, due to their ability to account for tissue heterogeneities and beam transport physics with
high accuracy. However, FLASH treatment planning must address challenges that go beyond
dose distribution alone:

• Incorporation of temporal delivery parameters, such as pulse repetition frequency, dose per
pulse and intra-pulse dose rate.

• Definition of FLASH predictors, such as quantitative metrics to estimate the probability of
inducing the FLASH effect, based on dose, delivery time and dose-rate thresholds.

• Standardization of dose and beam parameter reporting across different experimental plat-
forms, to ensure reproducibility and comparability of clinical outcomes.

The integration of quantitative analyses of normal tissue sparing with advanced treatment plan-
ning tools provides the basis for the clinical translation of FLASH RT. The initial applications are
likely to involve superficial lesions and intraoperative radiotherapy, where large single fractions
are already standard practice. Looking further ahead, the development of compact VHEE sys-
tems and the implementation of beam delivery techniques optimized for UHDR conditions may
enable FLASH RT to treat deep-seated tumors, potentially rivaling or surpassing the conformity
of current photon and proton modalities.

FLASH RT represents one of the most promising innovations in radiation oncology. The com-
bined effort of biological research, technological development and treatment planning optimiza-
tion will be crucial to realize its clinical potential and establish it as a standard modality in the
fight against cancer.

3.5 Introduction to pulsed irradiation tests

Studies of RIL in optical fibers have long been performed under continuous irradiation [64].
Such tests make it possible to pin down essential features of the response: how the signal scales
with dose, how it changes with fiber length, and steady-state phenomena such as afterglow and
the Bright Burn Effect (BBE). Yet, continuous exposure does not mirror the timing of modern
accelerator beams, which are often delivered in pulses, nor does it reflect the conditions typical
of FLASH radiotherapy.

In FLASH radiotherapy, very high doses are delivered in ultra-short time windows, commonly as
trains of high-intensity pulses at ultra-high dose rate (UHDR) [69][70]. Under these conditions,
a dosimeter must resolve single pulses, recover quickly from one pulse to the next, and keep
parasitic contributions as low as possible. Measurements performed only in continuous mode are
not sufficient to test these requirements, which motivates dedicated pulsed-irradiation studies.

Recent work has shown that optical fibers can track pulsed accelerator beams, while also mapping
out the limitations that appear at UHDR [71].
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In this context, we developed a dedicated setup to perform pulsed X-ray irradiations and acquire
the RIL signal in real time. The system, designed and implemented as part of [55], was used to
probe the temporal behavior of M-OH pure-silica fibers under pulsed conditions, with the goal of
assessing their suitability for FLASH-oriented applications. The pulsed tests yield information
on how the RIL signal evolves between consecutive pulses, on the size of the afterglow, and on
possible parasitic effects. Making a clear connection between this temporal response and the
needs of FLASH dosimetry is a necessary step toward real-time, pulse-resolved monitoring for
advanced radiotherapy.

3.5.1 Materials and Methods

A dedicated setup was developed in order to create conditions for pulsed irradiation by using the
LabHC X-ray continuous beam. The system, schematically shown in Figure 3.14, is based on a
rotating aluminum disk with an open window of 0.242 rad, positioned between the X-ray source
and the optical fiber holder. The fiber sample was aligned along the disk diameter and placed 3 cm
below it, so that each disk rotation alternately exposed or shielded the fiber from the beam. De-
pending on the angular position of the aperture, the sample could be fully shielded (beam OFF) or
fully exposed (beam ON). To ensure mechanical stability, the disk was designed with alternating
sectors of one and two aluminum layers. As a result, three distinct conditions were periodically
produced during rotation: full transmission through the open window, partial attenuation through
a single aluminum layer and strong attenuation through two aluminum layers. As verified with
a calibrated ionization chamber at the sample position, the shielded sectors reduce the dose rate
by a factor of ∼2.1 for one aluminum layer and by ∼41 for two aluminum layers, with respect to
the open window configuration and the corresponding RIL amplitudes decrease proportionally.

