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0. Introduction

Optical fiber technology encompasses a wide range of applications, starting from the prominent field
of telecommunications, for which hundreds of millions of kilometers of optical fiber are produced
each year. Other approaches to the use of optical fibers can be found in the field of optical fiber
sensing, enabling measurement of a variety of environmental properties using optical fibers not only
as transmission media, but mainly as sensing elements. A particular feature of optical fiber sensing
is the ability, using appropriate interrogation techniques, to perform distributed measurements, i.e. to

retrieve the value of a measurand at virtually any location along the sensing fiber.

Dosimetry, i.e. measurement of ionizing radiation, is one of the many types of measurands available
to optical fiber sensing, and one that has seen consequent research interest in the last years. Optical
fiber-based dosimetry, involving detection of the point defects induced by ionizations in the fiber
material, has been shown to enable radiation monitoring in a variety of environments, including

radiotherapy, particle accelerators, nuclear reactors, or inertial confinement fusion facilities.

Distributed dosimetry, combining the two concepts presented here above, enables spatially-resolved
radiation measurements while using a single optical fiber and interrogator. This technology, mainly
documented in the literature in the context of radiation monitoring for particle accelerators, has a
promising potential to assist in the characterization of radiation environments or to complement

arrays of point dosimeters in large architectures.

This Ph.D. thesis aims to explore the possibility offered by commercial, off-the-shelf, embedded in-
terrogators coupled with size-reduced, radiosensitive optical fiber to provide distributed dosimetry
in the context of space missions, which offer a complex radiation environment coupled with strict

environmental and operational constraints.

This thesis work was operated from October 2020 to September 2023 in the Laboratoire Hubert Curien
of Université Jean Monnet Saint-Etienne (France), among the MOPERE (Matériaux pour I’Optigue et la
Photonique en Environnements Radiatifs Extrémes) team, which is specialized in the behavior of optical
materials in radiation environments. The experimental work was carried out in numerous irradiation
facilities: X-ray irradiators in Laboratoire Hubert Curien, -y ray irradiator in Université de Montpel-

lier (France), and proton irradiator in the TRIUMF center (Canada).

While the present manuscript is dedicated to the subject of distributed dosimetry, other works were

performed during these three years. One of these topics explored in parallel was radioluminescence
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dosimetry, experimented for a variety of optical fibers, and subject of a dedicated publication (cf.

Article A.1 in appendix).

The first chapter of this manuscript introduces the various concepts across which this thesis work
stands, as they are currently developed in the scientific literature. The space radiation environment
is presented, as well as the basic interaction mechanisms of ionizing radiation with materials. Then,
optical fibers and their documented applications for dosimetry are introduced, with a focus on the
phosphorus-doped fibers used in the experimental part of this thesis. Finally, distributed optical
fiber sensing techniques are presented, along with, more specifically, a review of applications of

distributed dosimetry documented in the literature to this date.

The second chapter focuses on the material and software means used in this thesis work. The main
experimented components — optical fibers and embedded interrogators — are presented, as well as
the irradiation facilities involved in the experimental work. The software used for the simulation
work are also introduced in this part, with a small introduction to the concept of Monte Carlo simu-

lations.

The third chapter presents the experimental work and discusses its results. A first, metrological ap-
proach was performed using repeated measurements with different types of interrogators to evaluate
the measurement accuracy in the absence of radiation. Then, the main radiation tests, involving dif-
ferent combinations of interrogators and optical fibers irradiated under y and X-rays, are presented
with their results. A final experiment, dedicated to Single-Event Effects (SEE) testing of the interroga-

tor devices under high-energy protons, is reported at the end of this chapter.

The fourth chapter focuses on simulation work, to bring further insights on the dose deposition
process in optical fibers irradiated in different environments. Results of Monte Carlo simulations
of deposited dose in optical fibers are presented for photons, protons, electrons and neutrons of
different energies. Moreover, a combination of simulation software is used to predict results of X-ray

irradiations, considering several parameters that are specific to the operation of X-ray tubes.
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1. Theoretical framework and state of the art
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1.1. The space radiation environment

Discovery of high-energy radiation by the end of the 19™ century, through cathode rays [1] then X-
rays [2] gave birth to many new fields of research, focused on the nature, the effects, the applications,

and also the hazards of these new physical objects showing particular properties [3-5].

Another topic of interest literally gained altitude when, in the turn of the 20th century, two different
types of observations converged towards the presence of high-energy radiation in regions outside of
the Earth’s atmosphere. On one side, early research on ground-based cosmic ray detection emerged
after the report of anomalous ionization events in closed vessels, observed between 1900 and 1901
by German scientists Julius Elster and Hans Geitel and simultaneously by Scottish scientist Charles

Thomson Rees Wilson! [6]. On the other side, the Norwegian scientist Kristian Birkeland observed

INobel Prize in Physics 1927.
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Figure 1.1. — Evolution of the count rate of a Geiger-Miiller counter with the altitude of the

Explorer-| satellite launched in 1958 above California. (from [12])

correlation between the appearance of sunspots and aurorae borealis sighted during his polar ex-
peditions [7], inducing questioning in the scientific community about the nature of the radiation

connecting these events [8].

The first scientific proof of the increased presence of high-energy particles in high altitude dates
from the pioneer measurements made in 1912 by the Austrian scientist Victor Franz Hess*® with
an electroscope installed onboard of a balloon, reaching altitudes as high as 5350 m [9]. Subsequent
observations performed by other teams, including German physicist Werner Kolhorster who reached
an altitude of 9300 m in 1914 [6], further confirmed this tendency. The term cosmic rays was itself
introduced by American physicists Robert Millikan* and G. Harvey Cameron once the extraterrestrial
origin of these radiations was evidenced by their very high measured energy, which could only be

the result of nuclear reactions taking place inside stars [10].

The next breakthrough in the measurement and characterization of the radiation environment above
the atmosphere was performed in 1947 by the American scientists James A. Van Allen and H. E.
Tatel, who used Geiger-Miiller counters placed onboard a V-2 rocket to evaluate the radiation flux at
altitudes up to 161 km [11]. In the following years, along with the development of space flight, more

extensive and precise measurements were performed at increased altitudes (cf. Figure 1.1).

With increased awareness of the presence of ionizing radiation in space came eventually the question

2Nobel Prize in Physics 1936.

3The fact that Hess received the Nobel prize as late as 24 years after his discovery highlights the reluctance of the scientific
community of this time to acknowledge the spacial origin of such radiation. Incidentally, Kolhorster and Millikan were
clearly not convinced of Hess’s findings until their own experiments proved otherwise [6].

“Nobel Prize in Physics 1923.
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of safety, both regarding electronic instrumentation on board of satellites and protection of human
life in the prospect of future space flights [13]. For those reasons, a more complete characterization
of the type and quantity of radiation encountered in space became a topical issue with implications
far beyond pure scientific curiosity, and in the prospect of manned space exploration, more and more
scientific missions were launched in order to fully characterize the diversity of particle types, energies

and locations that weave the complexity of the space radiation environment [14].

1.1.1. Sources of radiation in space

Current knowledge of the space radiation environment usually classifies radiation sources in three
categories, distinct in origin, nature and intensities: Galactic Cosmic Rays (GCRs) produced by far-
away stellar events, Solar events originating from our Sun, and trapped particles found inside plane-

tary magnetospheres [15].

Galactic Cosmic Rays (GCRs)

Cosmic rays, in general, refer to extraterrestrial, high-energy radiation, but special attention is given

to galactic cosmic rays, often referred to as GCRs, because of their peculiar origin and properties.

The fact that cosmic rays could be observed and indirectly measured from the ground made this topic
of research thrive ever since the beginning of the 20" century, with various implications about their
nature and origins [16]. Cosmic ray detection on Earth typically involves large arrays of sensors,
able to sense the numerous secondary particles produced in the showers phenomena happening
when cosmic rays interact with Earth’s atmosphere [17]. As more measurements were performed in
altitude as well as on the surface of Earth, it became clear that this radiation was of omnidirectional,
isotropic nature, and was not affected by diurnal variations [18]. Such cosmic rays could therefore
originate not only from a near object such as the Sun, but rather from virtually every direction, hinting

at galactic, or even extra-galactic, origins [16].

Even though the whole range of astrophysical processes producing GCRs is still not completely clear,
especially for the highest energy kind, this type of radiation is nowadays assumed to originate from
multiple sources, ranging from our Solar system to outside the Milky Way galaxy [16]. In particular,
the very high energies obtained by GCR particles are assumed to be the result of an acceleration pro-
cess powered by scattering from the interstellar medium, as first suggested by the Italian-American

physicist Enrico Fermi® [19-21].

GCRs are primarily composed of charged particles, with protons and alpha particles as its main

components (respectively ~85 % and ~12 % of particle abundance) and a significantly lower amount

5Nobel Prize in Physics 1938.
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Figure 1.2. — Energy spectra of Galactic Cosmic Rays (GCRs), along with the contribution of

individual particle types at lower energies. (from [20])

of electrons or positrons (2 %) and heavy ions (1 %) [22, 23]. Uncharged particles are also included in
GCRs, although in very low quantity. In particular, cosmic 7 rays, theorized to be secondary particles
produced by charged primaries [24], opened a wide topic of astronomical research, highlighted for

instance by the map of steady -y sources produced by the Fermi Gamma-ray Space Telescope [25].

The energy spectrum of GCRs is extremely broad, and spans over twelve decades, from the GeV to
roughly 102 GeV, with the highest ever recorded energy to date for a single particle being detected
in 1991 from a cosmic-ray proton estimated to an energy of 3.2 x 104 MeV, equivalent to 51] [26].
However, as shown in Figure 1.2, such extremely-high-energy events are also extremely improbable,

1

with an energy radiance reaching 1071 GeVm~2s ! sr~! for particles around 10'?> GeV, that trans-

lates roughly to 1km 2 - century .

GCRs are also considered to be one of the main sources of high-energy heavy ions [27] that, despite
their relatively low abundance compared to other types of particles found in GCRs, cover the whole
elemental spectrum as demonstrated by several in-situ measurements [28]. Figure 1.3 compares
abundances of elements with atomic number 1 < Z < 28 in GCRs with the ones of our solar system.
It illustrates that elements of all types can be found in GCRs, and highlights that elements such as

lithium, beryllium and boron are distinctively more abundant in GCRs than in the solar system.

The reference model for simulation of GCRs fluxes is the Badhwar-O’Neill (BON) model, which is
periodically updated with new experimental data [29]. This environmental model is combined with

known models of radiation damage to electronics in the CREME96 software, which simulates the
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(solid line), compared to abundances in the Solar System (dashed line). Reference is silicon (Si),

associated to a value of 1000. (adapted from [28])

consequences of particle interaction with spacecraft electronics in the form of Single-Event Upsets
(SEUs, cf/ Section 1.1.3) [30]. A more modern implementation is the CREME software suite, which
includes CREME96 along with additional environmental models (such as the simulation of neutrons

emitted by the Moon), and Monte Carlo capabilities [31].

Secondary particles produced from interaction of GCRs with the Earth’s atmosphere are also a topic
of interest, defining a radiation environment encountered in atmospheric flights such as commercial
airplanes [32]. Noticeable sub-products of these interactions are the so-called atmospheric neutrons

[33] as well as several radioisotopes used for radiometric dating, such as *C, 21°Pb and ¥ Cs [34].

The spectrum of atmospheric neutrons at ground level is documented in the JEDEC JESD89 standard
[35-37]. More complete models, that simulate fluences of multiple types of secondary particles at

different altitudes, include the EPOS model [38], as well as the recent RAMSEES model [39].

Solar events

The Sun is the main source of energy of the Solar system, and the amount of radiation it delivers to
Earth over the whole electromagnetic spectrum (also known as the solar constant) sums to an average

irradiance of 1367 W/m?, with a small annual variation of 0.1 W/m? [40].

The energy spectrum covered by solar radiation is extremely broad, and ranges from meter waves
(around 10~®eV) to high-energy particles in the GeV range, and includes many types of particles,
such as photons, protons, ions, neutrons, neutrinos and energetic neutral atoms. This diversity in

nature and energy reflects the various processes assumed to be at their source [41, 42].
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The presence of a continuous stream of particles originating from the Sun was first evidenced in
the 1950s by the observation of the tail of comets [43], and was named solar wind due to its hydro-
dynamic origins [44]. Solar wind is known to be emitted from the Sun’s outer atmosphere, named
corona, which extends up to ten solar radii while having a temperature on the order of 10° K, which
is paradoxically higher than the Sun’s surface [45]. Solar wind spreads throughout the whole solar
system until its farthest extents, as measured by the Pioneer 10 probe [46], and causes an average
solar mass loss of 2 x 1071 M, /yr [47] (with M ~ 1.988 x 10% kg the solar mass [48]) , which is
roughly equivalent to 10° kg/s.

In practice, two different kinds of solar winds can be identified, as evidenced by the differences in
solar wind speed observed by the Mariner 2 probe in 1962 [49]: the steady slow solar wind travelling
between 250 and 400 km /s, originating from interfaces between coronal regions of opposed magnetic
polarities; and the more transient fast solar wind travelling between 400 and 800 km /s, originating
from coronal holes [50, 51]. These two different origins and processes highlight the complex structure

of the solar corona from which they are generated.

However, as the Sun hosts intense thermonuclear reactions at its core and is essentially composed of
extremely-high-temperature plasma, its emissions are anything but steady [52], and events such as
the apparition of sunspots are very common. The occurrence of such events, named solar activity, is
known to follow a 11-year cycle of increasing, then decreasing number of events, called the Schwabe

cycle, itself linked to the 22-year Hale cycle that reflects the intrinsic solar magnetic state [53].

Solar events are usually categorized in two types: solar flares are burst of electromagnetic radiation,
effectively observed as a sudden increase of brightness on the surface of the Sun in the form of
luminous, intense filaments (cf. Figure 1.4a); coronal mass ejections (CMEs) are releases of massive
amounts of plasma from the Sun’s corona, and can reach several solar radii (cf. Figure 1.4b). These

two kinds of events are not always associated, except in the case of very large CME events [22, 46].

Solar flares are the most iconic, and arguably spectacular, type of observable solar events and man-
ifest as a burst of electromagnetic radiation (including visible light) appearing in the Sun’s atmo-
sphere. They were first observed in 1859 by English amateur astronomers Richard Carrington and
Richard Hodgson, and were linked to the occurrence of a powerful magnetic storm observed on
Earth the day after [54, 55], hinting at the fact that these visual events were accompanied by a burst
of high-velocity, charged particles. These intense solar particle events (SPEs) are mainly composed
of electrons and can be observed for several hours, although they generate in total relatively low

amount of particle fluence (between 107 and 10® cm~2 for a single SPE) [22].

On the other hand, particle events arising from CMEs usually span longer than solar flare events,
and can emit streams of particles for several days. They mainly include protons, have a wide angular

coverage and can reach large amounts of fluence (on the order of 102 cm—2) [22].
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SDO/AIA 171 2011-09-22 04:58:01 UT

(a) Ultraviolet (170nm) image of the surface taken (b) White light image of the corona from 1.5 to 6 R,
by AIA instrument of satellite SDO. (NASA/SDO,  taken by the LASCO C2 instrument of satellite
AlA, EVE, and HMI science teams.) SOHO. (ESA/NASA/SOHO/Jhelioviewer)

Figure 1.4. — Satellite observations of an intense solar event in September 21-22, 2011.

Figure 1.5 illustrates the intensity of such SPEs, which generate bursts of high-energy photons sev-
eral hours after the observation of a solar flare (cf. Figure 1.5a). The emitted protons can reach flu-
ences on the order of 3 x 101 cm ™2 for the most massive events, and cover a large energy spectrum
(cf. Figure 1.5b), typically up to 200 MeV and exceptionally up the GeV range, as for the burst of
fast-travelling particles observed in 2005 which are believed to have been accelerated in the Sun’s

coronal region [56].

Several models have been developed to simulate the long term cumulative fluence of protons, as
well as other energetic particles such as heavy ions, received from SPEs. A model of reference is the
ESP-PSYCHIC model [27], which is an improvement of the ESP model [59], itself derived from the
historical JPL91 [60] and King [61] models. The Moscow State University (MSU) has also proposed
a model for SPE fluxes [62]. Finally, the more recent SAPPHIRE model aims to include the sporadic
nature of SPEs, which results in a greater accuracy compared to other models, especially for energies

higher than 10 MeV [63].

Trapped particles and radiation belts

As introduced in the previous sections, the vast majority of energetic particles originating from GCRs
or SPEs, such as protons, electrons, alpha particles and heavy ions, are of charged nature. This

property leads to a great coupling potential, via Coulomb or Lorentz forces, of these particles with
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(a) Time profile of > 100 MeV protons. (from [57]) (b) Proton energy spectrum, compared with neutron
data from 1956. (adapted from [57])

Figure 1.5. — Time profile and energy spectrum of protons detected during noticeably large SPEs

between 1972 and 2003 [56, 57]. The 1956 data was taken from ground neutron monitors [58].

electromagnetic fields. One of such fields is the Earth’s magnetic field (also called geomagnetic field),

which is especially significant in the context of space radiation.

The geomagnetic field originates from electric currents, i.e. motion of charged particles, within the
Earth’s environment. The main geological process contributing to the geomagnetic field is the con-
vection motion of molten iron in the outer region of Earth’s core, producing a self-exciting dynamo
process that generates the core field [64, 65]. The magnetic field resulting from this main generation
process can reach intensities up to 30000 nT at the equator and 60000 nT at the poles [64]. Its struc-
ture is described in a first approximation by a dipolar field tilted 10.3° relative to Earth’s rotation axis
[66], but a more realistic representation also includes additional multipolar components as well and
a slow evolution on the century scale [64]. Other processes also contribute to the geomagnetic field,
among which the motion of magnetized rocks in the Earth’s crust (the crustal field), the movement of

charged particles in the ionosphere or magnetosphere, and tidal motions [64, 67].

The interaction between the geomagnetic field and solar winds constitutes the magnetosphere, a cavity
shaped by the interaction of the Earth’s magnetic field and the constant stream of charged particles
originating from the Sun [66]. The outer limit of the magnetosphere is called magnetopause, and
its extents are typically measured in mean Earth radii (Rg ~ 6371.2km [68]), with about 10Rg in
direction of the Sun and hundreds of Rg in the opposite direction [69, 70]. Figure 1.6 gives a schematic

representation of the shape and extents of Earth’s magnetosphere.

Most charged particles from solar winds are deflected by the Earth’s magnetosphere, forming a de-
flection surface called bow shock (cf. Figure 1.6) located at a distance between 2 and 3Rg in front
of the magnetopause, on which solar particles are slown down to sub-magnetosonic velocities [66].

However, the complex structure of the magnetosphere generates several weaknesses in this protec-
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Magnetopause

Figure 1.6. — lllustration of Earth’s magnetosphere and its layers. Orange color symbolizes the plas-
masphere, in where the two radiation belts are located. (adapted from NASA/Wikimedia Commons)

tive barrier, in the form of open field lines through which a fraction of the solar wind particles can
cross the magnetopause, and eventually exit though the tail of the magnetosphere, through a process
called magnetic reconnection [71]. In strong solar events, the intense stream of energetic particles pene-
trating the magnetosphere is the cause of various large-scale phenomena observed on Earth, such as

aurorae [72], geomagnetic storms [73], or even blackouts in the most exceptional cases [74].

While most of the particles entering the magnetosphere are ejected to the magnetotail, part of them
can be trapped through an adiabatic process described by three distinct motions, illustrated in Fig-
ure 1.7: drift, causing particles to rotate in the equatorial plane; bouncing, causing a back-and-forth mo-
tion between northern and southern hemispheres; and gyration, causing a very fast spinning move-
ment along these trajectories [66, 75-78]. The frequency of these motions varies typically between the
order of a millihertz for drift to several hundred kilohertz for gyration [76]. As the adiabatic nature of
this process implies that the energy of the incoming particles is conserved, it contributes to building

a reservoir of permanently trapped, energetic particles known as the radiation belts [66, 77, 79].

Radiation belts were first discovered experimentally by the Explorer I satellite [80] and followed by
numerous other missions [81-83]. These pioneer measurements revealed the existence of two distinct
radiation belts [84]: an inner belt including both protons and electrons [85], and an outer belt mainly
consisting of electrons [86]. These radiation belts are often called the Van Allen belts, after James
A. Van Allen, who lead the pioneering research on this field [87]. The inner belt extends typically
from the immediate outer atmosphere to about 2 Rg (altitudes from ~100km to ~12 000 km), while
the outer belt extends from 3 Rg to about 10Rg [79, 84, 88]. These limits are not fixed, as the actual

structure of the radiation belts follows a complex, dynamic process which is the subject of a whole
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Figure 1.7. — lllustration of the three types of motion of particles trapped in the geomagnetic
field: gyration and bounce motions are shown combined (blue line), and the drift motion causes

this combination to rotate around the Earth in a direction that depends on the particle charge sign.
(adapted from [77])

field of research [89].

Although most of these trapped particles are believed to originate from solar winds through the
magnetic reconnection process cited here above, other sources are also considered. A significant part
of the protons confined in the inner belt are believed to be the product of the decay of so-called albedo
neutrons, created from the interaction of GCRs with atoms in the outer atmosphere [79]. Moreover,
migration processes have been observed between particles of outer and inner belts, especially during

large solar events [90].

Finally, artificial factors can also influence the structure and the population of radiation belts [77, 91,
92], such as high-altitude nuclear explosions [93], high-frequency radiowave heating [94], and release
of easily ionizing chemicals [95]. These so-called artificial radiation belts were especially observed after
the Argus and Starfish nuclear detonations which took place around 1960 [96], with the release of a
large amount of high-energy electrons in the inner radiation belt, causing dramatic radiation damage
that was documented for at least 11 satellites [92]. However, these artificial perturbations were not
established to be permanent, because of processes such as atmospheric scattering and radial diffusion
that cause the electron population to decay with time [97]. Recent data acquired in 2015 by the Van
Allen probes [98] show no trace of the high electron population observed in the inner belt in the 1960s

[99], as illustrated in Figure 1.8.

Several models are available for the trapped radiation belt particles. The two models of reference
are AP-8 for trapped protons between 0.1 MeV and 400 MeV [100], and AE-8 for trapped electrons
between 0.04MeV and 7MeV [101]. Each model comes with two variants, one for minimal solar
activity (AP-8MIN and AE-8MIN) and one for maximal solar activity (AP-SMAX and AE-8MAX). A

large amount of new experimental data was acquired since the development of these models between
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Figure 1.8. — Comparison of > 5MeV electrons fluence rates (in cm~2s~1) measured by Explorer
XV in 1962 [99] (above) and REPT-A in 2015 [98] (below), highlighting changes in belts structure.
(from [92])

the 1960s and the 1980s, highlighting several discrepancies that called for their refinement; these
new generation models are AE9 for electrons between 40 keV and 10 MeV, AP9 for protons between
100keV and 2GeV, and an additional model named SPM that handles low-energy electrons and
protons, as well as helium and oxygen ions [102, 103]. Other models, such as MERLIN [104], focus
on the prediction of radiation belt dynamics due to solar events, paving the way for a multi-scale,

dynamic modeling suitable for specification of the radiation environment in defined orbits [105].

Figure 1.9 shows the predictions of the AP9 and AE9 models [102, 103] as a function of altitude
for different proton and electron energies, which give an overview of the current knowledge of the

radiation environment encountered in Earth’s radiation belts.

Finally, the trapping mechanisms presented here also apply to the magnetosphere of objects other
than Earth. The radiation belts of Jupiter and Saturn have been studied by several probes and have
revealed to host large quantities of trapped particles at very high energies, with unique features
compared to Earth such as their faster rotation speed as well as the presence of many natural satellites
within their magnetospheres [106-108]. In particular, the jovian radiation belts are so intense that they

are considered as an electron source near Earth during low solar activity [109, 110].
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Figure 1.9. — Evolution with altitude of the mean differential particle fluence rates simulated by the

AP9 and AE9 models. Dashed lines are comparisons with other models. (from [103])

1.1.2. Locations of interest for radiation study

The combination of the three main space radiation sources presented in Section 1.1.1, as well as
the specific needs of space equipment and missions, result in several typical radiation environments
which are a subject of interest because of their direct consequences on the radiation protection design
of spacecrafts. The following sections will present and define these locations of interest, as well as

their radiation environment as currently understood and measured.

Low Earth Orbit (LEO)

The LEO is typically located between altitudes of 300 km, below which the atmospheric drag affects
the stability of the orbit, and 1500 km, beyond which numerous technical and cost issues arise, in-
cluding the need for powerful launchers and increased communication path loss and latency [111,
112]. A further distinction is sometimes made between the lower and upper LEO, with a separation

around ~600 km altitude [113].

Being comparatively easier and cheaper to access, the LEO is the most populated satellite orbit, with
an estimated total of about 10 000 orbiting satellites in 2020; this number has been rapidly increasing
recently due to the launch of massive small satellite constellations including several tens of thousands
of units [113, 114]. The LEO is also noticeably the orbit of choice for most manned scientific missions,

among which the International Space Station (ISS) [115].
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intensity located above South America is the South Atlantic Anomaly (SAA). (adapted from [102])

The LEO radiation environment is a mixture of trapped protons and electrons from the inner belt, as
well as protons, helium ions and heavier ions originating from GCR [116-118]. Additionally, space-
craft structures, while reducing the overall amount of radiation received inside the spacecraft, also
convert part of these charged particles to secondary radiation [22, 119], through physical processes

such as bremsstrahlung [120] or atomic fragmentation [121].

Low-energy (< 10 keV) electrons, while not energetic enough to penetrate spacecraft structures, also
play an important role in satellite mission design because of a surface charge accumulation process

known as spacecraft charging [122, 123].

The local structure of the radiation belts also plays an important role in LEOs. In particular, the geo-
graphical variation of the particle fluence rate is very significant at low altitudes, especially because
of the South Atlantic Anomaly (SAA), a region mostly located above the South American continent and
featuring a sharp increase of radiation intensity, as illustrated in Figure 1.10. The anomalous levels of
radiation observed in this area are believed to originate from a local weakening of the geomagnetic
field, down to 22500 nT at ground level [124], causing the migration of inner radiation belt particles
to lower altitudes [88]. The SAA was discovered during the first satellite missions in the late 1950s,

and has been observed ever since to follow a slow expansion [125].

Apart from radiation, another environmental constraint that can significantly affect the function and
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design of spacecrafts is temperature. The temperature of a spacecraft element is the result of the equi-
librium of a complex set of parameters, some environmental [126] and some linked to the satellite
architecture and materials [127]. This balance between incoming and outgoing power is neither ho-
mogeneous through the whole body of the spacecraft nor constant along the orbit, and is especially
affected by the exposition to the Sun [128]. The temperature of a LEO satellite can range between
—100°C and 4100 °C for solar panels and —40 °C to +-85 °C for the inner electronic elements [129].

Medium Earth Orbit (MEO)

The MEO is usually defined as the region located between altitudes of 2000 km, above the LEO range,
and 35800 km, the altitude of geosynchronous orbits [130]. Because of its higher access cost while
lacking the advantages of geostationary satellites, the MEO is much less populated than the LEO
[130], and hosts mainly two kinds of spacecrafts: GNSS satellites for positioning services [131], or

geosynchronous satellites in transit to their final orbit [132].

Geostationary/Geosynchronous Earth Orbit (GEO)

The GEO is a special orbit located at an altitude of ~35800 km, at which the satellite orbital speed
matches the Earth’s rotational speed, effectively keeping the satellite at the same longitude [111, 112,
133]. As a result, a geostationary satellite is always located in the same position in the sky when
viewed from the ground, which was identified as early as 1945 by science fiction author Arthur C.
Clarke to be a very promising solution for wireless communication [134]. In practice, the influence of
the Moon causes geosynchronous orbits to wobble on the North-South direction with an amplitude

of several degrees, which can be compensated by satellites at the cost of propulsion energy [112].

Highly/Extremely Elliptical Orbits (HEO/EEO)

HEO, EEO and other orbits of the same kind (Molinya, Loopus...) are defined by a very elongated
shape, oscillating between low altitude (~1000 km at periapsis) and very high altitude (~40 000 km
at apoapsis) [111, 112, 133]. These orbits are mainly used by communication satellites that need to
access high-latitude regions that are more difficult to cover with GEO satellites [111], as well as a
workable alternative to GEO, because their long stay in apoapsis (~6 to 8 hours) makes them stand

in a quasi-fixed position when viewed from the ground [112]).
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Interplanetary missions

Space missions are not only limited to Earth’s vicinity, and further destinations in the Solar system
are also targeted by space agencies, because of their high scientific interest [135]. While historically
restricted to high-budget missions, interplanetary missions are also expanding through the competi-
tion between national space agencies [136—138], use of small satellites [137, 139, 140] and emergence

of private space industry actors [141, 142].

Interplanetary missions are characterized by long transfer times (on the order of 200-300 days for
Mars, 800-1200 days for Jupiter and 1800-3400 days for Saturn [143]), most of which is spent out-
side the protection given by the Earth’s magnetosphere. In addition to the radiation encountered
during the trip to their destination, interplanetary spacecrafts are also exposed to the local radiation

environment of the body they are visiting, for the whole duration of the mission.

In the case of the Moon and Mars, which lack a magnetic field of significant intensity, the main
sources of radiation are GCRs and SPEs [144]. In these environments, the dose rate is estimated to
~200 Gy /d [144, 145].

In contrast, the gas giants Jupiter and Saturn host a magnetosphere of their own, which reduces
the influence of GCRs and SPEs, but is also the location of intense and energetic radiation belts
in a same manner than in Earth’s orbit [146]. An evaluation of the dose received by the Galileo
probe as it passed through 34 different orbits in little more than 6 years gave an average dose rate of
~2.7Gy(Si)/d behind 2.2 g/cm? aluminum shielding [147], and numerical simulation on the moons
of Jupiter and Saturn has estimated dose rates from ~10mGy(Si)/d on Callisto and Enceladus to

~100 Gy(Si) /d on Europa with an equivalent shielding thickness [148].

1.1.3. Effects of radiation on devices and living beings
Basic mechanisms of radiation effects

Particles interact with matter through a wide range of physical processes, and, in some cases, the
results of these processes may alter the irradiated material. The interaction processes involved, as
well as their outcome in terms of material alteration, depend on the type of incoming particles, their

level of energy, and the interaction susceptibility of the irradiated sample.

The intensity of these interactions is given by their interaction cross section o, which expresses the
probability of a given physical process to occur. This is linked to the stochastic nature of quantum
mechanics, and such cross sections can be computed from quantum theories [149]. In nuclear physics,

o has the dimension of a surface area, and is often expressed in barns/atom (with 1b = 10~2* cm?).
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Quantity Flux Fluence Energy-Fluence Fluence rate
Symbol N ¢ P )
. ere dN dN d¢
Definition G P E¢(E) ar
SI Unit s 1 m 2 J]-m2 m2.s71
Usual unit s ! cm 2 J-em™2 cm 2571

Table 1.1. — Usual quantities for qualifying the amount of incoming particles. N is the count
of incoming particles, E their energy, t the time, and a the cross-sectional area of a sphere through

which the particles are counted [151]. The last rows mentions units usually employed in radiation
effects literature [152].

In radiation physics, ¢ is often normalized by the atomic mass of the material, resulting in a practical

unit of cm? /g [150].

The quantity of particles irradiating a material (or a location in space) can be defined in several ways,
and the main physical quantities used in literature — flux, fluence, energy-fluence, fluence rate — are

defined in Table 1.1.

Charged particles, like electrons and protons, interact strongly with matter because of Coulomb inter-
actions that mainly take place with atomic electrons. As a result, an atomic electron may be imparted
an energy greater than its binding energy, allowing it to leave the nuclear bond and become a sec-
ondary electron; the remaining atomic components with one electron less form an ion, resulting in
an ionization event. Two other, non-ionizing interaction processes can also be considered between
charged particles and atoms: bremsstrahlung, producing a secondary photon; and atomic recoil, pro-

ducing atomic displacement [153].

In a microscopic scale, there is a certain probability of interaction for each individual event encoun-
tered by a charged particle travelling inside matter, with different outcomes in terms of outgoing
particle energy and direction. However, on a macroscopic scale, these individual interactions can
be summarized as a continuum, resulting in the incoming particle losing energy for each length unit
traversed in the material [154]. This approximation is known as the Continuous Slowing-Down Approx-
imation (CSDA), which involves the parameter S, named stopping power, also often normalized by the

material density p in the mass stopping power S/p [152].

Another common quantity linked to this approach is the Linear Energy Transfer (LET), which expresses
the linear energy loss through electronic interaction. LET can be associated with an energy threshold
A, to consider only interactions that produce secondary electrons of an energy E < A, enabling to
filter out secondary particles that are too energetic to fully transfer their energy in a region of interest
[152]. If A = oo or not specified, this quantity is called unrestricted LET L, (or simply L) and is equal

to the part of the stopping power due only to electronic interactions [151].
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Quantity Stopping power Mass stopping power LET
Symbol S S/p La
. e dE 1dE dEx
Definition a odl 1
SI Unit J-m~! J-m?- kg ! J-m~!
Usual unit MeV - cm™! MeV - cm? - g~ MeV - cm™!

Table 1.2. — Usual quantities for qualifying linear energy loss of charged particles. dE is the
energy lost by the particle traversing a length dl inside a material of density p. A is a threshold

energy above which secondary electrons are not considered [151]. The last rows mentions units

usually employed in radiation effects literature [152].

Quantity Energy imparted Absorbed dose Absorbed dose rate
Symbol € D D
. dé dD
Definition Zl: (€in — €out + Q); P T
SI Unit ] J kg J-kg™!.s71
Usual unit MeV Gy (or rad) Gy s !(orrad-s™1)

Table 1.3. — Usual dosimetric quantities. i is a single ionization event, €, is the energy of the
incoming particle, €.yt the sum of energies of all outgoing particles, Q the decrease of rest energy

of all particles and nuclei of a single ionization event. € is the mean energy imparted by particles
in a sample of mass m, and f is the time [151]. The last rows mentions units usually employed in
radiation effects literature, with 1 Gy = 100rad = 1 Jkg ™! [152].

The three main quantities for qualifying the linear energy loss of charged particles — stopping power,

mass stopping power and LET — are described in Table 1.2.

The energy transferred by such charged particles causes alteration of the target material, either
through the multiple ionizations produced in the track of the particle, or through atomic displace-
ments. Therefore, the measurement of this transferred energy is of key importance to quantify the
reaction of a material under radiation. The physical quantity used for this purpose is the absorbed dose,
which describes the amount of energy transferred by ionizing particles to a material, normalized by
the mass of the material sample. Absorbed dose is expressed in the special unit Gray (Gy), which
is equal to J/kg [151]. Another, more ancient unit, is the radiation-absorbed dose (rad) [155] which is
equal to 0.01 Gy and still very widely used in the radiation effects literature [152]. A more precise

definition of the different quantities used for calculation of absorbed dose is presented in Table 1.3.

Additionally, because of the complex chain of interactions involved in dose deposition, absorbed
dose in a given radiation environment is specific to every material; therefore, it is preferred to specify

in the unit the material for which dose is applicable, such as Gy(material) or Gy(mat) [152].
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Photons, which are the components of X-ray and -y ray beams, have for energies greater than 1 MeV
a lower interaction cross-section with matter than charged particles [156]. However, they can cause
a chain of interactions that effectively results in ionizations, causing these types of radiation to be
sometimes referred to as indirectly ionizing radiation [157]. Three interactions processes, described

hereafter, are mainly considered between photons and atoms [158].

The first process, called photoelectric effect [159, 160], sees an atomic electron of binding energy E,
totally absorb the incoming photon of energy E,, resulting in the liberation of this now-called photo-
electron with a kinetic energy E,e = E, — E,. Additionally, as another atomic electron replaces the

vacancy, a secondary fluorescence photon or Auger electron can also be emitted [161].

The second process, called Compton scattering, has the incoming photon transfer only part of its energy
to an atomic electron, which is released as a secondary particle while the incident photon changes

direction [162-164].

The third process, called pair production [165-167], has the photon interacting with a Coulomb field
and converting part of its energy into the production of an electron-positron pair. If the interaction
happens within the field of an atomic electron, this electron is also released, producing an electron-
electron-positron triplet (triplet production) [168]. Both these processes can only happen if the photon
energy is greater than a threshold of 2m, ¢ ~ 1.022 MeV, with m, the electron mass [152, 158].

These three ionization processes have different influences depending on the photon energy and the
type of material. Photoelectric effect is typically dominant for low photon energies (< ~100keV), and
pair production typically dominates for high photon energies (> ~10 MeV). Between these two areas,
Compton scattering is typically the dominant effect. An illustration of the influence of these three

processes with photon energy is shown in Figure 1.11 for bulk silica (SiO,).

There are other physical processes involving high-energy photons, but considered as negligible be-
cause of their high threshold energies and very small cross sections, compared to the processes cited
here above. These typically include photonuclear reactions (the average binding energy of a nucleon

being between 7 MeV and 9 MeV), photofission and meson production [170].

Electrons released through these photonic processes interact with matter as described previously,
resulting in ionizations from these secondary electrons; because of this chain of events, a special
attention is given on the generation of secondary electrons by incoming photons. This conversion
of photon to secondary electron energy is expressed by the physical quantity kerma, which stands
for kinetic energy released per mass, and equals to the mean sum of kinetic energies of all secondary
charged particles released by an uncharged particle, divided by the mass of the material sample. The

concept of kerma can also be applied to other uncharged particles such as neutrons [171, 172].

A summary of the main processes and quantities used for dosimetry with photon beams is illustrated

in Figure 1.12. The incoming number of photons per surface area is characterized by the fluence ¢,
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Figure 1.11. — Interaction cross-sections of photons in bulk silica (SiO,) as a function of their energy,
through the three main photonic ionization processes: photoelectric effect, Compton scattering and
pair production (within nucleus or electron field). The black solid line indicates the sum of all these
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for reference. The discontinuity at 1.839keV is due to the K-shell transition of silicon. Data are
from NIST XCOM [169].
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which, in the common case of an isotropic source, decreases with the distance d from the source in an
inverse-square law [152]. Part of these photons are scattered or absorbed during their travel, which is
expressed by the mass attenuation coefficient y/p; this factor is itself calculated from the sum of cross-
sections ¢ of all interactions mentioned above, along with Rayleigh scattering [173, 174]. Inside the
material, the photons release secondary electrons characterized by the kerma K; a quantity associated
with this process is the mass-energy absorption coefficient pen/p, which is tabulated for most elements
[174]. Finally, these secondary electrons cause ionizations as they traverse the material, resulting in
dose deposition D; this quantity is always lesser or equal to K because some secondary electrons can

leave the material before depositing all their energy.

Being the constituents of atomic nuclei, protons and neutrons can also be captured by a nucleus,
resulting in a new atom or isotope. These newly created nuclei are usually unstable, and release
energy in the form of secondary particles different types according to the nuclear reaction involved.
In this context, the resulting secondary particles are usually categorized under « (helium nucleus), B

(electron or positron) or y (photon) radiation [175].

Radiation effects on electronic devices

Literature on radiation effects often separates absorbed dose in two categories: total ionizing dose
(TID) refers to the absorbed dose due to ionizations; while displacement damage dose (DDD) refers to
the absorbed dose due to atomic displacement. The distinction between these two quantities is due

to the different observed effects on electronic devices [176].

TID affects electronic devices through different processes, the most common of which is charge trap-
ping in the oxide volume (typically SiO; in the case of silicon semiconductors) of MOS or CMOS
devices, which degrades the DC drain current [177], causing effects such as the increase in of dark
current of image sensors pixels illustrated in Figure 1.13. Other processes, such a border and inter-
face traps, are also well studied in this context [178]. The lower dimensions of modern electronic
devices, following the tendency predicted by G. E. Moore in 1965 [179], have however reduced the
sensitive volume of electronic devices to TID, and resulted in higher tolerance to these effects, at least

in the case of silicon-based devices [180].

DDD creates defects in the crystalline structure of the semiconductor, resulting in the creation of
additional, parasitic levels in the semiconductor bandgap [182]. This leads to several measurable

effects on the devices, among which an increase of the leakage current [183].

Electronic devices are also significantly affected by transient events called Single-Event Effects (SEE)
that are the results of localized, ephemeral ionizations that can however affect the functioning in ma-
jor ways, especially in digital devices [184]. Such SEEs are usually declined in the literature through

more specific phenomena: for instance, in Single-Event Upsets (SEU), microelectronic cells change
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Figure 1.13. — Evolution with TID of the dark current of the reference pixel on different types of

CMOS image sensors. (from [181])

state (from O to 1 or vice versa) [185], with side-effects ranging from none to memory corruption or
execution of wrong instructions [186]. Another SEE phenomenon specific to CMOS technologies is
called Single-Event Latch-up (SEL), in which a parasitic transistor is created in the device, causing an
auto-regenerative, low-resistance path that can only be cleared by switching off the device power
supply [187, 188]. A more dramatic version of this effect is the Single-Event Burnout (SEB), in which
the current density in the parasitic transistor becomes so intense that it permanently damages the

device if not stopped promptly [189, 190]

Mitigation and hardening techniques to protect electronic devices under radiation have been stud-
ied for several decades [191], and typically take a multi-scale approach. On the component level,
design of transistor architectures that prevent charge build-up or limit the ability of leakage current
to flow are several examples of the so-called hardness by design approach [192]. On the system level,
hardware or software redundancies are often implemented to counteract the effects of SEUs [186,
193], as well as periodical resets to eliminate SELs build-up [194]. Simulation tools, such as Technol-
ogy Computer-Aided Design (TCAD) for semiconductor architecture and Simulation Program with
Integrated Circuit Emphasis (SPICE), are also commonly used to assist the design of such radiation-

hardened devices [195].

Moreover, the packaging of individual components as well as additional shielding of the whole sys-
tem can also be considered to reduce their overall exposition to radiation [196]. Finally, radiation
testing of massive batches of components is also standard practice in radiation assurance procedures,
and components databases built from experimental data can be used to assess their risk of failure in

the context of a given mission [197].
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Radiation effects on living beings

Ionizing radiation is known to induce negative biological effects on living beings, through many
physical and chemical, direct and indirect processes [198]. While these negative effects are usually
undesirable, they can also be applied in very controlled conditions to treat cancerous tumours with
very high accuracy, using for example high-energy proton beams [199]. A comparison between radi-

ation environments encountered in space and in medical applications is shown in Figure 1.14.

Effects of ionizing radiation on human beings have been thoroughly studied in the medical literature,
and have revealed many adverse consequences of radiation exposure, including damage to tissues,

carcinogenesis, degradation of the central nervous system, or immune system suppression [200].

