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ABSTRACT

In the context of quench detection systems for fusion superconducting magnets, tem-
perature sensors based on optical fibers provide an effective solution for rapid, distributed
measurement, with low sensitivity to electromagnetic interference. At the cryogenic tem-
peratures and high radiation doses associated with this application, however, optical fibers
undergo radiation-induced attenuation (RIA): light-absorbing point defects form within the
silica glass structure, reducing the longevity and effectiveness of these sensors. In this work,
we investigate the underlying microscopic defects and mechanisms of RIA and assess strate-
gies for mitigation, namely, annealing via heat treatment (thermal annealing) and annealing
via light propagation through the fiber (optical annealing, or “photobleaching”). We design
a white light absorption spectroscopy setup with in-situ irradiation and optical annealing,
working at liquid nitrogen temperature and different post-irradiation warm-up rates. For
the pure silica core and F-doped cladding fibers studied, the RIA spectrum obtained is de-
composed into known radiation-induced defect absorption bands, highlighting the key role
of self-trapped holes in RIA at telecommunication wavelengths. Furthermore, absorption
spectroscopy experiments are performed to show that thermal annealing at liquid nitrogen
temperature is negligible, validating the transferability of the experimental results obtained
at 77 K to 20 K applications. The decomposition of RIA into different defect contributions
is supported by cold post-irradiation electron paramagnetic resonance (EPR) spectroscopy
of fiber preform fragments, which reveals the presence of two types of paramagnetic cen-
ters: self-trapped holes and E; centers. The post-irradiation transient grating spectroscopy
(TGS) technique is adapted to glass samples with continuous cooling at liquid nitrogen tem-
perature and in-situ optical annealing. With this technique, we could observe the changes in
thermal and acoustic properties resulting from the evolution of defect populations, with the
potential to complement other experimental techniques to better understand RIA build-up
and annealing kinetics. To improve the modeling of thermo-optical annealing, we propose
future experiments including isothermal annealing tests and a larger exploration of optical
annealing parameters. Our RIA build up and annealing tests can help companies aiming
to operate optical fibers under irradiation at cryogenic temperatures optimize their heat
treatments to restore fiber transmission and the prevention of RIA during operation.
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(exponential model)

Bayonet Neill-Concelman (coaxial cable connector)

Fitted proportionality coefficients for the “Urbach edge” and the “multiphonon
edge” (exponential model)

Computer-Aided Design

Commonwealth Fusion Systems

Density Functional Theory

MIT Environment, Health and Safety Office

Electron Paramagnetic Resonance

Fiber Bragg Gratings

Ferrule connector/Angled Physical Contact (type of optical fiber connector)
Ferrule connector/Physical Contact (type of optical fiber connector)
Full-Width at Half Maximum

Lande factor

Unit for the actual dose received by the fiber samples in the absorption
spectroscopy setup, as defined in 2.5.5

EPR external magnetic field

Planck’s constant

High-Temperature Superconducting (magnets)

Isopropyl alcohol

Infrared

Kubo-Greenwood (LTIRA model)

Low-Temperature Infrared Absorption

Spin quantum number

Molecular Dynamics

Micro-ElectroMechanical Systems

Massachusetts Institute of Technology

Non-Bridging Oxygen Hole Center

Refractive index of the fiber core

Modal effective refractive index of the fiber core

Oxygen-Deficient Center

Optical Spectrum Analyzer

Components of the strain optic tensor
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Chapter 1

Background and motivation

1.1 Quench detection and the radiation-induced attenu-
ation problem

Magnet superconductivity is achieved at very low temperatures. For high-temperature su-
perconducting (HTS) magnets, such as those used for the Commonwealth Fusion Systems
(CFS) SPARC project, the temperature is that of liquid helium, 20 K [1], [2]. However, there
may be a sudden rise in temperature in the magnet, leading to a loss of the superconducting
character in a process termed quenching [3]. As the HTS material becomes resistive, the
current flowing through it causes considerable Joule heating. Moreover, as temperature in-
creases, the liquid helium coolant may evaporate, thus accelerating the material temperature
rise. In addition, the local temperature peak will lead to a warm-up of the surrounding areas
of the magnet, propagating the loss of superconductivity. This leads to the loss of magnetic
confinement and may result in severe and permanent damage to the magnet material.

Quench can happen accidentally in the SPARC magnets when the critical current or the
critical temperature is exceeded due to loss of cooling, the degradation of the superconducting
material, or excessive Joule heating. Thus, monitoring the magnet temperature is necessary
to detect a quench event as quickly as possible and trigger a fast discharge to avoid excessive
damage to reactor components. To detect the temperature increase associated with a quench,
using electronic thermometers would require a very high number of devices to cover all of the
magnets and their conductive wires would have to be isolated. Another way to detect quench
is to monitor the magnet voltage level, but this would require measuring a very small voltage
peak (= 1 mV to 1 V) in a very high background (= 10 kV) [3]. In this context, CFS has
adopted optical fiber sensors to measure temperature peaking in the SPARC magnets. Fiber
Bragg grating (FBG) technology enables the use of optical fibers as strain or temperature
sensors [4]-|7]. On a certain portion of the optical fiber, a grating — a regularly spaced
collection of bands in the fiber core having a different refractive index — is inscribed to
reflect a certain wavelength. As the maximally reflected wavelength Ap depends on the
periodicity of the grating and on the effective index of refraction, it is sensitive to strain and
temperature (see 1.2.2).

Optical fibers, however, are subject to radiation-induced attenuation (RIA) due to the
creation of light-absorbing point defects (or “color centers”’) in the glass structure. This
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radiation-induced darkening threatens the lifetime of optical fibers chosen for the SPARC
reactor as temperature sensors. To maintain the fiber transmission at acceptable levels for
the integrity of the quench detection system, the operator may even need to plan reactor
outages to reheat the fibers (see 1.4.1). By analogy with light-water nuclear reactors, these
outages could cost on the order of $1 — 3M/(GWe - day) [8]'. Therefore, to ensure reliable
quench detection and to optimize these potential outages, a better understanding of the
underlying microscopic mechanisms and defects, and strategies to mitigate or anticipate RIA
are needed. The work presented here aims at improving this understanding and supporting
RTA mitigation strategies.

1.2 Silica optical fibers for quench detection

1.2.1 Optical fiber material and radiation-hardened fibers

Optical fibers are usually made of three cylindrical layers. The inner cylinder, with optical
index ny in figure 1.1, is called the “core”, while the second layer (n;) is called the “cladding”.
The light is guided by total internal reflection in the core, enabled by n, > n,%. When there
is indeed a step transition between the core and the cladding, fibers are called “step index”
fibers. When the fiber core is very small (smaller than 10 pm), only one mode is guided
axially through the fiber: these are called “single mode” fibers. As the optical path can be
significantly different between multiple modes in step-index multimode fibers, a third type
of fiber uses cores whose optical index increases gradually towards the center of the fiber.
In these “graded index” fibers, modal dispersion is minimized as the speed of light is higher
on the external layers of the fiber core. Figure 1.1 below represents these different types of
optical fibers.

Optical fibers are commonly made with silica glass. Silica glass is an amorphous phase of
SiO,, meaning that there is no long-range order in the arrangement of Si and O atoms. On
the short-range order, silicon atoms are each bonded to 4 oxygen atoms for the most part,
forming a tetrahedron, and oxygen atoms are each bonded to 2 silicon atoms (figure 1.2.2).
The amorphous solid is formed by melting and quickly cooling down, also called “quenching”®,
silica. The sudden decrease in temperature does not enable crystallization, and the material
stays in a metastable disorganized solid phase. The glass structure is usually described using
continuous random network theory (CRN) [13], [14]: the tetrahedral unit is the short range,
the medium range is the interaction with close neighboring units, and the long range is the

"'We can also calculate an estimate based on the electricity rate. From publicly available electricity rates
for Massachusetts in early August 2024[9], if we take an approximate rate of $0.13/kWh, the obtained price
of electricity is $3.12M/(GWe - day).

2This inequality indeed enables Snell-Descartes’s law of refraction (n; sin @1 = ng sin 6y, where 65 denotes
the angle of incidence with respect to the normal in the core, and 6; denotes the angle of refraction in the
cladding) to not have a solution in ¢; when sinf, > {. For these high incidence angles (beam close to
the axis of the fiber), there is then no refraction and total internal reflection. The acceptance angle of the
fiber is also commonly defined by the numerical aperture: NA = y/n3 — n?. Furthermore, this explains why
bending optical fibers may induce losses, as the incidence angle is locally increased.

3Tt is important to emphasize that this “quench” phenomenon is different from the superconductivity
quench phenomenon previously discussed. These two phenomena share a notion of immediacy, of the loss of
superconductivity in one case and of the cooling in the other.
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e Refractive index Input pulse Multimode (step index) fiber Output pulse
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2m Multimode (graded index) fiber
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Singlemode (step index) fiber

Figure 1.1: Three types of optical fibers: step-index multimode fiber, graded index multi-
mode fiber, and single mode fiber (based on the information given in [10])

Figure 1.2: Pure silica glass network representation: silicon atoms (in blue) are each bonded
to 4 oxygen atoms (in red) for the most part, forming a tetrahedron, in a metastable disor-
ganized solid phase. This glass structure was obtained with a molecular dynamics quench
simulation using the LAMMPS simulation tool [11]. The results are visualized with the
OVITO software [12].
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topology of the tetrahedron network and ring statistics. The network geometry of the glass
itself, along with the elements involved, determines the types of defects possible to create in
its structure and therefore determines how RIA will proceed in each fiber chemistry.

To tune the properties of the glass, and very commonly to change its optical index in
optical fibers, doping elements are added to the glass matrix. There is a limited number
of commonly used doping elements in passive optical fibers: germanium (Ge), fluorine (F),
boron (B), phosphorus (P), aluminum (Al), and nitrogen (N) [15]. Girard et al. performed
an extensive review of the performances of the different kinds of fiber technologies under
irradiation and showed that doping had a significant effect on radiation-induced attenuation,
which will be discussed in section 1.3.1. For example, they showed that phosphorus and
aluminum, commonly used to limit rare-earth ion clustering (Exr*", Yb*'...), can lead to an
increase in RIA of up to 10* dB/km, compared to attenuation levels generally lower than
1 dB/km for pristine fibers [15]. In particular, F-doped cladding and pure silica core fibers
demonstrate the lowest levels of RIA. These fibers are often described as “radiation-hardened
fibers” and are the ones chosen by Commonwealth Fusion Systems for the SPARC project
and this study. According to Girard et al., photonic band gap fibers built with an air core
and pure silica cladding are also very promising because of their very low RIA under gamma
irradiation and their low residual RIA level after irradiation, but they emphasize the need
for more investigations, as the literature on these fibers is very limited and they seem to
show an unusual dose dependence, with a saturation of RIA at high doses [16].

1.2.2 Fiber Bragg grating (FBG) sensors

Using fiber Bragg gratings enables the use of optical fibers as strain or temperature sensors.
On a certain portion of the optical fiber, a grating reflects a certain wavelength calculated
as :

/\B = 2neA

where n, is the modal effective refractive index of the fiber core and A is the grating period.
The sensitivity of this wavelength to axial strain change and temperature changes can be
expressed by differentiating the previous equation with respect to strain and temperature.
Othonos et al. [4] express it as :

2
n
e =Ap |1 — 7[]?12 —vp(p11 + p12)] | €

5)\B,T = )\B(OZA + Oén)AT

where py; and py, are components of the strain optic tensor, vp is the Poisson’s ratio and
€, = %, and where ay is the thermal expansion coefficient of the fiber (0.55-107% K~ for silica
[4]), the sensitivity of the grating period to a change in temperature, and «,, = (1/n)(9n/0T)
is the thermo-optic coefficient (8.6 - 1075 K~ for silica [4]). At 1550 nm, the expected
sensitivity is approximately 14 pm/K. Hence, if the two effects are correctly controlled and
deconvolved, the fiber Bragg grating can be used as a strain or temperature sensor. In
SPARC, FBG are the system chosen to measure temperature spikes in the magnets and
detect quench events.
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The grating inscription in the glass matrix can be performed in a variety of ways [17].
The photosensitivity of germanosilicate fibers enables them to change their refractive index
under UV irradiation. The grating pattern is realized with UV light interference, sequential
writing, photomasks, or point-by-point writing. For other types of fibers, high energy and
intensity laser sources are required for the inscription, but it has been demonstrated to be
possible with UV femtosecond laser sources [18], [19]. The technique used for the SPARC
fiber is point-by-point inscription using an 800 nm femtosecond laser, using multi-photon
absorption.

Figure 1.3 below represents a fiber Bragg grating, and the typical transmitted and re-
flected signals, with the peak wavelength Ag used for sensing applications.

P
Light Input
8&?&% Light Transmitted
\—,1' # Core
P llllllll
T
. L FBG

Light Reflected

s A

Figure 1.3: Typical structure of a positive-only index change fiber Bragg grating [20]

1.2.3 Attenuation in optical fibers

Optical fibers are often used to transmit signals over great distances due to their low atten-
uation levels, generally lower than 1 dB/km [15]. However, multiple factors can hinder light
propagation through the fiber. Losses can occur due to intrinsic or extrinsic causes [21].

Intrinsic losses are commonly due to ultraviolet resonant absorption (electronic origin),
mid-infrared absorption (glass network vibrational mode resonances) and Rayleigh scatter-
ing. Ultraviolet (UV) absorption is centered around A = 100 nm and is sufficiently important
for the “tail” of its curve, the “Urbach edge,” to extend up to the visible, and tends to shift
towards the infrared when dopants are added [21]|. This tail can be described as proportional
to Cuve’auTv, where a,, is a fitted coefficient and \ is the wavelength. For infrared absorp-
tion (IR), the absorptive resonances are centered between 7 and 9 ym and are broadened by
anharmonic coupling, leading to an absorption tail of the form Cire X (“Multiphonon edge”)
extending into the communication wavelengths and down to the near infrared. Finally,
Rayleigh scattering corresponds to the elastic scattering of photons by dipoles present in the
structure and with dimensions much smaller than the photon wavelengths. As some photons
are reflected towards the source, this elastic scattering leads to an attenuation proportional
to A4
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Extrinsic loss sources are not related to the fundamental properties of the fiber material,
but to additional species present in the glass or to the fiber structure. They can usually be
diminished by a better control of the fiber fabrication process. These include metallic and
rare earth impurities, hydroxyl impurities entered through water vapor, and imperfect fiber
connections. Furthermore, fiber bending can also lead to radiative losses.

Moreover, defects can be created in the silica structure and lead to additional absorption
bands, which happens during irradiation. This aspect will be further discussed in section
1.3.2. These additional defects can be both intrinsic when they are related to the intrinsic
structure of silica glass, and extrinsic when related to impurities or fabrication defects.

Figure 1.4, from [22], summarizes these loss sources on the absorption spectrum of pure
fused silica optical fibers.
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Figure 1.4: Optical attenuation spectra of pure fused silica. Radiation-induced spectrum
given for Suprasil W1 fibers. [22]

1.3 Radiation damage and effects in optical fibers

1.3.1 Macroscopic phenomenology

Under irradiation, the silica glass structure is altered and point defects are created. Thus,
three main radiation-induced effects can affect fiber transmission [13], [15]:

e Radiation-induced attenuation (RIA) is the result of radiation-induced point defects
that can trap free electrons or holes. Each defect is associated with a certain number of
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absorption bands, as discussed in section 1.3.2, and is thus very wavelength-dependent.

e Radiation-induced emission (RIE) corresponds to the emission of light by the fiber
material under irradiation. This emission can be the result of pre-existing or radiation-
induced defects luminescing when excited by incoming particles, or Cherenkov emis-
sion. According to Girard et al., RIE can be mitigated in most applications and
environments. Furthermore, this phenomenon has a very low impact at infrared and
telecommunication wavelengths (including 1550 nm, the wavelength chosen by CF'S for
FBG sensing) and matters mostly in the UV /visible range, as past experiments seem
to indicate [23], [24].

e Radiation-induced refractive index change (RIRIC) is the result of both radiation-
induced attenuation (via the Kramers-Kronig relations) and density change (Lorentz-
Lorenz relation). For amorphous silica, Primak et al. observed a density and refractive
index increase of 3% when irradiating at fluences larger than 10 n/cm? with fast
neutrons. At high doses, both amorphous silica and quartz transition to a new common
phase called “metamict phase”. Other works demonstrated that RIRIC also affects silica
optical fibers under gamma irradiation [25], [26]. RIRIC may also affect the quality
of FBG sensors by changing or blurring the refractive index Bragg gratings, but this
effect on FBG sensors is not within the scope of this work, and a study on the radiation
sensitivity of FBG has been performed in [27].

These different effects present both challenges and opportunities: they make telecom-
munication more difficult through irradiated optical fibers and their interconnection makes
them harder to study independently, but they also present an interesting opportunity for
potential new radiation sensors [28].

1.3.2 Radiation-induced defects in silica glass

In this section, we review the common defects that can be found in a pure silica core (PSC)
optical fiber and their associated absorption bands, based on the existing literature. [15],
[22], [29]-[31]

e The E’ center is the best-known defect in crystalline SiOy and corresponds to an
unpaired electron in a Si dangling bond (=8Si*). A study by Lo Piccolo et al. highlighted
the different formation pathways for the formation of this defect, labeled £}, E}, E!
and E! [29]. These different pathways have a negligible influence on the resulting defect
absorption bands.

e The non-bridging oxygen hole center (NBOHC) is the simplest oxygen-related defect
in pure silica: it corresponds to an unpaired electron on an oxygen atom linked to one
Si atom (=Si—0°®). This defect is also photoluminescent at 1.91 eV due to the decay
of the excited state n, (Onp) (highest occupied molecular orbital) [29].

e Oxygen-deficient centers (ODC) are oxygen monovacancies and exist naturally in unir-
radiated silica, but their concentration is highly increased by irradiation. Two types
of ODCs have been identified and associated with different absorption bands. ODC(I)
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is a relaxed oxygen monovacancy (=Si—Si=). ODC(II) was first identified as an un-
relaxed =Si—Si=, but some electron paramagnetic resonance (EPR) features led Tsai
and Griscom to confirm a twofold-coordinated silicon model proposed by Skuja et al.
in 1984 (>Si:) [32], [33]. These oxygen-deficient centers are also photoluminescent, at
4.3—4.4eV and 2.7—2.75 eV, and might also be photoluminescent at 3.1 eV according
to Lo Piccolo et al.

e Self-trapped holes (STH) are purely electronic defects, as they correspond to a hole
trapped on a single bridging oxygen (STH;) or delocalized over two equivalent bridging
oxygen atoms (STHy). Their discovery heavily relied on EPR [22], as explained in a
paper written by Griscom in 2006 on the “history of their discovery and characteriza-
tion” [34], and they are of great importance for telecommunication as their absorption
bands belong to the highest wavelengths among silica defect absorption bands.

e Furthermore, at low temperatures, in the stability domain of STH, a non-Gaussian
band attributed to these defects has been identified in the infrared. This low-temperature
infra-red absorption band (LTIRA) can be well-fitted by a Kubo-Greenwood (K-G) ex-

pression (RIA(E) = By - E - exp (—%) . [exp (g) — exp (—%)], where By, S and Q

are fitted and E, = 0.65 eV is the self-trapping energy) or by a simpler exponential ex-
pression when only modeling the high-energy front (RIA(E) = C' - exp(—E/R), where
C and R are fitted), as described by Dianov et al. in 1989 [35].

e Peroxy radicals (POR, Si—O—-0°®) have also been identified by EPR. However, though
computations have predicted their absorption band centers (see for example [36]), no
data was found for the full width at half maximum (FWHM), representing a potential
difficulty for absorption spectrum deconvolution, given their absorption band centered
around 2 eV.

e Peroxy linkages (POL, Si—O—-0-Si) absorption bands are also the results of first
principle calculations. [37] By deduction from the formation pathway of POR from

POL, Nishikawa et al. [38] also associated the experimental 3.8 eV absorption band
with POL.

e Self-trapped excitons (STEX) are created when an excited electron and hole create a
localized distortion in the lattice which lowers their total energy and thus traps them.
These defects are also photoluminescent.

e The existence of self-trapped electrons (STE) and their absorption bands have also
been derived from numerical simulations. DFT calculations performed by El-Sayed et
al. show that these electrons tend to be trapped at wide O—Si—O angle sites (angles
exceeding 132°) [39].

No extensive literature presenting natural concentrations of these defects in optical fibers
and the evolution of these populations was found, as the majority of the studies only calculate
the absorption spectrum by subtracting the current irradiated transmission spectrum from
the initial pristine fiber spectrum. We can however mention the EPR study by Girard et al.
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in 2008 [40] which found no paramagnetic centers in F-doped fibers above the detection limit
and does not state the concentration of the Ge-related paramagnetic centers in the Ge-doped
fiber material probed. Their computational study presents some formation energy data for
ODCs in pure and Ge-doped silica [41]. Work performed by Nishikawa et al. gives some
concentration data as a function of dose (photons at 6.4eV, 7.9eV and Co-60 v rays) for £’
centers, NBOHC and POR for samples with different oxygen contents, and contributes to
the understanding of point defect formation pathways [42].