Figure 3.14: Schematic of the setup used in the pulsed tests, view from above.

The transport fiber (M-OH) guiding the RIL signal to the photomultiplier tube (PMT) was shielded
with ∼3 mm of lead to minimize spurious contributions. Figure 3.15 shows the experimental
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setup.

Figure 3.15: Rotating disk setup for pulsed RIL measurements, showing the source, the aluminum
disk and the lead shielding of the transport fiber.

The data were acquired with a time resolution of 1 ms for the rotation at 56 rad/min, correspond-
ing to ON/OFF times of ∼259 ms and 6.47 s, respectively, and 500 µs for the one at 112 rad/min,
which halved these durations. The beam ON and beam OFF times per rotation could be esti-
mated from the window opening angle and the rotation speed. This made it possible to probe
different inter-pulse intervals and evaluate whether afterglow from one pulse overlapped with the
subsequent one.

The pulsed irradiation campaign was performed by varying the X-ray tube current to deliver dose
rates of 0.04, 0.07, 0.35, 0.71, 3.54, 7.08, 10.63, and 21.29 Gy(SiO2)/s to the samples. Two types
of optical fibers were investigated, as in the continuous RIL experiment discussed in Chapter 3:
a Ce-doped reference fiber (2 cm long) and an M-OH pure silica fiber (7 cm long), both tested
under identical conditions.

3.5.2 Results and Discussion

Both fibers were able to follow the modulation introduced by the rotating disk. Figure 3.16
shows the RIL temporal traces recorded at a rotation speed of 56 rad/min for an irradiation at
10.63 Gy(SiO2)/s, comparing the responses of the 2 cm Ce-doped reference fiber and the 7 cm
M-OH fiber. The periodic modulation of the RIL signal reflects the alternation of the open and
shielded sectors of the rotating disk: high peaks correspond to the fully exposed beam, intermedi-
ate levels to the partially shielded regions (single aluminum layer, attenuated dose), and minima
to the double-layer sectors where the beam is completely blocked (beam OFF).

In the attenuated regions, the RIL amplitude decreased by a factor of ∼2.1 with one aluminium
layer and by ∼41 with two layers. The RIL signal scaled consistently with the delivered dose
rate, confirming the linear behaviour of both fiber types under pulsed conditions.
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Figure 3.16: RIL as a function of time for a disk rotation frequency of 56 rad/min and 60 s irra-
diation. Data refer to selected results of the 7 cm M-OH fiber and the 2 cm Ce-doped reference,
at a dose rate of 10.63 Gy(SiO2)/s.

A crucial difference emerged when analyzing the traces acquired at the higher rotation speed of
112 rad/min (Figure 3.17). The M-OH fiber exhibited a very fast recovery to baseline (trec ≈ 34
ms), defined as the time required for the RIL signal to decrease to within 5% of its pre-pulse level,
allowing each pulse to be clearly distinguished from the next. In contrast, the Ce-doped fiber
showed a persistent afterglow, with residual luminescence tails extending into the OFF period
and partially overlapping with subsequent pulses.

These observations were consistent across all dose rates and rotation speeds tested. The fast
recovery of the M-OH fiber could represent a clear advantage for applications in which pulses are
delivered at short intervals, such as in FLASH radiotherapy.

Figure 3.17: Zoom on the first pulses recorded at 112 rad/min. Comparison between the Ce-
doped fiber (left) and the M-OH fiber (right).

The pulsed tests highlight the complementary behaviour of the two fiber types. Ce-doped fibers
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provide high intrinsic sensitivity but suffer from significant memory effects that complicate pulse
discrimination. Conversely, M-OH fibers show lower per unit length sensitivity but combine
linearity, tunability of response with fiber length, and negligible afterglow.