For these reasons, the measurement of radiation exposure of human personnel operating space mis-
sions is essential, and radiation protection dosimetry for space missions has been documented for
large space stations such as Mir [201] and ISS [202]. A particular quantity linked to the biological ef-
fects of radiation exposure is the effective dose H, expressed in sieverts (Sv), which takes into account
the biological function and radiation sensitivity of specific areas in the human body through a quality

factor Q, which is multiplied by the absorbed dose D [203]:

H=DxQ (1.1)
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Radjiation exposure of living beings is therefore a challenge for potential future interplanetary mis-
sions, because of the large amounts of total dose received as well as several aggravating factors such
as individual radiosensitivity [119]. Several countermeasures are being designed for this purpose, in-
cluding reinforced shielding of collective areas or shelters [204, 205], active electromagnetic shielding

[205, 206] or specifically designed portable clothing [207, 208].
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1.2. Radiation effects on optical fibers

Optical fibers are circular dielectric waveguides that are optimized for conducting light. Their initial
development in the late 1960s was heavily linked to the expansion of telecommunications [209] and
the increasing bandwidth requirements of these technologies [210]. Electrical cables are restricted
in bandwidth because they suffer from high attenuation at very high signal frequencies due to the
skin effect, confining electrical current to the very surface of the conductor and therefore increasing its
resistance [211]. Optical communication, not suffering from the same physical limitations, was thus
seen as a promising alternative, especially following the discovery of the laser [212, 213]. However,
a practical solution to guide light without intense attenuation, or without needing an unrealistic

amount of material and precision manufacturing, was lacking at that time [214].

Whereas the whole theory of optical fibers, adapted from existing knowledge on millimeter wave-
guides, was already established at the time [215], the first optical fibers suffered from high attenua-
tion, on the order of ~1000 dB/km, that made them impractical for telecommunications [211]. The
first breakthrough came from Charles Kuen Kao®, who identified material impurities as the prime re-
sponsible for such attenuation [216], leading the way to further improvements. A result of 20 dB/km
at 632.8 nm was first reported in 1970 [217], and later refinements in manufacturing, as well as the use
of infrared wavelengths, have enabled the current figure of ~0.2 dB/km which is commonly observed

for single-mode, telecommunication-grade optical fibers operating at 1550 nm [218].

Today, while telecommunication remains the overwhelmingly dominant market for optical fibers
with an estimated annual global supply of 511 million kilometers of telecom-grade fiber in 2019 [219],
many other applications involve optical fiber for a variety of purposes. Optical signal amplifiers [220,
221] are an essential component of long-distance optical networks, while fiber laser amplifiers [222,
223] are used for many applications, including industrial, multi-kilowatt laser cutting or welding
systems in which optical fibers are also used to transport this high optical power to its destination
[224]. Another very significant application is the whole domain of optical fiber point or distributed,
which involves the use of such fibers — either telecommunication-grade or so-called specialty optical
fibers, for a wide range of sensing and monitoring applications that includes temperature [225], strain
[226], vibration [227], rotation [228], liquid level [229], refractive index [230], magnetic field [231], and

ionizing radiation, which measurement is the main subject of this thesis.

This whole diversity of applications of optical fibers has lead to their use in environments beyond
their original telecommunication purpose, and optical fiber-based devices can be found nowadays
in harsh, radiation-affected environments such as space [232], nuclear reactors [233], nuclear waste

repositories [234], medical applications [235], particle accelerators [236] or even experimental nuclear

®Nobel Prize in Physics 2009.
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Coating

Figure 1.15. — lllustration of the three main components of a step-index optical fiber: core, cladding

and coating. Meore and ngaq represent the refractive indices of, respectively, core and cladding.

fusion facilities [237, 238]. Therefore, a proper understanding of the effects of ionizing radiation on

optical fibers and their applications is essential to assess their suitability to such environments.

1.2.1. Composition and geometry of optical fibers

Silica-based optical fibers nowadays are not all made after a single design, but the term instead
encompasses a family of many different variations of circular, dielectric optical waveguides, dictated
by a variety of applications [239]. However, the basic structure of an optical fiber usually revolves

around the three main components illustrated in Figure 1.15: core, cladding and coating.

The main role of the coating is to mechanically protect the inner components from moisture and
stress that can considerably affect fiber lifetime [240]. This part is however not devoid of engineering
interest, and design of the coating can be of vital importance, especially in sensing applications; either
because it acts an interface between the inner waveguide and the outside environment, or because of

its influence on enabling or attenuating cladding modes [241, 242].

The main functionality of the optical fiber, namely to guide light, is performed by the two inner
elements: the core and the cladding. To ensure suitable functionality for its target application, the
design of an optical fiber includes the choice of a functional waveguide architecture, with proper

materials and an appropriate engineering of refractive indices.

Material and losses

The base of an optical fiber is a dielectric material which is transparent, i.e. has low optical absorption,
at the range of wavelengths for which it is designed. The typical material used for this application
is glass based on amorphous silica (5i0,), which presents both advantages to be inexpensive [211]

and transparent in the ultraviolet, visible and near-infrared ranges, with at least 10 % transmission
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between 160nm and 4000 nm for 2mm thickness [243]. Other kinds of glasses, such as fluorides,
chalcogenides and halides, have also been considered for their extremely low attenuation in the in-
frared domain, but have so far not met these expectations in practice, due to their high chemical
reactivity and inferior mechanical properties [244]. Polymer materials are another alternative, being
cheap and easy to manufacture into fibers, but also provide more attenuation than silica in the visible

to near-infrared range [245].

In the typical application range of optical fibers, at wavelengths between 300 nm and 2000 nm, losses
in silica are mainly explained by four concurrent phenomena, illustrated in Figure 1.16. The two first
contributions are due to electronic and molecular absorption of silica, inducing two absorption tails
from ultraviolet and infrared [244]. Other, additional absorption bands come from impurities embed-
ded in the glass during manufacturing, such as hydroxyl (OH) which induces a distinctive absorption
band centered around 1385 nm associated with the first OH-stretching overtone vibrations [246, 247].
A final, important contributor to material-induced losses is Rayleigh scattering (introduced in more
detail in Section 1.3.1), which evolves in a inverse, fourth-power law with the wavelength. Scattering
losses are linked to fluctuations of the material density, which are reflected by a quantity known as
fictive temperature in materials science [248, 249]. Through engineering of a low fictive temperature on
a pure-silica-core optical fiber, an attenuation as low as 0.1419 dB/km at 1550 nm has been reached
in 2018 [250], with a lowest theoretical limit estimated to 0.114 dB/km [244].
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The minimum of these material-induced losses is located at a wavelength of ~1550 nm, and therefore
the optical domain of choice for long-distance telecommunication networks, called C-band, is located
between 1530nm and 1565nm [251]. This range is also called third telecommunication window, for
historical reasons linked to the availability of inexpensive lasers at these wavelengths [252]. Another
optical domain of interest for the present thesis is the long wavelength band, or L-band, defined between
1565 nm and 1625 nm, and used both to extend data transmission capacity of existing lines [253] and

for network diagnostic [254].

In addition to these losses solely linked to the base material, other sources of attenuation can be
identified for optical fibers: guiding losses, due to coupling with so-called leaky modes [255] and/or
induced by curvature [256]; coupling losses, applicable for injecting or retrieving signal [257]; and
splicing losses, in the case multiple optical fibers segments are welded together [258]. Finally, ad-
ditional defects can be created in the fiber material, which cause additional losses in the form of
optical absorption [259]; this latter subject, of prime importance in the study of the effects of ionizing

radiation on optical fibers, is discussed in more detail in Section 1.2.2.

Waveguide architecture and properties

Considering light as an electromagnetic wave’, its propagation in vacuum and in matter is described
by Maxwell’s equations. Particular solutions of these equations, known as guided modes, can be cal-
culated from a set of conditions leading to constructive phase matching, so that light propagates
through the waveguide. The detailed handling of these calculations is amply covered in the literature

[261-265] and the following paragraphs will give the main results relevant to the present work.

In the case of a simple, step-index fiber design (cf. Figure 1.15), the main parameters used for mode
calculation are the operating wavelength A, the radii 7core and 7j,q of the core and cladding, and their

refractive indices 7¢ore and n,q. For this type of fiber, we have typically n1core > Mc1ag-

A first key parameter is the refractive index contrast between core and cladding, which can expressed
by a few quantities: numerical aperture NA (which also gives the fiber half-angle of acceptance 0) and

relative refractive index difference A:

2 2 2
. n —n NA Neore — 1
NA — sm(G) _ /ncorez — ncladz A — core clad _ ~ [fcore clad (1.2)

anOI'E2 anOI'E2 ncore

A guided mode is associated with an effective refractive index e, such as 11¢jaq < #efs < Mcore- From

7Even though electromagnetism can be considered as an approximation to the quantum nature of light, the optical fiber
waveguide design is experimentally valid down to single photons [260].
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this value can be deduced the propagation constant B and two normalized parameters u and w:

27T 27 27T
ﬁ = THeff u= Trcore ncorez - ”effz w = TVcore neffz - ncladz (13)

To determine the guided modes of an optical fiber, Maxwell’s equations are applied in the core and
cladding. Accounting for the rotational symmetry of the fiber, treatment of these equations in cylin-
drical coordinates yields an expression in the form of Bessel’s differential equation. Because of this,
solutions are expressed according to the Bessel function of first kind J,, in the core, and the modified

Bessel function of second kind Kj, in the cladding.

An important, practical approximation known as weakly guiding approximation is performed by con-
sidering A < 1, and therefore n¢ore /& n¢jag. In this condition, which is commonly encountered in

practice, we obtain the following eigenvalue equation of parameter m [266]:

Jm(u)  Kp(w)
U1 (u)  wKyq(w) (1.4)

For a given value of m, only a finite number of modes are solutions of this equation. In the weakly
guiding approximation, the transverse electric/magnetic modes are degenerated, and called linearly
polarized (LP); the denomination of optical fiber modes under this approximation is therefore LP,,;
(with m as above and n another index to discriminate multiple solutions with the same value of m),

and the fundamental mode is named LPg; [266].

A key parameter for mode calculation is the normalized frequency V, which is linked to the number of
guided modes permitted in a given fiber. If V' < 2.405 (the first zero of the Bessel ]y function), then
the optical fiber can guide only the fundamental mode and is therefore called single-mode at this value
of A. If V> 2.405, then more than one mode can be guided, and the fiber is called multimode. This
property is also reflected in the cutoff wavelength A.: if A > A., then the fiber is single-mode.

27T 27T
V=vVu2+w?=—reore V Neore? — ”cladz Ae & V Neore? — ”cladz (1.5)

1 ¢~ 5405 Tcore

Many other designs exist beyond the step-index architecture presented here above; an overview
of some commonly used refractive index profiles — step-index, gradient-index and double-clad - is

shown in Figure 1.17, along with a more complex example of a photonic crystal fiber.

Calculation of the guided modes and field characteristics of optical fiber with arbitrary refractive
index profiles usually involves numerical computation. Some models used for static evaluation of
the modes are Beam Propagation Method (BPM) [267], Multilayer approximation [268] or generic
Finite Element Method (FEM), used for instance by the software COMSOL [269]. Time-resolved



1.2. Radiation effects on optical fibers 43

n n n
O

600 890
oo 0505
..... ....
..... ....
..... ....
e_o_6o OO
OX0S0 3030
N OE0 OROY

Nclad Nclad Nclad .':: 809

- 14 - 1A u - L’ T
(a) Step-index profile.  (b) Gradient-index profile.  (c) Double-clad profile.  (d) Photonic crystal fiber.

Figure 1.17. — (a—c) Several typical refractive index profiles for rotation-symmetric optical fibers,
giving the evolution of the refractive index 7 as a function of the radius coordinate r. The refractive

index of the cladding 71¢jaq is indicated in dashed line. (d) Cross-sectional layout of a photonic crystal
fiber, where dark areas are pure silica and light areas are air.

models, such as the Finite-Difference Time-Domain (FDTD) method [270, 271] can also be used for

specific application such as modeling the propagation of ultrashort pulses [272].

Engineering of refractive indices using dopants

As illustrated by the waveguide considerations presented in the previous section, one the main as-
pects that governs the function of an optical fiber is the refractive index contrast between the cladding

and other regions of the fiber (such as the core).

To obtain the desired refractive index in specific locations of an optical fiber, a usual solution is to mix
silica with other molecules, known as dopants, in varying proportions [275]. As shown in Figure 1.18,
the refractive index can increase or decrease depending on the dopant involved, and evolves mostly
linearly with dopant concentration, enabling fine tuning of the refractive index through precise stoi-

chiometry of the dopant material during manufacturing.
Some of the main types of dopants used for optical fibers are listed hereafter:

* Germanium (Ge) is the most commonly used core dopant for telecom-grade optical fibers [276],
and is also known for its photosensitive properties, which makes it a dopant of choice for ultra-

violet inscription of Fiber Bragg Gratings (FBGs) [277].

¢ Fluorine (F) is used to decrease the refractive index of the material, either to produce double-

clad fiber profiles (cf. Figure 1.17c), or pure silica core fibers with very low losses [250, 278].

* Phosphorus (P) is used to soften the glass material, and therefore decrease its drawing tem-
perature [279]. Another application of this dopant is in fiber amplifiers, in which phosphorus

reduces the clustering of rare-earth ions [280].
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¢ Aluminum (Al) is another component that prevents clustering of rare-earth ions, and therefore

also commonly used in fiber amplifiers [281, 282].

¢ Cerium (Ce) is used to prevent the formation of color centers in silica glasses [283]. Its ionization

properties under radiation are also exploited in radioluminescence applications [284].

¢ Other rare-earth elements such erbium (Er) and ytterbium (Yb) are commonly used in fiber am-
plifier applications, especially in telecommunications because of the amplification properties of

Er in the ~1550 nm range, which efficiency is enhanced by the addition of Yb [220, 285].

Several manufacturing techniques exist in order to obtain the desired profile of dopant concentra-
tions, and therefore refractive index, along the radius of the optical fiber. The most common method
is the Modified Chemical Vapor Deposition (MCVD), in which materials are vaporized and deposited
as a succession of thin films in a rotating, hollow tube [286]. This process can be refined to be compat-
ible with a wider range of dopants, such as in Surface Plasma Chemical Vapor Deposition (SPCVD)
which involve plasmas to enable deposition of low vapor pressure materials [287]. The preform ob-

tained from this process is then heated and drawn to the desired thickness and length [288].

Photonic crystals fibers (also called hollow core fibers) involve only pure silica and air, and rely on
complex architectures (cf. Figure 1.17d) co-designed by numerical simulation to define and shape
guided modes. These fibers can enable innovative sensing applications, either using the fiber design
[289], or functionalized by injecting gas [290] or nanoparticles [291] to further increase their sensitivity

to a designed measurand. Recent refinements in the design of such fibers, especially through the
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inclusion of nested structures in so-called Nested Antiresonant Nodeless Fibers (NANFs) [292], have
also enabled a dramatic decrease of the high losses usually observed with photonic crystal fibers
[293]. NANFs have been the object of an intense publication activity in the recent years, with reports

of low attenuations at telecom wavelengths on par with classical step-index architectures [294].

1.2.2. Radiation-induced physical processes in silica-based optical fibers

Silica (5iO;) is an amorphous material, with a local structure in the form of SiO,/, tetrahedrons
connected jointly at the corners [295]. It is most commonly found in nature under one of its crystalline
forms, called quartz, which is very abundant in most types of crustal rocks on Earth [296]. Other, rarer
forms of crystalline SiO;, such as cristobalite, tridymite and coesite can also be formed in conditions
of high temperature or pressure [297]. While fine crystalline SiO, powder is known to induce a lung

cancer type called silicosis, amorphous silica is estimated to be less toxic [298].

Production of silica is performed by fusion of natural quartz, through a variety of processes that lead
to different qualities of material, with varying amounts of metallic impurities and OH contents. Type
IV silica, produced from SiCly through water-vapor free plasma fusion, has the lowest amount of
impurities [299, 300]. Silica with high OH content is sometimes called wet, while silica with low OH
is called dry [301].

Impurities in materials, as well as localized ionizations or alterations of the material arrangement,
create local structures known synonymously as defects, point defects or color centers. Whereas some
of these defects are already present in the material after manufacturing [297], ionizing radiation in-
duces the appearance of new defects, through ionization or displacement damage, as summarized in

Figure 1.19.

Study of defects and their generation processes in pure silica as well as its doped variants has been
extensively performed since the 1950s [303, 304], and a variety of characterization techniques, such as
Electron Paramagnetic Resonance (EPR), also called Electron Spin Resonance (ESR) [305], have been
used to establish an abundant literature on the different types of defects encountered in silica-based

materials [306].

Defects in bulk silica

The E’ defect results from the trapping of a hole at an oxygen vacancy site [302]. Even though three
distinct variants of this defect (E’y, E'g and E’,) have been identified using EPR, they exhibit a com-
mon optical absorption band located at 5.8 eV with a FWHM of 0.7 eV [307]

Oxygen vacancies, in a neutral state, cause the occurrence of the Oxygen-Deficient Center (ODC)

species of defects, which are found in two types. ODC(I) is the most frequently occurring type,
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Figure 1.19. — Overview of the different mechanisms of defects creation in bulk silica exposed to

ionizing radiation. (from [302])

and has an optical absorption band centered at 7.6 eV with a FWHM between 0.5eV and 0.6 eV [307].
ODC(II) is believed to originate from a metastable vacancy, and exhibits an absorption band with a
maximum at 5.03eV and a FWHM of 0.4 eV; however, due to the lesser appearance probability of
this state, this band has a much weaker intensity, typically 10* lower than ODC(I) [307].

Breakage of an Si — O bond results in a Non-Bridging Oxygen Hole Center (NBOHC) type of defect. It
is characterized by an asymmetric optical absorption spectrum, which can be approximated by three
Gaussian bands centered respectively at 1.95eV, 2.04eV and 2.21eV in the visible range [308, 309],
and five Gaussian bands between 4.706 eV and 7.29 eV in the ultraviolet range [310].

Holes resulting of ionizations can also be self-trapped, i.e. prevented to recombine because they stand
in a low-potential region of the material from where they cannot escape [311]. These types of defects
are called Self-Trapped Holes (STH), which, despite their very high instability [312] are the main con-
tributors to RIA of pure-silica-core fibers under steady [313] or short pulse irradiations [314]. Two
types of STH can be distinguished: STH; are inherent to the material, and characterized by optical
absorption bands centered at 1.88 eV and 2.6 eV; STH; are assisted by bond strains and give optical
absorption bands of lower energies, centered at 1.63 eV and 2.16 eV [306].

Moreover, impurities brought by the manufacturing process also cause a variety of defects. In par-
ticular, chlorine-related defects are well studied in the literature, with an optical absorption band
centered at 3.8 eV associated with interstitial, atomic C1° defects. Another absorption band located at

3.26 eV is believed to be associated with molecular Cl, defects [315].

Finally, materials based on doped silica, because they include additional elements to the basic silica

matrix, are the source of very wide range of material-specific defects. Germanium-doped silica, in
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particular, has been the object of numerous studies on its specific defects [316-320], which are of key
importance to understand and model the behavior of telecom-grade optical fibers under radiation
[321, 322]. Defects linked to other doping materials, such as aluminum [323, 324], have also been
studied. The main dopant of interest in the context of this thesis work is phosphorus, and defects of

phosphorus-doped silica are described in more detail in Section 1.2.3.

Several simulation methods are used to model such defects and their properties, such as Molecular
Dynamics [325] used in the free software LAMMPS [326], or First Principle (FP) (also called ab initio)

method, which models molecule interactions down to the quantum level [327-329]

Radiation-induced attenuation (RIA)

Defects created or converted during irradiation induce optical absorption, around defined energy
bands that are specific to each defect, as explained here above. The increase of the defect population
is linked to an increase of the optical absorption intensity [330], causing the measurable phenomenon

known as RIA.

The theoretical framework of RIA measurement streams from modeling by a Beer-Lambert law the in-
tensity I(z) of an optical signal measured after travelling through a homogeneous segment of length

z in an optical fiber:
I(z) = Ipe ™ (1.6)

where Ij is the signal intensity at z = 0, and « an attenuation coefficient that reflects all different types

of losses induced by the optical fiber and its material (see also Section 1.2.1).

If we consider that « has two main components: «y, representing the intrinsic fiber losses before
irradiation, and agya, representing the additional losses caused by the defects created under radiation,

then (1.6) becomes:

I(z) = Ipe (®otara)z (1.7)

RIA is typically measured by a setup with a source placed at one end of the fiber and a detector placed
at the other end [331]. In this case, it can be calculated from the intensities [jn;; and [;,q measured at

the detector, respectively before and after irradiation, for a same optical fiber length L:

10 Lirad — Idark 10
RIA — — 1 irra ar _ 1.8
L Oglo < Iinit - Idark > 11’1(10) ARIA ( )
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Figure 1.20. — RIA spectrum in the visible range of multimode optical fibers with two different

types of dopants, irradiated under X-rays at different doses. (from [334])

where Iy, is the dark signal of the detector, measured with the light source switched off. The unit
of RIA as calculated in (1.8) is given in dB/m. The radiation-induced loss coefficient agjs, which is

less commonly used in the literature, is given in m 1.

Because both components of a are dependent on the wavelength, spectral measurements can also
be performed to evaluate the RIA spectrum of an optical fiber. The setup used in this case involves
a broad-spectrum light source, typically a black-body source such as an halogen lamp, launching
light at one end of the fiber, and a spectrometer at the other end of the fiber [332]. In this case, RIA

calculation is performed by applying (1.8) for each wavelength given by the spectrometer.

Finally, RIA can be measured a posteriori by using a destructive method called cutback [333], which
also enables measuring the intrinsic losses of an optical fiber. This measurement setup involves
a broad-spectrum source and a spectrometer as described here above; in the case of cutback, two
transmission spectra are acquired: liong and Lo, measured respectively before and after removing
a known length AL by cutting the optical fiber. The intrinsic attenuation for each wavelength is then
obtained by applying (1.8) for each wavelength as described above. As the cutback method cannot
distinguish initial material losses from radiation-induced losses, measurement of the RIA spectrum
in this context involves comparing the attenuation spectrum between irradiated and non-irradiated

samples of a same fiber.

An example of such attenuation spectra is shown in Figure 1.20 for two different types of multimode
optical fibers irradiated under X-rays. The increase of attenuation with the received dose is clearly
visible, as well as the material-specific structure of the absorption spectrum, which is the signature

of the underlying radiation-induced defects [334].
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Another RIA measurement setup, involving Optical Time-Domain Reflectometry (OTDR) (cf. Sec-

tion 1.3.2), is the main subject of this thesis and is further developed in Section 1.4.

Radiation-induced emission (RIE)

In addition to optical absorption, several materials can also exhibit the inverse effect, namely the

emission of light, either spontaneously or when excited by temperature or an optical probe.

A first emission process, named radioluminescence, comes from the radiation-induced excitation of
impurities, dopants or defects, that spontaneously relax within a characteristic time that is proper to
each kind of center [306]. The difference in energy between the excited and fundamental (or interme-
diate) states is emitted in the form of a photon, which, provided its energy stands in the forbidden

energy band of the material, is allowed to propagate and be ultimately detected [335].

As a consequence, radioluminescence causes the irradiated material to convert the high energy re-
ceived from the irradiating particles to a lower-energy optical signal, in a process that can be com-
pared to fluorescence, even though there are differences in excitation and relaxation processes [335].
This behavior makes radioluminescence a useful tool to detect and quantify radiation, and measure-

ment devices using this phenomenon are called scintillators [336].

Optical fiber materials also produce radioluminescence, which is both considered as an adverse effect
as it generates a parasitic signal when coupled to calibrated scintillators [337], and a desirable effect
as it enables to perform dosimetry using the optical fiber both as a sensitive element and to transport
the generated signal to an external measuring device [338]. Many types of optical fiber dopants
exhibit measurable radioluminescence, as illustrated in Figure 1.21 (see also Article A.1), but some
of the most sensitive dopants for such applications are cerium [284], gadolinium [339], nitrogen [340]

and germanium [341].

Another phenomenon causing emission of light under radiation is the Cherenkov radiation® [343]
which is produced when a charged particle travels through a medium of refractive index n = c/ vp
with a speed greater than the local phase velocity of light v,, [344]. This condition implies a minimum,
threshold energy Enmin below which this speed is not achieved, and given by the following relativistic

expression [345]:

Y S
Emin = mpc (\/@ 1) (1.9)

where my is the rest mass of the charged particle, c = 299792458 m/s the speed of light in vacuum
[346] and B = v, /c = 1/n the speed fraction. For electrons (m, ~ 0.511 MeV/ c? [346]) in silica-based
optical fibers (n ~ 1.4), this threshold energy Epn is on the order of 200 keV.

8Named after Pavel Alekseyevich Cherenkov (1904-1990), Nobel Prize in Physics 1958.
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Figure 1.21. — Comparison of X-ray radioluminescence signal of multimode optical fibers with
different dopants: cerium (Ce), germanium (Ge), aluminum (Al), fluorine (F) and phosphorus (P).

The Ce-doped sample is ten times shorter than the others, which reduces its signal by a factor of
~10. Filled areas show uncertainties at £25 %. (from [342])

Investigation of luminescent defects can also be conducted without ionizing radiation, but instead by
radiation at optical wavelengths. This technique, called Photoluminescence (PL), enables to selectively
excite defects by selecting the excitation wavelength, making it possible to perform a finer analysis

of the different defect species present in a material [347].
Other techniques causing emission of light are typically used after irradiation.

Thermoluminescence (TL) involves heating the irradiated material at a controlled rate. As the temper-
ature increases, the radiation-induced defects are relaxed and produce a luminescent signal [348],
which intensity depends on the dose absorbed by the material, enabling dosimetry applications
[349]. Because the temperature is linked to the relaxation energy of defects, this method enables

other means to characterize defects created under radiation [350].

Optically-Stimulated Luminescence (OSL) consists in injecting a light signal at a particular wavelength
in an irradiated material and to measure its emission spectrum, minus the stimulation wavelength.
This process also results in relaxing some of defects created under radiation, and produces a signal

that can be correlated to the dose received by the material [351].

Radiation-induced refractive index change (RIRIC)

Ionizing radiation produce density change in materials [352-354], either due to displacement damage

[355] or to structural reorganization of matter as a result of ionizations [356]. This change of density
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Figure 1.22. — Evolution of the refractive index nsjo, of pure silica as a function of the depth in
bulk samples irradiated with a combination of 25 MeV bromine (Br) and 10 MeV chlorine (Cl) ions
at different fluences. Refractive index measurement was performed using ellipsometry. (from [362])

is linked to a change of the material refractive index, which has been evidenced under irradiation
with particles of many different natures, such as X-rays [357], 7y rays [358], protons [359], neutrons
[360] and ions [361, 362]. An example is shown in Figure 1.22 with measurements of the refractive

index of pure silica irradiated at different heavy ion fluences.

Material density changes can also be caused by non-ionizing radiation, such as ultraviolet light [363]
or femtosecond lasers [364]; such processes are widely exploited for the inscription of fiber Bragg
gratings (FBGs) [365].

In terms of observable behavior of the material under radiation, RIRIC is usually considered as a sec-
ondary phenomenon compared to RIA and RIE; mostly because of its comparatively weak influence
on the performance limits of optical fibers in radiation environments [330], but also because RIRIC
only becomes significant at high dose levels [366], such phenomena being typically reported in the
MGy range [358, 367, 368]. However, in certain applications such as imaging systems, the change of
the refractive index of optical elements, such as lenses, can cause radiation-induced aberrations [369],

even when using “radiation-hardened” glasses that are actually only resistant to RIA [370].

Modeling of RIRIC is usually deduced from RIA characteristics of a material by applying the Kramers-
Kronig relations, which link together the integrals of the real and imaginary parts of the complex
refractive index of a material over the whole spectrum [371]; this approach has however proved un-
satisfactory to accurately reflect experimental results [359, 372, 373]. Another approach involves the
Lorentz-Lorenz equation, linking refractive index change with compaction [374]. Finally, a model of

X-ray RIRIC of a polymeric material has also been proposed [375].
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Table 1.4. — Overview of the main defects in phosphorus-doped silica. O and P represent respectively
oxygen and phosphorus atoms, arrows represent vacant electron orbits, colon represents a dangling

bond. (schematics are adapted from [376])

1.2.3. Defects of interest in phosphorus-doped silica

Phosphorus (P)-doped fibers raised attention around the 1980s, starting from observations that Ge-
P co-doped fibers showed resistance to transient RIA in pulsed, high-dose-rate irradiations with
0.5MeV electrons, while displaying very stable long-term RIA behavior in comparison with other
types of doping [377]. These experiments led to specific research on the identification and character-
ization of defects in P-doped silica, summarized in Table 1.4. Most of these defects are named with
the letter P and a numerical index, following a convention set by an early study on crystalline phos-
phorus pentoxide P,Os [378]; noticeably, the P3 detected in this early work could not be observed in
later studies, which makes this defect typically absent from listings found in the literature [306].

The P; defect is modeled by a three-coordinated P atom with an unpaired electron, comparable to the
structure of SiE’ defects in pure silica [376]. It is characterized by an optical absorption band centered

at 0.79 eV with a FWHM of 0.29 eV [379].

The P; defect is modeled by a four-coordinated P atom (also called silicon-substituted phosphorus be-
cause it replaces the role of Si in the SiO4 tetrahedron), with an additional, unpaired electron [376]. It

is characterized by an optical absorption band centered at 4.5 eV with a FWHM of 1.27 eV [379].

The P4 defect is modeled from a three-coordinated P atom that receives an additional electron, caus-
ing the break of an oxygen bond [376]. It is characterized by an optical absorption band centered at
4.8eV with a FWHM of 0.41 eV [379].

The Phosphorus-Oxygen Hole Center (POHC) is modeled from a four-coordinated P that receives an
additional electron, resulting in an unpaired spin. Two variants of the POHC appear in the literature,
depending on their stability at room temperature: the stable variant (s-POHC) in which the spin is
shared between two non-bridging oxygen atoms [376], as well as a metastable variant (m-POHC) in

which a non-bridging oxygen has an unpaired electron [306, 376]. These variants of POHC produce
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a combined optical absorption spectrum with four bands located at 2.2eV, 2.5eV, 3.1eV and 53¢V,
making POHC the main contributor of P-doped fibers RIA in the visible range [380], although the

attribution of each of these bands to one or the other variant is still unclear [381].

While none of these defects appear to be present in non-irradiated optical fibers [381, 382], corre-
lations observed in the RIA and EPR signals of P-doped fibers under radiation have highlighted
several creation and conversion processes. First, good correlation was observed between the inten-
sities of the 4.5eV RIA band and the sum of 2.3eV and 3.0 eV bands under 10 keV X-rays for doses
up to 2kGy [381]. Also, evolution of the defect populations inferred from EPR measurements during
high-temperature annealing also suggested the conversion of POHCs to P; defects [376, 382]. This
conversion is believed to take place at the microsecond scale, causing an increase of RIA observed

after pulsed irradiation [380].

1.2.4. Measurable effects of radiation on phosphorus-doped optical fibers

Following the early interest raised by Griscom’s works in 1983 on phosphorus-doped silica [376],
P-doped optical fibers as well as Ge-P co-doped fibers have been extensively investigated under
ionizing radiation and reported in the scientific literature. This section highlights the main published

results on P-doped optical fibers.

RIA of P-doped fibers

The optical absorption properties of P-doped silica were explored in the bulk material [376], then in
optical fibers with 0.1 % P doping in the core [379], which characterized well the RIA properties of
this type of fiber.

In the near-infrared range, RIA of P-doped fibers is mainly dictated by the P; defects. It results in a
wide absorption band centered around 1569 nm, shown in Figure 1.23b, which has been repeatedly

explored in the literature [383].

In the visible and UV ranges, RIA of P-doped fibers is mainly shaped by POHC defects [384], with
a smaller contribution of other defects such as P, and P4. Visible and UV RIA responses of P-doped
fibers are remarkable by their very high intensity compared to near-infrared RIA, as illustrated in
Figure 1.23a, which has suggested potential of this type of fibers for high-sensitivity dosimetry in
this visible domain [385].
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Figure 1.23. — Visible and infrared RIA spectra of P-doped optical fibers as reported in the literature.

Note that the dose on the right-hand data is 15 times higher than the left-hand one.

Stability of RIA

The RIA in P-doped fibers was already observed as remarkably stable with time as soon as the first
studies on the radiation response at 820 nm of Ge-P co-doped optical fibers [377]. This topic was later
explored for fibers doped only with phosphorus, which exhibited the same stable behavior between
670nm and 1550 nm [386].

The temperature stability of P-doped fiber RIA at 1550 nm was throughly explored in a systematic
study performed between —80 °C and 300 °C, which concluded to a variation 15 % of the RIA of
this type of fiber in a large operating range of —80°C to +120°C [387].

Another phenomenon which affects stability of RIA is photobleaching, which causes light traversing
the optical fiber to deplete a proportion of the radiation-induced defects [388]. Photobleaching was
first investigated on Ge-P co-doped fibers at a wavelength of 850nm both for RIA measurement
and photobleaching signal, with mitigated results as exposition to low powers (< ~1 mW) resulted
in increasing RIA instead of decreasing it [389]. For P-doped fibers, photobleaching was shown to
affect RIA response in the visible and UV ranges [390], as well as in the infrared range [391], offering
the possibility to regenerate P-doped fiber-based dosimeters by injecting optical power.

Irradiation with different types of particles

P-doped fibers have been tested under steady-state X-rays [387], pulsed X-rays [393], high-energy
(6MeV) X-rays [394], v rays [386], protons [395], electrons [396], neutrons [397]. They were also
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tested in mixed particle environments, such as the TESLA TTF1 facility in DESY Hamburg [398] or
the CHARM facility at CERN [399].

Several studies have matched the RIA response at 1550 nm of P-doped fibers between different types
of particles with the actual ionizing dose position in the fiber, with the help of Monte Carlo simu-
lations [395, 399, 400]. A RIA sensitivity factor of 4dB km ™! Gy_1 was reported at 1550 nm for a
single-mode, acrylate-coated, P-doped fiber manufactured by iXblue [395].

RIE and RIRIC measurement

P-doped fibers were studied as potential scintillation dosimeters [401, 402], although they exhibit a
comparatively weak radioluminescence signal compared to other common types of fibers [342] (see
also Figure 1.21 and Article A.1).

No reports of RIRIC observed on P-doped fibers were found in the literature to this date. This absence
of results can however be explained by the overall high sensitivity to radiation of this type of fibers,
which are therefore not investigated under the very high doses at which such effects are typically

observed, as exposed in Section 1.2.2.
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1.3. Distributed optical fiber sensing

Sensing applications for optical fibers were developed in the late 1970s, less than a decade after the
creation of this medium originally intended only for transmitting light [403]. Optical fiber sensors
nowadays not only cover a wide range of measurands, but also interrogation techniques [404]. While
some technologies, such as fiber-optic gyroscopes (FOGs), use the whole length of the fiber as a single
sensing element [405], some others enable to spatially resolve the measurand along the available

optical fiber length.

One of the most developed technologies for this purpose are Fiber Bragg Gratings (FBGs), which
are periodical refractive index perturbations inscribed in the core of an optical fiber [406]. FBGs
are sensitive to various external parameters such as temperature and strain, and enable localized
measurement because of their small individual length, on the order of 1-20 mm [407]. Multiple FBGs
can be inscribed in a same optical fiber, which, coupled to a multiplexed reading technology, enable

to perform a measurement at many discrete points along the fiber [408].

Other interrogation technologies enable to perform so-called distributed measurements, i.e. capable
of performing measurement at virtually any point of the optical fiber [409]. The physical and techno-

logical details of the devices enabling such distributed measurements will be presented hereafter.

1.3.1. Spontaneous scattering processes in optical fibers
Overview of spontaneous scattering processes

The electromagnetic theory of light describes light propagation in matter as a series of interactions of
an incoming light wave with the molecules composing the medium: the molecules, polarized by this
electromagnetic wave, form a dipole, and this dipole, called scattering center, emits an electromagnetic
wave of same frequency (and therefore wavelength) in all directions. In an ideal, completely isotropic
and homogeneous material, scattering of the incoming wave happens equally in all locations, such
as all the scattered wave meets destructive interference everywhere but in its original propagation di-
rection. This phenomenon is called coherent forward scattering, and explains the forward propagation

of light in media as well as the existence of a refractive index [410, 411].

In real materials, however, exist local perturbations that break this principle: destructive interferences
are not always produced with the same amplitude as the scattered wave, and as a result, part of the
scattered wave is allowed to propagate in directions other than forward. When the optical properties
of the medium are not significantly affected by the intensity of incident light, these processes are
described as spontaneous light scattering (as opposed to stimulated scattering processes, that happen at

very large intensities) [410].
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Figure 1.24. — Overview of optical scattering processes in matter and their (indicative) relative

intensity Is, as a function of the frequency v of the scattered signal, compared to the frequency 1
of the incoming light. (adapted from [410])

These local perturbations come from various origins, that each produce a distinguishable scattering

process, as illustrated in Figure 1.24.

Rayleigh® scattering originates from non-propagating density fluctuations in the material, which are
linked to the degree of disorder created in the material during manufacturing. This is an elastic

scattering process, and therefore the scattered signal has the same frequency as the incident signal.

Brillouin'® scattering originates from light-excited pressure waves, i.e. sound waves, propagating in
the material. This process is inelastic, and therefore the scattered signal has a different frequency
than the incoming signal, through two different processes: the Stokes!! shift sees part of the incoming
signal energy hvy absorbed by a phonon 7(), resulting in a scattered signal of reduced frequency
Es = hyy — hQ); on the contrary, the anti-Stokes shift results in the phonon increasing the energy of the
scattered signal E;s = hvy + hQ) [410]. Brillouin spectroscopy, built upon these phenomena, is used

as a characterization technique in materials science [412].

Raman'? scattering originates from non-propagating vibrational modes of the molecules constituting
the material. This is also an inelastic process, with Stokes and anti-Stokes components as described
here above [410]. The Raman shift spectrum, often expressed as a function of the wavenumber 1/A
(unit: cm~1), is a signature of the molecule, which makes Raman spectroscopy a very efficient mate-

rial characterization technique [413].

In anisotropic materials such as crystals, an additional scattering process named Rayleigh wings orig-
inates from fluctuations in the orientation of anisotropic molecules. This phenomenon causes inelas-
tic scattering around the original frequency vy, with a broad spectrum due to the very fast relaxation

time of these reorientation processes [410].

9Named after the English scientist Lord Rayleigh (1842-1919), Nobel Prize in Physics 1904.
10Named after the French scientist Léon Brillouin (1889-1969).
HNamed after the English scientist Sir George Gabriel Stokes (1819-1903).
12Named after the Indian scientist Chandrasekhara Venkata Raman (1888-1970), Nobel Prize in Physics 1930.
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The Rayleigh scattering process

The core mechanic of the Rayleigh scattering processes is the polarization of material constituents
(molecules or atom) by the incoming electromagnetic wave that is light [414]. In the case of Rayleigh
scattering, the size of the polarized object is considered very small compared to the wavelength of the
incoming signal; as a result, the electromagnetic field to which the molecule or atom is subjected can
be seen as uniform. The electric part of the field, in particular, causes the movement of the electrons,

which creates a spatial charge imbalance, and by consequence a dipole [415].

Because the incoming wave oscillates at an angular frequency w = 27mc/A, with A the wavelength
and c the speed of light in vacuum, the dipoles formed in this process also oscillate at this same
frequency. As a consequence of Maxwell’s equations, these spatial and temporal variations of charges
cause the emission of a secondary electromagnetic field, the scattered signal, which time-averaged

radiated power P can be modeled as follows [416, 417]:

P qrwtxd _ 473 x5 ¢ (1.10)
127 eg 3 3eg A%

with xj the oscillation amplitude, g = 1.602 176 634 C the elementary charge, and ¢y ~ 8.854 188 F/m

the vacuum electric permittivity.

A remarkable property of this classical model is the wavelength dependence of the intensity of
Rayleigh scattered light which is proportional to 1/A%, that explains the high intensity of Rayleigh-
scattered signal at short wavelengths (such as scattering of sunlight by atmospheric molecules, pro-
ducing the perceived blue color of the sky [418]), and the low intensity of this phenomenon at in-
frared wavelengths, contributing to the transparency window of optical fibers at 1550 nm that was

illustrated in Figure 1.16.

More complete models of scattering can include resonances linked to molecular absorption levels
[419], or thermodynamic considerations to represent the variation of density inside the material
[420]. Other models of optical elastic scattering processes are also needed in the case of scattering
particles of larger sizes, such as numerical computation from Maxwell’s equations, or Mie!® theory,
which models scattered signal as a sum of spherical harmonics that can be efficiently computed and

adjusted to an arbitrary level of precision [421, 422].

13Named after the german physicist Gustav Mie (1868-1957).
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1.3.2. Optical Time-Domain Reflectometry (OTDR)

Functioning principle and basic architecture

In optical fibers, Rayleigh scattering causes part of the transmitted signal to be scattered in all direc-
tions, from virtually every point of the fiber. A fraction of this scattered signal, called backscattered
signal, has a direction opposite to the incoming signal, and meets the criteria to be coupled to a
backward-propagating guided mode [423]. In practice, only about 0.1 % to 1 % of the scattered signal
is actually guided, depending on the characteristics of the fiber [424].

The principle of OTDR devices is to sense this backscattered signal, along with a time-of-flight mea-
surement that estimates the distance travelled by the signal, to obtain a linear map of the intensity

backscattered by the optical fiber as a function of the length inside the fiber [424].

A typical architecture of an OTDR device is shown in Figure 1.25. A pulsed laser generates a very
short laser pulse, called probe pulse, which is launched into the optical fiber under test. At every point
along the optical fiber, the probe pulse generates a small amount of backscattered signal that travels
back to reach the fiber entry. This backward propagating signal is then directed to a receiver, made of
a photodiode or photomultiplier device, which measures the intensity of the backscattered signal at
every instant. This measurement is sent to the signal processing part of the device, which performs

the storage of this data and its mapping as a function of the distance in the optical fiber.
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The position z from which was produced the backscattered signal measured at a time ¢ after launch-
ing of the laser pulse can be easily deduced from knowledge of the group velocity v, of the laser

pulse inside the fiber:
z= %t (1.11)

The factor 2 is introduced by the round-trip nature of this process: z is covered by the probe pulse in

the forward direction, then z is covered again in the reverse direction by the backscattered signal.

Thus, a high time resolution on the sampling of the receiver signal enables a high spatial sampling
for the mapping of the backscattered signal. In the commercial OTDR devices used for this thesis
work, the maximum spatial sampling was on the order of 4 cm, which corresponds approximately
to a receiver sampling frequency of 2.6 MHz; this value does however not necessarily reflect the real-
time interrogation rate of the sample because of the possible use of signal acquisition techniques such

as equivalent time sampling [426, 427].

However, this value of spatial sampling largely underestimates the actual spatial resolution of the
device, which is impacted by a signal broadening phenomenon caused by the width of the probe
pulse. Because the whole backscattering response of the fiber is convolved by the spatial extent
w = T v, of the probe pulse of duration 7, this pulse width further limits the spatial resolution Az of
OTDR devices , which is therefore given by the relation [425]:

Y
Az = ?’L’ (1.12)

For a typical pulse duration T = 10ns, Az is on the order of 1 m [425].

In some specific setups, such as multimode fibers where a very high spatial resolution is targeted, the

bandwidth of the optical fiber itself can also contribute to limiting the resolution [425].

Because the receiver is subjected to stochastic noise from different sources, including shot noise and
thermal noise, an OTDR signal is typically averaged during a time interval to produce a result with
considerably reduced noise. In this case, the signal-to-noise ratio (SNR) typically increases in propor-

tion to v/N, with N the number of averaged measurements [425].

As OTDR measures backscattered signal, OTDR devices typically need only one extremity of the fiber
to operate, in so-called single-ended operation. This architecture offers many advantages, such as the

ability to quickly diagnose very long telecommunication lines with a single device [428].