Outside of defects directly related to the glass network, O3, Os and chloride impurities
resulting from the manufacturing process contribute to optical absorption and photolumi-
nescence. Hydrogen centers H(I) (>Si®*~H) do not seem to contribute to optical absorption
or luminescence. In addition, it has been shown that hydrogen loading of pure silica core
fibers can play an important role in increasing the fiber resistance to irradiation by enabling
reactions that neutralize ODCs, E’ centers and NBOHCs [29] :

=Si—Si= + Hy, — =Si—H + H-Si=

=Si* + H, — =Si—H + H°
=Si—0°* + Hy, — =Si—OH + H°

Heating unirradiated SiOq glasses in oxygen gas flow can also help neutralize pre-existing
ODCs:

=Si—Si= + % Oy — =Si—0-Si=

The table in figure 1.5 summarizes the properties of the different defects and figures 1.6
and 1.7 display their associated optical absorption bands. It is worth noting that the absorp-
tion bands are broadened. This broadening is due to the coupling of electronic transitions
with phonons (“homogeneous broadening”) and to the different environments surrounding
the defects because of the disorder of the amorphous material (“heterogeneous broadening”)

143].

1.4 Damage annealing to mitigate radiation-induced at-
tenuation

1.4.1 Thermal annealing

When defects in the silica glass structure are thermally excited, the energy imparted to
them can enable them to leave their bound state: this is known as “thermal annealing”.
An electron hole in the valence band, for example, can recombine with an electron in the
conduction band. The possibility of removing the defect from the glass structure may be
enhanced by the presence of impurities with which the defect can react. For example, we
can cite the annealing mechanisms of E’ centers: at low-OH content, at temperatures higher
than 150°C, they can react with a molecule of dioxygen to form a peroxy radical, while at
high-OH content, at temperatures exceeding 300°C, they can react with water molecules
according to the following reaction : =Si® + HyO — =Si— OH + H° [44]. Thus, the thermal
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Name Structure Param OA peak eV (FWHM eV) Oscillator strength Note PL peak eV (FWHM eV, Refs
lifetime RT)
Oxygen >Si: No 5.05 (0.32) 0.15 So-S; transition 4.4 (0.4eV; 4.0ns) [16,29,156-159]
deficient ISC assisted (T;-So transition) 2.75 (0.34; 10 ms)
center 3.15 (0.30)" 1.60 10~7 So-T, transition 2.75(0.34; 10 ms)
obc(n 6.9 (0.4) 0.1-0.2 PL features similar bands 4.4 and 2.7
oDc() =S8i-Si= No 7.6 (0.5-06) 0.1-0.2 4.4 (0.4¢V, 1.4ns) [16,139,157,159-162]
Non-Bridging Yes 1.97 (0.17) 1.90 107* Asymmetric Pekarian-shaped 1.91 (0.17, 10-20 ps) [16,121,163-169]
Oxygen Hole 4.8 (1.0) 0.05 5 Gaussian are needed to describe
Centers 6.4 (1.7)" 0.05 the absorption in UV VUV
NBOHC see ref [167] for the relative intensity
E =Si- Yes 5.8 (0.7) 0.1-0.2 Not observed [16,156,170-172]
Self-trapped hole Yes 2.61 (1.2) 0.283° Inherent None reported [173-180]
STH, 1,88 (0.2-0.5) Strain-assisted (observed in OF) None reported [173,177,178]
STH, Yes 2.16 (0.3-0.6) 0.283" Inherent None reported [173-180]
' 1.63 (0.3-0.7) Strain-assisted (observed in OF) None reported [173,177,178]
R
Peroxy Linkage 8i-0-0-Si No 3.8(0.2), 4.2(0.6, 7.3(0.2),  ~0.0005-0.003 Computational None reported [30]
POL 7.5(0.1)
Peroxy Radical Si-0-0¢ Yes 2.02, 4.08, 5.02 0.00056, 0.052,0.035 Computational (one SiO4 H-passivated - [126,132,181]
POR 2.0, 4.8 0.0004, 0.2 tetrahedron cluster)
experiment
Self-trapped Electron 3.7 - Computational - [173,182]
STE 4.6 - Computational - [173,182]
6.4 - Computational - [173,182]
Self-trapped Exciton No 4.2 (1.16) - Computational 2.85eV (theory) Theory [183]
STEX - 5.3 (0.78) Experimental 2.6 —2.8€V (exp) Exp [184-189]
-
Ozone 0, 4.8 (0.8-0.86) Cross section VUV UV bleaching [190,191]
1.2107"7 em? can induce the O, emission [21]
02 molecular oxygen Yes 0.97 (0.013) 1.110-8 T1-S0 transition 0.97 (0.01 eV, 0.4-0.85) [192-198]
1.62 (0.013) 4.210-9 T1-S1 transition
clo clo Yes 3.26 - - -
3.65 - - - [88,177,199,200]
cl? cr? No 3.78 (0.6) 3.8 cross section 2.58 107'°  Vibronic progression T<110 K 1.2 (0.42, 5ms at 13K) [122]
2.3 em?
HD >Si-H Yes Not observed - - Not observed [14,17,23]
LTRIA STH Yes 0.6 — 0.7 eV (non-Gaussian) - LTRIA is attributed to inherent STHs Not observed [153]

@ peak and FWHM derived from PLE spectra.
@ Linear combination Gaussian bands peaking at 2.16 and 2.60 eV.
@ Strong radioluminescence signal under X-rays [103].

Figure 1.5:

Review of the main optical properties of pure-silica related point

those related to chlorine and hydrogen impurities. (From Girard et al. [15])
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Figure 1.6: Optical absorption bands of defects in pure silica core optical fibers.
1550 nm telecommunication wavelength is shown by a black vertical line. Peaks for which
the full width at half maximum (FWHM) is unknown are represented by vertical colored
dashed lines at the peak energy. The composite 1-eV band was tentatively associated with
self-trapped holes [30]. From decompositions found in other studies [15], [30], [31] and the
distribution of absorption bands shown here, we expect this composite 1-eV band, STH of
type 1 and type 2, NBOHC and the LTIRA band to matter the most in the high visible and
infrared spectrum. (References: GI19 [15], MO20 [30], KA22 [31], DI89 [35]. Complements:

[22], [29].)
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Figure 1.7: Optical absorption bands of the main impurities in pure silica core optical
fibers. The 1550 nm telecommunication wavelength is shown by a black vertical line. Peaks
for which the full width at half maximum (FWHM) is unknown are represented by vertical

colored dashed lines at the peak energy. (Reference: GI19 [15].)
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excitation of defects at the source of RIA may enable to anneal them and reduce the level
of attenuation in optical fibers.

This possibility is widely presented in the literature, and numerous studies show that RIA
levels decrease when optical fibers are heated (see for example [45]). In addition, for certain
low-temperature stable defects such as STHs, a simple relaxation at room temperature is
often sufficient to anneal them. This makes them more difficult to study experimentally,
as the entire work must then be carried out at cryogenic temperatures, from irradiation to
spectroscopic characterization [30].

The impact of thermal annealing on the RIA level has been confirmed by initial experi-
ments under irradiation carried out by CFS [46].

However, it is worth noting that temperature increase does not always have a positive
impact on RIA. Girard et al. carried out experiments in which UV-RIA first increases
when the irradiation temperature is raised to 200°C, and then decreases, highlighting the
complexity of combined radiation and temperature effects and the diversity of bleaching
mechanisms. [47]

1.4.2 Optical annealing

When optical fibers need to be maintained at cryogenic temperatures, as is the case for the
application to temperature measurement of superconducting magnets in the SPARC reactor
(20 K), annealing defects at the source of RIA requires imparting energy to them by other
means. It is possible to transmit energy to these defects by circulating a laser beam along the
optical fiber, since the absorption of photons by the defects can enable them to make energy
transitions (by E = hv) sufficient to anneal. This technique, known as optical annealing or
more commonly “photobleaching”, has also been used in several experimental tests aimed at
reducing the level of RIA [48]-[51].

Optical annealing depends on three main parameters: the power of the laser injected
into the optical fiber to perform the annealing (number of photons delivered per unit time
to anneal defects), its wavelength (directly related to the energy difference of the allowed
transitions, but also allowing the laser to be more or less absorbed by the medium in which
it propagates) and the fiber length (as the laser is attenuated along its path in the optical
fiber, fewer photons will be available to photobleach defects at the end of the fiber).

In this work, we focus on studying optical annealing at 785 nm, while other tests are
carried out by CFS to determine the optimal annealing wavelength.

1.5 Survey of RIA study techniques

The main experimental techniques used to characterize the defects in the optical fiber glass
structure in the literature are:

e Absorption spectroscopy, which is presented in chapters 2 and 4.

e Electron paramagnetic (or spin) resonance (EPR/ESR), which is presented in section
5.1
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e Raman spectroscopy which can provide information on the chemical structure of a
material [27], [52]-[54]. Preliminary work led on this project has shown no significant
response of our fiber material to Raman spectroscopy, so this technique will not be
further explored in this work.

e Radiation-induced photoluminescence spectroscopy [23], [27], [44], where the spectrum
of the photons emitted by the silica luminescent centers is measured to probe the
population of these centers.

The main computational techniques used to simulate RIA and the response of silica glass
to the previously mentioned experimental techniques are:

e Density functional theory (DFT) for the calculation of the g-tensor for EPR [55], the
understanding of the nature and structure of the different electronic defects [39] or the
calculation of absorption bands [37].

e Molecular dynamics (MD) for the study of the dynamics of the silica atomic structure
under irradiation and the evolution of the long-range order statistics, such as ring
statistics evolution [14], [56]. As MD doesn’t represent electronic densities, however,
its application to the study of the point defects in amorphous silica remains limited.

1.6 Thesis’s main methodology and contributions

This work meets two main objectives: characterizing the defects contributing to radiation-
induced attenuation in pure silica core optical fibers* at cryogenic temperatures, and imple-
menting, probing and modeling thermal and optical annealing. These new data are essential
to the development of models predicting the evolution of RIA under these conditions, models
which should be used to optimize the safe operation of systems such as SPARC’s quench
detection system, as well as the design of its outages.

In order to characterize the radiation-induced defects, three main experimental techniques
have been explored. An in-situ white light absorption spectroscopy setup has been designed
in order to probe and identify the different point defect contributions to the RIA spectrum.
The design of this experimental setup is presented in chapter 2, and the results of RIA
spectrum decomposition are presented in 4. Chapter 5 presents how electron paramagnetic
resonance and transient grating spectroscopy can serve as complementary techniques to
characterize the different defects contributing to RIA, with EPR confirming the results of
absorption spectrum decomposition.

Experiments presented in this thesis are performed at liquid nitrogen temperature (77 K),
while the quench detection system will operate at liquid helium temperature (20 K). Proving
that the results we obtain apply to the latter temperature therefore necessitates a better
understanding of thermal annealing processes at cryogenic temperatures. In chapter 3, we

4Exail IXF-RAD-SM-1550-014-PI: pure silica core and 0.5 w% F-doped silica cladding. The fluorine
diffuses slightly to the core, giving rise to 0.1 w% concentration in the core. Fluorine is used to lower the
refractive index of the core [57], has been shown to reduce transmission loss in optical fibers manufactured by
vapor axial deposition [58], and is associated with low radiation-induced attenuation levels and no particular
defect structure apart from Si-F linkage [15].
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perform two experiments in order to prove that these processes are essentially frozen at liquid
nitrogen temperatures, and thus at temperatures lower than 77 K. While the first experiment
achieves this goal, the second is limited by the non-negligible impact of optical annealing
by the probe light source. This second experiment enables us to record optical annealing
kinetics, which impacts any of the optical absorption measurements we perform. In chapter
4, we further explore the mechanisms and kinetics of post-irradiation thermal annealing,
with the intention of improving the modeling of these treatments. These improvements
are necessary to optimize heat treatment downtimes which may be necessary for long term
operation of the quench detection system. To perform these experiments, we use the in-situ
absorption spectroscopy setup to record annealing kinetics.
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Chapter 2

A white light absorption spectroscopy
setup for RIA and annealing
measurement at cryogenic temperature
under irradiation

By passing a broadband light source through the fiber material as it undergoes changes (ir-
radiation, temperature variations or optical annealing) and analyzing the transmitted spec-
trum with a spectrometer, we can obtain a continuous absorption spectrum characterizing
the material. Indeed, as we will further see in chapter 4, this simple curve can be deconvolved
into different contributions, each associated with a specific phenomenon or defect and often
known from the literature (see figures 1.6 and 1.7). The deconvolved signal thus gives us an
idea of the relative importance of the contribution of the different defects.

This section covers the design of an absorption spectroscopy setup to measure RIA in
optical fibers at cryogenic temperatures during irradiation in the MIT Gammacell gamma
irradiator with the possibility to probe the effects of optical annealing (see 1.4.2). First,
section 2.1 presents an overview of the absorption spectroscopy setup built for this project
and section 2.2 details the method for preparing optical fiber samples for these experiments.
Then, section 2.3 focuses on the choices made for the temperature control of the fiber samples,
which is necessary to understand the impacts of thermal annealing. Section 2.4 describes the
Gammacell irradiator used for these experiments in more detail. Finally, section 2.5 builds
upon this understanding of the gamma source to calculate the actual dose rate in optical
fiber samples in the spectroscopy system.

37



2.1 System design overview
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Optical spectrum analyzer
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FC/APC-FC/APC mating sleeve

Figure 2.1: White light absorption spectroscopy experimental setup with optical annealing
and a secondary narrowband 1550 nm light source.

Figure 2.1 shows a diagram of the broadband absorption spectroscopy setup. The spooled
fiber sample is placed inside a dewar containing liquid nitrogen to maintain a temperature
of 77 K. This fiber is prepared according to the method described in 2.2, and most of the
length of the sample is contained in the immersed spool. The dewar is placed inside the
Gammacell chamber during irradiation (see 2.4). The ends of the fiber coming out of the
irradiator are connected to a light source on one end, and to an optical spectrum analyzer
(OSA) on the other end.

The OSA used in the study to probe the absorption spectrum is the Yokogawa AQ6370D.
This analyzer spanning the 600 nm — 1700 nm range is chosen to cover the communication
wavelength (1550 nm) which is the wavelength at which the temperature sensor works,
making it the most important wavelength at which RIA must be known, and also a large-
enough part of the spectrum at lower wavelengths to enable better decomposition of the
spectrum, as we have seen that most defect absorption peaks were much lower than 1550 nm.
Furthermore, this OSA presents good sensitivity and connectivity while still being widely
used and thus available for rental, which is not the case of the more advanced models. It is
connected to the fiber via an FC/PC connector (ferrule connector /physical contact), but has
a built-in numerical correction for the FC/APC (ferrule connector/angled physical contact)
cables used in this project. In addition, it is possible to program it for specific goals, and
appendix A details the main settings used in these experiments and the program to enable
periodic sweeping over the spectrum and saving. More information on how the OSA data is
processed and used in the different experiments is given in the following chapters.

On the other end of the fiber, three light sources can be connected to the sample via
2 x 1 optical switches!. While the spectrum is being scanned, the OSA sends a TTL signal

!The switches used in this setup are Agiltron/Photonwares MEMS fiber to fiber 1x2 latching fast switch
modules, made of SMF-28 fiber and including a BNC interface for TTL control
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to select the probe light source: a broadband light source or a 1 mW 1550 nm fiber-pigtailed
laser. The main probe light source is the broadband NKT Photonics SuperK Compact.
This light source is chosen for its broad spectral range (450 — 2400 nm), high output power
(> 100 mW) to get a high signal-to-noise ratio, and its single-mode FC/APC output termi-
nation. However, using a high-power broadband source runs the risk of optically annealing
the fiber whose spectrum is being measured. This problem is discussed further in chapter
3. The 1550 nm laser is inserted to enable probing only the region of the spectrum close
to the communication wavelength when necessary, to limit potential optical annealing from
the broadband light source. When the spectrum is not being scanned, another light source
(narrowband 100 mW single-mode fiber-pigtailed laser) is connected to the sample to be
able to test optical annealing at 785 nm.

This setup tests RIA evolution while controlling irradiation, optical annealing power
and, to a certain extent, temperature (see 2.3). The optical annealing light source can be
changed if other wavelengths are tested, but this work focuses on the one selected by CFS.
The amount of RIA that can be measured is limited by the noise level: figure 2.2 compares
the typical noise floor and SuperK spectrum at full power measured with this setup. In
addition, the light source switching architecture was chosen because coupling two different
light sources into a single-mode fiber is challenging in terms of both power and spectrum
width conservation. This also means that the fraction of time available for optical annealing
at 785 nm decreases when sweep duration and frequency increase.

2.2 Sample preparation

To prepare a sample of the fiber of interest (Exail IXF-RAD-SM-1550-014-PI), we spool the
desired length (certain number of windings) with a manual winding machine, secure the spool
with adhesive tape on a plastic spool, and add protective jackets to the fiber ends. In order
to connect the sample to extensions and FC/APC fiber pigtails on both ends, each fiber end
is manually stripped of its jacket, and the sample fiber ends are uncoated by burning and
wiping the ends with isopropyl alcohol (IPA). Both ends of each splice are cleaved with a
Fujikura CT50 optical fiber cleaver and spliced using a Fujikura 90S+ fusion splicer. The
total length of the final sample is measured with an optical reflectometer (Yokogawa AQ1000
OTDR) by connecting it to a reference 150 m long fiber. For the experiment, the fiber is
placed in the metallic spool described in section 2.3, which is sealed with cryogenic tape,
and the ends are measured using a tape measure to obtain the spooled length of fiber that
is being irradiated.

2.3 Temperature control for slow thermal annealing test-
ing

Initially, the experiments were performed by spooling the fiber around the type of plastic

spool represented in figure 2.4 and immersing it into liquid nitrogen. However, this spool did

not allow accurate measurement of the sample temperature nor did it enable slowing down
the warm-up to observe with precision the different effects of thermal annealing as the sample
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Figure 2.2: Typical noise level and broadband light source spectrum at full power measured
with the Yokogawa AQ6370D (OSA settings detailed above the figure)

goes from 77 K to higher temperatures. To achieve this, a metallic spool enclosing the fiber
with a significant thermal mass and with an embedded temperature sensor was designed.
This new spool, conceived to fit in the initial experimental setup and made with stainless
steel 316L, is represented in figure 2.5. A Lake Shore Cryotronics Cernox AA? temperature
sensor is inserted next to the fiber in the hole shown in figure 2.6, with Apiezon N grease
for thermal contact. This calibrated sensor combines a high sensitivity at low temperatures
and a good sensitivity over a broad range. It also has good resistance to ionizing radiation
(relative calibration offset % < 0.5% for temperatures higher than 77 K and doses under
1 MGy [59]). The sensor is connected to a Lake Shore 211S monitor interrogated via a
program given in appendix B.

An initial cool-down and warm-up test was carried out to check the thermal response of
the spool. The spool was plunged into liquid nitrogen until stabilization at 77 K and taken
out to ambient air for warm-up. Figure 2.7 shows a picture from the warm-up part of this test,
and figure 2.8 shows the evolution of the temperature measured by the sensor in the spool over
time. As expected, boiling enables rapid cool-down (= 10 min) of the spool and the warm-
up to room temperature is slow enough (3.5 h) to gradually observe the effects of thermal
annealing as the spool warms up. It is important to note that the sensor, embedded inside the

2(CX-1080-AA-20L-QT32-2
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2) Cleaving and splicing the sample,
1) Winding the sample fiber extension, and pigtail fibers

3) Measuring the total length of the final sample with a reflectometer
S ‘q: ’i—’—i\"\

Figure 2.4: Original optical fiber plastic spool (Spooling diameter: 9 c¢m)

spool, is placed near the inner side of the spooled fiber. The temperature measurement may
therefore be slightly delayed compared to the sample temperature evolution. This possible
discrepancy is studied in appendix C.