For FLASH RT, where accurate monitoring of ultra-high dose rate pulses is essential, the M-OH
fiber emerges as a promising candidate. Its rapid decay prevents overlap between closely spaced
signals, ensuring reliable reconstruction of the dose delivered per pulse. In addition, the minimal
contribution from parasitic effects strengthens its suitability as both a transport element in hybrid
systems and as a potential standalone dosimeter.

The pulsed irradiation experiments confirmed the strong potential of M-OH PSC OF in particular,
but of optical fibers in general, for FLASH-related dosimetry. They exhibited:

• a linear dose-rate response under pulsed conditions,

• fast recovery dynamics (trec ∼ 34 ms)

• limited afterglow and negligible BBE

Although Ce-doped fibers remain highly efficient light emitters, their persistent afterglow reduces
their usefulness in UHDR pulsed regimes. The M-OH fibers therefore represent a more robust
option for time-resolved dosimetry, particularly in the perspective of FLASH radiotherapy, where
pulse-resolved and real-time monitoring is a prerequisite for safe and effective clinical implemen-
tation.

The experimental evidence obtained at PETRA, both in continuous and pulsed photon regimes,
complements the TRIGA studies by demonstrating the versatility of silica-based optical fibers
across distinct non-conventional radiotherapy modalities.
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Chapter 4

Feasibility of RIL and RIA
Experiments at the TRIGA Reactor

From a practical standpoint, assessing the feasibility of performing the proposed experimental
techniques within the TRIGA thermal column requires careful consideration. In this environment,
the mixed neutron–photon field differs substantially from the pure photon conditions reproduced
at PETRA. Neutrons, in particular, can induce additional damage mechanisms in silica, leading
to the formation of specific defect populations that may alter both the kinetics and the spectral
characteristics of RIA [72].

From the perspective of RIA experimental design, it is therefore essential to estimate the fiber
length required to detect the expected attenuation under the mixed-field conditions of the TRIGA
column. Using the simulation results reported in Chapter 2 and assuming a source emission rate
in the range of 1010–1012 source/s for neutrons and 109–1011 source/s for photons [28], a dose
rate of approximately ∼1.4 mGy/s can be expected at the analyzed position.

For P-doped fibers, the radiation-induced losses at 1550 nm increase linearly with absorbed dose
up to about 500 Gy, with a typical sensitivity coefficient (S) of 4 dB/(km·Gy) [73]. This parameter
quantifies the incremental optical attenuation per unit dose and per unit fiber length. Knowing the
instrument dynamic range (DR), the total dose (DT ) expected during an irradiation of duration
, and the fiber sensitivity S, the required fiber length L for a measurable OTDR signal can be
estimated as:

L = DR

DT · S
. (4.1)

Considering an average BNCT irradiation time of approximately one hour (t = 3600 s) and a dose
rate of ∼1.4 mGy/s, the corresponding total dose is DT ≈ 5.04 Gy. Assuming a dynamic range
of 5 dB (see Figure 3.13), the minimum fiber length is therefore:

L = 5 dB
5.04 Gy × 4 dB

km·Gy

≈ 0.24 km = 240 m. (4.2)
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Thus, a total fiber length of about 240 m would be required to obtain a measurable RIA signal in
the OTDR trace under the expected dose rate of the TRIGA thermal column.

To verify the mechanical feasibility of this configuration, it is useful to estimate the dimensions
of a single-layer spool capable of hosting this fiber length and to compare them with the internal
cavity of the thermal column. Assuming an initial inner radius of r0 = 2.5 cm and a radial
increment between successive turns equal to the fiber outer diameter (t = 234 µm, as in the
simulated model), the total wound length after N turns can be expressed as:

L(N) =
N−1∑︂
k=0

2π(r0 + k t) = 2π
(︃
Nr0 + t

2N(N − 1)
)︃
, (4.3)

where:

• L(N) is the total fiber length after N turns [cm],

• r0 is the radius of the first turn (centerline) [cm],

• t is the radial step between turns, equal to the fiber outer diameter [cm],

• N is the total number of turns,

• k is the turn index.