Double-ended architectures, which typically involve a single device interrogating sequentially both
ends of an optical fiber through an optical switch, are less flexible but offer the possibility to retrieve
the local backscattering parameters along the measurement line, which allows for more accurate

attenuation measurements [425]. Another advantage of the double-ended architecture is the ability to
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still perform measurements in case of a single breakage or high-attenuation event in the measurement

line [429].

Hybrid architectures, such as folded-path OTDR which features a mirror installed at the end of the
interrogated optical fiber [430], can provide the advantages of double-ended measurements with only
one end of the fiber to be accessed, although these methods can present other limitations due to the

very high power difference between backscattered and reflected signals [425].

Analysis of OTDR traces

The result of an OTDR measurement is a one-dimensional map of the intensity of the backscattered

signal as a function of the distance inside the optical fiber.

The backscattered intensity Igs measured by the receiver from a location placed at distance z in the

optical fiber can be modeled as follows [425]:

z

Igs(t) = %Io XRayleigh (2) B(z) exp /—2a(u) du (1.13)

0
where v, is the group velocity of the pulse inside the optical fiber, Iy the intensity of the probe pulse
as it enters the fiber, ag,yleigh the Rayleigh scattering-loss coefficient, B the capture fraction (i.e. the
fraction of backscattered intensity that is guided by the optical fiber) and « the total loss coefficient.
The factor 2 assumes that the backscattered signal encounters the same attenuation as the probe pulse,
which is usually the case with Rayleigh scattering, where the backscattered wavelength is identical

to the incoming wavelength.

An important consideration in this model is the fact that all factors affecting Ips (#Rayleigh, B and «)
are not necessarily constant along the measurement line, but have each a local value at the location
z. Therefore, the OTDR signal reflects these local values in the Rayleigh scattering factor, the capture

fraction and the total attenuation of the scanned optical fiber as a function of the distance.

In the particular case of a fiber segment in which these parameters are constant, then the 10-base

logarithm of Igs has the following form:

% 20 2
log;o(Iss) = logy, (; Io dRayleigh B) - ln(lo)z = _ln(lo)z +K (1.14)

which is a linear function of z with slope — ﬁaz and intercept K.

The typical OTDR trace of a single optical fiber, represented in a logarithmic scale, is therefore essen-

tially a linear, decreasing function. This linear trend is combined with single reflective events along



62 1. Theoretical framework and state of the art

5

S 0

o

3

e -9

T

o

£ 101

©

(&)

0

X

g —151

3 —— OTDR trace

Linear fit: y = -0.045 x + 1.02
_20 T T T T a
0 50 100 150 200 250
Position [m]

Figure 1.26. — OTDR trace at 1310nm of a ~200 m sample of single-mode optical fiber with
significant attenuation, spliced to a ~5 m connecting fiber. The pulse width was set to 5ns and scan

time to 10s. A linear fit is used to evaluate the slope of the linear segment between 15 m and 205 m,
which results in a calculated attenuation of ~45dB/km.

the measurement line, which typically occur in air/glass interfaces because of the Fresnel reflection

phenomenon [431] and produce a sharp, localized peak of high backscattered power.

Other single disturbance events, such as splice losses or change in the scattering coefficient or in
the capture fraction, can also induce a sharp decrease or increase of the backscattered signal. An
OTDR trace is therefore the combination of steady and more localized responses, as illustrated in
Figure 1.26, and its accurate interpretation can be ambiguous without relying to double-ended mea-
surement [425]. Finally, after the end of the measurement line, where no significant signal is backscat-
tered, the OTDR trace typically returns a low-power noise that represents the noise floor of the system
[432].

1.3.3. Other distributed sensing technologies

Optical Frequency-Domain Reflectometry (OFDR)

OFDR relies on Rayleigh scattering, but performs its measurement using a more complex process
involving frequency sweep [425]. In its coherent version (C-OFDR), the device launches an optical
signal with swept frequency into both arms of an interferometer, one of which is connected to the

optical fiber under test.

The resulting signal is recorded under very high time resolution to build a frequency-based interfer-

ogram which, when Fourier transformed, produces a backscatter diagram of the same kind as the
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compared to the probe frequency vy. Arrows indicate the tendency of evolution of these signals with
temperature T and strain €.

one obtained with OTDR, but with a significantly increased spatial resolution that can go down to

~20 pm on commercial devices [433].

Sensing applications are also developed around OFDR technology, through measurement of relative
optical path change that can be induced by factors such as temperature and strain [434]. Because
of the very high spatial resolution offered by this technology, distributed sensing based on OFDR
has seen interest for applications as diverse as silicon photonics [435], shape reconstruction of small

objects [436] or monitoring of civil infrastructures [437].

Distributed sensing based on Brillouin or Raman scattering

Distributed sensing technologies are not limited to the sole spontaneous Rayleigh scattering de-
scribed in the previous sections, but can involve a variety of scattering processes, summarized in

Figure 1.27, which enable different possibilities in terms of measurands and performance [409].

Brillouin scattering enables measurement of temperature and strain through analysis of the frequency
shift of both backscattered Stokes and anti-Stokes signals. Typical technologies include Brillouin
Time-Domain Reflectometry (BOTDR), involving spontaneous Brillouin scattering in a single-ended
architecture, and Brillouin Time-Domain Analysis (BOTDA), involving stimulated Brillouin scatter-

ing in a double-ended architecture [438, 439].

Raman scattering enables measurement of temperature only, through analysis of the intensity differ-
ence between Stokes and anti-Stokes signals. This process in used in Raman Distributed Temperature

Sensing (R-DTS) devices, which involve spontaneous Raman scattering in a single-ended architecture
[440].
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Figure 1.28. — Early data on RIA measurement using OTDR and distributed dosimetry.

1.4. Distributed dosimetry

Because the effects of ionizing radiation on optical fibers are well known and studied (cf. Section 1.2),
fiber-based dosimetry is a topic widely covered in the literature, with applications involving mainly
RIA or RIE phenomena [441-443]. However, in most cases, these applications use the whole length of
the optical fiber as a single sensing element, and are thus only able to supply a scalar measurement,

averaged over the whole sensing line [444, 445].

Localized optical fiber-based dosimetry has been proposed using FBGs [446, 447] or Long-Period
Gratings (LPGs) [448], although with limited accuracy, partly because of their high sensitivity to

other environmental influences such temperature and strain [449, 450].

Distributed sensing techniques (cf. Section 1.3) provide a new set of interrogation methods to re-
trieve localized measurements from an optical fiber, at virtually any location along the fiber length.
Such techniques, applied to dosimetry, could therefore provide a spatial mapping of dose or dose
rate, enabling evaluation of a whole radiation environment using only a single optical fiber and in-
terrogator. This section describes the most significant developments of this technology as reported

in the scientific literature.

OTDR as a RIA measurement method

In the 1980s, several task groups, including the NATO Nuclear Effects Task Group and the United
States Department of Defense, required standardization of RIA measurement methods on optical

fibers [453]. In particular, OTDR measurements, while identified as a method worth exploring, had
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no available data applied to RIA as of 1990 [451]. Several studies were thus performed in the early

1990s to circumvent this lack of published experimental data.

In 1990, five independent laboratories tested a 500 m sample of a single-mode optical fiber, of un-
specified core doping, under ®°Co v rays up to 100 Gy(SiO,). The RIA was measured by an OTDR
device functioning at 1300 nm with a pulse width of 1 pus. While there was a significant spread of the
results, as shown in Figure 1.28a, the conclusions highlighted the advantages of the OTDR method
for RIA measurements, notably because of its single-ended architecture and stability of measurement
[451].

Shortly after, a conference paper was also dedicated to RIA measurement using OTDR [454], followed
by a synthesis article about the dosimetric properties of optical fibers that included this measurement
method [386]. One of the main arguments raised by the authors in favor of OTDR characterization

of RIA was the high stability of the measurement when performing long experiments [386].

An article published in 1994 was also solely dedicated to the use of OTDR for RIA measurement.
The authors concluded on a high reliability and practicability of the device, but highlighted two
drawbacks: the significant time required for a single measurement (~100s in this article) and the

potential photobleaching effect linked to the use of high-intensity pulses [455].

The first significant published results of distributed dosimetry were presented in the RADECS 1997
conference, in where the authors demonstrated the ability to detect dose evolution at different loca-
tions of rare-earth doped optical fiber in low dose rate conditions: 0.1 Gy/d, matching space envi-
ronment conditions. In Figure 1.28b, the OTDR traces of the two irradiated optical fibers segments
are shown with their slope decrease with irradiation time, while the central segment, shielded under

lead (Pb), shows no change in its slope. [452].

Monitoring of the TTF1 linear accelerator in DESY Hamburg

The pioneer field experiment on the topic of optical-fiber based distributed dosimetry was performed
by a German team who used a Ge-P co-doped optical fiber interrogated by OTDR to monitor the
radiation emitted by the TESLA Test Facility phase 1 (TTF1) accelerator in the Deutsches Elektronen-
Synchrotron (DESY) accelerator center in Hamburg, Germany. The experiment started in 1999, and
its results were the subject of internal DESY reports [456—458], conference papers [236, 459] and a

peer-reviewed article [398].

The TTF1 is a complex linear accelerator based on a radiofrequency laser and several acceleration and
compression modules, enabling acceleration of electrons up to 230 MeV (as of 2004). Losses along
this acceleration process create high-energy particle showers of a wide variety, including electrons,

positrons, neutrons and X-rays [398].
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Figure 1.29. — Calibration curve under °°Co 7 rays of the Ge-P co-doped fiber selected for dis-

tributed dosimetry of the TTF1 facility in DESY Hamburg. Measurements were performed at room
temperature with A = 678 nm at five dose rates, indicated by different line styles. (from [398])

The aim of the distributed dosimeter was to evaluate the dose to which the electronics and the per-
manent magnet materials of the accelerator were subjected. Another idea was to be able to perform
measurements in the very small (0.5 mm-1 mm) gap near the accelerator magnets, in which conven-
tional online dosimetry systems could not access, whereas the small dimensions of optical fibers

enable them to operate as near to the magnets as possible [398].

To this end, a commercial multimode, radiosensitive optical fiber was used, with a 50 pm diameter
germanophosphosilicate (Ge-P) core, 125 ym diameter cladding, and a thick 500 pum coating. This
tiber was qualified and calibrated by the research team, and chosen among others because of its high

radiation sensitivity and stability [398]'.

Calibration of this Ge-P co-doped fiber was performed under ®°Co - rays at five different dose rates
from 0.3708 Gy /h to 4160.52 Gy /h, as illustrated in Figure 1.29. RIA was measured at 678 nm and

829 nm using a dedicated setup, and the fiber response was modeled by a power function:
RIA(D) = cDf (1.15)

with ¢ the sensitivity coefficient, D the dose in Gy, and f an exponential factor. Measurements at
678 nm resulted in cgrgnm = 3.69 dB km ™! Gy*1 and fe78nm = 0.972, while measurements at 829 nm
yielded cgronm = 4.2dB km™! Gy_1 and fg9nm = 1.025. The authors also state that a linear model
suits these data acceptably up a dose of 1000 Gy [398].

14The paper makes a reference to an upcoming article: Properties of (Ge+P)-doped dosimetry fibres, that would have detailed
the selection process of the optical fibers; the said article seems however to have never been published.
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Figure 1.30. — Dose inferred from OTDR measurements as a function of the position along the
TTF1 accelerator in DESY Hamburg between December 2001 and January 2002. The name of

the different components of the accelerator are given on the graph, along with the direction of the
accelerator beam. (from [398])

The distributed dosimetry setup involved an a high-accuracy, table-top OTDR device (Tektronix
FiberMaster TFP2A), able to reach pulse widths down to 1ns. The instrument was operated at a
wavelength of 850 nm, selected because of its higher radiation sensitivity than infrared wavelengths
(cf. Section 1.2.4), and a pulse width of 3ns, to reach a good compromise between spatial resolution

and measurement dynamics (cf. Section 1.3.2) [398].

Qualification of this dosimetry setup indicated a minimum spatial resolution of 1.5m, and a min-
imum detectable dose of 3 Gy with the OTDR settings indicated here above. Given the dynamic
range of 15dB offered by the OTDR device with a pulse width of 3ns, the maximum measurable
dose with this setup was assumed to be 360 Gy over a length of 10 m, after which the measurement
reaches the noise floor of the device. To work around this problem, an optical switch was used to

enable double-ended interrogation of the measurement fiber [398].

The results of this setup are shown in Figure 1.30 for a cumulated period of two months. The dis-
tributed nature of the measurement enables to perceive the difference in received dose for each el-
ement of the facility. This distributed dosimetry system was combined with a more conventional,
power-meter based RIA measurement at a wavelength of 660 nm, with twelve different optical fiber
lines installed near the most sensitive parts of the facility in order to obtain additional measurements
on these locations. Thermoluminescence dosimeters, readable after irradiation, were also used as an

additional measurement method [398].

The good accordance between the results obtained in these experiments between different dosimetry
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systems led to the adoption of optical-fiber based dosimetry as a standard in future developments
of the TESLA Test Facility [398]. In addition, the distributed dosimetry technique was also proposed

later as a part of a multi-approach system to detect beam losses in particle accelerators [460].

Distributed Optical Fiber Radiation Sensing (DOFRS) at CERN

Very large physical instruments, such as the Large Hadron Collider (LHC) that covers a total length
of ~26.7 km, present a considerable challenge for monitoring because of the sheer number of devices
needed to ensure the required functionality within an acceptable spatial resolution. For instance,
a 2014 magazine article reported that 1054 beam position monitors were installed in total on both
sides of the accelerator, amounting to a space resolution of ~50 m; each sensor being connected by a

radiation-hardened coaxial cable [461].

Optical fiber sensing presents multiple advantages in this context, such as high electromagnetic im-
munity and ability to multiplex measurements along a same optical fiber [462]. The first reported
applications involved FBGs for temperature and strain measurement on the main instruments of the
facility such as the CMS experiment [463]. Later communications reported the testing of a distributed

temperature measurement system using Raman scattering [464].

Radiation monitoring of the LHC follows the same kind of requirements and challenges, and involves
a sensor array called RadMon, based on electronic radiation sensors, that was reported to include
~400 units as of 2011 [465]. This complex sensor architecture is however difficult to maintain, and
several updates of the RadMon sensors architecture were conducted in order to circumvent failures

observed during their function [466].

For these reasons, distributed dosimetry was perceived as a promising alternative for radiation mon-
itoring of CERN facilities, and was the object of a dedicated Ph.D. thesis [467]. The first reported
study on this subject was focused on the characterization of a multimode optical fiber-based dis-
tributed dosimetry system in the mixed radiation field of the CHARM facility. The authors used a
P-doped fiber with a core diameter of 50 pm and a portable OTDR device (EXFO FTB500) to measure
RIA at 850nm and 1300 nm, with two different pulse durations of 5ns and 10ns in different irradi-
ation conditions. The optical fiber used for sensing was also calibrated under ®°Co - rays, and the
sensitivity coefficient of the fiber in the linear RIA range was reported to be ~3-3.5dBkm ' Gy ! at
830nm, and ~1dBkm ' Gy ! at 1312nm. Whereas some limiting factors were highlighted, such as
a saturation of the system with relatively low doses (~20 kGy), this technology was concluded to be

promising, especially if combined of an optical fiber designed for radiation sensing [466].

Stemmed from these conclusions, the development of a dedicated distributed dosimetry system for
CERN, named DOFRS, was the object of two conference papers [468, 469] as well as six peer-reviewed
articles [383, 390, 395, 399, 470, 471].
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Figure 1.31. — Calibration curve under ®°Co 7 rays of the P-doped fiber selected for the CERN
DOFRS system. Measurements were performed at room temperature with A = 1550 nm at five

different dose rates, indicated by different colors. Inset shows the shape of the RIA spectrum of this
fiber in the near-infrared range. (from [395])

A first aspect of this work was focused on the characterization of a single-mode, phosphorus-doped
optical fiber designed specifically for this dosimetry application. The radiation response of the fiber
was tested under °Co -y rays at five different dose rates from 0.1728 Gy (SiO,) /h to 20.736 Gy (SiO,) /h
as illustrated in Figure 1.31, and measured by a portable OTDR device (Viavi MTS6000) at 1550 nm

4

and a pulse width of 2ns. The fiber RIA response was considered linear up to 500 Gy(5iO,) with

< 5% error, and the sensitivity in this linear region was 4dBkm ™! Gy(SiO,) !

of 10 %.

with an uncertainty

This characterization process demonstrated several interesting performances of this dosimetry sys-
tem. First, as shown by the ®Co data in Figure 1.31, the fiber response showed no significant de-
pendence on the dose rate. Second, the time stability of the measurement was excellent, with no
significant change of the RIA detected several days after switching off irradiation. Third, the photo-
bleaching effect induced from the OTDR interrogation process was estimated to be negligible with
sufficiently high RIA values (on the order of a few dB/m). Fourth, the RIA showed no significant
dependence on the temperature between 20 °C and 45 °C, which is a reasonable operating range for

this application [395].

Another aspect of the development of the DOFRS system was to demonstrate its capability to perform
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Figure 1.32. — Example of distributed dosimetry measurements on the CERN Proton Synchrotron

(PS) during ~8 months in 2018. (from [473])

under the whole diversity of particle types that can be found in accelerator facilities. In addition to
%0Co + rays, the system was also characterized under X-rays, allowing for higher dose rates [395].
Similar results were also obtained under 480 MeV protons, with a similar sensitivity coefficient of
4.1dBkm ™! Gy(SiO,) “latan uncertainty of +5 %, compatible with the value obtained under 7 rays
[395]. Finally, a dedicated article to the characterization of this system in the complex, mixed-field
radiation environment of the CHARM facility has also shown consistent results with the dose pre-
dicted by Monte Carlo simulation, along with the ability to accurately map the radiation profile of

the optical fiber using the distributed nature of the measurement [399].

Research of further improvements to this dosimetry system were also reported in the literature,
through investigation of fibers with different dopants [383] or the potential of using photobleaching

to regenerate the sensing fiber and extend its lifetime [390].

Finally, the actual implementation of this system on the various accelerators in CERN was reported.
The first equipped accelerator was the Proton Synchrotron Booster (PSB), which is the second accel-
erator stage of the CERN with a circumference of 157 m [472]; the corresponding published results
were performed with an earlier design involving a multimode, P-doped optical fiber interrogated by
an OTDR at 850nm. The third CERN accelerator stage, the Proton Synchrotron (PS) with a circum-
ference of ~628 m [472], was also equipped with the DOFRS system since 2018 [469], but its results
(cf. Figure 1.32) were not reported in the scientific literature, and only in internal publications [473,
474]. Instrumentation of the fourth accelerator stage, the Super Proton Synchrotron (SPS) with a

circumference of ~6.91 km, began in 2021 and the corresponding results were documented in [471].
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Figure 1.33. — OFDR amplitude trace of a measurement line including a ~50 cm segment of Al

multimode optical fiber irradiated under ®°Co <y rays up to 73kGy. (from [477])

Distributed dosimetry using Optical Frequency-Domain Reflectometry (OFDR)

OFDR (cf. Section 1.3.3) was also considered as an alternative to OTDR for distributed dosimetry
systems because of the higher spatial resolution enabled by this technology. This higher accuracy and
the capacity of this system to perform distributed dosimetry was demonstrated in many publications
and a Ph.D. thesis [475], with many different types of optical fiber dopants including aluminum (Al)
[476, 477], phosphorus (P) [478, 479], germanium (Ge) [480] and germanium-phosphorus (Ge-P) [481].
Figure 1.33 shows an example of an OFDR amplitude trace in which an irradiated segment of ~50 cm

of irradiated Al-doped fiber is clearly affected as the dose increases.

Other recent studies involving OFDR for remote dosimetry include a very preliminary proof-of-
concept study involving a nanoparticle-doped enhanced-backscattering fiber [482] and an investi-
gation of the sensitivity enhancing properties of metallic coatings on a P-doped optical fiber under
6 MeV and 10 MeV X-rays [483].
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1.5. Objectives of the present thesis work

As introduced in Section 1.1, the space environment is a complex combination of radiation and tem-
perature effects that significantly affect both electronic devices and living beings. Accurate sensing of
the radiation received by spacecraft is of major interest in this context, both for the characterization of
the radiation environment at a designated location and for the monitoring requirements of radiation

protection in the case of manned missions.

The behavior of optical fibers under radiation has been thoroughly studied through various aspects,
including attenuation (RIA), emission (RIE) and compaction (RIRIC), as exposed in Section 1.2. In
particular, the time and temperature stability of the Py defects of phosphorus-doped optical fibers
stand out in comparison to what is commonly observed on other types of radiation-induced defects
found in common optical fiber types. The near-infrared RIA band associated with the P; defects,
centered around 1550 nm, provides a very practical and convenient way to observe the evolution
of the defect population in an irradiated optical fiber, and, as a consequence, offers the ability to

estimate the amount of dose received by the fiber.

Optical-fiber based dosimetry combines the capability to measure radiation as described above with
the other intrinsic advantages of optical fibers: small dimensions, low mass, relative immunity to out-
side electromagnetic effects, and capacity to act both as a sensing element and a means to transport

signal to an outside reading device; all of which can provide an advantage for space missions.

Among the various interrogation techniques enabled by optical fiber, backscatter measurements
(cf. Section 1.3) are of particular interest because of their ability to produce one-dimensional maps of
a measurand along the optical fiber line, enabling so-called distributed sensing. OTDR, using Rayleigh
scattering, provides a measurement from which the local attenuation of optical fibers can be deter-
mined at arbitrary positions with a spatial resolution usually limited by the pulse width, on the order
of 1m for a 10ns pulse. The single-ended nature of the interrogation techniques allows for simple
sensing architectures, although the limited dynamic range of the device restricts the maximum mea-

surable attenuation.

The combination of optical fiber dosimetry with distributed interrogation techniques enabled the
emerging application of distributed optical fiber-based dosimetry, presented in Section 1.4. This
technology, first developed at the turn of the 215 century, was successfully tested in the complex,
high-dose radiation environments provided by particle accelerators. The CERN DOEFRS system, in
particular, involves a ad hoc, phosphorus-doped optical fiber coupled with a commercial OTDR de-

vice operating at 1550 nm.

Bridging the gap between the current implementations of distributed dosimetry and the conditions of

space missions provides several challenges: first, the dose and dose rates requirements are radically
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Item Objective Means
Testing of the dosimetry system
Assess the ability of the system to in a controlled, standardized
Functionality perform accurate dose radiation environment, with a
measurement. range of dose rates that matches

the targeted application.

Statistical analysis of large

. numbers of measurements taken
Assess the main performance

Performance . . in similar conditions, either at
figures and limits of the system. . .

room temperature or in a defined,

controlled temperature range.

Radiation testing of the OTDR
Assess the ability of the system to | device itself during its operation,
Tolerance to TID operate re‘eh'ably within the‘ typlcal in a range of doses and dose rates

Total Ionizing Dose exposition of that match the targeted
a space mission. application, and analysis of

hardware and software failures.

Radiation testing of the OTDR
device under very energetic
particles and analysis of hardware
and software failures.

Assess the sensitivity of the
Tolerance to SEE | system to Single Event Effects and
its ability to mitigate them.

Table 1.5. — Main objectives of this thesis work.

lower in space than in the particle accelerators in which most of these technologies have been tested;
second, the high cost of sending devices into space makes it impractical to use typical commercial
OTDR devices, even their portable versions, onboard spacecrafts. Therefore, the use of so-called
embedded devices, reduced in dimensions, comes as a necessary step to enable distributed sensing
in this context. However, the ability of these devices to operate with the same performance as their
large-sized counterparts was not fully demonstrated, although a 2020 study involving atmospheric

neutrons showed promising results [400].

Another, critical issue that contrasts with existing distributed dosimetry applications is the fact that
the interrogating device must fly with the sensing optical fiber, and, as a consequence, be exposed
to the same harsh environment. A proper assessment of the ability of such embedded devices to
perform in these conditions of radiation and temperature is therefore needed to validate the concept

of porting such distributed dosimetry systems to space missions.

In regard to the statements made here above, the objective of this thesis work is to characterize and
validate the performance of distributed dosimetry systems in space radiation environment. This

main objective could be split into several items, presented in Table 1.5.
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1.6. Summary of the theoretical part

English

The space radiation environment is characterized by a diversity of particle types and energies, com-
bined with disparities in locations, from the radiation belts in Earth’s orbit to direct exposure to solar

events and GCRs in interplanetary missions.

Radiation effects on optical fibers have been extensively studied in the literature; phosphorus-doped
fibers, in particular, have exhibited interesting dosimetric properties through measurement of their

RIA in the near-infrared range.

Among the available technologies to measure this RIA, OTDRs offer both the ability to acquire mea-
surements in real-time and to virtually access any segment of an optical fiber line, resulting in a

so-called distributed measurement.

Combining this interrogation technology with radiosensitive optical fibers, distributed dosimetry
has seen two main documented implementations, for particle accelerators, that have demonstrated

experimentally the validity and interest of such measurements.

The objective of the present thesis work is to validate the concept of an optical-fiber-based, embedded

and distributed dosimetry system suitable for space applications.

Francais

L’environnement radiatif spatial se caractérise par des particules de divers types et énergies, ainsi que
par des disparités locales, des ceintures de radiations dans 1'orbite terrestre a I'exposition directe aux

événements solaires et au rayonnement cosmique galactique lors des missions interplanétaires.

Les effets des radiations sur les fibres optiques ont été étudiées de maniére étendue dans la littérature;
les fibres dopées phosphore, notamment, ont montré des propriétés dosimétriques intéressantes par

la mesure de leur atténuation radio-induite (RIA) dans le proche infrarouge.

Parmi les technologies disponibles pour mesurer cette RIA, les OTDRs offrent a la fois la capacité
d’acquérir des mesures en temps réel et d’accéder virtuellement a n'importe quel segment d’une

ligne de fibre optique, donnant des mesures dites réparties.

En combinant cette technologie d’interrogation avec des fibres optiques radiosensibles, la dosimétrie
répartie a vu deux principales implémentations documentées, pour des accélérateurs de particules,

qui ont démontré expérimentalement la validité et 1'intérét de telles mesures.

L’objectif du présent travail de these est de valider le concept d’un systéme de dosimétrie répartie

par fibre optique et embarqué, convenant aux applications spatiales.
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2.1. Optical fibers

The optical fibers used in this work were phosphorus-doped, single-mode fibers manufactured by
the French specialty fiber manufacturer iXblue (rebranded Exail since 2022). Two kinds of fibers were
tested: a standard-sized fiber (called A for further purposes), for comparison with other published
results, and a novel, size-reduced, P-doped optical fiber (called B for further purposes) tailored for
dosimetry measurement in space applications. The size difference between these two fibers, which

share the same core diameter, is illustrated in Figure 2.1.

Figure 2.1. — Section view of the B fiber (in solid lines), compared to the same scale with fiber A
(represented in dashed lines).
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Fiber A B
Core diameter 8 um 8 um
Cladding diameter 125 pm 80 pm
Coating diameter 245 pm 128 pm
Core material P-doped SiO; (6.6 wt%) P-doped SiO; (6.6 wt%)
Cladding material SiO, Si0,
Coating material Dual-coat acrylate Dual-coat acrylate

Table 2.1. — Main characteristics of the two types of optical fiber used in this work.

The main characteristics of these fibers are presented in Table 2.1. They share the same core specifica-
tions, with the material of both cores being silica doped with phosphorus at 6.6 wt%, and a same core
diameter of 8 um. These fibers however differ in their cladding specifications: whereas the cladding
material is pure silica in both cases, their cladding diameter is different, with 125 um for fiber A and

80 um for fiber B.

The coating material for both fibers is acrylate, which is able to sustain temperatures up to 85 °C [484].
Both fibers involve a dual coat design, commonly found in telecommunication fibers [485], in which
an inner, softer acrylate is itself coated with an outer, harder acrylate [486], resulting in significantly

lower microbending losses [487].

The radial electrical field profile of the guided mode at 1610 nm was simulated based on the refractive
index profile of these fibers!, using the software COMSOL Multiphysics v5.5.0.359. The results are
shown in Figure 2.2 for the one-dimensional radial profile, and in Figure 2.3 for the two-dimensional
profile in the fiber cross-sectional plane. In both cases, the simulation determined two guided modes
for each fiber, with extremely close characteristics, which as per the weakly guiding fiber theory
[266] corresponds to the two-fold degeneration of mode LPy;; only one of these solutions is therefore

illustrated here.

Despite the dimensional differences between fibers A and B, they both share a very similar mode
profile, for which respectively 96 % and 95 % of the optical intensity (square of the amplitude) is
confined in the core. The size reduction of fiber B does therefore have little impact on the optical
properties of the fiber, and theoretically enables it to perform as a single-mode, radiation-sensitive

fiber, with the advantages of reduced volume and mass footprints.

These characteristics make fiber B a suitable candidate for distributed dosimetry for space applica-
tions, which is why an important amount of this thesis work is dedicated to assess the operational

performance of this fiber in such setups.

IThese refractive index profiles were supplied by the manufacturer and cannot be published in this thesis.



2.1. Optical fibers 79

—— Fiber A
Fiber B

Electrical field norm [V/m]
o) o)
o o

N
o
1

N
o
1

60 _40
Radius [pum]

Figure 2.2. — 1D mode profile at A = 1610 nm of both A- and B-type fibers, simulated by COMSOL.
The dashed lines delimit the core area.
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Figure 2.3. — 2D mode profile at A = 1610 nm of both A- and B-type fibers, simulated by COMSOL.

Inner and outer white solid circles delimit core and cladding areas, dashed circle the coating area.
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Figure 2.4. — Photograph of the three types of OTDR devices used in this work: on the left, MTS
6000A from JDSU; on the middle, Micro iOTDR from VIAVI Solutions; on the right, Nano iOTDR
from VIAVI Solutions. The ruler is 20 cm long.

2.2. OTDR devices

Three types of OTDR devices, illustrated in Figure 2.4, were used in this thesis work:
* MTS 6000A from JDSU (now VIAVI Solutions), equipped with a 8129 VLR OTDR module;
e Micro iOTDR from VIAVI Solutions;
e Nano iOTDR from VIAVI Solutions.

The first device is a standard, state-of-the art commercial OTDR device, with a portable, modular

design. It is equipped with a single-mode, dual-wavelength interrogation module.

The two last devices are embedded OTDRs, with considerably reduced dimensions as shown in

Figure 2.4, and are the main focus of this work.

2.2.1. Generalities on OTDR devices

All types of OTDR devices used in this thesis work are supplied by the same manufacturer (VIAVI

Solutions) and therefore offer the advantage of sharing many common features and functionalities.

Interface

All three tested devices share a similar user interface, which includes a graphical interface for visual-
izing OTDR traces during and after acquisition, change the various acquisition and device settings,

and manage the local file storage (if available). Interaction with this interface is usually performed
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Figure 2.5. — Screenshot of the main results screen of a Micro iOTDR device, with a typical OTDR

trace and analysis.

via a touch screen and hardware buttons, as it is the case with the MTS6000A device, but these fea-
tures are notably absent from the embedded iOTDR versions. However, for all devices, this user

interface can be accessed remotely, as explained here below.

As illustrated in Figure 2.5, the user interface also features an analysis of the measured OTDR trace,
with indication of the start, length and attenuation of each detected segment. While this analysis,
designed for telecommunication diagnostics, is useful for a quick overview of an unknown measure-

ment line, it was ignored altogether in this thesis work, in favor of the raw OTDR trace data.

All devices also feature an Ethernet [488] interface, enabling communication through the TCP/IP
[489] protocol. The IP address of the device can be either static or set automatically via transaction
with a Dynamic Host Configuration Protocol (DHCP) [490] server; in the framework of this thesis work,

all IP addresses were set statically, for simplicity and reliability concerns.
The Ethernet interface on each device provides several features:

* Access to the graphical user interface through a Virtual Network Computing (VNC) system [491]
via TCP port 5900.

* File transfer through the File Transfer Protocol [492] via TCP port 21.
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¢ Command interface through Standard Commands for Programmable Instruments (SCPI) [493], via

TCP ports 8000 and 8002, used respectively for the system and OTDR functions.

* Proprietary access for device maintenance and update through Secure Shell (SSH) on TCP port
22 and HyperText Transfer Protocol Secure (HTTPS) on TCP port 443.

Both embedded OTDR devices (Micro and Nano iOTDRs) also feature a Universal Serial Bus (USB)
[494] port that can be used simultaneously for power supply and software emulation of an Ether-
net interface, providing the features listed above. However, our testing of these features revealed a
low reliability of these USB interfaces, which are meant for initial configuration, as well as reduced

capability to command several devices from a same computer.

In this work, the Ethernet interface of each OTDR device was used for controlling these devices by
a remote computer, by issuing SCPI commands for parameter setting, acquisition control and data
retrieval. The VNC interface was also used to provide a graphical view of the device operation to

allow periodical monitoring of the measurement system.

Acquisition parameters

Each OTDR enables setting a variety of parameters, as illustrated in Figure 2.6, to adapt to different

acquisition conditions. The main parameters that were used in this work are:

* Wavelength: selection of the laser wavelength. While the embedded OTDR devices only have
one type of laser available, larger-sized units typically allow selection between several wave-

lengths (1550 nm and 1625 nm for the 8129 VLR board on the MTS 6000A).

* Pulse width: setting of the laser pulse duration. All tested devices enable a wide range of
pulse widths — typically from 5ns to 20 us — with some differences between devices, notably
regarding the lowest available pulse width: 3 ns for the 8129 VLR board on MTS 60004, 5 ns for
the Micro iOTDR and 10ns for the Nano iOTDR.

* Resolution: setting of the spatial sampling. MTS 6000A and Micro iOTDR allow down to
4 cm, while Nano iOTDR only allows down to 8 cm. As explained in (cf. Section 1.3.2), spatial
sampling is not the only parameter that affects the actual spatial resolution of the measurement;

in our case, the pulse width is instead the limiting factor.

* Scan time: setting of the averaging time. All devices allow to set this time between 10s and
180s, allowing for a better SNR, especially for locations with low reflectivity, typically found at

the end of the measurement line.

¢ Index of refraction: setting of the theoretical refractive index of the guided mode. This param-

eter is used to enable fine tuning of the position scale in the OTDR graph.
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Figure 2.6. — Screenshot of the main parameter setting screen of a Micro iOTDR device. The
highlighted choice is pulse width, and the list displayed to the right shows the available pulse widths

selectable on this device, from 5ns to 20 us. The lengths indicated in parentheses are the theoretical
spatial resolutions linked to each pulse width.

* Scatter coefficient: setting of the theoretical fraction of the probe pulse power that is backscat-

tered. This value is given in dB and is typically on the order of —80dB.
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Figure 2.7. — Photograph of a Micro iOTDR device, with its optional interface card.

2.2.2. Micro iOTDR devices

The Micro iOTDR from VIAVI Solutions, illustrated in Figure 2.7, is an embedded OTDR device
designed for in-service interrogation of optical fiber networks up to a range of ~260km [495]. Its

main technical characteristics are given in the datasheet excerpt shown in Figure 2.8.

Its dimensions are 91 mm x 170mm X 16.5mm and its mass 200 g, which makes it about 20 times

smaller in volume and 13 times lighter than the MTS 6000A unit?.
Its interfaces are:

¢ A single-mode fiber of length ~5m, equipped with a SC/PC connector [496], for connection

with the optical fiber to interrogate.

¢ A USB-C interface that can be used both as a 5V power supply and software-emulated Ethernet

communication for initial configuration.

¢ A 14-pin interface that provides connection for a 12V power supply, a full 8-pin Ethernet con-

nection and additional hardware reset and shutdown commands.

The devices that were tested in this work were equipped with an interface card, designed by the
manufacturer, to link the 14-pin connector to both a 22.5mm circular connector for power supply

and a RJ45 socket for Ethernet interface. To ease handling, transportation and installation of these

2Dimensions and mass of the MTS 6000A device: 280 mm x 200 mm x 95 mm, 2.620 kg.



2.2. OTDR devices

85

Specifications Micro iOTDR card for Medium or Long Range integrated OTDR -

(typical at 25°C)

/

General

Dimensions

91x 170 X 16.5 mm

Operating temperature

-5 to 65°C or 70°C according to the variant

Storage temperature

-20 to 85°C

Humidity 85% without condensing
EMC EN61326-1, EN6100-3-2
Interfaces Ethernet 10/100/1000

Power consumption

51 W (Typical at 25°C) 10mW in standby mode

OTDR

Laser Safety Class 1
Number of data points Up to 512,000
Sampling resolution From 4 cm
Distance range Up to 260 Km

Distance accuracy

+/-Im +/- Sampling resolution +/- distance * 10-5

OTDR Range Details Medium Range Long Range
Wavelength' (nm) 1625 nm 1610 or 1626 nm
Wavelength accuracy’ (nm) +/-3 +/-3

Dynamic range? (dB) 37 40

Pulse width 5nsto 20 ps 5ns to 20 ys
Event dead zone®* (m) 1 0.8
Attenuation dead zone* (m) 35 3

'Laser at 25°C and measured at 10 ps.

2The one way difference between the extrapolated backscattering level at the start of the
fiber and the RMS noise level, after 3 minutes averaging and using the largest pulse width.

3Measured at +1.5 dB down from the peak of an unsaturated reflective event using the
shortest pulse width.

“Measured at +0.5 dB from the linear regression using a -55dB type reflectance and using the
shortest pulse width.

Figure 2.8. — Manufacturer datasheet of the Micro iOTDR device. (from [495])

devices with their interface card, customized supports in aluminum were designed to group these

elements as a single unit, as shown in Figure 2.4.
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Figure 2.9. — Photograph of a Nano iOTDR device, with its interface adapter for power supply and
Ethernet.

2.2.3. Nano iOTDR devices

The Nano iOTDR from VIAVI Solutions, illustrated in Figure 2.9, is an even smaller embedded OTDR
device, compared to the Micro iOTDR, that enables optical network monitoring up to a medium
range of ~160 km [495]. Its main technical characteristics are given in the datasheet excerpt shown in

Figure 2.10.

Its dimensions are 98.5 mm X 67.5mm x 16.5mm and its mass 110 g, which correspond to a 48 times

volume gain and 23 times mass gain compared to the MTS 6000A unit.
Its interfaces are:

¢ A single-mode fiber of length ~5m, equipped with a SC/APC connector [496], for connection

with the optical fiber to interrogate.

¢ A USB-C interface that can be used both as a 5V power supply and software-emulated Ethernet

communication for initial configuration.

¢ A 14-pin interface that provides connection for a 5V power supply, a full 8-pin Ethernet con-

nection and additional hardware reset and shutdown commands.

The devices that were tested in this work were equipped with a custom-made interface adapter, at-
tached to the 14-pin connector and enabling connection of a 5V supply through a 22.5mm circular

connector and a RJ45 socket for Ethernet connection.
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Specifications Nano iOTDR card for Medium Range integrated OTDR - (typical at 25°C)

-
o
General
Dimensions 98.5 x 675 x 16.5 mm
Operating case temperature -5 to 75°C
Storage temperature -40 to 85°C

Humidity 5 to 85% without condensing
EMC EN61326-1, EN6100-3-2
Interfaces Ethernet 10/100

Power consumption

51 W (Typical at 25°C) 10mW in standby mode

OTDR

Laser Safety Class 1
Number of data points Up to 512,000
Sampling resolution From 4 cm
Distance range Up to 160 Km

Distance accuracy

+/-1m +/- Sampling resolution +/- distance * 10-5

OTDR Range Details

Medium Range

Wavelength' (nm) 1610 nm
Wavelength accuracy® (nm) +/-5
Dynamic range? (dB) 32

Pulse width 10 ns to 10 ps
Event dead zone® (m) 15
Attenuation dead zone* (m) 5

Laser at 25°C and measured at 10 ps.

2The one way difference between the extrapolated backscattering level at the start of the
fiber and the RMS noise level, after 3 minutes averaging and using the largest pulse width

3Measured at +1.5 dB down from the peak of an unsaturated reflective event using the

shortest pulse width.

“Measured at +0.5 dB from the linear regression using a -55dB type reflectance and using the

shortest pulse width.

Figure 2.10. — Manufacturer datasheet of the Nano iOTDR device.
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2.3. Radiation facilities

The radiation tests reported in this work were performed in different facilities, each offering different
capabilities in terms of particle type and energy, as well as accessible dose rates. This section will

review the two types of irradiators used in this thesis work.

2.3.1. X-ray irradiators
Generalities on X-rays and X-ray tubes

X-rays denominates high-energy electromagnetic radiation, typically starting from 100 eV [497]. Since
its discovery by the German physicist Wilhelm Réntgen?, this type of radiation gained immense in-
terest, first in the medical domain with the birth of radiology, then in material physics since the

discovery of crystalline X-ray diffraction by Max von Laue* [498].

Means of production of such X-rays have consequently also been the subject of considerable inter-
est and refinement, and many technologies of X-ray sources exist as of today, relying on physical

phenomena such as braking radiation, synchrotron radiation or Cherenkov radiation [499].

Among these production technologies, X-ray tubes are the most commonly used, with an history
of development dating more than a century [500], and applications in fields as diverse as medical
imaging [501], material characterization [502], sterilization of medical material [503], food [504] or

insects [505], and radiation testing of electronic devices [506].

A typical X-ray tube, illustrated in Figure 2.11, consists of the assembly under vacuum of a cathode,
typically a filament through which an electrical current circulates, and an anode, typically a high-
atomic-number material such as tungsten (W). A high electrical voltage V (on the order of ten or
hundreds of kilovolts) is applied between the cathode and anode while an electrical current I (typi-
cally in the ampere range) circulates through the cathode, heating the filament and causing emission
of electrons by thermionic effect. The resulting electron flow i is called tube current, and is typically

in the milliampere range (with 1 mA ~ 6.24 x 10'° electron/s) [501].

The very high potential difference V induces a strong electrical field, causing the released electrons
to be accelerated to a high energy E,- = Vg, (with g = 1.602176 634 x 10~ C the elementary charge
[346]). When expressed in electronvolts, E,- simply has the same numerical value as V, so a 100 kV

potential leads an energy of 100 keV for each electron.

These high-energy primary electrons interact with the anode material, and produce secondary X-ray

emission through two processes: bremsstrahlung (braking radiation) and characteristic emission.

3Nobel Prize in Physics 1901.
“Nobel Prize in Physics 1914.
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Figure 2.11. — Overview of the main components of a typical X-ray tube. (adapted from [392])

Bremsstrahlung (German word for “braking radiation”) originates from a deviation of the incident
electron trajectory caused by Coulomb interaction with the electric field of atomic nuclei; as the elec-
tron is deviated, it is decelerated by the electric field and the resulting energy difference is emitted
in the form of photons [507]. The energy spectrum of the resulting radiation is continuous, with a
maximum energy corresponding the incident electron energy. The stopping power of electrons due
to bremsstrahlung, which is linked to its probability of occurrence, is proportional to the square of
the atomic number Z of the material [508], and therefore the use of high-atomic-number materials is

preferred in the anode for more efficient production of X-rays [501].