With this spool, the temperature changes are not completely controlled, even if it could
have been achieved by adding resistive heaters and changing the cooling system, because
it was not necessary to get a first understanding of thermal annealing processes. This is a
possible improvement for future work.
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Figure 2.5: CAD design of the new stainless steel spool

Figure 2.6: CAD section view of the spool in the sensor plane

Picture of the spool during ambient temperature warm-up test after liquid

Figure 2.7:
nitrogen cool-down
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Figure 2.8: Evolution of the temperature measured by the sensor over time during cool-
down in liquid nitrogen and warm-up in ambient air

2.4 The Gammacell 220F irradiator

The Gammacell 220F is a cobalt-60 ~v-irradiation unit used at MIT to irradiate samples at
about 15 kGy/h 3 [60]. Figure 2.9 shows the external aspect of this device. The samples are
inserted in a chamber (6.10 inches diameter, 8.06 inches high) by opening the leaded collar.
The chamber works as an elevator, taking the sample down to the middle of the source
during irradiation. The source cage, represented in figure 2.10, contains 48 double-sealed
source pencils, each 8.31 inches long, on an 8.23 inches pitch circle diameter. Each pencil is
composed of 7 cobalt 60 slugs.

The typical dose distribution in air given by the manufacturer for a similar Gammacell
model (220E) is shown in figure 2.11.

2.5 Actual sample dose rate calculation

2.5.1 Aim and motivation

In the Gammacell irradiator facility, the reference data given is the dose rate for air at the
center of the chamber when it is empty. However, in our absorption spectroscopy setup, a
liquid nitrogen dewar containing the metallic spool which holds the fiber is inserted in the
dewar, and all of these different layers may absorb some gamma radiation and lower the dose
rate at the center of the chamber. Furthermore, the sample is not placed at the center: the
fiber is on a circle of approximately 9 cm in diameter (in the cavity of the metallic spool),

3The activity decaying over time, this dose rate is an order of magnitude at the time the experiments
were conducted and, in the experimental data presented in the following chapters, the dose rate at the time
of each experiment is the one recorded and used.

43



Sample loading
tube (moves down
during irradiation)

Leaded collar

Liquid nitrogen
dewar containing
the fiber spool

Figure 2.9: External elements of the Gammacell irradiator in the sample loading (upper)
position with its drawer open, after setting up the liquid nitrogen dewar and feeding the
fiber ends and the temperature sensor wires through the instrumentation hole.
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Figure 2.10: Gammacell source cage and pencils [60]
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Figure 2.11: Typical isodose distribution in air in a Gammacell 220E chamber (source: MDS
Nordion)

which would expose it to higher dose rates if it was simply held in air, according to figure
2.11. Figure 2.12 shows the two configurations that need to be compared : the configuration
where the chamber only contains air on the left, which is the configuration for which the
dose rate is known, and the configuration with the chamber containing the dewar and the
spool for absorption spectroscopy.

To accurately estimate the ratio between the given calibrated data (dose rate in air at the
center) and the actual dose rate that the fiber samples will receive, we performed a simple
Monte-Carlo simulation of photon transport in the chamber using the OpenMC Python
simulation package. We will first present the geometrical assumptions that were made to
simplify the system to model (2.5.2), then describe the materials that were modeled, and
the method used to calculate dose rate (2.5.3). Finally, in section 2.5.4, we present how the
simulation and tallies were parametrized, and the results obtained are discussed in 2.5.5.
The complete simulation code for this section is attached in appendix D.

2.5.2 Geometrical assumptions

For the Monte-Carlo photon transport simulation, we chose to model only the space inside
the Gammacell chamber with, outside this space, a fixed gamma source made of 48 cylindrical
pencils in vacuum. As the diameter of the pencils is unknown, we assume that the source
cylinders touch their neighbors on the 20.91 ¢m diameter pitch circle.

Figure 2.13 represents the geometry adopted for the simulation within inside the Gam-
macell chamber. We do not represent the screws and nuts, the polystyrene foam and plastic
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Figure 2.12: Two configurations to compare : (a) Chamber containing only air (the cali-
brated central dose rate is given for the position represented by a red square), (b) Chamber
containing the liquid nitrogen dewar and the fiber spool for absorption spectroscopy.

top of the spool holder or the bottom of the dewar, as the source geometry favors radial
exposure. The sample is considered as a 1 ¢cm high rectangular torus occupying the bottom
of the spool sample cavity. The liquid nitrogen level can vary. The dewar wall thicknesses
were obtained from the manufacturer and the vacuum insulation thickness was deduced from
them. The geometry for this simulation has circular symmetry around the z-axis, making
figure 2.13 a comprehensive representation.

2.5.3 Material assumptions and mass-energy absorption coefficients

The material distribution can be found in figure 2.13. The chosen compositions of the steels
are chosen as the middle of the ranges specified in the standards for the minor elements
(weight fractions):

e Stainless steel SUS304 (dewar) : 70.1725% Fe, 19% Cr, 9.25% Ni, 0.04% C, 1% Mn,
0.0225% P, 0.015% S, 0.5% Si.

e Stainless steel SS316L (spool) : 67.0225% Fe, 17% Cr, 2.5% mo, 0.015% C, 1% Mn,
0.0225% P, 0.015% S, 0.375% Si, 0.05% N.

The rest of the chemical compositions can be found in appendix D. Vacuum is represented
as low-density air *.

41076 times the density of air at atmospheric pressure, which is the low end of industrial vacuum. This
value was chosen based on the information given by the dewar manufacturer.
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Figure 2.13: Vertical cross-section of the geometry simulated in OpenMC for the two cases,
colored by material. (a) Empty chamber for the central dose rate calculation, (b) Chamber
with the dewar for the fiber dose rate calculation.
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From these material compositions, we calculate the mass-energy absorption coefficient
based on the data from the NIST XCOM database [61]. We merged all the lists of energies of
the tabulated data, and, at each energy, the sum for each material’s mass-energy absorption
coefficients < of every element multiplied by its weight fraction. We obtain a material mass-
energy absorption coefficient £ which can be used to tally the dose rate in each material.
These calculated coefficients are plotted in figure 2.14.
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SS316L
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N — LN2
— Si02
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Figure 2.14: Mass energy absorption coefficients multiplied by energy as a function of energy
for each material, based on the NIST XCOM database [61].

2.5.4 OpenMC simulation settings for dose rate tallying

The source previously described is set at 667.5 TBq (Source: MDS Nordion for a 15kGy/h
Gammacell), distributed uniformly in the 48 pencils, with an isotropic angular distribu-
tion, and a discrete distribution over the two main Co-60 decay gamma rays (1.1732 and
1.3325 MeV [62]). The fixed source simulation was set with 200 batches and 10° parti-
cles per batch. For this estimation of the dose rate, we set the temperature of the cold
materials (inner wall, liquid nitrogen, spool, and sample) to the minimum temperature of
293.15 K, independently of the density, as the nuclear data library (ENDF-B7.1) did not
contain cross-sections at cryogenic temperatures for interpolation at 77 K.

We tally the dose rate in a central cell (0.508 cm radius, 1 cm height) for the empty
chamber configuration, and in the silica region in the other configuration. This tally is an
energy function filter, multiplying the flux tally by “"T" x E for all energies. The result is
then multiplied by the activity of the source, divided by the cell volume and converted into
kGy/h. The important quantity resulting from this calculation is the ratio between the two
dose rates, eliminating the importance of the accuracy of these proportionality factors in our
case, but the raw dose rates tallied are given for reference.

2.5.5 Results and discussion

In the configuration presented in figure 2.13(a), the central dose rate obtained is 14.76 +
0.14 kGy/h in air. In the second configuration (2.13(b)), the dose rate obtained in the silica
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region is 11.02 + 0.03 kGy/h. This result does not change in the silica cell when the liquid
nitrogen level is at the top of the dewar, and changes to 11.24 4+ 0.03 kGy/h when it is at
the top of the metallic spool. In the default liquid nitrogen level case, the calculated dose
rate in the center is 6.08 + 0.08 kGy/h in steel, which emphasizes the impact of filling the
chamber with materials other than air.

In the rest of this thesis, the actual dose rates in silica using the setup presented in
this chapter will be calculated by multiplying the calibrated central dose rate in air by
% = 0.75. The subscript “act” in Gy, will indicate an actual dose or dose rate as defined
here, while doses and dose rates with no subscript will indicate Gammacell calibrated central
doses and dose rates in air.
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Chapter 3

20K-77K equivalence: can we neglect
thermal annealing at and below 77K?”

3.1 Motivation and background

For the experiments presented in this thesis, for experimental ease and cost reasons, we
decided to use liquid nitrogen and cool the samples down to 77 K instead of 20 K with liquid
helium, the operating temperature for SPARC magnets. However, to ensure that the results
obtained in these experiments will be applicable to SPARC systems, it is necessary to prove
that going from 20 K to 77 K does not affect the kinetics of RIA (no change in defect buid-up
and annealing rate) by proving that no thermally enabled evolution of the irradiated glass
structure happens below 77 K. To answer this question, Commonwealth Fusion Systems
builds an experimental setup to perform tests at 20 K and validate the results obtained at
77 K. In the meantime, we attempted to determine whether the white light spectroscopy
setup presented in chapter 2 could be used to prove that no thermal annealing was enabled
at 77 K.

In a 1991 EPR study [22], Griscom highlighted that STH annealing started above 130 K
and disappeared by 200 K, all of these temperatures being well above 77 K. He added that
“it is safe to assume that H° diffusion is the sole cause of all thermally activated processes
occurring below ~ 130 K since larger atoms and molecules have much lower diffusivities.”
As the fibers studied here are made from low-OH pure synthetic silica tubes (Heraeus F300),
they are less likely to be affected by these hydrogen-related processes.

To investigate the activation of thermal annealing processes at 77 K in the Exail optical
fibers samples, we implemented two different approaches. When the spectrum is being
probed, the white light sent through the fiber causes optical annealing. To mitigate this
issue, as we want to isolate thermal annealing, our first method consists of irradiating one
fiber sample for the same amount of time multiple times and waiting for a varying amount of
time after irradiation, while keeping the sample cold, before probing the RIA spectrum. This
method, presented in section 3.2, aims to show that the RIA spectrum does not evolve if the
fiber is kept at 77 K and dark. Furthermore, we will see that it helped us learn about the
differences between optical and thermal annealing and the combined importance of optical
annealing and trigger timing uncertainties. In a second approach, presented in section 3.3,
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we used a narrowband laser to only probe RIA around 1550 nm and see if it would limit
optical annealing to negligible levels while probing the spectrum continuously during and
after irradiation.

3.2 First method: arbitrary waiting time

3.2.1 Aims and hypotheses

In this experiment, we aim to study how the absorption spectrum of one irradiated optical
fiber evolves when kept at 77 K in the dark. As we cannot probe the spectrum without
shining light through the fiber, we repeated cycles after fully annealing the fiber, irradiating
it for a fixed duration and probing the spectrum only after varying amounts of time, as
explained in more details in the following sections. If the annealing step fully returns the
glass structure to an equivalent of the pristine fiber structure, this becomes equivalent to
observing how the spectrum evolves in time after one irradiation in the dark. We indirectly
investigate a posteriori how much light-absorbing radiation-induced defects remain in the
fiber by comparing its transmission spectrum before each irradiation to its transmission
spectrum before the first irradiation.

Our hypothesis is that these spectra will be the same or strongly overlap, meaning that
transmission does not increase while the fibers are kept at 77 K with no irradiation and no
light shining through them, or in other terms, that there is no thermal annealing at 77 K. If
all thermal processes are “frozen” at this temperature, it will then mean that they will also
be frozen at lower temperatures and that performing the experiments at 77 K is equivalent
to performing them at 20 K.

If we do not see an overlap of the spectra, multiple cases can be checked. If the transmis-
sion increases with the waiting time, it would mean that there is thermal annealing at 77 K.
If transmission decreases with the waiting time, it would mean that we did not successfully
keep the fiber away from the radiation source (which is unlikely, given the arguments pre-
sented below). If transmission decreases as the fiber goes through the multiple irradiation
cycles, it means that RIA becomes more and more effective, and that the annealing step
between the cycles did not bring it back to a glass structure equivalent to that of the pristine
fiber: either some light-absorbing point defects remain in the fiber or non-absorbing (“pre-
cursor”) sites that facilitate the formation of new color centers in subsequent irradiations.
If transmission increases as the fiber goes through the multiple cycles, it means that the
decay of the source is significant on the experiment timescale: we ensure that it is not by
performing each experiment at the same dose rate to a precision of 1 Gy,e/min (0.6% of the
dose rate).

3.2.2 Description of the method

In this first experiment, using the experimental setup presented in chapter 2, we irradiated
an 18.2-meter long spool (29.6 m including the fiber ends coming out of the spool) multiple
times for 10 minutes in the Gammacell at 181 Gy,e/min. Experiments 1.x and 2.x were
performed over a four-day period; therefore we neglected the decay of the dose rate. Between
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irradiations, we waited for a varying amount of time with the sample kept cold, dark and with
no irradiation (Gammacell chamber in its upper position) before probing the transmission
spectrum. We then let it optically anneal until the spectrum stabilized. The different
irradiations are numbered from 1.a to 1.c and from 2.a to 2.f in the order they were performed,
and the sample was thermally annealed at room temperature back to its original transmission
spectrum between 1.c and 2.a. Table 3.1 summarizes the different steps of this experiment.

3.2.3 First results and discussion

Figure 3.1 shows the first transmission spectra obtained after irradiations 1.a to 1.c and the
corresponding waiting times. These spectra do not overlap and, as the fiber goes through the
multiple irradiations, the transmission spectrum gets weaker (RIA is higher). No additional
RIA is built up during the waiting time, because the Gammacell is designed so that the
dose rate in the upper position of the chamber is sufficiently low for the user to access
it and because we do not observe RIA in the fiber samples that we place in the chamber
before moving it down. A possible explanation is that the white light optical annealing step
between the 3 experiments did not anneal the glass structure back to an equivalent of its
pristine structure. Precursor sites, weakly or not absorbing, may be left in the glass structure
and facilitate RIA build-up for subsequent irradiation. This prevents us from concluding on
thermal annealing with these 3 experiments. However, experiments to follow in the next
section will allow us to do so, with thermal annealing intermediate steps and light source
synchronized triggering.

Figure 3.2 shows the first transmission spectra obtained after irradiations 2.a to 2.f and
the corresponding waiting times. We observe that, indeed, no matter how the waiting times
vary, transmission seems to decrease as the total irradiation dose increases from 2.a to 2.c.
After 2.c, the post-waiting time spectrum stabilizes, which may mean, in the precursor site
hypothesis, that precursor site creation reached a saturation level.

Nonetheless, if we look closely at the results for 2.c to 2.f, the transmission does not
decrease monotonically as the total irradiation dose increases. A possible explanation for
this small uncertainty may arise from figure 3.3. In this figure, we compare the first full
transmission spectra probed, previously shown in figure 3.2, with the preceding spectra,
during which the waiting time ended and the light source was turned on. Indeed, to measure
the spectra after the waiting times, we kept the spectrometer in permanent sweeping mode,
and turned on the white light exactly at the end of the planned waiting time. However,
as sweeping is not instantaneous (it is done from left to right in 1.813 s, with a period of
2.261 s, which exceptionally increases when a zeroing operation happens), the fiber can be
annealed by the light source used to probe it: we see that all first full spectra in figure
3.3 are higher than their preceding spectra. Furthermore, this figure shows that the light
is being turned on (vertical jump in transmission) with varying advance times before the
first full spectrum is probed. This leads to varying optical annealing durations before the
first full spectrum is probed. Moreover, all later experiments show that a correction of the
spectra accounting for a longer optical annealing time for the higher wavelength end may be
needed. For this particular experiment, to remove this uncertainty, we decided to perform
the experiment again while synchronizing the light source triggering with the start of the
first next spectrum sweep rather than with the exact end of the waiting time. This iteration
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Table 3.1: Experiment summary - Probing thermal annealing at 77 K with arbitrary waiting
times - First iteration - 1.a to 2.f - 18.2 m spool, 181 Gy,e/min dose rate. The goal is to
prove that the RIA spectrum does not evolve when the fiber is kept dark at 77 K by waiting

for varying amounts of time after irradiation before probing the spectrum.

Irradiation ID

Irradiation time (min)

Waiting time (min:s)

Temperature (K)

l.a

2.c

2.d

2.f

10
White light optical annealing
10
White light optical annealing
10

White light optical annealing
THERMAL ANNEALING
10
White light optical annealing
10
White light optical annealing
10
White light optical annealing
10
White light optical annealing
10
White light optical annealing
10

White light optical annealing

0:00

5:00

10:00

5:00

0:00

5:00

10:00

10:05

5:00

7
7
7
7
7
7
room temperature
7
7
7
7
7
7
7
7
7
7
7
7
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End state for irradiations l.a-1.c after different waiting times

Transmitted spectrum

—— 1l.a: after no wait
- 1.b: after 5min wait
—— 1.c: after 10min wait

_10 -

_20 -

_30 -

_40 -

_50 -

Transmission level (dBm)

_50 -

_?0 -

T T T
600 800 1000 1200 1400 1600

Wavelength (nm)

Figure 3.1: Transmitted spectrum of the white light source through the fiber sample at the
end of irradiations 1.a to 1.c, first full spectrum probed at the end of each waiting time. We
observe that the transmission level decreases with the total irradiation dose or the waiting
time (less likely given the aforementioned arguments). Another experiment is needed to
separate these two possible causes. If it is the number of cycles, we need to switch from
optical annealing to a long thermal annealing step. If it is the waiting time, we need to keep
the sample farther away from the source. (see 3.2.1)
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End state for irradiations 2.a-2.f after different waiting times

Transmitted spectrum

2.a: after 5min wait

_10 - - i "
- 2.b: after Omin wait
—— 2.c: after 5min wait
—20 - —— 2.d: after 10min wait
—— 2.e: after 10min5s wait
_304 — 2.f: after 5min wait
_40 |

_50 -

Transmission level (dBm)

_50 -

_?0 -

X T T T
600 800 1000 1200 1400 1600

Wavelength (nm)

Figure 3.2: Transmitted spectrum of the white light source through the fiber sample at
the end of irradiations 2.a to 2.f, first full spectrum probed at the end of each waiting time.
From the non-monotonically increasing waiting times, we can tell that transmission levels
increase with total irradiation dose (number of cycles) and reach a saturation level from 2.c
to 2.f. This tends to confirm that the optical annealing step left RIA precursor sites in the
glass structure between the different irradiations, and that there may be a saturation of the
precursor site formation or annealing mechanisms.
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Figure 3.3: Comparison of the first partial white light transmission spectrum probed at the
end of the waiting time with the first full spectrum (next sweep) for irradiations 2.a to 2.f.
At the end of the waiting time, we simply turn on the light source without synchronizing it
with the sweep trigger. This means that the white light is on for a varying duration before
the first full spectrum is recorded, optically annealing some fraction of the defects differently
in every case. This issue is fixed in the folloxxéiélg section.



Transmitted spectrum before irradiations 2.a-2.f and after the last annealing step
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Figure 3.4: Transmitted spectrum of the white light source through the fiber sample before
irradiations 2.a to 2.f and at the end of the last optical annealing. There is a good overlap
of these initially transmitted spectra at high wavelengths, but the slight difference at low
wavelengths may mean that some fraction of the light-absorbing defects remain in the fiber
after the optical annealing step.

of the experiment is presented in section 3.2.4.

To further investigate the precursor site hypothesis, figure 3.4 compares the starting
transmission spectra, the last probed before the white light is turned off and irradiations 2.a
to 2.f start, and the final spectrum after optical annealing. We observe that, even if they
had all been stabilized by annealing, they do not perfectly overlap, particularly in the lower
wavelengths. Though slight, this difference strengthens the hypothesis that optical annealing
does not restore the pristine glass structure, and it may mean that the potential precursor
sites absorb mostly at lower wavelengths. This low wavelength remaining absorption may
also simply be another type of defect with no correlation to STH. On the contrary, we see
very little difference between the first full spectra measured after 1.a and 2.a and shown in
figure 3.5(B), with the same irradiation history post-thermal annealing. This difference may
be due to the earlier triggering of the light source in 2.a (shown in figure 3.5(A)), which we
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First partial spectra after irradiations 1.a and 2.a and different waiting times
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Figure 3.5: Comparison of the transmission spectra measured after irradiations 1.a and 2.a.
(A) first partial spectra (B) first full spectra

attempt to determine in 3.2.4.

3.2.4 Synchronized sweeping and light source triggering

To determine whether the difference in optical annealing duration before the first spectrum
is acquired is the sole explanation for the absence of overlap in figure 3.5(B), we made a
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system to synchronize the lighting of the broadband source with the start of the first next
spectrum sweep. This box made with an Arduino Nano board and, as shown in figure 3.6,
takes as input the sweep trigger signal from the spectrometer and turns on the broadband
light source switch at the start of the first next sweep when the button is pressed.

