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Introduction

In the last decades, silica-based optical fibers have strongly improved the performances of telecommunication systems. Indeed, their ability to guide light over very long distances thanks to their low intrinsic attenuation and the existence of optical amplifiers around 1550 nm, is a key advantage. Furthermore, the signal transportation with photons allows an improvement of the data transfer rate reaching Tbits/s instead of a few Mbit/s in case of the conventional coaxial cables [START_REF] Suzuki | InGaAsP/InP long wavelength optoelectronic integrated circuits (OEIC's) for high-speed optical fiber communication systems[END_REF]. With time, and due to the increasing needs for higher bandwidths, several solutions were proposed in order to increase even more the data transfer capacity, through either wavelength or spatial multiplexing [START_REF] Keiser | A Review of WDM Technology and Applications -ScienceDirect[END_REF], [START_REF] Cvijetic | 1.92Tb/s coherent DWDM-OFDMA-PON with no high-speed ONUside electronics over 100km SSMF and 1:64 passive split[END_REF].

A similar challenge is today faced by the space industry with the development of free space optical telecommunications. The optical communications can be used for transferring very large amount of data (by comparison with existing alternative solutions such as microwaves) between satellites or from one satellite to Earth ground stations.

However, to ensure the signal propagation through the atmosphere, these systems require the amplification of the signals at both the transmitter and receiver levels. For those needs, Erbium and Erbium-Ytterbium doped fiber amplifiers (EDFAs and EYDFAs) or lasers have been initially developed and optimized to meet the needs of on-Earth telecommunications.

As a consequence, numerous studies have been devoted to the characterization of the space radiation vulnerability of EDFAs and EYDFAs or lasers.

Pioneer studies show that the Rare-Earth Doped Fibers (REDFs) used as the amplifying element are the most sensitive element of the amplifier systems [START_REF] Williams | Space radiation effects on erbium-doped fiber devices: sources, amplifiers, and passive measurements[END_REF]- [START_REF] Girard | Recent advances in radiation-hardened fiber-based technologies for space applications[END_REF]. Indeed, these specialty-optical fibers could be strongly radiation sensitive because of the selected nature of the host glass matrix of the fiber core by the manufacturers. This matrix is chosen to optimize the rare-earth ions incorporation and the spectroscopic processes at the origin of the infrared signal amplification rather than to optimize their radiation tolerance. For those reasons, the cores of Er-doped and ErYb-doped fibers (EDFs and EYDFs) are commonly codoped with Aluminum and Phosphorus, respectively. These dopants limit the clustering of the rare-earth ions and in the case of EYDFs and Phosphorus favors the energy transfer between the Er 3+ and Yb 3+ ions. Unfortunately, these two dopants are responsible for a strong increase of the fiber attenuation under irradiation through the 2 radiation induced attenuation (RIA phenomenon). EDFAs are impacted by the Al-related defects, not much known in the infrared range. It is however established that the main losses are caused by the tail of the visible peaking defect, the Al-Oxygen Hole Center ones (AlOHC), mainly impacting the pump wavelength of the amplifier. Concerning

EYDFAs, based on a phosphorus matrix, three defects are responsible for the amplifier losses. The P-Oxygen Hole Center (POHC) tails defect, peaking in the visible and so impacting the pump amplifiers. An unknown defect, peaking around 1000 nm, also impacting the pump. And finally, P1 defect peaking around 1550 nm directly impacting the signal. This defect creation phenomenon results in an increase of the optical losses at both the pump (~975 nm for Er 3+ ions and ~915 nm for Yb 3+ ions) and signal (~1550 nm) wavelengths, directly affecting the efficiency of the amplification process and then the performances of the lasers or amplifiers mainly through the degradation of their optical gains. A lot of studies have been done regarding the radiation effect on REDFs.

In space, it is not enough to consider the sole radiation effect on the devices.

Because space is a harsh environment submitting spacecrafts to low dose, low dose rate and large temperature variations, it is mandatory to study the combined radiation and temperature effects on REDFs. Depending on the mission profile, the amplifier temperature can vary during the mission and it is interesting to evaluate the impact on its radiation vulnerability: device reliability is usually assessed in a temperature range between -40°C and +80°C but this range could be extended for specific applications. For radiation-sensitive silica-based optical fibers, the combined temperature and radiation effects have been investigated and have shown that varying the irradiation temperature could affect the Radiation Induced Attenuation (RIA) levels, growth and decay kinetics.

The temperature influence depends on other parameters such as the operating wavelength. In this Ph.D thesis, the study will focus on the combined temperature and radiation effects on REDFAs in the [-40°C, + 120°C] temperature range.

This work has been performed in the framework of a collaboration between four entities:

• CNES, the French space agency.
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• iXblue Photonics, an industrial specialized in the development of specialty optical fibers (including Rare-Earth doped optical fibers) and the production of optical components using optical fibers.

• The Laboratoire Hubert Curien, from the university of Saint-Étienne, and more particularly the Materials for Optics and Photonics in Extreme Radiation Environment (MOPERE) team. This research group works on the optimization of optical materials, components and systems for their integration in harsh environments.

• Politecnico di Bari, polytechnic school in Italy (Bari), with a strong expertise in Multiphysics modeling tools. More particularly, I worked with the department of Electric and Information Engineering.

This PhD thesis has been funded by iXblue and CNES. It is also the second to join these fourth structures after the one of Ayoub Ladaci [START_REF] Ladaci | Rare earth doped optical fibers and amplifiers for space applications[END_REF] and is directly related to the joint research developed in the framework of the LabH6, a joint laboratory between iXblue, the Laboratoire Hubert Curien and the CNRS.

The manuscript is organized around five main chapters:

In the first Chapter, a state-of-the-art about REDFs and REDFAs with their responses under irradiation is given. We first describe the operation principle of the different classes of optical amplifiers, the different configurations that can be used to optimize the performances of these devices for different profiles of use. Finally, in this chapter we also introduce the effect of radiations on passive and active optical fibers, their impact on the behaviors of REDFAs and the different strategies that have been discovered

to mitigate the radiation effects and designed radiation-hardened devices for space needs.

The second chapter details the simulation tools that have been exploited during this Ph.D. The Particle Swarm Optimization (PSO) algorithm was selected to recover some of the spectroscopic input parameters that are needed to model the response of a REDFA and that are difficult to measure experimentally. We will describe how the tool is able to solve the rate equations of optical amplifiers using the Newton-Raphson algorithm as well as its efficiency to solves the propagation equations using the 4 th order Rung-Kutta method. We will detail which input parameters are needed in order to achieve any Introduction.

1.1 4 simulation such as the absorption cross sections or the overlap factors. We explain how we measured or calculated it. The simulation at room temperature will be presented as well as the input data needed to make the simulation at different temperatures.

The third chapter describes all the experimental procedure followed during the PhD thesis. We first detail the various rare-earth optical fibers used for the design of the amplifiers as well as the irradiation facilities used for assessing the fiber and REDFAs radiation responses. As we investigate different profiles of use for these systems, we adapt our experimental setups to monitor the degradation caused by radiation either at the system levels or component (fiber) levels. The main originality of this work relies on the study of combined temperature and radiation effects for which dedicated tools have been set up at Laboratoire Hubert Curien.

In the fourth Chapter, all the experimental results acquired during the PhD at the system level are presented. This chapter mainly focus on the gain degradation of the different classes of EDFA or EYDFA. We first investigate the vulnerability of EDFAs, studying the sole temperature effect on the amplifier performance and then the observed gain and noise figure changes when both temperature and radiation constraints are applied simultaneously. Our results show that the pump presence is able to reduce the amplifier degradation through the photobleaching effect. We then studied the differences in the amplifier responses when they are operated in ON (pumped 100% of the time) and OFF configuration (no pumping during irradiation), quantifying the positive impact of the pump power and discussing the hardening of backup amplifiers for space missions. The same studies were carried out for EYDFAs highlighting the differences of responses and explaining their origins that are mainly related to the different glass matrix of the EDF and EYDF.

Finally, the last chapter discusses the origins of the gain degradations in REDFAs by further investigating the combined radiation and temperature effect on the active optical fibers, measuring their RIAs at the pump and signal wavelengths for various doses, temperatures of irradiation... If the REDFA gain degradation is globally only slightly affected by varying the temperature of irradiation, the combined effects are larger for the radiation induced point defects causing the RIA degradation at the pump and signal wavelength. In this chapter, we will also compare our experimental results with the ones obtained by simulation using as input data the fiber radiation and temperature responses.

Both types of results mainly agree but at the largest doses (above about 70krad), the radiation effects on additional spectroscopic parameter have to be considered in addition to the RIA.
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Chapter 1. State of the art and context

In this chapter, we will present the context and the subject of this PhD thesis. First, we introduce the space environment, the needs of optical fibers, fiber-based components or systems for today and future space missions as well as the environmental constraints to which these photonic technologies have to survive. Second, we describe the optical amplifiers advantages and limitations for such missions as well as our current knowledge regarding the radiation and/or temperature impact on their performances. Third, we present the previous work done in order to optimize the amplifier and active optical fiber radiation tolerance through hardening techniques at either the material or system levels.

Finally, we present the objectives of the PhD thesis and the main research axes that have been investigated during these three years.

Space environment

Among all the considered harsh environments for fiber implementation (Figure 1.1), space is the one associated with the lower dose rates. Even if the mission duration could be quite long, these low dose rates explain that the Total Ionizing Dose (TID) remains quite low (below 10 kGy, 1 Mrad) compared to the ones encountered in nuclear industry or high energy physics. This environment also shows important temperature variations going from -200°C up to 300°C depending on the spacecraft mission and the device location inside or outside the spacecraft. Regarding the radiation constraints, space environment is made up of an important variety of different radiation types. Furthermore, by interacting with the atmosphere (or the spacecraft), these particles can generate secondary radiations as reported in Figure 1.2.

From deep space, protons, electrons, alpha particles and heavy ions are spread from the galactic cosmic radiations [START_REF] Cronin | Cosmic Rays at the Energy Frontier[END_REF]. Modulated in the mean term by the solar cycle, heavy ions flux is more important when the solar activity is low and can be transmitted to earth surface through its magnetic field in case of geomagnetic cut (a transmission of charged particle through the terrestrial field). To complete Figure 1.2, Table 1-1 presents some ionizing particles that compose the space environment with their corresponding sources and locations.

Table 1-1 Review of the particles in space, their nature, characteristics, sources and locations. Taken from [START_REF] Inc | Bioastronautics Data Book: Managing Editors[END_REF].

The star of our solar system, the Sun, produces particles composing the plasma in with is steeped the Earth: the heliosphere. Depending on the solar activity and events, it provides different particles: X-rays, -rays, protons, neutrons, electrons [START_REF] Barth | Space and Atmospheric Environments: From Low Earth Orbits to Deep Space[END_REF]. A solar energetic particle event provides relativistic protons that arrive near Earth within the 10 min to several hours. A Coronal Mass Ejection (CME) expels electron, taking several days to approach Earth.

Earth has a geomagnetic field: a dipole created by its kernel made of liquid iron inducing a "fluid dynamo", a turbulent movement of the liquid that is conductor. The interactions between shock waves of the solar wind and the terrestrial magnetic field create the magnetosphere. A magnetic cavity that "protects" Earth from the radiations coming from the Sun and the deep space. The presence of the magnetosphere created the radiations belts [START_REF] Van Allen | Observation of High Intensity Radiation by Satellites 1958 Alpha and Gamma[END_REF], also called the "Van Allen Belts". These regions are characterized by the lines fields in which energetic particles are trapped and concentrated. The first one extends to less than two terrestrial radii while the outer one extends from 3.5 to 8 terrestrial radii. Earth's magnetic field is tilted of ~11° compared to its rotational axis, and the magnetic axis is also 500 km shifted from the Earth's centre toward the South-West of Asia. This location difference induces that the inner belt is closer from the Earth's surface and the related "weakness" in terms of increased radiation risk is called the South Atlantic

Anomaly [START_REF] Stassinopoulos | Forty-Year 'Drift' and Change of the SAA[END_REF], see For what concern solar system and deep space explorations, the encountered radiations and temperature constraints are much more intense. If we think about a solar probe mission, the spacecraft will have to be resistant to very high temperatures, high dose rates and potentially higher doses that are intended to be punctual in view of the solar activity. But if we consider a Jovian probe, the devices will evolve in a lower temperature environment but with a constant magnetic activity. Moreover, if the temperatures near Jupiter are lower than the ones we can find near Earth, for what concern the radiations, it has been reported that they are more intense [START_REF] Jun | Comparison of high-energy trapped particle environments at the earth and jupiter[END_REF], as illustrated in Figure 1.5. 

Optical fibers for space

Over the past decades, space field has undergone a revolution thanks to the emergence of new big industrials such as SpaceX, Blue Origin or OneWeb. volume, a big advantage for space integration. In addition, OF are offering very high bandwidth for data transfer, nice wavelength or time multiplexing abilities and low attenuation levels [START_REF]Fiber-Optic Communication Systems[END_REF]. Their capabilities to guide light signals along long distance allow improving the data transfer rates reaching Tbits/s compared to the conventional coaxial cables [START_REF] Suzuki | InGaAsP/InP long wavelength optoelectronic integrated circuits (OEIC's) for high-speed optical fiber communication systems[END_REF].

It is possible to divide the OF in two main categories: passive fibers and active fibers. The first one is especially designed to conceive data links and sensors, the materials used for the core and cladding do not allow to amplify the propagating signal. In the case of active fibers, active rare-earth ions are incorporated into the fiber core to allow the signal amplification through an appropriate pumping scheme. In the following paragraphs, we will review the two fiber classes and discuss their advantages and limitations-based technologies for the space exploitation.

Passive optical fibers

Passive fibers, both Single-Mode Fibers (SMF) and Multi-Mode Fibers (MMF), are used for data transfer, diagnostics or sensing in harsh environment.

For example, passive SMFs can be functionalized through photo-inscription in order to serve as point sensors through the use of Fiber Bragg Gratings (FBGs). By periodically changing the core refractive index (RI) and coupling lights from both forward and backward propagating modes at the Bragg wavelengths [START_REF] Hill | Fiber Bragg grating technology fundamentals and overview[END_REF], it is possible to measure the strain or the temperature at one point of the fiber [START_REF] Kersey | Fiber grating sensors[END_REF]. It is possible to measure the strain because the Bragg wavelength depends linearly on the axial strain applied to the fibre for example [START_REF] Hill | Fiber Bragg grating technology fundamentals and overview[END_REF].

Passive optical fibers can also be used as distributed sensors by using the three scattering mechanisms occurring in silica-based fibers. Through the elastic scattering, we record the same scattered wavelength as the incident one, and it is possible to exploit this phenomenon thanks to the Rayleigh scattering [START_REF] Sakaguchi | Rayleigh Scattering in Silica Glasses[END_REF]- [START_REF] Rizzolo | Advantages and limitations of distributed optical-frequency-domainreflectometry for optical fiber-based sensors in harsh environments[END_REF]. If every fiber is characterized by its own Rayleigh signature as a trace, this signature evolves when an external stimulus occurs, such as a strain or a temperature change. Then, it is possible to monitor the temperature and/or strain evolution thanks to an Optical Time Domain Reflectometer (OTDR) [START_REF] Dakin | Distributed optical fiber sensors[END_REF], [START_REF] Li | Wide temperature-range Brillouin and Rayleigh optical-time-domain reflectometry in a dispersion-shifted fiber[END_REF] or an Optical Frequency Domain Reflectometer (OFDR) [START_REF] Gifford | Distributed fiber-optic temperature sensing using Rayleigh backscatter[END_REF] along one Chapter 1. State of the art and context 1.2 13 optical fiber. Through the inelastic mechanisms, we exploit the wavelength change occurring with Brillouin [START_REF] Phéron | Brillouin scattering based sensor in high gamma dose environment: design and optimization of optical fiber for long-term distributed measurement[END_REF]- [START_REF] Sabatier | Toward the temperature and strain discrimination by Brillouin based distributed fiber sensor[END_REF] or Raman [START_REF] Cangialosi | Development of a Temperature Distributed Monitoring System Based On Raman Scattering in Harsh Environment[END_REF], [START_REF] Cangialosi | Hydrogen and radiation induced effects on performances of Raman fiber-based temperature sensors[END_REF] phenomena. Specifically when using Brillouin scattering, we monitor the Brillouin frequency shift [START_REF] Thévenaz | Brillouin distributed time-domain sensing in optical fibers: state of the art and perspectives[END_REF] that changes when a strain or a temperature is applied to the sensitive optical fiber. Furthermore, specific optical fiber structures allow discriminating between the two measurands. In terms of interrogators, depending on the targeted application, one can choose to use the Brillouin Optical Time-Domain Reflectometry (BOTDR), which is a single ended device measurement or a Brillouin Optical Time-Domain Analyser (BOTDA) that is a double-ended device [START_REF] Morana | Steady-State Radiation-Induced Effects on the Performances of BOTDA and BOTDR Optical Fiber Sensors[END_REF].

When using Raman based-sensors, only the temperature can be monitored by monitoring the ratio between the intensities of the Stokes and Anti-Stokes signals [START_REF] Ferraro | Introductory Raman Spectroscopy[END_REF], [START_REF] Fernandez | Radiation-tolerant Raman distributed temperature monitoring system for large nuclear infrastructures[END_REF].

Some classes of passive SMFs or MMFs can also be used in dosimetry application on Earth and in space. By exploiting some of the different radiation induced effects (radiation induced attenuation (RIA), radioluminescence (RL) [START_REF] Vedda | Ce3+-doped fibers for remote radiation dosimetry[END_REF] or Cerenkov emission [START_REF] Brichard | Fibre-optic gamma-flux monitoring in a fission reactor by means of Cerenkov radiation[END_REF]), it is possible to determine the dose or the dose rate at which the fiber is exposed.

For example, Aluminum and Phosphorus-doped fibers are known to be highly sensitive to radiations with high RIA levels in the infrared and visible domains [START_REF] Girard | Overview of radiation induced point defects in silica-based optical fibers[END_REF]- [START_REF] Francesca | Qualification and Calibration of Single-Mode Phosphosilicate Optical Fiber for Dosimetry at CERN[END_REF]. By monitoring the RIA, it is then possible to make either a point sensor or a distributed sensor when reflectometry techniques are selected for the fiber interrogation [START_REF] Francesca | Distributed Optical Fiber Radiation Sensing in the Proton Synchrotron Booster at CERN[END_REF].

Another application for fiber optics concerns the Fiber-Optic Gyroscopes (FOGs) [START_REF] Lefevre | The Fiber-Optic Gyroscope[END_REF], a device providing rotation speed measurement or inertial positioning when associated with an accelerometer. FOGs exploit the Sagnac effect [START_REF] Arditty | Sagnac effect in fiber gyroscopes[END_REF], [START_REF] Post | Sagnac Effect[END_REF]. Such devices are crucial for satellites monitoring needing a precision from 1°/ℎ to 1. 10 -4 °/ℎ. It is particularly needed for the positioning of the spacecraft (orbit, altitude, spin control) in all profiles of space mission. Current FOGs are mainly composed of a fiber-based source operating around 1550 nm (a broadband Amplified Spontaneous Emission (ASE) source [START_REF] Fesler | Behavior Of Broadband Fiber Sources In A Fiber Gyroscope[END_REF], [START_REF] Wysocki | 1.55-um broadband fiber sources pumped near 980 nm[END_REF] or a super luminescent semiconductor diode [START_REF] Ashley | Applications of SLDs in fiber optical gyroscopes[END_REF] depending on the needed FOG performances) and several kilometers of polarization-maintaining optical SMF coil [START_REF] Ulrich | Fiber-optic rotation sensing with low drift[END_REF].

Active optical fibers and fiber optic amplifiers

In part 1.2.1, we summarized different space applications for passive optical fibers.

Now we are going to present active (rare-earth doped) optical fibers and their use in space field. Recent space-developed optical devices are working at 1550 nm, the third telecom 1.2 14 window, where the optical fibers present the lowest optical losses and the best signal transmission potential. This allows using the high-bandwidth components developed for the Telecom market. As optical Erbium-doped and Erbium-Ytterbium doped amplifiers (EDFAs and EYDFAs) are highly reliable devices [START_REF] Desurvire | Erbium-doped fiber amplifiers[END_REF], [START_REF] Giles | Modeling erbium-doped fiber amplifiers[END_REF] on Earth, there is a strong interest in using them for free space communications.

For space application, the use of an optical amplifier provides several advantages.

First of all, considering normal costs of entities in space launching, optical amplifiers are low cost in comparison, as their dimension can be compared to the one of a common hard drive. Then, as needs in data transfer are continuously increasing, optical amplifiers are compatible with Wavelength Division Multiplexing (WDM) or the Dense WDM (DWDM)

techniques allowing to multiply the number of channels for the communications.

Furthermore, those systems are immune from interference effects when different wavelengths signals are simultaneously injected into the amplifier. This amplification device is more reliable and flexible than previous technologies used for the amplification.

In terms of performances, optical amplifiers can provide gains as high as 40-50 dB with low noise figures and low polarization sensitivity.

Such amplifiers are based on Erbium-doped and Erbium-Ytterbium doped fibers (EDFs and EYDFs). These active fibers are able to amplify the input signal by using the energy provided by a pump. Optical amplifiers are not only used for telecommunications but are also key devices for light detection and ranging (LIDAR) systems or in weapons [START_REF] Storm | Space-Based Erbium-Doped Fiber Amplifier Transmitters for Coherent, Ranging, 3D-Imaging, Altimetry, Topology, and Carbon Dioxide Lidar and Earth and Planetary Optical Laser Communications[END_REF], [START_REF] Mcgregor | Mitigating Ambient Pressure Effects on an EDFA-Based IPDA LiDAR[END_REF].

Free-space optical communications

Free-space optical communications are based on the light propagation in free space allowing cable-free data transfer and high transmission data rate until Gbps [START_REF] Kaushal | Free Space Optical Communication[END_REF], [START_REF] Chan | Free-Space Optical Communications[END_REF]. A system is constituted of a transmitter and a receiver and light is modulated in such a way that data can be easily decrypted. The signal, emitted by the transmitter, passes through the atmosphere. In this environment, light will endure losses induced by the atmospheric effects: absorption, turbulences and scattering phenomena. Moreover, during its travel, signal will suffer from space losses, the noise and the optical background will raise, degrading the signal collected by the receiver. To compensate the main signal All atomic shells have generally increasing radii according to the number of electrons, but from the atomic number 58, there is a contraction. The shells 5s and 5p are full (5s 2 5p 6 ), and the remaining electrons add to the 4f shell. This shell does not have a larger radius compared to 5s and 5p but it contracts and is bounded by these ones. The new arriving electrons occupy the 4f levels which are spatially closer to the nucleus than le levels occupied by the 5p electrons. More we go through the lanthanide's series, more the averaged 4f shell radius goes closer to the nucleus, up to about 10 % at the end of the series. RE elements are most commonly present in the fiber core in their ionic form, more particularly in the trivalent form. The trivalent RE ions, on which most active RE-doped devices are based, have a Xenon basis to which n 4f electrons are added. Their atomic form can be written as (𝑋𝑒)4𝑓 𝑛 6𝑠 2 or as (𝑋𝑒)4𝑓 𝑛-1 5𝑑6𝑠 2 .The shielding of the 4f electron shell makes rich the RE optical spectrum as the optically active electrons are in this subshell [START_REF] Becker | Erbium-Doped Fiber Amplifiers: Fundamentals and Technology[END_REF] and when introducing such atom in a host glass matrix, the electronic transitions of the manifolds of this level are not so much impacted by their surrounding environment. This means that the spectroscopic properties of the RE ions are not greatly affected by their environment, so their absorption and emission spectra keep their main characteristics. that the best Erbium-doped fiber matrix choice for space application, to obtain a radiation tolerant glass, is the silica doped with Al2O3 and codoped with GeO2. Regarding ErYbdoped fibers, it has been shown in [START_REF] Vienne | Role of Aluminum in Ytterbium-Erbium Codoped Phosphoaluminosilicate Optical Fibers[END_REF] that adding aluminum dopant in a phosphosilicate doped fiber would not increase the fiber efficiency and would not help to avoid the rareearth ions clustering. So, only phosphorus (P2O5) is usually introduced in the core of such active fibers. Its addition also allows preventing the ion quenching phenomena of rareearths and improving their solubility in the silica glass matrix. This allows reaching higher luminescent ions concentration [START_REF] Lochhead | Rare-Earth Clustering and Aluminum Codoping in Sol-Gel Silica: Investigation Using Europium(III) Fluorescence Spectroscopy[END_REF], [START_REF] Monteil | Clustering of rare earth in glasses, aluminum effect: experiments and modeling[END_REF]. The quenching phenomena promotes the ionion interaction such as the cooperative emission or the up-conversion phenomena [START_REF] Hwang | Characterization of cooperative upconversion and energy transfer of Er3+ and Yb3+/Er3+ doped phosphate glasses[END_REF]- [START_REF] Auzel | Cooperative luminescence as a defining process for RE-ions clustering in glasses and crystals[END_REF]. This induces excitation energy losses and so decreases the amplifier performances.

Amplifiers

The amplification phenomenon

The amplification phenomenon considers collective mechanisms involving the dynamics of the electrons associated with the different energy levels of different rare earth ions when the pump and the signal are injected into the fiber.

Erbium amplifiers

In the case of an EDFA for space applications, the injected pump wavelength is usually  𝑝 = 980 𝑛𝑚. On Earth, the 1480 nm pumping can also be used. The population-rate equations of such system can be written as [START_REF] Desurvire | Erbium-doped fiber amplifiers[END_REF], [START_REF] Giles | Modeling erbium-doped fiber amplifiers[END_REF]: is the lifetime of the spontaneous emission for 4 I13/2 levels, 𝑊 𝑖𝑗 represent the stimulated transition rates between the i and j levels, 𝐴 32 and 𝐴 43 are the non-radiative transition rates and finally 𝐶 𝑢𝑝 , 𝐶 3 and 𝐶 14 are the homogeneous up conversion and cross-relaxation coefficients, respectively. This system of equations is at the basis of the simulation code developed by Politecnico di Bari to calculate and optimize EDFAs parameters. The details of the code used during the PhD thesis will be given in Undesirable mechanisms also take place while the signal is amplified. Two excited erbium ions on the 4 I13/2 level can exchange energy. An electron goes back to the ground state level by a non-radiative transition and another goes to the 4 I9/2 level. And the same phenomenon can happen between electrons on the 4 I11/2 level. These phenomena are called the up-conversion, they are a part of the non-linear secondary effects and limit the amplification efficiency. In Figure 1.10, up-conversion processes are represented by the 𝐶 𝑢𝑝 , 𝐶 3 and 𝐶 14 coefficients.

𝑑𝑁 1 𝑑𝑡 = 𝑊

Erbium-Ytterbium amplifier

For an EYDFA, the injected pump wavelength is  𝑝 = 915 𝑛𝑚. This one is absorbed by electrons on the ground state level 2 F7/2 of Yb 3+ ions. Electrons are then promoted to the 2 F5/2 level and excited Yb +3 ions transfer their energy to the nearby ground level of Er 3+ ions which are led to transit to the 4 I11/2 level. Then the mechanisms described above for the EDFA occur, leading to the amplification of the signal around 1550 nm. So, from Figure 1.11 and considering the steady state solutions, it is possible to find the rate equations of the two-ions system to calculate the level populations: non-radiative transition rates and 𝐾 𝑡𝑟 , 𝐾 -𝑡𝑟 , and 𝐾 𝑡𝑟1 are the energy transfer coefficients between the two ions: the forward energy transfer movement 2 F5/2 + 4 I15/2 → 2 F7/2 + 4 I11/2, the backward energy transfer movement 2 F7/2 + 4 I11/2 → 2 F5/2 + 4 I15/2 and the secondary energy transfer process 2 F5/2 + 4 I13/2 → 2 F7/2 + 4 F9/2, respectively. In such system, the 2 F5/2 manifolds from Yb 3+ transfer their energy to Er 3+ ions. A part of the energy goes to 4 I13/2 manifolds, inducing some pump photon losses. All these parameters and equations are also used in the simulation code developed by Politecnico di Bari to optimize such EYDFAs. 

𝑑𝑁 1 𝑑𝑡 = (

Amplifiers architectures

Rare-Earth Doped Fibers Amplifiers operate in the spectral band from 1530 nm to 1560 nm (corresponding to the C-band) and can be designed and used with different architectures. Amplifiers have different functions in a communication chain, this is why we could distinguish between three main types of optical amplifiers:

• Booster amplifiers (powered amplifier): a channel system at the beginning of a chain after the emitter. It delivers a very high output power.

• Linear amplifier: located on the transmitting line with the scope to remedy to the losses induced by the length of the fiber. Typically, an amplifier every 70 km. It provides high gain and low noise figure. • Pre-amplifier: at the end of a transmission chain, it is used to raise the signal before the receiver. The gain provided is high and the noise figure very low.

