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Introduction

The WEST project (W-tungsten Environment and Steady State Tokamak) consists in transforming the Tore Supra tokamak in an X-point divertor configuration while keeping its long pulse capability, in order to test the ITER divertor technology [START_REF] Bucalossi | The WEST project: Testing ITER divertor high heat flux component technology in a steady state tokamak environment[END_REF]. The main goal is to test the actively cooled tungsten (W) Plasma Facing Units (PFUs) representative of the ITER divertor target [START_REF] Missirlian | The WEST project: Current status of the ITER-like tungsten divertor[END_REF] under high heat load (in the 10-20 MW.m -2 range). In WEST, each PFU is composed of 35 W monoblocks of individual size 12 mm × 26 mm (depth × height), toroidal width varying from 28 to 32 mm on the high and low field side respectively, assembled with a gap of 0.5 mm on a CuCrZr heat sink tube [START_REF] Missirlian | The WEST project: Current status of the ITER-like tungsten divertor[END_REF]. As the completion of the ITER-like target required more time than the tokamak platform, WEST (phase 1) started the operation in 2017 with 6 actively cooled ITER-like PFUs and 450 non-actively cooled PFUs made of graphite with a thin coating of tungsten (15 m) in the lower divertor. This was the opportunity to test the Fiber Bragg grating (FBG) technology in tokamak environment [START_REF] Corre | Integration of fiber Bragg grating temperature sensors in plasma facing components of the WEST tokamak[END_REF], featuring high temperature as expected in the lower divertor with uncooled components. A FBG consists of a spatially periodic modulation of the refractive index created along a desired length of the core of an optical fiber. A narrow spectral band of the incident light within the fiber is reflected by successive, coherent scattering from the periodic index modulation [4]. The strongest interaction or mode coupling occurs at the Bragg wavelength given by:

 𝐵 = 2 𝑛 𝑒  (1)
where 𝑛 𝑒 is the effective index of refraction (1.46) and  is the grating period. The principle of the temperature measurement is based on the determination of the wavelength shift of the Bragg peak reflected by the grating that is induced by the changes of the grating period and by the thermooptic coefficient of the fiber. FBGs are of great interest for fusion experiment because they are immune to electromagnetic interferences and allow the measurement of a large number of temperature spots along a single fiber. The main limitation is the erasure of the gratings which may occur above 400 °C for long term operation. FBG high temperature measurement is a challenging task and currently a major research topic. FBG strain or temperature sensors are foreseen in ITER tokamak in the magnet structure (temperature between 4.5K and 300K) [5], in the helium cooled lithium lead Test Blanket Module [6] and also in the vacuum vessel [7]. They have been already tested and installed in the Joint European Torus (JET) [START_REF] Lescure | Fusion Engineering[END_REF] and ASDEX Upgrade (AUG) [START_REF] Vorpahl | the ASDEX Upgrade TeamMax[END_REF] tokamaks to measure forces induced on the vacuum vessel during disruption and deformation of the passive stabilizing loop induced during plasma experiment respectively. More recently, FBG have been successfully used to monitor the temperature of a W/ Cu mono-block mock-up based on the ITER technology during a high heat flux (HHF) test up to 10 MW.m -2 heat load [START_REF]Fibre Bragg grating sensors for fusion diagnostics: Temperature monitoring of a tungsten mono-block mock-up under high heat flux[END_REF][START_REF]Multi-parameters measurement of EAST PFCs prototype with FBG sensors[END_REF]. Among the various solutions considered to develop temperature-resistant FBGs, the regeneration process [12] shows that the FBG can survive above 900°C with long-term use (> 9000 hours).

The FBG diagnostic has worked correctly from the first plasma breakdown achieved in WEST, measuring the first plasma quivering, until the dismantling of the lower divertor three years later. This paper reports on temperature measurements achieved over that period, covering more than 2600 pulses with continuous increase in plasma performances and power capabilities, as well as technological limitation arising at high temperature and long-term stability of FBG measurements in a tokamak environment.

The paper is organized as follows. The experimental set-up and temperature measurements data-base are presented in section 2. Section 3 shows the record achieved in WEST in term of temperature as well as the dynamic of the spectrum under very high temperature gradient. A strong collapse of the Bragg peak was observed. The last section shows the ageing of the FBG diagnostic after 3 years of exploitation.