—~—y

(a)

USB cable

HD13 D12
V3 D14
REF gty STMicroelectronics L7805CV STMicroelectronics L7805CV STMicroelectronics L7805CV
A1 Arduino D84

Nano H 5V voltage regulator 5V Voltage regulator 5V Voltage regulator
[ 8 3| i 2 3| i 2 3|\ 2
ag IIJA Vin Vout Vin Vout Vin Vout
A6 03] BNC 1_"¢L out2 BNC T#L out1 BNC #TL in
HA7 D24 Vadj [} Vadj o o Vadj
6\ GND
IRST =53] RSH 1 1 1
SND . RX0H Momentary
FVIN |o 0 o] TXH push button

10 kQ T

(b)

Figure 3.6: TTL trigger box with 1 BNC logic input, 2 BNC logic outputs (only one is
needed in this experiment) and a push button. (a) External aspect of the trigger box. (b)
Circuit diagram of the trigger box. (Inspired by [63])

With this synchronized trigger, we performed the experiment described in table 3.2. This
time, the sample was thermally annealed to room temperature between each irradiation to
get rid of the partial effect of optical annealing which may leave precursor sites for RIA build
up.

The result of this experiment is given in figure 3.7, which presents the first spectra
measured after irradiations a to d and different waiting times. These spectra overlap much
better than in figure 3.5 and their difference is not monotonically evolving with waiting time,
which confirms the absence of thermal annealing at 77 K and the idea that the main source
of difference between 1.a and 2.a in the previous experiment was the unsynchronized lighting
which led to uneven optical annealing.

However, from the residual plot at intermediate wavelengths, we still see a very slight
increase of attenuation with total irradiation dose, which suggests that the thermal annealing
at room temperature that occurred between each of these four experiments may not have
been sufficient to fully anneal all the radiation-induced defects.
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First spectra after irradiations a-d and different waiting times, with synchronized trigger
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Figure 3.7: Comparison of the transmission spectra measured after irradiations a to d with
synchronized triggering of the white light source with sweep start
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Table 3.2: Experiment summary - Probing thermal annealing at 77 K with arbitrary waiting
times - Second iteration - a to d - 18.2 m spool, 176 Gy,/min dose rate. Irradiations a
and b happened on day 1, ¢ on day 2 and d on day 3. The goal is to prove that the RIA
spectrum does not evolve when the fiber is kept in the dark at 77 K by waiting for varying
amounts of time after irradiation before probing the spectrum. In this experiment, the fiber
is thermally annealed between each irradiation.

Irradiation ID | Irradiation time (min) | Waiting time (min:s) | Temperature (K)
THERMAL ANNEALING room temperature
a 10 10:00 7
White light optical annealing 7
THERMAL ANNEALING room temperature
b ‘ 10 ‘ 00:10 7
White light optical annealing 7
THERMAL ANNEALING room temperature
c 10 05:00 7
White light optical annealing 7
THERMAL ANNEALING room temperature
d ‘ 10 ‘ 03:00 7
White light optical annealing 7

3.3 Second method: narrowband continuous observation

3.3.1 Aims and hypotheses

While the experiment presented above proves that there is no thermal annealing at 77 K, we
would like to perform a second experiment to see if it is possible to monitor continuously a
stable RIA spectrum after irradiation in a fiber kept at 77 K. The method for this experiment
is presented in the following section. The challenge that led us to design the arbitrary waiting
time method is that RIA can be optically annealed, and shining light through the fiber is
necessary to directly measure attenuation. We thus wanted to check whether it was possible
to limit the optical annealing effects of the probing light source. We know that optical
annealing is optimal for photobleaching wavelengths in the low infrared and its effectiveness
decreases in the visible and at telecommunication wavelengths [49], [51], [64]. Thus, we only
probe the RIA level at the critical wavelength for our application, around 1550 nm, instead
of shining a broadband light source, which is why we connect a laser diode to the fiber input.
We also try in this experiment to go to the lowest probing power levels that still enable us
to monitor the RIA evolution without falling below the OSA noise floor (see figure 2.2).

If these choices are sufficient to limit the effect of optical annealing, we should observe an
increase in RIA during irradiation with an evolution profile similar to the ones presented in
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[64] and, after irradiation and while keeping the sample fiber cold, an attenuation plateau.
If we instead observe a decrease of RIA after irradiation, this will mean that annealing still
takes place and, from what we concluded in our previous experiment (3.2.4), that it is optical
annealing. This would mean that we cannot perform any non-destructive! measurement of
attenuation in our test setup and would give important information on optical annealing
contribution to the results presented in chapter 4.

3.3.2 Description of the method

To complement the results from section 3.2, this method attempts to determine whether only
probing RIA at high wavelengths would limit the optical annealing effect enough to observe a
stable attenuation over multiple sweeps after irradiation, when keeping the sample at 77 K.
We added a narrowband 1550 nm light source in the spectroscopy setup to this end, as
presented in 2.1. As this fiber-pigtailed laser (Thorlabs LPS-1550-FC) includes a photodiode,
it is operated at constant power and constant temperature (25°C). The spectrum of this
light source through the absorption spectroscopy setup is given in figure 3.8.

Thorlabs LPS-1550-FC fiber-pigtailed 1550nm laser spectrum
through the absorption spectroscopy setup
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Figure 3.8: Spectrum of the Thorlabs LPS-1550-FC light source through the absorption
spectroscopy setup at 2 operating powers (0.5 mW and 5 pW).
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To perform this experiment, we prepare a 18.24 m long sample and, while looping over

"Which does not optically anneal the light-absorbing point defects
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the spectrum with the 1550 nm light source turned on, we irradiate the sample for 45 minutes
at 176 Gyaet/min immersed in liquid nitrogen, and then keep it in liquid nitrogen after the
end of the irradiation, in the upper position of the Gammacell chamber.

To obtain the RIA profile over the course of the experiment, we subtract every spectrum
from the initial transmission spectrum and average the difference over all the points in the
[1540, 1560] nm interval. We compare this RIA evolution for two different operating powers,
0.5 mW and 5 uW, the latter being on the low end of stable operating powers reachable with
the light source while giving a spectrum sufficiently intense compared to the noise floor in our
different experiments. Between these experiments, the fiber is thermally annealed overnight
at room temperature. Figure 3.9 compares the white light source spectrum through the
sample fiber before these two experiments. Before the second experiment, we notice that
the fiber transmission is not completely recovered at low wavelengths, which could lead to
a slightly faster defect build-up during irradiation, as seen in the experiments previously
discussed. However, we here focus on whether the RIA level decreases after irradiation, and
not necessarily on how it increases during irradiation.

Transmission spectrum of the SuperK light source through the
sample fiber before the two RIA experiments at 1550 nm
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Figure 3.9: Transmitted spectrum of the white light source at full power probed once before
the beginning of each irradiation cycle of the experiment probing annealing around 1550 nm
at two different powers. Before the second experiment, we notice that the fiber transmission
is not completely recovered at low wavelengths.

3.3.3 Results and discussion

The results of these two experiments are shown in figure 3.10. After irradiation, we notice
that the RIA level does not remain stable, which means that, even at 5 uW, the probe
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light source optically anneals the radiation damage. Similarly to what was observed by
Fernandez et al. [51] for secondary optical annealing light, the RIA level increases faster
during irradiation for the lowest probe light power. This is because, as defects are created
by irradiation, the probe light source anneals them faster at higher power. The small periodic
peaks that can be seen during irradiation are due to zeroing operations of the spectrometer,
during which the interval between two spectrum sweeps increases and RIA builds up faster
as no light is circulated through the fiber.

Because of the impact of optical annealing even for a light source at high wavelengths and
low power, this experiment cannot be used to confirm the results from 3.2.4 on the absence
of thermal annealing at 77 K.

However, they help us understand the inevitable optical annealing rate that will impact
other experiments performed in chapter 4. In figure 3.11, we plot the annealing rate, defined
as —dﬁ;{A, as a function of the RIA level during the post-irradiation annealing steps of these
two experiments after downsampling using local linear fits to smooth the derivative. The
optical annealing rate seems to increase exponentially? with the RIA level®, with different
coefficients depending on the light source power. Furthermore, we note that these results
tend to indicate a saturation of the optical annealing effects preventing fiber transmission
from going back to its pre-irradiation level and supporting the first observations made in
figure 3.4. We draw no further conclusion at this point on the modeling of optical annealing
at 1550 nm, and future work should focus on furthering investigation on power dependence.
This question is one of the focus points for the full modeling of thermo-optical annealing in
fibers, which we started investigating in this work and particularly in chapter 4.

2Except for the data point at the highest RIA in both experiments
31t should be noted that RIA is here strongly correlated with time, and this fit is more an observation
than a very broad conclusion.

64



RIA around 1550nm probed with 1550nm laser at 2 different powers

during and after a 45min irradiation
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Figure 3.10: Evolution of the mean RIA level between 1540 nm and 1560 nm during and after
a 45 min irradiation at 176 Gy, /min, probed with the Thorlabs LPS-1550-FC laser diode
at 2 operating powers (0.5 mW and 5 yW). The fiber is kept at 77 K for each experiment.
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Figure 3.11: RIA optical annealing rate (—dlgA) after irradiation as a function of the RIA

level for the experimental results presented in 3.10.
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3.4 Conclusion

In this chapter, we aimed to investigate with the absorption spectroscopy setup presented in
chapter 2 whether thermal annealing was essentially “frozen” at liquid nitrogen temperatures,
meaning that it would not matter on the RIA evolution rates and defect stability whether
experiments are performed at 77 K or 20 K.

In the first experiment, we probed the white-light transmission spectrum of an optical
fiber after a fixed-duration irradiation and varying waiting times, to reconstruct the evolu-
tion of RIA when an irradiated fiber is kept in liquid nitrogen and in the dark. Based on
this experiment, we concluded that the RIA profile did not evolve under these conditions,
confirming our hypothesis that thermal annealing would not have an impact. We observed a
slight increase in attenuation as the fiber underwent multiple cycles of irradiation, indicating
that the fibers may not have been perfectly thermally annealed between the irradiation steps.
This could be confirmed by increasing the thermal annealing time between each experiment
to multiple days.

In the second experiment, we continuously probed the RIA spectrum around 1550 nm
during and after irradiation, at 77 K, and for 2 optical annealing powers. These tests
showed that, even at a probe power of 5 4W, optical annealing had a significant impact. We
calculated the annealing rate for these experiments, which seems to increase exponentially
with the RIA level, in order to compare them with subsequent experiments.

In the next chapter, we decompose the different defect contributions to radiation-induced
attenuation spectra and continue the exploration of RIA kinetics.
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Chapter 4

Decomposing the mechanisms and
kinetics of RIA with white light
absorption spectroscopy

4.1 Motivation and background

This chapter focuses on the experimental efforts to better understand multiparameter kinetics
of RIA, using the absorption spectroscopy setup presented in chapter 2, and to relate it to
the radiation-induced point defects discussed in chapter 1.

Indeed, to be able to predict the RIA evolution in the optical fibers of the SPARC
quench detection system, various scenarios must be tested experimentally to support model-
ing efforts. Commonwealth Fusion Systems led a first series of tests measuring attenuation
specifically at 1550 nm in various irradiation, thermal and optical annealing conditions®.
The experiments reported in this chapter attempt to better understand what defects are the
main source of attenuation in the Exail IXF-RAD-SM-1550-014-PI optical fibers by perform-
ing Gaussian decomposition on the continuous absorption spectra obtained, as explained in
4.2.3. Understanding the shape and kinetics of the absorption bands helps expand the data
obtained at 1550 nm and better predict how other wavelengths, including the chosen optical
annealing wavelength, will be absorbed by the fiber.

More than just the initial RIA build-up kinetics needs to be tested in order to improve
RIA predictive models. While decomposing the spectra observed to improve the analysis of
the microscopic mechanisms, multiple questions must be addressed:

(a) How does RIA evolve when the optical fiber is warmed up? How does it depend on
the warm-up rate or the maximum temperature reached, as these parameters could
induce operational constraints? Answering this question is necessary to design optimal
outages aiming at restoring fiber transmission.

(b) As a fiber undergoes thermal annealing cycles, do the RIA build-up or annealing kinet-
ics evolve? Can this be detrimental to long-term operation of a system like the quench

'Proprietary data
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detection system? These questions are essential to make sure that the chosen restora-
tion plans do not have a significant negative impact on RIA build-up during subsequent
irradiations, as would be the case if precursor sites are left in the post-annealing glass
structure.

What are the kinetics of optical annealing?” How does it evolve if it is used continuously
or only after irradiation? How does its effectiveness vary with optical power? The goal
is to answer these questions for fixed wavelengths, as they are the main candidates for
optical annealing during fiber operation, and not for white light annealing, so that the
results directly apply to the SPARC system. This will help choose the optimal light
source, optical annealing parameters and quench detection system design to maximize
the allowed operation time between two thermal annealing outages.

How does the RIA response to optical annealing evolve with total irradiation dose or
cycles? This can help plan multiple operational cycles and the consequences of optical
annealing source failures.

When used jointly, how do thermal annealing and optical annealing combine in terms
of RIA response? As these techniques will most likely be used in conjunction, under-
standing their joint usage requires bridging the gap between independent models of
thermal and optical annealing.

Contrary to thermal annealing that happens at the same rate in the entire spool in
our experimental setup, optical annealing is asymmetrical as the laser enters on one
end of the fiber and is attenuated as it passes through the fiber. Therefore, what is
the impact of fiber length on optical annealing? This can lead to limitations on the
length of fibers that can be used for the quench detection system, in relation to the
optimization of optical annealing parameters.

The following section presents the experiments designed to begin answering these ques-
tions and complement the existing literature.

4.2

Method

4.2.1 Aims and hypotheses

The kinetics of thermal annealing from cryogenic temperatures to room temperatures after
irradiation yet lack extensive study?. Thus, we decided to focus on studying this post-
irradiation thermal annealing. Indeed, since we have seen in the previous chapter that the
effects of optical annealing tend to saturate (from both white light and 1550 nm laser diode
annealing), downtimes in reactor operation may be necessary to warm up the fibers and
thermally anneal the radiation-induced defects. There is a strong economic incentive to op-
timize such potential downtimes, because they would require stopping electrical production.
Therefore, understanding the kinetics of thermal annealing is crucial.

2For studies on the RIA build-up kinetics at cryogenic temperatures, one can refer to [64] and [51].
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To this end, we perform multiple irradiations at 77 K while probing RIA around 1550 nm
and, during post-irradiation warm-up, we investigate the evolution of the thermal annealing
rate as a function of time, temperature and RIA level, at two different warm-up rates. We
expect to observe an activation of thermal annealing processes as temperatures go over the
stability limits of different kinds of defects. For example, if self-trapped holes are part of the
RIA contributors, based on studies by Griscom et al. [22], we expect to see activation of their
annealing at around 130 K. If annealing is mostly driven by temperature, we would expect
an increase in the annealing rate constant as temperatures increase, with increases starting at
certain defects’ stability temperatures. However, as concentration of light-absorbing centers
will decrease during the annealing process, if it starts being a limiting factor, we expect
to mostly see a strong correlation of annealing rate with RIA level (directly related to the
concentration of defects).

These observations will be complemented by a decomposition of the attenuation spectrum
to identify the main point defects responsible for RIA in the fibers® under study under gamma
irradiation.

4.2.2 Description of the scenarios probed

In order to not perturb the post-irradiation thermal annealing kinetics with a white light
measurement, we decided arbitrarily to choose a spectrum from the experiment presented in
3.2 for our decomposition of RIA into defect contributions. This decomposition is presented
in 4.3.1.

Table 4.1 summarizes our thermal annealing kinetics measurements. We irradiate a
41.4 m long sample 5 times for 14 minutes at 175 Gy,./min. Before steps k and n (fourth
and fifth cycles), the sample is annealed overnight. For the first three cycles, the sample is
warmed up in its metallic spool in ambient air. For the last two, in order to reach slower
annealing rates and a better low-temperature resolution, the sample is warmed up in its
metallic spool in the cold dewar emptied of its liquid nitrogen content after irradiation. The
RIA level is probed the same way as in 3.3, with the Thorlabs fiber-pigtailed 1550 nm laser
diode, and averaged over the [1540, 1560] nm range.

4.2.3 Spectrum processing and decomposition method

To extract the radiation-induced attenuation spectra from the raw spectrometer data and
perform a decomposition over different defect contributions, multiple steps are required. The
Python code associated with the procedure reported in this section can be found in appendix
E with details on the chosen parameters.

First, for each transmission spectrum recorded, the part that does not fall below the noise
floor is isolated. To achieve this, as the signal strongly oscillates where the spectrum reaches
the noise floor, a test is performed on the neighborhood of each point of the spectrum from
the lowest wavelengths to the highest. If, in the neighborhood of this point, a data point
falls below a certain transmission level, the data point is considered to be in the noise region.
In the data gathered during these experiments, the part of the spectrum that falls below

3Exail IXF-RAD-SM-1550-014-PI: pure silica core and 0.5 w% F-doped silica cladding.
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Table 4.1: Experiment summary - Post-irradiation thermal annealing kinetics at different
warm-up rates - 41.4 m spool, 175 Gy,./min dose rate, sweeping period 2.261 s, sweeping
time 1.813 s. This experiment is performed to record thermal annealing kinetics around
1550 nm after multiple cycles of irradiation at 77 K with different warm-up rates and an-
nealing times. Steps a, d, g, k, and n correspond to the cool-down steps before irradiation.
Steps b, e, h, 1, and o are the irradiation steps, which can give us information on whether
the RIA build-up kinetics evolves as the fiber undergoes multiple annealing cycles. Steps c,
f, i, m, and p are the post-irradiation warm-up steps during which we probe RIA as it is
thermally annealed, m and p being overnight (end of these steps not recorded, past a certain

number of sweeps). Step j is an overnight warm-up to room temperature (not recorded).

ID | Irradiation | Target (min:s if duration) Temperature (K) Optical annealing | Full spectrum probing times
No Temperature — 77K Probe (5 pW) At the end
b Yes 14:00 77K Probe (5 pW) Never
c No Temperature — 275 K Probe (5 pW) Never
d No Temperature — 7T K Probe (5 pW) At the end
e Yes 14:00 77T K Probe (5 pW) Never
f No Temperature — 275 K Probe (5 pW) Never
g No Temperature — 7T K Probe (5 pW) At the end
h Yes 14:00 7T K Probe (5 pW) Never
i No Temperature — 251 K Probe (5 pW) Never
j No Temperature — Room temperature None Never
k No Temperature — 7T K Probe (5 pW) At the end
1 Yes 14:00 TTK Probe (5 pW) Never
m No Temperature (slow warm-up) | — Room temperature Probe (5 pW) Never
n No Temperature — 7T K Probe (5 pW) At the end
0 Yes 14:00 7T K Probe (5 pW) Never
P No Temperature (slow warm-up) | — Room temperature Probe (5 pW) Never

the noise floor is always the low wavelength end (higher attenuation), and the portion at
higher wavelengths than the first data point not in the noise region is kept. If the portion
kept is not significant (number of data points below a fixed number), the whole spectrum is
discarded for the rest of the absorption spectrum calculation.

Then, on the portion of the transmission spectra that is kept, a modified sinc filter is
applied, following recommendations from Schmid et al. on “why and how Savitzky-Golay
filters should be replaced” [65]. In particular, this filter improves the behavior near the
boundaries of the data. To calculate, the absorption spectrum, the difference between the
filtered spectrum recorded at the beginning of the experiment (before the first irradiation)
and the current filtered spectrum is calculated on the current spectrum wavelength range.

Finally, using the list of possible attenuation contributions reported in section 1.3.2 and
figures 1.6-1.7, we use a non-linear least squares algorithm (the curve_fit from scipy.optimize)
to fit the spectrum with a combination of these absorption bands, letting the full-width at
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half maximum (FWHM) be a free parameter when it is not known from the literature.
The whole set of data from the literature on the absorption bands that are used for the
decomposition is included in the appendix E code.

Possibilities for improvement include giving some optimization margin for the strictly
fixed parameters known from the literature and restraining the optimization ranges for the
FWHM when it is unknown.

Finally, even if reports tend to indicate that radiation-induced defect luminescence mostly
happens in the UV range [15], in order to make sure that the transmitted spectrum was not
the result of both radiation-induced attenuation and emission, an experiment was performed
with a fiber connected to the spectrometer without any light source. While irradiating the
fiber to 15 kGy at 77 K, no luminescence signal was recorded above the noise level on the
spectrometer, confirming that it could be ignored in the rest of our experiments.

4.3 Results and discussion

4.3.1 Decomposition of the RIA spectrum into defect contributions

Figure 4.1 presents the result of the Gaussian decomposition obtained for the RIA spectrum
corresponding to spectrum 2.d in figure 3.2.

We note that the fit obtained by this automatic decomposition is very accurate, with a
residual multiple orders of magnitude smaller than the spectrum, except at two locations:
the intensity peak of the SuperK light source (between 1050 and 1100 nm) and the high
wavelength end of the spectrum. The former is due to the peaky aspect of the spectrum in
this range?, which causes an artifact in the smoothed absorption spectrum. The latter may
be due to another band such as the LTIRA (see figure 1.6), but its impact in the measured
range being very low, fitting it would not be very meaningful.