For an amplifier, depending on its targeted performances, they are also three different pumping schemes:

• Forward pumping: The signal and the pump propagate in the same direction all along the fiber, as illustrated in Figure 1.12. This pumping scheme allows to have a good population inversion at the beginning of the fiber under test. It limits the amplified spontaneous emission (ASE) and the noise of the amplifier. The conversion yield is limited by the ASE at the end of the fiber. • Backward pumping: The pump propagates in the opposite direction of the signal in the active fiber, as shown in Figure 1.13. The 4 I13/2 ions population is more inverted at the end of the fiber, so it provides a high-power level at the output of the amplifier. The ASE is higher at the beginning of the fiber and the noise is higher than in the forward scheme. • Bidirectional pumping: the pump is injected at both sides of the active fiber as the signal is injected at the input of the fiber, as shown in Figure 1 

Optimization

Double cladding architecture is preferred for Erbium-Ytterbium fibers to enhance the coupling of the pump at 915 nm with the Yb 3+ ions all along the active fiber (Figure 1.15). Such fiber is composed as following from the inner part to the outer one [START_REF] Ladaci | Rare earth doped optical fibers and amplifiers for space applications[END_REF], [START_REF] Carter | Double-clad optical fiber for lasers and amplifiers[END_REF],

[71]:

• The core doped with the active ions (here Erbium-Ytterbium) with a first high refractive index. The signal at 1.5 m is propagating into the core in a single-mode regime.

• The first cladding, called the inner cladding, that is multimode, in which is injected the pump. This material has a second refractive index that is lower than the core one. This cladding has a non-circular shape if we look at the cross-section of the fiber, see Figure 1.16.

• The second cladding, the outer one, has a third refractive index lower than the second one. A circular inner clad cannot be adopted since is does not reflect the light in an efficient way to ensure a good coupling of the pump and the RE ions in the fiber core.

Several geometries can then be adopted for the inner cladding of the fiber as the star geometry. In our case, an octagonal geometry has been designed for an easier coupling of the high-power multimode pump radiation into the highly-absorbing doped core. 

Towards high power: thermal effects

To achieve higher amplifying efficiency, the choice is made to inject high-power pump into the active fiber. However, when using high-power pump, the pump can induce thermal effects on the fiber properties.

For example, in high power EYDFAs with short fiber length, there is a heat accumulation due to the fast-non-radiative decay between energy level 4 I11/2 and 4 I13/2. Also, in highly doped Er 3+ and Yb 3+ ions, the cooperative up conversion (CUP) [START_REF] Campanella | Theoretical Investigation of Thermal Effects in High Power Er3+ /Yb 3+-Codoped Double-Clad Fiber Amplifiers for Space Applications[END_REF] reduces the population inversion between the Er 3+ ground level and the 4 I15/2 level. The consequent relaxation of multiphonon from the excited state to the 4 I13/2 level rise the heat load in the doped fiber core. Then, the optical power distribution being dependent of the pump power, different pumping architectures are responsible of different temperature distributions in the fiber and can potentially be responsible of damages if the fiber length and spectroscopic properties have not been optimized for the high-power pumping.

Several studies investigated the external applied temperature effect on REDFAs.

They showed that the temperature-induced change in the amplifier gain strongly depends on the fiber length as well as on the pump/signal wavelengths [START_REF] Kagi | Temperature dependence of the gain in erbium-doped fibers[END_REF], [START_REF] Yamada | Temperature dependence of signal gain in Er3+-doped optical fiber amplifiers[END_REF] in the range of [-40°C, + 80°C]. However, it was also mentioned in these studies that the temperature dependence of amplifiers was resulting from the linear temperature change in the fluorescence and the absorption cross sections. Figure 1.17 reports the temperature impact on the absorption and emission cross section of Er and Yb-doped fibers.

Temperature is known to affect the optical properties of optical fibers and of REDF. Indeed, temperature modifies the overlap factor between the guided mode and the RE-ions by In REDF, high-power pumping is also known to induce an unfavourable effect called photodarkening, effect mainly observed in Yb-doped fiber lasers [START_REF] Jetschke | Photodarkening in Yb doped fibers: experimental evidence of equilibrium states depending on the pump power[END_REF]- [START_REF] Mady | Thermoluminescence characterization of traps involved in the photodarkening of ytterbium-doped silica fibers[END_REF].

Photodarkening is characterized by the growth of optical power losses in a material when it is exposed at a certain wavelength, commonly 915-980 nm or 488 nm. The losses are peaking in the UV-visible range and the created defects have absorption tails impacting the NIR (the pump and the signal wavelengths). Finally, this phenomenon stimulates the growth of absorption loss in the fiber, a comparable effect to the RIA under radiation. 

. Reminder on the radiation effects on optical fibers: basic mechanisms

The literature [START_REF] Griscom | Model for the dose, dose-rate and temperature dependence of radiation-induced loss in optical fibers[END_REF]- [START_REF] Griscom | Radiation-induced defects in glasses: Origin of power-law dependence of concentration on dose[END_REF] reports that the macroscopic properties of optical fibers change when they are placed in a radiation environment. These changes are due to the generation of microscopic defects (point-defects) in the pure or doped silica matrix. These defects have absorption or luminescence bands peaking from the UV to near-IR spectral range. The main radiation effects are [START_REF] Girard | Overview of radiation induced point defects in silica-based optical fibers[END_REF]:

• The Radiation Induced Attenuation (RIA): the radiations generate some point defects through ionization and knock-on-processes leading to an excess of optical losses [START_REF] Morana | Gamma-rays and neutrons effects on optical fibers and Bragg gratings for temperature sensors[END_REF].

RIA levels usually grow with the dose, the dose rate and RIA partially recovers after the irradiation stops.

• The Radiation Induced Emission (RIE): the radiations generate a parasitic light, that is added to the signal. This parasitic light comes either from the luminescence of radiation-induced point defects or pre-existing color centers or from the Cerenkov effect.

• The Radiation Induced Refractive Index Change (RIRIC): resulting from a change of the glass density or from the RIA caused by the point defects.

Figure 1.18 Detailed creation of the radiation induced defect process in an optical fiber (SiO2).Taken from [START_REF] Griscom | Nature Of Defects And Defect Generation In Optical Glasses[END_REF].

When an optical fiber is exposed to radiations (charged particles or X-rays, , neutrons …), the induced damages are due to two different mechanisms: the creation of an electron-hole pair, or an atomic displacement. The first one corresponds to an ionization mechanism due to the removal of an electron from an atom, inducing ions creation. The second mechanism corresponds to a displaced atom leaving its initial location in the matrix, going into an interstitial place or being responsible of the exchange of dissimilar atoms in the fibre matrix [START_REF] Griscom | Nature Of Defects And Defect Generation In Optical Glasses[END_REF]. In amorphous glasses and for most of the considered radiation constraints, as described in Figure 1.18, the radiation damages are mainly due to ionization mechanisms. The contribution from atomic displacements is observed mostly for neutron-rich environments associated with large fluences of particles such as inside the core of a nuclear reactor.

In the framework of this PhD thesis, we will focus on the Radiation Induced Attenuation (RIA) effect that limits the amplifier performances. Generally, the higher the operating wavelength, the lower is the RIA as color centers are mainly absorbing at lower wavelengths (UV and visible range). The situation could however differ as in the case of phosphosilicate optical fibers. The RIA kinetics depend on the dose but also on the dose rate as the creation and bleaching mechanisms of the radiation-induced point defects are in competition during the fiber exposure. The radiation sensitivity of an optical fiber in terms of RIA also depends of its composition, manufacturing processes and geometry [START_REF] Girard | Overview of radiation induced point defects in silica-based optical fibers[END_REF]. Consequently, many parameters have to be considered to correctly evaluate the radiation response of optical fibers for a targeted application in a given environment.

Radiation effects on passive fibers

Infrared Radiation Induced Attenuation: influencing parameters

Silica-based optical fibers appear to be radiation sensitive in different ways depending of the selected operating wavelength. Telecommunications use the Infrared (IR) spectral range, and the radiation sensitivity of optical fibers in this domain depends on different parameters. In this part, we will describe the influence of these parameters on the radiation sensitivity of passive fibers.

Fiber type: dopant …

Silica-based optical fibers are often doped to adjust their refractive index to ensure light guidance [START_REF] Jen | Acoustic Characterization of Silica Glasses[END_REF] and their optical or structural properties for data transfer or sensing applications. The main areas of interest when we talk about RIA are the cladding and the core of the fiber, where the signal is guided. Most of the pure silica core matrix does not look to be much sensitive to radiation in IR as illustrated in Figure 1.19. This figure, taken from [START_REF] Girard | Overview of radiation induced point defects in silica-based optical fibers[END_REF], shows the influence of the fiber dopant on the radiation sensitivity of a silicabased fiber. Germanium (GeO2)-doped core fiber, commonly used for telecommunications, appears to be more sensitive to steady state irradiation, with the difference of a decade in terms of RIA. Phosphorus (P2O5) and Aluminum (Al2O3) doped fibers emerge to be the most radiation sensitive, the IR-RIA being 3 to 4 orders of magnitude larger than the one of a pure silica core fiber. Most of the already known Aluminum-defects are absorbing in the UV-visible spectral range [START_REF] Girard | Overview of radiation induced point defects in silica-based optical fibers[END_REF]. The most prominent defect is the Al-OHC one associated to the 2.3 eV optical absorption band (530 nm). This defect encroaches on IR wavelengths, leading to the presence of RIA along the near-IR (NIR) but it does not affect wavelengths higher than 1400 nm. Another still unknown defect structure should be able to explain RIA around 1550 nm. By the way, it has been shown in [START_REF] Vecchi | Infrared radiation Induced attenuation of radiation sensitive optical fibers: influence of temperature and modal propagation[END_REF] that Al-doped fiber can be good candidates for dosimetry even if their properties sound a little less interesting than the ones of Pdoped fibers in this spectral domain.

Phosphorus related defects are better known compared to Aluminum ones [START_REF] Girard | Overview of radiation induced point defects in silica-based optical fibers[END_REF]. In this case too, most of the absorptions are peaking in the UV-visible spectral range, but, it has been shown that the Phosphorus Oxygen Hole Center (P-OHC) defect can impact the NIR [START_REF] Williams | Space radiation effects on erbium-doped fiber devices: sources, amplifiers, and passive measurements[END_REF]. POHCs are associated with absorption bands peaking around 400 nm, 510 nm and 570 nm but their tails can contribute to the RIA measured in the NIR. Another defect impacting IR is absorbing around 1600 nm and is called the P1 center [START_REF] Girard | Radiation Effects on Ytterbiumand Ytterbium/Erbium-Doped Double-Clad Optical Fibers[END_REF]. The RIA associated to this center can increase even after irradiation [START_REF] Griscom | Fundamental defect centers in glass: Electron spin resonance and optical absorption studies of irradiated phosphorus-doped silica glass and optical fibers[END_REF]. This very particular phenomena was explained by the fact that, after irradiation, the radiation-induced POHC can recombine into P1 at room temperature [START_REF] Morana | Operating Temperature Range of Phosphorous-doped Optical Fiber Dosimeters exploiting Infrared Radiation-Induced Attenuation[END_REF]. Today, even for passive P-doped fibers, some P-related defects contributing to the NIR and IR RIA still need to be identified [START_REF] Griscom | Nature Of Defects And Defect Generation In Optical Glasses[END_REF].

Research is still ongoing as the P-doped fibers are more and more serving as the sensitive probe of point or distributed dosimeters exploiting the P1 defect properties [START_REF] Vecchi | In-situ regeneration of P-doped optical fiber dosimeter[END_REF], [START_REF] Francesca | Qualification and Calibration of Single-Mode Phosphosilicate Optical Fiber for Dosimetry at CERN[END_REF], [START_REF] Morana | Operating Temperature Range of Phosphorous-doped Optical Fiber Dosimeters exploiting Infrared Radiation-Induced Attenuation[END_REF].

Dose

For most of the fiber types and irradiation conditions, the higher the dose, the higher the RIA levels. Empirical model has been developed and proposed in [START_REF] Griscom | Model for the dose, dose-rate and temperature dependence of radiation-induced loss in optical fibers[END_REF], [START_REF] Griscom | Radiation-induced defects in glasses: Origin of power-law dependence of concentration on dose[END_REF] to describe the dependence of the RIA on the received dose. The RIA, 𝐴(𝐷), can be expressed as a function of the dose 𝐷: 𝐴(𝐷) = 𝐶. 𝐷 𝑓 (1.12)

𝑓 <1 and 𝐶 are constants depending on the fiber proprieties and on the wavelength used.

The dose rate dependence of the RIA is included in the formula via the 𝐶 constant:

C = 𝐾 ( 𝑑𝐷 𝑑𝑡 ) 𝑏 (1.13)
With the constants 𝐾 and 𝑏 depending of the fiber type, wavelength and temperature.

This model has been adapted and upgraded in order to identify the RIA origin as a function of the different radiation types (gamma-rays , steady-state and pulsed X rays, Ultra-Violet (UV), neutrons and protons) in different spectral domains (UV, visible, IR) [START_REF] Girard | Overview of radiation induced point defects in silica-based optical fibers[END_REF], [START_REF] Skuja | Optically active oxygen-deficiency-related centers in amorphous silicon dioxide[END_REF], [START_REF] Girard | Analyse de la réponse des fibres optiques soumises à divers environnements radiatifs[END_REF]. The RIA post-irradiation time decay can be written as follow and is defined as the recovery of the fiber RIA:

𝐴(𝑡) = 𝐴 0 𝑒 [( -𝑡 𝜏 ) 𝛼 ] + 𝐴 𝑝 (1.14)
With 𝐴 0 the transient defect contribution on the RIA at the end of the irradiation, 𝜏 the timedecay, 𝛼 the stretching coefficient (1> 𝛼 >0) and 𝐴 𝑝 are the permanent losses.

Dose rate

The RIA levels and kinetics of an optical fiber at a certain wavelength can be influenced by the dose rate. For most of the fiber types as the Germanium and Fluorinedoped ones, it is known that the higher the dose rate, the higher the fiber degradation [START_REF] Van-Uffelen | Modelling optical fibers acquisition and transmission systems for their use in nuclear environments[END_REF], [START_REF] Uffelen | Evaluation of a pragmatic approach for the prediction of radiation-induced losses in optical fibers exposed to a gamma-ray environment[END_REF]. For Al-and P-doped fibers, there is slight dependence on the dose rate, making them more adequate for dosimetry [START_REF] Francesca | Qualification and Calibration of Single-Mode Phosphosilicate Optical Fiber for Dosimetry at CERN[END_REF], [START_REF] Alessi | Radiation Effects on Aluminosilicate Optical Fibers: Spectral Investigations From the Ultraviolet to Near-Infrared Domains[END_REF]- [START_REF] Tomashuk | Fiber-optic dosimeter based on radiation-induced attenuation in P-doped fiber: suppression of post-irradiation fading by using two working wavelengths in visible range[END_REF].

Photobleaching

Photobleaching phenomenon can affect the RIA levels and kinetics. The basic photobleaching phenomenon is actually related to a redistribution or charge transfer of Chapter 1. State of the art and context 1.4 32 electrons and holes out of traps. Such process can be observed in many fields from biophysics, chemistry [START_REF] Kenworthy | Photobleaching FRET Microscopy[END_REF] (e.g. photobleaching of chromophores, photochemical alteration of a dye or a molecule) to optics, and can lead to the bleaching of any absorption bands, including RIA. As a consequence, injecting high power signal in fiber can result in photobleaching the color centers created during irradiation if the photobleaching efficiency is higher than the defect creation kinetic [START_REF] Henschel | Radiation hardening of optical fibre links by photobleaching with light of shorter wavelength[END_REF], [START_REF] Henschel | Regeneration of irradiated optical fibres by photobleaching?[END_REF].

Combined radiation and temperature effects

Among all the previous detailed parameters we did not talked about temperature.

This parameter is of primary importance as it can strongly affect the generation and bleaching rates of color centers, and then the RIA. When a harsh environment, and more particularly space, is characterized by the presence of both radiations and temperature constraints, investigations on their combined effects are mandatory.

Beginning with Al-doped fibers, these ones appear to be very sensitive to the combination of both temperature and radiations. Aluminum fibers are not so much studied in the IR domain under radiations but Campanella et al. [START_REF] Campanella | Combined temperature and radiation effects on radiation sensitive single-mode optical fibers[END_REF] showed that at telecom wavelengths (1310 nm and 1550 nm) the higher the temperature, the lower the RIA.

Moreover, the results illustrated that the recovery kinetics was higher at -40°C.

About P-doped fibers, the investigations demonstrated that the defects are sensitive to the temperature of irradiation [START_REF] Morana | Operating Temperature Range of Phosphorous-doped Optical Fiber Dosimeters exploiting Infrared Radiation-Induced Attenuation[END_REF], [START_REF] Campanella | Combined temperature and radiation effects on radiation sensitive single-mode optical fibers[END_REF]. It has been shown that P-OHC defects (actually the tail of P-OHC defect peaking in the visible) and the unknown defect peaking around 1000 nm are sensitive to the temperature of irradiation. The higher the temperature during irradiation, the higher the RIA at 1550 nm until a certain temperature (about 150°C). Indeed, it can be stated that increasing the temperature increases the probability to convert P-OHC into P1 [START_REF] Morana | Operating Temperature Range of Phosphorous-doped Optical Fiber Dosimeters exploiting Infrared Radiation-Induced Attenuation[END_REF]. Then, it has been shown that at temperature higher than 150°C, the RIA kinetics at both wavelengths decreased, implying that the elevated temperature reduces the color center generation efficiency.
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Radiation effects on active fibers and active devices 1.5.1. Radiation effects on RE-doped fibers

It has been demonstrated that the different radiations that can be found in space (mainly -rays, protons, X-rays) globally lead to the same degradation mechanisms on REDFAs [START_REF] Girard | Radiation Effects on Ytterbiumand Ytterbium/Erbium-Doped Double-Clad Optical Fibers[END_REF], the observed degradation being caused by ionizing processes.

Nonetheless, the first tested REDFs appear to be highly sensitive to radiations compared to passive Telecom-grade optical fibers [START_REF] Lezius | Radiation Induced Absorption in Rare Earth Doped Optical Fibers[END_REF]. Later, it was shown that the point defects at the origin of the RIA of the RE-doped fibers and of the degradation of REDFAs are rather related to the host glass matrix optimized to incorporate the RE ions than by the RE ions themselves. Aluminum and phosphorus codoping are actually responsible for the high degradation of active fiber-based devices [START_REF] Griscom | Fundamental defect centers in glass: Electron spin resonance and optical absorption studies of irradiated phosphorus-doped silica glass and optical fibers[END_REF].

For Aluminosilicate REDFs, the RIA related to the radiation-induced defects will be much more important at the pump wavelengths compared to the signal ones. For Phosphosilicate REDFs, defects will impact both the pump and signal wavelengths because of P1 and P-OHC defects [START_REF] Girard | Overview of radiation induced point defects in silica-based optical fibers[END_REF]. In both cases, the RIA increases at those wavelengths explain the degradation of the amplifier performances.

If the RIA growth kinetics in optical fibers can be described by the power law model, as detailed in part 1.4.2, it has to be adapted for REDFs [START_REF] Lezius | Radiation Induced Absorption in Rare Earth Doped Optical Fibers[END_REF]. For low dose rate, the model proposed by G. M. Williams et al. [START_REF] Williams | Projecting the performance of erbium-doped fiber devices in a space radiation environment[END_REF] shows its ability to reproduce a set of experimental RIA results:

𝐴(𝐷) = 𝐾𝐷 ̇𝑏𝐷 𝑓 (1.15)
In which 𝐾 is a reduced pre-exponential factor, 𝐷 ̇ corresponds to the dose rate and 𝑓 and b are parameters depending on the active fiber.

While for higher dose rate, it should follow the saturating exponential model investigated in [START_REF] Morita | Dose rate effect on radiation induced attenuation of pure silica core optical fibres[END_REF]:

𝐴(𝐷) = ∑ 𝑎 𝑖 (1 -𝑒𝑥𝑝 ( -𝐷 𝑐 𝑖 )) 𝑖 (1.16)
With i representing the contribution of each defect and 𝑎 and 𝑐 are constants.
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Radiation effects on optical fiber amplifiers

Effects on gain and noise figure

As radiation has an impact on the fiber attenuation, it will consequently have an impact on the amplifier performances that are defined by two parameters: the gain, characterizing its efficiency to amplify the input signal around 1550 nm; and the noise figure (NF) characterizing the accumulated noise in the fiber.

The amplifier gains G (in dB) is defined as a function of the input signal power injected in the fiber under test (FUT), 𝑃 𝑖𝑛 𝐹𝑈𝑇 (𝜆) (in W) and the signal power at the output of the FUT, 𝑃 𝑜𝑢𝑡 𝐹𝑈𝑇 (𝜆) (in W):

𝐺(𝜆) = 10 log ( 𝑃 𝑜𝑢𝑡 𝐹𝑈𝑇 (𝜆) 𝑃 𝑖𝑛 𝐹𝑈𝑇 (𝜆) ) (1.17)
While the NF of an amplifier corresponds to the ratio between the Optical Signal to Noise Ratios (OSNR) at the fiber input and output. It represents the quality criteria of an amplifier and is the noise generated in the active fiber:

𝑁𝐹 = 𝑂𝑆𝑁𝑅 𝑖𝑛 𝑂𝑆𝑁𝑅 𝑜𝑢𝑡 (1.18)
Radiations, via the creation of color centers, generate additional attenuation in the fiber causing a degradation of the amplifier, sometimes the device can no longer amplify the input signal, and increasing its NF.

Optical fiber radiation-hardening techniques 1.6.1. Hardening by component

Cerium-codoping

The improvement of an amplifier performance against ionizing radiation by codoping the active fiber core with Cerium has been proved in diverse publications [START_REF] Friebele | Radiation protection of fiber optic materials: Effect of cerium doping on the radiation-induced absorption[END_REF]- [START_REF] Stroud | Color-Center Kinetics in Cerium-Containing Glass[END_REF]. According to the literature [START_REF] Engholm | Improved photodarkening resistivity in ytterbium-doped fiber lasers by cerium codoping[END_REF], Cerium has the ability to change its valence state.

This property underlies the hardening effect: the holes and electrons generated by radiations are easily captured by Ce 3+ / Ce 4+ ions rather than by Al or P-defects. 

H2-loading the fiber

Another approach to improve the RE-doped fiber radiation tolerance consists to treat it before irradiation with H2 or D2 gas loading. This pre-treatment was shown to be very effective to make Erbium-doped fibers radiation resistant [START_REF] Zotov | Radiation-Resistant Erbium-Doped Fiber for Spacecraft Applications[END_REF], [START_REF] Zotov | Radiation-resistant erbium-doped silica fibre[END_REF]. Indeed, H2

presence in the fiber core is able to reduce the concentration of precursors and hydrogen will react with the defects in order to passivate them [START_REF] Shelby | Radiation effects in hydrogen-impregnated vitreous silica[END_REF]. As a result, the RIA is lowered and the radiation tolerance of the amplifiers is increased. The efficiency of this technique is very high for both Ce-free and Ce-codoped fiber-based amplifiers.

To achieve the treatment, the RE-doped fiber is placed in a pressurized tank at ~180 bars with H2 or D2 during almost 10 days to ensure the gas diffusion up to the fiber core. Depending on the concentration of gas, the amplification properties are affected.

There is then a compromise to find between the radiation hardening efficiency and the amplifier performances. To achieve this compromise, the gain of the REDFA built using the treated active fiber is monitored, at room temperature, to follow the gain increase related to the natural outgassing of the hydrogen from the fiber core. The hydrogen outgassing kinetics as a function of the time t in an optical fiber having a radius r0 are defined as [START_REF] Swart | Study of hydrogen diffusion in boron/germanium codoped optical fiber[END_REF]:
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𝐶(𝑟, 𝑡) = 𝐶 0 ∑ 2𝐽 0(𝛼 𝑛 𝑟 𝑟 0 ) 𝛼 𝑛 𝐽 1 (𝛼 𝑛 ) ∞ 𝑛=1 𝑒 [-𝐷( 𝛼 𝑛 𝑟 0 ) 2 ]𝑡 (1.19)
With D the diffusion coefficient, J1 the Bessel function of the first order, αn the n th order of the Bessel function, J0, and C0 the initial hydrogen concentration. represent the gain levels obtained using the fully-hydrogenated fiber and the gain level achieved using an untreated pristine fiber of the same length. It is clear that the hydrogen affects the amplifying properties of the fiber as the difference between both gain values is higher than 3 dB. The latter presenting gain degradations lower than 1%. Cerium doping (red curve) shows an accurate efficiency of hardening, while both H2-loaded fiber (blue curve) and Ceriumdoped and H2-loaded fiber (green curve) presents equivalent lower gain degradations.

Hardening-by-design

The pump wavelength

Adapting the pump wavelength in an EDFA could be a way to improve the system radiation hardness. As a matter of fact, it is possible to pump an Erbium doped fiber either at 980 nm or 1480 nm. The 1480 nm wavelength allows a larger pump absorption than at 980 nm, but the 980 nm pumping provides a less noisy amplification. Moreover, only the 980 nm pump diodes are space qualified, justifying that we select this pumping scheme for the PhD thesis. Furthermore, as we'll discuss in details in this manuscript, pumping at 980 nm allows to photobleach some of the radiation induced color centers, which is less the case with the 1480 nm pump [START_REF] Zotov | Radiation Resistant Er-Doped Fibers: Optimization of Pump Wavelength[END_REF]. 

The fiber length

Adjusting the active fiber length is another way to increase the amplifier radiation tolerance. As a matter of fact, when the fiber is submitted to radiation, defects are created all along its length. As the color centers are created, they will prevent both the input and pump signals to interact by creating attenuation in the fiber. It has been demonstrated in [START_REF] Girard | Design of Radiation-Hardened Rare-Earth Doped Amplifiers Through a Coupled Experiment/Simulation Approach[END_REF], [START_REF] Girard | Coupled experiment/simulation approach for the design of radiation-hardened rare-earth doped optical fibers and amplifiers[END_REF] that it exists a dependence between the fiber length and its sensitivity to radiations, due to a competition between the absorption and emission mechanisms of the rare-earth ions and the kinetics of the color centers creation. Therefore, for mission where the amplifier will suffer from high doses, it could be better to decrease the fiber length, preventing a stronger radiation induced degradation at the cost of a slightly less efficient amplifier at the beginning of the mission.

Figure 1.22

Distribution of the output power of an EDFA for different fiber lengths at different doses. The higher the dose, the lower must be the fiber length. Taken from [START_REF] Girard | Design of Radiation-Hardened Rare-Earth Doped Amplifiers Through a Coupled Experiment/Simulation Approach[END_REF], [START_REF] Girard | Coupled experiment/simulation approach for the design of radiation-hardened rare-earth doped optical fibers and amplifiers[END_REF].

Hole-Assisted Carbon Coating fiber

iXblue photonics [120] developed the Hole-Assisted Carbon Coating (HACC) fiber technology to improve the hydrogen treatment. Indeed, this fiber structure allows maintaining the gas inside the optical fiber by preventing its natural outgassing thanks to the carbon coating. At room temperature, this coating is hermetic to gas diffusion and authorizes long term use of treated fiber and amplifier in which the H2 loading is possible.

The structure has been combined to an appropriate choice of codopant ensuring optical performances and low radiation sensitivity.
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When the fiber is loaded with H2 or D2, the gas will diffuse through the holes from both cleaved ends of the fiber to finally spread/diffuse all along the length. In a second time, it will go from the hole to the core of the fiber, out-gassing diffusion phenomena being controllable. It permits to have the best compromise between optical performances and gas loading. Then, in a third time, both cleaved ends of the fibers are spliced to other fibers, limiting the out-diffusion of the gas at these points. Just after splicing, some remaining gas will diffuse from the silica to the gas-free air-holes. This guarantees stable level of gas in the fiber for years. It has been demonstrated that the thin layer of carbon coating does not impact the dose deposition inside the fiber core under both proton or gamma irradiations [START_REF] Girard | Proton Irradiation Response of Hole-Assisted Carbon Coated Erbium-Doped Fiber Amplifiers[END_REF].

The response of the HACC fiber under space radiation condition has been characterized. It has been reported in [START_REF] Girard | Radiation-hard erbium optical fiber and fiber amplifier for both low-and high-dose space missions[END_REF] that an EDFA based on this HACC fiber exhibits before irradiation ~31 dB of gain and is associated with a gain degradation lower than 0.7 dB under -rays for a dose rate of 680 rad/h leading to a total ionizing dose of ~315 krad(SiO2).

Photobleaching

The injected light in the fiber, during or after irradiation, induces a recovery phenomenon; photobleaching (PB) [START_REF] Friebele | Photobleaching effects in optical fiber waveguides[END_REF]. By injecting an appropriate signal in the fiber at the appropriated wavelength and power, one can optically bleach the defects created by the radiations. PB allows to bleach absorption bands, also the ones induced by radiations.

We can explain this mechanism by the recombination of the metastable radiation induced defects, thanks to the energy provided by the injected light. There is two way to harden a fiber to radiations thanks to this process:

• After the radiation exposure, a light is injected in the fiber to anneal the metastable defect generated during exposure. This method is very effective and can be used to reset a fiber when used as a dosimeter [START_REF] Vecchi | In-situ regeneration of P-doped optical fiber dosimeter[END_REF].