Solving Eq. 4.3 for L(N) = 240 m yields approximately N = 475 turns, corresponding to an
external coil diameter of ≈ 27.2 cm. Considering that the thermal column cavity measures
20.5 cm × 40 cm × 103.5 cm (see Chapter 2), this dimension is fully compatible with the avail-
able space when the spool is positioned horizontally on the bottom surface, parallel to the reactor
floor.

Nevertheless, this configuration must account for the spatial variation of the mixed field across
the coil diameter, which could result in non-uniform dose deposition among the fiber turns. A
possible mitigation strategy involves performing double-ended RIA measurements, by connect-
ing a white-light source and a spectrometer to the two fiber ends and analyzing the transmitted
spectrum. This approach, already implemented in the LUMINA experiment aboard the Interna-
tional Space Station [74], would also enable the use of a multi-layer coil configuration to optimize
space utilization and detection sensitivity. Alternatively, operating at shorter wavelengths (in the
visible range) could enhance the sensitivity coefficient, thereby reducing the required fiber length
for a given measurable attenuation [63], although this approach remains less explored.

Furthermore, it is important to estimate the minimum irradiation time required to acquire the first
detectable point of the measurement, which is the time necessary for the induced attenuation to
exceed the detection threshold of the instrument. For the OTDR system employed, the minimum
detectable loss corresponds to approximately 0.01 dB. Dividing this value by the total fiber length
estimated above (0.24 km) yields an equivalent distributed loss of 0.04 dB/km. By further divid-
ing this quantity by the fiber sensitivity coefficient (S = 4 dB/(km · Gy)), the minimum visible
dose increment can be determined as:

Dmin = 0.04 dB/km
4 dB/(km · Gy) = 0.01 Gy.
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Feasibility of RIL and RIA Experiments at the TRIGA Reactor

This means that, under the expected dose rate of ∼1.4 mGy/s, the system would require approx-
imately 7 s to accumulate the minimum measurable RIA signal. Therefore, over an irradiation
time of 1 hour, the number of measurable data points would be largely sufficient to perform a reli-
able dosimetric analysis of the fiber response. Also for a typical radiobiology experiment lasting
10 minutes (plus power-rise time) the number of measurable data guarantee a sufficient statistics.

As discussed in Chapter 1, unlike RIA measurements, which are relative, RIL measurements are
absolute. It is therefore crucial to determine the expected signal counts at the considered dose rate
to ensure a detectable signal above the noise level. From the results presented in Chapter 3, and
in particular from the slope of the blue curve for the Ce-doped fiber in Figure 3.6, the estimated
photon count rate at ∼1.4 mGy/s is approximately 730 kcounts/s. Comparing this value with the
signal noise variation observed in the same experiment (∼4 kcounts/s) confirms the detectability
of the RIL signal under these conditions. Overall, these analyses confirm the feasibility of the
proposed experiment in the TRIGA thermal column, while keeping in mind that the presented
calculations and laboratory measurements were carried out under controlled conditions, and that
the reported dose rate represents an equivalent value.

Several additional parameters could influence the final RIL signal. For instance, the splice be-
tween the sensing and transport fibers (M–OH), the connection to the detection system, and par-
ticularly the presence of external light may degrade the measurement. To mitigate the latter issue,
shielded transport fibers and properly sealed optical passages can be employed. Moreover, the
photomultiplier tube (PMT) can be placed in a darkened area of the reactor hall, where radiation
levels are sufficiently low to ensure its long-term stability. Such arrangements have already been
successfully implemented in similar setups using custom M–OH transport fibers, demonstrating
that adequate optical shielding and detector positioning can be achieved in practice [75].