From this decomposition, the main contributions to the RIA spectrum in the experimental
range are STH and the composite 1-¢V band, tentatively associated with STH [30]. This
makes STH the main defect that should be annealed in order to maintain good performance
of the optical fiber sensor at 1550 nm.

It is important to note that, to perform the decomposition, we use the data from the
literature without unevenly a prior: favoring one defect compared to another in the chosen
set of defects: the default magnitude of each peak is the same. Furthermore, all peaks are
independent for this optimization. The defects taken into account for this decomposition
are STH of type 1 and 2, E’ centers, ODC of types I and II, NBOHCs, and the composite
1-eV band. Extrapolation of the spectrum at lower wavelengths should not be taken as a
prediction of the spectrum where no experimental data was recorded: only the bands that
have a significant contribution to the experimental spectrum range should be considered
here. We plot all the bands for transparency on the exact result of the fitting algorithm.
The fit plotted is the sum of all of the contributions.

4This peaking is standard for this light source, as shown by the typical SuperK COMPACT spectrum
presented in the datasheet. [66]
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Figure 4.1: Automatic decomposition of RIA spectrum from experiment 2.d (3.2) over the
absorption bands of STH of type 1 and 2, E’ centers, ODC of types I and II, NBOHCs, and
the composite 1-eV band, all presented in figure 1.6. It is worth noting that these bands are
Gaussians in energy and that this plot is given as a function of wavelength. The difference
between the fit and the experimental spectrum is displayed in the bottom part of the figure.
We obtain a good fit over the whole infrared experimental spectral range, mostly based on
STH and the composite 1-eV band, which was tentatively associated with STH [30].
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Figure 4.2: Temperature measured by the Cernox sensor (in green) and RIA (in blue,
probed around 1550 nm evolution as a function of time for the thermal annealing kinetics
experiment, divided between step a to i, k to m, and n to p. Irradiations are all 14 min long
at 175 Gyae/min. The irradiated sample fiber is 41.4 m long.
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4.3.2 Thermal annealing kinetics

Figure 4.2 presents the thermal annealing experimental results throughout the experiments
as a function of time. RIA is calculated based on the transmission spectrum at time ¢t =
0 min in each plot. For each subpart of this experiment (a-i, k-m and n-p), the horizontal
line corresponds to the RIA level recorded at the beginning of the first irradiation. The
highest RIA levels are close to the spectrometer noise floor, resulting in some noise in the
calculated attenuation. At low RIA levels, the noise also dominates the difference between
the corresponding transmission spectra and the initial transmission spectrum. In the first
subplot, we note that the calculated RIA level goes under the level calculated before the first
irradiation. The initial step increase in loss between ¢ = 0 min and ¢ = 14.1 min should be
investigated, but this study is not performed in this thesis.

For the first irradiation step in each subfigure, we observe a similar RIA build-up, with
a maximum at around 600 dB/km. However, for the subsequent irradiations in the first
subfigure (steps e and h), RIA increases faster, indicating that the thermal annealing did not
successfully anneal all the defects in the glass structure, leaving light-absorbing point defects
or non-absorbing precursor sites that facilitate their creation. Figure 4.3 shows the white
light transmission spectrum recorded before the beginning of each irradiation, confirming
that none of the annealing steps brought the fiber back to its original transmission level.
Regarding the thermal annealing kinetics, we observe a slower annealing rate at slower
heating rates, with similar annealing profiles at similar heating rates. Furthermore, we note
that in all annealing steps (c, f, i, m, p), annealing instantly starts when irradiation is
stopped, despite the low temperature. However, at these temperatures, according to our
experimental results from 3.2, thermal annealing should be negligible. One hypothesis that
could reconcile these two visions is that the annealing at low temperatures is due to optical
annealing by the probe laser, as we have seen in 3.3 that it could not be neglected even at
5 uW of power.

To further investigate the annealing kinetics recorded in this experiment, figure 4.4
presents the downsampled® RIA data as a function of time, and a smoothed calculated
order 1 annealing rate constant® for the 5 annealing steps (c, f, i, m, p) overlapped, as a
function of temperature’. Figure 4.5 presents the annealing rate for these 5 annealing steps
as a function of the RIA level, image of the light-absorbing defect concentration, as well as a
copy of the annealing rate interpolation from figure 3.11 for reference. First, we should note
that the data above 470 dB/km is probably mainly numerical artifacts due to the lack of data
points at the beginning (fast part) of the annealing and the data reduction. Regarding the
optical annealing hypothesis previously mentioned, it is one order of magnitude lower than
the annealing rates recorded here. Therefore, it needs further investigation to see whether
and why its magnitude could be higher in this experiment compared to the experiment from
3.3 and if it could be due to the lower attenuation levels reached here, due to the shorter
irradiation time. More experiments to better grasp optical annealing rates as a function of

5We linearly interpolate the time evolution of RIA on short time intervals and replace the data points by
the interpolated RIA for the mean time in this interval. The data is reduced once by a factor of 9 for the

fast warm-up experiments and twice for the slow warm-up experiments.
6_1 dRIA
RIA  dt

"The address of the repository containing these data analysis codes is given in appendix E.

74



SuperK spectrum transmitted through the fiber sample
before the beginning of each irradiation

-5
—— Before irradiation b
—10 A —— Before irradiation e
—— Before irradiation h
—15 4 —— Before irradiation |
E —— Before irradiation o
% —20 A
g
D —25 A
C
o
n —30 A
0
&
c —35 1
o
l_
_40 -
_45 -
-50

600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 4.3: White light source spectrum transmitted through the fiber sample before the
beginning of each irradiation step of this annealing experiment. It shows clearly at low
wavelengths that the initial transmission of the fiber is never recovered during the thermal
annealing steps, and that overnight warm-ups (before i and o) led to better recoveries.
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power and RIA level are proposed in the next section.

Finally, from figure 4.5, profiles for the five curves seem to match, with an offset between
slow and fast warm-up curves, which requires further investigation. The temperatures at
similar RIA levels do not differ much, which makes it hard to separate the impact of defect
concentration and temperature on the annealing rate. Below 210 dB/K, when temperatures
reach the 120 — 130 K temperature range, the annealing rate constant and the annealing
rate drops. This can be linked to the self-trapped holes stability limit found around this
temperature by Griscom [22|, but the relation is not very clear, as we would expect annealing
to be faster once the stability limit is reached. This could be due to the strong correlation in
this experiment between temperature and RIA level. It is important to state here that the
estimated maximum temperature offset between the fibers and the temperature measured
by the sensor can reach an order of magnitude of 10 K, as shown in appendix C. This data
is important as it replicates a warm-up scenario likely to be followed for heat treatment in
practical systems: warming up magnets and fibers in a fixed thermostat. However, to fully
understand the kinetics of these scenarios, better isolation of the different key parameters is
needed, which leads us to propose future experiments in the section 4.4.

4.4 Conclusion and recommended future work

In this chapter, through white light absorption spectrum decomposition, we showed that
self-trapped holes were probably the main defect responsible for attenuation at telecommu-
nication wavelengths in our sample fibers under gamma irradiation. In the next chapter, we
perform electron paramagnetic resonance spectroscopy to support this conclusion.

We performed experiments to study post-irradiation annealing kinetics, starting to ex-
plore the large parameter space of these phenomena. These experiments highlighted the need
for an improved decorrelation of the experimental parameters. In particular, the next step
for this experiment would be to decorrelate the temperature evolution from the RIA level
and time by enabling isothermal annealing steps, rather than continuously increasing the
temperature. This could be achieved by adapting the temperature control spool to adding
feedback control with heaters and changing the cooling system. It is likely to yield better
results to feed multiparameter modeling of annealing. Moreover, as seen in the previous
chapter and confirmed here, optical annealing modeling also demands more investigation,
especially as it seems unavoidable even in experiments designed to mostly probe thermal an-
nealing, and its effect needs to be subtracted from the total annealing rate. To achieve this
better understanding of optical annealing, more experiments similar to the ones presented in
3.3 can be performed, to probe annealing at fixed liquid nitrogen temperature. The power
and dose reached can be changed, to better understand RIA at 1550 nm first. Then, other
wavelengths can be studied, such as 785 nm, which is already included in the test setup.
To study the power to optical annealing rate relation, one other possible experiment would
be to decrease the power from 100% during irradiation until an RIA stability limit is found
between radiation-induced defect creation and optical annealing.

To help separate these different effects and the underlying mechanisms at the point defect
level, more experimental techniques can be leveraged, as presented in the next chapter.
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Figure 4.4: Results from the thermal annealing 5-step experiment. Top: calculated RIA
level as a function of time, downsampled by local linear interpolation. Bottom: calculated
annealing rate constant (ﬁdﬁf‘, assuming a reaction of order 1, even if the data obtained
does not necessarily point towards a specific reaction kinetics order) as a function of tem-
perature as the sample is warmed up. RIA decreases as soon as the irradiation is stopped
and until the end of the annealing step, with a gradually decreasing rate. The annealing rate
constant seems to increase between 100 K and 130 K, which could be related to self-trapped
holes’ instability starting at these temperatures, but the data displayed here is not sufficient
to firmly assert it. The separation of RIA level, temperature and optical annealing requires
further studies.
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Figure 4.5: Annealing rate and temperature as a function of the RIA level during the
thermal annealing 5-step experiment. In this figure, time flows from right to left. The data
above 470 dB/km is probably mainly numerical artifacts due to the lack of data points at the
beginning (fast part) of the annealing and the data reduction. Below this point and above
200 K, all annealing rates tend to follow an exponential decay (as a function of RIA), similarly
to the optical annealing results from 3.3. Lower than 210 dB/km, after temperatures reach
around 120 — 130 K, we observe a sudden drop in the annealing rate, possibly linked to the
self-trapped holes’ stability limit, if they anneal quickly and the remaining defects are more

stable, but this mostly demonstrates the need for more experiments with a better separation
of the annealing parameters.
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Chapter 5

Complementary methods for
understanding RIA mechanisms

In this chapter, we cover two other experimental techniques that can complement absorp-
tion measurements to characterize the radiation-induced defects and better understand the
kinetics of RIA.

In the first section, we present the use of electron paramagnetic resonance spectroscopy
to identify the paramagnetic radiation-induced defects. We detail measurements performed
on optical fiber preform fragments to validate the main conclusion of the RIA spectrum
decomposition presented in chapter 4.

In the second section, we describe our first efforts to implement transient grating spec-
troscopy to glass samples at cryogenic temperatures, after irradiation, and with n-situ an-
nealing. As this technique can non-destructively record thermal and acoustic properties of
materials in real-time [67], it would complement other characterization techniques and bet-
ter probe and model the annealing kinetics in optical fiber materials by relating changes in
thermal and acoustic properties to radiation-induced defect populations.

5.1 Electron paramagnetic resonance spectroscopy (EPR)

5.1.1 Motivation and method

Electron paramagnetic resonance spectroscopy is a technique that relies on the Zeeman effect:
under an external magnetic field H, the energy levels of a spin .S are split into 25 + 1 states.
For a paramagnetic center with one single electron (S = 1/2), the magnetic field creates two
states with my; € {—1/2,1/2} and with associated magnetic energy of msgupgH, with m; the
spin quantum number, g the Lande factor, up Bohr’s magneton and H the intensity of the
magnetic field. The transition of energy AE = gugH can be excited by an electromagnetic
wave of frequency v = A—hE where h is Planck’s constant. By sweeping continuously over
different values of H, resonance can be found. The resonance peak in absorption of the
electromagnetic wave gives information on the g factor and the interactions undergone by
the probed spins. [68]

A simplified representation of an EPR spectrometer is given in figure 5.1.
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Figure 5.1: Simplified representation of an EPR spectrometer. [69]

In a molecular or crystalline environment and, most importantly, in silica glass, the EPR
spectrum of the paramagnetic centers will depend on the orientation of the center relative
to the magnetic field, and the g factor is replaced by a g matrix. This ¢ matrix, which can
also be calculated through density functional theory (DFT) simulations, can be diagonalized
and is expressed in the eigenvector system as g = diag(gi, g2, 93). The eigenvalues are more
commonly called the “g values” and characterize the center. In glass, due to the amorphous
structure, each center can be found in multiple orientations and the resulting spectrum is a
superposition of the resonances at the g-value of each orientation. This results in spectral
shapes called “powder patterns,” such as the one shown in figure 5.2.
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Figure 5.2: Simulated powder pattern EPR spectrum for self-trapped holes of type 1, with
g values from [22]|. Simulation microwave frequency: 9.714986 GHz.
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It is confirmed in the literature that EPR can be used to identify paramagnetic defects
in amorphous silica [15], [22], assisted by numerical simulations confirming the underlying
structures [43|, [55], [70]. The defects that can be found using this technique are the para-
magnetic defects: E’ centers, NBOHC, POR and STH. It is especially valuable given that
STH, NBOHC and POR are among the most important contributors to absorption at low
energies according to figure 1.6. For NBOHC, STH;, STH,, POR, Ej, Ej, E/ and Ej, we
can find a list of the associated sets of g-values in studies led by Griscom et al. [22] and
Lancry et al. [71] This last study is actually performed on bulk Heraeus F300 synthetic pure
silica glass, which is the base material for the fibers studied here.! We use this past work to
corroborate our own conclusions. After gamma irradiation, this study identified STH, POR
and Eﬁf contributions to the EPR spectrum of this bulk pure silica glass.

We perform an EPR experiment on the fiber material under study after gamma irradi-
ation, while keeping the samples at cryogenic temperatures to avoid losing defects through
thermal annealing and validate the results of our absorption spectrum decomposition from
chapter 4. To achieve this, we place the samples in a small glass jar in a liquid nitrogen bath
placed in the sample chamber of the Gammacell for irradiation to 30 kGy2. The entire bath
is kept dark and transferred to the EPR facility. There, in the dark, the bottle is brought
to the surface of the bath with tweezers, opened, and the samples are quickly transferred®
to the EPR X-band pure silica tube, which is inserted in the EPR cavity cooled down to
40 K. We then probe the EPR spectrum at a microwave frequency of 9.714986 GHz (X-band
EPR). Finally, we aim to decompose the resulting spectrum into known powder pattern con-
tributions of paramagnetic point defects, to confirm their presence in the irradiated glass.
We expect to find self-trapped holes from the decomposition performed in chapter 4 and
from [71], and we might observe POR and E! contributions [71].

The spectrometer used for this experiment is the Bruker EPR spectrometer managed by
the Griffin group at MIT, and shown in figure 5.3.

5.1.2 Sample preparation

Multiple sample preparation methods were tested to achieve a high enough quantity of
paramagnetic centers to obtain a significant EPR spectrum and to make the fast transfer
of the sample from the liquid nitrogen bath to the EPR cavity as easy as possible. When
simply stripping 10 cm long fiber samples of their polyimide coating with 200°C concentrated
sulfuric acid [72], getting enough fibers down the EPR tube in a short amount of time did not
yield good results. The technique that achieved the best performance was cutting fragments
of the fiber preform. This glass cylinder with the same properties as the fiber is normally
drawn homothetically in an oven into fibers. Before probing the irradiated EPR spectrum

“These fibers (Exail IXF-RAD-SM-1550-014-PI) present ultra-low impurity levels with some residual
chlorine and some hydroxyl content. The cladding typically presents a 0.5 weight % fluorine content, while
the core is pure silica, with some fluorine that comes from migration during the collapse, around 0.1 weight
%.” (Information provided by the manufacturer)

2Here, the value is given based on the calibrated central dose rate in air, as the setup differs slightly from
the white light spectroscopy configuration described in 2.5. The same dewar is used, but the sample bottle
is in the middle of the bath and not surrounded by a metallic spool.

3The sample spends on the order of 1 s in ambient air.
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Figure 5.3: EPR spectrometer managed by the Griffin group at MIT (Francis Bitter Magnet
Laboratory) and used for this experiment.

of these samples, we confirmed that they did not have any pre-irradiation EPR signature.
Figure 5.4 shows the samples before irradiation.

Figure 5.4: EPR samples : fragments of Exail IXF-RAD-SM-1550-014-PI fiber preform in
a glass jar.
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5.1.3 Results and discussion

The spectrum obtained with this procedure is presented in figure 5.5. The spectrum intensity
was normalized and the data was smoothed using a moving mean filter with a window of
size 5. We identify two main peaks in this spectrum. The right peak presents a very low
g-anisotropy which we can relate to E; centers, already found by Lancry et al. in Heraeus
F300 pure silica glass [71]. This helps us identify a slight magnetic field offset (which needs
to be calibrated regularly) of 3 G and the displayed spectrum incorporates this recalibration
of the magnetic field. The main peak presents higher G anisotropy and can be associated
with STH of types 1 and 2. The fit parameters are the following:

e g values (from Griscom et al. [22]): [2.0027,2.0082,2.043] for STH;, [2.0054,2.0078, 2.013]
for STH,, and [2.0018, 2.0006, 2.0003] for £ . (The microwave frequency is 9.714986 GHz)

e Intensities: 0.14 for STHy, 0.85 for STHy, and 0.34 for £’ .

e Standard deviation (o) for isotropic Gaussian broadening: 1.3 G for STH;, 2 G for
STH,, and 1.5 G for E;

This validates the decomposition from the previous chapter, which identified self-trapped
holes as the main contributor in the gamma irradiated samples studied in this work. The
composite 1-eV band used in the RIA spectrum decomposition had been tentatively asso-
ciated with self-trapped holes [30], which tends to be confirmed by this EPR study®. E;
gamma centers absorbing mostly ultraviolet light, they were not significant in our white-light
spectrum decomposition that focused on the infrared spectrum. POR, identified by Lancry
et al. [71], may be present here as a low contribution (they have a high ¢ anisotropy, similar
to STH;), but it is difficult to say as they did not appear in our white light decomposition
and their g-values overlap with those of self-trapped holes.

4We mostly see two types of paramagnetic defects in the EPR spectrum obtained: E! and STH. In
the white light absorption spectrum decomposition, the main bands with a significant effect in the probed
[1000, 1700] nm range were STH bands and the composite 1-eV band. We know that E’ centers absorption
bands are in the UV range, at photon energies closer to 6 eV (see 1.6). Then, it is very likely that the 1-eV
band is linked to the lower energy defects that STH are. However, it could be linked to diamagnetic centers
(not E’ centers, NBOHC, POR or STH), which are not be probed by EPR. Nevertheless, none of the other
absorption bands from figure 1.6 above 600 nm are associated with diamagnetic defects (the LTIRA band is
also believed to be linked to self-trapped holes[31]), which makes it unlikely.
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EPR spectrum of fiber preform fragments irradiated to 30kGy
g (Lande factor)
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Figure 5.5: EPR results : spectrum of preform fragments after 30 kGy gamma irradiation
at 77 K, probed at a frequency of 9.714986 GHz, and decomposition into STH;, STH,, £/,
powder pattern contributions. We observe that the spectrum is dominated by self-trapped
holes, which confirms the results of the decomposition performed in chapter 4 and tends to
confirm the association of the composite 1-eV band with self-trapped holes. The presence of
an B!, easily identified by its low g-anisotropy and its presence in the spectrum from [71],
indicates that other absorption bands exist in the UV part of the absorption spectrum (see
figure 1.6) and serves as a good calibration element for the magnetic field measurement. The
magnetic field offset is here calibrated based on this £/ peak. The relative intensities of the
powder patterns of the fit are 0.85 for STHy, 0.14 for STH;, and 0.34 for E!. The standard
deviation for the Gaussian broadening of the powder patterns used in the fit are 2 G for
STHy, 1.3 G for STH;, and 1.5 G for E/. The g values are taken from [22]

5.2 Transient grating spectroscopy (TGS)

5.2.1 Description of the technique and motivation

Transient grating spectroscopy (TGS) enables the measurement of both thermal diffusivity
and the speed of sound in a bulk material sample. Thus, TGS could allow one to probe the
evolution of these quantities in optical fiber glass samples at different dose levels, thermal
annealing profiles and exposures to photobleaching light sources. Suppose irradiation defects
have a significant impact on one of these two quantities in silica, as is the case for other
materials (for example, see [73], [74]). In that case, the evolution of the decay signals will
give us information on changes in the populations of these defects.
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As detailed in [67], TGS works by generating surface acoustic waves (SAWs) and a well-
defined temperature grating. They are created by overlapping two short excitation laser
beams (532 nm) with a fixed angle 6, generating an periodic intensity interference pattern.
Absorption of the light generates a spatially periodic temperature grating, which results in
a periodic variation of the specimen surface height due to thermal expansion. In addition,
rapid thermal expansion launches two monochromatic, counterpropagating SAWs. The decay
of the SAWs and temperature grating is then measured by the diffraction of a probe laser on
the sample surface, which is compared to a reference beam reflected from the sample surface.
The SAW frequency and the decay measured can then be directly related to the speed of
sound and the thermal diffusivity respectively.