• During the radiation exposure, playing between the kinetics of creation of colorcenters induced by the radiations and the kinetics of recombination of the metastable centers thanks to the guided light. PB can then also occur in active fiber, thanks to the injected pump. As written upward, the pump power can induce a recombination of the metastable defects during and after irradiation. Photobleaching can be effective in REDF depending on the dopant of the fiber. It has been seen in [START_REF] Gebavi | Photobleaching of photodarkening in ytterbium doped aluminosilicate fibers with 633 nm irradiation[END_REF] that rare-earths aluminium-doped fibers are sensitive to the pump photobleaching. In the meantime, it seems that rare-earth phosphorus-doped fibers are less sensitive to the pump photobleaching, inducing that we should use another wavelength to efficiently bleach the fiber.

Conclusion

In this chapter we have described the complex environment to which spacecraft are subjected throughout their missions. While optical fiber-based systems have many advantages over traditional systems, optical fibers can be impacted by the conditions encountered in harsh environments. A great deal of research has been done on the effects of radiation on Erbium and Erbium-Ytterbium doped optical fibers and amplifiers, and several techniques have been developed to make these systems less sensitive to radiation. In addition, some studies have been carried out to understand the effects of different (and often high) temperatures in Erbium and Erbium-Ytterbium doped fibers and on amplifier performance. However, there are only a few or no studies coupling the effects of radiation and temperature on fiber amplifiers as well as on rare-earth doped fibers. This is the main research topic that will be studied in this PhD thesis.

The first objective of the thesis was to study the coupled effects of radiation and temperature on the properties of an optical fiber amplifier, mainly by monitoring the gain change during exposure. Second, the aim is to understand why the amplifier behaves in a certain way under combined constraints. To do this, we will study the same coupled effects of radiation and temperature on the active fibres, at the spectroscopic level in order to determine the kinetics of defect creation under these conditions in these fibres. Finally, once the experimental studies are done, we will use them to verify that the simulation code previously developed by Politecnico di Bari to optimise and calculate the performance of EDFAs and EYDFAs takes these effects into account, with the aim of implementing the code.

In the following, we will first introduce and describe the simulation code, Chapter 2. In this chapter, the used fibres will also be presented as well as first preliminary calculations on the input parameters of the code will be performed and described. In Chapter 2, we will detail the experimental setups implemented throughout the thesis to study the coupled effects of radiation and temperature on the amplifiers and the optical fibres. In Chapter 4, we present and comment on the main obtained experimental-results.

Finally, in Chapter 5, we will discuss the coupled radiation-temperature effects on the fibers and compare the experimental and theoretical results. In this first chapter, a state of the art on optical fiber-based amplifiers has been presented. We have established the existing constraints in the space environment, we have talked about the different optical fibers used for space application (passive fiber and active fiber) and finally we have presented the optical fiber amplifiers. Secondly, we discussed about the effects of radiation and temperature on optical fibers and more particularly on rare-earth-doped fibers. Finally, we described the different techniques that have been developed to radiation harden fibers and discussed their effectiveness.

Finally, we presented the objectives of this Ph.D thesis and the outline of the manuscript. Finalement, nous avons présenté les objectifs de cette thèse ainsi que le plan du manuscrit.

EN
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In questo primo capitolo, è stato presentato uno stato dell'arte sugli amplificatori a fibra ottica. Abbiamo stabilito i vincoli esistenti nell'ambiente spaziale, abbiamo parlato delle diverse fibre ottiche utilizzate per le applicazioni spaziali (fibra passiva e fibra attiva) e infine abbiamo presentato gli amplificatori a fibra ottica. In secondo luogo, abbiamo discusso gli effetti della radiazione e della temperatura sulle fibre ottiche e più in particolare sulle fibre drogate con terre rare. Infine, abbiamo descritto le diverse tecniche che sono state sviluppate per indurire le fibre con le radiazioni e abbiamo discusso la loro efficacia.

Infine, abbiamo presentato gli obiettivi di questa tesi e lo schema del manoscritto.

IT

Chapter 2. Presenting the coupled simulationexperiment approach

In this chapter, we introduce the simulation part of the PhD thesis mainly done in collaboration with the Politecnico di Bari researchers, the selected methodology to simulate the performances of amplifiers in absence or presence of radiations, knowing that the used tools were partially developed during the previous PhD thesis of Ayoub

Ladaci that was also in co-tutelle between the different laboratories [START_REF] Ladaci | Rare earth doped optical fibers and amplifiers for space applications[END_REF]. A very important knowledge concerns the input parameters, known from literature or extracted from experiments, that are needed to run the calculations, as well as the output parameters that the code provides, eg. the gain of the designed amplifier. Another important aspect of the simulation concerns the optimization of problem solving, this is done in our case using the Particle Swarm Optimisation (PSO) method that we'll briefly describe. In a second time, we will present the simulations of the tested Erbium and Erbium-Ytterbium doped amplifier architectures. We will discuss how the temperature influence the different input parameters should be considered in the existing numerical tool.

Simulation Approach

Selected Methodology

The simulation code developed by Politecnico di Bari is based on several calculation methods to reproduce the complex process of signal amplification in REDFAs knowing the amplifier architecture as well as the active optical fiber parameters. The diagram detailing the methodology used to simulate such device is represented in Figure As for all simulations, except ab initio ones, the tool needs several input parameters to be operated. Some concern the amplifier design: the powers and wavelengths of the injected signal (around 1550 nm) and pump (around 980 nm for EDFA or 915 nm for EYDFA), the pumping scheme and the active fiber length. Regarding the amplification processes, they are strongly dependent on the spectroscopic properties of the REDF (see the following paragraph 2.1.2). All these parameters are included in the code based on the Particle Swarm Optimization (detailed in part 2.1.5) and exploited to model the amplification processes. For this task, we used several algorithms, eg. the Newton-Raphson Method for root finding of the nonlinear sets of rate equations [START_REF] Ypma | Historical Development of the Newton-Raphson Method[END_REF], [START_REF] Cash | A variable order Runge-Kutta method for initial value problems with rapidly varying right-hand sides[END_REF], the relaxation method coupled to the 4 th order Runge-Kutta method for solving the two-point boundary value problem pertaining the optical powers propagations along the fiber length [START_REF] Butcher | On the implementation of implicit Runge-Kutta methods[END_REF]. Both methodologies are further developed in 2.1.3. Finally, after iterating, the algorithm allows obtaining the generated gain and the noise figure for the selected architecture of amplifier.

Experimental input parameters

In this paragraph we detailed the parameters used as input for the simulation code and explain how to obtain their values. We consider that the information about the amplifier architecture and the signal and pump power and wavelengths are known and fixed by the application. Some other parameters have to be either calculated or experimentally measured.

A good example concerns the absorption and emission cross sections (XS) of the fiber. These cross sections allow quantifying the ability of a rare-earth ion (Er 3+ or Yb 3+

Experimental input parameters

• Injected lasers XS are related to the Einstein coefficients A and B and the dimension of the XS is the one of an area. Actually, in his analysis of the radiationmatter interaction, Einstein assumed that the probability of a transition induced by an electromagnetic field was proportional to the energy density of the field of radiations, at the transition frequency. So, considering two states 1 and 2 having two energetic levels E1 and E2 respectively with E1<E2, the transition probability for the absorption of a photon of energy (E2 -E1) is also proportional to the XS 12. Then, the emission of a photon of energy (E2 -E1) is proportional to the emission XS 21 [START_REF] Becker | Erbium-Doped Fiber Amplifiers: Fundamentals and Technology[END_REF] The quantity of absorbed light power 𝑃 𝑎 by a rare-earth ion with an incident light of intensity 𝐼 at a frequency 𝜈 is: 

• Wavelengths • Powers • Amplifier parameters • Fiber length • Configuration • Spectroscopic
𝑃 𝑎 =
Considering the level degeneracy, the 𝐵 12 coefficient characterizes the transition strength from an "average" of a level 1 sublevel's, to all the possible level 2 sublevel's, with a similar consideration for 𝐵 21 . So, we can write that:

g 1 𝐵 12 = g 2 𝐵 21 (2.6)
From these assumptions we can then write:

𝐴 12 = 8𝜋ℎ𝜈 3 𝑛 3 𝑐 3 𝐵 21 and 𝐵 12 = 𝑔 2 𝑔 1 𝐵 21 (2.7)
Considering the degeneracy of each energetic level and the fact that the sublevels are equally populated it is possible to express the XS as:

𝜎 12 (𝜈) = 𝑔 2 𝑔 1 𝜎 21 (𝜈) (2.8)
Such expressions cannot be used for the optical transitions because of the Stark effect [START_REF] Levinton | The motional Stark effect: Overview and future development (invited)[END_REF], creating electronic manifolds with slightly different energies. For these reasons, the Erbium absorption cross section can be defined as a function of the wavelength and the temperature:

Chapter 2. Presenting the coupled simulationexperiment approach 2.1 47

𝜎 𝑎 𝐸𝑟 (𝜆, 𝑇) = 𝑎𝑡𝑡 𝐸𝑟 (𝜆, 𝑇) 10log (𝑒)𝑁 𝐸𝑟 Γ(𝜆, 𝑇) (2.9)
Where 𝑎𝑡𝑡 𝐸𝑟 (𝜆, 𝑇) is the attenuation spectrum of the active fiber, 𝑁 𝐸𝑟 is the Erbium concentration in the fiber core, and Γ(𝜆, 𝑇) is the overlap factor between the propagating mode at the wavelength 𝜆 and the doped core.

The overlap factor Γ(𝜆, 𝑇) between the rare-earth ions and the pump, signal, and ASE field intensities can be calculated using the following equation [START_REF] Becker | Erbium-Doped Fiber Amplifiers: Fundamentals and Technology[END_REF]:

Γ(𝜆) = ∫ ∫ 𝐸(𝑟, 𝜙, 𝜆) 2 𝑟𝑑𝑟𝑑𝜙 𝑅 0 2𝜋 0 (2.10)
where R is the doped core radius and 𝐸(𝑟, 𝜙, 𝜆) is the transverse electric field envelope normalized so that the surface integral of 𝐸(𝑟, 𝜙, 𝜆) 2 is equal to one. The transverse electric field is calculated using the Comsol Multiphysics software and knowing the measured fiber refractive index profile (RIP). Similarly, the overlap factor is directly calculated using the same software. For ErYb-doped fibers, the overlap factor can only be calculated for the signal (@1550 nm) with the formula (2.10) described above because only at this wavelength, the fiber is single mode. At 915 nm, it is harder to calculate the overlap factor as the fiber is multimode. As we inject the pump in the octagonal cladding, a huge number of modes occurs. The chaotic ray dynamics in our non-circular cladding allows an effective mode mixing which makes the intensity distribution of all pump modes homogeneous in the fiber.

As a result, the input pump field fills the inner cladding uniformly and we should calculate the corresponding overlap factor using formula (2.10). However, we cannot consider all the optical modes because the total overlap factor, which is the sum of the overlap factors, would be an infinite sum. It is therefore approximated as the ratio between the core and b)
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The absorption cross section at the pump wavelength will then be differently written for ErYb-doped fiber:

𝜎 𝑎 𝐸𝑟𝑌𝑏 (𝜆 𝑝 , 𝑇) = 𝑎𝑡𝑡 𝐸𝑟𝑌𝑏 (𝜆 𝑝 , 𝑇)𝑆 𝑐𝑙𝑎𝑑 10log (𝑒)𝑁 𝑌𝑏 𝑆 𝑐𝑜𝑟𝑒 (2.11)
The emission XS is then obtained either for Er-doped fiber or ErYb-doped fiber, using the McCumber theory [START_REF] Ladaci | Validity of the McCumber Theory at High Temperatures in Erbium and Ytterbium-Doped Aluminosilicate Fibers[END_REF], [START_REF] Mccumber | Einstein Relations Connecting Broadband Emission and Absorption Spectra[END_REF] from the absorption XS:

𝜎 𝑒 (𝜆, 𝑇) = 𝜎 𝑎 (𝜆, 𝑇)exp [ 𝐸 𝑍𝐿 -ℎ𝜈 𝜅𝑇 ] (2.12)
With 𝐸 𝑍𝐿 the energy difference between the bottom of the 4 I13/2 manifold and the bottom of the ground state 4 I15/2, 𝑇 is the temperature, 𝜅 is the Boltzmann's constant, ℎ is the Planck's constant and 𝜈 is the associated frequency.

Calculation codes

Solving the rate level equations with the Newton-Raphson method

The Newton-Raphson method is an efficient algorithmic for solving systems of more than one nonlinear equation. This method gives a very efficient means of converging to a root, if a sufficiently good initial guess is chosen [START_REF] Ypma | Historical Development of the Newton-Raphson Method[END_REF], [START_REF] Verbeke | The Newton-Raphson method[END_REF].

Considering the following arbitrary system of equations:

{ 𝑓(𝑥, 𝑦) = 0 𝑔(𝑥, 𝑦) = 0 (2.13)
Both functions show a panel of roots that divide an (𝑥, 𝑦) plane into different regions:

positive or negative. The solutions of our system are represented by the points where both zero contour intersect, as illustrated in Figure 2.4. To find the solutions of such nonlinear system, the algorithm must find all the roots of all equations. When the initial values are well chosen, this method has a good efficiency to find roots.
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When the system concerns 𝑁 equations with 𝑥 𝑛 variables, the global Newton-Raphson method is developed as following. We implement two global vectors: 𝑋 composed by all the unknowns 𝑥 𝑛 and 𝐹(𝑋) containing the evaluation of all the 𝑓 𝑛 (𝑋) functions in 𝑋. It is possible to approximate 𝐹(𝑋) via its Taylor expansion of the first order [START_REF] Walter | Méthodes numériques et optimisation, un guide du consommateur[END_REF], [START_REF] Kelley | Solving Nonlinear Equations with Newton's Method[END_REF]:

𝐹(𝑋) ≈ 𝐹(𝑥 𝑛 ) + 𝐽(𝑥 𝑛 )(𝑥 -𝑥 𝑛 ) (2.14)
with 𝐽(𝑥 𝑛 ) the Jacobian Matrix that can be written as:

𝐽(𝑥 𝑛 ) = 𝜕𝐹(𝑥 𝑛 ) 𝜕𝑥 𝑛 (2.15) Figure 2.4
Representation of the solutions of a nonlinear system of two equations with two unknowns adapted from [START_REF] Ladaci | Rare earth doped optical fibers and amplifiers for space applications[END_REF].

It is possible to choose the next point of evaluation 𝑥 𝑛+1 to remove the right member of Eq. (2.14) calculating the iteration as:

𝑥 𝑛+1 = 𝑥 𝑛 -𝐽 -1 (𝑥 𝑛 )𝐹(𝑥 𝑛 ) (2.16)
If the Jacobian is not inversed, it is possible to evaluate the corrective term:

Δ𝑥 𝑛 = 𝑥 𝑛+1 -𝑥 𝑛 (2.17)
and by solving the following linear system by LU decomposition [START_REF] Alabert | The practice of fast conditional simulations through the LU decomposition of the covariance matrix[END_REF]:

𝐽(𝑥 𝑛 )Δ𝑥 𝑛 = -𝐹(𝑥 𝑛 ) (2.18) ( , ) ( , ) , , , = , = , = , =
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𝑥 𝑛+1 = 𝑥 𝑛 + Δ𝑥 𝑛 (2.19)
If the initial values are not well chosen, the Newton's method has the tendency to diverge, taking us away from the solutions of the system. To get over this issue, we use a global minimization method. Finally, the implemented code results from a combination of the previous described Newton-Raphson method and a higher-level method guaranteeing a progression at each iteration, i.e. answering the question "is there a solution in the chosen region?". To avoid the program running endlessly, the method has been adapted from Eq.

2.18 such that:

Δ𝑥 = -𝐽 -1 𝐹 (2.20)
So that Δ𝑥 is checked at each step, reducing the possibility to diverge. Also, a verification is made at each iteration concerning the minimization of 𝑓.

𝑓 = 1 2 𝐹𝐹 (2.21)
Every root (𝐹 = 0) allows minimizing the above equation. However, some of these roots are local minima, so to overcome this problem, we consider that the Newton iteration is always decreasing.

∇𝑓Δ𝑥 = (𝐹𝐽)(-𝐽 -1 𝐹) = -𝐹𝐹 0 (2.22)
Finally, this method consists in applying the Newton-Raphson step and checking at each iteration if the step minimizes 𝑓. If the solution is in the region of search, it will converge. If the step does not minimize 𝑓, the algorithm goes in the backward Newton direction until it finds an acceptable step [START_REF] Press | Numerical Recipes 3rd Edition: The Art of Scientific Computing[END_REF]. This method is reliable as it ensures that the slope is good.

Solving the propagation equations

To simulate the population inversion as well as the forward and backward Amplified Spontaneous Emission (ASE) in active fibers, it is essential to consider a homogeneous concentration of Rare-Earths in the core all along the fiber length. To solve the propagation equations, we also have to consider the energy level models of Erbium ions described in Chapter 1. It is then possible to calculate the forward (+) and/or backward (-) propagation of the pump, signal and ASE powers along the whole active fiber length Chapter 2. Presenting the coupled simulationexperiment approach 2.1 52 by solving this differential equation [START_REF] Desurvire | Erbium-doped fiber amplifiers[END_REF], [START_REF] Becker | Erbium-Doped Fiber Amplifiers: Fundamentals and Technology[END_REF]. In the case of an Er-doped fiber, this gives the following set of equations:

𝑑𝑃 𝑝 ± (𝑧) 𝑑𝑧 = ±Γ(𝜈 𝑝 )[𝑁 3 𝜎 (𝜈 𝑝 ) -𝑁 1 𝜎 (𝜈 𝑝 ) -𝛼(𝜈 𝑝 )]𝑃 𝑝 ± (𝑧) (2.23) 𝑑𝑃 𝑠 ± (𝑧) 𝑑𝑧 = ±Γ(𝜈 𝑠 )[𝑁 2 𝜎 (𝜈 𝑠 ) -𝑁 1 𝜎 (𝜈 𝑠 ) -𝛼(𝜈 𝑠 )]𝑃 𝑠 ± (𝑧) (2.24) 𝑑𝑃 𝐴𝑆𝐸 ± (𝑧, 𝜈 𝑘 ) 𝑑𝑧 = ±Γ(𝜈 𝑘 )[𝑁 2 𝜎 (𝜈 𝑘 ) -𝑁 1 𝜎 𝑎 (𝜈 𝑘 ) -𝛼(𝜈 𝑘 )]𝑃 𝐴𝑆𝐸 ± (𝑧, 𝜈 𝑘 ) ± 2𝑁 2 Γ(𝜈 𝑘 )ℎ𝜈Δ𝜈 𝑘 𝜎 𝑒 (𝜈 𝑘 ) (2.25)
And in the case of ErYb-doped fiber, considering that the fiber has a homogeneous distribution of Er 3+ and Yb 3+ ions all along its length and in the whole fiber core cross section and considering the energy level models of the Erbium-Ytterbium ions system detailed in Chapter 1 it is possible to calculate the forward (+) and/or backward (-)

propagation of the pump, signal and ASE powers along the whole fiber by solving this set of differential equations [START_REF] Desurvire | Erbium-doped fiber amplifiers[END_REF], [START_REF] Becker | Erbium-Doped Fiber Amplifiers: Fundamentals and Technology[END_REF]: • at 𝑧 = 0, the forward ASE 𝑃 𝐴𝑆𝐸 + is null, the forward pump power 𝑃 𝑝 + is equal to the co-propagative pump power at the entrance of the FUT 𝑃 𝑝,𝑖𝑛 + and the signal power is equal to the injected signal power at the entrance of the FUT 𝑃 𝑠,𝑖𝑛 + .

𝑑𝑃 𝑝 ± (𝑧) 𝑑𝑧 = ±Γ(𝜈 𝑝 )[𝑁 3 𝜎 (𝜈 𝑝 ) -
• at 𝑧 = 𝐿, the backward ASE 𝑃 𝐴𝑆𝐸 -is also null and the backward pump power 𝑃 𝑝 -is equal to the pump power injected in the contra-propagative way 𝑃 𝑝,𝑖𝑛 -.

The differential equations involved in the two-boundary value problem were solved using the 4 th order Runge-Kutta model. This method is well known for its precision and its ease of use [START_REF] Gear | Numerical initial value problems in ordinary differential equations[END_REF]- [START_REF] Press | Numerical Recipes in Fortran 77[END_REF]. Runge-Kutta model is based on the following differential equation of the first order:

{ 𝑑𝑦 𝑑𝑧 = 𝑓(𝑧, 𝑦(𝑧)), 0 ≤ 𝑧 ≤ 𝑍 𝑦(0) = 𝑦 0 (2.29)
with 𝑦(𝑧) the function we are looking for, 𝑦 0 its initial value and 𝑓 a known function. In our case, the functions are known (signal, pump and ASE powers) as well as their initial values. Finally, with the 4 th order Runge-Kutta model, we obtain the following explicit scheme:

𝑦 𝑛+1 = 𝑦 𝑛 + ℎ [ 1 6 𝑘 1 + 1 3 𝑘 2 + 1 3 𝑘 3 + 1 6 𝑘 4 ] { 𝑘 1 = 𝑓(𝑧 𝑛 , 𝑦 𝑛 ) 𝑘 2 = 𝑓(𝑧 𝑛 + ℎ 2 , 𝑦 𝑛 + ℎ 2 𝑘 1 ) 𝑘 3 = 𝑓(𝑧 𝑛 + ℎ 2 , 𝑦 𝑛 + ℎ 2 𝑘 2 ) 𝑘 4 = 𝑓(𝑧 𝑛 + ℎ, 𝑦 𝑛 + ℎ𝑘 3 ) (2.30)
These equations represent a one-step numerical scheme, based on the discretization of the variable 𝑧. The parameter ℎ is the step and 𝑦 𝑛 the approximated value of the function 𝑦(𝑧 𝑛 ) for the different points 𝑧 𝑛 = 𝑛ℎ.

It allows resolving the equations by investigating both forward and backward

propagating light fields all along the fiber length using the above boundary conditions until a point of convergence is found. Typically, this condition corresponds to a gain variation between two iterations lower than a fixed error. To minimize the divergences of the method, the procedure has been adapted, integrating only the optical powers (signal, Chapter 2. Presenting the coupled simulationexperiment approach 2.1 54 pump and ASE) in their propagation direction, either forward or backward. This method has a good accuracy and it is very appropriate to solve the power evolution along the active fiber length.

And since the transition rate of the pump satisfies the following conditions, the pump, signal and ASE propagation equations form a system of differential equations coupled with the rate equations. (2.34)

𝑊

Output parameters

The main output parameters that the simulation algorithm provides are the amplifier output power (and then its gain can be deduced) and related noise figure. It is possible to manipulate these parameters as a function of the active fiber length, the dose, the pump power and scheme, the input signal power, the rare earth concentration, spectroscopic parameters. It is also possible to obtain the variation of the output power of an amplifier when changing the active fiber length or keeping this length fixed but considering the evolving attenuations at the pump and signal wavelengths caused by irradiation. This tool allows an optimization of the active fiber length to maximise the amplifier gain or other parameters, depending on the selected mission profile. As we can see in Figure 2.6, the optimal length of an amplifier is very different for a pristine (not irradiated) fiber and for an irradiated (70 krad) one. As the fiber losses increase with the dose, the optimal fiber length to obtain the best output power also decreases with the dose. Then it is also possible to get the power propagations along the fiber length, as demonstrated in Figure 2.7. The figure illustrates the power propagation of both the signal and the pump along an Er-doped fiber length. In this case it is easy to distinguish that the pump is injected in the contra-propagative direction as its power decreases with the decreasing length. As the signal and pump power, it possible to get the ASE power in both forward and backward propagations as illustrated in Figure 2.8. 

Optimization procedure: Particle Swarm Optimization

To be able to simulate accurate design and analysis of an amplifier, it is mandatory to enter in the developed code representative values for the spectroscopic parameters of the RE-doped fibers [START_REF] Girard | Design of Radiation-Hardened Rare-Earth Doped Amplifiers Through a Coupled Experiment/Simulation Approach[END_REF]. Generally, they are not easy to measure and sometimes specific instrumentations are needed to get them. To free ourselves from these constraints and recover these amplifier parameters, we combine experimental and simulation approaches. To this aim, the simulation is based on a Particle Swarm Optimization (PSO) approach. It is a robust evolutionary global optimization method that has been developed by Kennedy and Eberhart [START_REF] Kennedy | Particle swarm optimization[END_REF], [START_REF] Eberhart | Swarm Intelligence -1st Edition[END_REF] and it is based on the social behavior of a flock of birds, or a shoal of fish, or a swarm of bees through the concept of swarm intelligence. It corresponds to the collective adaptation to the local and/or global environment. The optimization refers to the identification of the best element among a lot of possibilities. To well understand how it works, we can consider a population of N candidates that are called the swarm.

𝑋 = {𝑥 1 , 𝑥 2 , 𝑥 3 , … , 𝑥 𝑁 } (2.35)
As an example, we consider the seagulls, called the particles. They are flying over the sea, called the field, and looking for fishes. Their goal is to find the highest fish density.

Chapter 2. Presenting the coupled simulationexperiment approach 2.1 58

The sea that is called the search space is N-dimensional and the position of each particle is represented by a D-dimensional vector xi, constituting a potential solution.

𝑥 𝑖 = {𝑥 𝑖1 , 𝑥 𝑖2 , 𝑥 𝑖3 , … , 𝑥 𝑖𝐷 } (2.36)
The advantage of the swarm behaviour is that particles adjust their trajectories in the field, keeping in memory the position that has the best fitness value, called personal best xbi, knowing that the fitness function is the fish density and considering that the global best xg is the best location found by the entire population. The personal best is actually the coordinates of the best solution obtained so far by a unique particle and the fitness function quantifies the degree of optimality of a particular set of parameters [START_REF] Marini | Particle swarm optimization (PSO). A tutorial[END_REF]. While looking for an optimized point, the particles define several points in the parameter space that constitute the trajectories iteratively updating their position. The trajectories are based on the following equation of motion:

𝑥 𝑖 (𝑡 + 1) = 𝑥 𝑖 (𝑡) + 𝑣 𝑖 (𝑡 + 1) (2.37) 
where 𝑡 and 𝑡 + 1 represent two successive iterations of the code. The research of the solution is characterized by an operator called the velocity, vi. This one is independent of the personal and general experience of the population. The velocity vector governs how the particles move across the space. Three terms are contributing to the velocity:

• The inertia, preventing a drastic change in the direction of the particles by following the previous direction of the flow.

• The cognitive component, reporting the tendency of particles to return to the best position they had previously found.

• The social component, determining the tendency of the particles to move to the best position of the whole swarm.

The velocity can, then, be written as:

𝑣 𝑖 (𝑡 + 1) = 𝜒{𝑣 𝑖 (𝑡) + 𝜙 1 𝑟 1 [𝑥 𝑏𝑖 (𝑡) -𝑥 𝑖 (𝑡)]} + 𝜒𝜙 2 𝑟 2 [𝑥 𝑔 (𝑡) -𝑥 𝑖 (𝑡)] (2.38)
where 𝑡 is the iteration counter, 𝑟 1 and 𝑟 2 are two random numbers uniformly distributed between [0,1] and  is the constriction factor and is expressed as:

𝜒 = 2 |2 -𝜙 -√𝜙 2 -4𝜙| (2.39)
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where 𝜙 1 and 𝜙 2 are two real constants with the condition 𝜙 = 𝜙 1 + 𝜙 2 and 𝜙 4. Finally, after having looked for the best solution, the PSO algorithm converges to the most optimal solution parameters [START_REF] Mescia | Optimization of the Design of High Power Er3+/Yb3+-Codoped Fiber Amplifiers for Space Missions by Means of Particle Swarm Approach[END_REF].

Our simulation can finally be used in two different ways, depending on what the user needs to optimize or to check:

• The user can choose to recover some input parameters (as the one experimentally difficult to obtain) in order to find the best value fitting with the other amplifier parameters already defined (architecture, fiber length, power of the pump etc.) or easy to measure (as the gain and noise figure).

• The user can choose to optimize the amplifier parameters (as the configuration, the power of the pump, the fiber length etc.) to recover better performances.

Also, once all the parameters are known, chosen and/or optimized, it is possible to simulate the behavior of the amplifier under different conditions. By varying the radiation induced losses of the fiber at the pump and signal wavelengths, we can simulate the gain degradation of the amplifier. By calculating the input parameters at different temperatures, we can simulate the temperature influence on the fiber amplifier properties.

Erbium-doped fiber amplifiers case 2.2.1. The 3-levels system

To simulate Erbium-doped fiber amplifiers, the code will consider the spectroscopic properties of the Erbium ions. It is possible to consider a 3-levels system as the amplification derives from the electron activity from these levels. The simulation model is based on the rate equations and the schematic energy levels diagram illustrated in Figure 2.1, from Chapter 2. This model covers the absorption of the injected wavelengths and the stimulated emission of the signal wavelength, the effect of the pump, the Amplifier Spontaneous Emission (ASE) noise, the cross-relaxation processes and the uniform cooperative up-conversion between a pair of neighbors Er 3+ ions.
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Erbium-doped fibers under study

To study the combined temperature and radiation effects on Erbium-doped fiber amplifiers, two different fibers have been tested. Those fibers were manufactured and provided by iXblue Photonics [120]. One of the fibers has been tested as-drawn and in a radiation hardened configuration, by pre-loading it with hydrogen. Then, we assume three different studied fiber samples and 

REDFA simulation results in absence of radiations

In this section we present all the input parameters needed to run the simulations for the case of an EDFA. Only Er2 has been simulated as this fiber shows (in Chapter 2) a better radiation response than Er1, and Er3 is harder to simulate due to the added hydrogen modifying the fiber properties.