Clearly, all these aspects must ultimately be evaluated in situ to quantify the relative impact of the
different factors. For instance, light shielding for RIL measurements could lead to a partial reduc-
tion of the detected signal, since dark conditions are more challenging to achieve in the reactor
environment than in the controlled laboratory conditions of the LabHX facility in Saint-Étienne.
Another key distinction lies in the length of the transport fibers, expected to be considerably
longer than those implemented in the laboratory setup, thereby introducing higher transmission
losses and affecting the overall signal-to-noise ratio.
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Conclusions

The work presented in this thesis explored the feasibility of using optical fibers for dosimetry
in mixed neutron-photon environments, with specific reference to the TRIGA Mark II reactor in
Pavia. The experimental part of the work was also contributory for studies of medical physics,
such as FLASH therapy, where many dosimetry challenges remain still open.

Two complementary approaches were adopted: performing Monte Carlo simulations with the
PHITS code to model the radiation field within the thermal column of the reactor and conducting
experimental investigations of radiation-induced effects in optical fibers under controlled X-ray
irradiation at the PETRA platform in Saint-Etienne.

The PHITS simulations provided quantitative information on the spatial distribution of neutron
and photon fluence, as well as on the corresponding dose components in the different fibers layers
(coating, cladding and core). The results confirmed that the neutron contribution dominates for
the absorbed dose by roughly one order of magnitude, with energy deposition mainly governed by
n-H elastic scattering in the hydrogen-rich coating. This paves the way for future development of
optical fiber based dosimetry, able to discriminate the different dose components due to neutrons
and photons, where other types of detectors fail in separating the two contributions. The fluence
and dose trends in the three layers of the fiber were calculated. These findings were used to
establish reference dose rates for subsequent feasibility studies.

On the basis of the obtained results, the feasibility of the implementation of fiber-based dosimetry
in the TRIGA thermal column was assessed. A 240 m monolayer spool of P-doped optical fiber
configuration for RIA measurements was designed and found to fit within the available space
of the column cavity. Furthermore, considering a typical BNCT irradiation time of one hour
and the time required to acquire one point estimated to be 7 s, it was possible to determine the
feasibility of RIA OTDR-based dosimetry. Moreover, the proposed setup can be adapted for
double-ended or multi-layer configurations to further improve sensitivity and spatial resolution in
future developments. The RIL based detection possibility is ensured by the fact that the expected
number of counts is significantly higher than the expected noise level.

The experimental activity in Saint-Etienne focused on the optical response of P-doped fibers for
Radiation Induced Attenuation (RIA) measurements, Ce-doped and M-OH fibers for Radiation
Induced Luminescence (RIL) measurements, all simulated with Monte Carlo simulations, under
continuous and pulsed X-ray irradiation. The results confirmed the stability and linearity of both
RIA and RIL signals.

85



Conclusions

A novel outcome of this work was the identification of the M-OH fiber as an active sensing
element, particularly under pulsed radiation conditions, in addition to its conventional role as
transport fiber. This finding is especially relevant in the context of FLASH radiotherapy, where
accurate monitoring of ultra-high dose rate pulses is essential. The M-OH fiber emerges as a
promising candidate, because of the minimal parasitic effects (afterglow and Bright Burn Effect)
and fast signal decay after irradiation end, which prevents the overlap between closely spaced
signals, ensuring reliable reconstruction of the dose delivered per pulse. Given the innovative
nature of these findings and their potential applications, we have further investigated them in an
article submitted for publication in physica status solidi (a) [55].

In conclusion, this work demonstrated that optical fibers based sensors (specifically P-doped for
RIA, Ce-doped for RIL and M–OH used both as transport fiber and sensing element) could serve
as effective dosimetric sensors in mixed neutron–photon fields. The combined use of simula-
tions and experimental investigations allowed to obtain a coherent picture of the system response
and of its limitations, providing solid basis for defining the experimental conditions of future
measurements in the thermal column of the TRIGA reactor. Moreover, for FLASH radiotherapy,
the promising results obtained with the M-OH fiber open the possibility of developing fiber-based
systems capable of real-time monitoring of ultra-high dose rate beams, a key step toward accurate
dosimetry in this emerging modality.

Further developments will include the experimental validation of the proposed configuration un-
der real reactor conditions and the extension and optimization of this methodology to high-dose
and pulsed environments relevant to FLASH radiotherapy research.
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