Figure 5.6 shows the TGS apparatus adapted for this study and described in [75]. Samples
need to be kept in the dark, except for optical annealing testing, and cold during irradiation
and spectroscopy measurement to avoid any unwanted annealing. To that end, a fixture in
which the glass samples can be immersed in liquid nitrogen, irradiated, probed with TGS,
and subjected to optical annealing has been designed to replace the vacuum chamber. It is
described in the following section.
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Figure 5.6: Description of the dual-heterodyne TGS apparatus. Reproduced from [75]. The
vacuum chamber is here replaced by a liquid nitrogen chamber.

5.2.2 Design of a cryogenic fixture for TGS

In order to keep the sample at 77 K from irradiation to TGS measurement, it was decided to
design a dewar to keep it immersed in liquid nitrogen at all times. To obtain a sample with
a large enough polished surface, the sample chosen for this experiment are coins made from
the optical fiber preform, as detailed in 5.2.3. The different requirements for this cryogenic
fixture were:

e To hold liquid nitrogen, the inside of the container needed to be insulated from the
outside. A double wall vacuum insulation and a lid with spaces left for cables were
chosen.

e The sample needs to be at the right distance from the achromatic doublet, precisely
at the focal point. It required the sample coin to be close to the window.
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e Furthermore, the angled laser needed to go through the windows of the dewar, requiring
these windows to be large enough. These windows also needed to be resistant to
radiation-induced darkening. Sapphire is among the standard window materials for
cryogen applications|76], and widely used for space applications, and some studies
demonstrated the low impact of RIA in sapphire |77], which is why sapphire viewports
were chosen. However, as no previous study on RIA in sapphire at liquid nitrogen
temperature was found, initial RIA testing of the viewports at 77 K is planned to
validate this choice.

e The dewar needs to fit on optical rotation stages for proper alignment of the sample.
e The whole fixture needs to fit in the Gammacell cylindrical chamber (see 2.4).
e For simplicity, the sample holder must be adaptable to different coin diameters.

e The design must enable in situ optical annealing. It is achieved by attaching a colli-
mator to the sample holder, facing the back of the sample coin, and connected outside
of the dewar to a 100 mW fiber-pigtailed laser at the optical annealing wavelength (see
chapter 2).

A preliminary representation of the TGS setup can be found in figure 5.7.
The final dewar, base and sample holder design are represented in figure 5.8, 5.9 and
5.10. Part 2 of the sample holder can be changed to accommodate for different coin sizes.
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Figure 5.7: Preliminary representation of the transient grating spectroscopy (TGS) setup
that will be used for irradiated fiber preform coins
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Figure 5.8: CAD representation of the TGS Dewar

Figure 5.9: CAD representation of the TGS sample coin holder that will be installed inside
the Dewar (figure 5.8)
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5.2.3 Method

Sample preparation

Before the drawing process, optical fibers are in the form of a large preform cylinder (20 mm
diameter, 500 mm long) with the same propertie as the fibers. In order to perform TGS on
a large enough sample, sample coins were made out of this preform material provided by
Exail. The following procedure is the one that was found to be the most likely to obtain
well-polished samples of standard size without shattering them. The preform was mounted
in epoxy for cutting, cut with a Buehler Isomet low speed saw into multiple smaller sections
for epoxy mounting, and ~ 1 mm-thick slices were cut with a low speed saw using a 15LC
blade. These preform sections were mounted on a plate with wax, and 3 mm diameter discs
were cut out from the center of these coins using a Fischione 170 ultrasonic disc cutter
with silicone carbide abrasive powder. The resulting samples were cleaned by sonication in
acetone. To polish these coins, hand polishing them one at a time was necessary. They were
mounted with wax on metal cylinders and polished with a Dace Technologies NANO-1000S
and FEMTO-15008 polisher following these steps (inspired from the recommended Buehler
methods|78]):

e Polishing on an Apex DGD 15 pm surface at low speed until uniformity of the scratches
is reached (checked under a microscope).

e Polishing on an Apex DGD 3 um surface at low speed until uniformity of the scratches
is reached (checked under a microscope).

e Finishing with MiroMet Polish on a MasterTex surface at low speed for a few minutes,
until satisfactory surface polish is reached.

The sample is then water-cleaned, unmounted, and sonicated in acetone.

Gold coating

The polished glass coins cannot be directly used for the experiment. The TGS probe and
pump lasers must not be able to go through the transparent coin, or they would probably
lead to unwanted optical annealing during the measurement. To increase the reflectivity of
the sample and prevent the TGS lasers from annealing out radiation-induced defects, a thin
gold coating is deposited on the surface of the samples with a sputter coater. To determine
the coating time necessary to attenuate the lasers enough, as shown in figure 5.11, we sputter
coated a plano-concave lens on its planar side with gold for an increasing amount of time,
and measured the transmission level evolution on the TGS setup by putting a photodiode
sensor on the concave side of the lens, connected to a Thorlabs PM100D power meter. Figure
5.12 shows the results of this test.

This test confirms an exponential attenuation as gold thickness linearly increases with
coating time, and we can use it in conjunction with optical annealing results similar to the
ones from 3.3 to determine the appropriate coating time to mitigate the effects of optical
annealing on the TGS results. The total coating thickness at the end of this experiment (19
minutes and 16 seconds of sputter coating time) was measured by adding a carbon layer on
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top of the gold, cutting a cross section with a focused ion beam (FIB) and capturing it with
a scanning electron microscope (Helios NanoLab 660) (see figure 5.13). Figure 5.14 shows
the images obtained with the frontier between the silica surface and the gold layer and the
frontier between the gold and carbon layers. The average thickness is between 45 and 48 nm.
With this gold coating, we successfully recorded surface acoustic waves with the TGS system
in the laboratory, confirming this technique’s applicability to glass samples.

5.2.4 Recommended future work

When the TGS cryogenic fixture is delivered, we recommend taking a baseline TGS spectrum
of a fiber glass sample and comparing it with the irradiated spectrum. Changes in SAW
frequency or diffusivity could be correlated with the radiation-induced defects identified
by other techniques. Then, we recommend optically annealing the sample and regularly
probing its TGS spectrum. Its evolution can be compared with the results from 3.3 on optical
annealing to further associate changes in the TGS spectrum with the known evolution of RIA.
Finally, the TGS spectrum after annealing should be compared with the initial spectrum, to
see what changes in the TGS spectrum can be related to the defects that cannot be optically
annealed. This will indicate whether TGS can serve as a good complementary method to
witness the evolution of diamagnetic color centers (not probed by EPR) or defects absorbing
at low wavelengths (not probed by white light absorption spectroscopy).

In situ warm-up kinetics can also be probed in future TGS experiments to better grasp
the mechanisms and kinetics of defect annealing. Despite the “elusive role of electron-phonon
interaction in phonon heat transport,” TGS is a technique that can experimentally measure
its impact on thermal conductivity [79]. This leads us to think that even electronic defects
induced by irradiation in silica glass could slow down thermal transport to a level measurable
by TGS. Other radiation-induced defects, such as network coordination defects, could also
contribute to the evolution of heat transport that will be measured by TGS, but it is still
uncertain what this impact and its magnitude will be.
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Figure 5.10: CAD representation of the TGS dewar base for attachment to an optical
breadboard stage
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Figure 5.11: Gold coating transmission test diagram
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Figure 5.12: Transmission (%) measured by the photodiode sensor (Thorlabs S12xC con-

nected to PM100D) as a function of total coating time (min) at three different wavelengths
(980 nm, 785 nm, 532 nm)
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Figure 5.13: Scanning electron microscope image of the gold coating on the planar surface
of the lens and the carbon layer deposited on it. A trench has been created with a focused
ion beam to observe the cross-section and measure the gold coating average thickness.
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Figure 5.14: Scanning electron microscope (SEM) image of the gold coating on the planar
surface of the lens and the carbon layer deposited on it. The frontiers between the three
layers, found by setting an intensity threshold at 55% of the maximum intensity in the image,
are represented in green and blue. A projection is used to account for the 52° tilt angle at
which the cross-section is observed in the thickness calculation. (a) The average thickness
measured on this first image is 47.60 nm. (b) The average thickness measured on this second

image with a higher magnification is 45.60 nm.
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Chapter 6

Conclusion and future work

In this work, we have answered multiple key questions regarding the mechanisms and kinet-
ics of radiation-induced attenuation. After designing an experimental setup to be able to
perform white light absorption spectroscopy during irradiation, we performed an experiment
to artificially reconstruct the thermal annealing kinetics of RIA in fibers kept at 77 K and in
the dark. This experiment proved that thermal annealing processes were essentially frozen
at 77 K, validating the equivalence between RIA experiments performed at 77 K and appli-
cations at 20 K. This result will be the object of further investigation with comparisons to
20 K experiments, and the duration of the experiment performed in 3 could be extended for
increased certainty. By decomposing the radiation-induced absorption spectrum and probing
the electron paramagnetic resonance of irradiated optical fiber samples, we also established
that self-trapped holes were the main contributors to RIA for the pure silica core under study,
at liquid nitrogen temperature and under gamma irradiation. As their instability above 130 K
is known [22], this information is crucial for an operator designing a heat treatment outage.
With EPR, we confirmed the presence of the UV-absorbing ! centers in these fibers, found
by Lancry et al. [71] in bulk samples of similar glass. We highlighted the destructive impact
of optical annealing, limiting absorption spectroscopy measurements. Furthermore, we were
able to prove the applicability of post-irradiation transient grating spectroscopy to optical
fiber glass samples, and designed a fixture and a working procedure to operate this technique
on glass at cryogenic temperatures. In the exploration of thermo-optical annealing processes,
we conducted experiments to improve our understanding of thermal annealing kinetics and
proposed first hypotheses to account for the effects of defect concentration, temperature and
heating rate.

Much remains to be explored. In order to achieve full predictive modeling or radiation-
induced attenuation and thermo-optical annealing, even limited to one kind of optical fiber,
many questions need to be answered. Regarding thermal annealing, more experiments are
required to fully separate the effects of defect concentration, warm-up rate and temperature.
In particular, we propose isothermal annealing experiments to achieve this separation. For
optical annealing, the key variables (wavelength, power, and fiber length related to atten-
uation level) have started to be explored, but these efforts need to be furthered to develop
strong predictive models. This can be done with the experimental setup built during this
project. While the applicability of transient grating spectroscopy to glass has been proven,
future experiments should confirm whether it can bring new information about the popula-
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tions of defects present in irradiated glass and how destructive it can be on easily annealed
radiation-induced defects.

For companies like Commonwealth Fusion Systems, which aim to operate optical fiber
systems under irradiation at cryogenic temperatures for extended times; this data can be
used to optimize the operation and outage planning for such systems. Knowing that RIA for
this application is mostly governed by self-trapped holes and that these defects are unstable
above 130 K, [22] can strongly help limit the duration of these outages or the temperature
at which they are performed, which are two parameters that can represent cost or system
constraints. Having a model able to predict directly the evolution of RIA during annealing
and subsequent irradiation is key. Additionally, understanding optical annealing supports
the prevention of magnet downtimes and the knowledge of its limitations. Furthermore,
proving that experiments can be performed at liquid nitrogen temperature can also facilitate
and accelerate the development of these RIA kinetics models.

In this work, we successfully designed and ran experiments that provide solid foundations
for the comprehension of thermo-optical annealing mechanisms and kinetics of RIA in optical
fibers at cryogenic temperatures.
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Appendix A

Optical spectrum analyzer settings and
program

The following program is used to loop over the sweeping of the spectrum by the Yokogawa
AQ6370D OSA and saving every spectrum to an external storage device. It automatically
sets the analyzer settings to keep them consistent throughout the experiments. This program
leads to a sweep period of 2.261 s, except when the OSA performs its automatic zeroing
operation between two sweeps, and a duration of 1.813 s). These values were obtained by
recording the sweep trigger output signal with the Arduino TTL box presented in 3.2.4.
Should we wish to increase the sweep period, the duration parameter in line 22 can be
increased.

INIT
> We define the settings of the 0SA and the output format

3 N = 100000

TRIGGER OUTPUT SWEEP STATUS

5 SMOOTHING ON

FIBER CONNECTOR ANGLED

+ AUTO FILE NAME DATE

; REFERENCE LEVEL -10.0dBm
LEVEL SCALE 10.0dB/D
RESOLUTION WL 2.000nm
SENS MID

AVERAGE TIMES 1

; SAMPLING POINT AUTO ON

SAMPLING INTERVAL 0.400nm

5 SWEEP SPEED 2Xx

N}

[

NN NN

s TRACE WRITE:CSV

> We loop over sweeping and writing the spectrum in the external storage
SINGLE

WRITE TRACE A EXT

WAIT Os °’ This wait time can be increased to lower the sweep frequency
s N = N-1 ; IF N<>0 GOTO 20

END
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Appendix B

Temperature monitoring program for
Cernox sensor

The following Jupyter notebook was used to monitor interactively the temperature measured
by the Cernox sensor, by interrogating the Lake Shore Cryotronics model 211 temperature
controller through its serial output.
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%matplotlib inline

%»matplotlib widget

import serial

from serial.tools import list_ports

serial.PARITY_NONE
W

for port in list_ports.comports():
print(port)

COM4 - Prolific PL23B3GT USB Serial COM Port (COM4)
COM3 - Silicon Labs CP218x USB to UART Bridge (COM3)
COM5 - USB Serial Port (COM5)

PORT="COM4"

ser = serial.Serial(port=PORT, baudrate=9600, bytesize=serial.SEVENBITS,
parity=serial.PARITY_ODD, stopbits=serial.STOPBITS_ONE, timeout=1)

for i in range(3):
print(ser.write(bytes('KRDG?\r\n', 'utf-8"')))
print(float(ser.readline().decode('utf-8"')))

ser.close()

7
304.85
7
304.85
7
304.85

import matplotlib.pyplot as plt
import numpy as np

from IPython.display import display, clear_output, Javascript
import ipywidgets as widgets

import threading

import time

import csv

global ser

ser = serial.Serial(port='COM4', baudrate=9600, bytesize=serial.SEVENBITS,
parity=serial.PARITY_ODD, stopbits=serial.STOPBITS_ONE, timeout=1)

global i

i=e

def out_print(message):
global out, outlines
out.outputs=()
outlines=outlines[1:]+[f"{message}\n"]
for o in outlines:
out.append_stdout (o)

# Function to generate random numbers and update the plot
def update_plot():
global running
global i
global fig, ax
while running:
data.append(getDataPoint())
times.append(round(time.time()-starttime,3))
out_print(f"{times[-1]} s, {data[-1]} K")
ax.clear() # Clear the previous plot
ax.set_xlabel('Time (s)')
ax.set_ylabel('Temperature [K]")
ax.set_title('Temperature in fiber spool')
ax.grid(True)
ax.plot(times, data, marker='o', label=f"last temp : {data[-1]}K")
ax.legend()
fig.canvas.draw()
plt.pause(1) # Pause for 1 second



ser.close()
plt.close()

def getDataPoint():
ser.write(bytes('KRDG?\r\n', 'utf-8"))
r = float(ser.readline().decode('utf-8"'))
return r

# Start button click event
def on_start_button_click(b):
global running, times, data
times = []
data = []
if not(ser.is_open):
ser.open()
global starttime
global startdate
startdate=time.strftime("%Y-%m-%d %a %Hh%Mmin%Ss",time.localtime())
out_print(f"START: {startdate}")
starttime=time.time()
running = True
thread = threading.Thread(target=update_plot)
thread.start()

# Stop button click event
def on_stop_button_click(b):
on_save_button_click("")
global running
running = False
out_print("STOP")

def on_save_button_click(b):
filename=startdate+f" - fiber T curve - dur {int(times[-1]-times[@])}s"
with open(filename+".csv",'w') as f:
writer=csv.writer(f)
writer.writerows(zip(times,data))
plt.savefig(filename+".png")
out_print("data saved in "+filename)
return

# Create start and stop buttons
start_button = widgets.Button(description="'Start")
start_button.on_click(on_start_button_click)

stop_button = widgets.Button(description="Stop & Save')
stop_button.on_click(on_stop_button_click)

save_button = widgets.Button(description="'Save')
save_button.on_click(on_save_button_click)

global out, outlines
out = widgets.Output(layout={'border': 'lpx solid black'})
outlines=5*["\n"]
for o in outlines:
out.append_stdout(o)

# Display the buttons
display(widgets.HBox([start_button, stop_button, save_button]))

# Initialize the plot
times = []
data = []

global fig, ax

fig, ax = plt.subplots(figsize=(9, 5))
ax.set_xlabel('Time (s)')
ax.set_ylabel('Temperature [K]")
ax.set_title('Temperature in fiber spool')
ax.grid(True)

display(out)

# Global variable to control the running state of the plot
running = False
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Appendix C

Difference between temperature
measured by the spool sensor and actual
fiber temperature

As presented in 2.3, the temperature sensor is embedded in the metallic spool next to the
inner wall of the cavity containing the fiber spool. Therefore, during thermal transients,
the temperature measurement we obtain may differ from the actual temperature of the fiber
sample in the cavity. I plan to measure this difference by placing a temperature sensor in
the cavity to measure the temperature difference but, to obtain a first estimate of the order
of magnitude of the temperature difference, I decided to perform a heat transfer simulation
of the spool warming up from liquid nitrogen temperature to room temperature.

This simulation was performed using COMSOL Multiphysics® with the heat transfer
physics package. [80] The geometry was simplified to a 2D axially symmetric configuration,
presented on figure C.1. The blue dot represents the position of the temperature sensor in
the real geometry, while the grey rectangle is the sample cavity. This figure also presents
the materials and boundary condition assumptions. Some parameters of the boundary con-
ditions, stated in the figure, were manually tuned to approach the warm-up profile measured
in step c of the thermal annealing experiment presented in chapter 4. This simulation output
times ranged from 0 to 6620 s in steps of 10 s, while the tolerance and mesh were set to
“Physics controlled”. To simplify the comparison with the experimental data, we start with
an initial temperature of 78.026 K, which is higher by about 1 K than the actual equilibrium
temperature in liquid nitrogen.

From this simulation, we extract three temperatures as a function of time:

e the temperature at the point corresponding to the middle of the sensor, represented in
blue in the figure,

e the average temperature at the inner cavity vertical wall next to it,
e and the maximum temperature in the air cavity.

The results of this simulation are presented in figure C.2. With the tuning of the boundary
condition parameters (air temperature inside the sample chamber and characteristic height
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of the vertical wall), we obtain a warm-up profile similar to the experimental sensor data. It
confirms that the cavity temperature increases faster than the sensor position temperature,
which is close the cavity inner wall temperature. This is due to the outer radial position of
the sample cavity (closer to the heat source) and the low conduction air layer slowing down
the temperature increase in the central part of the spool.

The maximum difference between the cavity temperature and the sensor position tem-
perature in the simulation is reached early in the transient (220 s) and is equal to 8.11 K.
As this is only an estimation, the reader should remember that the difference between the
fiber samples and the sensor in our experiments can be on the order of 10K.