The electromagnetic field profiles of the guided modes at the pump and the signal wavelengths have been evaluated via COMSOL Multiphysics © software. The radial distributions of both modes as well as the relative refractive index profile of the Er2 fiber are reported in Figure 2.10. It can be seen that at larger wavelength, the mode tends to spread more in cladding while the mode at the pump wavelength is more confined in the fiber core. From this simulation, we obtained a signal overlapping factor Γ 𝑠 = 0.542 and pump overlapping factor Γ 𝑝 = 0.822. Based on this, we are then able to calculate the absorption and the emission cross sections shown in Figure 2.11. Table 2-2 summarizes all the input parameters concerning the amplifier configuration. 

Parameters Er2

Active Fiber length (m) 6.9

Signal power (W) 

Erbium-Ytterbium doped fibers amplifiers 2.3.1. The energy levels system

To simulate Erbium-Ytterbium -codoped fiber amplifiers, the code has to consider the spectroscopic properties of both Er 3+ and Yb 3+ ions. The simulation model is based on the rate equations and the schematic energy levels diagram illustrated in Figure 1.8.

The upper levels of both ions are neglected since their lifetimes are much lower than the ones of the considered levels. The simulation code particularly considers the following transitions on Yb 3+ ions:
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• The pump absorption and the stimulated emission from the 2 F7/2 level to the 2 F5/2 manifold.

• The spontaneous decay from the 2 F5/2 excited level.

Between the two ions we consider the following energy transfers:

• The forward energy transfer 2 F5/2 + 4 I15/2 → 2 F7/2 + 4 I11/2.

• The backward energy transfer 2 F7/2 + 4 I11/2 → 2 F5/2 + 4 I15/2.

• The secondary energy transfer process 2 F5/2 + 4 I13/2 → 2 F7/2 + 4 F9/2.

The numerical code also considers the transition of Er 3+ ion, already explained in part 2.2.1. as well as the forward and backward ASE around the 1.55 m band. Also, the absorption of the pump (at 915 nm) by the ground ( 4 I15/2) and the ( 4 I11/2) manifolds of erbium ions is neglected in the simulation. And since the population of the 2 F5/2 level is small, we are also able to neglect the ASE caused by Ytterbium.

As for the sole Erbium system, it is possible to calculate the stimulated transition rates at the pump wavelength with the following formula:

𝑊 ij (𝑧, 𝜈 𝑝 ) = Γ(𝜈 𝑝 )𝜎 𝑖𝑗 (𝜈 𝑝 )[𝑃 𝑝 + (𝑧) + 𝑃 𝑝 -(𝑧)] ℎ𝜈 𝑝 𝐴 𝑐𝑜𝑟𝑒 (2.40)
with 𝜈 𝑝 pump frequency, ℎ the Planck's constant, 𝐴 𝑐𝑜𝑟𝑒 the doped core area and 𝑧 is the position along the fiber length.

At the signal wavelength, calculating the absorption and stimulated transition rates (𝑊 12 and 𝑊 21 respectively) is more complex. We have to consider the forward and backward ASE, spreading along a continuum wavelength range. In this way, it is difficult to calculate the amplifier performances through the sole analytical equations. (2.42)

with Γ(𝜈 𝑠 ) is the overlap factor at the signal wavelength calculated as in Eq. (2.10).

𝑃 𝑠 + (𝑧) and 𝑃 𝑠 -(𝑧) respectively are the forward and backward signal power along the fiber length and 𝑃 𝐴𝑆𝐸 + (𝑧) and 𝑃 𝐴𝑆𝐸 -(𝑧) are respectively the forward and backward ASE powers along the fiber length. 𝜎 𝑎 (𝜈 𝑠 ) and 𝜎 𝑒 (𝜈 𝑠 ) are, at the signal wavelength, the absorption and emission cross sections, respectively.

Tested Erbium-Ytterbium doped fibers

To study the combined temperature and radiation effects on Erbium-Ytterbium ErYb1 is considered as a reference fiber, usually used for Telecom-grade application; ErYb2, that is codoped with Ce, is more radiation hardened than ErYb1 while ErYb3 is much more radiation hardened, as it has been doped with a higher concentration of Cerium. Those fibers are based on phosphosilicate glass matrix and present the same geometry: double-clad fibers.

Figure 2.12 presents the RIP of the three ErYb-doped samples. From this figure, it is easy to distinguish the double-clad geometry of the fibers thanks to the down step between the core and the second clad. Also, one can note that all fibers present almost the same refractive index as it is hard to distinguish the relative RIP of ErYb2.
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EYDFA simulation results in absence of radiations

In this paragraph we present all the needed input parameters to run the simulations as well as the preliminary simulation results.

The first step for simulation, as for Er-doped fiber simulations, is to simulate the propagated modes. This is made thanks to Comsol Multiphysics with a FEM. In the case of ErYb-doped fibers, it is only possible to simulate the propagated mode at 1550 nm as Chapter 2. Presenting the coupled simulationexperiment approach 2.3 67 these fibers are SM at this wavelength and MM at the pump wavelength. As the fiber is MM, there is a very large set of modes to simulate. In Figure 2.13, we can find the Relative RIP and the simulated electric field at 1550 nm for ErYb1, ErYb2 and ErYb3 with, in inset, a screenshot of the simulated 2D electric field map in the fiber cross section. 

Parameters ErYb1 ErYb2 ErYb3

Fiber length (m) 5.9 5.9 5.9

Signal power (W) 0.0019 0.0019 0.0019

Pump power (W) 4 4 4 
Erbium concentration (ions/cm 3 ) 3.0510 19 2.9610 19 2.5510 19 Ytterbium concentration (ions/cm 3 ) 3.610 20 3.9510 20 3.8210 

Thermal effects implementation 2.4.1. Temperature impact on the systems and input data

The temperature is known to change the properties of the glass, as its refractive index. In our case, we apply an external thermal load that leads to a slight refractive-index change 𝑛(𝑇) that needs to be evaluated as its variation impacts the overlapping factor between the propagated modes and the rare-earth ions distribution. In order to calculate 𝑛(𝑇), we have to consider the exact fiber composition. First, the volume percentage (𝑓)

of each dopant has to be determined as follows [START_REF] Dragic | Proposed model for the effect of Ge-doping on the acoustic properties of silica fibers[END_REF]:

𝑓 𝑑𝑜𝑝𝑎𝑛𝑡 = 𝑀 𝑑𝑜𝑝𝑎𝑛𝑡 𝑚𝑜𝑙 𝑑𝑜𝑝𝑎𝑛𝑡 %𝜌 𝑆𝑖𝑂 2 𝑀 𝑆𝑖𝑂 2 𝜌 𝑑𝑜𝑝𝑎𝑛𝑡 + 𝑚𝑜𝑙 𝑑𝑜𝑝𝑎𝑛𝑡 %(𝑀 𝑑𝑜𝑝𝑎𝑛𝑡 𝜌 𝑆𝑖𝑂 2 -𝑀 𝑆𝑖𝑂 2 𝜌 𝑑𝑜𝑝𝑎𝑛𝑡 ) (2.38)
with M the molar mass, 𝑚𝑜𝑙 𝑑𝑜𝑝𝑎𝑛𝑡 % the molar percentage of the dopants in the fiber and 𝜌 their densities. The thermo-optic coefficient of the fiber is defined as:

𝜕𝑛 𝑆𝑖𝑂 2 /𝑑𝑜𝑝𝑎𝑛𝑡 𝜕𝑇 = ∑ 𝑓 𝑑𝑜𝑝𝑎𝑛𝑡 𝜕𝑛 𝑑𝑜𝑝𝑎𝑛𝑡 𝜕𝑇 + (1 -∑ 𝑓 𝑑𝑜𝑝𝑎𝑛𝑡 ) 𝜕𝑛 𝑆𝑖𝑂 2 𝜕𝑇 (2.39) 
with

𝜕𝑛 𝑑𝑜𝑝𝑎𝑛𝑡 𝜕𝑇
is the thermo-optic coefficient of the different types of glasses.

Erbium fibers

In the case of Er2, the fiber is mainly composed of Silica (SiO2), Alumina (Al2O3)

and Germania (GeO2) in the core and pure-silica in the cladding. All the data concerning the different dopants are reported in Table 2-9.

Table 2-9

Glass and dopants parameters used for the EDFA modelling [START_REF] Zotov | Radiation Resistant Er-Doped Fibers: Optimization of Pump Wavelength[END_REF]- [START_REF] Girard | Coupled experiment/simulation approach for the design of radiation-hardened rare-earth doped optical fibers and amplifiers[END_REF].

Glasses

Thermo-optic coefficient (10 As seen previously, to calculate the absorption cross sections, the attenuation of the fiber is needed. Attenuation can be impacted by the temperature as illustrated in Figure 2.15. The curves have been normalized with respect to the -40°C curve and we can observe that the higher the temperature, the higher is the Thermal treatment Induced

Attenuation Change at our wavelengths of interest: 980 nm and 1550 nm. Once all the parameters have been calculated or measured at each temperature, it is possible to calculate the cross sections as shown in Figure 2.14. It was known that the cross sections are temperature-dependent [START_REF] Ladaci | Validity of the McCumber Theory at High Temperatures in Erbium and Ytterbium-Doped Aluminosilicate Fibers[END_REF] but the tests were only Chapter 2. Presenting the coupled simulationexperiment approach 2.4 72 made at high temperatures. In our results, we have seen that low temperatures also impact the fiber cross sections. In fact, as the temperature rises, at shorter wavelengths 𝜎 𝑎 𝐸𝑟 (𝜆, 𝑇)

decreases while 𝜎 𝑒 𝐸𝑟 (𝜆, 𝑇) increases. At longer wavelengths, 𝜎 𝑎 𝐸𝑟 (𝜆, 𝑇) increases with temperature while 𝜎 𝑒 𝐸𝑟 (𝜆, 𝑇) decreases at higher temperatures. This can be explained by the fact that the probability of population of an energetic level is dependant to the temperature, following the Boltzmann's law. Heating an Erbium ion allows populating the most energetic of its degenerated energy sublevels. Then, the absorption probability is larger at low energies (high wavelength photons) to go from the fundamental to the 4 I13/2 levels. Inversely, when the fiber is cooled, the absorption probability is higher at high energies (a photon at low wavelength) to go to the 4 I13/2 level.

Concerning the emission cross section, the reasoning is the same as shown in Figure 2.16. At high temperature, we will find more electrons on the higher sublevels, then they will emit photons at higher energy (smaller wavelength) while at lower temperature, electrons are on lower sublevels, then their emissions correspond to lower energies (larger wavelengths). 

Erbium-Ytterbium fibers

The first step is then to quantify the refractive index change of the fiber core and clad as a function of the temperature. We consider that the fiber is composed of silica (SiO2) and phosphorus (P2O5) in the core and of pure silica on the octagonal cladding. All the data concerning the dopant are reported in 2.17 as well as the related emission cross sections.

From Figure 2.17, we cannot see a major effect of the temperature on the Erbium peaks as we could have seen the one of Er2. Actually, our measurements seem to be noisy. However, the good behavior of the cross sections under temperature can be observed in Figure 2.17 b), d) and f), where the emissions of the erbium's peaks cross sections are reported at -40°C, 25°C and 120°C. We can make the same observations we made for the erbium fiber. This temperature effect is highlighted thanks to the

McCumber theory [START_REF] Mccumber | Einstein Relations Connecting Broadband Emission and Absorption Spectra[END_REF]. Concerning the characteristic peak of Ytterbium at 915 nm, its absorption and emission cross sections are reported in Figure 2.19 and at -40°C, 25°C and 120°C for the three fibers. The sole values we are interested in for the simulation are the ones at 915 nm, the pump wavelength. For that, we only plotted the cross sections to settle about the temperature effect on these ones.

We effectively observed a difference between what we measured and what we should have by comparing the cross sections based on our measurement at room temperature with the one based on measurements made by iXblue as exposed in Figure 2.18. We will see in the following of this manuscript that the difference between the cross sections will not have a high impact on the gain degradation simulations. To return on the temperature effect on Ytterbium cross sections, it follows the Boltzmann law, so we can make the following observations:

-For absorption cross sections: the high temperatures lower the cross sections at smaller wavelengths and increase it at larger wavelengths. Inversely, the low temperatures increase the cross sections at smaller wavelengths, and lower it at larger wavelengths.

-For emission cross sections: as they are calculated from the McCumber theory, we observe the inverse phenomenon. The high temperatures increase the These behaviors perfectly correspond to the Boltzmann law as previously described for Er2 sample. The low temperatures encourage electrons to stay on the lower energetic sublevels enhancing the absorptions at lower wavelengths while high temperatures allow a better distribution of electrons on all sublevels, encouraging their absorption at higher wavelengths. For the emission cross sections, we observe the inverse phenomenon due to the McCumber theory as also previously explained for Er2 sample.

In this chapter we presented the simulation tool that was used during this thesis.

We exposed the theory on which it has been developed as the Particle Swarm

Optimization and the Newton-Raphson ones. Also, we used a 3-level model when we want to simulate the gain of an amplifier based on an Erbium-doped fiber while we used a twoions model for an EYDFA simulation. We presented all the input parameters needed to be able to make the simulation and exposed the one obtained at different temperatures.
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In this second chapter, the different methods used by the code to simulate the amplification of a signal in an optical fibre are detailed. The Newton-Raphson method which solves the population equations of the rare earths, the 4th order Runge-Kutta model which solves the propagation equations, the particle swarm approach (PSO), allowing us to optimise parameters which are very difficult to obtain experimentally. We have detailed the input data needed to perform a simulation as well as the type of results that the simulations allow us to obtain. Finally, we presented the Erbium and Erbium-Ytterbium doped fibres studied throughout the thesis and the simulation input parameters for them at different temperatures. 

EN

FR

In questo secondo capitolo, sono stati dettagliati i diversi metodi utilizzati dal codice per simulare l'amplificazione di un segnale in una fibra ottica. Il metodo Newton-Raphson che risolve le equazioni di popolazione delle terre rare, il modello Runge-Kutta di 4° ordine che risolve le equazioni di propagazione, l'approccio dello sciame di particelle (PSO), che ci permette di ottimizzare parametri molto difficili da ottenere sperimentalmente. Abbiamo dettagliato i dati di input necessari per eseguire una simulazione così come il tipo di risultati che le simulazioni ci permettono di ottenere.

Infine, abbiamo presentato le fibre drogate con Erbio e Erbio-Ytterbio studiate nel corso della tesi e i parametri di input della simulazione per loro a diverse temperature.

IT
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Chapter 3. Experimental procedures

This chapter describes all the experimental procedures that have been used during the PhD thesis.

• First, we studied the sole temperature effects on the gain performances of the selected fiber amplifiers and then on the rare-earth doped fiber spectroscopic properties. Obtaining these information's remains crucial for the modeling of the amplifier performances as temperature could affect some of its input parameters (overlap factor, cross sections, spectral attenuation …). Then, we developed dedicated setups in order to characterize how combined radiation and temperature constraints affect the gain of the selected EDFA and EYDFA architectures.

• We also considered the same combined effects for a particular mode of operation for the amplifier, the so-called "backup" mode during which the amplifier is not operated, or only partially operated during the irradiation run. We then compared the results obtained for the ON mode (operated 100 % of the irradiation time) with experiments performed on EDFA and EYDFA for which the pump is switched OFF 80% of the time. Those experiments allow highlighting any photobleaching effect related to the pumping on the EDFA or EYDFA radiation behavior. To better understand the results at the amplifier level, we also characterized in situ the responses (particularly RIA) of the rare-earth doped fiber themselves when exposed to combination of radiations and temperatures constraints.

• Also, to consider the complex architecture of the amplifier, we have performed a preliminary investigation of the RIA distribution along the longitudinal axis of the fiber. Effectively, as the pump level is strongly evolving along the active fiber length, its capacity to bleach the radiation-induced defects could change and then lead to varying RIA levels along the fiber even for a homogeneous irradiation field.

Finally, in this chapter, we also detailed our methodology to evaluate the photobleaching phenomenon potential to improve the radiation tolerance of a backup amplifier.
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Discussion about the radiation tests

The aim of this PhD thesis is to characterize the coupled radiation and temperature effects on the REDFAs. In order to do it, we used the MoperiX machine, from the Laboratoire Hubert Curien of the University of Saint-Etienne. The target tube of this facility is in tungsten. To create an X-ray beam, the voltage required between the anode and cathode was set to 100 kV. This allows us to obtain an average photon energy of about 40 keV. It should be considered that if X-rays are not the main ionizing radiations for spacecrafts, it has been demonstrated that they are an efficient alternative way to evaluate the -rays and proton radiation responses of REDFs and REDFAs [START_REF] Girard | Radiation Effects on Ytterbiumand Ytterbium/Erbium-Doped Double-Clad Optical Fibers[END_REF]. Actually, X-rays and protons radiation leads to quite similar ionization processes and according to [START_REF] Williams | Space radiation effects on erbium-doped fibers[END_REF], protons and rays have the same effect on the Erbium-doped fibers, in terms of RIA. Moreover, the selected dose during the PhD thesis (up to 300 krad (SiO2)) are higher than the ones characterizing the near-Earth space environment (usually 27 krad considering a satellite orbiting around Earth during a month).This allows us to cover larger TID as those expected for Jovian missions [START_REF] Simonsen | Radiation Protection for Human Missions to the Moon and Mars[END_REF], [START_REF] De Angelis | Radiation analysis for manned missions to the Jupiter system[END_REF]. Since the dose rate in space environment is very low (from 10 -4 to 10 -2 rad/s), it is a usual practise to perform accelerated tests. For most of the fibers as the Germanium-doped and Fluorine-doped ones, it is known that the higher the dose Chapter 3. Experimental procedures 3.2 83 rate, the higher the fiber RIA [START_REF] Van-Uffelen | Modelling optical fibers acquisition and transmission systems for their use in nuclear environments[END_REF] but for Al-and P-doped fibers, usually a smaller dose rate dependence is observed [START_REF] Francesca | Qualification and Calibration of Single-Mode Phosphosilicate Optical Fiber for Dosimetry at CERN[END_REF], [START_REF] Alessi | Radiation Effects on Aluminosilicate Optical Fibers: Spectral Investigations From the Ultraviolet to Near-Infrared Domains[END_REF]. As a consequence, our tests can be considered as worst-case scenarios as we considered larger doses and dose rates than those targeted for today space missions. Nevertheless, as REDFs could have a different host glass matrix compared to classic P-/Al-doped fibers, for example with the adding of Cerium as codopant, the EDF and EYDF dependence on the dose rate will be also reported in this manuscript.

Characterization of the temperature effects on amplifiers

To be able to characterize the temperature effects on the gain of amplifiers, we proceeded in two steps.

• The first step aims to quantify the temperature impact of the amplifier gain.

For that, an Erbium-doped fiber sample is placed in an oven (MKT115 BINDER) allowing varying the fiber temperature from -40°C to 25°C to 120°C for three cycles. The oven was stabilized at each temperature during 30 min. Each of the different optical fibers has been submitted to three temperature cycles while the rest of the amplifier remains at room temperature outside the oven. For these experiments, signal and pump were injected in the co-propagative direction with power levels of 0.01 mW (1550 nm) and 100 mW (980 nm), respectively. The output signal was monitored thanks a YOKOGAWA Optical Spectrum Analyzer (OSA). Figure 3.2 illustrates the developed setup. • The second step aims to quantify the temperature impact of the Erbiumdoped fiber spectroscopic properties, studying the Thermal treatment Induced Attenuation Change (TIAC) around the pump and signal wavelengths. For this purpose, the fiber sample has also been placed in the BINDER MKT115 oven to study how its intrinsic linear attenuation changes varying the temperature from -40°C to 25°C and then to 120°C. The oven was also stabilized at each temperature during 20 min. A White Light Source (WLS) was injected in the fiber under test and the transmitted spectra were monitored thanks to the OSA, as shown in Figure 3.3. The TIAC is the mean transmitted spectra at the wavelength of interest. 

Coupled radiation and temperature effects on the gain of an amplifier (ON/OFF, NF)

In order to characterize the combined radiation and temperature effects on the gain of Rare-Earth-doped fiber amplifiers, the sole rare-earth doped fiber samples were placed in an X-ray chamber to be irradiated while the other parts of the amplifiers remain in the radiation-free instrumentation zone. To change the temperature of irradiation, we used a heating or cooling plate located below the sample under test. The samples have received a Total Ionizing Dose of ~300 krad (SiO2) (3kGy) at a dose rate of~27 rad (SiO2)/s.

Temperatures have been set thanks to a cooling system from INSTEC and a heating plate from BT ELECTRONICS allowing to perform the irradiation tests while varying their temperature from -40°C to 120°C. Thermocouples were placed on the plates in order to monitor the temperature before, during and after irradiation. In order to ensure wound in a spiral shape (monolayer), thus avoiding any X-ray shielding effect.

Erbium-doped fiber amplifier

Gain measurements

We used the same EDFA architecture for all the irradiation tests at the different temperatures or with the different Erbium-doped samples. This architecture is illustrated in Figure 3.4. As input signal, the laser diode signal at 1550 nm from a Thorlabs Pro8000-4 rack was injected at one end of the active fiber with a power of 10 W (-20 dBm). The pump was injected in the contra propagative direction, from the other end of the fiber. This configuration allows a better population inversion at the output of the fiber resulting in better amplification performances, whether in gain or in noise figure. In such configuration, the pump distribution is not homogeneous along the whole fiber length, and a solution to that problem could be to pump the fiber in both the co-propagative and the contrapropagative directions, but due to our setup limitations, the best choice was then the contra-propagative pumping. As the pump, we used a 1999CHP diode at 980 nm from 3S photonics with a power of 150 mW. The output signal was monitored thanks to the YOKOGAWA OSA and an Optical Power meter (an Agilent 8163B). under radiations and at different temperatures. To calculate amplifiers NF, we used the following formula, also used by iXblue photonics to characterize their amplifiers [START_REF]EDFA Testing with the Interpolation Technique[END_REF]:

𝑁𝐹 (𝑑𝐵) = 10 log 10 (𝐸𝐷𝐹𝐴 𝑛𝑜𝑖𝑠𝑒 -𝐴𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑑 𝑆𝑖𝑔𝑛𝑎𝑙 𝑁𝑜𝑖𝑠𝑒 + 1 𝐺𝑎𝑖𝑛 ) (3.1)
NF depends on the noise of the EDFA and on the Amplified Signal Noise but we mostly expect it to be inversely proportional to the EDFA gain. We define the noise of the amplifier and the amplified signal noise as: Where 𝑃 𝑖𝑛 (𝑚𝑊) is the signal input power measured thanks to the power meter, ℎ is the Planck's constant, 𝜈 is the signal frequency, 𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ corresponds to the one of our spectrometer 𝑆𝑁𝑅 𝑖𝑛 and 𝑆𝑁𝑅 𝑜𝑢𝑡 are the signal to noise ratio at the input and output of the fiber, respectively, and are calculated as follow:

{ 𝑆𝑁𝑅 𝑖𝑛 = 𝑃 𝑖𝑛 𝑃 𝐴𝑆𝐸𝑖𝑛 𝑆𝑁𝑅 𝑜𝑢𝑡 = 𝑃 𝑜𝑢𝑡 𝑃 𝐴𝑆𝐸𝑜𝑢𝑡 (3.3)
With 𝑃 𝑖𝑛 and 𝑃 𝑜𝑢𝑡 the measured input and output signal powers respectively and 𝑃 𝐴𝑆𝐸𝑖𝑛 and 𝑃 𝐴𝑆𝐸𝑜𝑢𝑡 the measured input and output ASE powers.

Erbium-Ytterbium-doped fiber amplifier

To study the radiation responses of the EYDFAs at different temperatures, we selected a multistage EYDFA configuration, to be in the same conditions as a space telecommunication device, as shown in Figure 3.6. The sole EYDF is exposed to the temperature and radiation constraints. The injected input signal of the EYDFA under test corresponds to the output signal of one EDFA as described above, this EDFA remains in the instrumentation zone. This 1550 nm input signal is pumped in a contra propagative way by a 915 nm laser diode (K915DA3RN from BWT Ltd.) at a fixed power of 4 W. The EYDFA output signal was also monitored thanks to our OSA and a power meter. 

Coupled radiation and temperature effects on rareearth doped fibers

RIA measurement in ON/OFF mode

Going deeper in the understanding of combined radiation and temperature effects on the REDFAs, we carried out additional measurements to evaluate the coupled effects on the Radiation Induced Attenuation (RIA) at both the pump and signal wavelengths for the two types of active optical fibers. Two different configurations were tested in order to better reproduce the variety of situations encountered in space missions. The first one corresponds to a fully operated amplifier during the mission (ON-configuration); the second one to the case of an amplifier that is used as a backup device (OFF-configuration) up to its activation during the mission (after irradiation for our tests). Comparing those two configurations allows quantifying the potential positive photobleaching effect of the pump reducing the gain degradation. For both configurations, the same irradiation conditions are used:

• A TID of ~300 krad (SiO2) (3 kGy).

• A dose rate of~27 rad (SiO2)/s.

• Temperatures of irradiation are adjusted thanks to a cooling system from INSTEC and a heating plate from BT ELECTRONICS allowing to irradiate the fibers at -40°C, 25°C and 120°C. 

Online RIA measurements: OFF mode

For the OFF-configuration, we used a classical setup of RIA measurement that is schematized in Figure 3.7. The Fiber Under Test (FUT) is placed in the irradiation chamber. At one end of the fiber, a White Light Source (WLS) was injected while at the other end, a spectrometer (an Ocean Optics NIRQuest) has been connected to monitor the transmitted spectra in the [850 nm, 1800 nm] range of wavelengths. These tests are quite challenging as REDFs are strongly absorbing at the spectral domains of interest. For this reason, we adapt the fiber lengths as well as the WLS depending on the fiber under test. When doing RIA measurements on Er-doped fibers, we used a source from Ocean Optics (DH-2000-BAL) while for RIA tests on the ErYb-doped fibers, we used a more powerful EQ-99X-FC source from Energetiq's to obtain enough signal at the fiber output.

Both sources allow the injection of signals in the nanowatt range, the EQ one being more powerful at the pump wavelength. If the FUT was an Erbium-doped fiber, we used Single Mode (SM) transport fibers. Otherwise, the transport fibers were Double-Clad (DC) and Multi-Mode (MM) optical fibers. The RIA spectra in dB/m for a fiber exposed to a dose D at the irradiation temperature is given by (3. 

ON-mode RIA measurements

To be able to measure the RIA approaching the conditions of an amplifier that is ON 100% of the time, the previous setup has been optimized, the upgraded version is described in Figure 3.8. The pump (at 980 nm in the case of an EDFA and at 915 nm for an EYDFA) is injected into an optical switch, as well as a White Light Source, as previously the Ocean Optics one for Er-doped fibers and the Energetiq's one for ErYb-doped fibers, always with a power in the nanowatt range. This switch allows to pump the active fiber 80% of the time and to inject the WLS for the remaining 20% to measure the transmitted spectra and attain the spectral RIA. This dynamic gives a 15 min cycle, the best compromise due to the acquisition rate of the spectrometer. The FUT is still connected to a spectrometer, but an OSA is used instead of the NIRQuest one. This choice is explained by their different sensitivities to the powers of the pump laser diodes.

When measuring the RIA of an Erbium-doped fiber, we used SM Fluorine-doped transport fibers and the pump at 980 nm was injected with a 150 mW power in ~1 m of Erdoped fiber length. To measure the RIA of an ErYb-doped fiber, we used a passive DC MM optical fiber between the switch and the FUT while we used a SM Fluorine-doped optical fiber to connect the fiber output to the OSA. The first fiber allowed to correctly inject the pump in the octagonal cladding of the active fiber and the second transport fiber permitted to just observe the signal propagating through the fiber core. The pump injected in the FUT is a 915 nm laser diode with a 2 W power in ~2 m of Er-Yb-doped optical fiber length. Pump Diode @980nm / 150mW Or @915nm / 2W

Influence of photobleaching: case of a backup amplifier

A spacecraft can often be equipped with a duplicated device: the first one being the operating device and the second one considered as the backup system. Most of the previous studies only focused on the operating amplifier, for which both the pump and signal are propagating in the fiber while undergoing radiations. No deep investigation has been made for the case of backup amplifier. The problematic is the following: could we exploit the photobleaching to simply enhance the radiation tolerance of a backup amplifier by activating the pump during radiation exposure from time to time? It is expected that the backup device should suffer from higher RIA than the one operated during the mission due to the lack of pump in the fiber and absence of photobleaching. The idea is then to investigate if, recovering the amplifier times to times during the backup phase, we could reduce its degradation level when reactivated. It is known that a photobleaching effect could occur at high-pump power. It can reduce the defect concentration at both the pump and signal wavelength. However, it remains very difficult to predict the behavior of the OFF-device without radiation tests as the basic mechanisms leading to the fiber recovery through PB are not fully understood. For this purpose, we worked in the following conditions using the experimental setups schematized in Figure 3.9. injected in the FUT, itself placed in the X-ray chamber. The signal was pumped in the backward configuration, thanks to a laser diode at 975 nm set at 150 mW. An optical switch from LEONI was placed between the pump diode and the WDM allowing combining the pump and the signal in the fiber, as needed. In order to monitor the output signal, an OSA from YOKOGAWA has been placed at the output of the WDM.