Characteristic emission is a fluorescence phenomenon caused by liberation of core electrons of the
anode material: as these get replaced with electrons of lesser binding energy, a photon is emitted
with a precisely defined energy, namely the difference between energy levels of the chased electron
and its replacement [509]. The spectrum of characteristic emission is therefore composed of sharp
peaks standing a defined energies, which are specific of the anode material, hence the characteristic
nature of this radiation. X-ray characteristic emission was discovered in 1909 by the British physicist
Charles Glover Barkla®, and is commonly used as a method to produce narrow linewidth radiation
for diffraction spectroscopy [510], as well as a material characterization technique, through the help

of handbooks compiling lists of known characteristic lines for most elements [511].

While both these processes are able to convert electrons to X-ray photons, their overall efficiency is
very low, due to the low cross-sections of these interactions, and a typical X-ray tube efficiency is

usually considered to be lesser than 1 % [501].

5Nobel Prize in Physics 1917.



90 2. Materials and methods

The resulting X-ray beam also exhibits particular angular features. Whereas the produced X-ray pho-
tons are theoretically emitted in all directions, the fact that the interactions mentioned here above
take place inside the volume of the anode, and the fact that this anode is usually made of a high-
density, high-attenuating material, cause the resulting X-ray beam to cover a privileged angular re-
gion, through which the path travelled inside the material is minimal. This phenomenon is called
heel effect, and causes the X-ray beam to be emitted with a small angle that depends on the anode

angle (6 on Figure 2.11) [512].

The vacuum tube, usually also made of a high-density material, is sealed with a window made, in the
contrary, of a low-atomic-number element such as beryllium (Be), positioned under the anode so that
most of the produced X-rays can leave the tube without significant absorption [513]. The positioning

and size of the window also define the maximum angular range of the exiting beam.

X-ray tubes can be operated with short pulses, in applications such as radiography [501], or continu-
ously in other applications such as thickness gauging in metallurgical production lines [514]. Because
of the high amount of heat generated on the anode during this process, an additional cooling system
is usually required to avoid damaging the anode material, and therefore significantly lengthen the

lifetime of the X-ray tube [501].

MOPERIX and LabHX X-ray facilities in Université Jean Monnet Saint-Etienne

Two X-ray facilities, named MOPERIX and LabHX, were used in this thesis work, both located in
Laboratoire Hubert Curien of Université Jean Monnet Saint-Etienne (France). Both are commercial
X-ray irradiators involving a similar architecture. Their main characteristics are given in Table 2.2

and Figure 2.12.

Each irradiator includes a X-ray tube inside an lead (Pb) enclosure with walls thick enough (6 mm
for MOPERIX, 8 mm for LabHX) to ensure a safe radiation level for personnel operating outside
when the tube operates at maximum voltage and current. Passage of cables and optical fibers is
made through two dedicated openings with a labyrinth structure that are designed to reduce external

radiation leakage to a minimum.

Both irradiators offer a wide range of dose rates, typically from 500 pGy(SiO,)/s to more than
20Gy(SiOy) /s, which can be adjusted using several parameters, such as distance from the source,
X-ray tube voltage and current, or additional shielding. In particular, adjustment of the tube voltage
enables to change the energy spectrum, controlling the mean energy of photons [392], while adjust-

ment of the tube current controls the intensity of the beam.

Before each irradiation, dosimetry is performed in situ at the desired position, voltage and current
using a PTW 23344 plane-parallel ionization chamber, which features a @3 cm sensitive element, con-
nected to a PTW UNIDOS E reading device.
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Facility MOPERIX
Picture
X-ray tube COMET MXR 165 [515] COMET MXR 225-26 [516]
Maximum voltage 160kV 225kV
Maximum current 45mA 30mA
Anode material Tungsten (W) Tungsten (W)
Anode angle 30° 30°
Beam coverage 50° 40°
Tube filtration 4 mm beryllium (Be) 2mm beryllium (Be)

Table 2.2. — Main characteristics of the two X-ray facilities in Laboratoire Hubert Curien that were

used in this thesis work.
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Figure 2.12. — SpekPy simulated fluence rate spectra of MOPERIX and LabHX X-ray tubes operated
at a voltage of 100kV and a current of 1 mA, from a location at a distance of 50 cm vertically from

the anode center. Filtering from the beryllium window (different for each irradiator) and from the air
layer are taken into account. The main tungsten characteristic X-ray lines [511] are also annotated.
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Isotope 60C0 1311 137Cs 222Rn 238U
Half-life 5.271yr 8.025d 30.08 yr 3.8235d 4.468 x 10° yr
B~ 318keV _
.. v 364 keV B~ 514keV a 4.151 MeV
Emission | ¢ 1.173MeV — 606 keV v 662 keV « 5489 MeV & 4198 MeV
v 1.332 MeV

Table 2.3. — Summary data of five radionuclides commonly found in nature or in nuclear/radiation

applications, with their half-lives and main emission type and energies. [517]

2.3.2. 7 ray irradiator
Generalities on y rays and radionuclides

Gamma (7y) rays are high-energy photons that are produced as the result of nuclear fission or tran-
sitions in energy levels of atomic nuclei [518]. The production of <y rays in controlled environments,
such as irradiation facilities, is therefore ensured by radioactive elements called radionuclides (also
called radioisotopes). Out of the 3338 different radionuclides identified as of 2022 [519], Table 2.3

presents the summary data of five of the most commonly occurring of these radioactive elements.

Each radionuclide is associated with a decay constant A, expressed in s~!, which is proper to the
isotope in question, and corresponds to the change by unit of time in the number of nuclides at a
particular energy state. This decay constant is often converted to a macroscopic quantity known as
half-life Ty ;, = In(2) /A, which corresponds to the expected period of time necessary to reduce by half
the radionuclide population [151]. Because such half-lives are often measured in years (cf. Table 2.3),

procurement, operation, storage and disposal of radionuclides are subject to strict regulation [520].

The quantity of radiation emitted by a radioactive source is often expressed in terms of activity, which
reflects the number of disintegration events by unit of time in the whole volume of the source. The SI
unit of activity is becquerel (Bq), which corresponds to s ! [151], but a more macroscopic unit, often
used in practice, is the curie® (Ci), which corresponds to 3.7 x 10! Bq [521, 522]. Activity A, decay

constant A and number of radionuclides N are linked through the following equation [151]:

A=AN (2.1)

Among the various type of particles produced by radionuclides, y rays are used in fields as diverse as
medical surgery [523] or imaging [524], industrial nondestructive testing [525], sterilization [526], and
radiation testing [527]. As shown in Table 2.3, not all radionuclides produce emission of significant

7 ray radiation; a few selected isotopes are therefore involved for such applications.

®Named after Marie Sktodowska-Curie (1867-1934), Nobel Prize in Physics 1903 and Nobel Prize in Chemistry 1911.
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Figure 2.13. — Photograph of the PRESERVE ¢ ray irradiation facility in 2021. The ®°Co source
is installed at the center of the picture, on the orange structure.

Cobalt-60 (°°Co) is of special interest in < ray applications, because of its main v emission of two
sharp, equally intense lines at 1.173 MeV and 1.332 MeV [517], resulting in a mean energy of 1.25MeV.
0Co is produced by irradiation of stable >?Co in nuclear reactors [528], and is typically sealed inside
steel capsules, which often produce an additional secondary photon spectrum [529]. Emission of vy
rays by ®Co is performed in a two-step process: ®*Co decays into an excited ®*Ni atom through a
beta decay process, then ®“Ni undergoes transition from energy level 2.505 748 MeV to 1.332 508 MeV
then to the stable level at 0 MeV, releasing at each step a photon with an energy corresponding to the

energy level difference [530].

PRESERVE facility in Université de Montpellier

The PRESERVE facility in Institut d’Electronique et des Systémes of Université de Montpellier (France)

is a 7y ray irradiator involving a ®’Co source, emitting photons at 1.17MeV and 1.33 MeV.

The source is installed in a large 9m x 4 m area (cf. Figure 2.13), enabling a wide range of available
dose rates due to the inverse-square distance law [152], which predicts a ~300 fluence ratio between
locations at 0.5m and 9m in front of the source. At the distance of ~4m at which our irradiations

were performed, the dose rate is on the order of 10 pGy(Air)/s.

The irradiation area is enclosed by thick concrete walls that absorb radiation down to a safe level in
the outside rooms. Passage of cables and fibers is ensured by dedicated openings running through

the concrete wall delimiting the irradiation room from the nearby instrumentation room.

Dosimetry is performed in situ before each irradiation, using a PTW TM30013 cylindrical Farmer

chamber with a 6 mm sensitive element, connected to a PTW UNIDOS E reading device.
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(a) Beam line 1B entrance. (b) Beam line 1B sample holder.

Figure 2.14. — Photographs of the TRIUMF PIF facility. (courtesy of Martin Roche)

2.3.3. Proton irradiator

The Proton Irradiation Facility (PIF) in the TRIUMEF particle accelerator center in Vancouver (Canada)
is a high-energy proton irradiator, able to supply protons with a broad range of energies, ranging

from 20 MeV to 480 MeV.

These protons are extracted from the main cyclotron of the TRIUMF center, and their energy can be
selected through the use of stripping foils placed at variable radial locations in the cyclotron. Two

beam lines are extracted from the cyclotron for use in the PIF facility.

Beam line 1B (BL1B) provides high-energy protons (350 MeV or 480 MeV) with low intensities (up
to 2nA at the maximum energy) [531]. These characteristics makes BL1B suitable for SEE testing of
electronic devices for space applications [532], and the facility provides vertical, adjustable sample
holders (cf. Figure 2.14) that can precisely position target components of the tested device in the

center of the proton beam.

Beam line 2C (BL2C) provides lower energy protons (from 63MeV to 105MeV) with higher intensi-
ties (up 10nA at the minimum energy) [531]. Its energy range can be further extended by placing
materials in front of the beam, reducing the available energies down to 20 MeV [533], although at
the cost of a larger energy spread due to straggling [534]. BL2C is used for component testing with
higher proton intensities, and was also involved in research toward proton therapy for the treatment

of ocular melanomas [199].
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Figure 2.15. — Monte Carlo simulation of 10 MeV proton tracks inside a SiO, sample, using the

software SRIM. ~200 particle events are represented here.

2.4. Simulation tools

In addition to the experimental work performed in this thesis, a consequent amount of simulation
was performed to understand and model the interactions between ionizing radiation and optical

fibers in different radiation environments.

Two categories of simulation tools were mainly used: Monte Carlo codes, which simulate particle
interactions down to the individual level, and X-ray models, which predict the spectrum produced
by X-ray sources. This section presents two of such software that were used in this thesis work:

Geant4 for Monte Carlo simulation of particle physics, and SpekPy for modeling of X-ray spectra.

2.4.1. Principles of Monte Carlo (MC) simulation

Particle interaction models revolve around the quantity cross-section, which expresses the probability
of occurrence of a given interaction (cf. Section 1.1.3). On the microscopic scale, this intrinsically
probabilistic nature of interations makes it possible, given a same initial particle and conditions, to
obtain very different event chains depending on the occurrence and the result of such interactions,
as illustrated by the proton trajectories shown in Figure 2.15. On the macroscopic scale, however, the

mean result of a very large number of interactions is usually observed.

Whereas, in the case of very simple geometries and conditions, this mean result can be determined
analytically, more complex situations require numerical simulation of a large number of particles

events. This is the concept of Monte Carlo” (MC) codes, which involve simulation of single particles,

7Named by Stanislav Ulam and John Von Neumann in the 1940s, in reference to the Monte Carlo casino in Monaco [535].
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for which the occurrence and result of each possible interaction is determined by the outcome of a

random number generator [536].

MC methods apply to various integration [537] and probability [538] problems, and are used in do-
mains as diverse as optical tolerancing [539], climatology [540], computer graphics [541], finance
[542] and artificial intelligence [543]. However, particle simulation in physics remains the main do-

main of application of such methods [544].

After simulation of the complete event chains of n independent particles, the mean value ¥ and
standard deviation s of a quantity of interest x (particle flux, dose deposition, track length...) are

given by the following descriptive statistics [545]:

1
n—1

Y xi s = Y (xi— x)? (2.2)

As s is roughly proportional to 1//n, the uncertainty on the results will decrease as the number
of simulated particle increases. Therefore, a very high number of independent particles is usually
simulated, so that the uncertainty on the results is low enough to be acceptable. In MC simulation
of particle physics, it is therefore not uncommon to simulate millions or billions of particle events to

obtain a result of satisfactory accuracy [546].

A common operation scheme is also to run MC simulations in batches, each batch including a same,
large number of particles. After running a number N of batches, the mean X and standard deviation
S of the investigated value are calculated using the same descriptive statistics as in (2.2). From these,

the confidence interval u about X, at a level of confidence of p%, can be estimated as follows:

S
u=t,—— 2.3
p \/N (2.3)
with t, the p™ percentile of the bilateral Student’s ¢ distribution at N — 1 degrees of freedom, i.e. such
as t takes p% of its values in the interval [—t,,t,]. Because of the properties of the ¢ distribution, t,

approaches the confidence interval at p% of the normal distribution for high values of N [547].

This high requirement in number of calculations make Monte Carlo codes very resource-heavy [548],
although the fact that each simulated particle is independent make them extremely well suited to
parallelization [549], and therefore to use on dedicated computer clusters, provided the code properly

handles the various data synchronisations required for such parallel execution [550].

Other advanced methods can be used to reduce the overall number of MC calculations while keeping
low uncertainty on the results. These variation reduction methods aim to reduce the amount of unnec-
essary calculation, through diverse strategies such as weighing factors on the source or interactions

to bias the simulation towards a desired phenomenon (e.g. bremsstrahlung emission) [551].
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Figure 2.16. — Screenshot of the graphical interface of a typical Geant4 simulation; here, a simple

Sampling Calorimeter setup ( examples/basic/B4 ) with 100 particle events displayed.

Many different MC codes are available for simulation of particle interaction. The most commonly
used general-purpose codes are MCNP [552], FLUKA [553, 554], Geant4 (cf. Section 2.4.2) and PHITS
[555]. Other, more specialized codes include, for simulation of low-energy electrons, positrons and
photons, PENELOPE [556] (50eV to 1GeV) and EGSnrc [557] (1keV to 10 GeV); for simulation of
charged particles, SRIM [558] is also one of the reference codes.

2.4.2. Geant4: simulation of particle physics

Geant4 [559-561] is a C++ toolkit for building MC codes dedicated to the simulation of particle
physics. It is developed by an international collaboration and published by CERN under an ad hoc
open source® license. The first version of Generation of Events And Tracks (GEANT) was created by
CERN in the 1970s [563], and further developed with versions 2 and 3 released in the 1980s [564]. The
current major version 4 was first released in 2003 [559], and marked the beginning of an international

collaboration outside CERN to maintain and implement new features in this toolkit.

Whereas Geant4 is originally designed for simulation of high-energy physics, up to the TeV scale, in
the context of particle accelerators [565], it includes numerous physical models that provide it with a

very versatile range of particle types and energies.

8The Geant4 software license authorizes modification and redistribution of the source code and binaries, but forbids
related patent registration and restricts the use of the Geant4 name [562].
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A number of these available physics models were reviewed in the literature to be suitable for simula-
tion of space radiation effects [566]. In particular, the physics package QBBC_EMZ stands as the recom-
mended setup in the context of space applications [567]. This package includes the electromagnetic
library G4EmStandardPhysics_option4 , which automatically selects the most accurate models for elec-
tromagnetic interactions and tracking of charged particles [568], and the QBBC library that includes

hadronic and neutronic interaction models suited for medical and space applications [566].

Additional packages that extend the functionality of Geant4 are the Geant4-DNA project for finely
modeling cellular radiobiological effects [569, 570], Geant4-MicroElec for microdosimetry [571, 572],
GATE for nuclear-based imaging systems [573] and GRAS for simulation of space environment ef-

fects [574].

Programming of a Geant4-based simulation involves creation of several C++ classes, inherited from
the virtual classes supplied by the toolkit, handling important definitions such as geometry, physics
models, tallying and program interface. This modular, configurable nature, along with the fact that
the whole toolkit source code is readable, enables to control the behavior of the simulation in a great

level of detail, but at the cost of programming complexity.

After compilation, the resulting simulation software can either be run in command-line mode, for
output on the terminal or in files, or in a graphical interface mode, which uses renderers provided in
the Geant4 toolkit to draw the geometry of the simulation and enable to control various parameters

as well as to visualize the results of particle events, as illustrated in Figure 2.16.

2.4.3. SpekPy: simulation of X-ray tube spectrum

SpekPy [575, 576] is a Python library for modeling spectra of X-ray tubes. It was designed in the 2010s

by a team of Swedish physicists [577, 578], and released in 2019 under a free software license’.

SpekPy is the successor of the stand-alone software SpekCalc released in 2009 [579], which itself was
based on a X-ray spectrum model established by Poludniowski et al. [580, 581]. In 2020, this model
was considerably refined [582, 583] with the subsequent release of SpekPy.

As of version 2.09 (released in June 2023), SpekPy can simulate tungsten (W) anodes with operating
voltage from 10kV to 500kV and molybdenum (Mo) or rhodium (Rh) anodes from 20kV to 50kV.
It also enables to simulate the effects of filtering, with a large mass-attenuation coefficient database
that includes elements with atomic number up to 100 and definition of many compound materials.
Spectra simulated by SpekPy with a tungsten anode at a variety of voltages and filtrations were
validated against standard NIST data [575].

9SpekPy is licensed under the MIT license, that solely requires to keep the license notice in all distributed versions.
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(a) Differential fluence spectra for five voltages. The (b) Map of the fluence rate at 100kV in the xy plane.

main tungsten characteristic X-ray lines [511] are The dashed line indicates the 40° angular limit of

also annotated. the considered tube.

Figure 2.17. — Examples of SpekPy simulation of a tungsten (W) anode with a inherent filtration of

2mm beryllium (Be), and an operating current of 20 mA. The z distance is 42.5cm, and air filtering
of the same thickness was entered in the simulation. (from [392])

The spatial evolution of the produced X-ray spectrum is also modeled by SpekPy, by inputting the
anode angle and the x, y and z coordinates of the point at which the spectrum is to be simulated: the
origin is located at the center of the anode surface, the z central axis oriented in the beam propagation
direction, the x axis oriented in the anode to cathode direction, and y determined using the right-hand

rule [392].

The decrease in fluence according to the inverse-square law with distance from the source is taken
into account, as well as the oblique increase of filtering paths, causing an effective increase of the
filtering in case of off-axis estimations. The heel effect described in Section 2.3.1, which causes the
beam to be tilted in the positive x direction, is also simulated by SpekPy, but the authors recom-
mend in this case using the high-accuracy, but slower option kgp that models more completely the

anisotropy of bremsstrahlung emission [576].

In addition to spectra, SpekPy can also calculate various quantities such as fluence (integral of the
differential fluence spectrum), half-value layer (HVL) thickness for various materials, mean energy,

effective energy and air kerma.

Some results of SpekPy calculations are shown in Figure 2.17a for spectra of a tungsten anode at
different voltages, and Figure 2.17b for the mapping of the fluence rate in a configuration typical to

the LabHX irradiator introduced in Section 2.3.1.
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2.5. Summary of the materials and method part

English

Two kinds of radiosensitive, phosphorus-doped optical fibers are tested in this thesis work: fiber
A matches the dimensions of standard, telecom-grade fibers, while fiber B offers the same speci-
fications with lower dimensions, enabling reduced volume and mass footprints suitable for space

applications.

These fibers were connected to embedded OTDR devices of two different types: VIAVI Solutions Mi-
cro iOTDR and Nano iOTDR, the latter offering the smallest dimensions. A standard-sized portable
OTDR device, MTS 6000A, was also used for comparison.

Three type of irradiation facilities were used in the course of this thesis: X-ray irradiators, enabling
high dose rates at low photon energies, a -y ray facility producing photons of 1.25MeV mean energy
with a very low dose rate, and a 480 MeV proton facility for SEE testing.

Finally, physics simulation software were also used in complement to the experimental tools. The
Monte Carlo code Geant4 is able to simulate particle transport and dose deposition in arbitrary ge-

ometries, while SpekPy enables simulation of the spectrum and fluence produced by an X-ray tube.

Francais

Deux types de fibres radiosensibles, dopées phosphore, sont évaluées dans ce travail de these: la fibre
A correspond aux dimensions standards des fibres télécom, tandis que la fibre B fournit les mémes
spécifications avec des dimensions plus petites, permettant des empreintes réduites de volume et de

masse convenant aux applications spatiales.

Ces fibres ont été connectées a des OTDRs embarqués de deux types différents : les Micro iOTDR
et Nano iOTDR de VIAVI Solutions, ce dernier offrant les dimensions les plus réduites. Un OTDR

portable de taille standard, le MTS 6000A, a également été utilisé pour comparaison.

Trois types d’installations d’irradiation ont été utilisés au cours de cette these : les irradiateurs a
rayons X, permettant des débits de dose élevés a de basses énergies de photons, un irradiateur v
produisant des photons de 1,25MeV d’énergie moyenne avec un tres faible débit de dose, et un

irradiateur proton a 480 MeV pour les essais d’effets singuliers (SEE).

Enfin, des logiciels de simulation physique ont également été utilisés en complément des outils ex-
périmentaux. Le code Monte-Carlo Geant4 permet de simuler le transport de particules et le dépot
de dose dans des géométries arbitraires, tandis que SpekPy permet la simulation du spectre et de la

fluence produits par un tube a rayons X.
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3.1. Metrological properties of the dosimetry system

The reduced dimensions of embedded OTDR devices, such as the Micro and Nano iOTDRs intro-
duced in Section 2.2, are the result of design compromises that can affect the performance of these

devices in certain fields of application.

This section relates the experiments that were conducted in order to evaluate the main performance

figures of these devices for distributed dosimetry applications.
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Figure 3.1. — Experimental setup for the characterization of metrological properties of the three

different types of OTDR devices.

3.1.1. Experimental setup

To compare the properties of the three types of OTDR devices investigated in this thesis work, the
setup illustrated in Figure 3.1 was run with different parameters, for a total duration of 1 month. The
experiment was conducted at room temperature, with daily and weekly variations amounting to a

temperature range of 24 °C to 32 °C.

Four devices were tested: a standard-sized MTS 6000A device operating at both 1550 nm and 1625 nm,
two Micro iOTDR devices operating at 1610 nm, and one Nano iOTDR device operating at 1610 nm.

The output of these OTDR devices was connected to a same measurement line, made of the succes-
sion of two samples of optical fiber. The first sample is a 1 km-long single mode, telecom-grade fiber,
designed to be used as a launch fiber to compensate the dead zone at the beginning of OTDR mea-
surement lines [584]. The second fiber is a 200 m-long sample of fiber B after irradiation with < rays
at a dose of 12.97 Gy(SiO;) (cf. Section 3.2), which results in a total attenuation of ~12dB at 1610 nm.
To enable all OTDR devices to access this measurement line while optimizing their optical budget, a

1-to-4 optical switch (LEONI eol 1x4) connects each OTDR output to the common line.

For each OTDR device, two parameters were investigated: scan time, either 10s or 180s, and pulse
width (spatial resolution), ranging from the minimum value allowed by the device: 3ns (0.3 m) for
MTS 60004, 5ns (0.5m) for Micro iOTDR, 10ns (1 m) for Nano iOTDR, up to 1ps (1000m). In the
case of the MTS 6000A device, both wavelengths of 1550 nm and 1625 nm were investigated.

The scatter coefficient was set to —81 dB on all devices, however they were configured with different

settings for the index of refraction. Therefore, this difference was taken into account in the data
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analysis, and the data shown here below have been corrected to ensure a homogeneous position

scaling between all investigated devices.

To allow unattended and reliable acquisition, all devices were connected to an embedded computer
(Raspberry Pi 4 model B), enabling OTDR device control and data retrieval through Ethernet connec-
tion, and switch control through serial connection. A simple Python script running on the acquisition
computer looped through all investigated settings on all devices, running an acquisition and saving
data for each of these setting. At the change from one device to the other, the script also commanded

the switch to change to the corresponding channel.

In addition to the OTDR measurements, an additional measurement of the room temperature was
performed by a K-type thermocouple connected to a USB thermocouple reader (Pico Technology

TC-08), and recorded using a dedicated acquisition software.

3.1.2. Overview of the data

Most measurements were acquired with the minimum available scan time of 105, in order to test the
performance of the tested OTDR devices at their maximum temporal resolution. In these conditions,
~1200 similar measurements were collected for each combination of device, wavelength and pulse

width, enabling statistical analysis of the influence of each of these parameters.

Example OTDR traces of the complete measurement line are shown in Figure 3.2, for the minimum
pulse width and scan time enabled by each investigated device. The long, flat segment between ~0 m
and ~1000m is the 1km launch fiber, and the decreasing segment between ~1000 m and ~1200 m is
the attenuating fiber. The three intense peaks correspond to reflection events caused by, respectively,
the connection between the OTDR and the launch fiber at ~0O m, the connection between launch fiber

and attenuating fiber at ~1000 m, and the end of the attenuating fiber at ~1200 m.

The attenuating fiber segment is shown in more detail in Figure 3.3, again for all devices at minimum
pulse width and scan time. These sample data show an overall good accordance between measure-
ments acquired by all investigated devices, along with a visible increase of the noise level as the
backscattered signal decreases. A first difference between these different devices can be spotted in
the precise location at which the two reflection peaks, corresponding to the beginning and the end of
the attenuating fiber segment, are represented. This difference in positioning can be explained by the
different lengths of internal and external optical fibers on each device, as the Micro and Nano iOTDR
devices feature a ~5m connector fiber, whereas the testing fiber is directly connected on the OTDR

card of the MTS 6000A device.

The increase of the noise level as the scattered signal decreases can however be compensated, to a

degree, by averaging a large number of measurements. Two methods can be used for such post-
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Figure 3.2. — Sample data for the metrological characterization of investigated OTDR devices.

Device name, wavelength and pulse width are shown in the legend, and the common scan time was
10s.
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Figure 3.3. — Sample data of a region of interest (attenuating fiber). Device name, wavelength and

pulse width are shown in the legend, with a common scan time of 10s.
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Figure 3.4. — Averaged traces of Micro iOTDR A on the irradiated fiber segment, acquired at
a scan time of either 10s or 180s. Two processing methods are compared here: averaging in a

logarithmic space or in a linear space. The trace in light gray shows a single 10s measurement in
these conditions, for comparison. The dashed line shows an extrapolation of the linear fit of the
trace from 1025 m to 1100 m.

processing of the data: a first method averages the OTDR traces in their original, logarithmic scale
in dB; a second method converts the traces to a linear scale (Ijpear = 10%8/10), then averages them,

before converting these averaged values back to dB (Igp = 1010g;,(Liinear))-

Such averaging methods are compared in Figure 3.4 for Micro iOTDR A traces, using the mean of
~1200 measurements performed with a scan time of 10s, and ~70 measurements performed with a
scan time of 180s (so as to obtain comparable total acquisition times). To facilitate comparison on
this figure, all data were slightly offset in order to superimpose their reflection peaks. Comparison of
these averaged measurements with Figure 3.3 highlights a very reduced noise and an overall better

linearity of the trace corresponding to the irradiated fiber segment.

The linearity of these averaged traces is not perfect, however, and comparison with the linear extrap-
olation drawn in dashed line reveals some differences between the four averaged set of data shown
in Figure 3.4. Both traces averaged in a logarithmic scale have their value decreasing faster than the
linear extrapolation, which is especially visible below a value of ~—11.5dB. On the other hand, traces
averaged in a linear scale suffer less deviation from the linear extrapolation, but show different fea-
tures between data acquired at different scan times: while 10s are in very good accordance with the
linear extrapolation, 180s data below ~—11.5dB are considerably more noisy and end up standing

in average between linear extrapolation and logarithmic mean values.

These non-linearities occurring at very low signal levels could be linked to the noise floor of the

devices, combined with the thresholding of low values (observable on the right of Figure 3.2) that
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Figure 3.5. — Sample data of a region of interest (attenuating fiber) acquired by the Micro iOTDR

A with different pulse widths and a scan time of 10s.

skew the distribution of measurement points around the true value of the measurand and therefore
decrease the efficiency of the mean calculation to act as an accurate estimator. Therefore, averaging

OTDR traces in post-processing can only improve the signal quality to a limited degree.

Finally, the effects of adjusting pulse width are demonstrated in Figure 3.5, for the same attenuating
segment measured by Micro iOTDR A with different pulse widths and a scan time of 10s. A first ob-
servable consequence is a spread of the reflection peaks, located at ~1010 m and 1210 m: as the pulse
width increases, each reflection peak becomes smaller in intensity, but wider in position, although the
location of the left side of the peak is less affected by changes in pulse width. This effect is directly
linked to the dependence of OTDR measurement accuracy on the pulse width, as described in Sec-
tion 1.3.2. A second consequence of increasing pulse width is a decrease of the measurement noise,
especially at lower signal levels; this is explained by the fact that more energy is being injected in the

tiber, resulting in a much higher backscattered signal compared to the noise level of the receiver.

3.1.3. Dynamic range

The term dynamic range, applied to OTDR devices, can encompass a number of different definitions
linked to different usages [585], among which the capability to detect strong reflecting events linked
to line breakage [586], such as the observed peaks at ~1220 m in Figure 3.3. The definition of dynamic
range applicable to distributed dosimetry, however, is linked to the ability to accurately measure the

optical fiber attenuation at low signal levels.

Although the difference between the highest and lowest measurable value is on the order of 30 dB for
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Figure 3.6. — Evolution of the coefficient of determination R? of the linear fit on the device Micro
iOTDR A with 5ns pulse width and 10s scan time, as a function of the cutoff threshold C. The

dashed vertical line indicates the location Cpax Of the maximum value of RZ.

the investigated devices, this range cannot be fully exploited for dosimetry measurements because
a significant part must be reserved for detecting bright reflection spikes without overloading the

sensitive receiver of the device [425].

To estimate the exploitable dynamic range of both Micro and Nano iOTDR devices, we employed
the statistical metric coefficient of determination R? (with 0 < R? < 1), that evaluates the fraction of
variability in the data that are explained by a given model [587]. In the case of linear regression, a

value of R? close to unity means that the experimental data are well described by a linear model.

We applied linear regression on segments of increasing length in the section of the OTDR traces cor-
responding to the attenuating fiber. The considered segments were automatically calculated between
the start of the attenuating section (at a fixed position, determined manually for each configuration),
and the first occurrence of a backscattered signal value below C, with C a cutoff threshold. By eval-
uating the value of R? for decreasing values of C, a trend such as the one pictured in Figure 3.6 is

obtained, which features a maximum at the cutoff threshold Cpax.

The determined value of Ciax for all investigated devices and pulse widths is shown in Figure 3.7 for
a scan time of 10s. It highlights that increasing the pulse width significantly decreases the linearity
threshold of all investigated devices, enabling to measure accurately lower signal intensities. As
exposed from the previous discussion on Figure 3.5, this behavior is expected because of the higher

amount of energy injected into the optical fiber for larger pulse widths.

However, this decrease of the optimal cutoff threshold appears to reach a minimum for a pulse width

between 100 ns and 300 ns depending on the device; the linearity threshold actually increases, in all
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Figure 3.7. — Optimal cutoff threshold C,,.x determined as a function of pulse width for all investi-

gated OTDR devices, with a scan time of 10s.

cases, for the largest investigated pulse width of 1ps. These counter-intuitive results can be linked
to the comparatively short sampling length used for this study, considering the reduced spatial sam-
pling applied automatically by the devices on larger pulse widths (respectively 0.64 m for 300 ns and
1.28 m for 1ps), and the broadening of the reflection peaks which reduces the amount of available
signal for analysis. The results exposed here for larger (> 300ns) pulse widths can therefore be less

relevant when interrogating longer (> 1km) samples.

These data also show a good consistency between results of the three types of investigated devices.
The MTS 6000A has overall the highest dynamic, for both its wavelengths, compared to the other
devices, except for the pulse width of 3ns which is not accessible to the iOTDR devices. Results
of both Micro iOTDR models are in excellent accordance for all investigated pulse widths, with a
threshold of —6.5dB at the minimum pulse width of 5ns. Finally, the Nano iOTDR has overall the

least dynamic, and reaches a threshold of —6.5dB at its minimum pulse width of 10 ns.

3.1.4. Measurement accuracy and repeatability

Because of the large number of data acquired in similar conditions for each set of parameters on each
device, the accuracy and repeatability of the measurement can be estimated using a statistical analysis
of these results. In order to calculate the attenuation measured by the device in each acquisition,
a linear fit is applied separately on each segment — launch fiber and attenuating fiber — between
positions determined manually for each combination of wavelength and pulse width. In the case of

the attenuating segment, the end position was determined by a cutoff intensity value, as described
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in Section 3.1.3. The applied threshold value was the optimal Cr,ax value calculated for each setting

as described here above.

The statistical evaluation of the measurements performed on the launch fiber segment is presented
in the form of histograms in Figure 3.8, and evolution of the mean value and standard deviation in
Figure 3.9. For both figures, the scan time was set to the minimum value of 105, to test performances

at the maximum temporal resolution, and displayed data are up to a pulse width of 300 ns.

Regarding measurement accuracy, a noticeable feature of these data is the significant difference on
the mean attenuation value measured through all investigated devices and settings. This behavior
can be explained by a variety of causes: first, the different interrogation wavelengths, especially
between the MTS 6000A and the iOTDR devices, are physically linked to different optical fiber losses,
as illustrated in Section 1.2.1. In particular, the data acquired at 1550 nm by the MTS 6000A shows
a systematically lower measured attenuation, on the order of 0.19-0.20 dB/km, which is consistent

with the usual performance of telecom-grade optical fibers [218].

Another cause of this deviation in mean measured values comes from the different pulse widths used
for interrogation, which are linked to different group velocities v, and therefore different refractive
indices and effective wavelengths as they propagate through the optical fiber [588], affecting their
attenuation because of the wavelength-dependent losses of the material. A consistent behavior be-
tween wavelength, pulse width and mean attenuation could however not generally be observed on
these launch fiber data, as illustrated for instance by the different results obtained between Micro
iOTDR A and B shown in Figure 3.8; these discrepancies could be explained by different calibration

settings between devices.

The spread of measured data around the mean value, which is expressed by the width of histograms
in Figure 3.8 and the standard deviation data in Figure 3.9, enables to evaluate the repeatability of the
measurement. For pulse widths up to 100 ns, the general tendency is an increased repeatability of the
measured attenuation value with increasing pulse width. This tendency is not totally consistent with
larger pulse widths, such as the 300 ns pulse displayed on these figures which, in most cases, features
a larger standard deviation than the 100 ns data measured on a same device. The lesser repeatability
of these measurements at 300 ns is explained by the comparatively less linear OTDR trace observed
at this setting, possibly as an effect of the reflection peak at the start of the line which is broadened
by these large pulse widths (cf. Figure 3.5). This behavior is also present in the data taken at a pulse

width of 1 ps, not displayed in these figures, which features a much larger standard deviation.

Relating to the comments made here above, the Nano iOTDR data stand out, both in the evolution of
the mean attenuation value and the spread of measurements according to pulse width. We observe
a very high spread of the data acquired for all investigated settings on this device, and a mean atte-

nuation value which systematically stands higher than all other investigated devices for comparable
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Figure 3.8. — Histograms of calculated attenuation values of the launch fiber segment over ~1200

measurements for all investigated devices and pulse widths, using a scan time of 10s.
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pulse widths.

These observations on the launch fiber segment are however mitigated by the data taken on the
attenuating fiber segment, which are shown as histograms in Figure 3.10 and as graphs of mean

attenuation and standard deviation in Figure 3.11.

The evolution of mean measured attenuation as a function of the pulse width follows, on this seg-
ment, a more consistent behavior across devices, with a shift towards larger attenuation values as the
pulse width increases. For pulse widths of 30ns and 100 ns, all devices are in good accordance with
a mean attenuation of ~64dB/km. More deviation can be observed for other pulse widths, mainly

because of value spreading.

The repeatability of this attenuating fiber measurement is also highly dependent on the pulse width,
with a decreased spread of the values as the pulse width increases. Both Micro iOTDRs reach no-
tably the lowest standard deviation observed in these data, even compared to the MTS 6000A device,
for pulse widths of 30ns and 100ns. However, the value spreading of all three iOTDR devices at
their smallest pulse widths (5ns for the Micro iOTDRs and 10ns for the Nano iOTDR) is compara-
tively very large, especially compared to the MTS 6000A device. This difference can be explained
by a comparatively higher noise level on these embedded devices, therefore decreasing the SNR
and increasing the uncertainty, especially given the low signal levels to be measured in such highly

attenuating samples.

The Nano iOTDR device, in particular, systematically yields a lower repeatability than both Micro
iOTDR devices for equivalent pulse widths. This high spread in values can stem from several ori-
gins, including an overall higher noise level in this device, but also a possible dependence on the
temperature, given the ~8 °C span encountered in this experiment. An evaluation of the temperature
dependence of these devices, explored in Section 3.1.6, is therefore necessary to complement these

observations.

A summary of this statistical analysis is presented in Table 3.1, with the values of the mean atten-
uation measured by each device on each segment, accompanied by their relative uncertainties at a
95 % confidence interval. These data also exhibit a significant difference between uncertainties es-
timated on the launch and attenuating fiber segments, the former always yielding larger or equal

uncertainties to the latter.

In the case of measurement on high-attenuating fibers, and when using the maximum available
length, these data indicate an uncertainty on the attenuation measurement on the order of +6 %
for Micro iOTDRs operating at a pulse width of 5ns, and £5 % for the Nano iOTDR operating at a
larger pulse width of 10ns.
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~1200 measurements for all investigated devices and pulse widths, using a scan time of 10s.
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Device Wavelength | Pulse Launch fiber Attenuating fiber

3ns 0.200dB/km £2.8% | 64.51dB/km+12%
30ns | 0203dB/km=+44% | 64.58dB/km +1.0%

1550 nm
100ns | 0.206dB/km +0.6% | 64.88dB/km +0.8%
300ns | 0.191dB/km=+19% | 65.73dB/km +1.0%

MTS 6000A

3ns 0211dB/km+24% | 64.64dB/km+1.3%
30ns | 0.221dB/km+45% | 63.96dB/km +1.3%

1625nm
100ns | 0.224dB/km +0.7% | 64.68dB/km £ 0.8%
300ns | 0.212dB/km £ 1.8% 65.72dB/km +£1.2%
5ns 0.222dB/km+7.1% | 63.18dB/km+5.3%
10ns | 0.232dB/km £2.6% | 64.63dB/km +£1.4%
Micro iOTDR A 1610nm 30ns 0.234dB/km £ 3.0 % 64.28 dB/km £ 0.6 %
100ns | 0.227dB/km+1.6% | 64.28dB/km +0.6%
300ns | 0.226dB/km+1.0% | 64.34dB/km+0.6%
5ns 0.222dB/km +8.6% | 63.31dB/km +6.6%
10ns 0.218dB/km £ 3.1 % 63.85dB/km +1.8 %
Micro iOTDR B 1610 nm 30ns | 0.216dB/km=+41% | 64.33dB/km +0.7%
100ns | 0.219dB/km+21% | 64.13dB/km +0.6%
300ns | 0.219dB/km£1.0% | 64.29dB/km +0.7%
10ns 0.267dB/km £ 8.3 % 62.50dB/km £ 5.0 %
30ns | 0.236dB/km £10.0% | 63.54dB/km +3.1%

Nano iOTDR 1610nm
100ns | 0.238dB/km £13.5% | 64.03dB/km +1.4%
300ns | 0.244dB/km +17.1% | 64.30dB/km £1.2%

Table 3.1. — Mean measured attenuations and their relative uncertainty at a confidence interval of

95 % for all investigated OTDR devices at different pulse widths and a scan time of 10s.
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MTS 6000A | MTS 6000A |  VHcro _ Micro Nano iOTDR
iOTDR A iOTDR B
Length 1550 nm 1625 nm 1610nm
3ns (0.3m) | 3ns(0.3m) s pa 10ns (1.0m)
’ ’ 5ns (0.5 m) 5ns (0.5m) ’
1m 111.4% 56.5% 133.4% 286.5% 450.1%
2m 36.6% 38.2% 82.5% 241.7% 157.8 %
5m 14.3% 14.2% 43.5% 78.9 % 57.5%
10m 6.5% 8.3% 21.7% 29.2% 422%
20m 2.6% 2.8% 10.5% 12.8% 16.5%
50m 1.2% 1.4% 53% 6.6% 5.4%
100m 12% 1.3% 5.3% 6.6% 5.0%

Table 3.2. — Relative uncertainty at a confidence interval of 95% of the attenuation measured
by all investigated OTDR devices on segments of different lengths of the attenuating fiber. All

measurements are performed with a scan time of 10s, and the minimum pulse width (and associated
spatial resolution) available to the device, indicated in the column header.

3.1.5. Influence of the sampling length

In distributed dosimetry systems, the spatial resolution of the measurement is determined by the
sampling length of the fiber segment from which the attenuation is to be extracted, ranging from the
minimum resolution allowed by the OTDR pulse width to the maximum length of the measurement
line. Although using very short sampling lengths increases the spatial resolution, this improvement
is counterbalanced by a significant decrease of the available measurement points on which to evalu-

ate the attenuation, which could theoretically result in an increase of measurement uncertainty.

A comparison for all devices of the measurement uncertainties at a confidence level of 95 % with in-
creasing sampling lengths on the attenuating fiber is shown in Table 3.2. Each device was considered
with its minimum pulse width (indicated in the table) and a scan time of 10s, and the whole available

data (~1200 measurements) were considered in each case to extract these statistics.

These data highlight the major influence of sampling length on the measurement repeatability, rang-
ing from extremely large uncertainties observed for the shortest sampling lengths up to the percent-
scale uncertainties observed in Table 3.1 for the maximum available length. For very short lengths
(< 5m), the very high uncertainties can be linked to the short-scale signal fluctuations observed on
OTDR traces (cf. Figure 3.3), which, in extreme cases, even leads in the linear fit algorithm yielding
a slope of the wrong sign. For larger values, the decrease in uncertainty with the sampling length
¢ roughly follows a 1//¢ trend, until reaching the minimum value around 50m. The apparent lack
of effect of increasing sampling length from 50m to 100m is explained by the application of the
thresholding algorithm described in Section 3.1.3 for calculating these data, as the cutoff threshold

of ~—6dB in these sets of parameters is already reached after the first 50 m of the irradiated sample.
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Figure 3.12. — Experimental setup for the characterization of temperature dependence of Micro and

Nano iOTDR devices.

3.1.6. Temperature dependence

To assess the sensitivity of both Micro and Nano iOTDR devices to ambient temperature, we per-
formed a series of measurements in a temperature-controlled environment as illustrated in Figure 3.12.
Both iOTDR devices were placed in a heating and cooling chamber (BINDER MK 115), and connected
to 1 km-long samples of telecom-grade launch fibers. The devices were controlled by a setup similar
to the one described in Section 3.1.1 to automatically acquire OTDR data and record temperature.
The pulse width was set to the minimum available value (5ns for Micro iOTDR, 10ns for Nano

iOTDR), and the scan time set to 10s.

The temperature of the heating/cooling chamber was controlled between —5°C and 40 °C. As illus-
trated in Figure 3.13, this temperature was adjusted by increments of £5°C, and maintained con-
stant in plateaux of 2h each, between which a slow ramp of 1h ensured a smooth transition from
one temperature setpoint to the other. The surface temperatures of the iOTDR devices, measured by
additional thermocouples, are also shown in comparison to the setpoint, and stand systematically
higher (~3.5 °C for the Micro iOTDR, ~4.5 °C for the Nano iOTDR) because of the heat generated by

these devices during their operation.