Att = 0s,T = 78.026K (first data point from experimental data used for comparison)

| | | | | | | |
m

0.0257] J L
Convective heat
flux
0.02 - Externalnatural
convection
- Vertical wall
. L ight: spoolheight
0.015 Wall height: ‘
(manual fit)
- Fluid: air
_ | - Pressure: 1atm
0.01 - Temperature: 320K
(manual fit)
L
0.0057 " Convective heat
flux
| - External natural
0 convection
- Horizontal plate
upside/downside
| . |_ - Chacteristic length: 1"
-0.005 2D axially - Fluid: air
- Pressure: 1atm
- Temperature: 320K
-0.017 — (manual fit)
m
1 1
-0.01 0.06

Material parameters:
¢ Air: COMSOL default
» SS316L: Thermal conductivity 14 W/(m - K), Density 8000 kg/m3, Heat capacity 500 J/(kg - K)  (Source: www.matweb.com)

Figure C.1: Geometry and parameters for the 2D axially symmetric COMSOL simulation
of a spool warm-up.
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Max difference between sensor position and cavity maximum: 8.11 K
Max difference between sensor position and cavity inner wall: 0.74 K
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Figure C.2: Results from the COMSOL simulation to compare the temperature at the sensor
position and in the sample cavity. The maximum temperature difference between the sample
cavity and the sample position obtained from this simulation is 8.11 K. An experiment will
be conducted in the future to confirm the maximum sensor offset reached during temperature
transients.
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Appendix D

OpenMC code for effective dose rate
simulation

I used the following Jupyter notebook to calculate the effective dose rate using the OpenMC
Monte-Carlo code [81]. The methodology and results are presented in 2.5.
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%matplotlib inline

import matplotlib.pyplot as plt

%env OPENMC_CROSS_SECTIONS = /home/aulegoup/openmc_config/endfb71_hdf5/cross_sections.xml
import openmc

import os

import numpy as np

from uncertainties import ufloat

env: OPENMC_CROSS_SECTIONS=/home/aulegoup/openmc_config/endfb71_hdf5/cross_sections.xml

General parameters of the model

#%% Geometry and material definition

#Increase details
Sample_height = 1 #cm
Spool_height= 1.5%2.54 #cm
Chamber_height= 20.47 #cm
Source_height = 21.11 #cm
Source_pitchcirclediameter = 20.91 #cm
Nb_pencils=48
Diam_pencil=np.pi*Source_pitchcirclediameter/Nb_pencils #cm , estimated from gammacell manual,
#1t seems that they occupy the whole circle

#Changes from model with dewar and spool to empty chamber

only_air_in_chamber = False

#Sample vertical position

# z_spool = @

z_spool = -Chamber_height/2 + 2.54*(7.625-(6.75-2)) #z coordinate of the center of the spool and of the
#center of the dose rate calculation cell
#(origin is center of the chamber)

print(z_spool)

#Liquid N2 Level

z_1n2 = -Chamber_height/2 + 2.54%(7.625-3) #z coordinate of the Ln2 surface level

# z_Ln2 = +Chamber_height/2 - 1le-3 #if filled with LN2

# z_Ln2 = z_spool + Spool_height/2 #if filled with LN2

#GENERAL PARAMETERS
C0=667.5e12 #Bq : total source activity
ENERGIES = [1.1732,1.3325] #MeV

#GEOMETRY

inwallD=5.5 #in

ouwallD=5.81 #in

inwallth=0.04 #in (between 6.020" and ©.060")

ouwallth=0.065 #in (between 0.030" and ©6.100")

vacuumgap = (ouwallD-inwallD)/2 - inwallth - ouwallth #in (between ©.040" and ©.200")
print(f"The vacuum gap is {vacuumgap} inches. It is supposed to be between 0.040in and ©.200in")
TR BRI R S I i i

radiusforevalofcentraldoserate = 0.2%2.54 #cm

RADII = [3.4/2 ,3.7/2,4/2 ,inwallD/2,inwallD/2+inwallth,ouwallD/2-ouwallth,ouwallD/2,6.1/2] #in
print(f"Layers (r in in.) : {RADII}")

RADII = [2.54*r for r in RADII] #cm

MATERIAL = ["SS316L","Air","SS316L","LN2","SUS304","Vacuum","SUS304" ,"Air"]

FIBER = {"r_f":3.55/2*2.54, #cm
"mat":"Si02"}

# MATERIAL
Dic_Density ={ #g/cc #Hypothesis: to conserve mass, we choose to set the density at ambiant temperature
#density, because the geometry corresponds to ambiant temperature geometry
"SS316L":8.00, # https://matweb.com/search/DataSheet.aspx?



#MatGUID=a2d0107bf958442e9f8db6dc9933fe31&ckck=1
"Air":1.204e-3, # https://www.princeton.edu/~maelabs/hpt/mechanics/mecha_36.htm#:
#~:text=Alr%20at%20atmospheric%20pressure%20(1.013,0f%201.204%20kg%2Fm3.

"LN2":0.808, # https://lLasers.colostate.edu/wp-content/uploads/2019/04/Cryogenic-Safety-Manual .pdf
"SUS304":8.00, # https://matweb.com/search/DataSheet.aspx?MatGUID=abc4415b0f8b490387e3c922237098da

"Vacuum":1.204e-3*1e-6, #We replace vacuum by low pressure air (le-6)
"Si02":2.2, # (roughly) https://www.sciencedirect.com/topics/
#earth-and-planetary-sciences/silica-glass

}

0inC02=2%15.999/(12.011+2*15.999)
CinC02=12.011/(12.011+2*15.999)
print(0inC02,CinC02)

Weight_fractions={
"SUS304":{"Cr":19/100,

"Ni":9.25/100,
"Mo":@,
"C":0.04/100,
"Mn":1/100,
"P":0.0225/100,
"S":0.015/100,
"Si":0.5/100,
"N":0,

"Fe":70.1725/100}, #https://matmatch.com/Learn/material/sus304-stainless-steel-ss304

"SS316L":{"Cr":17/100,
"Ni":12/100,
"Mo":2.5/100,
"C":0.015/100,
"Mn":1/100,
"P":0.0225/100,
"S":0.015/100,
"Si":0.375/100,
"N":0.05/100,

"Fe":67.0225/100}, #https://www.sandmeyersteel.com/images/316-316L-317L-spec-sheet.pdf

"Air":{"N":75.511/100,
"0":23.14/100 + 0inC02*0.063/100,
"Ar":1.29/100,
"C":CinC02*0.063/100}, #Last ones ignored in https://www.engineeringtoolbox.com/
#air-composition-d_212.html
"LN2":{"N":1},
"Sin2":{"0":0.532565,"Si":0.467435},
#"Vacuum":{} We replace vacuum by Llow pressure air
"Vacuum" :{"N":75.511/100,
"0":23.14/100 + 0inC02*0.063/100,
"Ar":1.29/100,
"C":CinC02*0.063/100}, #Last ones ignored in
#https://www.engineeringtoolbox.com/air-composition-d_212.html

}

#Renormalize to 1 for Air

sair=np.sum(list(Weight_fractions["Air"].values()))

for elem in Weight_fractions["Air"].keys():
Weight_fractions["Air"][elem]/=sair

#Check that all weight fractions add up to 1 for each material

for mat in Weight_fractions.keys():
s=np.sum(list(Weight_fractions[mat].values()))
print(f"{mat} total :{s}")

#Mass energy absorption coefficient NIST XCOM
#First, determine the most precise energy grid:
database="/home/aulegoup/Optical_fibers/GammaDoseRateCalc/NIST_XCOM data’
ENERGYLIST=[]
for file in [f for f in os.listdir(database) if ".txt" in f]:
with open(os.path.join(database,file),'r") as f:
LINES= f.readlines()[1:]
for 1 in LINES:
e = float(l.split(' ")[@])
if e not in ENERGYLIST:



ENERGYLIST+=[e]
ENERGYLIST=np.sort(ENERGYLIST)

MassEnergyAbsCoeftimesE={}
for mat in Weight_fractions.keys():
coefmat=np.zeros(len(ENERGYLIST))
for elem in Weight_fractions[mat].keys():
file=f"nist_{elem}.txt"
with open(os.path.join(database,file),'r') as f:
LINES= f.readlines()[1:]
LINES=[1 for 1 in LINES if '.' in 1]

Energies_elem, MUenRHO_elem = [float(l.split(' ")[@]) for 1 in LINES],[float(l.split("’

coefmat += Weight_fractions[mat][elem]*np.interp(ENERGYLIST, Energies_elem, MUenRHO_elem)
MassEnergyAbsCoeftimesE[mat]=coefmat*ENERGYLIST

ENERGYLIST*=1e6

for mat in MassEnergyAbsCoeftimesE.keys():

if mat!="Vacuum":

plt.plot (ENERGYLIST/1e6,MassEnergyAbsCoeftimesE[mat],label=mat)

plt.xscale("log")
plt.yscale("log")
plt.legend()
plt.xlabel("Energy (MeV)")
plt.ylabel(r"$\mu_{en}/\rho\times E$ (MeV.cm$72$/s)")

save=False
if save:

plt.savefig(“MassEnergyAbsCoef.pdf", bbox_inches="tight")
else:

plt.show()

-2.932499999999999

The vacuum gap is 8.849959999999999795 inches., It is supposed to be between 8.848in and ©.2@8in
Layers (r in in.) : [1.7, 1.85, 2.8, 2.75, 2.79, 2.84, 2.965, 3.85]

8.7278785521143482 8.27292144788565975

SuUsS3e4 total :1.0

SS316L total :1.0

Air total :0.9999999999999999

LN2 total :1

Sio2 total :1.e@

Vacuum total :1.660084
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Defining settings
print([99.85/(99.85+99.9826),99.9826/(99.85+99.9826)])

[@.499668222302086676, ©.5003317776979331]

settings = openmc.Settings()
#Photon source

SOURCES=[]
for theta in [2*np.pi*i/Nb_pencils for i in range(Nb_pencils)]:

r_stat,phi_stat,z_stat = openmc.stats.Uniform(©.0,Diam_pencil/2),openmc.stats.Uniform(©.0, 2*np.pi),open

SOURCES += [openmc.IndependentSource()]

SOURCES[-1].space = openmc.stats.CylindricalIndependent(r_stat, phi_stat, z_stat, origin=(Source_pitchci

SOURCES[-1].angle = openmc.stats.Isotropic()

SOURCES[-1].particle = 'photon’

1
1
SOURCES[-1].energy = openmc.stats.Discrete([1.173228e6,1.332492e6], [99.85/(99.85+99.9826),99.9826/(99.8
1
1

SOURCES[-1].strength = 1/Nb_pencils
settings.source = SOURCES

#Enable photon transport
settings.photon_transport = True

#Nb particles & batches

settings.batches = 200

settings.inactive = @ # Not needed in fixed source simulation
settings.particles = 100000

settings.temperature = {'method': 'interpolation', 'range':(77,300)}
settings.verbosity = 5

settings.run_mode = 'fixed source'

#Entropy mesh

entropy_mesh = openmc.RegularMesh()
r_m=RADII[-1]+0.5
entropy_mesh.lower_left = (-r_m, -r_m)
entropy_mesh.upper_right = (r_m, r_m)
entropy_mesh.dimension = (8, 8)

settings.export_to_xml()

Defining materials

Tcold=293.15
Tamb=295

#For each material, set name, id, temperature, density and composition
def addMaterial(id, name, temp, key):
mat=openmc.Material(id, name,temperature=temp)
WFdict=Weight_fractions[key]
for elem in WFdict.keys():
if elem=="C":
mat.add_nuclide('CO',WFdict[elem],percent_type='wo")
else:
mat.add_element(elem,WFdict[elem],percent_type="'wo")
mat.set_density('g/cm3',Dic_Density[key])
return mat

# SS316L

ss3161 = addMaterial(1,"SS316L",Tcold, "SS316L")
# S102

sio2 = addMaterial(2,"Si02",Tcold,"Si02")

# LN2

1n2 = addMaterial(3,"LN2",Tcold,"LN2")

# SUS304 inside

sus304in = addMaterial(4,"SUS304_in",Tcold, "SUS304")
# Vacuum



vacuum = addMaterial(5, "Vacuum™,Tamb, "Vacuum")

# SUS304 outside

sus304out = addMaterial(6, "SUS304_out",Tamb, "SUS304")
# Air

air = addMaterial(7,"Air",Tamb, "Air")

mats = openmc.Materials([ss3161,si02,1n2,sus304in,vacuum,sus3@4out,air])

mats.cross_sections = '/home/aulegoup/openmc_config/endfb71_hdf5/cross_sections.xml’
mats.export_to_xml()

Defining geometry

# Define the surfaces
CYLINDERS = [openmc.ZCylinder(r=R) for R in RADII[:]]+[openmc.ZCylinder(r=(Source_pitchcirclediameter+Diam_p
CylCenterDReval = openmc.ZCylinder(r=radiusforevalofcentraldoserate)

LowPlane_sample = openmc.ZPlane(z@=z_spool-Sample_height/2)
HighPlane_sample = openmc.ZPlane(z@=z_spool+Sample_height/2)

LowPlane_spool = openmc.ZPlane(z@=z_spool-Spool_height/2)
HighPlane_spool = openmc.ZPlane(z@=z_spool+Spool_height/2)

HighPlane_1n2 = openmc.ZPlane(z0=z_1ln2)

LowPlane_chamber = openmc.ZPlane(z@=-Chamber_height/2)
HighPlane_chamber = openmc.ZPlane(z@=Chamber_height/2)

LowPlane_model = openmc.ZPlane(z@=-Source_height/2-1e-6,boundary_type='vacuum")
HighPlane_model = openmc.ZPlane(z0@=Source_height/2+1le-6,boundary_type="vacuum")

# Define the regions

centDReval_region = -CylCenterDReval & +LowPlane_sample & -HighPlane_sample

center_region = +CylCenterDReval & -CYLINDERS[O] & +LowPlane_sample & -HighPlane_sample

sample_region = +CYLINDERS[@] & -CYLINDERS[1] & +LowPlane_sample & -HighPlane_sample

outer316_region = (+CYLINDERS[1] & -CYLINDERS[2] & +LowPlane_sample & -HighPlane_sample) | (-CYLINDERS[2] &
1n2_region = (-CYLINDERS[3] & +LowPlane_chamber & -HighPlane_ln2) & ~(-CYLINDERS[2] & +LowPlane_spool

airaboveln2_region = -CYLINDERS[3] & +HighPlane_1ln2 & -HighPlane_chamber #NEW
sus304in_region = +CYLINDERS[3] & -CYLINDERS[4] & +LowPlane_chamber & -HighPlane_chamber

vacuum_region = +CYLINDERS[4] & -CYLINDERS[5] & +LowPlane_chamber & -HighPlane_chamber
sus304out_region = +CYLINDERS[5] & -CYLINDERS[6] & +LowPlane_chamber & -HighPlane_chamber
air_region = +CYLINDERS[6] & -CYLINDERS[7] & +LowPlane_chamber & -HighPlane_chamber

extvacuum_region = (-CYLINDERS[8] & +LowPlane_model & -HighPlane_model) & ~(-CYLINDERS[7] & +LowPlane_chambe

# Make Cells and Fill
if not(only_air_in_chamber):
centDReval_cell= openmc.Cell(10, 'centDReval', fill=ss3161, region=centDReval_region)

center_cell = openmc.Cell(1l, 'center', fill=ss3161, region=center_region)

sample_cell = openmc.Cell(2, ‘'sample', fill=sio2, region=sample_region)

outer316_cell = openmc.Cell(3, 'outer31l6', fill=ss3161, region=outer316_region)

1n2_cell = openmc.Cell(4, '1n2', fill=1n2, region=1n2_region)

airaboveln2_cell = openmc.Cell(11l, 'airaboveln2', fill=air, region=airaboveln2_region) #NEW
sus304in_cell = openmc.Cell(5, 'sus304in', fill=sus3@4in, region=sus304in_region)
vacuum_cell = openmc.Cell(6, 'vacuum', fill=vacuum, region=vacuum_region)

sus304out_cell = openmc.Cell(7, 'sus3@4out', fill=sus3@4out, region=sus304out_region)
air_cell = openmc.Cell(8, ‘'air', fill=air, region=air_region)

extvacuum_cell = openmc.Cell(9, ‘extvacuum', fill=vacuum, region=extvacuum_region)

else:
centDReval_cell= openmc.Cell(10, 'centDReval', fill=air, region=centDReval_region)
center_cell = openmc.Cell(1l, ‘'center', fill=air, region=center_region)
sample_cell = openmc.Cell(2, 'sample', fill=air, region=sample_region)
outer316_cell = openmc.Cell(3, 'outer3le’, fill=air, region=outer316_region)
1n2_cell = openmc.Cell(4, '1n2', fill=air, region=1n2_region)
airaboveln2_cell = openmc.Cell(11l, 'airaboveln2', fill=air, region=airaboveln2_region) #NEW
sus304in_cell = openmc.Cell(5, 'sus304in', fill=air, region=sus304in_region)
vacuum_cell = openmc.Cell(6, 'vacuum', fill=air, region=vacuum_region)

sus304out_cell = openmc.Cell(7, 'sus3@4out', fill=air, region=sus3@4out_region)
air_cell = openmc.Cell(8, 'air', fill=air, region=air_region)



extvacuum_cell = openmc.Cell(9, 'extvacuum', fill=vacuum, region=extvacuum_region)

DicVolCell={

10: Sample_height*np.pi*radiusforevalofcentraldoserate**2,

1 : Sample_height*np.pi*(RADII[@]**2-radiusforevalofcentraldoserate**2),

2 : Sample_height*np.pi*(RADII[1]**2-RADII[0Q]**2),

3 : Sample_height*np.pi*(RADII[2]*#2-RADII[1]**2)+(Spool_height-Sample_height)*np.pi*RADII[2]**2,

4 : Spool_height*np.pi*(RADII[3]**2-RADII[2]**2)+(Chamber_height-Spool_height)*np.pi*RADII[3]**2 - (Chamber_

11: (Chamber_height/2-z_1n2)*np.pi*RADII[3]**2,

: Chamber_height*np.pi*(RADII[4]**2-RADII[3]**2),

: Chamber_height*np.pi*(RADII[5]*%2-RADII[4]**2),

: Chamber_height*np.pi*(RADII[6]**2-RADII[5]**2),

: Chamber_height*np.pi*(RADII[7]**2-RADII[6]**2),

: Chamber_height*np.pi*(((Source_pitchcirclediameter+Diam_pencil)/2+1le-6)**2-RADII[7]**2)
+(Source_height+2e-6-Chamber_height)*np.pi*((Source_pitchcirclediameter+Diam_pencil)/2+1e-6)**2,

O 00 N O WU

root = openmc.Universe(cells=(centDReval_cell,center_cell, sample_cell, outer316_cell, 1n2_cell, sus304in_ce
geom = openmc.Geometry(root)
geom.export_to_xml()

print(root.bounding_box)

#Plot the geometry
diccolors={ss3161:(0,90,0),

sio2:(255,0,0),

1n2:(0,200,255),

sus304in:(122,102,76),

vacuum: (150, 255,205),

sus304out: (140,102,76),

air:(255,153,255)}
root.plot(origin=(0., 0., -3.), width=(6*2.54+1, 6%*2.54+1), pixels=(500, 500), color_by='material',colors=di
root.plot(origin=(1.5%2.54, 1.5%2.54, -3), width=(3*2.54, 3*2.54), pixels=(500, 500),color_by='material',col
root.plot(origin=(0., 0., 0.), width=(6*2.54+1, 22), basis='xz', color_by='material',colors=diccolors, pixel

from matplotlib.patches import Patch
legend_elements = []
for mat in mats:
# print(mat.name)
MatIsHere = mat in [V.fill for V in root.cells.values()]
if MatIsHere:
colr = tuple([i/255 for i in diccolors[mat]])
legend_elements += [Patch(facecolor=colr, edgecolor=colr,label=mat.name)]
plt.legend(handles=1legend_elements, loc='best', shadow=True, facecolor="white", edgecolor="black",framealpha
if not(only_air_in_chamber):
plt.title("OpenMC chamber geometry with setup installed")
else:
plt.title("OpenMC empty chamber geometry")

save=False
if save:
if not(only_air_in_chamber):
plt.savefig("OpenMC_geom_full.pdf", bbox_inches="tight")
else:
plt.savefig("OpenMC_geom_empty.pdf", bbox_inches="tight")
else:
plt.show()

BoundingBox(lower_left=(-11.139279149860027, -11.139279149860027, -10.555600999999999), upper_right=(11.13927
9149860027, 11.139279149860027, 10.555800999999939))
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OpenMC chamber geometry with setup installed
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Define the Tallies

def get_var_name(var):
for name, value in globals().items():
if value is var:
return name

for cell in [centDReval_cell,center_cell, sample_cell, outer316_cell,1n2_cell, sus304in_cell, vacuum_cell, s
print(get_var_name(cell),'\t', cell.fill.name.split('_")[0])

centDReval_cell 5S316L
center_cell SS316L
sample_cell 5i02
outer3l6_cell SS316L
1n2_cell LN2
sus384in_cell sus3es
vacuum_cell Vacuum
sus3@dout _cell  SUS384
air_cell Air

extvacuum_cell  Vacuum
tallies_file = openmc.Tallies()
particle_filter = openmc.ParticleFilter('photon")

#energy, dose = openmc.data.dose_coefficients('photon kerma', 'ISO')
#dose_filter = openmc.EnergyFunctionFilter(energy, dose)
#ENERGYLIST,MassEnergyAbsCoeftimesE[mat ]
DOSETALLIES=[]
for cell in [centDReval_cell,center_cell, sample_cell, outer316_cell,1n2_cell, sus304in_cell, vacuum_cell, s
name=get_var_name(cell)
mat=cell.fill.name.split('_")[0]
dose_filter = openmc.EnergyFunctionFilter (ENERGYLIST,MassEnergyAbsCoeftimesE[mat])
cell filter = openmc.CellFilter(cell)
DOSETALLIES += [openmc.Tally(name=f"Photon dose tally - cell {name}")]
DOSETALLIES[-1].filters = [particle_filter,dose_filter,cell filter]
DOSETALLIES[-1].scores = ['flux']
tallies_file.append(DOSETALLIES[-1])

FluxCylTally = openmc.Tally(name="Photon total flux - cylindrical mesh")
r_grid=np.linspace(0.0, (Source_pitchcirclediameter+Diam_pencil)/2, 100)
cylindrical_mesh = openmc.CylindricalMesh(r_grid = r_grid,
phi_grid = [0.0, 2*np.pi],
z_grid = [z_spool-Sample_height/2, z_spool+Sample_height/2])
cylindrical_mesh_filter = openmc.MeshFilter(cylindrical_mesh)
FluxCylTally.filters = [particle_filter,cylindrical_mesh_filter]
FluxCylTally.scores = ['flux']
tallies_file.append(FluxCylTally)

samplecell filter = openmc.CellFilter(sample_cell)

energies = np.logspace(np.logl@(le-5), np.logle(2.0e6), 100000)
e_filter = openmc.EnergyFilter(energies)

fluxtally = openmc.Tally(name="Photon flux tally")
fluxtally.filters = [particle_filter,e_filter]



fluxtally.scores = ['flux']
tallies_file.append(fluxtally)

tallies_file.export_to_xml()

Run OpenMC

openmc.run()
sp = openmc.StatePoint(f'statepoint.{settings.batches}.h5")

# os.remove( 'geometry.xmlL")

# os.remove( 'materials.xml")

# os.remove( 'settings.xml")

# os.remove('statepoint.100.h5")
# os.remove( 'summary.h5")

# del sp
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The OpenMC Monte Carlo Code

I
Copyright | 2011-2023 MIT, UChicago Argonne LLC, and contributors
License | https://docs.openmc.org/en/latest/license.html
Version | ©.14.0
Git SHA1l | ela8ee7794b441c992426f17fafe216391cbbag3
Date/Time | 2024-07-30 11:44:35
MPI Processes | 1
OpenMP Threads | 2@

Reading settings XML file...