Figure 3.9 b) describes the same experiment but for EYDF-backup amplifiers. In that case, the signal injected in the EYDF corresponds to the output signal of an amplifier set with the same parameters of the ones used in Figure 3.9 a). Again, the backward scheme was used for this amplifier, using a pump diode at 915 nm with a 4 W power. Also, we used a switch for our tests to inject the pump in a controlled manner.

Er1, Er2 and ErYb3 are the investigated fiber samples. As Er1 is very radiation sensitive, we adapted the irradiation conditions, lowering the applied dose and dose rate. Table 3-1 reviews the radiation test conditions of each fiber. For the three samples, we tested three different PB conditions while they were undergoing radiations:

• The reference experiment: the first experiment consists in injecting the pump 100% of the run time: before, during and after the irradiation stops.
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• The PB experiment: this second experiment consists in a backup amplifier that is switched ON before the run, a certain time during the irradiation run from time to time and ON during the whole recovery period. The pump was ON 2% of the time during the exposure for ErYb3 while is has been switched on 10% of the radiation run for Er1 and Er2. In that last case, these settings were the best compromise to obtain enough data with respect to the short exposure time. The exact pumping conditions are detailed in Table 3-2.

• The no-PB experiment: the third experiment consists in reproducing the classical condition of a backup amplifier, never pumped. For this purpose, we made the acquisition of the gain value before and after the X-rays exposure and the pump was turned OFF during the radiation exposure. Regarding the tests of the EDF-backup amplifier, we programmed an Arduino to control the diode controller thus permitting us to switch the pump and to choose the switch durations. A signal at 1550 nm with a 10 W power was injected in the FUT thanks to a Thorlabs Pro8000-4 rack laser diode. The pump, a 975 nm 1999CHP diode from 3S

Photonics, was injected in the contra-propagative direction with a power of 150 mW. The active fiber was placed in the X-ray machine, in a monolayer coil shape to ensure a homogeneous dose along the whole fiber length. The output signal was recorded thanks to an OSA.

For the EYDF-backup amplifier, the pump has been switched manually as we did not have any switch able to ensure the pump power. The signal at 1550 nm injected in the FUT corresponds to the pre-amplified output signal of an EDFA based on Er1 and allowing a + 3 dB input power. The FUT, placed into the X-ray facility as a monolayer coil, was 3.5 94 pumped in the contra propagative direction thanks to a 915 nm diode (K915DA3RN from BWT Ltd) with a 4 W power. Then, the output signal was also monitored thank to an OSA.
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In this third chapter, we have detailed all the experimental procedures carried out during this thesis. First, we have described MoperiX, the machine that allowed us to perform the irradiations. We secondly detailed how we characterized the effects of temperature on the amplifiers, we also described how the experiments were carried out to characterize the coupled effects of radiation and temperature on the gain of an amplifier and then on the fiber itself. Finally, we explained how we would study the influence of photobleaching due to the amplifier pump, in the case of backup amplifiers. 

EN

FR

In questo terzo capitolo, abbiamo dettagliato tutte le procedure sperimentali realizzate durante questa tesi. In primo luogo, abbiamo parlato di MoperiX, la macchina che ci ha permesso di eseguire le irradiazioni. Abbiamo poi dettagliato come abbiamo caratterizzato gli effetti della temperatura sugli amplificatori, abbiamo anche descritto come sono stati condotti gli esperimenti per caratterizzare gli effetti accoppiati di radiazione e temperatura sul guadagno di un amplificatore e poi sulla fibra stessa.

Infine, abbiamo spiegato come avremmo studiato l'influenza del photobleaching dovuto alla pompa dell'amplificatore, nel caso di amplificatori di backup. 

IT

Chapter 4. Experimental results

This chapter summarizes the experimental results acquired during the PhD thesis by exploiting the various experimental setups presented in Chapter 3. First, we discuss the influence of the temperature on the EDFA and EYDFA gains when manufactured with the various classes of iXblue rare-earth doped optical fibers. Second, we present the combined radiation and temperature effects on the performances of these optical amplifiers. Our design of experiments allowed us to highlight the influence of different parameters on the amplifier radiation response such as the dose, the temperature of irradiation, the presence of Cerium and its concentration as well as the photobleaching effect related to the pump power. Finally, we give the outcomes of our study regarding the vulnerability and hardening of the so-called "backup" amplifiers that are mostly exposed to irradiation in an OFF-mode, possibly resulting in a larger gain degradation when they are turned ON as the positive impact of photobleaching is eliminated.

Influence of temperature on the gain of an amplifier

In this first part, we report about the influence of varying the temperature of amplifier between -40°C and 120°C on their gains. This thermal dependence has been studied for both EDFAs and EYDFAs.

The tested amplifiers

To conceive all the EDFAs or EYDFAs that we have studied, six different active optical fibers, manufactured by iXblue through Modified Chemical Vapor Deposition (MCVD) process have been selected. Table 4-1 reviews the main characteristics of these fibers as well as the key parameters of the amplifiers done with these optical fibers. 

Data analysis process

To calculate the amplifier gain, we have to measure the input signal at the entrance of the active fiber as well as the amplified signal at its output. The following procedure was used during the PhD thesis:

• First, we measure the input signal at the output of the transport fiber, before it is spliced to the active fiber. It corresponds to measuring the injected signal at the input of the active fiber under test. This spectrum acquired by an Optical Spectrum Analyser (OSA) from YOKOGAWA is called the reference and is illustrated in Figure 4.1 (red curve).
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This signal was always set at 10 W for EDFAs, to ensure that all EDFAs are operated in the same conditions with respect to the input signal power. For EYDFAs, the reference corresponds to the output signal of an EDFA at the entrance of the FUT.

Here again, we ensure to get the same output value for the EDFA amplifier signal (~3 mW) serving as the input signal source for the EYDFA.

• We continuously monitor the output signal of the amplifier (EDFA or EYDFA) during the fiber test (temperature, irradiation, or temperature & irradiation) using the OSA as already described in Chapter 3. From the OSA we obtained the typical output spectrum illustrated in Figure 4.1 (black curve).

Once all the spectra are acquired, we have to consider that the monitored output power corresponds to the one measured at the end of the test bench that differs from the one at the output of the FUT (splice loss, attenuator…). However, as we previously measured the optical losses between the output of the FUT and the output of the test bench, the signal at the output of the FUT can be calculated. These optical loses have been evaluated

to be about 4 dB for our EDFAs and 23.77 dB for the EYDFAs. After these corrections, the amplifier gain is calculated with the following formula: Finally, in Table 4-2 are reported the gains measured before irradiation for the three EDFAs and three EYDFAs: It should be noted that once the gain degradation exceeds the measured values reported in Table 4-2, the system is no longer amplifying the input signal at 1550 nm.

G =

EDFA

.2 reports the gain evolution when varying the temperature repeatedly from -40°C to 120°C for the two amplifiers Amp1 and Amp2. Similar tests have not been conducted on the amplifier Amp3 because its active fiber was hydrogen-treated and such thermal treatment will affect to much this behavior by enhancing the gas outgassing at higher temperatures, reducing the impact of this hardening technique. In this figure, the EDFA gain variation is represented by the blue dots and the temperature by the red curves. We can also note that once the first step at 120°C is achieved, the successive measured gains at room temperature do not come back to their initial values and remain slightly higher, especially for Amp2. This effect could be a consequence of increasing the temperature above the glass transition temperature of the fiber coating. The latter, subjected to a dilation, could release some internal stress into the fiber [START_REF] Nakajima | A Study for Estimating Thermal Strain and Thermal Stress in Optical Fiber Coatings[END_REF], modifying slightly the fiber characteristics. This effect has already been observed and usually is maximum after the first thermal treatment while it remains limited for the consecutive temperature cycles [START_REF] Rizzolo | Advantages and limitations of distributed optical-frequency-domainreflectometry for optical fiber-based sensors in harsh environments[END_REF].

Finally, the temperature dependence of the two EDFA gains are very close: at low temperature, the gain increases noticeably, at high temperature, the impact of the thermal treatment could be neglected. Some previous studies have been done on the temperature effect on EDFAs [START_REF] Bebawi | A Comprehensive Study on EDFA Characteristics: Temperature Impact[END_REF]- [START_REF] Husein | Optimizing the EDFA gain for WDM lightwave system with temperature dependency[END_REF] showing that at low temperature, the amplifiers characteristics were enhanced while at high temperature, the amplifiers characteristics were decreased. This temperature dependent kinetic could be explained by different phenomena such as the temperature dependence of the spectroscopic fiber parameters as the absorption and emission cross sections of Er 3+ ions as already detailed in Chapter 2.

Combined radiation and temperature effects on the performances of an amplifier 4.2.1. The experiments

The results presented in this section were acquired exploiting the setups described in Chapter 3, more particularly those detailed in Figure 3. REDFs (Er-doped fiber for EDFA and Er-Yb-doped fiber for EYDFA) have been placed

into the MOPERIX facility and irradiated. During their irradiation, they were located on a heating or cooling plate allowing to control their temperature during the X-ray exposure.

The remaining sub-elements of the EDFAs or EYDFAs were placed outside of the irradiation zone, in an instrumentation zone free of radiations and at room temperature.

Particularly for the EYDFA, the EDFA serving to generate the 1550 nm input signal is also located in the instrumentation zone and then is not irradiated. Table 4-3 describes the testing conditions used to characterize the amplifier radiation responses. Each tested irradiation temperature corresponds to a dedicated irradiation run. 

Recovery time (hour) 3

Tested temperatures (°C) -40, 25, 40, 80, 120 With regard to EDFAs, tests were done at all the temperatures specified in Table 4-3, excepted for Amp3. The latter, due to the presence of H2 in the fiber, was tested only from -40°C to 80°C. Calculations using the diffusion equation described in Chapter 1 revealed that the H2 outgazing would be faster than the experiment duration at 120°C. In this chapter, when we will talk about a given amplifier at a certain temperature, it will be written as AmpX -Y, X refers to a certain amplifier already described in Chapter 3 and 𝑌 = 1, . . ,5 refers to the tested temperature respectively from -40°C to 120°C. For Amp3, Y goes from 1 to 4.

With respect to EYDFAs, in view of the results obtained with the EDFAs, tests were only done at four temperatures: -40°C, 25°C, 80°C and 120°C. As for EDFAs, we will For what concerns Amp1: a very quick degradation of the gain is observed, the amplifier is no more operational after a few minutes of irradiation. This very high radiation sensitivity was expected and is due to the fact that this amplifier was built using the reference active fiber. This reference fiber was designed for terrestrial applications and is not radiation-hardened at all. As a matter of fact, the resulting EDFAs do not resist to radiations and after 15 min, the EDFA is no more amplifying the input signal, with a radiation-induced degradation of about 35 dB corresponding to the initial gain. However, an interesting and original result is acquired regarding the temperature influence on this EDFA radiation response. All the degradation kinetics of the gain measured at the various temperatures are superimposing showing that the degradation mechanisms of the EDFA are not sensitive to the temperature in the [-40°C, 120°C] range.

EDFA

Influence of irradiation temperature

As regard Amp2, the EDFA uses as the active Er-doped fiber, another fiber that is more radiation hardened thanks to Cerium-doping its core. This result has better performances and indeed the Amp2 presents clearly lower gain degradation than Amp1.
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Below 100 krad, the gain degradation remains below 5 dB, showing that this device is quite radiation hard for most of the today's space mission. At larger doses, that may be associated with more challenging future missions, the degradation remains too important with almost no more amplification of the 1550 nm input signal after 300 krad of dose. With respect to the temperature effects, all the irradiation runs at the different temperatures show the close gain degradation kinetics, meaning that for this class of amplifiers too, the temperature effect remains minor on their radiation responses. A slightly different response is measured for Amp2 -1 (-40°C) and Amp2 -3 (40°C). Amp2 -1 degradation (-27.5 dB at 300 krad) is slightly lower than the average value of -30 dB at this dose, while the Amp2 -3 gain degradation (-33.9 dB) appears slightly higher. Notwithstanding, when calculating the absolute change, it occurs that all amplifiers are very strongly degraded (no more amplification).

Finally, we focus on the performances of the Amp3 that was designed with active optical fibers co-doped with Ce in their cores and pre-loaded with hydrogen before the irradiation. As it was expected from previous works [START_REF] Girard | Radiation hardening techniques for Er/Yb doped optical fibers and amplifiers for space application[END_REF], [START_REF] Vivona | Radiation hardening of rare-earth doped fiber amplifiers[END_REF], the gain degradation of these EDFAs is much lower than for other amplifiers. This is explained by the presence of hydrogen that is very efficient in passivating the defects that are not avoided by the Ce presence. Even at the higher dose of 300 krad, the Amp3 -1 presents a gain degradation of 0.5 dB. It is interesting to note that regardless of the irradiation temperature, quite similar gain degradation kinetics and values are measured. In details, Amp3 -1 is degraded of ~2.3% while the others suffer of ~4.5% of degradation. This difference is low and delicate to analyze with respect to our experimental errors but this difference may be explained by the fact that lower temperatures allow the hydrogen to be kept in the fiber core while higher temperatures accelerate its outgazing kinetic. clearly appears that the radiation responses of both Amp1 and Amp2 amplifiers are not influenced by the temperature of irradiation, their degradations are similar at ±10%. In the case of Amp3, a larger deviation is observed at -40°C (Amp3 -1), where the EDFA seems less degraded. This point may be explained by the fact that low temperatures help in fixing hydrogen in the fiber core, and then it better enhances its radiation tolerance.

More dedicated experiments are needed in order to verify this hypothesis. 

Influence of the radiation hardening technique

In this part, we discuss about the efficiency of the applied radiation hardening techniques on the gain degradation of EDFAs. In Figure 4.5 we plotted the gain degradation kinetics of the three EDFAs at room temperature. These tests clearly show the positive impact of both radiation hardening techniques (Ce-doping and H2-pre-loading) [START_REF] Zotov | Radiation-Resistant Erbium-Doped Fiber for Spacecraft Applications[END_REF], [START_REF] Zotov | Radiation-resistant erbium-doped silica fibre[END_REF] on the radiation resistance of the EDFA to the gain degradation. Both Amp2 and Amp3 amplifiers have been built with Ce-doped active fibers. In addition, the rareearth doped Er3 fiber used for Amp3 has also been pre-loaded with hydrogen gas to reduce even more the generation of the point defects absorbing at the pump and signal wavelengths. Er1 active fiber, without Cerium nor H2, corresponds to classical commercial off the shelf (COTS) Telecom-grade Er-doped fiber, designed with aluminosilicate core matrix .Figure 4.5 shows that Ce-codoping strongly reduces the gain degradation [START_REF] Girard | Radiation hardening techniques for Er/Yb doped optical fibers and amplifiers for space application[END_REF],

this hardening technique is sufficient to ensure the functionality of the amplifier for most of the targeted space missions but may be not sufficient to ensure a sufficient gain at higher doses. A remarkable result from our tests is that the efficiency of this technique remains unchanged varying the temperature of irradiation from -40°C to 120°C. Combining both the Ce-doping and the H2 loading is very efficient, and here again, at all the tested temperatures. However, it should be considered that to maintain the hydrogen gas into the active fiber during the very long duration of a space mission, specific fiber architecture such as the previously presented hole-assisted carbon-coated optical fiber one [START_REF] Girard | Proton Irradiation Response of Hole-Assisted Carbon Coated Erbium-Doped Fiber Amplifiers[END_REF],
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[156], should be used. Such complex approach may have to be followed when the total deposited dose associated with the targeted environments exceeds 100 krad typically, below the sole Ce-codoping appears as sufficiently efficient. 

0 1 2 3 4 5 6 -80 -60 -40 -20 0 Recovery Amp2 Gain degradation (dB) Time (h) 

Influence of photobleaching

By comparing the radiation responses of amplifiers operated either in the ON or OFF configurations, we will be able to highlight any photobleaching effect related to the high power of the pump. Indeed, if there is any photobleaching effect, the measured gain degradation in the ON-mode should be lower than the one measured in the OFF-mode. is observed between the gain degradation kinetic measured in both configurations. For this reference amplifier (with the COTS Er-doped fiber), the photobleaching efficiency of the pump power is negligible on the defect generation kinetic and then on the gain degradation kinetics. Effectively, the degradation is too high and fast to be able to any positive effect of the pump power. However, Dardaillon et al. in [START_REF] Dardaillon | Radiationinduced absorption and photobleaching in erbium Al-Ge-codoped optical fiber[END_REF] showed that COTS erbium-doped fibers were subject to the positive PB of the pump power. the ON ones. In this case, it implies that the hydrogen is also able to passivate most of the defects that were supposed to be photo-bleachable. Finally, the experiments in which we can detect the positive impact of photobleaching are the ones related to Amp2 (Figure 4.6 b). This fiber, just Cerium-doped, allows us to justify that the pump has a positive impact on the gain degradation that adds to the positive impact of the Ce-codoping. 
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Study of the amplifiers Noise Figures

The Noise Figure These NFs were not measured but calculated as explained in Chapter 3, from the measured gains. Since it is an inverse function of the gain, it is normal to find that the NF behaves in the opposite way: it increases with the total ionizing dose. Also, it is normal to observe that the radiation impact on the noise figure is temperature independent.

Moreover, we can observe that Amp3 has the best NF behavior during irradiation, as it does not increase with the deposited dose. This is not the case for Amp1 and Amp2. 

Dose rate effect

In this Ph.D thesis, most of the tests have been done considering worst case scenario, irradiating at high dose rate and up to high accumulated dose with respect to the real-case conditions in space. The aim of this subpart is to briefly discuss the effect of the dose rate on the gain degradation of optical amplifiers.

Our tests were made considering a homogeneous dose rate (DR) of 27 rad (SiO2)/s applied on the REDFs until 300 krad, usually studies are made until 100 krad maximum with DR from 10 -7 to 10 -5 𝑟𝑎𝑑/ℎ [START_REF] Girard | Recent advances in radiation-hardened fiber-based technologies for space applications[END_REF]. In Figure 4.9 are presented the gain degradations as a function of the dose for a) Amp1 and b) Amp2 tested under radiation with two different DRs. The first one (represented by the blue curves) is the one mainly used in the Ph.D thesis and the second one (red curves) is different depending on the amplifier. For Amp1, the DR is about 0.56 rad (SiO2)/s, and for Amp2 the applied DR is 1.74 rad (SiO2)/s. Both DRs are forty-eight and sixteen times weaker than the DR used in the thesis, respectively. We can observe from these graphs that we do have an effect of the DR on the amplifiers performances: the higher the dose rate, the higher the degradations [START_REF] Williams | Space radiation effects on erbium-doped fibers[END_REF]. Also, the kinetics of degradation are different, in the case of Amp1, the degradation at high DR is lower until a certain dose (approximatively 6 krad) and then the gain presents a higher decrease from the one at low DR. For Amp2, both amplifiers present the same kinetics until approximatively 50 krad where the high DR experiment Figure 4.9 Gain degradation as a function of the dose of a) Amp1 and b) Amp2 at two different dose rates: 27 rad (SiO2)/s in blue and 0.56 rad (SiO2)/s for Amp1 and 1.74 rad (SiO2)/s for Amp2 in red.

EYDFA

In this subpart, we discuss the results concerning the gain degradation of three EYDFAs Amp4, Amp5 and Amp6, based on the three different ErYb-doped fibers: ErYb1, ErYb2 and ErYb3 (see Table 4-1). As previously explained, the performances of these amplifiers have been tested when varying the temperature of X-ray irradiations. First, we present the influence of the irradiation temperature and then we will discuss about the positive effect of Cerium incorporation in the fiber. And it has to be considered that when such degradation occurs, the signal-to-noise ratio of the experimental setup strongly decreases and larger uncertainty is associated to the measured gain value and to the calculated noise figure. meaning that once the gain degradation exceeds this value, the device is no longer amplifying the 1550 nm signal. This is observed for the Amp4 case. From Figure 4.10, we can see that the temperature of irradiation did not drive the EYDFA radiation response but its influence is more significant than in the EDFA case.

Influence of temperature

There is not a monotonous evolution of the gain degradation with the temperature for all the tested amplifiers. Nevertheless, we can observe the following statements. First, for all amplifiers, the 120°C experiment is associated with a smaller degradation than the tests at other lowered temperatures. Second, our results do not show that the higher the temperature, the lower the degradation. This is not the case for the two categories of amplifiers (Amp4 and Amp5) however for Amp6 the gain degradation decreases with temperature. We observe a similarity between the Amp4 and Amp5 cases, experiments between -40°C and 80°C show analogous gain degradation compared to the 120°C experiments. Anyways, the percentual variation at 300 krad is around the 30%. More particularly, Amp4 and Amp5 respectively show a variation of ~27% while Amp6 is associated with a 32% variation. We should consider that Amp6 is based on an ErYbdoped fiber codoped with the higher Cerium concentration. Between the three amplifiers, it can be observed than more the fiber is Ce-doped, the greater the degradation at -40°C Chapter 4. Experimental results

112

will become. This may suggest that the higher the cerium doping, the greater the linearity of the gain degradation as a function of temperature.

It is then possible to settle that the gain degradation kinetics observed at the five different temperatures and for the three fibers do not provide any evidence for a major impact of the temperature of irradiation on the EYDFA radiation response.

Figure 4.11 presents the normalized gain with respect to the gain measured at RT as a function of the temperature for the three studied EYDFAs. We observe that at high temperature, we always measure a gain lower than the one monitored at RT. Regarding the negative temperature, one must note that the higher the Cerium concentration in the ErYb-doped fiber, the higher the gain measured at 300 krad. Moreover, we can point out that for Amp4 -1 and Amp5 -1 (at -40°C), the gains are lower than the ones of Amp4 -2 and Amp5 -2 (at RT), while Amp6 -1 shows a larger gain measured at RT. Also, it is very interesting to see that the higher the cerium concentration, the higher the gain at -40°C at 300 krad. Amp6 presents an almost linear decrease of its gain as the temperature of irradiation increases. 

Influence of Cerium

Figure 4.12 shows that Cerium-codoping, as for EDFAs, has a positive influence on the gain degradation while the active fiber is being X-ray irradiated. Remember that Chapter 4. Experimental results
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ErYb1 is the reference fiber (without Cerium), ErYb2 is slightly doped with Cerium and ErYb3 shows more Cerium concentration making it more radiation-resistant. These data illustrate the positive impact of Ce [START_REF] Vivona | Influence of Ce codoping and H2 pre-loading on Er/Yb-doped fiber: Radiation response characterized by Confocal Micro-Luminescence[END_REF] as the EYDFAs based on the co-doped ErYb2 and ErYb3 fibers present a maximum gain decrease of 7.5 dB and 3 dB respectively at the end of the X-ray exposure (300 krad). It demonstrates the efficiency of Cerium to passivate the POHC and P1 centers responsible for the RIA at the signal and pump wavelengths. 
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Study of the amplifier Noise Figure

In this section, we discuss about the impact of coupling the radiations and the temperature on the Noise Figure of ErYb1, calculated from the gain measured as a function of the dose and at different temperatures. The normalized NF evolution is exposed at -40°C, 25°C and 120°C in Figure 4.13. The sole case of ErYb1 has been represented as it is the worst one, as the fiber is not Cerium-doped. We can observe, as for EDFA's NFs, that the NF behavior is inversely similar to the one of the gain behaviors:

it increases with the dose and decreases during the recovery period. Regarding the temperature effects, we can observe that the curves calculated at the extreme temperatures (-40°C and 120°C) have similar kinetics and are always above the one at RT. At 300 krad, the difference between the maximum and the minimum NF approach 1 dB. So, we can establish that the irradiation temperature impact on the amplifier NF is 

Dose rate effect

As we made for EDFAs, in this subpart we are going to study the dose rate effect on the performances of EYDFAs. Figure 4.14 compares the gain degradation as a function of the dose for Amp6 EYDFAs, that have been tested under two different dose rates:

27 rad (SiO2)/s in blue and 1.74 rad (SiO2)/s in red. From this graph, we can see that inversely to EDFAs, we see negligible effect of the dose rate between both experiments.

Both fibers present the same degradation kinetic and losses at the end of the radiation run. These fibers are doped with Phosphorus, and such fiber usually does not show too much dose rate effects in the near-IR and infrared domains where POHCs and P1 defects are absorbing. 

Study of a backup amplifier

Studying the optimization of the radiation response of backup optical fiber amplifiers for space missions is of great importance since these devices could suffer from more damages as they do not benefit from the positive PB effect related to the pumping.

The high pump power, as we previously saw, allows reducing the radiation vulnerability of the amplifier performances. Actually, the high pump power permits reducing the defect concentration impacting both the pump and signal spectral domains. It is today hard to fully understand or predict the basic mechanisms related to the photobleaching; this is, then, the aim of this study. Focusing just on the reference experiment, we can notice the radiation impact on the amplification properties of the device, the gain strongly decreases. This testing configuration illustrates the best PB efficiency the pump can have, being injected 100% of the experiment duration. After the radiation exposure, we can note that the gain tends to Chapter 4. Experimental results 4.3 116 be enhanced compared to the gain measured at 300 krad. This slight recovery in gain is due to the recombination of unstable defects previously caused by radiation. This recovery is due to the cessation of radiation exposure and the presence of the pump. Indeed, as observed in the previous measurements, when gains were measured in OFF under radiation, their recovery after radiation was less important than the gains measured 100% of the time of the experiment. Nevertheless, we cannot recover all the gain because some defects at room temperature are stable and so, not photo-bleachable. Then, after undergoing radiations and two different pumping conditions, these fibers recover until the same gain level of the reference experiment. This shows that the pumping condition of the fiber during radiation does not impact the generation of stable defects at room temperature. The results reports are equivalent to the one made for Er1 with the differences that the gain degradations are lowered by the Cerium presence. The impact of the pump presence is also positive as it allows lowering the gain degradation as seen at 300 krad: -15 dB for the reference experiment, -35 dB for the PB experiment and -40 dB for the no PB experiment. Again, during the recovery session, all fibers reach the same final gain level, indicating that the pumping condition during radiation does not influence the quantity of stable generated defects.

Erbium-doped fiber backup amplifier
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But from the reference experiment we can comment on another aspect, the dose rate effect. If dose rate does not seem to influence the gains degradation of Er1, it seems to be the case for Er2. The dose rate in this experiment is divided by 15 compared to the one used for the combined radiation and temperature tests. One can note that here the gain degradation kinetic is straight, that was not the case for previous experiments. In Figure 4.17 a) and b) are represented the gain degradation of EDFA2bis tested with the same three pumping and dose rate conditions than EDFA1. Actually, these EDFA2bis slightly differ from the EDFA2 studied in the thesis, as the fiber provided by iXblue had a higher Cerium concentration.

On Figure 4.17, it is interesting to see that the differences between both ON and OFF tests are not as important as we could see for EDFA1. At 17 krad, at the end of the irradiation run, the difference between both configurations is of ~0.7 dB. Also, the maximal gain degradation observed in the OFF-configuration is of ~1 dB, due to the positive impact of Ce-doping. The OFF-ON-OFF experiment does not show so much a positive effect of the pump power to reduce the gain degradation. Effectively, during irradiation the pump injections are not as efficient as we previously saw in What is interesting to see on EDFA2bis, is that there is no enhanced radiation vulnerability in the OFF configuration at this dose and this dose rate. From a physical point of view, it is very interesting because it probably means that cerium and the pump power PB act on the same Al-related defect, rendering the PB less efficient when the fiber has a sufficient Cerium concentration.

PB effect in Aluminum-Ytterbium-doped fibers have been studied in [START_REF] Duchez | Etude du noircissement dans les fibres optiques dopées Ytterbium : interaction entre photo -et radio-noircissement[END_REF]. It shows that it would be more efficient to use visible wavelength (633 nm) instead of near-IR ones to bleach the color centers due to Aluminum, as such doped-fiber is highly impacted by radiations in the visible compared to the near-IR. To enhance the radiation vulnerability of backup amplifiers it would be interesting to inject lasers in the visible range such as 633 nm for example, and it could be interesting to see if the efficiency is the same for different cerium-doped fibers. However, it seems from [START_REF] Mebrouk | Experimental evidence of Er 3+ ion reduction in the radiation-induced degradation of erbium-doped silica fibers[END_REF] that Erbium ions are also degraded by radiations, transforming their valence from Er 3+ ions to Er 2+ ions. This seems 4.3 120 to add losses to the actual measured RIA. Cerium may lower this effect by changing itself its valence state. Investigations should then be done on highly cerium-coped fiber combining the visible bleaching. if these studies lead to positive results, it would allow to harden amplifiers for space missions where radiations are much stronger than those encountered around the Earth, like Jovian missions for example. be remembered here that the used fiber is based on a phosphosilicate matrix rather than an aluminosilicate matrix as in the EDFA case. Then the impact of PB could be totally unrelated to the one observed in the previous application case.