The Nano iOTDR device noticeably failed after ~100h of functioning, which results in slightly less
data collected for this device, although it does not impact the final results significantly, as all temper-
ature plateaux are properly explored. This device resumed normal operation after a power cycling,

indicating that it did not suffer from permanent damage.

Analysis of the attenuation measured by these devices was performed by manually identifying the
start and end of the launch fiber on the OTDR traces, and applying a linear fit on this portion of the
acquired data. An overview of the resulting measurements, as a function of the device temperature,
is shown in Figure 3.14. From this qualitative overview, it clearly appears that the Nano iOTDR mea-
surements are significantly influenced by the device temperature, whereas measurements performed

by the Micro iOTDR appear to be more stable over the range of investigated temperatures.
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Figure 3.13. — Evolution of the heating/cooling chamber temperature setpoint (in dashed line),

along with the temperature measured by thermocouples on the surface of the iOTDR devices (in
solid lines), for the duration of the experiment.
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Figure 3.14. — Measured attenuation as a function of device temperature, for all acquired data on

Micro and Nano iOTDR devices.
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Figure 3.15. — Statistics of linear fit parameter estimation for all measurements taken at a given

temperature plateau: top graph shows the mean attenuation, middle graph shows the standard
deviation of measured attenuation, and bottom graph shows the mean intercept of the linear fit.

A more quantitative approach is proposed in Figure 3.15, in which three relevant statistics are com-
puted for each device from the data corresponding to each temperature plateau (~300 data points per
plateau). The evolution of the mean measured attenuation shows a very slight increase of this value
with increasing temperature for the Micro iOTDR, whereas no simple description could be made
of the large variations of the Nano iOTDR measurements with temperature, although this behavior

appears to be very reproducible through multiple cycles, as illustrated in Figure 3.14.

A possible explanation to these results are the intrinsic temperature dependence of both receiver and
emitter of OTDR devices. In the case of the receiver, sources of temperature dependence can originate
from photodiode dark current [589] or, for avalanche photodiodes, noise [590] or breakdown voltage
[691]. In the case of the emitter, the wavelength of laser diodes is also temperature-dependent [592],
and their temperature are affected Joule heating when driving the laser, making it also dependant
on the operating pulse width. Therefore, the complex temperature response exhibited by the Nano

iOTDR could be linked to an incomplete compensation of these phenomena.

For the whole investigated temperature range of —5°C to 40°C, this statistical analysis indicates
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Figure 3.16. — Samples of complete Micro iOTDR traces represented at different plateau setpoint

temperatures (indicated in legend). A vertical shift can be observed between traces acquired at
different temperatures.

a relative deviation of the mean measured attenuation of +1.2% around 0.188dB/km for the Mi-
cro iOTDR device, and +12 % around 0.212dB/km for the Nano iOTDR device, although the non-
monotonic nature of the Nano iOTDR temperature dependence can result in very large deviations
from small temperature changes; for instance, the whole scale of £12 % is explored between 10 °C

and 15 °C as shown in Figure 3.14.

The standard deviation of the attenuation measurement is, in both cases, generally increasing with
temperature, which is in good accordance with the occurrence of thermal noise in electronics [593].
The Nano iOTDR device also features an uncommon behavior on this topic, as the uncertainty at

20 °C appears to be, only on this device, higher than the one observed at other temperatures.

Finally, another parameter worth of interest is the intercept of the linear fit algorithm, which indicates
the attenuation value given at the position 0 m by the linear model. The evolution of this parameter is
noticeably correlated with temperature, and decreases with increasing temperature for both devices.
This behavior can be linked to an observed variation in the backscattered intensity at the start of the
launch fiber segment, which is illustrated in Figure 3.16. This vertical shift cannot be explained by
the effect of temperature on the optical fiber connectors between the iOTDR devices and the sample

fibers, as these connectors were installed outside of the chamber in this experiment.
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3.2. Radiation testing of the Micro iOTDR system

To assert the functionality of the Micro iOTDR device to operate as a distributed dosimetry system
for space radiation measurements, a series of radiation tests was performed with this type of device

and radiosensitive fiber samples of type B.

This characterization was staged in two parts, involving different radiation facilities: the first part
involved vy ray irradiation, with a range of low doses and dose rates that approaches the requirements
for the space environment; the second part involved an X-ray irradiation under higher dose rates, in

order to extend the range of investigated doses and dose rates.

The results presented in this section were the object of a conference presentation [594] and the publi-

cation Article A.2 [595]; most figures presented hereafter are therefore adapted from these works.

3.2.1. Experimental setup of <y ray irradiation

Two distributed dosimetry systems, based on Micro iOTDR devices and radiosensitive fibers of type

B, (cf. Section 2.1) were tested in the 7 ray irradiator at the PRESERVE facility (cf. Section 2.3.2).

The setup of these measurements is illustrated in Figure 3.17. Each Micro iOTDR device was con-
nected to a series of optical fiber samples of varying lengths placed at different dose rates, spliced
together to form a measurement line.Three different dose rates were investigated: 1.11 pGy(SiO,) /s,
7.50 uGy(SiO;) /s and 29.17 uGy(SiO;) /s, as determined by the local dosimetry system before irra-
diation of the samples. These different dose rates were obtained by placing the samples at different
distances from the source, as illustrated in Figure 3.18. The length of the optical fiber samples was
selected for each dose rate to deliver a total attenuation on the order of 3 dB after one month of irradi-
ation, as per the sensitivity figure of 4 dB km ! Gy(SiOy) - previously reported for such phosphorus-
doped fibers [395].
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Figure 3.18. — Photograph of the Micro iOTDR  ray irradiation setup. The irradiated Micro iOTDR
device is on the left, and several optical fiber samples installed on transparent vertical supports can
be seen at different distances from the source in the middle.

Although very similar, the two tested measurement lines feature two important differences. First,
one of the OTDR devices (Micro iOTDR A) was also put inside the irradiation chamber during the
whole duration of the experiment, at a dose rate of 7.50 uGy(SiO;) /s, in order to assess the ability
of Micro iOTDR devices to sustain TID levels matching requirements of space missions. Second,
in order to evaluate the batch-to-batch variability of optical fiber samples, each measurement line
featured one of two types of fibers B1 and B2, each drawn from a different preform manufactured

under the general specifications of fiber B.

The OTDR devices were configured with a pulse width of 5ns and a scan time of 180s in order to
maximize the SNR at low signal levels. They were interrogated in sequence through Ethernet by an
automatic acquisition script running on an embedded computer (Raspberry Pi 4 model B). In addi-
tion, K-type thermocouples were installed at the location of each sample to monitor their temperature,
acquired through a thermocouple reader (Pico Technology TC-08) and automatically recorded on the
embedded computer. The temperature thus recorded over the duration of the experiment ranged

from 19 °C to 25°C.

The complete measurement lines shown in Figure 3.17 were irradiated for a duration of one month,
then only the 200 m samples were kept, along with the Micro iOTDR devices, for an additional dura-

tion of three months. This setup therefore underwent a grand total of 138 days of irradiation.

3.2.2. Results of vy ray irradiation

An overview of the evolution of the OTDR traces of the Micro iOTDR A measurement line during the
first month of irradiation is shown in Figure 3.19. The overall increase of the slope with accumulated

time, and therefore dose, can be observed for the three segments corresponding to the three irradiated
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Figure 3.19. — Evolution of the OTDR traces acquired by Micro iOTDR A during the first month

of irradiation. The segments considered for RIA calculation are shown in a white background.

samples. The different rates of increase can be linked to the dose rate received by each sample, a

higher dose rate leading to a steeper increase of the slope with time.

The evolution of attenuation over time was then extracted from these OTDR traces by applying a
linear fit and retrieving the parameter corresponding to the slope. The dose values were deduced
from the irradiation time and the dose rate applied to each segment. Because of the long duration of
this experiment, two additional parameters were taken into account for the dose calculation: first, all
irradiation shutdown periods were logged and deduced from the effective irradiation time; second,
the decay characteristic of 60Co, and therefore of the effective dose rate, was also considered using a
half-life of (1925.20 & 0.25) d as reported by NIST [596].

The RIA graphs resulting of this analysis are shown in Figure 3.20 for the Micro iOTDR A line during
the first month of acquisition. The visible gap in data on the left-hand side of each graph is due to
a splice breakage that was repaired a few days after its occurrence. Each of these data set was fit
with an homogeneous linear function (f(x) = ax) to evaluate the linearity of the corresponding
measurements as well as to determine their sensitivity. Comparison with these linear fits show a
very good linearity of all measurements, as well as similar calculated sensitivity coefficients between
420dBkm ! Gy(SiO,) ' and 453 dBkm ! Gy(SiO;) .

A visible difference between these different graphs is the measurement noise, which is significantly
larger for the data set corresponding to the 29.17 pnGy(SiO;) /s segment. This behavior is explained
by multiple parameters, such as the comparatively short length of this sample, as well as the very
low signal level obtained as the combined result of its higher dose rate and the cumulative decrease

of signal caused by samples located upstream on the measurement line.
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Figure 3.20. — RIA at 1610nm as a function of dose for each segment on the measurement line

connected to Micro iOTDR A, during the first month of irradiation. Linear fit of each of these data
sets is shown in dashed line.
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Figure 3.21. — Log-log plot of the evolution of RIA at 1610 nm of 200 m-long samples of fibers
B1 and B2 irradiated under y rays at 1.111uGy(SiO2)/s, during the complete irradiation period.

Dashed lines show the linear fits applied to each data set.

Comparison between both 200 m-long samples of fibers B1 and B2, for the complete duration of ir-
radiation, is shown in Figure 3.21. These data highlight a very good accordance between the results
acquired by both measurement lines, by two different devices and two different optical fiber samples.
Both measurements show very good linearity up to the maximum reached dose of 12.97 Gy(5iO,),
and yield very close sensitivity characteristics, using an homogeneous linear fit as described here
above, with 4.82dBkm ! Gy(SiOz)f1 for line A (noticeably larger than in Figure 3.20, which is cal-
culated up to a lower dose) and 4.96 dBkm " Gy(SiOz)_1 for line B. Considering the measurement

uncertainty of £6 % reported in Section 3.1.4, both these values stand in very good accordance.

Finally, these log-log data also hint at a minimum detectable dose of ~10~3 Gy(SiO,).

3.2.3. Reliability of the Micro iOTDR devices

Both Micro iOTDR devices were continuously operated during the complete duration of the v ray ir-
radiation. No noticeable difference was observed between the performances of Micro iOTDR devices
A and B, neither in the quality of delivered measurement, nor in their ability to communicate with

the acquisition computer.

The Micro iOTDR A device, in particular, operated without failure during the 138 days of the experi-
ment, while being irradiated at a dose rate of 7.50 uGy(SiO;) /s up to a total dose of 81.05Gy(SiO,).
The Micro iOTDR B device only suffered a single software freeze in the same period of time, which

was resolved by a power cycling.
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Figure 3.22. — Experimental setup of X-ray irradiation of B1 fiber samples interrogated by a Micro

iOTDR device.

3.2.4. Comparison with X-ray irradiation

In order to further assess the performance of these dosimetry systems, additional data were collected
on samples of fiber B1 irradiated under X-rays in the MOPERIX irradiator (cf. Section 2.3.1), over a
larger range of doses and dose rates. The X-ray source was driven with an anode voltage of 100kV,
corresponding to a mean energy-fluence of ~40keV, and the anode current was adjusted to reach the

desired dose rates. The temperature range for these experiments was between 20 °C and 22 °C.

Two measurements were performed in this setup, as illustrated in Figure 3.22: a first sample of 40 m
was irradiated at 433 uGy(SiOz) /s, and a second sample of 20 m was irradiated at 5023 nGy(SiO,) /s.
Each sample was spliced to a radiation-hard transport fiber, connecting it to the OTDR device placed

outside the irradiation chamber.

In these X-ray runs, the iOTDR device was not irradiated, because of the low photon energy of this
irradiation setup compared to the ®*Co 7y source, which would not ensure enough penetration in the
electronic devices to properly match the conditions of space radiation [506]. For the same reasons,
both optical fiber samples were coiled in a flat spiral to avoid any possible screening effect from

overlapping fiber segments.

The sensitivities measured in these two X-ray irradiations, determined by fitting an homogeneous
linear function to data acquired up to 100 Gy(SiO;), were respectively 3.97 dBkm ! Gy(SiO,) " for
dose rate 433 pGy(SiO;) /s and 3.86 dBkm ™! Gy(SiO,) " for dose rate 5023 pGy(SiO,) /s, as shown
in Figure 3.23. Both these values are lower than sensitivities measured under <y rays; this can be
explained by several factors, such as different total doses and differences in dosimetry between irra-

diation facilities.

A comparison of the resulting X-ray data with the 7 ray results is shown in Figure 3.24. These data
indicate a very good accordance between the two sets of experiments, in a range of five decades of
dose, from 1073 Gy(SiO;) to 3 x 102 Gy(SiO,), and three decades of dose rate, from 1076 Gy(SiO,) /s
to 5 x 1073 Gy(SiOy) /s.
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Figure 3.23. — RIA at 1610 nm measured by Micro iOTDR as a function of dose, for each sample

irradiated in X-rays. Linear fit of each of these data is shown in dashed line.
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Figure 3.24. — Log-log plot of the evolution of RIA at 1610 nm of all B1 samples under 7 and

X-rays. 7y data are shown in a lighter color to ease comparison with X-ray data.
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Figure 3.25. — Experimental setup of spectral RIA measurement with the cutback method.

3.2.5. Analysis of the spectral RIA characteristic

As the Micro iOTDR devices used in these experiments are only capable of a single interrogation
wavelength of 1610 nm, a more complete analysis of the spectral RIA characteristic of the irradiated
fiber samples was performed using a cutback method. This destructive characterization method con-
sists in the analysis of the transmitted spectra before and after removal of a known length AL from
the sample [597]. The intrinsic spectral attenuation A(A) of the sample can be deduced from these

transmitted spectra, ljong and Isport, through the following formula:

10 Lshort(A) — Iark (M)
A(A) = ——log, <Ilong(A) " Taa(A) ) G

with I4ak(A) the dark signal spectrum, measured with the light source switched off.

This method was applied to measure the spectral RIA of the 200 m samples irradiated under 7y rays,
using the setup shown in Figure 3.25. A halogen-deuterium light source (Ocean Optics DH-2000-
BAL), emitting on a continuous spectrum from 210nm to 2500 nm, was used to inject light in the
samples, and the transmitted signal was analyzed using two spectrometers: one for the visible range
(Ocean Optics QE65000) and one for the NIR range (Ocean Optics NIRQuest). These measurements

were performed separately, with different removed lengths (~1 m for visible, ~200 m for NIR).

The resulting values were subtracted from the ones acquired on a pristine fiber (~1 dB/km at 1550 nm),
yielding the spectral RIA graphs for a dose of 12.97 Gy(SiO;) shown in Figure 3.26 for the visible do-
main and Figure 3.27 for the NIR domain. These data show similar RIA values for both types of
tiber, especially in the NIR range used for OTDR measurements; the sensitivities at a wavelength of
1610nm are 4.72dBkm ! Gy(SiO,) " for fiber B1, and 4.70dBkm ' Gy (SiO,) " for fiber B2; both
these values are in good agreement with the results reported in Section 3.2.2, considering the mea-

surement uncertainties (cf. Section 3.1.4) and the difference between measuring setups.

These results are also in very good accordance with the literature on phosphorus-doped fibers (cf. Sec-
tion 1.2.4), with a distinctive, broad absorption band in the NIR range due to P defects and multiple,
very intense bands in the visible range, mainly due to POHCs. The small peaks featured around
1100nm are measurement artifacts due to the cutoff wavelengths of the fibers (cf. Section 1.2.1),

which are typically featured in cutback results [333].
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Figure 3.26. — Spectral RIA, in the visible domain, of the B1 and B2 samples irradiated under

rays at a dose of 12.9 Gy(SiO,). Filled areas in lighter color show uncertainties at +20.
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Figure 3.27. — Spectral RIA, in the near-infrared domain, of the B1 and B2 samples irradiated
under 7 rays at a dose of 12.9 Gy(SiO2). Filled areas in lighter color show uncertainties at +20.

Position of wavelengths 1610 nm and 1625 nm are indicated in dashed lines for further reference.



130 3. Characterization of the dosimetry system

15.28 5.78
HGY(SIO,)/s ;HGY(SIO,)/s

== Nano iOTDR A
—. Co source
1610 nm | AUlOOm
(cover box)
=== Nano iOTDR B
1610 nm I
) Switch

Micro iOTDR A J —) 1X4
1610 nm I

Ethernet switch

Irradiation chamber

Micro iOTDR B
1610 nm I

Micro iOTDR C

1625 nm I H
J --------- Thermocouple reader

Computer

Figure 3.28. — Experimental setup of the 7 ray irradiation of Nano iOTDR devices. The dose rate

of irradiated elements is indicated in gray above each position.

3.3. Radiation testing of the Nano iOTDR system

Characterization of the Nano iOTDR devices followed a similar approach as described here above
for the Micro iOTDRs (cf. Section 3.2), through testing of the complete dosimetry system under

and X-rays, with different target doses and dose rates.

3.3.1. Experimental setup of < ray irradiation

In a comparable way to the experiment described in Section 3.2, two distributed dosimetry systems
based on Nano iOTDR devices and fibers of type A were tested in the < ray irradiator at the PRE-
SERVE facility (cf. Section 2.3.2).

A schematic of the measurement setup is proposed in Figure 3.28. Both measurement lines were
completely identical in this case, each consisting of a single, 100 m-long sample of fiber A, installed
at a dose rate of 5.78 nGy(SiO;)/s. The samples were also enclosed in a custom 3D printed cover
box, depicted in Figure 3.29, in order to isolate them from ambient lighting and avoid possible extrin-
sic photobleaching effects that had been highlighted from previous irradiation campaigns in other

facilities, although with different types of optical fibers [598].

This complete setup was irradiated for a total duration of 84 days. One of the two Nano iOTDR
devices was also irradiated, at a dose rate of 15.28 pGy(SiO;) /s, for the whole duration of the experi-

ment, while the other devices remained in the instrumentation room for comparison.
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Figure 3.29. — Photograph of the cover box used to isolate optical fibers from ambient lighting in
the < ray irradiation experiment involving Nano iOTDR.

A particular feature of this experiment, compared to Section 3.2, is the involvement of four different
iOTDR devices on the second measurement line, coupled together to the optical fiber sample through
a 1-to-4 optical switch (LEONI eol 1x4). In addition to the Nano iOTDR B device, three Micro iOTDR
devices — two of which operating at 1610 nm and one operating at 1625 nm — were also interrogating
the second measurement line; the Micro iOTDR A used here was the one irradiated to a TID of
81.05Gy(SiO;) in the previous 7 ray experiment (cf. Section 3.2). Measurements on this line were
performed in a sequence (one device after the other), whereas measurements on the first line were

performed continuously by the Nano iOTDR A device only.

The OTDR devices were configured with their minimum pulse width (10ns for Nano iOTDRs, 5ns
for Micro iOTDRs), and a scan time of 10s, to check performances at the maximum temporal reso-
lution. Their data were recorded automatically by an embedded computer (Raspberry Pi 4 model
B). Additional temperature measurements were performed by J-type thermocouples, connected to a
thermocouple reader (Pico Technology TC-08), recording a temperature range from 14 °C to 21 °C for

the total duration of the experiment.

3.3.2. Results of <y ray irradiation

An overview of the evolution of the OTDR traces acquired by the Nano iOTDR A for a significant
part of the irradiation is shown in Figure 3.30. It features a clear increase of the OTDR trace slope
with irradiation time, as previously observed in Figure 3.19 for the Micro iOTDR. A noticeable fea-
ture of these Nano iOTDR data is a visible increase of the noise as the signal level decreases due to

attenuation, until reaching a level at ~—9 dB, below which data cannot be distinguished from noise.
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Figure 3.30. — Evolution of OTDR traces acquired by Nano iOTDR A for the first 75 days of

irradiation. The segment considered for RIA calculation is shown as a white background.

This decreased SNR for low signal values, compared to the previous Micro iOTDR data, can be in-
terpreted as a consequence of both the decreased scan time applied in this experiment (10's for this
experiment, compared to 180s for the Micro iOTDR experiment), as well as the overall increased

noise and reduced dynamic that was observed for the Nano iOTDR device in Section 3.1.3.

Analysis of the results was also performed as described in Section 3.2 to compute the values of
dose and RIA. Dose was calculated from irradiation time and the known dose rate received by the
samples; this calculation also took into account downtimes of the facility and decay of the ®°Co source.
Attenuation was extracted from the OTDR traces by applying a linear fit with a cutoff threshold of
—6.5dB, corresponding to the optimal setting for this device and set of parameters, as described in
Section 3.1.3. Attenuation was then converted to RIA by subtracting every attenuation value from

the attenuation measured at irradiation start.

The results of RIA measurements under -y rays are summarized in Figure 3.31, until the maximum
dose of 40.16 Gy(SiO,) reached by both samples. In the same way as for Micro iOTDR devices, both
Nano iOTDR measurements stand in good accordance, with a very similar trend toward higher dose
values. The sensitivities calculated from applying an homogeneous linear fit on these data are also
in very good accordance with each other, with 3.87 dB km™! Gy(SiO») ~! measured on device A and
3.77dBkm ! Gy(SiO;) ~! measured on device B.

A significant deviation from this linear trend can however be observed in both Nano iOTDR devices
for doses lesser than 3 x 1072 Gy(SiO,), for which the measured RIA stands almost consistently
above the linear fit of the complete data. These results can be explained by the high uncertainties

observed on all iOTDR devices for low attenuation values (cf. Section 3.1.4), along with the shorter
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Figure 3.31. — Log-log plot of the evolution of RIA at 1610 nm of samples of fiber A irradiated
under <y rays at 5.78 uGy(SiO2) /s, during the complete irradiation period. Dashed lines show the

linear fits applied to each data set.

sampling lengths involved in this experiment compared to Micro iOTDR ¢ irradiation, causing this

phenomenon to be more evident on this graph as compared to Figure 3.21.

3.3.3. Reliability of the Nano iOTDR devices

In the same way as the vy ray irradiation of Micro iOTDR devices, the Nano iOTDRs were continu-
ously operated during the whole duration of the < ray irradiation. Neither software nor hardware
failure was observed on any of the two devices during the 84 days of irradiation, nor any significant

difference in the quality of measurement between the irradiated and the non-irradiated devices.

The Nano iOTDR A, irradiated during the whole experiment at a dose rate of 15.28 uGy(5iO) /s,
underwent a TID of 106.20 Gy(SiO,) without perceivable effects during or after irradiation.

3.3.4. Comparison between Micro and Nano iOTDR devices

RIA data computed from the OTDR traces recorded by all devices involved in this experiment (two
Nano iOTDRs and three Micro iOTDRs) are compared in Figure 3.32. In all cases, measurements
were performed on 100 m samples of fiber A, although the actual measurement lines were distinct

between Nano iOTDR A and all other devices (cf. Section 3.3.1).

Comparison between these results highlights a great similarity in the shape and range of measure-

ments acquired by these five different devices on two similar samples. All RIA data exhibit good
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Figure 3.32. — RIA as a function of dose, measured on 100 m samples of fiber A with five different

interrogating devices. Each data set includes a linear fit shown in dashed line.
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Figure 3.33. — Experimental setup of X-ray irradiation of samples of fiber A interrogated by a Nano

iOTDR device.

linearity up to the maximum investigated dose of 40.16 Gy (SiO, ), with a coefficient of determination

R? always greater than 0.99 in all cases.

The sensitivity coefficient, determined by the slope of the linear fit applied to RIA data, is also consis-
tent between these five dosimetry systems. This parameter mean value is 3.99 dBkm ™! Gy(SiO,) -,
with a relative uncertainty of +12.4 % at a 95 % confidence level. This significant spread between de-
vices can be explained by the presence of noise in the measurements, which can be a combined result
of lesser exploitable signal at higher dose rates as illustrated in Figure 3.30, as well as the significant

measurement uncertainty observed at short pulse widths for all iOTDRs in Section 3.1.4.

The difference in wavelength between Micro iOTDR C, operating at 1625nm, and all other shown
devices, operating at 1610nm, only yields an insignificant difference of 0.01 dBkm Gy(SiOz)_l,
which is consistent with the spectral RIA data measured on a phosphorus-doped fiber in Section 3.2.5,

indicating a difference lesser than 1 % in RIA levels measured between these two wavelengths.

The overall increased noise level observed on the 1625 nm device, however, can be explained by the
comparatively lower signal level observed on the traces acquired by this device, probably due to

connector losses.

3.3.5. Comparison with X-ray irradiation

In complement to the measurements performed under -y rays, additional measurements were per-
formed under X-rays in the MOPERIX irradiator (cf. Section 2.3.1) to evaluate the performance of
the Nano iOTDR and fibers of type A for larger values of dose and dose rate. The experimental
setup, illustrated in Figure 3.33, involved a 40 m sample irradiated at 475 uGy(SiO,) /s up to a dose
of 100 Gy(SiO;) and a 20 m sample irradiated at 5038 pGy (SiO;) /s up to a dose of 344 Gy(SiO;). The

temperature range for these experiments was between 20 °C and 25 °C.
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Figure 3.34. — Photograph of the 20 m and 40 m flat coil samples of fiber A used for X-ray irradiation.

In a similar way to the Micro iOTDR tests under X-rays, the anode voltage was set to 100 kV, amount-
ing to a mean energy-fluence of 40keV on the X-ray beam, and the current was adjusted to reach
the desired dose rate. To ensure homogeneous irradiation of their whole length, the fibers were also
coiled as flat spirals, as illustrated in Figure 3.34. These samples were positioned in the X-ray irra-
diator and spliced to a radiation-hard transport fiber, connected to the Nano iOTDR device placed

outside of the irradiation chamber.

RIA data acquired during the 475 uGy(SiO;) /s irradiation are shown in Figure 3.35, along with the
data recorded during recovery, after completely switching off the X-ray source. These data show a
good linearity of the measurement up to the maximum reached dose of 100 Gy(5iO,), with a sensi-
tivity coefficient of 3.55 dBkm ! Gy(SiOz)_l. The significant difference between this value and the
one measured in 7 ray irradiation is partially explained by the fact that RIA evolution with dose
is not entirely linear [599]; linear fit up to a dose of 40 Gy(SiO;) on the same data yields a sensitiv-
ity coefficient of 3.80 dBkm ! Gy(SiOz)_l, which stands in very good accordance with v ray data.
The recovery data collected after X-ray irradiation show no significant evolution of the RIA in an
interval of 60 h, which highlights the great stability of NIR RIA of phosphorus-doped fibers at room
temperature [395].

A compilation of the data acquired under 7y rays and X-rays for the combination of Nano iOTDR and
fiber A is shown in Figure 3.36. In the same way as observed in Figure 3.31 for the y ray data, all
shown measurements are in very good accordance at high dose values, but deviate from this linear
characteristic at lower doses. This deviation is also observed on the X-ray data, however at higher
dose levels as compared to y ray data. This difference between <y ray and X-ray data can be the
result of the comparatively shorter length of the X-ray samples, which increases the measurement

uncertainties as observed in Section 3.1.5.
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Figure 3.35. — Evolution of 1610nm RIA of fiber A irradiated under X-rays at 475uGy(SiO2)/s.

Recovery data are indicated in a lighter color. Dashed line indicates the linear fit applied to RIA
data during irradiation.
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Figure 3.37. — Experimental setup of proton irradiation for Micro or Nano iOTDR devices.

3.4. SEE testing of embedded OTDRs

As introduced in Section 1.1.3, TID is not the only factor affecting operation of electronic devices in
radiation environments: SEE are another major concern that can lead to significant loss of functional-

ity, even at very low dose levels.

Qualification of SEE tolerance is therefore an important step toward space qualification of the dosime-
try system proposed in this thesis work. For this purpose, a proton irradiation campaign was con-

ducted in order to evaluate SEE behavior of both Micro and Nano iOTDR devices.

3.4.1. Experimental setup of proton irradiation

Proton irradiations were performed with the beam line 1B in the TRIUMF PIF facility, producing
protons from 350 MeV to 480 MeV (cf. Section 2.3.3).

As illustrated in Figure 3.37, for each irradiation, one OTDR device (Micro or Nano iOTDR) was con-
nected to a 50 m sample of fiber B, arranged as a coil; both elements were placed in the trajectory of
the proton beam, as shown in Figure 3.38. Because of the low cross-section of the beam (7 cm x 7 cm),
it was possible to target specific electronic components of the irradiated devices, using component

layouts provided by the manufacturer for each type of OTDR!.

To investigate the possible occurrence of single-event latchups (SELs, cf. Section 1.1.3), a current
monitor was installed upstream of the OTDR power supply. This monitor was programmed both to
record the current consumption over time and to automatically power cycle the OTDR in case of a

detected overconsumption.

For each run, the proton beam was switched on while the irradiated OTDR was continuously per-
forming acquisition on the fiber sample, and maintained until a failure was detected on the device.
The supply current of the device was also continuously monitored during each run. Proton fluence,

measured using a radiation monitor, was recorded at occurrence of each failure.

IThese component location data cannot be published in this thesis.
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Figure 3.38. — Photograph of a Nano iOTDR placed on the sample holder of the proton beam with
a 50 m coil of fiber B. (courtesy of Martin Roche)

The total allotted beam time was 24 h, during which several device placements and beam energies

were tested on both Micro and Nano iOTDR devices.

3.4.2. Results of proton irradiation
Single-event latchups (SELs)
The power supply current monitoring did not show any anomalous power consumption on either

OTDR device, and therefore no SELs were detected for the duration of the irradiation campaign.

The corresponding received total proton fluences by each device, totalized through all runs, were
2.921 x 1019 cm—2 at 355 MeV and 4.212 x 10° cm 2 at 480 MeV for the Micro iOTDR; 1.406 x 1019 cm—2
at 480 MeV for the Nano iOTDR.

Single-event functional interrupts (SEFIs)

SEFIs [600], in the form of software failures, were however detected during irradiation runs.

For the Micro iOTDR, SEFIs were observed through communication loss with the device, which re-
sumed normal operation after a power cycle. These failure data, according to the proton fluence, are

shown in Figure 3.39. The targeted components on this device were its CPU, RAM, Flash memory,
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DC/DC converter, analog/digital converter (ADC) and USB controller. Two additional runs, indi-
cated at the top of the figure, were performed with aluminum (Al) shielding: one targeting the CPU
and the DC/DC converter through a 13 mm-thick shielding, and the other targeting only the CPU
through a 19 mm-thick shielding.

Comparison between these different components indicate a higher sensitivity of the CPU compared
to other parts, and, on the opposite, a lesser sensitivity of the analog/digital converter and DC/DC
converter. Also, comparison between the different beam energies of 355 MeV and 480 MeV highlights
a higher sensitivity of the Micro iOTDR to higher-energy protons, which is expected because of their
higher penetration. Irradiation of the whole device yields a median proton fluence until failure of
~2 x 108 cm™2 at 355 MeV and ~1 x 10® cm~2 at 480 MeV. Finally, additional shielding does not ap-

pear to significantly influence these results.

For the Nano iOTDR, SEFIs were also observed through communication failures; although, after a
few runs, the device systematically issued a warning “Signal detected in the fiber under test”, which
requires manual acknowledgment after each acquisition. This error was not recoverable after power

cycling, and hindered automatic acquisition, making further testing difficult on this device.

Nano iOTDR failure data are shown in Figure 3.40. Because of the smaller dimensions of this device,
it was more difficult to target its individual components, and only two configurations were tested:
tirst, CPU, RAM, Flash memory and USB controller; then CPU and RAM only. Only one beam
energy, of 480 MeV, was tested. These results show a larger data dispersion when irradiating more

components, but are globally in good agreement with a figure of ~2 x 108 cm 2 until failure.

Expected failure rate in low Earth orbit (LEO)

Considering an application in Low Earth Orbit (LEO), the fluence rate of unshielded protons with
energy ~300 MeV can be evaluated to ~10>cm~2s~! (cf. Figure 1.9a in Section 1.1.1), although these
values can greatly vary according to parameters such as the altitude and inclination of the considered

spacecraft orbit [601].

Using this fluence rate value, the total fluence received by each device without observation of SELs
would correspond to a duration in orbit of respectively ~10.6 yr for the Micro iOTDR and ~4.46 yr
for the Nano iOTDR. Accordingly, the median fluence of 108 cm 2 until occurrence of a SEFI would

correspond to one failure every ~11.5d.

This failure rate appears very reasonable to allow operation of the dosimetry system in a space en-
vironment, especially if we consider that the observed failures are non-permanent in the case of the

Micro iOTDR, which resumes normal operation after power cycling.
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Figure 3.39. — Box plot of proton fluences until failure of the Micro iOTDR, according to the

targeted components. Results obtained at different proton energies are shown with different colors.
Circles indicate outlier data.
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Figure 3.40. — Box plot of proton fluences until failure of the Nano iOTDR, according to the

targeted components. Circles indicate outlier data.
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3.5. Conclusion of the experimental part

Distributed dosimetry systems based on Micro and Nano iOTDR devices, coupled with radiosensi-
tive fibers of type A and B, were evaluated for their metrological performance as well as their ability

to perform dosimetry measurements in controlled irradiation conditions.

Metrological properties of embedded OTDR devices

The metrological evaluation compared the three different types of OTDR devices investigated in
this thesis work — MTS 6000A, Micro iOTDR and Nano iOTDR — over a large set of measurements
performed in similar conditions on two optical fiber samples of different attenuations. Investigations
on the dynamic range of these devices showed a decreased capability of Micro and Nano iOTDRs to
perform reliable measurement at low signal values, as compared to the MTS 6000A device, because of
comparatively higher noise levels. These results also suggested the use of a thresholding algorithm
to analyze only the portion of available data that stands before the first occurrence of a cutoff value C,
which optimal value was determined to be on the order of —6.5dB for both Micro and Nano iOTDR

devices operating at their lowest available pulse width and scan time.

Accuracy and repeatability of these devices were also evaluated for a wide range of parameters,
including pulse width and sampling length. These data showed a small spread of mean measured
values across tested configurations, attributed both to different group velocities resulting of different
pulse widths, and potential calibration issues at very low attenuation values. An expected increase of
repeatability with increasing pulse width was also observed, until reaching a maximum at 100 ns for
most devices, which can be explained by the limited length of samples used in this experiment. The
relative uncertainty on measurements performed on an attenuating fiber segment, with the lowest
scan time of 10s, was evaluated to £6 % for the Micro iOTDR at 5ns pulse width and £5 % for the
Nano iOTDR at 10 ns pulse width.

The influence of sampling length was also shown to be very significant in the measurement uncer-
tainty. Measurements performed on samples < 5m resulted in extremely high, and impractical, un-
certainties because of the small-scale fluctuations observed on OTDR traces. For longer samples, the
uncertainties evaluated for sampling lengths of 10 m, 20 m and 50 m were respectively +25 %, £10 %
and £5 % for Micro iOTDR; 40 %, +15 % and +£5 % for the Nano iOTDR, each device operating at
its shortest pulse width.

Temperature tests between —5 °C and 40 °C also revealed very different responses from both types
of embedded OTDRs, with the Micro iOTDR showing only a £1.2 % deviation of its measurement
over this temperature range, whereas the Nano iOTDR suffered a £12 % deviation in a complex,

but repeatable, pattern. Increasing temperature also caused an increase of measurement uncertainty,
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explainable by thermal noise, although the Nano iOTDR here again presented uncommon features.
Another significant effect linked to the temperature was also a vertical shift of the OTDR trace, shift-

ing toward lower values as the temperature increases.

v and X-ray testing of the distributed dosimetry systems

Two main configurations of distributed dosimetry systems were tested under y and X-ray irradiation:

Micro iOTDR coupled with fiber of type B, and Nano iOTDR coupled with fiber of type A.

7 ray irradiations with ®°Co exhibited a continuous, linear evolution of the RIA measured by the
dosimetry system, with a sensitivity coefficient of ~4.9 dBkm Gy(SiOZ)f1 for fiber B irradiated up
t0 12.97 Gy (SiO5), and ~3.8 dBkm ! Gy(SiO,) " for fiber A irradiated up to 40.16 Gy (SiO, ). Spectral
RIA measurement of irradiated samples of fiber B shown that the RIA measured at 1610 nm by these
dosimetry systems was caused by the absorption band linked to P; defects of phosphorus-doped,

silica-based optical fibers.

The minimum detectable dose for the Nano iOTDR experiment was 3 x 1072 Gy(SiO,), which is in
good accordance with the £5 % repeatability figure presented here above: the minimum detectable
attenuation in a pristine optical fiber of 0.20 dB/km attenuation would be 0.01 dB/km, yielding a
lower theoretical detectable dose of ~25 mGy (SiO, ) with a fiber sensitivity of ~4 dBkm ™! Gy(SiO;) .
In the case of the Micro iOTDR experiment, this minimum detectable dose was much lower, on the

order of 1073 Gy(SiO,), although the scan time was considerably longer.

Comparison of v ray results with X-ray irradiations performed at doses up to 344 Gy(5iO,) showed
good accordance with each other, although the linearity of RIA evolution with dose significantly
decreases at high dose levels, causing a decrease of the observed sensitivity coefficient between -y

rays and X—rays experiments.

Finally, irradiation of the interrogating devices themselves under <y rays, during their operation, re-
vealed neither signs of failure nor decrease in performance on both types of embedded OTDRs, up

to a TID of 81.05Gy(SiO,) for the Micro iOTDR and 106.20 Gy (SiO,) for the Nano iOTDR.

SEE testing of embedded OTDRs

Micro and Nano iOTDR were tested for SEE using protons of 355MeV and 480 MeV, while targeting
specific electronic components. Results showed no occurrence of SELs on the Micro iOTDR up to a
fluence of 2.921 x 10'° cm~2 for 355 MeV protons and a median fluence on the order of ~10% cm~2 for

the occurrence of a SEFI, which corresponds to respectively ~8.95yr and ~11.5d in LEO.

A small dependence on the targeted components was observed, the most sensitive component being

the CPU and less sensitive being the DC/DC converter and the analog/digital converter.
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Francais

Les performances métrologiques, ainsi que la capacité a réaliser des mesures dosimétriques dans des
conditions contrdlées d’irradiation, ont été évaluées pour des systemes de dosimétrie répartie basés

sur les Micro et Nano iOTDR, couplés a des fibres radiosensibles de type A et B.

L’évaluation métrologique a comparé trois types d’OTDR —le MTS 60004, le Micro iOTDR et le Nano
iOTDR - sur un grand nombre de mesures réalisées dans des conditions similaires. L’analyse des ré-
gressions linéaires utilisées pour analyser la pente des traces OTDR ont déterminé une valeur de
signal seuil de —6,5dB en dessous de laquelle 1’exploitation de la pente n’est plus optimale. La pré-
cision de mesure a été déterminée a £6 % pour le Micro iOTDR opérant a une largeur d’impulsion
de 5ns et £5 % pour le Nano iOTDR opérant a 10ns. La longueur d’échantillonnage influence égale-
ment sur cette précision, avec respectivement, pour des longueurs interrogées de 10 m, 20m et 50m,
des précisions de +25 %, £10 % et £5 % pour le Micro iOTDR, et +40 %, £15 % et £5 % pour le Nano

iOTDR, chaque appareil opérant a sa largeur d’impulsion la plus courte.

La dépendance a la température de ces appareils a également été mise en évidence entre —5°C et
40°C, avec une tres faible déviation de £1,2 % observée sur le Micro iOTDR, et une valeur beaucoup

plus importante de £12 % sur le Nano iOTDR, qui présente une réponse non monotone.

Les essais d’irradiation sous rayons X et oy ont principalement testé deux systemes de dosimétrie : le

Micro iOTDR couplé a la fibre B, et le Nano iOTDR couplé a la fibre A.

Les irradiations 7y au 60Co ont mis en évidence une évolution linéaire et continue de la RIA, avec des
coefficients de sensibilité de ~4,9 dBkm ! Gy(SiO,) ' pour la fibre B irradiée jusqu’a 12,97 Gy (SiO5),
et ~3,8dBkm ! Gy(SiO,) ' pour la fibre A irradiée jusqu’a 40,16 Gy(SiO5). Les mesures spectrales
réalisées sur la fibre B ont montré que la RIA mesurée a 1610 nm est causée par la bande d’absorption

du défaut P; des fibres dopées au phosphore.

La dose minimale détectée lors de ces expériences était de 3.1072 Gy (SiO,) pour le Nano iOTDR

opérant a un temps d’acquisition de 105, et 1072 Gy(SiO,) pour le Micro iOTDR opérant a 180ss.

Les résultats y ont été comparés a ceux acquis sous rayons X jusqu’a une dose de 344 Gy(5i0O;), qui
ont montré un bon accord malgré la perte de linéarité de la réponse RIA a des doses importantes,

réduisant les coefficients de sensibilité observés sous rayons X.

La tenue des interrogateurs aux radiations a également été évaluée. Premierement, au cours des ir-
radiations 7, un appareil de chaque type a été irradié, atteignant une dose de 81,05 Gy(SiO,) pour le
Micro iOTDR et 106,20 Gy (SiO;) pour le Nano iOTDR, sans qu’aucun appareil n’ait montré de défail-
lance. Deuxiemement, les essais d’effets singuliers sous protons de 355 MeV et 480 MeV ont indiqué
I’absence de latchup et une fluence médiane de ~10% cm~2 avant I'observation d"une erreur logicielle,

qui se traduit par une durée moyenne entre erreurs de ~11,5 jours en orbite basse terrestre.
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In addition to the experimental work presented in Chapter 3, simulation tools can be used to gain
insights on the behavior of the radiosensitive fibers investigated in this thesis when they are subjected

to various radiation environments.

This chapter exposes the results of two simulation cases: first, the dose deposited by a variety of
primary particle types (photon, electron, proton, neutron) inside fibers of type A and B, according to
their fluence and energy; second, in the case of X-ray irradiation with an X-ray tube, the influence of

tube voltage, and therefore energy, on the dose deposited in such optical fibers.

Part of the contents presented in this chapter was published in Article A.3 [392], which also features

additional experimental work, and most figures hereafter are thus adapted from this publication.

4.1. Dose deposition under different particle types

Space radiation is characterized by a variety of particle types and energies, that can vary greatly
from one location to another, as introduced in Section 1.1. These various radiation environments are

defined by the fluence of each particle type as a function of their energy (cf. Figure 1.9).
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Figure 4.1. — Simulation setup of dose deposition by an arbitrary particle type in fiber A.

As exposed in Section 1.4, the distributed dosimetry systems tested in this thesis work involves
the measurement of fiber RIA, which, in the case of phosphorus-doped fibers operating in the near-

infrared range, is linked to P; defects (cf. Section 1.2.4), resulting from ionizations (cf. Section 1.2.3).

The amount of ionizations caused by radiation in a material is reflected by the absorbed dose (cf. Sec-
tion 1.1.3), and therefore estimation of this quantity for different particle types and energies is a key

element to the prediction of the optical fiber response in a given radiation environment.

4.1.1. Simulation details

To evaluate the dose deposited in the two types fibers investigated in this thesis work, we used the
Monte Carlo code Geant4! (cf. Section 2.4.2), which is able to simulate and track particles, down to

their complete interaction histories, in arbitrarily complex geometries.