Reading cross sections XML file...

Reading materials XML file...

Reading geometry XML file...

WARNING: Negative value(s) found on probability table for nuclide Ar3sé at 258K
WARNING: Negative value(s) found on probability table for nuclide Ar3e at 294K
WARNING: Negative value(s) found on probability table for nuclide Ar3s6 at 608K
Minimum neutron data temperature: 250 K

Maximum neutron data temperature: 680 K

Reading tallies XML file...

Preparing distributed cell instances...

Reading plot XML file...

Writing summary.h5 file...

SEsssesssesasy FIXED SOURCE TRANSPORT SIMULATION e
Creating state point statepoint.260.h5...

------- > RESULTS =e=s=== e

Leakage Fraction = ©.98279 +/- ©.60003

if not(only_air_in_chamber):

print("For the 3D model with dewar and fiber sample :\n")
else:

print("For an empty chamber (only air):\n")

print(f"z_spool = {z_spool:.2f} cm\n")

for cell in [centDReval_cell,center_cell, sample_cell, outer316_cell,1ln2_cell, sus304in_cell, vacuum_cell, s
name=get_var_name(cell)
mat=cell.fill.name
tally=sp.get_tally(name=f"Photon dose tally - cell {name}").get_pandas_dataframe()



tallyvalue = ufloat(tally.get("mean").loc[0],tally.get("std. dev.").loc[@]) *CO/DicVolCell[cell.id] *1.6
print(f"Cell {name} ({mat}) : {tallyvalue:.2f} kGy/h")

For the 3D model with dewar and fiber sample :
z_spool = -2.93 cm

Cell centDReval_cell (SS316L) : 6.08+/-8.88 kGy/h
Cell center_cell (SS316L) : 7.87+/-8.82 kGy/h

Cell sample_cell (Si02) : 11.82+/-0.83 kGy/h

Cell outer3lé_cell (SS316L) : 9.32+/-8.81 kGy/h
Cell 1n2_cell (LN2) : 13.14+/-8.01 kGy/h

Cell sus304in_cell (SUS304 in) : 15.48+/-0.01 kGy/h
Cell vacuum_cell (Vacuum) : 16.59+/-8.81 kGy/h

Cell sus3@4out_cell (SUS3@4_out) : 16.34+/-0.81 kGy/h
Cell air_cell (Air) : 18.51+/-8.01 kGy/h

Cell extvacuum_cell (Vacuum) : 29.85+/-8.@1 kGy/h
Cell airaboveln2 cell (Air) : 14.63+/-8.01 kGy/h

tally=sp.get_tally(name="Photon flux tally").get_pandas_dataframe()

print(list(tally.columns))

energy_low,energy_high,flux = np.array(tally["energy low [eV]"]),np.array(tally["energy high [eV]"]),np.arra
plt.plot((energy_low+energy_high)/2e6,flux)

plt.xlabel("Photon energy (MeVv)")

plt.ylabel("Flux tally")

plt.show()

['particle’, ‘'energy low [eV]', 'energy high [eV]', 'nuclide', 'score', 'mean', 'std. dev.']

3.0

29
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£
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0.0

T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
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tally=sp.get_tally(name="Photon total flux - cylindrical mesh").get_pandas_dataframe()
# print(r_grid)

flux=np.array([ufloat(m,s) for m,s in zip(tally.get('mean').tolist(),tally.get('std. dev."').tolist())])
flux /= Sample_height*np.pi*(r_grid[1:]**2-r_grid[:-1]%*2)

# print(flux)

plt.errorbar(r_grid[:-1],[f.n for f in flux], yerr=[f.s for f in flux])
plt.axvline(x=6.1/2*%2.54,color="k")

plt.xlabel('r")

plt.ylabel('flux')

plt.show()

atwall=next(flux[x] for x,val in enumerate(r_grid) if val>6.1/2%*2.54)

print(f"Ratio between flux at chamber wall and flux at center : {atwall/flux[@]*100} %")
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Appendix E

Data analysis Python code

This appendix contains the following Python packages (in order):

e rmnoise.py contains the function to remove the left part of absorption spectra that
falls below the spectrometer noise floor.

e MSsmoothing.py implements in Python the modified sinc kernel filter proposed by
Schmid et al. in [65].

e gaussdec.py implements the non-linear least squares decomposition of RIA spectra
over the absorption bands known from the literature.

All code used in this thesis work is made available at https://github.com/shortlab/
2024-Legoupil-SM-Thesis.
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# —*- coding: utf-8 —*-

mnmn

Tmnoise.py

Function to filter out the noise region of my spectra in the different analysis notebook

Qauthor: Aurelien Legoupil

mmn

import numpy as np

def firstid(data, half_width_test = 40, noise_threshold = -75):
extdata = np.zeros(len(data)+2*half_width_test)
extdatalhalf_width_test:half_width_test+len(data)]=data
TESTF_bool = [not(np.any(extdatal[i:i+2*half_width_test] < noise_threshold)) for i in
— range(len(data))]
try:
I=next(id for id,bool in enumerate(TESTF_bool) if bool)
except StopIteration:
I=len(data)

return I
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# —*- coding: utf-8 —*-

mnmn

MSsmoothing.py

Package for smoothing according to Schmid et al. 2022 "Why and How SavitzkyGolay Filters Should Be
— Replaced”
https://doi.org/10.1021/acsmeasuresciav.1c0005/

Q@author: Aurelien Legoupil

mmn

import numpy as np

CorrCoeffsMS_dic={

2:01,

4:01,

6:[[0.001717576, 0.02437382, 1.64375]],

8:[[0.0043993373, 0.088211164, 2.359375], #5=0
[0.006146815, 0.024715371, 3.6359375]], #7=1

10:[[0.0011840032, 0.04219344, 2.746875], #j5=0
[0.0036718843, 0.12780383, 2.7703125]]#7=1

def windowsMS(x,alpha):

o

w_a(z) from (4)
return np.exp(-alpha*x**2) + np.exp(-alpha*(x+2)#**2) + np.exp(-alpha*(x-2)**2) -
— 2#np.exp(-alpha) - np.exp(-9*alpha)

def kernelMS(n,m,alpha=4):

ri
Function that returns the convolution kernel array a (eq (3) schmid et al)
Inputs:

- m : half stze of kernel (kernel stize: 2m+1

- n : degree

- alpha : steepness parameter. value 4 from 2.2 in schmid et al
ri
KAPPA = [ a + b/(c—m)**3 for [a,b,c] in CorrCoeffsMS_dic[n] ]
X = [i/(m+1) for i in range(-m,m+1)]
nu = 2 - ((n/2)%2)
A = np.array([windowsMS(x,alpha) * (

np.sinc((n+4) /2*np.pi*x)
+ np.sum([ kappa*x*np.sin((2+j+nu)+*np.pi*x) for j,kappa in enumerate(KAPPA) 1)

) for x in X])
A /= np.sum(A)

return A
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T
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def

def

def

def

edgeWeights(n,m) :

rr

Hann-square weights for linear fit at the edges from (17) and (18)

Inputs:
- m : half size of kernel (kernel size: 2m+1
- n : degree

beta = 0.7 + 0.14*np.exp(-0.6%(n-4))

fitlengthD = (m+1)*beta/(1.5+0.5%n)

fitlength = int(np.floor(fitlengthD))

return np.array([ (np.cos(np.pi/2+i/fitlengthD))#**2 for i in range(fitlength+1) 1)

fitWeighted(xData,yData,weights):
sumWeights = np.sum(weights)
sumX = np.sum(xData*weights)
sumY = np.sum(yDataxweights)
sumX2 = np.sum(xData**2*weights)
sumXY = np.sum(xDataxyData*weights)
varX2 = sumX2+sumWeights - sumX#**2
if varX2==0:

slope=0
else:

slope = (sumXY*sumWeights - sumX*sumY)/varX2
offset = (sumY-slope*sumX)/sumWeights

return offset,slope

extendData(data,m,fitWeights):

o

Eztends the data by weighted linear extrapolation, for smoothing to the ends

o

extData=np.zeros(len(data)+2+*m)
extData[m:1len(data)+m]=data

fitX = np.arange(len(fitWeights))

fitY = datal[:len(fitWeights)]

offset,slope = fitWeighted(fitX,fitY,fitWeights)

extDatal[:m] = [offset + slope*x for x in range(-m+1,1)]

fitY = data[-len(fitWeights):J[::-1]
offset,slope = fitWeighted(fitX,fitY,fitWeights)

extData[-m:]= [offset + slope*x for x in range(-m+1,1)][::-1]

return extData

smoothMS (data,n,m) :

o

MS data smoothing (see Schmid et al) with correction and linear extrapolation for edge

— smoothing

Inputs:

- data : row wector on which to apply smoothing

- m : half stze of kernel (kernel stize: 2m+1

- n : degree
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o

kernel = kernelMS(n,m)

fitWeights = edgeWeights(n,m)

extData = extendData(data,m,fitWeights)
smoothedExtData = np.convolve(extData, kernel, mod
smoothedData = smoothedExtData[m:len(data)+m]

return smoothedData

e="same

n)
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# —*- coding: utf-8 —*-

mnmn

gaussdec.py

Q@author: Aurelien Legoupil

mmn

#47% Imports

import numpy as np

from scipy.optimize import curve_fit

#J% Catalog of defect peaks

# Nameofdefect, peak number, OA peak eV , FWHM eV, sources (list)

#GR91 = Griscom,
#GI19 = Girard,
#KA22 =

#MO20 = Morana,

1991
2019

Kashaykin, 2022

2020

#{"peak":, "FWHM":, "sources": ["GI19"]}
#FWHM=1e-6 when unknown

DICOPEAKS = {

"ODC-II": [

{Ilpeakll : 5

{"peak":

{"peak":6

] s
"0DC-I": [
{"peak"
] 2
"NBOHC": [
{"peak":

{Ilpeakll :4

{Ilpeakll:
] 2
"E-prime": [
{"peak"
] s
"STH1": [
{"peak"

{"peak" : 1

] 2
"STH2": [
{Ilpeakll

]’
"POL": [

.05, "FWHM"
3.15,"FWHM"

1.97,"FWHM"

:2.61,"FWHM"

.88, "FWHM"

:2.16, "FWHM"
{Ilpeakll : 1

.63, "FWHM"

:0.32,"sources": ["GI19"]},
:0.30,"sources": ["GI19"]},

.9,"FWHM":0.4, "sources": ["GI19"]1}

:7.6,"FWHM" : {"min":0.5, "max":0.6}, "sources": ["GI19"]}

:0.17,"sources": ["GI19"]},

.8,"FWHM":1.0,"sources": ["GI19"]},
.4,"FWHM":1.7,"sources": ["GI19"]}

:5.8,"FWHM":0.7,"sources": ["GI19"]}

:1.2,"sources": ["GI19"]},
:{"min":0.2,"max":0.5}, "sources": ["GI19"]}

:{"min":0.3,"max":0.6}, "sources": ["GI19"]},
:{"min":0.3,"max":0.7}, "sources": ["GI19"]}
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50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

T2

73

74

75

76

T

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

{"peak":
{"peak":
{"peak":
{"peak":

] s
"POR"Z [

{"peak":
{"peak":
{"peak":
{"peak":
{"peak":

] s
"STE": [

{"peak":

N NS W

>N O N

{"peak" :4
{"peak":6

]’
"STEX": [

{"peak":
{"peak":

1,

"Composite 1-eV band":[
2,"FWHM":0.56,"sources": ["KA22","M020"1},
.93,"FWHM":0.42, "sources": ["KA22","M020"]}

{Ilpeakll:

{Ilpeakll
]

DICOIMPUR = {
IIUSH: [

{Ilpeakll:

]’
||02||:[

{llpea_kll:

.8,"FWHM":0.2,"sources"
.2,"FWHM":0.6,"sources"
.3,"FWHM":0.2,"sources"
.5,"FWHM":0.1,"sources"

:["GI19"]},
:["GI19"]},
:["GI19"]},
:["GI19"1}

.02,"FWHM" :None, "sources": ["GI19"]},
.08, "FWHM" : None, "sources": ["GI19"]},
.02,"FWHM" :None, "sources": ["GI19"]},
.0,"FWHM" : None, "sources": ["GI19"]},
.8,"FWHM" :None, "sources": ["GI19"]}

.7,"FWHM" :None, "sources": ["GI19"]},
.6,"FWHM" :None, "sources": ["GI19"]},
.4 ,"FWHM" :None, "sources": ["GI19"]}

4.2,"FWHM":1.16,"sources": ["GI19"]},

1.
:0

{"peak":1

]’
"ClO": [

{"peak":

]’
IIC12II: [

.97, "FWHM"
.62, "FWHM"

3.26, "FWHM"
{"peak":3

{Ilpeakll :3
{"peak" : 2

]’

"H(I)":[1, #not observed
"LTIRA":[] #non gaussian, see Girard 2019, Dianov Chernov 1989

}

DICOLTIRA = {"D":0.39, #eV (even if they say eV"-1?) #From Ka22 and Dianov-Chernov 89

.65, "FWHM"

.78, "FWHM"

.3,"FWHM":0.78,"sources": ["GI19"]}

.8,"FWHM" : {"min":0.8,"max":0.86}, "sources": ["GI19"]}

:0.013,"sources": ["GI19"]1},
:0.013,"sources": ["GI19"]}

:None, "sources": ["GI19"]},

:None, "sources": ["GI19"]}

:0.6,"sources": ["GI19"]1},
.3,"FWHM" :None, "sources": ["GI19"]}

"S":0.11, #eV (even if they say eV™-12)



"R":0.43, #elV (even if they say eV -1?)
"Ep":0.65 #el
}

#7, Helper functions

def Sigma(FWHM):
return FWHM/ (2#np.sqrt(2+np.log(2)))

eV = 1.60218e-19 #J
h_Planck = 6.62607015e-34 #m"2.kg/s
c_light = 299792458 #m/s
def eV2WLnm(E) :
return h_Planck*c_light/(ExeV*1e-9) #in nm
def WLnm2eV(1lmbda) :
return h_Planck*c_light/(lmbda*le-9*eV)

#4% Functions for bands

def LTIRAfunc(lmbda,magnitude,D,S,R,Ep,model="Kubo-Greenwood") :
E = WLnm2eV(1lmbda)
if magnitude==0:
return O
if model=="Kubo-Greenwood":
Q=D+S/(D-S)
BO=magnitude
return BO*Exnp.exp(-E/S)*(up.exp(E/Q)-np.exp(Ep/Q))
elif model=="exp":
C=magnitude
return (C*np.exp(-E/R))
else:

raise NameError("You fucked up")

def gaussband(lmbda,magnitude,peak_eV,FWHM_eV):
E = WLnm2eV(1lmbda)
sigma = Sigma(FWHM_eV)
return magnitude/(sigma*np.sqrt(2+np.pi)) * np.exp(-(E-peak_eV)**2/(2*sigma**2))

#4% Function for total absorption fitting
def totabs(lmbda,
ltira_magnitude,ltira_D,ltira_S,ltira_R,ltira_Ep,

*paramsgauss) :

assert len(paramsgauss)3==0

n_gaussians=int (len(paramsgauss)/3)

total = LTIRAfunc(lmbda, ltira_magnitude, ltira_D, ltira_S, ltira_R, ltira_Ep)
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def

#Add gaussian bands:
for i in range(n_gaussians):
magnitude = paramsgauss[i*3]
peak_eV = paramsgauss [i*3+1]
FWHM_eV = paramsgauss [i*3+2]
total += gaussband(lmbda, magnitude, peak_eV, FWHM_eV)

return total

decompose(1mbdadata,ydata,LTIRA=False,GaussList=[],fixedreldelta=1e—6,J
defautfwhm_minmaxinit=(1e-6,2,0.1) ,relmaxfev=100,defaultmag=1e2):
#GaussList must be a list of keys in DICOPEAKS or DICOIMPUR, setting these gaussians as
— avatlable for decomposition
#Possible improvements tf necessary after decompostition attempt:

#give margin for ltira parameters and other fized parameters (in percent?)

#modify the optimization ranges for peaks with unknown FWHM
#Construct the intial guess and parameter ranges for curve fitting

d_minus = 1-fixedreldelta/2
d_plus = l+fixedreldelta/2

low_bounds=[]

high_bounds=[]

if LTIRA:
initial_guesses =[defaultmag,DICOLTIRA["D"],DICOLTIRA["S"],DICOLTIRA["R"],DICOLTIRA["Ep"]]
low_bounds=[O,DICDLTIRA["D"]*d_minus,DICOLTIRA["S"]*d_minus,DICULTIRA[”R"]*d_minus,J
< DICOLTIRA["Ep"]*d_minus]
high_bounds=[np.inf,DICOLTIRA["D"]*d_plus,DICOLTIRA["S"]*d_plus,DICOLTIRA["R"]*d_plus, |
< DICOLTIRA["Ep"]*d_plus]

else:
initial_guesses =[0,DICOLTIRA["D"],DICOLTIRA["S"],DICOLTIRA["R"],DICOLTIRA["Ep"]]
1ow_bounds=[O-fixedreldelta/2,DICOLTIRA["D”]*d_minus,DICOLTIRA["S"]*d_minus,J
< DICOLTIRA["R"]*d_minus,DICOLTIRA["Ep"]*d_minus]
high_bounds=[0+fixedreldelta/2,DICOLTIRA["D"]*d_plus,DICOLTIRA["S"]*d_plus, |
< DICOLTIRA["R"]*d_plus,DICOLTIRA["Ep"]*d_plus]

for KeyGauss in GaussList:
if KeyGauss in DICOPEAKS.keys():
PEAKS=DICOPEAKS [KeyGauss]
elif KeyGauss in DICOIMPUR.keys():
PEAKS=DICOIMPUR [KeyGauss]
else:
PEAKS=[]
for dicpeak in PEAKS:
if dicpeak["FWHM"]==None:
initial_guesses+=[defaultmag,dicpeak["peak"],defautfwhm_minmaxinit[2]]
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low_bounds+=[0,dicpeak["peak"]*d_minus,defautfwhm_minmaxinit [0]]

high_bounds+=[np.inf,dicpeak["peak"]*d_plus,defautfwhm_minmaxinit[1]]

elif type(dicpeak["FWHM"])==float:
initial_guesses+=[defaultmag,dicpeak["peak"],dicpeak["FWHM"]]
low_bounds+=[0,dicpeak["peak"]*d_minus,dicpeak ["FWHM"]*d_minus]
high_bounds+=[np.inf,dicpeak["peak"]*d_plus,dicpeak["FWHM"]*d_plus]

elif type(dicpeak["FWHM"])==dict:
initial_guesses+=[defaultmag,dicpeak["peak"],
— (dicpeak["FWHM"] ["min"]+dicpeak ["FWHM"] ["max"]) /2]
low_bounds+=[0,dicpeak["peak"]*d_minus,dicpeak ["FWHM"] ["min"]]
high_bounds+=[np.inf,dicpeak["peak"]*d_plus,dicpeak["FWHM"] ["max"]]

#Apply curve fitting
popt, pcov = curve_fit(totabs, lmbdadata, ydata, pO=initial_guesses,

— bounds=(low_bounds,high_bounds) ,max_nfev=relmaxfev*len(initial_guesses))

return popt,pcov
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