Erbium-Ytterbium doped fiber backup amplifier

In this case, we see a noticeable difference between the degradation of the ON and OFF EYDFA at the end of the irradiation at 300 krad: ~4 dB of gain reduction for the ON-configuration and ~7.5 dB in absence of PB. That means that contrary to the Cedoped EDF case, the Ce-doped EYDF remains sensitive to the photobleaching related to the pump (that is also higher in terms of power 4W at 915 nm instead 150mW at 975 nm).

After a few hours post-irradiation, the pumping of the EYDFA "OFF" allows recovering the gain, reaching the same permanent degradation levels for the two amplifiers.

Regarding the EYDFA having experienced two short pump periods during the run, we note a positive impact but quite reduced, especially the second exposure to the pump seems less efficient to reduce the gain degradation. Though, at the end of the radiation, the switched "OFF-ON-OFF" experiment shows a lower gain degradation than the OFFexperiment: -6 dB instead of -7.5 dB. This confirms the feasibility to bleach such Cedoped ErYb-doped fiber thanks to the sole pump presence at 915 nm. This could be optimized by a dedicated study to maximize the positive PB impact with a reduced powering time of the EYDFA. From the application point of view, and contrary to the EDFA case, the radiation-hardened EYDFA will suffer from higher gain degradation in the "OFF" mode than in the "ON" mode. If we saw that we could bleach part of the defects with the sole pump of the amplifier, it has been shown in [START_REF] Vecchi | In-situ regeneration of P-doped optical fiber dosimeter[END_REF], [START_REF] Taheri Ghahrizjani | Ultra-High Precision Radiation Dosimetry via Laser Bleaching the Color Centers in Fast Recovery Optical Fiber Sensors[END_REF] that P-OHC and P1 defects could be photobleached adjusting the good wavelength. 

Conclusion

We presented in this chapter all our experimental results regarding the gain degradation of optical amplifiers. We first investigated the temperature effect on the gain of EDFAs. We observed that when lowering the temperature, the gain was enhanced while it decreases when increasing the temperature. Also, we observed that once we past the first temperature (120°C) above the glass transition temperature of the fiber coating, the gain at room temperature seems enhanced. However, those observed temperature effects are minor.

Then we studied the gain degradation of EDFAs and EYDFAs under radiation. We saw that combining radiations and temperature, the gain degradation was only slightly affected by those conditions in the [-40°C, 120°C] range. Also, we have highlighted the importance to use radiation hardened optical fibers when going at high dose for space Chapter 4. Experimental results
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122 application, and we confirm the efficiency of the diverse radiation hardening techniques such as Cerium doping and H2-loading. Finally, we have studied and highlighted the positive impact of injecting the amplifier pump during irradiation to reduce the radiation vulnerability of backup optical amplifiers. We observed that the pump power had this efficiency to bleach the color centers defects but its efficiency also depends on the Cerium concentration of the fiber.
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In this fourth chapter, we present the experimental results, looking mainly at the gains of the amplifiers. First, the effects of temperature alone on the gain of Erbium amplifiers were described. The results of the coupled effect of radiation and temperature on the gain of EDFAs and EYDFAs were then discussed. It was seen that in the temperature range from -40°C to 120°C, the gains did not vary much, so there was no large temperature effect. The effectiveness of the different fibre hardening techniques was highlighted, as well as the impact that the pump has on the gain degradation as a function of dose. We also investigate the effect of the dose rate on the gain degradations. Finally, we presented our results concerning the backup amplifiers. 

EN

Origin of the degradation of EDFAs and EYDFAs

RIA at pump and signal wavelengths

It is today well known that usually, varying the temperature between -40°C and 120°C impacts the levels and kinetics of the RIA as the temperature could change either the generation efficiency of the radiation-induced point defects and/or their bleaching efficiency through thermal processes [START_REF] Girard | Combined High Dose and Temperature Radiation Effects on Multimode Silica-Based Optical Fibers[END_REF]. However, we showed in the previous chapters that the EDFA and EYDFA gain degradations are not so strongly impacted by the irradiation temperature in the investigated ranges of dose, dose rate and temperature.

This was indeed quite surprising if we consider the previous temperature dependence of RIA measured in phosphosilicate (but in the visible [START_REF] Girard | Combined High Dose and Temperature Radiation Effects on Multimode Silica-Based Optical Fibers[END_REF]) or aluminosilicate [START_REF] Campanella | Temperature Dependence of Radiation Induced Attenuation of Aluminosilicate Optical Fiber[END_REF] passive 

Erbium-doped fiber: radiation effects

Erbium-doped optical fibers are known to be quite radiation sensitive due to the chemical composition of the host matrix that is optimized to enhance the IR signal amplification rather than to achieve a strong radiation hardness. Indeed, the cores of these optical fibers are often co-doped with Aluminum to avoid the quenching of the Er 3+ ions that limits the signal amplification. Figure 5.1 a) shows the spectral dependence of the RIA of the Er2 sample measured at 300 krad and room temperature (RT). This is a very characteristic RIA spectrum of an Al-doped fiber, even one without rare-earth ions. The main loss levels are observed at the lower wavelengths, below 1000 nm meaning that the RIA will be more impacting the pump than the 1550 nm signal. Figure 5.1 b) details the spectral decomposition of the same fiber. We observe that the strong absorption in the visible and near IR domain is mainly due to the tail of the absorption related to one class of defects (see [START_REF] Girard | Overview of radiation induced point defects in silica-based optical fibers[END_REF] for more details), the Al-OHC (Aluminum-Oxygen Hole Centers) defects. Their optical absorption band is peaking around 540 nm (2.3 eV and FWHM=0.9 eV). Al-OHC strongly impacts the near-IR absorption of Al-doped fibers.

However, we can note that the origins of the absorption in the IR range, in the signal domain, is still today unknown and not associated to a given defect structure [START_REF] Cvijetic | 1.92Tb/s coherent DWDM-OFDMA-PON with no high-speed ONUside electronics over 100km SSMF and 1:64 passive split[END_REF]. It may be due to one or several unknown defects absorbing at wavelengths shorter than 1000 nm or to IR-absorbing defects [START_REF] Girard | Overview of radiation induced point defects in silica-based optical fibers[END_REF]. In our case, as shown in Figure 5.1 b), the amplifier pump wavelength is impacted by AlOHC defects while the signal wavelength will be mostly impacted by the unknown defects. Al-OHC defects are characterized by the red gaussian in Figure 5.1 b), obtained thanks to the following formula:

𝑓(𝑥) = 𝐴𝑒𝑥𝑝 ( (𝑥 -𝑥 0 ) 2 2𝜎 2 ) (5.1)
Where 𝐴 is the gaussian's amplitude, 𝑥 0 is the gaussian's center (here 2.3 eV) and 𝜎 is the full width at half maximum (here 0.89 eV) [START_REF] Girard | Overview of radiation induced point defects in silica-based optical fibers[END_REF]. The 980 nm RIA levels and kinetics of Er1 fiber, that contains no Ce 3+ , seem unaffected by varying the irradiation temperature between -40°C and 120°C. At the signal wavelength, the temperature has also a weak influence, the RIA levels are only slightly decreased at 120°C, even if it should be remembered that this effect could be enhanced at lower dose rate with more time for the temperature to bleach those defects. These results, obtained on Er-doped aluminosilicate fibers agree with those of [START_REF] Campanella | Combined temperature and radiation effects on radiation sensitive single-mode optical fibers[END_REF] where the studied fiber was a passive Al-doped fiber without the rare-earth ions. Nonetheless, we cannot pass by the irradiation temperature effect on the RIA at 980 nm for the Ce-doped Er2 sample. The impact of temperature is clearly visible whether the optical fiber is tested in the OFF or ON configurations. The higher the temperature of irradiation, the higher the fiber RIA at this wavelength. If we compare the RIAs at -40°C and 120°C, the RIA increases by more than 50% at the largest temperature of irradiation. At the signal wavelength of 1550 nm, as for the Ce-free Er1 case, our results show no noticeable temperature effect on the loss levels, apart from the 120°C RIA showing a slightly lower RIA level. This means that the mechanism(s) leading to the generation of the Al-related defect(s) responsible for the signal attenuation is(are) temperature independent and that this defect is quite stable up to 120°C. It is interesting to compare our results with studies on combined radiation and temperature effects on aluminosilicate passive fibers [START_REF] Campanella | Combined temperature and radiation effects on radiation sensitive single-mode optical fibers[END_REF], [START_REF] Alessi | Near-IR Radiation-Induced Attenuation of Aluminosilicate Optical Fibers[END_REF], where it was observed that the higher the temperature, the lower the RIA at 1550 nm. We have to consider that our fibers have different silica-based matrix, and that this difference could be responsible of our lower sensitivity of the temperature of radiation and the high dose of radiations.

Finally, the RIA measurements in the two ON and OFF configurations were performed to highlight how the pump could bleach part of the RIA through photobleaching when it is injected at high power, here 150 mW at 980 nm injected into the fiber core. Almost no difference is observed between both configurations for the Er1 sample at 980 nm. That means that the pump light has a limited effect on the generation or bleaching mechanisms of Al-OHC defects. However, the impact of the configuration is more clear at 1550 nm, indeed we can see a reduction of the RIA by a factor 2 at this wavelength in the ON mode: after 300 krad, the RIA attained ~5 dB/m instead of ~10 dB/m. Furthermore, we have to consider a possible underestimation of the PB influence on the RIA in ON For the Er2 case (Figure 5.2 c) and d)), the pump photobleaching seems to be less effective, but the RIA in the pump domain appears still sensitive to PB. At nm we observe a difference of ~1.5 dB between the two configurations, while the signal seems to be less sensitive to the PB with ~0.8 dB of difference. This fiber allows us to observe a positive PB effect due to the pump power, but Ce also seems to limit the PB efficiency of the pump power. can be seen at 1550 nm. It also shows that the 120°C temperature seems to be associated with a lower RIA, meaning that this temperature either decreases the generation efficiency of the Al-defects or favors the thermal bleaching of these defects [START_REF] Campanella | Combined temperature and radiation effects on radiation sensitive single-mode optical fibers[END_REF], [START_REF] Alessi | Near-IR Radiation-Induced Attenuation of Aluminosilicate Optical Fibers[END_REF]. The temperature at -40°C has no impact on those defects. At the pump wavelength, there is a stronger influence of the temperature of 120°C while the -40°C applied temperature has limited effect. The temperature influence at 120°C depends on the dose (time): the higher the dose, the higher the losses at the high temperature. This behavior does not really match with the hypothesis of an increasing generation efficiency for the Al-OHC defects.

It rather could be justified by the thermal recombination of thermally bleached defects into 

EYDFA: radiation effects

As Erbium-doped fibers, Erbium-Ytterbium-codoped fibers are also known to be very radiation sensitive. This is due to the P-codoping [START_REF] Griscom | Fundamental defect centers in glass: Electron spin resonance and optical absorption studies of irradiated phosphorus-doped silica glass and optical fibers[END_REF] of the fiber core, always with the aim to avoid the rare-earth ion-quenching phenomenon and to favor the energy transfer between the Yb 3+ and Er 3+ ions. ). We can see that P1s have their absorption bands peaking at 1569 nm (the optical absorption peaking at 0.79 eV with a FWHM of 0.29 eV). Two other defects are likely to affect the pump wavelength, the tail of P-OHC defects peaking at 563 nm (an optical absorption peaking at 2.5 eV, with a FWHM of 0.63 eV) and an unknown defect around 1000 nm [START_REF] Girard | Overview of radiation induced point defects in silica-based optical fibers[END_REF].

In both fibers are generated P1, POHC and the unknown defects but their concentration is greatly lowered in PCe-doped fiber (ErYb3). These observations agree with the one made in [START_REF] Francesca | Roles of dopants, interstitial O2 and temperature in the effects of irradiation on silica-based optical fibers[END_REF] on passive P-doped fibers. In the case of optical amplifier application, we can see that the signal wavelength is directly impacted by P1 defects while the amplifier However, in our temperature range of study, they observed that the temperature was responsible of an RIA variation of ±20%. In another study on passive P-doped fibers for dosimetry [START_REF] Francesca | Qualification and Calibration of Single-Mode Phosphosilicate Optical Fiber for Dosimetry at CERN[END_REF], the authors showed that the fibers were not impacted by the irradiation temperature at 1550 nm. From our measurements, it seems that both extrema temperatures tend to lower the generation of color centers compared to the data at room temperature. This diverge from what was observed on passive P-doped fiber. This effect is clearer on the two Ce-doped samples than on the reference fiber. It appears that this effect is stronger with the Ce concentration. It could be explained by the complex generation pattern of the P1 defects.

In Figure 5.6 are also reported the RIA kinetics at the pump wavelength for each fiber and in both ON and OFF configurations. Before we argue on these results, one should note that all 915 nm RIAs have been measured in a spectral range where the fiber is intrinsically highly absorbing, due to Yb 3+ ion absorption. Therefore, the measurements are very noisy. We had to make sliding averages on several points (especially for the OFF experiments). The aim is to observe or not if there is, or not, a combined effect of temperature and radiations. Concerning the OFF measurements, on all fibers no temperature effect is observed. All the data curves present the same kinetic and RIA level, within the error of measurement that is larger because of the high attenuation of the pristine fiber at the pump wavelength. For the ON experiments, we make the same observations: the unknown defect seems to be insensitive to temperature. Also, one can note that the pump presence in the fiber brings a positive impact on the RIA kinetics by lowering it by a factor ~2 for the reference fiber, at both wavelengths.

For the Ce-doped samples, the higher the Ce concentration, the lower the positive photobleaching effect of the pump at the signal wavelength. This can be explained by the smaller number of defects to be bleached in these fibres since Cerium reduces the concentration of the defect precursors. However, at the pump wavelength, we observe that the RIA is always lowered by the pump presence by a factor 2. The pump power seems efficient to bleach the unknown defect absorbing around the same wavelengths.

The following analysis only concerns the signal RIAs since the pump RIA measurements have a large error. 

Modelling the gain degradation

In this section, we compare the gain measurements previously presented in Chapter 2 with the ones we were able to simulate using our simulation tool. The Chapter

simulations were done at the three extreme temperatures we previously experimented (-40°C, 25°C and 120°C) and exploiting the fiber RIA kinetics. The main spectroscopic parameters will be reported for each simulation as the other input parameters have already been detailed in Chapter 2 and Chapter 4 for each fiber.

We first present the results regarding EDFA2 and then the ones of EYDFAs. For each amplifier type, we compare the simulations to the experiment, then we discuss about the impact of the pump and signal RIAs on the gains and finally we discuss about the gain degradation mechanisms.

EDFA: simulation vs experiment

Comparing simulation and experiment

Once we have reported the radiation effects on the pump and the signal, we can compare the simulated gain degradation with the measured one, at different temperatures and until 300 krad as illustrated in Figure 5.9. We consider a 5% error for the measurements. Simulations were made considering the spectroscopic parameters given in Table 5-1 that were obtained thanks to the PSO described in Chapter 2. We observe that the 4 I11/2 and 4 I9/2 lifetimes we obtained through PSO are higher to the ones reported in the literature [START_REF] Ladaci | Rare earth doped optical fibers and amplifiers for space applications[END_REF], [START_REF] Achtenhagen | Gain and noise in ytterbium-sensitized erbium-doped fiber amplifiers: measurements and simulations[END_REF]-[168] while 4 I13/2 lifetime agrees with the value reported in [START_REF] Achtenhagen | Gain and noise in ytterbium-sensitized erbium-doped fiber amplifiers: measurements and simulations[END_REF]. Spectroscopic parameters could indeed vary depending on the Chapter 5. Discussion 5.1 138 fiber manufacturing processes but are always of the same order of magnitude. We have to take consider that these parameters have been optimized in order that the simulated amplifier present the same performances pre-irradiation and during irradiation than the one built in the lab. To have the exact spectroscopic parameters, experiment should be done in the future as it was not possible to conduct them in the framework of the Ph.D. We can make several observations:

• at -40°C, the simulation is in good agreement with the measurements.

However, for doses above 200 krad and up to two hours after the exposure end, the simulated gain degradation is significantly lower than the one measured.

• at 25°C, the simulation also globally agrees with the experiment. But at this temperature, the simulated gain degradation kinetic concords with the • at 120°C, the simulation behaves similarly than at RT, but with a greater discrepancy. The calculated and measured gains only match for low doses, up to 70 krad.

In previous studies [START_REF] Girard | Design of Radiation-Hardened Rare-Earth Doped Amplifiers Through a Coupled Experiment/Simulation Approach[END_REF], [START_REF] Mescia | Optimization of the Design of High Power Er3+/Yb3+-Codoped Fiber Amplifiers for Space Missions by Means of Particle Swarm Approach[END_REF], the simulations were made until 70 krad and fitted very nicely to the experimental curves. As them, we have a good agreement between our simulations and our experiment until 70 krad, then we saw that the good representativity of the simulation diverge varying the temperature. The simulation error seems to increase with the temperature but it could also be related to the fact that the RIA increases at the pump wavelength with the temperature. The following paragraphs will be dedicated to the understanding of these divergences between experiments and simulations.

Impact of the pump and signal RIA on the gain

In this part, we are going to observe how both the signal and the pump longitudinal power distributions evolve along the fiber length while it is exposed to radiations. Figure 5.10 illustrates those power distributions along the active fiber length as a function of the dose, at 120°C and for the EDFA2 case. We observe that around the 70 -100 krad range of doses, the amplifier hits a threshold where the RIA around 975 nm prevents the pump to reach the fiber entrance and then to fully amplify the input signal at 1550 nm. When this occurs, one can see that the signal power quickly decreases until it meets the pump to be further amplified. This behaviour increases as the deposited dose increases. Finally, the signal power reaches its minimal value at 300 krad at the half of the fiber. Concurrently, the pump is also degraded by radiations, the slope changes as the dose increases. It looks like the pump power propagation has two kinetics along the fiber lengths once exposed to radiation. Actually, we can note that apart from the pristine data, the curves present two slopes: the first one when the pump allows the amplification and the second one, steeper, correspond to the case where the signal is no more amplified and then strongly absorbed by the Erbium ions. andb) the pump at 975 nm (contra-propagative scheme, 150 mW) along the 6.9 m long fiber length for different irradiation conditions at -120°C [START_REF] Aubry | Temperature Influence on the Radiation Responses of Erbium-Doped Fiber Amplifiers[END_REF].

To better understand this important signal degradation, we have plotted in Figure 5.11 below the gain values of EDFA2 at different fiber lengths and for several doses. It can be seen that when the fiber is irradiated there is a length above which the gain value decreases very quickly. If we look closely, this drop-out value corresponds roughly to the length at which the signal power is minimal in Figure 5.10, at the same dose. And although the signal is amplified afterwards, the gain only decreases. This means that the input value of the signal is very important for the amplification process and that when an EDFA has to be used under radiations, the length of the active fiber can be optimized in order that the signal is not degraded too much by the RIA.

It can be seen from the Figure 5.11 that while in the case of pristine fiber, a longer length is recommended for better amplification performance, this is not the case under irradiation. Indeed, the 300 krad irradiated fiber shows us that the amplifier that will suffer the least damage will be equipped with an active fiber 3 to 4 meters long. If one wants to lower the gain degradation of an amplifier by adapting the fiber length, a compromise is possible between the pre-irradiation gain value and its degradation at a given dose. For example, a 6 m fiber allows a gain of ~32.18 dB but will suffer from a gain degradation of ~24.89 dB while a 3 m fiber allows a ~26.43 dB gain with a gain degradation of ~2.79 dB.

Reducing the length certainly decreases the gain value before irradiation by 5 dB but it Figure 5.10 shows that the pump power propagation decreases along the fiber length. Logically, the pump power is higher at the fiber injection than at the other end. We have previously seen that the pump power injected in the fiber allows reducing its RIA level at both the pump and the signal wavelength (980 nm and 1550 nm). Its ability to reduce the RIA through defect bleaching should be higher where the pump is higher and lower when the pump power is low, resulting in an RIA difference along the fiber length.

To experimentally observe this RIA difference along the fiber length, cutbacks were made on a 300 krad irradiated Er2 fiber, each fiber length being of ~50 cm. In Figure 5.12, these measurements at 900 nm are reported. We can observe that the RIA is higher at 7 m than at the first meter, and increases as one move along the fiber. The mean RIA approaches the 3 dB. This confirms that the pump injection in the fiber allows to bleach the radiation induced defects and then that the RIA levels could differ along the fiber active length.

Degradation patterns

For what regards the differences in the gain degradation kinetics, mainly present at 25°C and 120°C between the experiments and the simulations, we can state that this error is mainly due to the RIA measurements, especially to the RIA kinetic. The simulations are based on the ON-RIA measurements, the latter's presenting more uncertainties due to the few points per re-lighting and due to the fact that our RIA measurements correspond to an 80% pumping instead of 100%, we overestimate the losses.

Then we saw in Figure 5.9 that as the temperature increases, the simulated losses at 300 krad increase too. Ladaci et al. [START_REF] Ladaci | X-rays, γ-rays, electrons and protons radiation-induced changes on the lifetimes of Er3+ and Yb3+ ions in silica-based optical fibers[END_REF] reported that rare-earth lifetime could be impacted by radiation, leading to a decrease of their values, as exposed in Figure 5.13 below. But they also demonstrated that it was not or less the case when the fiber was doped with Cerium. In our simulations, we did not change Erbium lifetime as a function of the dose and we observed that we manage to have a good agreement between experiment and simulation at room temperature. As the variations concern the simulations at -40°C and 120°C, we may expect that these differences are due to a coupled effect of radiations and temperature on one of the spectroscopic parameters of the fiber. Deeper investigations should be done on this subject. In the case of this PhD work, we only took in account the temperature influence on the absorption and emission cross-sections of the fiber and consider that radiations have no impact. Measurements on Erbium's lifetime could also be done on the fibers before and after irradiations for the different irradiation temperature.

EYDFA: comparing simulation and experiment

Comparing simulation and experiment

In the following paragraphs we will compare, in the case of the three studied EYDFAs, the simulated gain degradations versus the measured ones. As explained for EDFA2 simulation, most of the input parameters used in these simulations have been reported in Chapter 2 such as the overlap factors, the rare-earth cross-sections etc. The simulations have been made considering the same exact architectures than those of our experiments: fiber length, pump and signal power and wavelengths. The fiber architectures and compositions have been all detailed in previous chapters. The fiber intrinsic attenuation is also an input data, so to be able to simulate the gain degradation as a function of the dose, we replace this intrinsic attenuation value by the one of the RIA measured at the different doses. Finally, the sole parameters we did not yet detailed are We begin with the gain degradations of EYDFA1, plotted in Figure 5.14, where the red curves illustrate our simulations and the black curves our experiments. Figure 5.14 a)

represents the data acquired at RT and b) at 120°C. Because of the limited quality of our input data measurements (ytterbium cross-section), we are today unable to simulate the gain degradation at -40°C. The initial spectroscopic parameters optimized thanks to our PSO tool and used in our simulations are reported in Table 5-2. Globally, we can observe that simulations and experiments are in good agreement.

However, the simulated gain recovery kinetics slightly differ from the experimental ones.

Actually, our code predicts faster recoveries than those measured. We can also note that the simulated gain degradation at 300 krad (corresponding to the end of the X-ray exposure) is slightly underestimated by comparison with the measured one.

Both simulations have been made considering the temperature effect on the different input parameters, except for the rare-earths lifetimes that are the same in all calculations. To better reproduce the experiments, these latter have been adjusted as a function of the dose as it has been demonstrated in [START_REF] Ladaci | X-rays, γ-rays, electrons and protons radiation-induced changes on the lifetimes of Er3+ and Yb3+ ions in silica-based optical fibers[END_REF] that they decrease under irradiation. Their degradations will be commented in the following part. All the simulations again seem to be in good agreement with our measurements.

Simulations from Figure 5.15 a) and b) are quite similar: the degradation is faster until 200 krad, then the slope changes. This slope difference appears when we lowered the rare-earth lifetimes in agreement with the dose. We assume that we compensated the gain degradation kinetic thanks to the lifetimes. However, the first degradation part (from the beginning to 200 krad) seems to be mostly influenced by the RIA kinetic, as well as the simulated recovery period. Concerning the simulation at 120°C, we did not change the Chapter 5. Discussion 5.1 146 lifetimes in agreement with the dose as the simulated data were already almost in agreement with the experimental data. Let's remember that this amplifier is based on fiber slightly doped with cerium. This induces that rare-earth lifetimes are less degraded by the radiation as it was demonstrated in [START_REF] Ladaci | X-rays, γ-rays, electrons and protons radiation-induced changes on the lifetimes of Er3+ and Yb3+ ions in silica-based optical fibers[END_REF] and this will be developed in the following part.

But if we had to adapt them for the -40°C and RT simulation, it means that these parameters are also influenced by the temperature. All the initial spectroscopic parameters recovered thanks to the PSO tool have been detailed in Table 5-4 below.

We can note that the three simulations globally agree with the associated measurements, and especially the one made at room temperature. As the lifetimes are not expected to degrade with the dose, the three simulations were made with the same parameters. And we can see that, again, at low temperature the simulation underestimates the gain while at high temperature, it is overestimated. This seems to be related to a temperature effect that is not perfectly considered in our simulations. 

Impact of the pump and signal RIA on the gain

As for EDFA2, we study the signal and pump power propagations along the active fiber length and their evolutions at different doses. Figure 5.17 illustrates these simulation results for the EYDFA1 and EYDFA3 amplifiers irradiated at RT, allowing to understand the behavior differences between a COTS amplifier and a rad-hard one. Figure 5.17 One can note the disparity between the two amplifiers regarding the spatial distributions of both the pump and the signal. We can see that both EYDFA1 pump and signal suffer from large degradations even at doses below 100 krad. After that, the pump degradation slows down as the dose increases whereas the signal suffers from larger degradation between 100 krad and 200 krad. We have to remind that the pump RIA is more related to P-OHC defects and to an unknown defect while the signal RIA is linked to the P1-defects. The kinetics illustrated in Figure 5.17 For what regards EYDFA3, the positive impact of the cerium-doped fiber is clear on the signal power propagation degradation. Whatever the dose the fiber received, the signal never decreases as it is observed in the case for EYDFA1, signifying that the pump has always enough power to reach and amplify the signal starting at the fiber entrance.

Effectively, the pump only suffers from a ~0.1 W deterioration. We observe that Cerium prevents efficiently the creation of defects P1 and the unknown defects.

As we previously saw for EDFA2, EYDFA1 fiber length could be reoptimized to make the amplifier less radiation sensitive. For EYDFA3, this amplifier architecture supports very high radiation doses, exceeding most of current and future space mission needs.

Degradation mechanisms

In this paragraph, we discuss the possible reasons explaining the remaining differences between the simulations and our measurements and we will highlight the degradation mechanisms of the various classes of amplifiers.

We have considered the relative error that can be induced by each of the input parameters used for the simulation. As already mentioned previously, we had to consider the radiation influence on Er 3+ and Yb 3+ lifetimes in order that simulations better reproduce the measured data. As demonstrated in [START_REF] Ladaci | X-rays, γ-rays, electrons and protons radiation-induced changes on the lifetimes of Er3+ and Yb3+ ions in silica-based optical fibers[END_REF], rare-earth doped fibers show decreasing energy level lifetimes while undergoing radiations and it is illustrated in Figure 5.18 from [START_REF] Simonsen | Radiation Protection for Human Missions to the Moon and Mars[END_REF]. Based on [START_REF] Ladaci | X-rays, γ-rays, electrons and protons radiation-induced changes on the lifetimes of Er3+ and Yb3+ ions in silica-based optical fibers[END_REF], we only changed these two lifetimes as they mainly affect the population inversion process. The lifetimes were modified as soon as the simulations started to diverge from the experimental data. Therefore, we can distinguish that these parameters behave according to two dynamics on Figure 5.19. At first, the lifetimes remain stable up to a certain point, then, they constantly decrease. However, based on Figure 5.13 and Figure 5.18, we would have expected the lifetime decreases to be linear all along the X-rays exposure. Assuming that lifetimes decays should be linear and concerning the stable period, if the radiations have an impact on our fiber's lifetimes, this one is certainly within the measurement error, explaining why the simulations already fit with the experimental results. And one should remember that our simulations were made up thanks to several input parameters obtained through experiments, these ones including some measurement errors, too. This accumulation of measurement errors gives us a high uncertainty on the recovered spectroscopic parameters. That is why, what is plotted on 

Perspectives to improve our predictive tool

After reporting all our experimental and simulation results, we can discuss the possible perspective to improve our simulation tool of combined radiation and temperature effects on EDFA or EYDFAs.