Each type of optical fiber was modeled as three concentric cylinders ( G4Tubs objects) of various dia-
meters and materials, and with a common length of 1 mm, as illustrated in Figure 4.1 in the case of
fiber A. Fiber B was handled in a similar way, with its corresponding cladding and coating diameters
(cf. Table 2.1). Silica material was modeled as SiO, with a density of 2.20g/cm?, and acrylate as
CsH3N; with a density of 1.18 g/cm?.

In each simulation, the fiber sample was irradiated with particles incoming vertically, as shown in
Figure 4.1. In order to properly account for the geometry of these samples, the particles were gen-
erated in a random position within a rectangular area corresponding to the projection of the fiber
sample on a horizontal plane: 250 pm x 1 mm for fiber A, and 128 um x 1 mm for fiber B. The Geant4

module G4GeneralParticleSource was used to set up a particle generator with such properties.

The collection of physics models used for particle transport and interactions was QBBC_EMZ (cf. Sec-

tion 2.4.2). These models provide the quantity deposited energy from the various interactions of the

IThe version used in this work was Geant4 v11.1, released in December 2022.
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incoming particle and its secondaries. Simulation of energy deposition is performed in discrete steps,
set by a cut in range of 1 nm in our case, and is assumed to be continuous between these steps [559,
561]. Calculation of absorbed dose is then performed by the primitive scorer G4PSDoseDeposition,
which divides this deposited energy by the product of material density and volume of the considered

part [602]; in our case, this considered part was either the core, cladding or coating of the fiber.

Each simulation was run in 100 batches (ran with different random number generator seeds) of
1 million particles each. Considering the rectangular surface area of the particle generator as de-
scribed here above, the particle fluence of each batch was therefore 4 x 108 cm 2 for fiber A, and

7.81 x 108 cm—2 for fiber B.

4.1.2. Dose deposited by photons in the core, cladding and coating

To analyze in more detail the intrinsic behavior of optical fibers when irradiated with photons, such
as the oy and X-rays used in Chapter 3, the simulation procedure described in Section 4.1.1 was ran
with monoenergetic photons from 1keV to 10 GeV. 100 energy values were considered in this range,

spaced equally within a logarithmic scale.

The corresponding simulation results, in terms of dose/fluence ratio in the core, cladding and coating
of the optical fibers, are shown in Figure 4.2 for fiber A and Figure 4.3 for fiber B. The uncertainties
at 20 are shown in these figures as a filled areas around the curves, although their low relative values

make them mostly indistinguishable from the graph lines.

A first noticeable feature of these data is the lower dose deposition in the coating of both fiber types,
compared to the dose deposited in the core and cladding, for almost all investigated energies. This
behavior is explained by two properties of the acrylate material constituting this coating: first, its
density is lesser than the one of silica present in the core and cladding (cf. Section 4.1.1); second,
its interaction cross-section with photons is also lesser or equal to the one of silica over the whole

investigated energy range [169].

The response of the inner components, core and cladding, can be further analyzed using the mass-
energy absorption coefficient yen/p of silica, which gives the theoretical kerma, i.e. the total energy
of generated secondary electrons divided by the material mass (cf. Section 1.1.3). For a material
irradiated with monoenergetic photons, kerma at the corresponding energy constitutes the upper
limit of absorbed dose. This quantity, given by NIST between 1keV and 20 MeV for all elements with
atomic number up to 92 [174], can be calculated for any material of known chemical composition,

using the approximation formula [603]:

<”“> zwﬁ(P‘m) +wo<Ve“> 4.1)
0 /sio, O Jsi P /o
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Figure 4.2. — Geant4 simulated dose/fluence of the different components of fiber A irradiated with

photons. The mass-energy absorption coefficient for silica is plotted in dashed line, for comparison.

with wg; and wo the weight fraction of silicon and oxygen in SiO;; respectively 0.467 435 and 0.532 565
[169]. On the graphs, the obtained value was multiplied by 10° to take into account the difference in

mass units between NIST data (using grams) and definition of the Gray unit (using kilograms).

For photon energies between ~10keV and ~200 keV, the simulated dose deposition matches the the-
oretical kerma, meaning that all electrons released in the core and cladding at these energies end up
inducing ionizations within these same areas. Outside of this energy range, the absorbed dose stands

systematically lower than the corresponding kerma.

At energies lesser than 10 keV, photons have a very high probability of interaction, and are therefore
being absorbed by the outside elements of the fiber (coating then cladding), which also explains the
higher value of dose deposition in the coating at these low energies. Above 200keV, the decrease
of absorbed dose compared to kerma is explained by the high kinetic energy of secondary electrons,

which are able to leave the fiber volume before depositing their total amount of energy.

This influence of the geometrical parameters is evidenced further in Figure 4.4, which compares the
dose response in the core of fibers A and B, as simulated both by Geant4 (cf. Section 4.1.1) and PHITS
(cf. next Section 4.1.3). Below 10keV, the reduced coating and cladding thicknesses of fiber B cause
slightly more dose to be absorbed in the core. Above 200keV, the larger core dimensions of A cause
secondary electrons to deposit more dose: at the mean ®°Co <y ray energy of 1.25MeV, the geometry

of fiber A causes its core to absorb 1.7 times more dose than fiber B.
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Figure 4.3. — Geant4 simulated dose/fluence of the different components of fiber B irradiated with

photons. The mass-energy absorption coefficient for silica is plotted in dashed line, for comparison.
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Figure 4.4. — Comparison of dose deposited by photons in the cores of fibers A and B. The mass-

energy absorption coefficient for silica is plotted in dashed line. Geant4 data are indicated by dots,
and PHITS data by diamonds.
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Another particular feature of these simulated data lies in the range between 10MeV and 100 MeV,
with a sharp increase of the deposited dose, peaking at ~20 MeV. In this energy range, the number of
simulated particles had to be increased (from 1 million to 100 million photons per energy value) in
order to keep uncertainties down to a satisfactory value. Therefore, this increase appears to be linked
to events that are relatively rare, but cause deposition of a large amount of energy; for instance, the

generation of large amounts of charged secondary particles through pair or triplet production.

4.1.3. Two-dimensional maps of dose deposited by photons

A further, more graphical, analysis of the dose deposition by photons in optical fibers can be per-
formed from two-dimensional maps of the simulated dose. Such maps are obtained by dividing
the optical fiber sample into small cells of interest, inside which the dose is totalized independently

during the simulation run.

Because of the relative complexity of use of the Geant4 toolkit, these 2D calculations were performed
using the Monte Carlo software PHITS [555], which enables relatively easy configuration, visualisa-
tion and retrieval of such multi-dimensional data. Here, we configured a 200 x 200 rectangular pixel
mesh spanning over the whole cross-sectional area of fiber A, i.e. a 250 um x 250 pm square area. The

same mesh parameters were set for fiber B to ease comparison of the results.

Simulation details were similar to the ones introduced here above in Section 4.1.1, and a total of 100
million photons were generated in each run. Although no detailed physics configuration is available
in PHITS for photons, the parameter negs=1 was set to enable photon and electron transport, and

the cutoff energy was configured to the available minimum of 1keV.

The resulting 2D dose/fluence maps are shown in Figure 4.5 for fibers A and B irradiated with
photons of 10keV, 100keV and 1 MeV. These results are in very good accordance, both in terms of
absolute values and interpretation of the intrinsic phenomena of dose deposition, with the Geant4
simulations presented in Section 4.1.2. As shown previously in Figure 4.4, PHITS data, obtained
from averaging 2D results within the core area of each fiber, perfectly match Geant4 data for the

three simulated energies of 10keV, 100 keV and 1 MeV.

While fibers A and B display similar behavior at same photon energies, with respect to their scale,

these three different investigated energies illustrate different dose depositions processes.

At 10keV, most of the dose is deposited in the cladding, which corresponds to the point of entrance
of photons after traversing the coating. Therefore, at such low energies, the cladding absorbs most
of the incoming radiation before it can reach the core, with a very high efficiency due to the high

interaction probability of low-energy photons.
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Figure 4.5. — Two-dimensional dose/fluence maps (in Gy(mat) cm?) for fibers A and B irradiated
with monoenergetic photons of different energies. Dimensions (x horizontally and z vertically) are

in um, and photons are incoming from above, i.e. toward positive z values. White circles delimit
the coating (dashed lines), cladding and core areas.
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Then, at 100 keV, the absorbed dose is much lesser in absolute value, but more equally spread into
the fiber volume, although with a slight increase in the cladding and core regions. This relative
homogeneity indicates that photons traverse the whole material, but mostly cause dose deposition

at the location where they interact.

Finally, at 1 MeV, more dose is deposited in the bottom part of the fiber, indicating that the secondary
electrons travel far within the material, preventing them from depositing their whole energy in the
area where they were released. The bottom part of the coating, in particular, appears to absorb
the most dose, as it is located on the exit trajectory of electrons released in the core and cladding.
However, despite this local increase, the overall dose of the coating, averaged over its whole volume,
remains lesser than the one absorbed in the other areas of the fiber. In terms of absolute value, the

deposited dose in all areas is in the same order of magnitude as for 100 keV photons.

4.1.4. Dose deposited in the core by different particle types

In order to determine the optical fiber sensitivity to ionizing particles other than photons, the simu-
lation process described for photons in Section 4.1.2 can be generalized to other particle types, such

as protons, electrons and neutrons.

The resulting dose/fluence values of these simulations, performed with Geant4 for particle energy
between 1keV and 10 GeV (with 100 energy values spaced evenly in a logarithmic scale), are shown

in Figure 4.6 for fiber A and Figure 4.7 for fiber B.

Proton response is characterized by a sharp increase observed at an energy of ~3.5MeV for fiber A
and ~2.5MeV for fiber B. This increase also corresponds to the maximum amount of dose deposition,
and can be interpreted as the occurrence of a Bragg peak [604] in the core area at this energy. Protons
of an energy lower than this threshold cannot reach the core area, and therefore do not deposit any
significant amount of dose. On the contrary, protons of higher energies go through the core causing
ionizations, but are not braked enough to deplete their whole energy within this area, resulting in a
decrease of the deposited dose with increasing energy until reaching an asymptote at ~1 GeV, with a

dose/fluence value of ~2.5 x 1071 Gy(mat) cm? for both fiber types.

Electrons, being also charged particles, display a similar response to protons, but start depositing
dose in the core at lower energies: respectively ~180keV for fiber A and ~125keV for fiber B. Their
response also stabilizes more quickly, from electron energies larger than ~1 MeV, to an asymptote

value similar to that of protons.

Finally, neutrons do not appear to yield any significant dose deposition in the core below an energy
of ~200keV. However, the QBBC model used for neutron interaction has been shown to largely un-

derestimate dose deposition at energies lesser or equal to 100 keV [605], and neutron data presented
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Figure 4.6. — Simulated dose/fluence in the core of fiber A irradiated with different particle types.
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here might therefore be unreliable for low energies. For higher energies, the neutron dose response
appears to feature two phases: first, between ~200keV and ~2 MeV, the dose/fluence is in the same
order of magnitude as photons; then, above ~2MeV, the response suddenly increases then stabilizes
up to ~5 x 10711 Gy(mat) cm? for both fibers. Neutron response also noticeably features a small in-

crease between 10 MeV and 100 MeV, in the same way as observed with photons in Section 4.1.2.

Overall, these data highlight a much higher sensitivity of optical fibers to charged particles, and
especially high-energy protons. However, these charged particles cannot reach the core below a given
threshold energy (~200keV for electrons, ~5MeV for protons), which render these fibers insensitive
to charged particles at low energies. On the contrary, photons (and possibly neutrons) can deposit
dose in the core even at low energies (> 10keV), making these fibers very suitable for detection of

uncharged particles in a wide range of energies.
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4.2. Dose deposition under X-rays at different energies

X-ray irradiators, because of their commercial availability, relative safety and ease of operation (com-
pared to radionuclide sources for instance), provide a convenient way to perform radiation tests on

materials and devices.

However, while these sources mainly emit photons, their energy spectrum is not discrete, but con-
tinuous and complexly shaped because of the combined effects of bremsstrahlung and characteristic
emission (cf. Section 2.3.1). Also, the limited photon energy produced by these devices, linked to
their operating tube voltage, can prevent to reproduce the intrinsic interaction phenomena expected

in the target environment, such as Compton scattering in electronic devices [506].

This section presents the simulation work combined between SpekPy? (cf. Section 2.4.3) and Geant4
in order to describe the interaction of such X-rays on the irradiation of optical fibers. A particular
topic explored here is the influence of modifying the source voltage on the irradiation conditions and

the resulting dose deposition in the optical fiber core.

4.2.1. Simulation of the anode heel effect

The anode heel effect, introduced in Section 2.3.1, is a phenomenon that causes the radiation cone emit-
ted by an X-ray tube to be skewed at a small angle instead of being centered on an axis perpendicular

to the tube (cf. Section 2.3.1).

Whereas the heel effect is commonly linked to the anode angle, which is fixed during manufacturing
in the case of MOPERIX and LabHX facilities, the fact this effect takes root from the conversion
of electrons to X-rays within the volume of the anode makes it also dependant on the energy of
primary electrons. Therefore, as a result, adjustment of an X-ray tube voltage can also cause an

angular displacement of the beam.

In order to evaluate the dependence of the beam angle to the tube voltage, we performed SpekPy
simulations of the beam fluence on a line following the x axis (in SpekPy coordinates, cf. Section 2.4.3)
at a fixed vertical location centered on the origin (y = 0 and z = 42.5 cm). Tube parameters, including

the anode angle, were set to match the LabHX facility (cf. Table 2.2).

The resulting graph in Figure 4.8 shows the simulated fluence according to the position along the
x-axis for five tube voltages between 30kV and 225kV. The values are normalized by their maxi-
mum to ease visual comparison. As the voltage increases, the beam is shifted away from the center
axis, spanning a total of ~5cm between the minimum and maximum investigated voltages of 30 kV
and 225kV. This shift however appears to be stabilized at higher voltages, and only a very small
difference can be observed between the curves at 160 kV and 225kV.

2The version used in this work was SpekPy v2.0.10, released in June 2023.
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Figure 4.8. — Simulated fluence (normalized by maximum) of the X-ray beam at different tube

voltages, along the x-axis at the position ¥ = 0 and z = 42.5cm.

This tendency is further confirmed in Figure 4.9, which depicts the evolution of the x position of the
beam maximum as a function of the tube voltage between 30kV and 225kV. This position evolves
quickly between 30kV and ~100kV, then stabilizes for the higher voltage values, with much less
evolution between 160kV and 225kV. Moreover, this evolution appears to be reversed at energies
larger than ~190 kV; this can be explained by the lesser interaction cross-section of photons at higher

energies [169], potentially alleviating the heel effect.

4.2.2. Dose deposited by X-rays at different tube voltages

To simulate the dose deposited by X-rays in the various parts of optical fiber samples, the Monte
Carlo approach described in Section 4.1.1 can be adapted to generate photons according to a given

spectrum, instead of a constant energy.

For this purpose, X-ray tube spectra were generated using SpekPy, matching the parameters of the
LabHX facility, for X-ray tube voltages between 30kV and 225kV by steps of 5kV. These spectra
were produced to match the effective spectrum received by an optical fiber sample coiled as a spiral
of 5cm radius and centered at the coordinates (Xmax, ¥ = 0, z = 42.5 cm), with xpmax the x position of

the beam maximum at the corresponding voltage (cf. Figure 4.9).

Accordingly, spectra were generated at four locations (A, B, C and D in Article A.3) at a distance of
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Figure 4.9. — Simulated evolution of the position of the beam maximum along the x-axis, at the

position y = 0 and z = 42.5cm, according to X-ray tube voltage.

5cm around this central point; then, for each investigated voltage, these four spectra were averaged

to produce the final spectra supplied to the Monte Carlo simulations, and illustrated in Figure 4.10.

The exposure was set to 20mA - s; as 20mA is the maximum tube current enabled by the LabHX
facility over its complete voltage range, the resulting spectra therefore match the differential fluence

generated during one second and can thus be considered as differential fluence rate spectra.

Integration of these spectra therefore returns a fluence rate, which is given in Figure 4.11 for all inves-
tigated voltages. As illustrated by these data, in this setup and voltage range, the fluence increases

with voltage in an almost linear relation.

Then, Monte Carlo simulations were performed with Geant4, using the procedure described in Sec-
tion 4.1.1. In this case, the photon spectra corresponding to each X-ray tube voltage were supplied
to the simulation using the /gps/hist/file command of the G4GeneralParticleSource module of
Geant4: as a result, each generated photon was given a random energy, according to a probability

density function matching the supplied spectra.

The dose/fluence graphs resulting from these simulations are given in Figure 4.12 for fiber A and
Figure 4.13 for fiber B. For both fibers, core and cladding responses are very similar between each
other, and the coating response is significantly lower; both these behaviors match the monoenergetic

data given in Section 4.1.2 for the corresponding mean photon energies.
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Figure 4.10. — SpekPy simulated spectra of X-rays irradiating an optical fiber coil placed around

the beam maximum at a position ¥ = 0 and z = 42.5cm. The 40 investigated voltages between
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Figure 4.11. — SpekPy simulated fluence rate of X-rays irradiating an optical fiber coil placed around

the beam maximum at a position ¥ = 0 and z = 42.5cm, for all investigated voltages.
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Figure 4.12. — Geant4 simulated dose/fluence of the different components of fiber A irradiated under

X-rays with different tube voltages. Corresponding mean energy-fluences are given for reference.
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Figure 4.13. — Geant4 simulated dose/fluence of the different components of fiber B irradiated under

X-rays with different tube voltages. Corresponding mean energy-fluences are given for reference.
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4.2.3. Sensitivity of optical fibers to the features of X-ray spectra

To understand the comparative influence of the particular features of X-ray spectra on the dose depo-
sition in optical fibers, as well as the influence of X-ray tube voltage on these processes, a combined

simulation approach was performed using Geant4 and SpekPy.

First, the photon dose/fluence spectrum in the core of both fibers A and B was simulated using
Geant4 through the simulation procedure described in Section 4.1.1, for monoenergetic photons be-
tween 1keV and 225 keV with a linear step of 0.1keV. The resulting data are similar to Figure 4.4,

with a much increased energy resolution within the considered range.

Second, the X-ray differential fluence rate spectrum was calculated by SpekPy from the tube param-
eters of the LabHX facility, with an energy resolution of 0.1keV, so that the energy values match
exactly the Geant4 simulations described here above. These spectra were generated at the position
y =0,z = 42.5cm, and an x coordinate corresponding to the position of the beam maximum accord-

ing to the simulations of anode heel effect performed in Section 4.2.1.

Finally, the Geant4 dose/fluence spectrum was multiplied by the SpekPy differential fluence rate
spectrum for each tube voltage, resulting in the differential dose rate spectra shown in Figure 4.14
for fiber A, and in Figure 4.16 for fiber B. These spectra illustrate the efficiency of each point of the

X-ray energy spectrum to deposit dose in the core of an optical fiber of type B.

The influence of tube voltage is clearly distinguishable within the five investigated values between
30kV and 225kV. Increase of the tube voltage not only causes an extension of the photon energy
spectrum toward larger energies, but also result in a significant increase of the amount of deposited
dose at lower energies; this behavior is mainly due to the overall increase of fluence spectrum when
increasing tube voltage, as illustrated previously in Figure 4.10. Therefore, increasing tube voltage,
while ensuring that the irradiated sample stays in a position corresponding to the beam maximum at

this voltage, generally increases the dose deposited in the optical fiber sample.

The characteristic X-ray emission lines of tungsten also stand out prominently in these data, and
their relative influence, compared to the background bremsstrahlung spectrum of the X-ray tube,
can be evaluated in the stacked bar plots displayed in Figure 4.15 for fiber A and in Figure 4.17 for
fiber B. These graphs illustrate the overwhelming importance of the low-energy part of the X-ray
spectrum on the effective dose deposition in the optical fiber core, as well as the importance of the
L characteristic lines, with 48 % (at 30kV) to 58 % (at 160 kV) of the total deposited dose being solely
performed by La and Lp lines.
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Figure 4.14. — Simulated differential dose response spectrum in the core of fiber A irradiated under

X-ray with different tube voltages. The main tungsten characteristic X-ray lines are also annotated.
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4.2.4. Prediction of the dose rate by simulation

To evaluate the ability of simulation tools to predict the dose received by optical fibers in X-ray irradi-
ations at different tube voltages, simulation data presented in the previous sections were combined to
evaluate the dose rate received by optical fiber samples, and compared with additional experimental

data on phosphorus-doped optical fiber RIA.

Although these experimental data were strictly identical to the ones used in [392] (Article A.3), all
simulation data in this chapter were recalculated with a more recent version of SpekPy, which results

in slightly different values from the mentioned publication.

Simulation data

Multiplying the simulated dose/fluence in the core of fiber A (cf. Figure 4.12) by the corresponding
simulated fluence rate (cf. Figure 4.11) at the same position, for each X-ray tube voltage between

30kV and 225kV, results in a dose rate estimated by simulation.

However, to compensate for a possible deviation between fluence rates simulated by SpekPy and the
ones actually delivered by the LabHX irradiator, additional measurements were performed with an
ionization chamber and compared with water kerma simulation (cf. Article A.3). These measure-

ments resulted in a factor kg, = 0.84(£10 %) between observed and simulated fluence rates.

RIA data

Additional RIA experiments were performed to obtain the experimental dose rates observed on a
phosphorus-doped optical fiber. For this purpose, 1 m-long samples of fiber A were irradiated in the
LabHX facility at five tube voltages between 30 kV and 225kV.

The samples were coiled in flat spirals of radius 5cm and centered at the location (xmax, ¥ = 0,
z = 42.5cm), with xmax the x position of the beam maximum at the corresponding voltage (cf. Sec-

tion 4.2.1). More details of this experimental setup are given in Article A.3.

Each sample was irradiated for a duration of 900s, and RIA was measured at 1532nm and 1550 nm
using laser and photodiode setups. The resulting RIA data as a function of time, for each investigated

tube voltage, are shown in Figure 4.18.

By fitting a linear function to the RIA data acquired in the first 100s, the corresponding RIA rates
(in dBm~'s7!) can be extracted for each investigated wavelength and voltage. These values can be
converted to a dose rate, using a calibration factor k.., = 250 Gy (fiber) dB~'m, determined from
the value of 4.0dBkm ™! Gy(SiOy) ! cited the literature for a same type of optical fiber under -y rays
with comparable doses [395].
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Figure 4.18. — Evolution of fiber A RIA at 1532 nm and 1550 nm according to irradiation time, at

different X-ray tube voltages.

lonization chamber data

A second set of experiments involved a PTW 23344 ionization chamber (cf. Section 2.3.1), placed at a

position corresponding to the center of the irradiated fiber sample at each investigated voltage.

The dose rate measured by this device, given in Gy(H,0) /s, was compared to the one obtained using
fiber RIA data described here above, and a linear relation was observed between these two quantities,

with a constant scaling factor kioni = 2.14 Gy(fiber) /Gy (H2O) for all investigated voltages.

Comparison between simulated and experimental dose rates

A summary of the various dose rate data presented here above is shown in Figure 4.19, which com-
pares simulated dose rates at different X-ray tube voltages with experimental results. By taking into
account the various scaling factors kgimu1, kcalib and kioni introduced previously, these results show

globally a good agreement.

Experimental data stand in excellent agreement between each other, with an insignificant difference
between data acquired at 1532 nm and 1550 nm that matches the characteristics of the P; defect ab-
sorption band (cf. Section 3.2.5 and Article A.3). The fact that ionization chamber data display the

same absolute values is caused by the calculation of kjon; as described here above, but superposition
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Figure 4.19. — Comparison at different X-ray tube voltages between dose rates determined from

various sources: fiber A simulation, RIA experiments with fiber A, and experiments with a ionization
chamber. Filled areas show uncertainties at +2c.

of these data show that the dose rate measured by this device closely follows the same evolution as

the optical fiber RIA.

Compared to these experimental data, the simulated dose rates, while globally standing in the same
order of magnitude and following the same evolution with voltage as experimental data, appear how-
ever to systematically overestimate the experimental dose rate by a factor ~1.25. At voltages greater
than 160kV, the simulated evolution of the dose rates also appears to reach a plateau, while the ex-
perimental data still show a slight increase. This difference could be explained by the uncertainties

on sample positioning evidenced in Article A.3.

Multiple reasons have been proposed to explain these systematic deviations between simulated and
experimental, such as uncertainties on the positioning, dimensions and composition of the samples,
as well as of the specifications of the X-ray tube. In medical dosimetry, the use of correction factors
for compensating various sources of experimental or environmental uncertainties is very common

[606, 607], and such an approach could therefore lead to improvement of the present analysis.
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4.3. Summary of the simulation part

English

As absorbed dose is linked to the observable effects of radiation on optical fibers, the simulation of
this quantity in various environments enables further understanding of the processes involved, as

well as possible predictions of irradiation results.

Monte Carlo simulations, performed with Geant4 on monoenergetic photons, protons, electrons and
neutrons from 1keV to 10 GeV, have quantified the sensitivity of the core of fibers A and B. Dose
deposition by photons between 10keV and 1MeV has also been reviewed in more detail, with a

great influence of the dimensions of fiber components on the dose absorbed by the core.

Simulations of dose deposition in X-ray irradiators are also possible with the additional X-ray spec-
trum and fluence data provided by SpekPy. Such simulations have highlighted an overwhelming
influence of the low-energy part of the X-ray spectrum on dose deposition in optical fiber cores, as
well as a major contribution of the L characteristic lines in the case of irradiation with a tungsten an-
ode. These simulations can predict the dose rate received by optical fiber samples at different X-ray
tube voltages from 30kV to 225kV, although comparison with experimental data highlight that this

dose rate is overestimated by our simulation with a factor ~1.25.

Francais

Etant donné que la dose absorbée est liée aux effets observables des radiations sur les fibres optiques,
la simulation de cette grandeur dans divers environnements permet une meilleure compréhension

des procédés mis en ceuvre, ainsi que de possibles prédictions des résultats d’irradiation.
4

Les simulations Monte-Carlo, réalisées avec Geant4 sur des photons, protons, électrons et neutrons
monoénergétiques de 1keV a 10 GeV, ont quantifié la sensibilité du coeur des fibres A et B. Le dépot
de dose par des photons entre 10keV et 1 MeV a également été revu plus en détail, avec une grande

influence des dimensions des composants de la fibre sur la dose absorbée par le cceur.

La simulation du dépdt de dose dans des irradiateurs a rayons X est également possible grace aux
données supplémentaires de spectre X et de fluence fournies par SpekPy. Ces simulations ont mis en
évidence une influence dominante de la partie basse énergie du spectre de rayons X sur le dépodt de
dose dans le cceur des fibres optiques, ainsi qu'une contribution majeure des raies caractéristiques L
dans le cas d’irradiations avec une anode au tungstene. Ces simulations peuvent prédire le débit de
dose recu par des échantillons de fibre optique a différentes tensions de tube a rayons X de 30kV a
225kV, bien que la comparaison avec les données expérimentales mette en évidence que ce débit de

dose est surestimé par notre simulation d’un facteur de ~1,25.
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5.1. Interest of optical fiber-based dosimetry for space applications

The omnipresence of radiation in all aspects of space missions, from the terrestrial orbit to interplan-
etrary exploration (cf. Section 1.1), has induced the need for more research on the characterization
of the space radiation environment, as well as toward the design of suitable devices for operation in

these conditions.

Dosimetry technologies for space applications stand at the junction of these two needs, and require
both a satisfactory accuracy when measuring radiation of different types and energies, while also
being able to operate in the harsh conditions of the space environment, including, between many

other factors, exposition to the radiation themselves.

Optical fibers, through various radiation-induced phenomena (cf. Section 1.2.2), have been demon-
strated to be suitable sensitive elements for radiation sensing and measurement (cf. Section 1.2.4),
not only as an alternative to existing dosimetry technologies, but also offering new possibilies such
as distributed sensing (cf. Section 1.3) to enable dose measurement at virtually any given segment of

an optical fiber.

Such distributed dosimetry systems, originating from the use of OTDR devices to measure RIA along
optical fibers, were first introduced at the turn of the 21% century, and are still developed nowadays,

especially in the context of radiation monitoring in large accelerator facilities (cf. Section 1.4).

Continuous development of OTDR devices since the introduction of this technology in the 1970s [608]
has enabled design and commercialization of miniaturized, embedded devices that offer greatly re-
duced mass and volume footprints while providing similar functionalities (cf. Section 2.2), although

with potentially reduced performance.
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Combination of these embedded devices with radiosensitive fibers, which dimensions can also be
further reduced compared to standard telecom-size fibers (cf. Section 2.1), offer the opportunity to
design distributed dosimetry systems fit for the basic volume and mass requirements of space appli-
cations. However, prior to enabling the testing of such systems in space missions, their performance
need to evaluated, both regarding their capacity to accurately perform dose measurement with the
variety of particle types and energies that constitute the space radiation environment, and regarding

their ability to operate safely within this same environment.

5.2. Experimental characterization of the dosimetry system

Both investigated devices — Micro and Nano iOTDRs — were first evaluated for their metrological
properties, in the absence of radiation, to assess the capabilities and limitations of these embedded
devices to perform attenuation measurements on optical fibers (cf. Section 3.1). A first limitation is
the noise floor of these devices, preventing to perform accurate measurements below a threshold es-
timated at —6.5 dB for both types of devices, when operating at their minimum pulse width and scan
time (cf. Section 3.1.3). Then, their pure metrological performance were evaluated through statistical
analysis of ~1200 similar measurements for each parameter set, yielding a measurement accuracy on

the order of 5 % for both devices at their minimum scan time and pulse width (cf. Section 3.1.4).

The pulse width parameter was shown to be very important, both in terms of measurement accuracy
— with the higher value of 100 ns being the most accurate in these experiments — and because of its in-
fluence on the spatial resolution, increased at lower pulse widths. Whereas the theoretical resolution
is on the order of 1 m for a pulse width of 10 ns, the analysis performed with different sample lengths
in Section 3.1.5 showed measurement accuracy on such very short segments to be extremely low;
acceptable uncertainties are obtained starting from a sampling length of 10 m, with +25 % accuracy,

up to 50 m where the accuracy of £5 % matches the one of the whole available segment.

Influence of ambient temperature was also evaluated for both devices, between —5°C and 40°C.
While the Micro iOTDR measurements exhibited a good temperature stability, with only +1.2 % de-
viation over the investigated temperature range, the Nano iOTDR was shown to be more sensitive
with £12 % deviation in the same range, along with a non-monotonic temperature dependence. In
both cases, the resulting OTDR traces were also shown to suffer a vertical shift correlated to the tem-

perature, which could in unfavorable cases lower even further the dynamic range of these devices.

v ray radiation tests were performed for dosimetry systems based on both devices, with similar
setups involving irradiation at a controlled dose rate of a segment of radiosensitive fiber, as well as
of the interrogating device itself. In both cases, the irradiated devices performed without noticeable
failure during the several months of irradiation, totalizing a TID of 81.05 Gy (SiO,) for Micro iOTDR
and 106.20 Gy(SiOz) for Nano iOTDR.
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Real-time measurements performed by these devices on the irradiated fiber samples showed a linear
evolution of RIA, with a coefficient of ~4.9 dBkm ™! Gy(SiO,) ~! measured by Micro iOTDR on fiber B
irradiated up to 12.97 Gy(SiO,) (cf. Section 3.2.2), and ~3.8 dBkm ™! Gy(SiOz)f1 measured by Nano
iOTDR on fiber A irradiated up to 40.16 Gy(SiO;). Additional spectral measurements showed that
the RIA measured by these devices operating at 1610 nm was caused by the absorption band of the
Py defects of phosphorus-doped optical fibers (cf. Section 3.2.5).

The minimum detectable dose in these -y ray irradiations was 1072 Gy(SiO,) with the Micro iOTDR
interrogating 200 m of fiber B at a scan time of 180s, and 3 x 1072 Gy(SiO,) with the Nano iOTDR

interrogating 100 m of fiber A at a scan time of 10s.

The range of investigated doses and doses rates was extended by complementary X-ray irradiations
of the fiber samples, up to 340.6 Gy(SiO;). These results were in good accordance with the ones

obtained under 7y rays, despite the reduced linearity of RIA at high dose levels (cf. Section 3.3.5).

Finally, SEE testing of the embedded OTDRs, performed with protons of 355 MeV and 480 MeV, has
highlighted the capability of these devices to operate reliably under radiation. In the case of the Micro
iOTDR irradiated with 355 MeV protons, no SELs were observed up to a fluence of 2.921 x 109 cm~2,

and the median fluence for occurrence of a SEFI was ~10% cm~2, which corresponds to respectively

~8.95yr and ~11.5d in LEO.

5.3. Simulation insights on the radiation response of optical fibers

Monte Carlo simulations of the dose deposited by photons were performed for both types of fiber,
for photon energies from 1keV to 10GeV (cf. Section 4.1.2). These results showed the influence of
the layered geometry of optical fibers, preventing photons of energy lesser than 10keV to reach the
core, and causing photons of energy greater than 200 keV to release secondary electrons of too high

a velocity to entirely deposit their energy in the core area, given its small dimensions.

Comparison between fibers A and B showed similar photon sensitivities between 10 keV and 200 keV,
but a higher sensitivity of fiber A for higher photon energies, with a factor of 1.7 at 1.25MeV. This
theoretical difference is only due to the differing dimensions between both fibers, as all other param-
eters were kept identical in the simulations; noticeably, the phosphorus concentration is the same in

both fiber cores.

However, the higher experimental sensitivity of fiber B observed with ®*Co «y ray results obtained
at this same mean energy has to be explained by additional parameters that counterbalance its geo-
metrical disadvantage. A possible explanation can be linked to different concentration of P defects
precursors between both fibers, due to different manufacturing and drawing conditions. Similar dif-

ferences between phosphorus-doped fibers of same specifications were already reported in [387].
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Generalization of these simulation for protons, electrons and neutrons in the same energy range of
1keV to 10GeV (cf. Section 4.1.4) demonstrated a higher sensitivity of both fiber types to charged
particles, and especially to protons at energies higher than 5MeV. However at lower energies, the
layered geometry of optical fibers also prevent these charged particles to reach their core. In this re-
gard, the lower dimensions of fiber B enable detection of charged particles of a slightly lower energy

than fiber A, with cutoff values on the order of 100 keV for electrons and 2.5MeV for protons.

Simulation of dose deposition by X-rays (cf. Section 4.2) showed an overwhelming influence of the
low-energy part of the photon spectrum generated by X-ray tubes in the dose deposition in the core
of optical fibers. The characteristic X-ray emission lines La and LB of tungsten, located respectively
at 8.4keV and 9.7 keV [511], account for ~50 % of the deposited dose at all investigated tube voltages
between 30kV and 225kV. Increase of this tube voltage was shown to increase the fluence over the
whole energy spectrum, effectively causing an increase of dose deposition in the fiber, but also to tilt

the X-ray beam angle due to its influence on the anode heel effect.

Combining Monte Carlo simulations and X-ray spectrum and fluence data provided by SpekPy, sim-
ulations can predict, to an extent, the actual dose rate on an optical fiber sample irradiated under
X-rays at tube voltages between 30 keV and 225keV (cf. Section 4.2.4). In their current state, however,

these simulations still overestimate the dose rate determined experimentally by a factor ~1.25.

5.4. Toward distributed dosimetry for space applications

The experimental and simulation work performed in this thesis demonstrated the potential of dis-
tributed dosimetry systems including embedded OTDR devices and phosphorus-doped fibers to
perform accurate and reliable dose measurement in a range of doses and dose rates suitable for space
missions. Radiosensitive fibers of reduced dimensions (type B) were also shown to deliver dosime-
tric performance on par with standard-sized fibers (type A) previously characterized and qualified

for distributed dosimetry in ground applications [395].

Whereas the radiation tests performed in the course of this thesis were only performed with photons,
results reported in the literature with similar phosphorus-doped fibers subjected to various types of
particles and energies (cf. Section 1.2.4) indicate that this technology can be suitable for dosimetry in

the space radiation environment.

These first results can be consolidated with additional experimental data involving different types
of particles. On the topic of simulation, a complementary approach would be to shift from the com-
ponent simulation explored in this thesis to more general, system-oriented simulations featuring the
different electronic components of the embedded OTDRs and their effects on the dosimetry system

according to TID or SEE. In such complex geometries offered by electronic systems, simulation of



5.4. Toward distributed dosimetry for space applications 175

omnidirectional fluxes, which better matches the actual space radiation environment, is another im-

provement that could be considered.

Apart from radiation and temperature, other constraints of the space environment need to be further
assessed, such as the ability of these systems to operate in vacuum, both regarding their outgassing
properties and their ability to regulate heat when operating in the absence of air, conditions for which

these commercial, off-the-shelf devices were not originally designed for.

Overall, distributed dosimetry systems based on embedded OTDRs offer promising applications
for optical fiber-based space dosimetry, which has also seen recent developments toward the high-

sensitivity measurement of radiation inside the International Space Station [609].
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This appendix compiles the facsimilia of the published scientific articles written as the main author

during the course of this thesis.

Article A.1, X-Ray Radioluminescence in Diversely Doped Multimode Silica-Based Optical Fibers [342], was
published in July 2022 in the journal IEEE Transactions on Nuclear Science, in a special issue on the
RADECS 2021 conference in which a presentation on the same topic was given [610]. This article was
written in the early stage of the thesis, and focuses on a different topic, namely the radioluminescence
properties of optical fibers (cf. Section 1.2.2). In this work, multimode optical fibers with five different
types of dopants — cerium (Ce), germanium (Ge), aluminum (Al), fluorine (F) and phosphorus (P) -

were compared for their radioluminescence properties.

Article A.2, Toward an Embedded and Distributed Optical Fiber-Based Dosimeter for Space Applications
[595] was published in April 2023 in the journal IEEE Transactions on Nuclear Science, in a special
issue on the NSREC 2022 conference in which a presentation on the same topic was given [594]. This

article reports the results obtained with the Micro iOTDR in 7 and X-ray irradiations Section 3.2.

Article A.3, Simulation and Optimization of Optical Fiber Irradiation with X-rays at Different Energies [392]
was published in March 2023 in the journal MDPI Radiation, and follows up on a RADOPT 2021
conference presentation [611]. This article compares the results of SpekPy and Geant4 simulations
(cf. Chapter 4) with additional experimental measurements to determine the influence of X-ray tube

voltage on the dose deposition in single-mode, phosphorus-doped optical fibers.
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X-Ray Radioluminescence in Diversely Doped
Multimode Silica-Based Optical Fibers

Arnaud Meyer"™, Student Member, IEEE, Adriana Morana™, Member, IEEE, Hicham El Hamzaoui ™,

Bruno Capoen™, Géraud Bouwmans, Mohamed Bouazaoui, Sylvain Girard

Emmanuel Marin

Abstract— The radioluminescence (RL) response under X-rays
is investigated for five different types of multimode silica-based
optical fibers doped with Ge, P, Al, F, or Ce. The results indicate
that all tested fibers show a measurable RL signal at dose
rates from 0.1 to 15 Gy(SiO;)/s, using 10-cm-long samples and
a photomultiplier-based acquisition chain. Other influences of
radiation, such as radiation-induced attenuation, are discussed in
order to evaluate the potential of such fiber types for radiation
detection or dosimetry applications.

Index Terms— Dosimetry, optical fiber (OF), radiation, radio-
luminescence (RL), scintillators.

I. INTRODUCTION

PTICAL fibers (OFs) are waveguides well-suited for
Oradiation monitoring because of their ability to act both
as a sensing element and as a means of transporting measure-
ment signal to devices located outside of the radiation area.
Radiation effects on OFs can be mainly categorized into three
different phenomena [1]: radiation-induced attenuation (RIA),
which causes transmitted signal to decrease, radiation-induced
emission (RIE), which consists of a measurable signal to be
emitted during and/or after irradiation, and radiation-induced
refractive index change (RIRIC), which causes a modification
of the refractive index of either OF core or cladding material.

Amidst phenomena linked with RIE, radioluminescence
(RL), i.e., emission induced by exciting, through irradia-
tion, defects created during the fiber manufacturing and/or
radiation-induced point centers, is particularly of interest,
because the produced signal is conveniently transmitted by
the OF producing the RL signal. The emitted light is then
relatively easy to measure using conventional optical devices
such as photomultiplier tubes.
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TABLE I

OF SAMPLES USED FOR THIS EXPERIMENT

Core Core Length
Symbol dopant diameter Manufacturer +1 mm
Ge Germanium 62 pm iXblue 10 cm
P Phosphorus 62 pm iXblue 10 cm, 1 cm
Al Aluminum 42 pm iXblue 10 cm, 1 cm
F Fluorine 50 pm Draka 10 cm
Ce Cerium 40 pm FiberTech 1 cm

Lille

OF-based scintillators have been widely studied and are
commonly used for dosimetry purposes, especially in the
medical area. Usual materials for this type of application
typically involve specially engineered crystals or plastics [2],
which yield a high RL signal, but are not designed to operate at
high levels of total ionizing dose (TID) or high dose rates that
could be encountered in severe environments such as space,
nuclear or high-energy physics facilities.

Rods or OFs, optimized for dosimetry through measurement
of RL signal, have been produced and studied, and typically
involve dopants such as cerium (Ce) [3], [4], gadolinium
(Gd) [5], or copper (Cu) [6], which are less commonly
employed in commercially available OFs.

However, previous studies [7] have shown that OFs with
more commonly available dopants may also show significant
RL signal. We investigate in this study the RL properties of a
panel of OFs, in order to assess their potential for dosimetry
applications as sensing elements.

II. MATERIALS AND METHODS

A. Choice of Samples

Five different types of multimode OFs, listed in Table I,
were selected for this study, based on multiple criteria: their
availability, to evaluate well-known kinds of fiber that are
used on common applications, their already known properties
under radiation, ranging from radiation-hardened to radiation-
sensitive, and their composition. All samples share the same
structure, with pure silica in the cladding (except for F-doped
fiber) and pure silica doped with a single dopant in the
core. Finally, multimode OFs were selected because of their

0018-9499 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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larger core diameter, and therefore, increased sensitive volume,
compared to single-mode OFs.

Germanium (Ge) is amongst the most commonly available
dopants for OFs, and the one primarily used for OF-based
telecommunication. The sample chosen for this experiment is
from a so-called “canonical” fiber [8], i.e., an OF designed for
research, reflecting the manufacturing process and properties
of commercially-available Ge-doped OFs. Previous studies of
this fiber have highlighted a high cathodoluminescence (CL)
signal [9], [10]. In particular, CL signal centered at ~400 nm
was associated with Germanium Lone Pair Centers (GLPC),
known to be natively present in as-drawn Ge-doped fibers.
Such GLPC centers can be converted to Ge (1) and Ge (2)
defects during irradiation [1], when the core of the sample
is irradiated with 10 keV electrons [10]. Ge-doped fibers
are abundantly studied for dosimetry applications, through
RL although at lower doses to fit requirements for medical
applications [11]-[13], and through thermoluminescence at
higher TIDs [14]-[16].

Phosphorus (P)-doped fibers are known to show high RIA
response, especially in the visible domain [17]. The sample
chosen for this experiment is from another canonical fiber,
which presented a very weak CL emission band, centered at
~410 nm and associated with P-related defects [10]. It should
also be noted that a previous work showed that P-doped fibers
could produce an RL signal exploitable for dosimetry under
short (<100 ms) X-ray pulses [18].