Some studies have still to be done to better understand the radiation influences on all of the parameters of REDFAs. Indeed, the predictive tool requires a lot of input parameters to be able to run the simulations and at larger doses, we can no more neglect the possible radiation effects on other parameters than the fiber transmission at the pump and signal wavelengths. We could better understand the relative importance of the various parameters by performing additional experimental characterization of each of the parameter under irradiation but this will be practically a difficult task. Probably a systematic simulation study of the influence of varying each of the parameter could be done for an irradiated amplifier case to identify which one(s) is(are) the main ones to characterize.

Conclusion

In this chapter, we discussed the mechanisms at the origin of the degradation of EDFAs and EYDFAs by comparing simulation and experiments on various architectures of amplifiers.

For EDFA, we observed combined temperature and radiation effects on the RIA at the pump, while no such effect is seen for the signal. It is hard to make conclusions about Er1 RIAs as it is quickly saturating. For Er2, we effectively observed that the pump suffered from higher RIA when it is exposed to high temperature (120°C) while the low temperatures (-40°C) induced lower RIA than the one measured at room temperature. At the signal wavelength, we observe minor differences between all experiments however for Er1 in the OFF-configuration, the RIA at 120°C was lower than the ones measured at RT and -40°C.

Concerning EYDFAs, we also investigated the combined effects at both the signal Actually, we observed that the two extreme temperatures reduce the RIA level of the fiber measured at RT.

These observations about the combined temperature and radiation effects are also valid for both types of amplifier (Er-doped or ErYb-doped) when we injected the pump in the fiber 80% of the time. We observed that the pump power allows to reduce the RIA levels for all fibers. Through these experiments, we confirmed that the amplifiers pump (980 nm for EDFAs and 915 nm for EYDFAs) are able to thermally-bleach or photo-bleach the radiation induced color centers of the fiber at both the pump and the signal wavelengths. Again, these observations about both the combined temperature and radiation effects and the positive impact of the pump on the RIA level are valid whether the fibers are codoped with Cerium or not.

Then we compared the simulated and measured gain degradations for the different EDFAs and EYDFA built with COTS or rad-hard optical fibers. Globally, the simulations agree with the experiment even if we observe increasing differences at larger doses. It seems that these differences are at least partially explained by the fact that at larger doses, the radiations are not only influencing the performances through the RIA increase but also by modifying some of the spectroscopic properties of the RE ions, such as the lifetimes.

In agreement with the previous study of A. Ladaci, this effect is larger in the reference fiber than in the rad-hard one containing Cerium. There are a lot of uncertainties about how the spectroscopic parameters are degraded, so more investigations and experiments should be done in order to better understand these phenomena. Moreover, other uncertainties are accumulated with all the input data needed for the simulation and obtained through an experimental approach. Further work remains needed in order to reduce all these errors margin and to build a more robust tool to perfectly reproduce the experimental gain degradations under irradiation and temperature variations.

Chapter 5. Discussion
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In this fifth and last chapter, we discuss our experimental results and the simulation.

First, we present the coupled radiation and temperature effects on the Erbium and Erbium-Ytterbium doped optical fibers. We discussed about the radiation effects on the spectroscopic parameters. Finally, we compare our experimental results with those obtained by simulation. We observe that the simulations correspond to the experimental results when the influence of radiation and temperature on all input parameters is considered. 
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In questo quinto e ultimo capitolo, discutiamo i nostri risultati sperimentali e la simulazione. In primo luogo, presentiamo gli effetti accoppiati di radiazione e temperatura sulle fibre ottiche drogate con Erbio e Erbio-Itterbio. Si forma una discussione sul livello spettroscopico delle fibre, rispetto alle misurazioni RIA. Infine, confrontiamo i nostri risultati sperimentali con quelli ottenuti dalla simulazione.

Osserviamo che le simulazioni corrispondono ai risultati sperimentali quando si tiene conto dell'influenza della radiazione e della temperatura su tutti i parametri di input.

IT

Conclusion

This PhD thesis had the first objective to experimentally characterize the effects of combined temperature and radiations on optical amplifiers, the EDFAs and EYDFAs, used for the signal amplification around the third Telecom windows (1550 nm). Then, as a consecutive second objective was to complete the pre-existing simulation tools by considering those effects if they are shown to be impacting the behaviors of the amplifiers.

Indeed, if numerous characterizations have already been done investigating the sole radiation effects on optical amplifiers, the literature about the combined temperature and radiation effects was very limited. From the application point of view, it was mandatory to consider these effects to assess if the radiation tests at room temperature (the easiest to perform) are sufficiently representative for extrapolating the deduced device vulnerability for mission profiles where the temperature could largely vary.

To this aim, we first investigated the gain degradations of various classes of EDFAs and EYDFAs in the [-40°C, + 120°C] range, this range being very large in order to cover all the possible future missions. For the different classes of EDFAs and EYDFAs, radiation sensitive or radiation tolerant, we observed a negligible effect of varying the temperature of irradiation on the gain degradation of the EDFAs when EYDFAs. This was verified at quite high dose rate (27 rad (SiO2)/s) and up to large deposited dose (up 300 krad) in order to represent a worst-case scenario in terms of RIA. However, it would be interesting to perform such a study at low dose rate, where thermal effects could be more efficient. From our results, we can state that both types of amplifiers did not suffer a lot from varying the temperature during the irradiation, which is a significant result from an applicative point of view as it confirms that accelerated tests can be done at room temperature only to estimate the device vulnerability.

After the characterization at the device level, we investigated the coupled radiations and temperatures effects on the RE-doped fibers themselves, focusing on the measurement of their radiation induced attenuation (RIA) spectra in different configurations of pumping (ON, OFF). For each test configuration, we measured the RIA levels and kinetics at the pump and signal wavelengths at three different temperatures.

Regarding EDFAs, we observed that the RIA at the 980 nm pump wavelength changes varying the temperature while the RIA at the 1550 nm signal appears as temperature independent. For EYDFAs, we showed that the extreme temperatures lower the 1550 nm RIA of the input signal compared to the darkening observed at room temperature. All our measurements (in terms of gain and of RIA) showed the positive impact of the different radiation hardening techniques (Cerium-doping and hydrogen pre-loading). Also, all our experiments demonstrated, by changing the 100 % pumping to 20 % pumping during the X-ray exposure to measure the gain and from 0 % to 80 % to measure the RIA, that the pump power allows lowering the gain degradation of our amplifiers and the RIA of our fibers.

Our experimental results on the REDF amplifiers have been compared with simulations performed using some input parameters experimentally measured or extracted with the PSO algorithm. To run these simulations, we had to measure and calculate some fiber parameters at different temperatures such as the refractive index profile change, the overlap factor between the pump and the signal, the cross sections…

We were then able to see the temperature effect on some of these parameters. Then other parameters, complicated to measure, have been optimized thanks to the PSO algorithm, allowing us to recover our real amplifiers parameters. Finally, thanks to the RIA measurements we were able to simulate the gain degradation of our amplifiers under radiations and at different temperatures. We observed some divergences in the degradation kinetics especially at the highest doses. A possible explanation is that at largest doses, not only the RIA should be considered but also the radiation effects on some rare-earth spectroscopic parameters such as the Er 3+ and Yb 3+ ion lifetimes that decrease under irradiation. In the future, some additional investigations will have to be performed to better understand some of the phenomena responsible for the gain degradation kinetics with temperature, the first study could be to perform a complete characterization of the combined temperature and radiation effects on the RE ion lifetimes.

Additional studies have been done during the Ph.D that was not planned initially.

Indeed, we studied the potential of the pump power photobleaching effect to harden backup amplifiers, those amplifiers that are not operated during the mission up to their activation to replace the primary system. This particular profile of use leads to more radiation sensitive RE-doped optical fibers as the RIA is not partially photobleached by the pump propagating along the active fiber length. To this aim, we compared the radiation sensibility of amplifiers when the pump is ON, OFF and switched from time to time during the irradiation. An important result is that Ce-doped fibers (and the corresponding EDFA or EYDFA) are not really affected by this effect and does not present the same enhanced vulnerability than systems based on COTS Ce-free optical fibers. For those standard amplifiers, we demonstrate that by injecting the pump from time to time, we could reduce their gain degradation but we also showed that this effect remains limited compared to a ON amplifiers. In the future, different studies could be performed to better exploit the PB phenomenon, exploiting the one related to the pump or, as done by other research teams, by exploiting the PB from an additional source operating at other wavelengths than the ones of the amplifiers.
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  They have the willingness to make space a low-cost industry, more accessible. With these desires, are born nano-satellites and CubeSat. The collaboration between private companies and national space agencies allows designing new kinds of satellites, satellites constellations and spacecrafts. Such new projects ask for devices lowering the cost and payload of spacecrafts and optical fiber (OF) devices should play a key role in these future space missions. Optical fibers are very interesting to use for such harsh environment as they are immune to most of the electromagnetic perturbations since their core and cladding are made of pure or doped silica, a dielectric material. Furthermore, OF based technologies are advantageous compared to alternative solutions thanks to their low-weight and Chapter 1. State of the art and context 1.2 12
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 1 State of the art and context 1.3 15 losses, the input signal will be amplified before being transmitted through space and just after being received. For communications, optical fibers are used, for terrestrial application because such silica-based material show a very low loss spectra at the telecommunication wavelengths as shown in Figure 1.7. C-band (Conventional band, from 1530 nm to 1560 nm) and L-band (Long-band, from 1560 nm to 1620 nm) are the mainly used telecommunication band, being part of the third telecommunication window. Those twotelecommunication bands correspond to the lower attenuation level of silica based optical fiber and more particularly, C-band perfectly corresponds to the wavelength range of amplification of Erbium or Erbium-Ytterbium doped fiber amplifiers. For what concerns free space communications, those amplifiers based on the C-band have the advantage to emit in a spectral region where the attenuation is very low in the atmosphere.

Figure 1 . 7 1 . 3 . Amplifier and fiber laser 1 . 3 . 1 .•

 1713131 Figure 1.7 Single mode silica-based optical fiber attenuation spectrum and spectral dependence of fundamental loss mechanisms [58].

Figure 1 . 8

 18 Figure 1.8 Position of the lanthanide family in the periodic table of chemical elements taken from [60].

Figure 1 .

 1 Figure 1.9 is the Dieke diagram, detailing the 4𝑓 𝑛 electronic energy level of the trivalent lanthanide ions in the LaCl3 crystal. Some levels are highlighted by semi-circles, indicating that they are fluorescent. From this figure we can see that Erbium and Ytterbium ions are particularly interesting as they share a lot of close energy levels.

Figure 1 . 9

 19 Figure 1.9 Energy level of the lanthanide's ions taken from [62].To obtain a homogeneous distribution of rare earths in the fiber and to structure its internal matrix, REDFs are generally co-doped with other components. The cores of Erbium-doped fibers are mainly codoped with Aluminum. It has been demonstrated in[START_REF] Likhachev | Radiation Resistance of Er-Doped Silica Fibers: Effect of Host Glass Composition[END_REF] 

Figure 1 . 11

 111 Figure 1.11 Energy levels diagram of the two-ions considered system.

Figure 1 .

 1 Figure 1.12 Co-propagative pumping configuration of an optical amplifier.

Figure 1 .

 1 Figure 1.13 Contra-propagative pumping configuration of an optical amplifier.

Figure 1 . 15

 115 Figure 1.15 Longitudinal cross section of a double cladding fiber. The signal propagates in the active core while the pump propagates in the inner multimode clad.

Figure 1 .

 1 Figure 1.16 a) Transversal photography of an octagonal double clad fiber and b) schematic cross section of the double clad fiber representing how the geometry helps to make the pump interact with the signal in the highly-absorbing doped core.

Chapter 1 .Figure 1 . 17

 1117 Figure 1.17 Temperature dependence from RT to 500°C of a) Absorption cross sections of an EDF b) Emission cross section of an EDF c) Absorption cross sections of an EYDF and d) Emission cross section of an EYDF taken from [76].
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  Photolityc defects

Chapter 1 . 4 30Figure 1 . 19

 14119 Figure 1.19 Influence of the fiber dopant on the Radiation Induced Attenuation levels and kinetics as a function of the dose at 1550 nm, graph taken from [41].
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 16 State of the art and context 1.. Vivona et al. [111] characterized the effect of Ce-codoping on the steady state -ray responses of REDFAs built with fiber samples with cores having been doped with different amounts of Cerium. All tested samples have a phosphosilicate matrix. The hardening capacities of Cerium have been demonstrated for EYDFAs. It seems that Ce incorporation limits the concentration of radiation induced defects, as P1-defects, in the NIR and IR regions. Moreover, it has been shown that the radiation induced local modifications of the surrounding glass structure around the Er 3+ ions are reduced in case of Ce codoping. Ce may also lead to better stabilization condition of Er 3+ ions laser efficiency. Ce 3+ improves the branching ratio of the Er 3+ 4 I11/2 → 4 I13/2 transition level enhancing the fluorescence quantum yield at 1550 nm. Cerium has the advantage of strongly reducing the radiation sensitivity of the RE-doped fibers without degrading their amplification performances.

Figure 1 . 20

 120 Figure 1.20 Outgazing evolution of the hydrogenated fiber as a function of the time.

Figure 1 .

 1 Figure 1.20 represents the outgazing kinetics of an Erbium doped hydrogenated fiber monitored through the gain of the EDFA. The red and blue dashed lines respectively

Figure 1 . 21

 121 Figure 1.21 Comparison of the radiation responses of different types of active fibers with or without Ce-codoping and with or without hydrogen treatments, from [116]. As shown on the above Figure 1.21, both radiation-hardening techniques allow reducing the concentrations of P-related defects and then the RIA impact on the gain of the EYDFAs. This figure illustrates the normalized gain degradation as a function of the dose for four different fibers, differently radiation hardened. One can see that the reference fiber (black curve) has a large gain degradation compared to the three other tested fibers.
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  Dans ce premier chapitre, un état de l'art sur les amplificateurs à fibre optique a été présenté. Nous avons établi les contraintes existantes dans l'environnement spatial, nous avons parlé des différentes fibres optiques utilisées pour l'application spatiale (fibre passive et fibre active) et enfin nous avons présenté les amplificateurs à fibre optiques. Dans un deuxième temps, nous avons abordé les effets des radiations ainsi que les effets de la température sur les fibres optiques puis plus particulièrement sur les fibres dopées aux terres-rares. Enfin, nous avons décrit les différentes techniques qui ont été développées pour durcir des fibres aux radiations et nous avons discuté de leur efficacité.

2. 1 .

 1 

Figure 2 . 1

 21 Figure 2.1 Diagram of the simulation methodology, adapted from [7].

  ions) to absorb and emit light. These cross sections are represented in Figure2.2 in the case of Er 3+ ions. The XS of a particular transition between two states of an ion represents the probability for that transition to occur with the concurrent emission and absorption of light. Actually, it refers to the stimulated emission and it typically involves the emission and absorption of photons, therefore, XS do not represent all the transitions.

Figure 2 . 2

 22 Figure 2.2 Infrared a) absorption cross section and b) emission cross section of an Er 3+ions.

Figure 2 .Figure 2 .

 22 Figure 2.3 a) Superimposition of the measured refractive index profile (RIP) of an EDF with the calculated electric fields at both the pump and signal wavelengths in the fiber b) 2D modelling of the electric field @980 nm obtained by FEM via Comsol Multiphysics.

Chapter 2 . 1 55Figure 2 . 5

 2125 Figure 2.5 Comparison of the output power of an EYDFA base on a double-cladding EYDF as a function of the pump current obtained via experiment and simulation taken from [118].For example, in Figure2.5, the calculated and measured output powers for a given amplifier architecture as a function of the pump current of an EYDFA were compared. This result highlights the fact that the simulation agrees well with the experiments before irradiation.

Chapter 2 . 1 56Figure 2 . 6

 2126 Figure 2.6 Simulated output power as a function of the fiber length and the dose taken from [118].

Figure 2 . 7 Figure 2 . 8

 2728 Figure 2.7 Simulated pump (red curve) and signal (blue curve) powers propagationalong an Er-doped fiber length using a backward pumping scheme.

Chapter 2 .Figure 2 . 10 Figure 2 .

 22102 Figure 2.10 Relative refractive index profile and calculated radial distributions of the electric fields at both the signal and the pump wavelengths for Er2 sample.

  doped fibers amplifiers and to compare the experimental results with the simulation ones, three different fibers have been tested. Those fibers were manufactured and provided by iXblue Photonics [120].Table 2-4 summarizes the characteristics of the tested samples.

Figure 2 . 13

 213 Figure 2.13 Relative RIP and the associated normalized electric field at 1550 nm as a function of the fiber radius for a) ErYb1, b) ErYb2 and c) ErYb3.As explained in paragraph 2.1.2, there are two different ways to calculate the overlap factor depending on the wavelength of interest. At the signal wavelength, we use the classical formula (2.10) and at the pump wavelength, the overlap factor is evaluated as the ratio of the core area with the clad area. Table2-5 reports the calculated overlap factors at both the signal and the pump wavelengths for the three tested fibers.

Figure 2 . 14

 214 Figure 2.14 Absorption (green curves) and emission (red curves) cross sections for a) ErYb1, b) ErYb2 and c) ErYb3. Concerning Ytterbium's absorption and emission cross sections, their values at 915 nm at room temperature are reported in the Table2-6 for the three selected fibers.

Figure 2 . 15

 215 Figure 2.15 Spectral Thermal treatment Induced Attenuation Change of the Erbium doped fiber normalized with respect to the -40°C curve.

Figure 2 . 16

 216 Figure 2.16 Er2 a) absorption and b) emission cross sections at -40°C, 25°C and 120°C.

Chapter 2 .Figure 2 . 17

 2217 Figure 2.17 Comparison at -40°C, 25°C and 120°C of ErYb1 a) absorption and b) emission cross sections, ErYb2 c) absorption and d) emission cross sections and ErYb3 e) absorption and f) emission cross sections of Erbium.

Figure 2 . 18

 218 Figure 2.18 Comparison of Ytterbium absorptions and emissions cross sections based on iXblue measurements (solid lines) and based on our measurements (dashed lines).

Chapter 2 .Figure 2 . 19

 2219 Figure 2.19 Comparison at -40°C, 25°C and 120°C of ErYb1 a) absorption and b) emission cross sections, ErYb2 c) absorption and d) emission cross sections and ErYb3 e) absorption and f) emission cross sections of Ytterbium.

  Dans ce deuxième chapitre, nous avons détaillé les différentes méthodes utilisées par le code pour simuler l'amplification d'un signal dans une fibre optique. La méthode de Newton-Raphson qui résout les équations de population des terres-rares, le modèle de Runge-Kutta du 4 ème ordre qui résout les équations de propagation, l'approche par essaim de particules (PSO), nous permettant d'optimiser des paramètres très difficiles à obtenir expérimentalement. Nous avons détaillé les données d'entrée nécessaires pour effectuer une simulation ainsi que le type de résultats que les simulations nous permettent d'obtenir. Enfin, nous avons présenté les fibres dopées Erbium et dopées Erbium-Ytterbium étudiées tout au long de la thèse ainsi que les paramètres d'entrée pour les simulations aux différentes températures.

Figure 3 . 1

 31 Figure 3.1 Typical energetic intensity spectrum from a tungsten target X-ray tube. Both peaks at 60 keV and 68 keV representing the X-fluorescence of tungsten atoms, taken from [143] and a photography of the MOPERIX facility.

Figure 3 . 2

 32 Figure 3.2 Experimental setup used to determine the effect of varying the rare-earth doped fiber temperature in the -40°C to 120°C range on the EDFA gain.

Figure 3 . 3

 33 Figure 3.3 Experimental setup used to measure the Thermal treatment Induced Attenuation Change (TIAC) when varying the active fiber temperature in the -40°C to 120°C range.

  over the entire length of the active fibre, each sample was

Figure 3 . 4

 34 Figure 3.4 Irradiation and gain degradation measurement setup to characterize the EDFA in the ON mode.In order to highlight the possible photobleaching related to the pump on the Erbium-doped fiber radiation response[START_REF] Duchez | Etude du noircissement dans les fibres optiques dopées Ytterbium : interaction entre photo -et radio-noircissement[END_REF]-[START_REF] Peng | Photoannealing effects for erbium doped fiber sources after gamma irradiation tests by using 532 nm and 976 nm lasers[END_REF], we choose to repeat the experiment,

Figure 3 . 5

 35 Figure 3.5 Irradiation and gain degradation measurement setup to characterize the EDFA in the ON/OFF mode. Noise Figure estimations Noise Figure (NF) measurements have been done for Erbium-doped amplifiers. It is one of the main characteristics of an amplifier with its gain. It represents the degradation of the Signal-to-Noise Ratio when passing through the amplifier due to the amplification of the spontaneous emission (ASE). In our case, NF measurements are actually NF calculations based on our gain measurements and it allows us to study the NF behavior

Figure 3 . 6

 36 Figure 3.6 Irradiation and gain degradation measurements setup to characterize the EYDFA.

4 )

 4 In which 𝐿 is the length of the irradiated sample and 𝐼 (𝐷, , 𝑇) and 𝐼 𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 (, 𝑇) the transmitted spectral intensities at a chosen dose, wavelength and temperature and the transmitted spectral intensity at a chosen wavelength and temperature before irradiation respectively.

Figure 3 . 7

 37 Figure 3.7 Classical RIA measurement setup reproducing the OFF-configuration of an amplifier.

Figure 3 . 8

 38 Figure 3.8 RIA measurement setup reproducing the device in use.
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 393 Figure 3.9 Radiation and gain degradation measurement setup for a) the EDF-backup amplifier and b) the EYDF-backup amplifier.

Figure 4 . 1

 41 Figure 4.1 Typical spectral reference and output powers in the case of an EDFA.

Figure 4 . 2

 42 Figure 4.2 Gain variation as the temperature changes from -40°C to 120°C for a) Amp1 and b) Amp2.

4 and Figure 3 . 5 .

 35 We have studied the performances of the optical amplifiers when they are simultaneously exposed to the radiation and temperature constraints. During this irradiation campaign, the sole Chapter 4

  tests as AmpX -Y. X referring to an amplifier and 𝑌 = 1, … , 4 respectively corresponding to the tested temperature from -40°C to 120°C.While measuring the gain degradation at different temperatures and under radiations, two configurations were tested. The first one presents the case of a first profile of use (main amplifier) for which the amplifier is ON 100% of the run time. It means that the input and pump signal are propagating during the whole experiment (irradiation and recovery phase). The second one is considering the situation where the amplifier is pumped only 20% of the run time, this ON-OFF mode has been obtained considering cycles of ~30 min. It means that, for a given cycle, the pump and signal were injected in the amplifier under test during ~7 minutes, while the amplifier was irradiated without any light inside during ~24 minutes.

Figure 4 .

 4 Figure 4.3 illustrates the gain degradation as a function of the accumulated dose for the different temperatures.Figure 4.3 a) concerns the experiment made on Amp1,

Figure 4 .Figure 4 .

 44 Figure 4.3 b) is for Amp2 and Figure 4.3 c) regards Amp3.

From this complete setFigure 4 . 3

 43 Figure 4.3 Gain degradation as a function of the dose (time), irradiation temperature (from -40°C to 120°C) for a) Amp1, b) Amp2 and c) Amp3 EDFAs.

Figure 4 .

 4 Figure 4.4 reports the normalized gain degradation with respect to the value measured at RT as a function of the irradiation temperature, for the three amplifiers. It

Figure 4 . 4

 44 Figure 4.4 Normalized gain degradation with respect to the value obtained at RT as a function of the temperature for the three EDFAs at 300 krad.

Figure 4 . 5

 45 Figure 4.5 Gain degradation as a function of the dose (time), for the three EDFAs based on the three selected Er-doped fiber samples (Er1, Er2 and Er3).

Figure 4 .

 4 Figure 4.6 compares the results of the experiments made in both configurations for the three amplifiers. Looking at Figure 4.6 a) that focuses on Amp1, no significant difference

  With regards to Amp3 (Figure 4.6 c), which is conceived with the most radiation hardened fiber (Ce and hydrogen presence), degradations measured in both ON and OFF configurations show only a slight difference. The OFF experiment shows slightly higher gain degradation than Chapter 4

Figure 4 . 6

 46 Figure 4.6 Gain degradation as a function of the dose (time) and of the irradiation temperature (from -40°C to 120°C) in both ON (lined curves) and OFF (dotted curves) configurations for a) Amp1, b) Amp2 and c) Amp3.

Figure 4 .Figure 4 . 7

 447 Figure 4.7 reports the mean gain degradations at 300 krad of the three amplifiers in both configurations. It highlights that Er2 does not endure the same losses at 300 krad between both configurations. Actually, we identify a difference of ~12.5 dB at this maximal dose. This is clearly due to the absence of pump during the radiation exposure and this highlights the positive photobleaching effect of the pump at 980 nm for EDFAs. Our

  (NF) is an important parameter for amplifiers and has also been studied under harsh environment combining radiations and temperature changes.

Figure 4 .

 4 8 reports the normalized NFs for the three studied EDFAs at the different temperatures.

Figure 4 . 8

 48 Figure 4.8 Amp1, Amp2 and Amp3 noise figures as a function of the time (dose) at different temperatures of irradiation going from -40°C to 120°C.

  degradation. In addition, the low DR experiment seems to present a linear degradation, that is not the case of the high DR experiment.

Figure 4 .

 4 Figure 4.10 details the kinetics of the EYDFA gain degradations (Amp4, Amp5 and Amp6) measured under various combinations of irradiation and temperature. As a reminder, before irradiation, these EYDFAs amplifiers present gains of ~ 20.5 dB,

Figure 4 . 10

 410 Figure 4.10 Gain degradation as a function of time, irradiation temperature (from -40°Cto 120°C) and the dose (up to 300 krad) for a) Amp4, b) Amp5 and c) Amp6.

Figure 4 . 11

 411 Figure 4.11 Normalized gain with respect to the value obtained at RT as a function of the temperature for all EYDFAs at 300 krad.

Figure 4 . 12

 412 Figure 4.12 Gain degradation at 25°C as a function of time (before/after irradiation), the dose (up to 300 krad (3kGy)) for the three EYDFAs based on the three ErYb-doped fibers.

Figure 4 . 13

 413 Figure 4.13 Normalized Noise Figure evolution as a function of the dose of ErYb1 at -40°C, 25°C and 120°C.

Figure 4 . 14

 414 Figure 4.14 Gain degradations measured during and after the irradiation of Amp6 EYDFA at two different dose rates, 27 rad (SiO2)/s in blue and 1.74 rad (SiO2)/s in red.

Figure 4 .

 4 Figure 4.15 a) presents the gain degradation as a function of the time (dose) of the EDF-backup amplifier based on Er1, while Figure 4.15 b) illustrates the pumping conditions of the three experiments (reference, PB and no PB).

Figure 4 .

 4 Figure 4.15 a) Gain degradation as a function of the time (dose) for a an EDF backup amplifier based on Er1 b) Pumping conditions for the three EDF back up amplifiers based on Er1.The blue triangles data points represent the experiment conceived to avoid photobleaching effect. These results testify of the positive impact of the pump presence in the fiber since the gain value at the end of the 17 krad dose has decreased by 50 dB compared to the reference experiment. Finally, the orange data points refer to the PB experiment. The pump has been injected two times (duration 15.9 minutes) during the irradiation and it seems that these two short periods are sufficient to have a positive impact on the EDFA radiation response. Indeed, the gain degradation at 17 krad reached -42 dB

Figure 4 .

 4 Figure 4.16 a) and b) are similar to Figure 4.15 a) and b) but concern Er2 sample.

Figure 4 .

 4 Figure 4.16 a) Gain degradation as a function of the time (dose) for a an EDF backup amplifier based on Er2 b) Pumping conditions for the three EDF back up amplifiers based on Er2.

Figure 4 .Figure 4 . 17

 4417 Figure 4.17 EDFA2bis gain degradation as a function of the time and dose, at the three different pumping conditions at the same dose rate than EDFA1 b) Pumping conditions for the three EDFA2 tests.

Figure 4 .

 4 Figure 4.18 illustrates the gain degradation of EYDF-backup amplifier based on ErYb3 as a function of the time (dose) in the three different pumping conditions. It should

Figure 4 .

 4 Figure 4.18 a) Gain degradation as a function of the time (dose) for an EYDF backup amplifier based on ErYb3 b) Pumping conditions for the three EYDF back up amplifiers based on ErYb3.

  photobleaching effect on the RIA levels and kinetics. This has been achieved by varying the pumping conditions during the irradiation run in order to highlight the PB related to the pump. Finally, all the acquired RIA data have been used as input parameters for the simulation of the radiation responses of the different architectures of amplifiers. The simulation results are then benchmarked to the experimental data regarding the radiation responses of the amplifiers.

  In any case, we performed dedicated experiments to measure the RIA kinetics at the signal and pump wavelengths of the active optical fibers (Erbium or Erbium-Ytterbium-doped) to better understand the mechanisms at stake and better extrapolate our results, eg. at different dose rates or doses. Furthermore, this study also reveals the possible coupled effect between the Ce-codoping concentration and the temperature of irradiation.