Aluminum (Al) is generally used as a codopant for Erbium-
doped OF amplifiers as it prevents undesirable clustering of
rare-earth ions [19]. Similar to P-doped OFs, Al-doped fibers
also exhibit high RIA response [20]. A noticeable difference
between P- and Al-doped fibers is their intrinsic, preirradia-
tion transmission in the ultraviolet domain; the former being
more transmitting whereas the latter is more absorbing. The
Al-doped sample chosen for this experiment is a fiber
sample designed by iXblue to study radiation response of
Al-doped fiber without other dopants. CL measurements
have shown an intense luminescence in the Al-doped core
at ~380 nm [21].

Fluorine (F), on the opposite, is a dopant mainly used
in radiation-hardened OFs. It decreases the refractive index
of silica and is, consequently, generally present in the fiber
cladding and in lesser concentration, or absent, in the fiber
core. F-doped silica fibers, along with pure silica-core fibers,
are the most radiation-hardened OFs known to date for steady-
state radiation environments up to 100 kGy [22]. The sample
chosen for this experiment is a commercially available “rad-
hard” OF, designed to yield very low RIA in both infrared
and visible spectral regions. This same type of fiber is also
used in our experiment as a transport fiber, to carry the RL
signal of all tested samples outside of the irradiation chamber,
to the acquisition system. CL measurements on this type
of fiber show luminescence bands centered at ~460, ~560,
and ~650 nm, similar to the one recorded in the pure silica
cladding of other fibers [10]. A comparable type of fiber, with
a pure silica core and fluoropolymer cladding, was shown to
exhibit under 100-225 MeV protons an RL signal with two
bands also centered at ~460 and ~650 nm [23].
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Fig. 1. Experimental setups. (a) Setup for RL measurements. (b) Setup for
RIA measurements.

Finally, Cerium (Ce) doping was studied, since Ce-related
centers present a strong RL signal at ~500 nm, often
investigated for dosimetry applications [3], [4], [24]-[26].
A Ce-doped fiber sample developed and supplied by FiberTech
Lille was included in this experiment in order to compare
performances of the other samples against fibers designed and
optimized for RL.

B. Measurement Setup

All measurements were carried out at room temperature in
the LabHX X-ray irradiator located in the Laboratoire Hubert
Curien of Université Jean Monnet, Saint-Etienne, France.

The source of the irradiator is a COMET MXR 225/26
X-ray tube, using a tungsten anode driven at 100 kV, yielding
X photons with a mean energy of ~40 keV and an adjustable
dose rate, set by varying the tube filament current.

The setup used for measuring RL signal is depicted
in Fig. 1(a) and involves a Hamamatsu H7421-40 photon
counting head, which uses internally a photomultiplier tube
with a GaAsP photocathode and works in a spectral range
from 380 to 720 nm. It was installed outside of the irradiation
chamber, inside a box designed to screen most of ambient
light. Its integration time was set to 1 ms for these experiments.

To measure RIA and RL spectra, another setup, shown in
Fig. 1(b), involves an Ocean Optics DH-2000-BAL deuterium-
halogen light source, covering a broad range of wavelengths
from 210 to 2500 nm, and an Ocean Insight QE Pro spectrom-
eter, operating between 250 and 1000 nm. The same setup,
without switching on the light source, was used to acquire the
RL spectra of each sample.

In order to transmit the RL signal emitted by the samples,
a radiation-hardened OF was spliced to each of the samples,
one at a time. This transport fiber was of the same type as
F-doped samples investigated in this work.
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Fig. 2. Sequence of dose rates applied for irradiating each sample during
RL measurements.

As preliminary results showed that this rad-hard fiber pro-
duces a nonnull RL signal when exposed to X-rays, the
transport fiber was shielded using 3 mm thick lead (Pb)
plates, covering most of the transport fiber length inside the
irradiation chamber until the splicing point with the sample
under test.

Each of these samples was prepared at the length specified
in Table I. Because of the very high RL signal of this fiber
type, the Ce-doped sample was cut to a length of 1 cm in order
not to saturate the detector. In the same way, to stay within the
dynamics of the measuring system, RIA measurements on the
more radiosensitive Al- and P-doped fibers were performed on
samples of 1 cm long.

For RL measurements, each sample was irradiated accord-
ing to a sequence of irradiations with a duration of 30 s each,
followed by a pause of at least 30 s, for eight values of dose
rate from 0.1 to 15 Gy(SiO,)/s (£10%), as shown in Fig. 2.
The X-ray tube filament current was set from 0.15 to 25 mA
in order to reach these dose rate values.

Total dose deposited on the sample is accumulated between
subsequent dose rates and reaches ~1.0 kGy at the end of the
sequence. Therefore, the effects of TID must be considered
along with dose rate, especially for radiation-sensitive OFs.

For RIA and spectral RL measurements, fresh samples were
irradiated ten times for 30 s at a single dose rate value of
15 Gy(Si0,)/s (£10%), with a pause of at least 30 s between
each irradiation.

C. Data Analysis

For RL measurements, the measured photon counts during
irradiation were summed in bins of 1 s and subtracted with
the mean dark signal measured just before irradiation start, for
each tested sample.

For spectral RL measurements, all spectra were subtracted
with the dark signal measured prior to each run, and scaled
using the spectral response of the whole measurement chain
from a calibrated halogen source.

For RIA measurements, all transmission spectra were sub-
tracted with the dark signal measured prior to each run,
and parasitic signal in the UV domain was compensated
by subtracting from each spectrum its mean value measured
between 250 and 260 nm.

D. Repeatability of RL Measurements

In order to evaluate the uncertainties linked to our setup,
four similar RL runs have been performed on 10 cm-long
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Fig. 3. RL signal over time recorded for four different pieces of Al-doped

sample, irradiated each during 30 s at a dose rate of 10 Gy/s in order to check
the variability of our measurement setup.
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Fig. 4. Example of a dataset after dark subtraction, shown here for
10-cm-long Ge-doped sample. Time origin has been defined at irradiation
start for each run.

Al-doped samples, irradiated during 30 s at a dose rate of
10 Gy(SiO2)/s (£10%). For each run, the new sample was
positioned and spliced to the transport fiber, and the connection
of the other end of transport fiber to the photon counting device
was performed anew.

By analyzing the difference in photon counts between these
four runs, depicted in Fig. 3, we determined an overall uncer-
tainty of £25% on the measured RL signal. This is explained
by variabilities of sample length, splice quality between the
sample and transport fiber, and quality of signal injection in
the photon counting device.

III. RESULTS AND DISCUSSION
A. RL Signal Against Time

An example of time traces of measured RL signal of a
single sample, the 10-cm-long Ge-doped fiber, is shown in
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Fig. 4. This type of graph clearly illustrates that the higher
the dose rate, the higher the intensity of the measured RL
signal. Moreover, in the case of radiosensitive samples, such
as the depicted Ge-doped fiber, we can also observe that the
RL signal intensity decreases with irradiation time, particularly
at higher dose rates.

Because our setup involves low energy (<100 keV) X rays,
there is no significant occurrence of Cherenkov effect and
therefore, its influence on the RL signal was not evaluated
in the scope of our study.

Fig. 5 reports a comparison of all measured data at the
highest investigated dose rate of 15 Gy/s. We can observe that
the RL signal at this dose rate spreads roughly from 5 x 103
to 3 x 10° counts/s over the tested samples.

Out of all fibers tested in our panel, the Ce-doped sample,
even with a length of only 1 cm and a smaller sensitive
volume, still delivers the most intense RL signal, which
also noticeably increases during irradiation. The 10-cm-long
Ge-doped sample also delivers an intense RL signal compa-
rable to the Ce-doped one, despite the size, and therefore,
sensitive volume, difference of both samples.

On the other end of the range, the Al- and F-doped samples
show a significant amount of RL, but at least one order of
magnitude lower compared to previous samples at the highest
tested dose rate. Finally, the P-doped sample stands out, as its
measured RL signal is even lower than that of the F-doped
fiber used for transport.

The afterglow, i.e., remaining RL signal after irradiation,
is shown in greater detail in Fig. 6, normalized for all samples
by their RL signal measured at the time of irradiation end.
Afterglow is clearly identifiable for Ce-, Ge-, and Al-doped
samples, whereas it appears to be either absent, or too low in
comparison to measurement noise, for F- and P-doped sam-
ples. When normalized, it appears that the afterglow response
is very similar among Ce-, Ge-, and Al-doped samples,
decreasing to ~10% and 1% of original value, respectively,
after 1 and 30 s.
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Fig. 7. RL spectra of Ce-, Ge-, and Al-doped samples, integrated during 1 s
between 0 and 15 Gy at 15 Gy/s, normalized by integral.

It is interesting to note that these RL results are in
good agreement with the ones previously observed under CL
experiments [10], despite very different irradiation conditions
(X-rays versus electrons and low versus high dose rate).
Particularly, the case of F- and P-doped samples sharing the
same afterglow features suggests that, also for RL, Si-related
defects could be involved. One important difference between
CL and RL results, however, involves the possible impact of
RIA on the RL fibers, even for low probe lengths, which is
negligible in CL. measurements.

B. Spectral Features of RL Signal

Measured RL spectra of Ce-, Ge-, and Al-doped samples,
calibrated as explained in Section II-C, are shown in Fig. 7,
normalized by integral to compare their shapes. Because of
the low RL signal delivered by F- and P-doped samples, our
setup was unable to measure a significant RL spectrum for
these two samples.
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Fig. 8. Evolution of RL spectrum of Ge-doped fiber during irradiation. Each
spectrum was acquired during 1 s at a dose rate of 15 Gy/s, amounting to a
TID of 450 Gy at the end of the depicted sequence.

For the Ce-, Ge-, and Al-doped samples, at least 95% of
the RL signal is emitted between 300 and 600 nm. The RL
spectrum of the Ce-doped sample is centered at 2.6 eV and
has been associated with 5d—4f transition of Ce* ions [3]. For
the Ge-doped sample, the RL spectrum is centered as 3.2 eV,
associated with GLPC [27], [28]. Finally, the underlying phys-
ical origins of the RL spectrum of Al-doped sample, centered
at ~3.1 eV, are still discussed [21], as different mechanisms
for this emission have been proposed; some attributing it to
electron—hole recombination near AI-M™ centers [29], others
associating it with charge-compensated substitutional AI**
(AP+*-M) [30].

Fig. 8 shows the evolution of Ge-doped sample RL spectrum
during irradiation. It illustrates that two phenomena influence
RL signal during irradiation: a decrease in amplitude, as well
as a change of the spectral shape of the emitted signal.
Although the former could be explained both by RIA and
a decrease of the population of RL-inducing defects, such as
GLPCs for the depicted Ge-doped sample, the latter could
only be explained by a change in the spectral absorption of
the fiber, and therefore, only to the occurrence of RIA. Similar
spectral evolution was also observed for the two other samples;
in these cases, RIA is assumed to be the main factor for RL
decrease.

Also, because of the high sensitivity of Al-doped fiber to
RIA, even more at shorter wavelengths as demonstrated in
section 0, we may assume the Al spectrum shown in Fig. 7,
acquired between 0 and 15 Gy, is affected by the occurrence
of RIA and probably slightly shifted to the larger wavelengths.

C. Radiation-Induced Attenuation

Because of their different compositions, the samples under
test exhibit very different levels of RIA. Fig. 9 reports the
measured RIA of all samples. Fig. 9(a) shows the spectral
RIA measured after a single run of 30 s at 15 Gy/s, totaling
to a TID of 450 Gy. Fig. 9(b) shows the evolution of RIA
at 450 nm wavelength over TID up to 4.5 kGy.

1629

a) Spectral RIA at 450 Gy

Ce
Ge
Al

F
P

=
5
L

RIA at 450 Gy [dB/cm]
N
o

g
=}
L

o
)
L

0.0 T T T T T
400 500 600 700 800 900 1000
Wavelength [nm]
Al

1ot ././-/k..—P—-—-—'—"—_'
T b) RIA kinetics at 450 nm
L
o0
3 Ge
E 10°4
c
o
3 ././.—.—_.FI—I—I—\.__.
-
© —-— Ce —a— F
< 10 —m— Ge —#— P
< —m— Al

./.___._._’—.——F—.——.———._‘._.
0 10I00 ZOIOO 30IOO 40'00
Dose [Gy]
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of 450 Gy. (b) Evolution of RIA at 450 nm as a function of TID.

The RIA response is very different amongst tested samples.
Whereas, in Fig. 9(a), F- and Ce-doped samples exhibit a com-
paratively low level of RIA over the whole measured spectrum,
Ge-, P-, and Al- doped samples yield a high RIA in the short
wavelengths region, where most of the RL signal appears to be
emitted, which explains the decrease in amplitude as observed
in Fig. 8. The fact that the RIA is not flat over the whole
spectrum also explains the change of spectral shape observed
in Fig. 8.

RIA kinetics shown in Fig. 9(b) further elaborate on the
ample difference in RIA response between samples. While
Ce- and F- doped fibers show little increase and a compara-
tively low RIA, Ge-, P-, and Al-doped samples see a visible
increase to high levels of RIA.

It is important to note that the decrease in RL signal cannot
be directly deduced from the measured RIA level because each
length element of the irradiated fiber emits an RL signal which
travels through a different thickness of absorbing medium.
A model taking into account these effects could be the goal
of future studies and should allow one to optimize the design
of dosimeters.
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the third run, totaling a preirradiation dose of ~2 kGy. Filled areas show the
uncertainty range of £25%.

D. RL Signal Against Dose Rate

To assert the dosimetry performance of all tested samples,
the mean value of the RL signal produced during irradiation
was calculated for all samples at all dose rates and plotted in
Fig. 10(a). We observe that all tested samples show a signifi-
cantly measurable RL signal down to the lowest investigated
dose rate of 0.1 Gy/s.

Whereas the characteristic of an ideal dosimeter would
involve a delivered signal strictly proportional to the dose rate,
comparison between data points and linear guidelines depicted
in Fig. 10(a) shows that not all measured samples satisfy these
requirements.

The Ge-doped sample shows excellent RL performances,
as the signal delivered by the 10-cm-long Ge-doped sample
is greater than the 1-cm-long Ce-doped sample at low dose
rates. However, this behavior changes at higher dose rates and
the amount of RL signal appears to be decreasing compared
to an expected linear extrapolation. This can be explained
by two phenomena: the occurrence of RIA at the emission
wavelengths, and the decrease during irradiation of the
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population of preexisting GLPC defects, that are converted
by radiation into Ge (1) and Ge (2) defects [27], [28].

The RIA effect is even more evident on the Al-doped
sample, which high radiation sensitivity is well shown in
Fig. 9. Because of the RIA increase with TID, dependence
of RL signal of Al-doped sample with dose rate could not
even be observed at the highest dose rates.

Similar conclusions can be drawn for the P-doped sample:
although it appears to produce a signal comparable to F-doped
fiber at low dose rates, its high RIA sensitivity results in a
significantly decreased signal at higher dose rates.

On the opposite, the RL signal observed on the F-doped
fiber sample presents a linear dependence on the dose rate,
owing to its low RIA.

Finally, for the Ce-doped sample, the RL signal is noticeably
increasing during irradiation, due to its RIA slowly decreasing
with TID as shown in Fig. 9(b).

In an attempt to mitigate the observed effects of RIA on the
linearity of RL response on radiosensitive samples, an identical
series of measurements was performed on preirradiated sam-
ples, obtained by repeating three times in a row the irradiation
sequence described in Fig. 2. The results shown in Fig. 10(b)
were obtained during the third run, therefore, on samples
preirradiated with a TID of 2 kGy.

As suggested by the RIA kinetics shown in Fig. 9(b), RIA
stabilizes as TID increases, and therefore, the difference in
attenuation between the start and end of the run becomes
less and less important. This is observed on the RL signal
measured on preirradiated samples shown in Fig. 10(b), where
the nonlinearities observed for Ge-, Al-, and P-doped samples
are significantly reduced, making these preirradiated samples
more befitting for dosimetry applications. This increase in
stability and reproducibility is, however, done at the expense
of signal level, made evident by comparing Fig. 10(a) and (b),
and therefore, a potentially degraded signal-over-noise ratio.

E. Potential for Dosimetry Applications

Whereas an ideal dose-rate meter would exhibit a constant
ratio between dose rate and measured signal, the RL signal
output by the fibers evaluated in this study depends on both
dose rate and TID, as shown in Section III-D. Therefore,
dosimetry applications involving these fibers would have to
take into account this dependence on TID.

A first solution would be for the operating electronics to
compensate for the effects of TID on the signal. This would
involve either measuring a 2-D calibration function according
to both dose rate and TID or establishing a model of the
evolution of dose rate sensitivity according to TID. In both
cases, the system would need to store a measurement of
the TID received by the sensor, taken either by an external
dosimeter or by integrating the measured dose rate after
compensation (probably at the cost of a higher uncertainty
level).

A second solution would be to preprocess the measuring
elements in order to minimize the influence of TID on their
sensitivity. This solution is explored in this study through the
effects of preirradiation described in Section III-D.
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The last solution would be to consider the actual require-
ments of the target dosimetry application. Not all applications
involve the full range of dose rates, TID, and accuracy
explored in this study. Medical imaging applications, for
instance, usually involve much lower dose rates and TID than
the ones we considered [31], resulting in a lesser influence of
TID on the measurement that, if ignored, could result in an
uncertainty range that may be acceptable.

IV. CONCLUSION

All multimode OFs tested in this study did show a signif-
icant, measurable RL signal in a range of dose rates from
0.1 to 15 Gy(SiO,)/s.

The intensity of the RL signal was shown to be increasing
with dose rate in all cases. However, depending on the doping,
RL intensity does not depend linearly on dose rate because of
RIA, as well as possible defects generation and recombination
mechanisms.

Spectral measurements in Ce- and Ge-doped samples have
shown that the origins of RL signal are well understood for
these two kinds of fiber, but much less for Al-doped fiber.
The low intensity of RL signal emitted by F- and P-doped
samples did not enable its spectral measurement, and therefore,
also makes it more difficult to reach a better understanding
of the origins of such signal. However, the P-doped fiber
noticeably delivers an RL signal significantly lower than the
pure silica core F-doped fiber, hinting that P-doping may not
be producing any kind of RL on its own in the UV-visible
range of wavelengths that was explored in our study.

In particular, OFs sensitivity to RIA, such as Al- or P-doped
fibers, yield an RL signal which is very dependent on the total
amount of received dose. This dependence can be mitigated by
preirradiating the samples, as shown here with a preirradiation
TID of 2 kGy(SiO,), however, at the cost of a decreased signal.
Due to recovery over time of radiation-induced defects, the
lifetime of such preirradiation need to be investigated.

In dosimetry applications, the preference would tend
toward sensing elements with high sensitivity to dose rate,
i.e., a strong RL signal, and low sensitivity to total dose,
ie., a low RIA and steady generation of RL-producing
defects. Whereas OFs specifically designed for RL, such as
the Ce-doped sample clearly show better suitability in both
these parameters, we observe that Ge-doped fiber also yields
a significant amount of RL signal, despite being more sensitive
to total dose, and that F-doped fiber has very low RIA, which
makes it reliable at higher doses, despite having a significantly
weaker RL signal.

OFs producing a high RL signal, such as Ce-, Ge-, and
Al-doped samples in our study, could also be suited for radi-
ation monitoring applications such as beam loss monitoring
for medical applications, were TID is typically much lower
than the extents tested in this study. In applications demanding
higher TID, occurrence of RIA could again be a factor limiting
the performance of such fibers.

Also, we demonstrated that F-doped fibers, combining a low
RIA sensitivity and a low production of RL signal, are well
suited to be used as transport fibers for RL applications at high

1631

TID. The fact, however, that they deliver a nonnull RL signal
still needs to be taken into account.

Further studies of the RL properties of OFs with com-
monly available dopants could include a more thorough study
of the physical processes of generation or conversion of
RL-producing defects as well as influence of temperature,
in order to evaluate the sensitivity of these elements to duration
and conditions of use.

Evaluation of changes in the RL properties of OFs under
other sources of irradiations, such as gamma, protons or
neutrons could also be investigated to assert whether they may
be used as a reliable means to detect and quantify all kinds
of radiation. In the particular case of protons, the effects of
Cherenkov radiation on the signal could be evaluated.

Finally, a suitable modeling of RIA effects on RL may
deliver more insights about the physical processes leading to
the observed decrease of the RL signal at higher doses.
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Abstract— We investigated the performance under y- and
X-rays of an optical-fiber-based distributed dosimeter consisting
of an embedded optical time-domain reflectometry (OTDR)
interrogator operating at 1610 nm and a phosphorus-doped,
single-mode, size-reduced optical fiber (OF). Results show a linear
response from 10~3 to 10?> Gy(SiO,), a proper functioning of the
interrogator at least up to doses of 80 Gy(SiO,), and perfor-
mances comparable with standard-sized distributed dosimetry
systems found in the literature.

Index Terms—Dosimetry, optical fiber (OF), optical time-
domain reflectometry (OTDR), radiation.

I. INTRODUCTION

PTICAL FIBER (OF)-based measurement systems offer

many advantages for space applications, including a
very low weight and size footprint and the ability to perform
distributed, i.e., spatially-resolved measurements. A variety
of OF-based applications is commonly found in spacecraft,
ranging from datalink signal transportation to environment
sensing, inertial navigation systems, lasers, and amplifiers for
free space optical communication [1].

Dosimetry is of special interest for space applications
because of the complex and evolving nature of the space radi-
ation environment, which involves various types of particles,
broad energy spectra, strong influence of solar activity, and a
high dependence on the location, especially in terrestrial orbit
[1], [2], [3]. As the same OF can be used both for sensing
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and carrying the measurement signal, OF-based distributed
dosimetry potentially enables more compact and lightweight
solutions to monitor dose and dose rate, simultaneously at
several key locations of a spacecraft, using only one sensing
element and one interrogation device.

Distributed dosimetry has been studied for applications on
the ground, particularly in the context of particle accelerators
and large irradiation facilities. Previous works on this topic
include monitoring of the TESLA Test Facility TTF1 in DESY
Hamburg [4] and of Proton Synchrotron Booster [5], Large
Hadron Collider [6], and CHARM facility [7] in CERN.

These distributed dosimetry applications rely on optical
time-domain reflectometry (OTDR) technology, which is typ-
ically used to monitor the optical losses of OF lines in
telecommunication networks, with the advantage of needing
to connect only one end of the scanned OF. Their measuring
principle is to send a very short laser pulse in the scanned
OF; then, Rayleigh scattering, originating from random micro-
scopic fluctuations of the OF density typically in the order of
a tenth of the laser wavelength, causes part of the incoming
pulse to be redirected back to the sender. By monitoring the
intensity of this backscattered signal as a function of a time-
of-flight measurement, a map of the signal along the fiber can
be obtained. The spatial resolution Az of this measurement
is usually determined by the duration 7 of the incoming laser
pulse, through the following formula:

Az = %gr.

With v, the group velocity of the pulse in the OF. Az is in
the order of 1 m for a typical pulsewidth of 10 ns [8].

Phosphorus (P)-doped OF is another component of interest
for OF-based dosimetry applications, especially because of its
radiation-induced attenuation (RIA) behavior. In particular, the
RIA response of P-doped fibers in the near-infrared region is
mainly dictated by P1 defects, having an optical absorption
band peaking at ~1550 nm [6]. It is characterized by a mostly
linear (within 5%) response to total ionizing dose (TID) up
to 500 Gy(SiO;) [6], low sensitivity to temperature, with a
15% deviation of the sensitivity within —120 °C to 80 °C [9],
and its dependence to ionizing dose only, making it able to
reliably detect different natures of radiation, including X-rays
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[9], [10], y rays [5], [6], 480-MeV protons [6], atmospheric
neutrons [10], and mixed field at the CHARM facility [7].

However, porting such a distributed dosimetry technology
to space applications involves asserting the reliability of the
whole sensing chain, including its resilience to radiation
effects and capacity to provide an accurate measurement
over the whole range of doses and dose rates considered
for the target application. This study preliminarily explores
these two topics by testing under y- and X-ray radiation
a distributed dosimetry system consisting of a miniaturized
OTDR device along with a phosphorus-doped, single-mode,
and size-reduced OF.

Embedded OTDR devices are reduced in size, mass,
and power consumption compared to common OTDR inter-
rogators, in order to enable easier integration in telecom-
munication network equipment. Because the conventional
wavelength for OF-based telecommunication is typically
around 1550 nm (C-band), these embedded OTDRs operate
around 1610-1625 nm (L-band) to be able to scan an OF line
without disturbing communications [11].

As this working wavelength range is different from previous
studies on P-doped fiber, that focused on its response at a
wavelength of 1550 nm [6], [9], [12], the first objective of
this work is to confirm the capacity demonstrated in [10] of
such embedded devices to perform RIA measurements on a
P-doped OF for dosimetry purposes, as well as to assert their
capability to operate under ionizing radiation.

Also, to further characterize the whole dosimetry system,
we aim to evaluate the dosimetric properties of this interroga-
tor coupled with a miniaturized P-doped OF, with decreased
dimensions, especially regarding cladding and coating diame-
ters, resulting in a reduction of ~75% of its volume footprint.
We also aim to assert the variability between samples from
different preforms (used for example to build calibration, engi-
neering, or flight models), and the ability to measure different
types of radiation in order to enable further calibration in easily
accessible X- or y -rays facilities.

It should be noted that the ambition of this article is not
to investigate all aspects related to space qualification of
a distributed fiber dosimeter but to provide a first start to
identify areas of potential for this technology in space through
the reported experiments and results. Several crucial aspects
regarding such a qualification are not covered in this work,
regarding the sensitivity of the OTDR device to single-event
effects (SEE), as well as its reliability after launch conditions.
After future investigations of these topics, it will be possible
to suggest dosimeter implementation architectures adapted to
different space mission profiles.

II. MATERIALS AND METHODS

To assess the proper functioning of this distributed
dosimetry system under a variety of radiation environments,
we conducted two experiments involving two different types
of radiation (y - and X-rays) and different dose rates.

In all experiments, the used OTDR devices were Viavi Solu-
tions Micro iOTDR, operating at a wavelength of 1610 nm,
and having a size footprint of 190 x 170 x 16.5 mm and a
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TABLE I
OF SAMPLES USED FOR THESE EXPERIMENTS

Core Cladding Coating
Name Core dopant diameter diameter diameter Manufacturer
A Phosphorus 6.6 um 80 um 127 pm  iXblue
B Phosphorus 6.6 um 80 um 127 pm  iXblue

weight of 200 g [13], about 9x smaller and 15x lighter than
a standard OTDR unit. The devices were remotely controlled
by an embedded computer (Raspberry Pi Model 4B) to initiate
measurements as well as to retrieve and store results.

Two different OF samples, A and B, were investigated. Both
samples share the same specifications, as shown in Table I, but
were drawn from different preforms.

A. y Ray Irradiation

The first experiment was conducted at the PRESERVE
facility in IES, Université de Montpellier (France), which uses
a ®Co source emitting y rays at 1.17 and 1.33 MeV. The
source is placed inside a large room, enabling a wide range of
dose rates thanks to the inverse-square law of exposure rate
as a function of distance to the source [14].

Two almost identical measurement lines were installed in
this experiment, each one probed by its own OTDR device,
with a pulsewidth of 5 ns and an integration time of 180 s.

Each measurement line was composed of coils of the same
OF, but having different lengths, spliced together. A schematic
of the experiment including length and applied dose rate
to each coil is given in Fig. 1(a). All measurements were
performed at room temperature (between 19 °C and 25 °C).

B. X-Ray Irradiations

An additional set of experiments was carried out at the
MOPERIX facility in Laboratoire Hubert Curien, Université
Jean Monnet (France), involving a COMET MXR-165 X-ray
tube supplied with a voltage of 100 kV, producing an X-ray
spectrum with a mean energy of 40 keV.

As shown in Fig. 1(b), a single piece of OF sample A or B,
coiled as a flat spiral, was placed inside the irradiator and
spliced into a radiation-hard transport fiber. The other end
of the transport fiber was connected to the OTDR device
placed outside of the irradiation chamber, configured with
a pulsewidth of 5 ns and an integration time of 30 s. This
integration time was lower than in the previous experiment in
order to increase the time resolution, and therefore record the
evolution of dose with a greater detail, because of the higher
dose rates involved in our X-ray setup.

Two runs were performed in this setup, using OF sample A:
one at a dose rate of 5 mGy(SiOy)/s and sample length
of 20 m, and another, using a new, pristine sample, at a
dose rate of 430 mGy(SiO;)/s and a length of 40 m. All
irradiations were performed at room temperature (between
19 °C and 23 °C).

Finally, an experiment to demonstrate the spatially-resolved
nature of this measurement technique was set up as shown in
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Fig. 1. Setup for (a) y rays irradiation, (b) X-rays irradiations,
(c) alternating X-ray-irradiated and non-irradiated segments, and (d) atten-
uation spectroscopy.

Fig. 1(c), using a single measurement line divided between
two flat coils, each containing segments of increasing length
from 1 to 10 m. One coil was shielded using a 3-mm-thick
Pb plate and the other one was irradiated at a dose rate
of 10 mGy(SiO,)/s, giving as a result an alternation of
irradiated and non-irradiated segments of increasing lengths
along the OF.

The dosimetry was performed in Gy(H,O) with a
PTW 23344 plane-parallel ionization chamber connected to
a Unidos E reading unit, with a relative uncertainty of 10%,
and converted to Gy(SiO;) in the data shown hereafter.

C. Attenuation Spectroscopy

The attenuation spectrum of OF samples was measured
using a spectral cutback method, illustrated in Fig. 1(d).
It involves an Ocean Optics DH-2000-BAL halogen-deuterium
light source, emitting a continuous spectrum from 210 to
2500 nm, and two spectrometers: for the near-infrared range,
an Ocean Optics NIRQuest measuring from 900 to 2100 nm,
and for the visible range, an Ocean Optics QE65000 measuring
from 200 to 980 nm.

The cutback method is a destructive method that consists
in comparing the transmission spectra between two different
lengths of the same sample, with all other parts of the

g >
= Sample A (200 m)
] 1.11 pGy(SiO,)/s
2
" 4
o 4
e
2
® -~
g _g{ — lrradiation start /
S —— After 6 days Sample A (40 m)
[5] .
@ After 12 days 750 HGY(SIO-)/s
_8 After 18 days Sample A (10 m)
After 24 days 29.16 pGy(SiOz)/s\
After 30 days ‘
-10 - . . . .
0 50 100 150 200 250
Distance along fiber line [m]
Fig. 2. OTDR traces (1610 nm) of measurement line A irradiated under y

rays during the first month of irradiation. Areas shown on a white background
are the ones taken into account for RIA calculation.

measurement chain remaining unchanged [15]. The intrinsic
spectral attenuation of the sample A(1) (in dB/km) is then
obtained using the following formula:

10 [,()L) — Idark(j-)
—log (—)
AL L (2) = Tgark (A)

where Ig (4) is the dark spectrum, i.e., the spectrum mea-
sured with the light source switched off, I;(1) and [;(1) are
the spectra transmitted through, respectively, short and long
sample lengths, and AL is the length difference between long
and short samples.

AQ) = —

III. RESULTS AND DISCUSSION
A. Calculation of RIA From OTDR Traces

The measurement produced by the OTDR device is a 1D
vector containing the intensity of the backscattered signal for
each location along the measurement line.

To compute RIA values based on these data, the whole
length of the measurement line is split into one or several
segments of interest. The OTDR trace of measurement line
A under y rays and its evolution over time is shown in
Fig. 2. In this figure, there are three segments of interest,
corresponding to each sample coil placed at a defined dose
rate [see Fig. 1(a)].

Then, the slope of the OTDR trace of each segment is
computed over time using a linear fit algorithm. The result is
the evolution of attenuation over time, which, when subtracted
with its value measured at the start of irradiation, gives the RIA
over time for each sample. Time information is then converted
into dose according to dosimetry readings of each facility,
to obtain as a final result the evolution of RIA as a function
of dose.

B. Dosimetry Properties Under y Rays

An example of RIA evolution according to dose, measured
for sample A under y rays at three different dose rates,
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Fig. 3. Evolution of RIA (at 1610 nm) of sample A according to dose at

different y rays dose rates, during the first month of irradiation. A linear fit
is applied on each curve (dashed lines) to visually highlight the linearity of
these measurements.

is shown in Fig. 3. Missing data are explained by breakage of
the measurement line during irradiation.

These acquisition stoppages did however not affect the
total dose measurement, as the physical processes producing
RIA were still taking place in the OFs under radiation. This
behavior highlights the passive nature of the measuring OF
highlighted in [16], with the advantage of being readable
on-line, while accumulating dose.

Results of the linear fits applied to these data, indicated
by the gray dashed line in each plot in Fig. 3, show a good
linearity of these measurements and enable the extraction of
the sensitivity of each measurement line, reported in the legend
of each plot.

These calculated sensitivities are globally in the same order
of magnitude as the generally used value of ~4 dB km~' Gy~!
at a wavelength of 1550 nm for P-doped fibers [6].

Interestingly, the values measured in this work are slightly
greater than the ones given in the latter, despite operating at
a wavelength of 1610 nm where RIA response is supposed to
be lower in the order of 0.6%, according to RIA spectrum
of P-doped fiber in the near-infrared region (see [6] and
Section III-H). These differences could be explained by a
small dependence on dose and dose rate that should be the
object of a dedicated study.

C. Variability Between of Samples

As a similar setup was used for measuring A and B samples
under y rays, the variability between both samples can be
established by comparing the evolution of their RIA according
to dose, for the same dose rate, as shown in Fig. 4, with RIA of
A and B fibers for the minimum dose rate of 1.11 xGy(SiO;)/s
during the whole duration of the y rays irradiation. Missing
data are explained by various events (fiber breakage, device,
power failure, etc.) during this long irradiation period.

These results are in good accordance with each other,
as shown both graphically and by estimation of their sen-
sitivity coefficient through linear fit: a factor of 4.82 and
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Fig. 4. Log-log plot of the compared evolution of RIA (at 1610 nm) of

samples A and B according to dose at a y ray dose rate of 1.11 uGy(SiO3)/s.
A linear fit is applied on each set of results to retrieve the sensitivity of each
fiber.
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Fig. 5. Log-log plot of the compared evolution of RIA (at 1610 nm) of

sample A according to dose, at different dose rates under y- and X-rays.
y rays data are displayed in a lighter color in order to emphasize X-ray data.

4.96 dB km~! Gy~! is measured, respectively, for samples A
and B, amounting to a deviation of only ~3%. These results
hint toward a low batch-to-batch variability of dosimetric
properties of these OFs drawn from different preforms but
with the same set of specifications.

D. Comparison of X- and y -Ray Responses

In order to extend the domain of doses investigated under
y rays, we performed additional measurements under X-rays,
enabling higher dose rates and, therefore, access to higher
amounts of dose within a short time.

In particular, two lengths of OF sample A, respec-
tively, 40 and 20 m long, were irradiated at, respectively,
430 uGy(SiOy)/s and 5 mGy(SiO;)/s and interrogated with
a shorter integration time of 30 s to increase time resolution,
and therefore dose resolution, while keeping an overall good
measurement quality.

Fig. 5 compiles RIA measured under y- and X-rays for
sample A over four decades of dose rate, ranging from
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1.11 x 107 to 5 x 1073 Gy(SiO,)/s. This graph shows that
measurements taken under X- and y-rays for the same OF
sample are in excellent accordance, as long as dose calculation
is performed in Gy(SiO;), whatever the nature of radiation.

E. Performance of Embedded OTDR Device

The key parameter of an OTDR device is its dynamic
range, i.e., its capability to measure low signals compared
to the highly backscattered signal from the first few meters.
Fig. 2 shows that in our application, the dynamic range can
be estimated to ~10 dB. This value is slightly lower than the
dynamic range of 15 dB reported in [4] with a standard OTDR,
but it should be noted that this value is usually given for the
largest available pulsewidth of the device [17], whereas we
used here the shortest pulsewidth in order to have the best
spatial resolution.

In terms of dosimetry, the accuracy of this system is given
by its minimum measurable dose, which can be roughly
evaluated to 1072 Gy(SiO,) from Fig. 4 with 200 m of OF.
This relation between minimum measurable dose and sample
length is comparable with data from [6], meaning that the
length of OF needed to achieve a comparable accuracy in dose
is globally in the same order of magnitude in both cases.

Also, as stated in Section II-A, the OTDR device used to
perform measurements on line A during y rays irradiation
was placed inside the irradiation chamber during the whole
run, totalizing to a TID of 81.05 Gy(SiO,).

This device did noticeably not show any sign of failure,
neither on its computing part (communication, status report,
triggering, and retrieval of measurements) nor on its measure-
ment part (increase of measurement noise).

F. Discussion of Measurement Uncertainties

The RIA measurements are subject to uncertainties, which
mainly originate from two parameters: the noise of the OTDR
measurements themselves and the uncertainties in the slope
estimation on segments of interest.

The OTDR noise typically increases as the backscattered
signal decreases. This is usually the case when the OF is highly
attenuating, which means that the measurement accuracy
decreases as RIA increases. An increased noise is particularly
noticeable at the end of the measurement line, whose signal
is reduced by attenuation from all previous segments.

Slope estimation uncertainties are calculated by the linear
fit algorithm. They are influenced by the OTDR measurement
noise, but also by the length of the considered segment of
interest; the variance Vpe of the estimated slope can be
expressed with the following formula:

Vmeas
)
Z,‘ (xi — X)
where Vpeas 1S the variance of the OTDR measurements on
the considered segment, and ¥ is the mean of the positions x;
corresponding to each measurement point [18].

Methods to decrease these uncertainties, and therefore
increase the signal-to-noise ratio of RIA measurements,

Vslope =
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Fig. 6. Evolution of RIA measurement under X-rays (10 mGy(SiO;)/s) over
the length of a 40-m sample of OF A, with portions successively shielded
and unshielded to show the spatially-resolved character of the measurement.
Grayed areas show the approximate locations of shielded segments.

include increasing integration time, reducing OTDR mea-
surement noise, and considering greater segment lengths to
decrease slope estimation uncertainties.

The influence of these parameters on measurement noise
is particularly visible in Fig. 3, where RIA measurements on
the 10-m sample are visibly noisier than the other samples,
both because of the comparatively short sample length and the
low amount of backscattered signal. The latter is the result of
cumulated attenuation along the whole measurement line, and
of the higher dose rate at which this segment is exposed. The
magnitude of signal attenuation on this segment is especially
noticeable at the end of irradiation period, as shown in Fig. 2.

G. Illustration of the Distributed Nature of the Measurement

To demonstrate the capability of this technique to produce a
spatially-resolved dose measurement along an OF, a measure-
ment line made of 40 m of OF sample A was irradiated under
X-rays, as shown in Fig. 1(c), alternating between exposed
segments under the X-ray beam, and non-exposed segments
under Pb shielding.

By applying the RIA computation method explained in
Section III-A to a sliding segment of 2-m length, we obtain
the results shown in Fig. 6, illustrating that the measurement
setup is able to detect, without special guidance, which parts
of the OF were irradiated and which ones were not.

This figure also highlights several limitations of this mea-
surement technique: the use of a slope calculation window of
2 m, significantly smaller than other calculations performed in
this article, causes less data points to be considered for slope
calculation, leading to increased uncertainties as explained in
Section III-F. Moreover, this length window is at the same
time too large in order to properly resolve the dose profile
of the shorter segments of 1 and 2 m at the beginning of
the measurement line. These results indicate that there is a
balance to be kept between spatial resolution, time resolution,
and accuracy of dose measurement, between which a satisfying
operating point needs to be defined for each application.
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Fig. 7. RIA spectra in (a) near-infrared domain and (b) visible domain of

OF samples A and B irradiated under y rays at a dose of 12.9 Gy(SiOy).
Filled areas in lighter color show uncertainties at 2 o.

The peaks at the left and right of Fig. 6 graph are caused
by optical reflections at the air/glass interface at both ends
of the OF. Whereas such peaks are typically encountered
in OTDR measurement, these locations cannot be reliably
considered for dose measurement, as their attenuation appears
to increase despite being shielded. Therefore, a small dead
zone of £5 m needs to be observed at the beginning and end
of the measurement line to exclude such artifacts.

H. Spectrum of RIA

The optical losses of the samples irradiated under y
rays were analyzed using the cut-back method illustrated
in Fig. 1(d) and subtracted with the same measurements
performed on non-irradiated samples in order to compute the
RIA spectrum of each fiber sample.

The resulting RIA spectra, for the near-infrared and visible
spectral domains, are shown in Fig. 7. The near-infrared
RIA spectrum stands in very good accordance with other
occurrences in the literature [7], [9], except for the peaks
located in the 1100—1150-nm spectral range which correspond
to the cutoff wavelength of these OFs. These peaks appear

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 70, NO. 4, APRIL 2023

typically in cutback measurements [15], but not in the online
RIA measurements performed in the cited references.

At the OTDR interrogation wavelength of 1610 nm, the
RIA is caused by the P1 defect [19] that is associated with
an optical absorption band at 0.9 eV (full width at half
maximum (FWHM) of 0.29 eV [20]). This defect is known to
be stable at room temperature [9].

The visible RIA spectrum also matches very well other
references in the literature [21], especially for the overwhelm-
ingly larger RIA observed at shorter wavelengths, which were
measured in practice by removing much shorter sample lengths
during cutback operation (about 1 m, compared to the ~200 m
removed for near-infrared measurements).

In this spectral domain, RIA of P-doped fibers is driven
by phosphorus oxygen hole centers (POHCs) and their
absorption bands at 2.2 eV (FWHM = 0.35 eV), 2.5 eV
(FWHM = 0.63 eV), and 3.1 eV (FWHM = 0.73 eV)
[19], [22].

These spectral RIA measurements confirm that measure-
ments performed at 1610 nm by the OTDR devices used in
this study are performed in the optimal area of radiosensitivity
of P-doped OFs, and only differ by less than 1% from mea-
surements performed at 1550 nm otherwise found in literature.
They also highlight the very high potential of visible-light-
based measurement techniques to produce highly sensitive
dosimeters using P-doped OFs, as discussed in more detail
in [21].

IV. CONCLUSION

We have explored the potential of systems made of embed-
ded OTDR devices coupled with P-doped, single-mode, and
size-reduced OF to enable spatially-resolved and radiation-
tolerant dosimetry measurements.

They have been investigated at dose rates ranging from 10~°
to 1072 Gy(SiO,)/s and TID up to 80 Gy(SiO,), and have
shown a dose detection threshold down to 1072 Gy(SiO,) with
an OF length of 200 m.

The use of a phosphorus-doped OF reduced in size com-
pared to standard single-mode fiber enables to produce a
size and weight-optimized solution for distributed dosimetry
measurement, along with the advantage offered by its low
cross section to enable low-energy and/or weakly penetrating
particles to reach the fiber core and, therefore, be detected.
This study shows that such an OF presents comparable prop-
erties to standard-sized OFs used in dosimetry. Moreover,
a comparison between samples of OF drawn from different
preforms hints toward a low batch-to-batch variability.

Experiments conducted under y- and X-rays showed that
this measurement system can function under different types
of radiation, providing that the dosimetry is scaled according
to the dose in the material. For further studies, this approach
could be generalized for a wider range of particles, including
charged particles (protons and electrons) and heavy ions.

Whereas this dosimetry system is capable of spatially-
resolved measurements, its spatial resolution is constrained
by increasing uncertainties on dose measurement as shorter
segments of the OF are evaluated. A more in-depth study
on the relation between these two parameters, as well as the
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definition of an optimal functioning point, could be the subject
of further research.

Finally, the embedded OTDR device has been shown to dis-
play properties comparable to standard-sized devices, as well
as to function properly under irradiation, at doses up to
80 Gy(Si0O;). To further assess the radiation tolerance of this
system, more diverse radiation environments could also be
considered, along with its sensitivity to SEE and its ability
to recover from such effects.
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Simple Summary: We investigated the influence of modifying the voltage of an X-ray tube, and
therefore its photon energy spectrum, on the Total Ionizing Dose deposited in a single-mode, radiation
sensitive, optical fiber. Simulation data, obtained using a toolchain combining SpekPy and Geant4
software, are compared to experimental results and demonstrate an increase of the deposited dose
with operating voltage, which is mainly caused by low-energy photons below 30 keV.

Abstract: We investigated the influence of modifying the voltage of an X-ray tube with a tungsten
anode between 30 kV and 225 kV, and therefore its photon energy spectrum (up to 225 keV), on the
Total Ionizing Dose deposited in a single-mode, phosphorus-doped optical fiber, already identified as
a promising dosimeter. Simulation data, obtained using a toolchain combining SpekPy and Geant4
software, are compared to experimental results obtained on this radiosensitive optical fiber and
demonstrate an increase of the deposited dose with operating voltage, at a factor of 4.5 between 30 kV
and 225 kV, while keeping the same operating current of 20 mA. Analysis of simulation results shows
that dose deposition in such optical fibers is mainly caused by the low-energy part of the spectrum,
with 90% of the deposited energy originating from photons with an energy below 30 keV. Comparison
between simulation and various experimental measurements indicates that phosphosilicate fibers are
adapted for performing X-ray dosimetry at different voltages.

Keywords: optical fibers; X-ray tubes; Geant4; radiation effects; dosimetry

1. Introduction
1.1. Interest of X-rays for Radiation Testing

Radjiation testing can involve a variety of ionizing radiation sources, such as photons,
protons, electrons, neutrons, or heavy ions. The choice of a certain type of radiation source
depends on multiple factors, including conformity to a target environment, emphasis on
certain physical processes, and observation of standard practices.

Availability and ease of use are other factors that play a role in the actual planning of
such radiation testing. In this regard, X-ray tests have significant advantages over other
kinds of radiation sources. X-ray tubes, in particular, have been used for over a century
for various applications, ranging from medical imaging [1] to material characterization [2].
These sources of high-energy photons, typically up to several hundreds of keV, are avail-
able commercially and therefore relatively easy to procure, install and manipulate safely,
compared, for instance, to radioisotope sources.

A typical X-ray tube contains a cathode and an anode, both sealed in a vacuum. The
cathode is typically a filament through which a very small electrical current circulates, on
the order of several mA. A very high voltage, on the order of tens to hundreds of kV, is
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applied between the cathode and the anode, causing electrons extracted from the cathode
to be accelerated at very high velocity towards the anode, effectively forming an electron
beam. Finally, the anode, typically a thick layer of a high-Z material like tungsten, causes
the conversion of part of the incoming electron beam to photons through two physical
processes: bremsstrahlung, generating a continuous energy spectrum until a threshold
determined by the tube voltage; and characteristic emission, generating very intense and
narrow energy peaks characteristic of the anode material. The beam exiting the X-ray tube
is therefore a combination of these two processes: a continuous energy spectrum along
with sharp characteristic peaks [1-3]. This beam is emitted in every direction in space, but
practical limitations, such as the orientation of the anode and the presence of an output
window on the X-ray tube, cause it to be limited to a cone of radiation originating from
the anode.

Between the X-ray source itself and the sample being irradiated, several interceding
elements cause a modification of both the energy spectrum and intensity of the X-ray beam.
First, as the anode can be assimilated to a point source, the intensity of the beam decreases
naturally with increasing distance from the tube, following a reverse square law. Second,
there are numerous materials between the point of emission and the sample, including the
window of the X-ray tube, typically made of a low-Z material such as beryllium, and a
layer of air, both significantly absorbing very-low-energy photons. Additional filtration,
typically from materials like aluminum, can also be considered to reduce even more the
low-energy part of the spectrum, causing the mean energy of the beam to increase, which
can optimize dose deposition in thick samples [4].

1.2. Importance of Dosimetry and Its Accuracy

Absorbed dose is a key quantity in applications that involve the presence of ionizing
radiation, and dosimetry is the measurement of this quantity. The International Commission
on Radiation Units and Measurements (ICRU) defines absorbed dose as the quotient
between the mean energy imparted by ionizing radiation to a sample of matter and the
mass of this sample. The unit of absorbed dose is J/kg, which is also given the special
name Gray (Gy) [5]. Because radiation interacts in different ways and intensities with
different materials, it is common in dosimetry to specify the material for which a quantity
of absorbed dose is applicable by including the name of the material in the unit of the result,
appearing as Gy(material).

In the domain of radiation damage applied to materials, the absorbed dose is usually
categorized in two different families of processes: the Total lonizing Dose (TID) relates to
the dose due to ionization events [4,6], whereas the Displacement Damage Dose (DDD)
refers to the dose due to the displacement of atoms, and is of particular significance in
crystalline materials like semiconductors [7,8].

Improvement of the accuracy of dosimetry is an important topic in all applications
where such measurements are needed, despite the variety of radiation environments
and types of dosimetry devices involved. Research towards more accurate dosimetry
crosses many scientific fields and applications, including radiotherapy [9,10], radiation
protection [11], radiation testing of electronic devices [4,6-8], space missions [12,13], and
even large physics instruments [14-16].

Because the physical framework of dosimetry involves particle interaction at the
atomic level, the need to improve the understanding and accuracy of the dose deposition
process and its measurement brought forward simulation tools to reproduce as accurately
as possible these physical processes. Because of their ability to simulate individual particles
and events, Monte-Carlo codes have become one of the tools of reference due to their
efficiency and consistency to perform dosimetry calculations [17-19].

1.3. Use of Optical Fibers as Dosimeters

Silica-based optical fibers (OFs) are passive waveguides that operate at optical wave-
lengths, typically between the ultraviolet (~300 nm) and infrared (~2000 nm) domains [20].
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Their functioning principle relies on a difference of refractive index between the central
element of the fiber, named core, and its surrounding element, named cladding. In practice,
both these elements are covered by a protective, polymer-type material, named coating,
that does not play a role in its guiding properties. The typical base material of such OFs is
amorphous silica SiO,, doped differently between core and cladding in order to achieve
the desired refractive index contrast [21]. In terms of radiation behavior, these dopants play
an important role, and can make the OF range anywhere between radiation-hardened to
radiation-sensitive [22]. Radiation effects on optical fiber are usually categorized in three
areas: Radiation-Induced Attenuation (RIA) causing the transmitted signal to decrease
under radiation; Radiation-Induced Emission (RIE) causing light to be emitted inside the
OF under radiation; and Radiation-Induced Refractive Index Change (RIRIC) causing the
refractive index of the fiber material to be modified under radiation [23].

OFs have emerged as a promising technology for dosimetry because of their relative
immunity to external electromagnetic radiation, their ability to be used both as a sensitive
element and a means to transport signal, as well as for their low dimensions which enable
space-resolved measurements or access to space-constrained applications. The use of
OF probes for dosimetry in radiation therapy is an increasing domain of research, using
different interrogation techniques [24,25] as well as different types of OFs.

Phosphorus (P)-doped OFs in particular exhibit strong radiation sensitivity and have
been the object of ample research to assess their dosimetric properties [15,16,26-28]. More
specifically, the RIA of P-doped OFs in the 1550 nm wavelength region—caused by the
absorption band of P; defects induced in phosphosilicate glasses by high-energy radia-
tion [20,29]—was shown to be mostly linear (within 5%) up to doses of 500 Gy [15], lowly
sensitive (within 15%) to temperature between —120 and 80 °C [27], and stable in time
after irradiation [15]. Therefore, numerous studies have considered using P-doped OFs
as dosimeters, especially combined with interrogation techniques allowing to map atten-
uation of an OF through its length, effectively resulting in distributed dosimeters [14,15].
Moreover, various radiation tests have shown that this RIA response scales very well over a
wide variety of radiation sources, including steady-state X-rays [15,16,26-28,30,31], pulsed
X-rays [30], v rays [32-34], protons [15], neutrons [31,32], and mixed field such as the
CHARM facility in CERN [35].

These previous experimental results overall indicate that P-doped OFs are only sensi-
tive to TID effects and relatively unaffected by DDD effects [31]. Although such a statement
could be challenged in very high neutron fluence environments such as in-core instru-
mentation, for most cases, these previous research works hint towards the possibility of
investigating and qualifying the radiation properties of OFs interchangeably between dif-
ferent radiation environments. In regard to the advantages described above, the use of
X-ray generators for such preliminary research offers therefore a strong advantage in terms
of accessible dose and dose rate ranges, budget, flexibility, reliability and safety.

1.4. Influence of X-ray Voltage on Optical Fiber Dosimetry

Despite the long-standing practice of X-ray irradiation, several practical questions
remain regarding the use of such irradiators for qualifying the radiation response of
OFs. Dosimetry, in particular, is a key element that depends on multiple factors, such as
distance from the source, voltage and current of the X-ray tube, and material or geometry
of the irradiated sample. The use of dosimetry devices, like ionization chambers, helps in
providing an in situ measurement of the dose or dose rate at a certain functioning point.
However, such dosimeters do not deliver a measurement directly corresponding to the
irradiated sample, but rather use a standardized unit, such as dose in water or air kerma.
In order to properly understand and optimize the irradiation process using X-rays, the
correspondence between ionization chamber dosimetry and the actual dosimetry of the
irradiated sample needs to be properly understood and modeled, especially regarding the
wide range of energy spectra enabled by setting different X-ray tube voltages. The particular
geometry of OFs—being long and extremely thin compared to ionization chambers that are
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only able to provide measurements averaged through their sensitive volume—is another
key difference that requires proper evaluation.

This study aims to explore and model the dosimetry of OFs irradiated using X-ray
tubes in order to properly understand and optimize the irradiation process of such ele-
ments, as well as the influence of key parameters such as X-ray tube voltage, on the actual
dosimetry of the samples.

2. Materials and Methods
2.1. Optical Fiber Irradiation

The actual OF irradiation experiments were carried out in the LabHX facility of
Laboratoire Hubert Curien of Université Jean Monnet Saint-Etienne, France. This irradiator
is equipped with a COMET MXR-225/26 X-ray tube operating up to 225 kV and a current
up to 30 mA (20 mA at the highest voltage). This X-ray tube includes a tungsten anode
with an angle 6 of 30°, which center is located 4.3 cm above a 2 mm-thick sealing window
made of beryllium, resulting in a nominal irradiation cone with an angle o of 40°.

A simplified schematic of the X-ray tube is shown in Figure 1, along with the definition
of the coordinate system used in this paper, which is the same as the software SpekPy
(cf. Section 2.2): x is orientated in the anode-cathode direction and positive towards the
cathode, and z is the central axis and positive in the X-ray beam propagation direction. The
direction and orientation of the y axis can be determined using the right-hand rule.

Anode
Cathode .
e beam
- Anode
—7 angle X(—?y
—_—
i 0,0,0) “ z
- & ,Window

X-ray beam 4§44\

Figure 1. Simplified schematic of a typical X-ray tube and of the coordinate system of this study.

The irradiation setup is summarized in Figure 2. Each irradiated sample was taken
from a P-doped OF manufactured by iXblue. Every OF sample was cut to a length of 1 m
and coiled in a flat spiral of 5 cm internal radius in order to reduce as much as possible its
size, and therefore beam deviation, while keeping a high enough bending radius to ensure
good guiding of the signal inside the OF.

X-ray beam
Voltage: 30 to 225 kV
Current: 20 mA

Light source

a) Ocean Optics DH-2000-BAL

b) 1532 nm or 1550 nm source

Transport fiber

Measurement device Tested sample
a) Ocean Optics NIR512/NIRQuest Transport fiber (Length: 1 m)
b) Photodiode

X-ray irradiation chamber

Figure 2. Experimental setup of OF irradiation with an X-ray tube at different voltages.
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Each OF sample was spliced at both ends to a transport, radiation-hardened OF,
connecting it to instrumentation placed outside of the irradiation chamber. One end was
connected to a light source, the other end to a measurement device.

Two kinds of measurements were performed in this setup: spectral measurements were
acquired using an Ocean Optics DH-2000-BAL deuterium-halogen light source, covering a
continuous spectrum between wavelengths of 210 nm and 2500 nm; and two models of
compact infrared spectrometers: Ocean Optics NIR512, operating between 856 nm and
1735 nm, and Ocean Optics NIRQuest, operating between 900 nm and 2137 nm. Further
RIA measurements were performed using an optical source at either 1532 nm or 1550 nm
and a photodiode to measure the transmitted optical power.

The samples were centered around the following coordinates: (y =0, z = 42.5 cm), and
were positioned on the x-axis to be centered around the beam maximum as described in
Section 3.1. They were irradiated at room temperature (between 18 °C and 28 °C) at five
different X-ray tube voltages between 30 kV and 225 kV, and a constant X-ray tube current
of 20 mA, for a time period between 900 s and 3600 s for each OF sample.

Dosimetry was performed using a PTW 23344 ionization chamber connected to a
UNIDOS E reading unit, which is calibrated for dose in water and therefore delivers a
dose rate reading in Gy(H,O)/s. The plane-parallel ionization chamber we used has a
sensitive volume diameter of 15.9 mm, which only enables a coarse spatial resolution. Its
documentation also states that this ionization chamber is optimized for use with X-ray tube
voltages from 15 kV to 70 kV, although in this study we evaluated the raw, uncorrected
measurement of the dosimetry system from 30 kV to 225 kV.

2.2. Simulation of X-ray Spectrum and Fluence Rate

In order to determine the X-ray spectrum and fluence rate as it reaches the irradiated
OF, we programmed a simulation based on the SpekPy software.

SpekPy [36] is a Python library that models the spectrum of X-ray tubes. It is the suc-
cessor of the stand-alone software SpekCalc [37]. SpekPy is able to calculate the spectrum,
but also key parameters like fluence, half-value layer or air kerma, at any position from
a defined X-ray source. It handles tungsten (W) anodes operated at voltages between 30
and 300 kV, as well as molybdenum (Mo) and rhodium (Rh) between 20 and 50 kV. It also
features the functionality to accurately simulate the filtration of materials standing between
the source and the sample, which takes into account the increase of filtration path observed
for off-axis measurements. The accuracy of SpekPy was verified against standard NIST
X-ray spectra [38].

In this work, we used SpekPy v2.0.8 (last updated in May 2022) with the kqp physics
model, which is described by SpekPy authors to be the most accurate, especially regarding
off-axis estimations [36]. The use of this physics model had notably a strong influence on
the results of Section 3.1.

2.3. Simulation of Deposited Dose in Optical Fiber

In order to obtain the dose deposited by X-rays in the different parts of the irradiated
OF, we programmed a simulation based on the Geant4 software.

Geant4 [39-41] is a C++ toolkit that provides all the necessary elements to build a
Monte-Carlo simulation of particle physics over a wide domain of energies, scales and
applications. It was first developed by CERN and is now maintained by an international
collaboration [39], which provides regular updates to its core and physics engines.

In this work, we used Geant4 v11.1 (released in December 2022), along with the
QBBC_EMZ physics package, which is the recommended package for the simulation of
radiation effects in a space environment [42]. It includes the G4EmStandardPhysics_option4
physics module, which uses the most accurate electromagnetic models and tracking of
charged particles, especially at low energies [43].

The P-doped OF was modeled by three cylinders (G4Tubs objects) for the core, cladding
and coating, respectively, using the diameters mentioned in Figure 3 and a common length
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of 1 mm. Each layer was modeled by a different material: SiO; with 6.6 wt% concentration
of phosphorus and density 2.21 g/cm? for the core, pure SiO, with density 2.20 g/cm3 for
the cladding, and acrylate CsH3N; with density 1.18 g/ cm? for the coating.

LT e
N ——

Figure 3. Geometry of the Monte-Carlo simulation of dose deposition in the irradiated OF, viewed
(a) from the side, (b) from the top.

The incoming particles were configured using the G4GeneralParticleSource module,
with a particle type set to photons, a rectangular source of dimensions 250 pm X 1 mm
(the projected surface of the OF on a horizontal plane) placed 1 mm above the simulated
OF and a direction set vertically towards the OF. The spectrum of the particles was either
monoenergetic from 1 keV to 2000 keV, or using the spectrum simulated by SpekPy, as
described further in this article.

Dose deposition was determined using the G4PSDoseDeposition primitive scorer, which
divides the energy deposited in a volume, determined by the physical processes imple-
mented in the physics libraries, by the mass of this volume. Energy deposition is simulated
discretely at every step of a cut in range (set to 1 nm in our case), and continuously in-
between [39,41].

Each simulation was run for 1,000,000 photons, corresponding to a photon fluence
of 4 x 108 cm~2 per run, and the dose deposited in the core, cladding and coating of the
OF were totalized for each run. Each of these runs was repeated 100 times with different
random number generator seeds in order to evaluate the statistical deviation, and therefore
the uncertainty, of the results.

3. Results and Discussion
3.1. Shape of the X-ray Beam and Position of the Maximum

A first important parameter to consider with X-ray tubes is an offset of the beam,
typically observed towards the anode to cathode direction. This offset, called the heel effect
in the medical domain [44], is caused by the fact that physical phenomena causing the
conversion of electrons to photons take place inside the anode material, and therefore newly
produced photons need to go through different thicknesses of this material depending on
their direction, resulting in an angular spectrum with a privileged direction. This direction
of maximum beam intensity is typically off-axis, and can be estimated by simulation.

Figure 4a depicts the normalized X-ray fluence simulated by SpekPy according to
the position on the x-axis, for 5 different operating voltages between 30 kV and 225 kV. It
highlights a maximum that is always located off-axis, i.e., at an x position different than 0.
As the X-ray tube voltage increases, the beam maximum moves even further from the axis.

Figure 4b shows a two-dimensional map of the simulated fluence rate for a single
voltage of 100 kV. This image shows that although the beam is shifted several centimeters
in the x-axis from the vertical of the X-ray anode (x = 0), it is symmetrical in the y-axis
because the X-ray tube geometry is entirely symmetric in this axis. The composition of the
heel effect in the x-axis and symmetry in the y-axis brings an elliptical shape to the actual
beam spot. This figure also features the limit of the 40° emission cone of our setup, beyond
which the fluence should be negligible in practice. For later reference, an outline of the
dimensions of an irradiated OF is shown in the solid line, along with the location of the
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four dosimetry points that will be considered in the rest of the document, each located 5
cm from the OF center.
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Figure 4. (a) Simulated fluence (normalized by maximum) of the X-ray beam according to position
on the x-axis and X-ray tube voltage, at vertical position z = 42.5 cm. (b) Simulated fluence rate map
of the X-ray beam at a position of z = 42.5 cm, tube voltage of 100 kV and current of 20 mA. Dashed
contour shows the limits of the X-ray beam 40° cone, and solid contour shows the outline of an OF
sample, with the location of the four dosimetry points A, B, C and D, each drawn inside a circle
indicating the size of the ionization chamber sensitive surface.

Table 1 shows the simulated position of this beam maximum for the five investigated
operating voltages, along with the experimental positions at which the OFs were placed,
determined by ionization chamber measurements (with an uncertainty of =1 cm). Both
these measurements are in quite good agreement, except for the highest voltages at which
the experimental position was set a few centimeters further than the simulated one. This
could be due to an incorrect experimental estimation of the beam maximum position, also
evidenced in the off-centering of ionization chamber measurements exposed in Section 3.6.

Table 1. Simulated x position of the X-ray beam maximum, and location of the irradiated OF sample,
according to operating voltage.

X-ray Tube Voltage 30kV 60 kV 100 kV 160 kV 225 kV
Simulated x position of beam maximum [cm] 2.2 49 6.7 7.6 7.6
Experimental x position of OF coil center [cm] 2 5 7 9 10

3.2. X-ray Energy Spectrum, Mean Energy and Fluence at Different Tube Voltages

Using SpekPy we simulated the X-ray beam spectrum at the location of the optical fiber
sample. Because of the circular shape of the sample, we considered four locations placed at
5 cm, as introduced in Section 3.1. The spectrum was simulated at these four locations, and
we calculated the average of these four spectra to obtain the average spectrum and fluence
observed by the irradiated OF. Uncertainty was calculated from the standard deviation
between these four sets of data.

After inputting parameters corresponding to the COMET MXR-225/26 source, X-ray
spectra were simulated in these conditions with tube voltage varying between 30 kV and
225 kV with a step of 5 kV, and a constant tube current of 20 mA. Filtration from the
beryllium window of the X-ray tube and the layer of air between the window and the
sample was considered in the simulation.

An excerpt of the resulting spectra is shown in Figure 5a, for five voltages between
30 kV and 225 kV. Both features of the X-ray spectrum are easily identifiable: the continuous
background caused by the bremsstrahlung effect, with a cut-off energy corresponding to
the operating voltage, and the sharp characteristic peaks of the tungsten anode. These main
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characteristic peaks are identified on the figure by their X-ray emission spectroscopy line
names, summarized in Table 2. Through all investigated voltages, characteristic emission
accounts for between 27% and 38% of the total fluence.
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Figure 5. (a) Simulated energy spectra of the X-ray beam for five different source voltages from 30 kV
to 225 kV at a location corresponding to the irradiated OF, with a constant current of 20 mA. The
names of the main characteristic X-ray emission lines of tungsten are given next to the corresponding
peaks. (b) Simulated fluence rate of the X-ray beam for 40 different voltages from 30 kV to 225 kV at
locations corresponding to the irradiated OFs, with a constant current of 20 mA. Filled areas indicate
uncertainties at +-20.

Table 2. Main characteristic X-ray emission lines for element tungsten (W) [45].

X-ray Line Name Ko Kp Lax LB Ly
Main electronic KL3 (Kaq) KM; (KBq) LsMs (L) LoMy (LBq) LoN; (Ly1)
transitions KL, (Kot) KNj,3 (KB2) LsMy (Loy) L3Ns (LBy) 2Na (LYl
Mean energy [keV] 58.8 67.7 8.4 9.7 11.3

As the operating voltage increases, the spectrum shifts towards higher energies be-
cause of bremsstrahlung; but it should also be noted that the overall intensity increases
with increasing voltage, even at lower energies, despite the operating current remaining at
the same value of 20 mA.

Calculating the integral of such an energy spectrum gives the total fluence ¢ simulated
at a considered location for a given operating voltage. This operation can be conveniently
performed by SpekPy, which can also take into account the operating exposure, given in
the unit mA-s. In the following calculations, we input an exposure of 20 mA-s so that the
fluence calculated by SpekPy corresponds to the fluence delivered by our setup during
one second, also known as fluence rate 4), incm 2571, as per the ICRU definition [5].
Note that in some communities, this quantity is sometimes referred to as flux, or flux
density, although ICRU prefers the use of the term fluence rate, to avoid confusion with other
physical quantities [5].

This overall increase of fluence with operating voltage is also illustrated in Figure 5b,
which depicts the evolution of the total fluence rate integrated over the whole spectrum with
the operating voltage of the X-ray tube. As the graph indicates, the relation between voltage
and fluence rate is almost linear, and can be roughly approximated in these conditions as
voltage [kV] x 10° [em~2 s~ 1 kV~1].

Using these simulated spectra, we can also determine their mean energy, which is a
useful characteristic to compare different kinds of irradiation beams. This quantity can be
calculated by considering the energy spectrum ¢(E) as a continuous and unnormalized

probability density function. Its mean energy E and mean energy-fluence 1]; (considering
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p = ¢E) are therefore the expected value of the corresponding distributions, which are
given by Equations (1) and (2), and give the results shown in Table 3.

E= ffE(;)((;))j: for mean energy @D
Y= ffEEZP((EE));EE for mean energy-fluence (2
Table 3. Mean energy and energy-fluence of the simulated X-ray beam at different voltages.
X-ray Tube Voltage 30kV 60 kV 100kV 160 kV 225 kV
Mean energy E [keV] 12.2 172 25.1 37.4 49.5
Mean energy-fluence ¢ [keV] 143 24.4 401 60.3 79.4

3.3. Dose Sensitivity of Optical Fiber According to Energy or X-ray Tube Voltage

Using the Monte-Carlo simulation process described in Section 2.2, we determined
the dose/fluence response of the optical fiber and the ionization chamber by running
simulations with two different types of source spectra. In the first case, we simulated a
monoenergetic source, varying between 1 keV and 2000 keV with 50 energies spaced evenly
in a logarithmic scale. In the second case, we considered an X-ray photon spectrum, taking
as input the spectrum simulated by SpekPy (described in Section 3.2), with 40 voltages
from 30 kV to 225 kV with a step of 5 kV. An important parameter to consider is that Geant4
normalizes any given source spectrum, and therefore the fluence determined by SpekPy
has no influence on these results.

The energy response of the OF, in the form of the simulated dose over fluence calcu-
lated separately for core, cladding and coating, is shown in Figure 6a for monoenergetic
photons and Figure 6b for X-ray tube spectra at different operating voltages. For these two
figures, uncertainties at 20 are lesser than 10%, which corresponds approximately to the
thickness of the plot line with the chosen log scale of these graphs.
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Figure 6. (a) Simulated dose/fluence of the OF for monoenergetic photons from 1 keV to 2 MeV.
(b) Simulated dose/fluence of the OF for X-ray tube spectra at different operating voltages.

The monoenergetic response shown in Figure 6a features a high sensitivity to low
energies around the 10 keV region, then a decreasing sensitivity with increasing energy;,
with the exception of a local maximum around the 300 keV region. The coating response
appears overall lower than those of the core and cladding, except for very low energies,
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which can be explained by the lower density and less interacting material simulated for the
OF coating.

Core and cladding share a similar energy response, except for energies lower than
10 keV for which the cladding receives more dose than the core. This difference in very
low energies between core, cladding and coating can be explained by the geometry of the
OF (cf. Figure 3), and the fact that very-low energy particles are mostly stopped by the
coating, then by the cladding, and are converted to deposited dose in these regions. On the
other side of the graph, the decrease of deposited dose at higher energies, above 300 keV,
is explained by the fact that secondary particles are generated with a high kinetic energy,
enabling them to travel far beyond the limits of the OF without losing all their energy in
the form of deposited dose.

These hypotheses are supported by the superimposition of the mass-energy absorption
coefficient ien / p for silica (with p the material density), calculated from the tabulated values
given by NIST for single elements, in the unit cm?/g [46] and multiplied by the energy
(in]) to give the theoretical kerma, i.e., the energy of released secondary particles per unit
of mass [5]. This value is further multiplied by a factor of 103 to consider the conversion
from grams (from the unit used in the NIST data) to kilograms (as per the definition of
the kerma unit in ] /kg). As it appears in Figure 6a, the simulated dose/fluence ratio in
the OF core and cladding matches perfectly the theoretical kerma between 10 keV and
300 keV, meaning that all energy released in the form of secondary particles ends up being
deposited in these parts of the OF, whereas the differences in lower and higher energies are
explained by the statements presented above.

The response of the OF as a function of X-ray tube voltage shown in Figure 6b is
comparatively less structured, and can be thought as a weighted average of the monoener-
getic values; as a result, core and cladding dose sensitivities are identical over the whole
investigated range of X-ray tube voltages. The data show an overall decreasing sensitivity
of the OF with increasing voltage, by a factor of approximately 3 between the dose/fluence
ratio simulated at 30 kV and the one simulated at 225 kV.

3.4. Dose Sensitivity Spectrum of the Optical Fiber under X-rays

Combining the X-ray spectra simulated in Section 3.2 with the OF core monoenergetic
dose response simulated in Section 3.3, we obtain the graph in Figure 7a showing the
contribution of each photon energy to the total dose deposition in the OF. Uncertainties are
estimated from both SpekPy and Geant4 simulations, and amount to approximately 10%
over the whole spectrum.

Because the OF is more sensitive in the low-energy region around 10 keV (cf. Figure 6a),
the contribution of the low-energy region of the X-ray spectrum is significantly enhanced
compared to higher energies. In particular, the series of L characteristic lines appear
to predominate the contribution to the total amount of dose deposited in the OF for all
investigated X-ray voltages.

To further highlight this contribution of the low-energy part of the X-ray spectrum to
dose deposition, Figure 7b shows the cumulative integral of the dose response spectrum in
Figure 7a, normalized by the integral of this whole spectrum. Figure 7c shows the same
data in a stacked bar plot format to further highlight the contribution of each energy bin to
total dose deposition.

For all investigated voltages, at least 90% of the dose deposited in the OF is caused
by photons with an energy lower or equal to 30 keV (respectively, 75% below 15 keV).
Moreover, the contribution of the characteristic X-ray emission peaks is also very significant,
with Lx contributing from 26% to 30% to the total dose deposition, and L3 between 20%
and 30%.
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Figure 7. For five different source voltages between 30 kV and 225 kV: (a) Simulated dose deposition
spectra of the X-ray beam inside the OF. The names of the main characteristic X-ray emission lines
of tungsten are given next to the corresponding peaks. Filled areas indicate uncertainties at +2c.
(b) Simulated cumulative dose deposition spectra of the X-ray beam, in an energy interval up to
30 keV. The name of the tungsten characteristic X-ray lines contributing the most to dose deposition
are shown next to the corresponding sharp increases. (c) Stacked bar plot of simulated cumulative
dose response showing the contribution of each energy interval to the total dose. Contributions due
solely to characteristic tungsten X-ray lines L and L3 are indicated inside the corresponding bins.

3.5. Dosimetry Measurements Using Optical Fiber

Using the experimental setup described in Section 2.1, we acquired the intensity
transmitted through OF samples using different types of measurements, and calculated the
RIA by applying the following formula:

I—1
RiA = —101og, (7=t

with I the measured intensity at each instant, Iy the intensity at irradiation start, and I,k
the intensity with the light source switched off.

Figure 8a shows the spectral RIA, in the infrared range, of the OF acquired after
irradiating up to 3000 s with an operating voltage of 100 kV. It features a clearly defined
band around the 1550 nm region, which is known to be the signature of the P; defects of
P-doped OFs, that present an optical absorption band peaking at 0.79 eV [20] and offer a
great interest for dosimetry, as introduced in Section 1. As shown in the inset, RIA varies
very little between 1500 nm and 1600 nm, and the deviation between values measured
hereafter at 1532 nm and 1550 nm is lesser than 0.5%.
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Figure 8. (a) Spectral RIA of the optical fiber irradiated during 3, 30, 300 and 3000 s with a tube
voltage of 100 kV. Inset magnifies the framed area at 3000 s between 1500 nm and 1600 nm, normalized
by maximum. (b) Evolution of optical fiber RIA at 1532 nm and 1550 nm according to irradiation
time, at different X-ray tube voltages.

Figure 8b shows the evolution of the RIA measured at 1532 nm and 1550 nm according
to irradiation time, for five operating voltages between 30 kV and 225 kV. Evolution of RIA
with time is close to linear, and shows a very similar trend between different operating
voltages. By performing a linear fit on the first 100 s of each of these RIA measurements,
we obtain the rate of OF RIA increase for each investigated operating voltage, summarized
in Table 4.

Table 4. Experimental RIA rates of OF samples at 1532 nm and 1550 nm over the first 100 s of
irradiation, for investigated X-ray tube voltages. Uncertainty is estimated to be less than £1%.

X-ray Tube Voltage 30kV 60 kV 100 kV 160 kV 225kV
RIA rate at 1532 nm [dBm ! s~ 1] 0.93 2.32 3.52 420 441
RIA rate at 1550 nm [dBm ! s71] 0.97 235 3.49 420 432

For both investigated wavelengths, because of the high linearity of the measurements
and the high number of measurement points, the uncertainty in the values given in Table 4
is estimated to be less than 1%.

3.6. Dosimetry Measurements Using lonization Chamber

To check the response of a conventional dosimetry system with different X-ray energies,
we placed the ionization chamber described in Section 2.1 at four locations placed 5 cm
around the center of the irradiated OF for each voltage (see Figure 4b).

The results of the dose rate measurements using this method are shown in solid lines
on Figure 9, in the unit Gy(H,O)/s which is the one displayed by the dosimetry device.
These data show a clear increase of the dose rate perceived by the ionization chamber
with increasing tube voltage, consistent with the simulated increase of beam fluence rate
reported in Figure 5a. However, the rate of increase at higher energies is visibly reduced
for the ionization chamber, whereas beam fluence appears to follow a more linear trend
through all investigated voltages.

Measurements taken through the four dosimetry locations are in good accordance,
and show a good beam homogeneity at the locations corresponding to the irradiated OFs.
However, point B stands out as its data significantly deviates from the other points at
higher operating voltages, whereas point A, which stands symmetrical to point B in the
x-axis, appears relatively unaffected. This deviation can first be explained by a slightly
incorrect estimation of the experimental location of the beam center, along with the practical
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uncertainty of +1 cm, considering the positioning inaccuracy of the ionization chamber
given its large dimensions.
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Figure 9. Dose rate measured by the ionization chamber (solid line) and simulated water kerma rate
(dashed line) at five tube voltages and four points in a radius of 5 cm around locations corresponding
to the center of the irradiated OFs.

Another parameter to take into account is the global decrease of beam homogeneity in
the x-axis at higher voltages, as the beam takes a more elliptical shape (cf. Section 3.1). By
calculating the theoretical water kerma rate from the simulated spectra at each voltage and
location, along with the NIST pe /p data for water [46], we can reproduce to an extent the
deviation observed on the x-axis, as shown in dashed lines on Figure 9, for a center of the
dosimetry locations perfectly located on the beam maximum.

Comparison between experimental and simulated dosimetry values shows a system-
atic over-estimation of the dose rate by simulation compared to the experiment. Because
the dose rate in water given by the ionization chamber is supposed to be at electronic
equilibrium and therefore equal to kerma, both these quantities should be comparable.

This observed deviation can be explained by the difference between the fluence
simulated by SpekPy and our actual experimental setup, and we can therefore estimate a
factor Kgjmur = 0.83 (210%) cm~2/cm 2 to take this difference into account.

3.7. Comparison between Simulation, Optical Fiber and Ionization Chamber

Figure 10 summarizes all measurements and simulations performed in this work by
displaying side-by-side the dose rate estimated by three different means.
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Figure 10. Comparison between dose rate determined by three different means: simulation, scaling
of RIA rate and scaling of ionization chamber measurements; for X-ray tube voltages between 30 kV
and 225 kV. Filled areas show uncertainties at +20.
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The simulated dose/fluence in the OF core obtained in Section 3.1 was multiplied by
the fluence rate of the X-ray beam (as shown in Figure 5a) to obtain the simulated dose rate
in the OF core for each operating voltage. This simulated dose rate was further multiplied
by the factor kg1, determined in Section 3.6, to consider the difference between simulated
and experimental fluences in our setup.

The OF RIA rates determined in Section 3.5 were multiplied by the calibration factor
Kea1 =4.0 x 1073 (£10%) dB km ™! Gy’l, determined under vy rays in a previous experiment
involving the same type of OF [15], to obtain an estimated dose rate as measured by the OF
at the different experimented voltages.

Finally, to compare the dose rate in water measured locally by the ionization chamber
in Section 3.6 with these other results specific to the dose deposited in the OF, we used a
fit algorithm to determine a simple relation between displayed ionization chamber dose
rate and dose rate estimated by OF RIA. These calculations show that a very simple linear
relation exists between these two measurements, with a constant scaling factor defined
here as kjoni = 2.14 (£10%) Gy(OF)/Gy(H,O) for all investigated voltages. The very good
accordance between both these measurements is further highlighted by the superimposition
of these two trends in Figure 10.

We observe that although all experimental results show a very good agreement when
scaled as described above, simulation results appear to be systematically overestimated, by
a factor of approximately 1.2, slightly varying with voltage. As this discrepancy cannot be
explained by the difference between simulated and experimental fluences which is already
taken into account by the factor kg, other factors can be considered to explain these
deviations, such as uncertainties on OF positioning, OF sample lengths, OF dimensions
and composition, and/or specifications of the X-ray tube.

4. Conclusions

By combining simulation tools and experimental work, we investigated the effects of
varying the operating voltage of an X-ray tube on the dose deposition in a radiosensitive
P-doped OF.

A first important effect of modifying the tube voltage is a shift of the X-ray beam
center along the x-axis, with a span of about 5.5 cm over the investigated range of voltages,
between 30 kV and 225 kV. This parameter has to be taken into account to properly position
irradiated samples around the actual center of the beam.

Simulated X-ray spectra using SpekPy show the relative weights of bremsstrahlung
and characteristic emission, and highlight the increase of X-ray photon fluence with in-
creasing operating voltage over the whole spectrum, even at lower energies.

Monte-Carlo simulations of the monoenergetic dose/fluence response spectrum of the
OF using Geant4 show that both core and cladding are most sensitive to photons around
10 keV, and reach electronic equilibrium between 10 keV and 300 keV. Photons of energy
lower than 10 keV are unable to penetrate the fiber coating, and photons of energy higher
than 300 keV release secondary electrons of too high a velocity to have their energy fully
converted to deposited dose. Polyenergetic dose/fluence response shows that due to this
higher contribution of the low-energy part of the spectrum to dose deposition, X-ray spectra
of lower voltages tend to deposit more dose inside the OF; although this phenomenon
is largely counterbalanced by the observed increase of fluence with operating voltage
described above.

The important contribution of the low-energy part of the spectrum to OF dose de-
position is further highlighted by combining both simulation results, which show that
90% of the dose is deposited by photons under 30 keV. These results also emphasize the
very significative influence of tungsten characteristic X-ray emission peaks La and Lf3,
which, combined, amount to between 47% and 57% of the total deposited dose through all
investigated voltages.

These simulation results were compared with experimental work to assess the fidelity
and reliability of the proposed simulation toolchain. Two kinds of measurements were
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acquired: RIA of P-doped OF and water dose rate using an ionization chamber. All
these experimental measurements scale very well, and we determined a scaling factor
of 2.14 (£10%) Gy(OF)/Gy(H0), practically constant for all investigated voltages, to
convert the ionization chamber dose rate to the actual dose rate perceived by the OF,
which demonstrates the ability of phosphosilicate OFs to be used accurately as X-ray
dosimeters through different tube voltages. Overall, simulation and experimental results
estimate a factor of approximately 4.5 between dose rates at 30 kV and 225 kV, for the same
operating current. This shows that in the case of OF irradiation, the range of available dose
rates for a given X-ray irradiator can be extended by proper adjustment of the operating
voltage. Moreover, dosimetry performed using conventional tools, such as the ionization
chamber studied here, appears to deliver consistent results over the whole investigated
range of voltages, and therefore the use of a single scaling factor for all voltages appears to
be appropriate.

Dose rate estimated by simulation displays the same increasing trend with operating
voltage as experimental results, but is still slightly over-estimated by a factor of approxi-
mately 1.2. This shows the ability and limitations of the proposed simulation toolchain to
estimate, to some extent, the absolute value of experimental results.

Investigations on the causes of inaccuracy in the estimation of the experimental dose
rate could be a subject for further research, so that a complete dosimetry model could be
produced for a given X-ray irradiator, enabling an efficient planning and optimization of
sample irradiation.

Moreover, the overwhelming influence of the low-energy photons on OF dose de-
position suggests that beam filtering—using for example aluminum which is known to
attenuate the lower part of the spectrum—could produce very significant changes in the
dosimetry. This could be used both to reach lower dose rates and to favor certain physical
processes, such as Compton scattering, because of the higher mean energy of the X photons
in this case. The effects of such filtering at different X-ray voltages could be the topic of
further research, along with an exploration of higher voltages and photon energies.

Opverall, these results broaden the knowledge of the sensitivity of P-doped OF dosime-
ters under X-ray beams, and outline their practical advantages and limits. The present
work has shown that such devices can be used with a reliability comparable to conventional
ionization chambers at X-ray tube voltages from 30 kV to 225 kV. On the other hand, their
high sensitivity to the low-energy part of the spectrum may deviate their response from
standard dosimetry units, such as dose in water, in case of higher energy beams. This
behavior at higher energies could be further assessed and investigated, although the good
accordance demonstrated here between simulation results and %°Co y ray calibration per-
formed in [35] hints toward the reliability of this dosimetry technique at photon energies in
the MeV range, at least when the low-energy part of the spectrum is negligible. Finally, the
use of optical attenuation as a means of measurement involves an appropriate length of
OF, especially when a high sensitivity is required, which can circumvent the dimensional
advantages of using an OF to perform localized dosimetry; in which case, more localized
techniques such as radioluminescence-based fiber dosimeters could provide an advantage.
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248 Abstract/Résumé

Optical-fiber-based distributed dosimetry for space applications

Abstract

Dosimetry for the space environment requires sensors that are sensitive to a wide range of particles
and energies, while keeping low volume and mass footprints. Optical fibers provide a suitable so-
lution for these applications, along with the unique property of enabling distributed dosimetry, i.e.

access to the dose received by virtually any location along the sensing fiber.

Such distributed dosimetry systems were reported in the literature for ground-based applications,
especially in particle accelerators. This work explores the performance of distributed dosimetry
systems based on miniaturized, phosphorus-doped optical fibers, interrogated around 1550 nm by

embedded Optical Time-Domain Reflectometers (OTDRs).

These systems were characterized using -y ray, X-ray and proton beam irradiation, as well as offline
measurements for the assessment of their measurement uncertainties. Results concluded to a linear
evolution of the Radiation-Induced Attenuation (RIA) at the interrogation wavelength, with a sensi-
tivity coefficient between ~3.8 dBkm ™! Gy(SiO;) ' and 4.9dBkm ! Gy(SiO,) !, depending on the
type of optical fiber and the maximum dose involved, up to 40.16 Gy(SiO;).

Dosimétrie répartie par fibre optique pour les applications spatiales

Résumé

La dosimétrie pour 'environnement spatial nécessite des capteurs sensibles a une large gamme de
. s . . P

particules et d’énergies, tout en conservant des empreintes réduites de volume de et masse. Les

fibres optiques fournissent une solution appropriée a ces applications, ainsi que la propriété unique

de permettre une dosimétrie répartie, c’est-a-dire 1’accés a la dose reque par virtuellement n'importe

quel point le long de la fibre sensible.

De tels systemes de dosimétrie répartie ont été documentés dans la littérature pour des applications
au sol, notamment pour des accélérateurs de particules. Ce travail explore les performances de sys-
témes de dosimétrie répartie basés sur des fibres optiques miniaturisées et dopées au phosphore,

interrogées autour de 1550 nm par des réflectometres optiques (OTDRs) embarqués.

Ces systemes ont été caractérisés par irradiation 7, X et proton, ainsi que par des mesures hors
ligne pour évaluer leurs incertitudes de mesure. Les résultats ont conclu a une évolution linéaire
de I'atténuation radio-induite (RIA) a la longueur d’onde d’interrogation, avec un coefficient de sen-
sibilité entre ~3,8 dBkm ™! Gy(SiO;) ' et 4,9 dBkm ! Gy(SiO;) ', selon le type de fibre optique et la
dose maximale regue, jusqu’a 40,16 Gy (SiO,).
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