Figure 5 . 1 a

 51 Figure 5.1 a) Spectral RIA measured in the Er2 sample after irradiation with X-rays at 27 rad/s at the TID of 300 krad. Experiments have been done at RT. b) spectral decomposition of Er2 in the IR and near-IR using point defects reported in literature [3].

  for these experiments we are pumping the optical fiber only 80% of the time compared to a 100% case of ON EDFA. The fast growth and high levels of the RIA at 980 nm is then mainly responsible for the accelerated EDFA gain degradation observed in Figure4.3 (from Chapter 4).

Figure 5 . 2

 52 Figure 5.2 Radiation Induced Attenuation (RIA) as a function of the dose and of the time post irradiation as measured at the irradiation temperatures of -40°C, 25°C and 120°C for the Er1 fiber sample tested with the a) the OFF-configuration of Er1, b) the ONconfiguration of Er1, c) OFF-configuration of Er2 and d) ON-configuration of Er2.

Figure 5 . 3

 53 Figure 5.3 Normalized losses as a function of the temperature and of the dose (irradiation time) with respect to its values at RT at 980 nm and 1550 nm for a) Er1 and b) Er2 samples.

Figure 5 .

 5 Figure 5.3 a) and b) respectively present the normalized RIAs of the Er1 and Er2 fibers at different TIDs (100, 150, 200 and 300 krad) and at the different tested temperatures. The results are normalized with respect to the RIA values measured at RT for both investigated wavelengths. This representation of our experimental results allows us to highlight the temperature effect. Looking at Figure 5.3 a), no effect of dose (time)

Figure 5 . 4

 54 Figure 5.4 Spectral Radiation Induced Attenuation (RIA) of the Er2 sample in the ON(continuous lines) and OFF (short dashed lines) configurations at temperatures of -40°C (blue), 25°C (green) and 120°C (red). All spectra were acquired at 300 krad TID.In Figure5.4, we plotted the spectral RIA at 300 krad of Er2 in both OFF (dashed lines) and ON (continuous lines) configurations at the three different irradiation temperatures. From this figure we easily see the positive PB effect of the 980 nm laser diode (injected 80% of the time). At each temperature, the RIAs of ON-measurements are lower than their equivalent from OFF-measurements over the entire spectral range. It is also possible to observe the irradiation temperature effect applied on the fibers putting in evidence that this effect is lower at higher wavelengths depending on the nature of the involved point defects. The temperature influences the contribution of Al-OHC defects, by favoring their generation mechanisms at larger temperatures.

Figure 5 .Figure 5 .

 55 Figure 5.5 a) Spectral RIA ErYb1 (a P-codoped fiber in blue line) and ErYb2 (a PCecodoped fiber in red line) both measured at 300 krad and at -40°C.b) IR and visible spectral decomposition of ErYb1. These spectra are very characteristics of a phosphosilicate fiber. The main defect affecting our fibers at the signal wavelength are the P1-defects, present on both fibers presented Figure 5.5. Figure 5.5 b) detail the spectral decomposition of the RIA using the known absorption bands from P-related color centers. The latter are characterized by the red gaussians in Figure 5.5 b), obtained thanks to the formula detailed in Eq. (5.1). We

Figure 5 . 6

 56 Figure 5.6 presents the RIA kinetics of the three ErYb samples as a function of the dose (time) and at the three tested temperatures (-40°C, 25°C and 120°C) in both ON and OFF-configurations. As explained previously, the signal is impacted by the P1defects. It is clear, from the results exposed in Figure 5.6, that the defects responsible for the RIA at 1550 nm are not very temperature sensitive. In [165], Morana et al. studied the combined temperature and radiation effect on passive P-doped fibers. They showed that the high temperatures tend to lower the RIA while the low temperatures increase the RIA.

Figure 5 . 6

 56 Figure 5.6 915 nm and 1550 nm Radiation Induced Attenuation (RIA) measured as a dose function at -40°C, 25°C and 120°C for ErYb1 in a) the OFF b) the ONconfigurations, for ErYb2 in c) the OFF, d) the ON-configurations and for ErYb3 in e) the OFF-and f) the ON-configurations.
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 57158 Figure 5.7 RIA at 1550 nm as a function of the ErYb-doped fiber cerium concentration for the three irradiation temperatures: -40°C, 25°C and 120°C.We reproduce the analysis consisting in studying the normalized losses with respect to the one at RT as a function of the temperature and at different doses. The obtained results are reproduced in Figure5.8 for the three fibers. With this representation, it is even more evident that the RT-RIA is always slightly higher than at the two other temperatures. Also, both extremes temperatures for the three samples show similar level of normalized losses. Notwithstanding all this, all RIA level remains close to those at RT. Regarding ErYb1 in Figure5.8 a), the RIA kinetic is the following: increasing until 150 krad and then decreasing up to the end of radiations, for a maximum dose of 300 krad. For ErYb2, the kinetic slightly differs: RIA increases up to 100 krad and decreases until the end of the run. Finally, the loss kinetic seems much more different for the medium-doped

Figure 5 . 9

 59 Figure 5.9 Comparison between the experimental (black curves) and calculated (red curves) gain kinetics of the fiber as a function of the dose and of the recovery time (3h) at a) -40°C, b) room temperature and c) 120°C [169].

  krad. Then the difference increases, the simulation overestimates the gain degradation from ~ 100 krad to ~ 250 krad. At higher doses and during the recovery, the simulation and the experiments match better again.

Figure 5 . 10

 510 Figure 5.10 Calculated longitudinal power distributions of a) the input signal (10 µW)and b) the pump at 975 nm (contra-propagative scheme, 150 mW) along the 6.9 m long fiber length for different irradiation conditions at -120°C[START_REF] Aubry | Temperature Influence on the Radiation Responses of Erbium-Doped Fiber Amplifiers[END_REF].

Figure 5 . 11

 511 Figure 5.11 Variation of the gain of an EDFA2 as a function of the active fiber length and at different accumulated doses at 120°C.

Figure 5 . 12

 512 Figure 5.12 Radiation Induced Attenuation variations at 900nm measured each 50 cm of an Er2 irradiated @120°C until 300 krad.

Figure 5 . 13

 513 Figure 5.13 Dose dependence of the Erbium 4 I13/2 energy level lifetime a) of an ErYbdoped fiber irradiated with X-rays, -rays, protons and electrons, b) of an ErYb-doped fiber codoped with Cerium irradiated with X-rays and -rays. Taken from [170].

  : lifetimes, up-conversion … and they will be given in this paragraph.

2 F5Figure 5 . 14

 2514 Figure 5.14 Comparison of the gain degradation of EYDFA1 simulated (red curves) and experimented (black curves) at a) room temperature and b) 120°C.

Figure 5 .

 5 Figure 5.15 compares the simulated and measured gain degradations at the three tested temperatures, -40°C, 25°C and 120°C. Table 5-3 gives the initial spectroscopic parameters recovered with the PSO tool.

Figure 5 . 15

 515 Figure 5.15 Comparison of the gain degradation of EYDFA2 simulated (red curves) and experimented (black curves) at a) -40°C, b) RT and c) 120°C. Finally, in Figure 5.16 are plotted the simulated and experimented gain degradations of EYDFA3 at a)-40°C, b) RT and c)120°C. EYDFA3 is the most rad-hard tested amplifier and the simulation indeed did not require to vary the rare-earths lifetime.

Table 5 - 4 Figure 5 . 16

 54516 Figure 5.16 Comparison of the gain degradation of EYDFA3 simulated (red curves) and experimented (black curves) at a) -40°C, b) RT and c) 120°C.

Figure 5 . 17

 517 Figure 5.17 Calculated distributions of the power a) of the input signal (2 mW) in EYDFA1, b) the pump at 915 nm (contra-propagative scheme, 4 W) in EYDFA1, c) the input signal (2 mW) in EYDFA3 and d) of pump at 915 nm (contra-propagative scheme, 4 W) in EYDFA3 along the 5.9 m long fiber length for different irradiation conditions at RT.
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  a) and b) show that the unknown defects are mainly created during the first 100 krad, then they stabilize while P1s are quasi-linearly generated during the first two-thirds of the exposure, then the defect generation slows down[START_REF] Francesca | Qualification and Calibration of Single-Mode Phosphosilicate Optical Fiber for Dosimetry at CERN[END_REF]. This illustrates that the concentration of the defects causing the pump RIA tends to saturate after 200 krad. Then, we can also see that the EYDFA1 the active fiber before to be amplified again when it meets the remaining pump.

Figure 5 . 18

 518 Figure 5.18 Dose dependence of the Ytterbium 2 I5/2 energy level lifetime of an ErYbdoped fiber irradiated with X-rays, -rays, protons and electrons. Taken from [170]. In Figure 5.19, we have plotted the lifetimes variations, adjusted to allow a better agreement between the simulation and our experiments, as function of the dose. The first graph reports the 4 I13/2 lifetime, corresponding to the Erbium ion lifetime, and the second is about the 2 F5/2 lifetime, corresponding to the Ytterbium ion lifetime. The parameters plotted on Figure 5.19 are parameters that were initially recovered by the PSO tool, and have been voluntarily changed manually to allow us to match the simulations to the experimental results. Therefore, these parameters evolutions as a function of the dose have to be verified through experimental measures.
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 5519 Figure 5.19 only gives us the tendency lifetimes decays have under radiations, as it was

  and the pump wavelengths. No evident effect of the irradiation temperatures has been identified at the pump wavelength, considering that the plotted results are sliding averages on several points since the measurements were initially very noisy due to the intrinsic high absorption related to the Yb 3+ ions. For what regards the signal wavelength, it is only Chapter 5variation of the irradiation temperature in the -40°C to 120°C range.

  Dans ce cinquième et dernier chapitre, nous discutons de nos résultats expérimentaux ainsi que de la simulation. En effet, nous exposons dans un premier temps les effets couplés radiations et température sur les fibre optiques, dopées Erbium puis dopées Erbium-Ytterbium. Nous avons discuté des effets des radiations sur les paramètres spectroscopiques. Enfin dans un deuxième temps, nous comparons nos résultats expérimentaux avec ceux obtenus par simulation. Nous observons que les simulations correspondent aux résultats expérimentaux lorsque l'on prend bien en compte l'influence des radiations et de la température sur tous les paramètres d'entrée.
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				2 + 𝐶 3 𝑁 3 2	(1.1)
			-𝐶 14 𝑁 1 𝑁 4
	𝑑𝑁 2 𝑑𝑡	= 𝑊 12 𝑁 1 -𝑊 21 𝑁 2 + 𝐴 32 𝑁 3 -𝐴 21 𝑁 2 -2𝐶 𝑢𝑝 𝑁 2 2 + 2𝐶 14 𝑁 1 𝑁 4	(1.2)
		𝑑𝑁 3 𝑑𝑡	= 𝑊 13 𝑁 1 -𝑊 31 𝑁 3 -𝐴 32 𝑁 3 + 𝐴 43 𝑁 4 -2𝐶 3 𝑁 3 2	(1.3)
		𝑑𝑁 4 𝑑𝑡	= -𝐴 43 𝑁 4 + 𝐶 𝑢𝑝 𝑁 2 2 + 𝐶 3 𝑁 3 2 -𝐶 14 𝑁 1 𝑁 4	(1.4)
				4	(1.5)
				∑ 𝑁 𝑖	= 𝑁 𝐸𝑟
				𝑖=1
	In which 𝑁 𝑖 is the density of population of the ion at the i-th energy level, 𝑁 𝐸𝑟 is the
	concentration of Er 3+ ions,  21 =	1 𝐴 21

Input signal Output Co-propagative pump WDM Input signal Output Contra-propagative pump WDM Figure 1.14 Bidirectional

  pumping configuration of an optical amplifier.

	.14. It takes advantage
	of both configurations.

  𝜈 ) the photon flux. Similarly, to 𝑃 𝑎 , we can define 𝑃 𝑒 the emitted light power

	Chapter 2. Presenting the coupled simulation -experiment approach	2.1
		𝑊 𝑎 = 𝜎 12	𝐼 hν	= 𝜎 12 Φ(𝜈)	(2.2)
	With ( as			
		𝑃 𝑒 = 𝜎 21 𝐼	(2.3)
	The total change in power of a light of intensity 𝐼 going trough a collection of
	identical ions, with 𝑁 1 the population in the lower state and 𝑁 2 the population in the upper
	state, can be written as:		
		ΔP = 𝑃 𝑒 -𝑃 𝑎 = (𝑁 2 𝜎 21 -𝑁 1 𝜎 12 )𝐼	(2.4)
	( 𝑑𝑁 2 𝑑𝑡	𝑑𝑁 2 ) 𝑎𝑏𝑠 = 𝐵 12 𝜌(𝜈)𝑁 1 and ( 𝑑𝑡
				𝜎 12 𝐼	(2.1)
	Dividing by the photon energy h, it is possible to obtain the absorption rate 𝑊 𝑎 in
	number of photons:		
				46

For non-degenerated states of the energetic levels 1 and 2, 𝜎 21 = 𝜎 12 . Actually, each energetic level is degenerated. Considering a system where level 1 has degeneracy 𝑔 1 and level 2 has degeneracy 𝑔 2 . Assuming that each sublevel is equally populated we can then use the Einstein coefficients as:

) 𝑒𝑚 = -(𝐴 21 + 𝐵 21 𝜌(𝜈))𝑁 2

  𝑁 1 𝜎 13 (𝜈 𝑝 ) + 𝑁 𝜎 65 (𝜈 𝑝 ) -𝑁 𝜎 56 (𝜈 𝑝 )In those six last equations,  21 ,  31 ,  65 and  12 ,  13 ,  56 are the emission and absorption cross sections, respectively,  𝑝 and  𝑠 are the pump and input signal frequencies, respectively and  is the frequency dependent background attenuation of the active fiber.

	Chapter 2. Presenting the coupled simulation -experiment approach	2.1
			(2.26)
		-𝛼(𝜈 𝑝 )]𝑃 𝑝 ± (𝑧)	
	𝑑𝑃 𝑠 ± (𝑧) 𝑑𝑧	= ±Γ(𝜈 𝑠 )[𝑁 2 𝜎 21 (𝜈 𝑠 ) -𝑁 1 𝜎 12 (𝜈 𝑠 ) -𝛼(𝜈 𝑠 )]𝑃 𝑠 ± (𝑧)	(2.27)
	𝑑𝑃 𝐴𝑆𝐸 ± (𝑧, 𝜈 𝑘 ) 𝑑𝑧	= ±Γ(𝜈 𝑘 )[𝑁 2 𝜎 21 (𝜈 𝑘 ) -𝑁 1 𝜎 (𝜈 𝑘 ) -𝛼(𝜈 𝑘 )]𝑃 𝐴𝑆𝐸 ± (𝑧, 𝜈 𝑘 )	(2.28)
		± 2𝑁 2 Γ(𝜈 𝑘 )ℎ𝜈Δ𝜈 𝑘 𝜎 21 (𝜈 𝑘 )	
	In addition, since the forward and backward ASE noises spread in a continuous
	wavelength range, the entire Er 3+ spectrum is divided into K slots. The bandwidth Δk of
	each slot, k = 1, 2, ..., K, is centered on 𝜈 𝑘 .	
	Solving such differential equations system implies to consider the following two
	boundary value problem. Considering z as the fiber length:	
		53	

Table 2

 2 -1 lists their characteristics.Er1 sample is considered as a reference fiber, usually used for Telecom-grade application; Er2, that is codoped with Ce, is considered as a radiation-hardened sample while Er3 corresponds to the Er2 sample loaded with H2, and is then more radiation hardened in terms of RIA tolerance. Those fibers are all based on aluminosilicate optical matrix and present the same geometry: single-clad single-mode fibers.
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 21 Characteristics of the three Erbium-doped studied fibers and EDFAs. Relative refractive index profiles of both Er1 and Er2 fibers as measured at ~630 nm with an IFA-100 Fiber Index Profiler.

	Parameters	Er1	Er2	Er3
	Core diameter (μm)	2.8	2.8	2.8
	Cladding diameter (μm)	125	125	125
	Core dopant	Al	Al Ce	Al Ce + H2
	Intrinsic losses @1.55 μm (dB/m)	4.6	20	20
	Intrinsic losses @0.98 μm (dB/m)	3.5	24.6	24.6
	Active fiber Length (m)	~26.5	~6.9	~6.9
	Figure 2.9 reveals the Relative Refractive Index Profile (RIP) of Er1 and Er2
	samples. One can note that the index of the cores differ as their chemical compositions
	are different.			
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 22 Input parameters considered in the simulations.

Table 2

 2 

	10 -5

-3 are compared the gain values obtained by both experimental and simulation methods. We can observe that the gain is slightly over-estimated by the simulation, this can be partially explained by the uncertainties on the input parameters.
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 23 Comparison between the experimental and simulation results about amplifier performances.

		Experiments	Simulation
	Gain (dB)	31.51	32.80

  The best solution is to divide the whole wavelength range into M slots, allowing us to model the ASE acting as M optical beams centered at the wavelength 𝜆 𝑘 and with a bandwidth Δ𝜆 𝑘

	Chapter 2. Presenting the coupled simulation -experiment approach	2.3
	𝑊 12 (𝑧, 𝜈 𝑠 ) =	𝛤(𝜈 𝑠 )𝜎 𝑎 (𝜈 𝑠 ) ℎ𝜈 𝑠 𝐴 𝑐𝑜𝑟𝑒	[𝑃 𝑠 + (𝑧) + 𝑃 𝑠 -(𝑧)]
		𝑘=1 + ∑ 𝛤(𝜈 𝑘 )𝜎 𝑎 (𝜈 𝑘 ) 𝐾	ℎ𝜈 𝑘 𝐴 𝑐𝑜𝑟𝑒 + (𝑧, 𝜈 𝑘 ) + 𝑃 𝐴𝑆𝐸 𝑃 𝐴𝑆𝐸 -(𝑧, 𝜈 𝑘 )	(2.41)
	𝑊 21 (𝑧, 𝜈 𝑠 ) =	𝛤(𝜈 𝑠 )𝜎 𝑒 (𝜈 𝑠 ) ℎ𝜈 𝑠 𝐴 𝑐𝑜𝑟𝑒	[𝑃 𝑠 + (𝑧) + 𝑃 𝑠 -(𝑧)]
		𝐾 + ∑ 𝛤(𝜈 𝑘 )𝜎 𝑒 (𝜈 𝑘 ) 𝑘=1	𝑃 𝐴𝑆𝐸 + (𝑧, 𝜈 𝑘 ) + 𝑃 𝐴𝑆𝐸 -(𝑧, 𝜈 𝑘 ) ℎ𝜈 𝑘 𝐴 𝑐𝑜𝑟𝑒
	(k =1,2 …, M). Considering this, it is then possible to calculate the transitions rates at the
	signal wavelengths with the following formulas:
				65
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 24 Characteristics of the three Erbium-Ytterbium studied fibers.

	Parameters	ErYb1	ErYb2	ErYb3
	Core diameter (μm)	12	12	12
	First Clad diameter (μm)	125	125	125
	Second Clad diameter (μm)	170	170	170
	Core dopant	P	P Ce	P Ce
	Ratio Yb/Ce	No Ce	8	4
	Losses @1.536 μm (dB/m)	60	64.2	57.2
	Losses @0.915 μm (dB/m)	2.82	3.31	2.94
	Length (m)	5.9	5.9	5.9
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 25 Calculated overlap factors for the three ErYb samples.

		ErYb1	ErYb2	ErYb3
	𝚪 𝒔	0.874	0.919	0.899
	𝚪 𝒑	0.011	0.011	0.011

Table 2 -

 2 6 for the three selected fibers.

	In

Table 2 -7 are reported all the other input parameters needed to perform the simulation and to optimize the amplifier performances. InTable 2 -

 22 

	Chapter 2. Presenting the coupled simulation -experiment approach	2.3

8 are compared the experimental and simulation results regarding the amplifiers performances.
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 26 Ytterbium absorption and emission cross sections for the three ErYb-doped fibers @915 nm.

	Parameters	ErYb1	ErYb2	ErYb3
	Absorption cross sections (10 -25 m 2 )	0.961	1.12	1.49
	Emission cross sections (10 -25 m 2 )	0.0116	0.0135	0.0179
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 27 Input parameters of the simulation for ErYb-doped fiber amplifiers.

  20 
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 28 Experimental and simulation results of the three ErYb-doped fibers.

	Signal wavelength (m)	1.55		1.55	1.55	
	Pump wavelength (m)	0.915	0.915	0.915	
	Losses @1.536 m (dB/m)	60		63	54	
	Losses @0.915 m (dB/m)	3.0		3.3	3.2	
		Experiments			Simulation	
		ErYb1	ErYb2	ErYb3	ErYb1	ErYb2	ErYb3
	Gain (dB)	21.33	20.50	20.57	21.65	21.15	21.15

-5 C -1 )

  

	Chapter 2. Presenting the coupled simulation -experiment approach	2.4
		Molar mass	Density	Mol%
				(kg.m -3 )	
	SiO2	10.6	60.08	2200	0.0845
	Al2O3	13.1	101.96	3950	0.0011
	GeO2	19.4	104.61	4250	0.0203
		71			

Table 2 -

 2 10 reports the refractive index change as a function of the temperature of the fiber core and of the cladding (pure silica). For the investigated range, the temperature slightly impacts the fiber light guidance properties.

Table 2 -

 2 10. Refractive index changes with 25°C as reference temperature and the overlap factor corresponding to each temperature.

	Temperature	Core n	Cladding n	𝚪 𝑺	𝚪 𝒑
	(°C)				
	-40	-7.34×10 -4	-6.89×10 -4	0.5416	0.8264
	25	0	0	0.5418	0.8225
	120	1.1×10 --3	10 --3	0.5437	0.8275

Table 2 -

 2 11. 
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Table 2 -

 2 [START_REF] Holmes-Siedle | Handbook of radiation effects[END_REF] Glass and dopants parameters used for the EYDFA modelling[START_REF] Zotov | Radiation Resistant Er-Doped Fibers: Optimization of Pump Wavelength[END_REF]-[START_REF] Girard | Coupled experiment/simulation approach for the design of radiation-hardened rare-earth doped optical fibers and amplifiers[END_REF].

		Thermo-				Mol%	
	Glasses	optic coefficient	Molar mass	Density (kg.m -3 )	ErYb1	ErYb2	ErYb3
		(10 -5 C -1 )					
	SiO2	10.6	60.08	2200	0.894	0.892	0.890
	P2O5	-92.2	141.94	2390	0.0940	0.0936	0.0937

Table 2 -

 2 [START_REF] Inc | Bioastronautics Data Book: Managing Editors[END_REF] reports the refractive index change as a function of the temperature of the fiber core and of the cladding (pure silica). For the investigated range, the temperature slightly impacts the fiber light guidance properties, nonetheless it seems that the temperature change has a higher impact on Γ 𝑆 . For what regards Γ 𝑝 , as it is calculated as the ratio of the core and octagonal clad areas, this one is constant whatever the temperature.

Table 2 -

 2 [START_REF] Inc | Bioastronautics Data Book: Managing Editors[END_REF] Refractive index changes with 25°C as reference temperature and the overlap factor corresponding to each temperature. For what regards the signal cross sections, we proceeded the same way we did for Erbium-doped fibers by measuring the TIAC. It led us to obtain the absorption cross sections detailed in Figure

	Fiber	Temperature	Core n	Cladding	𝚪 𝑺	𝚪 𝒑
		(°C)		n		
		-40	5.42×10-4	-6.89×10-4	0.930	0.0109
	ErYb1	25	0	0	0.874	0.0109
		120	-7.91×10-4	0.001	0.907	0.0109
		-40	5.36×10 -4	-6.89×10 -4	0.927	0.0109
	ErYb2	25	0	0	0.918	0.0109
		120	-7.84×10 -4	0.001	0.903	0.0109
		-40	5.37×10 -4	-6.89×10 -4	0.927	0.0109
	ErYb3	25	0	0	0.899	0.0109
		120	-7.85×10 -4	0.001	0.903	0.0109

Thanks to all these data, it was then possible to calculate both the pump and signal absorption and emission cross sections, based on each fiber attenuation at different

Table 3 - 1

 31 Irradiation conditions for each studied fiber.

	Parameter	Er1	Er2	ErYb3
	Dose rate (rad (SiO2)/s)	0.59	0.59	1.74
	Total Ionizing Dose (TID) (krad (SiO2))	17	17	300
	Exposure duration (h)	~7.96	~7.96	~47.70
	Recovery duration (h)	13.5	13.5	24
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 32 Pumping conditions of the PB experiment for the three investigated fibers.

	Parameter	Er1	Er2	ErYb3
	Pumping time percentage (%)	10	10	2
	Duration of a cycle (h)	~2.65	~2.65	~16.2
	OFF duration (h)	~2.4	~2.4	~15.9
	ON duration (h)	~0.25	~0.25	~0.5

  Dans ce troisième chapitre, nous avons détaillé toutes les procédures expérimentales pratiquées au cours de cette thèse. Nous avons dans un premier temps parlé de

MoperiX, la machine qui nous a permis d'effectuer les irradiations. Nous avons dans un deuxième temps détaillé comment nous avons caractérisé les effets de la température sur les amplificateurs, nous avons aussi décrit comment ont été faites les expériences pour caractériser les effets couplés des radiations et de la température sur le gain d'un amplificateur puis sur la fibre elle-même. Enfin, nous avons expliqué comment nous allions étudier l'influence du photoblanchiment due à la pompe de l'amplificateur, dans le cas d'amplificateurs de secours.
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 41 Characteristics of all the tested fibers and amplifiers.

		Amp1	Amp2	Amp3	Amp4	Amp5	Amp6
			Fiber parameters			
	Active dopant	Er	Er	Er	Er-Yb	Er-Yb	Er-Yb
	Core diameter (μm)	2.8	2.8	2.8	12	12	12
	Cladding diameter (μm)	125	125	125	125	125	125
	Second Cladding diameter (μm)	none	none	none	170	170	170
	Core dopant	Al	Al Ce	Al Ce + H2	P	P Ce	P Ce
	Ratio Yb/Ce	not applicable	not applicable	not applicable	none	8	4
	Absorption @1.55 μm (dB/m)	4.6	20	20	60	64.2	57.2
	Absorption at pump wavelength (dB/m)	3.5 at 980nm	24.6 at 980nm	24.6 at 980nm	2.82 at 915nm	3.31 at 915nm	2.94 at 915nm
			Amplifier parameters			
	Amplifier type	EDFA	EDFA	EDFA	EYDFA	EYDFA	EYDFA
	Fiber length (m)	~26.5	~6.9	~6.9	5.9	5.9	5.9
	Signal power (W)	10-5	10-5	10-5	~3.10-3	~3.10-3	~2.10-3
	Pump power (W)	0.15	0.15	0.15	4	4	4
	Pumping scheme	contra	contra	contra	contra	contra	contra
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 42 Initial gain values measured before irradiation of the amplifiers.

		Amp1	Amp2	Amp3	Amp4	Amp5	Amp6
	Gain (dB)	35.4	35.1	31.0	21.3	20.5	20.6
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 43 Summary of the irradiation test conditions.

	Parameters	
	Radiation type	40 keV X-rays
	Dose Rate (rad (SiO2)/s)	27
	Total Ionizing Dose (krad)	300
	Exposure time (hour)	3
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 51 Spectroscopic parameters used to simulate the gain degradation of EDFA2 at -40°C, 25°C and 120°C. Those parameters were calculated through the PSO tool.

	Parameters	Value
	4 I13/2 lifetime (ms)	11
	4 I11/2 lifetime (ms)	0.69
	4 I9/2 lifetime (ms)	6.8
	Cup•10 -24 (m 3 . s -1 )	0
	C3•10 -24 (m 3 . s -1 )	90
	C14•10 -24 (m 3 . s -1 )	0
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 52 Spectroscopic parameters used to simulate the gain degradation of EYDFA1 at 25°C and 120°C and optimized thanks to the PSO tool.

	Parameters	Value
	4 I13/2 lifetime (ms)	11.1
	4 I11/2 lifetime (ms)	0.19

4 I9/2 lifetime (ms)

1
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 53 Spectroscopic parameters used to simulate the gain degradation of EYDFA2 at -40°C, 25°C and 120°C and optimized thanks to the PSO tool.

	Parameters	Value
	4 I13/2 lifetime (ms)	10
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Modelling and predicting of the behaviour under irradiation of complex architectures of optical sources or amplifiers

Abstract

We have studied the coupled effects of radiation and temperature on Erbium and Erbium-Ytterbium doped optical fibers and on Erbium and Erbium-Ytterbium doped optical fiber amplifiers. The first chapter presents the state of the art of optical fiber amplifiers, the spatial environment in which these devices operate, the effects of radiation on optical fibers and more particularly on those that make up the amplifiers. An optical fiber amplifier simulation code that was developed by Politecnico di Bari was used in the thesis to compare and potentially implement the physical effects studied. The second chapter focuses on this simulation part and describes the algorithm that composes it as well as its input and output data. The third chapter establishes the experimental set-up used during the thesis, while the fourth chapter details the results that were obtained.

The coupled effects of radiation and temperature on amplifier gain are presented. Finally, a discussion is provided in the fifth chapter. We have studied the combined effects of radiation and temperature at the spectral level through RIA measurements and in a second part we have compared our experimental results with those simulated. 

Modélisation et prédiction du comportement sous irradiation d'architectures complexes de sources ou d'amplificateurs optiques