Experimental set-up and temperature measurement database

2.1) Diagnostic set-up

The goal of the FBG diagnostic in WEST is to monitor the bulk temperature in order to: [START_REF] Bucalossi | The WEST project: Testing ITER divertor high heat flux component technology in a steady state tokamak environment[END_REF] protect the component and its coating to avoid any excessive thermal dilatation and cracks formation [13], (2) cross-calibrate the IR thermography system which is disturbed by the emissivity uncertainties and potential reflection in the hot environment [START_REF] Aumeunier | Impact of reflections on the divertor and first wall temperature measurements from the ITER infrared imaging system[END_REF], (3) compute the plasma heat load as depicted in [START_REF] Gaspar | Surface heat flux estimation with embedded fiber Bragg gratings measurements: Numerical study[END_REF] and last (4) test the feasibility to use an FBG system directly into the PFU. Four optical fiber temperature sensing probes, each of them including eleven regenerated fiber Bragg gratings equally spaced by 12.5 mm (equivalent to one ITER-like tungsten monoblock), have been specifically designed and manufactured for the WEST project (full description of the first FBG diagnostic is given in [START_REF] Corre | Integration of fiber Bragg grating temperature sensors in plasma facing components of the WEST tokamak[END_REF]). The four probes are embedded in W-coated graphite components at two different distances from the surface, center of the grooves are 4 mm (FBG upper) and 7.5 mm (FBG lower) to cover a wide range of temperature. In the WEST lower divertor, each individual graphite PFU is divided into two parts, the High Field Side (HFS) and Low Field Side (LFS) PFU. The size of the W-coated graphite PFU is about 30 mm large, 26 mm thick (height), 326 mm and 256 mm long for the HFS and LFS PFU respectively. The FBG diagnostic is installed in the LFS of the divertor, below the outer strike point (OSP), because the heat load is expected to be higher on this part (see figure 1). The deployment of the FBG system in WEST is based on one set of two optical fibers, upper and lower FBG which are installed in two adjacent PFU, duplicated in two different divertor sectors (each sector having 30° toroidal extension). The FBG sensors are located in the maximum heat load areas regarding the toroidal modulation of the magnetic field (see figure 2). The material used is graphite R6710 delivered by SGL carbon company (with thermal conductivity of K ~ 82 W.m - 1 .K -1 at T = 200°C) and the W-coating is about 15 m thick. Surface temperature should be limited to 1200°C for standard operation and further (up to 1800°C) for a limited number of experiments to avoid delamination of the W-coating [13]. Upper and lower FBG are located on the maximum heat load areas.

The typical size of a single fiber Bragg grating is about 3 mm in length and space between two consecutive FBGs is 12.5 mm. The eleven 12.5 mm spaced FBGs are simultaneously regenerated using a high-temperature annealing process as depicted in [START_REF] Laffont | Thermal monitoring of W-coated graphite components facing the West Tokamak plasma with arrays of regenerated FBGs[END_REF]. The process is performed with a homemade compact tubular furnace and uses a thermocouple near the FBG in order to control the temperature during the thermal treatment. During the regeneration protocol, the temperature of the furnace is raised to 920°C which is the point triggering the regeneration for all the multiplexed FBGs. The full process, FBG photowriting using a UV cw argon laser emitting at 244 nm followed by the regeneration step, has been applied successfully to the four dedicated temperature probes. The probes are made of 150 m diameter single-mode polyimide-coated silica-glass optical fiber inserted within a 1 mm diameter metallic capillary hermetically sealed at its extremity. The temperature probe is fixed to the component with graphite adhesive made for use up to 1300°C. The thermal behavior of the W-coated graphite PFU is simulated with finite-element calculation performed with the ANSYS [13] or CASTEM codes [START_REF] Gaspar | Surface heat flux estimation with embedded fiber Bragg gratings measurements: Numerical study[END_REF]. A 2D nonlinear unsteady calculation combined with the Conjugate Gradient Method (CGM) and the adjoint state is used in order to estimate the space and time evolution of the surface heat flux, qn [MW.m -2 ], based on FBG or TC temperature measurements [START_REF] Gaspar | Surface heat flux estimation with embedded fiber Bragg gratings measurements: Numerical study[END_REF][START_REF] Gaspar | First heat flux estimation in the lower divertor of WEST with embedded thermal measurements[END_REF].

2.2) WEST experiments (Phase 1)

WEST is currently equipped with upper and lower divertor coils, W-coated upper divertor, baffle, inner bumper and with a flexible lower divertor made of twelve 30° sectors where the W-coated and ITER-like W monoblocks are installed. The additional heating and current drive power is provided by high frequency heating systems, namely ion cyclotron resonance heating (ICRH) and lower hybrid current drive (LHCD), capable to deliver up to 9 MW of ICRH power and 7 MW of LHCD power. The WEST magnetic configurations allow for elongated plasmas in lower or upper single null, or double null configurations. For a standard elongated lower single null case, the X-point height range, is up to 10 cm, see figure 1. In its first phase of operation with a mix of actively cooled and non-actively cooled components, WEST has achieved four experimental campaigns, from C1 to C4. The first one was dedicated to the commissioning of the machine and plasma breakdown strategy (C1) [START_REF]Measurements and controls implementation for WEST[END_REF]. The second one was dedicated to the increase of the plasma current, development of the X-point magnetic configuration and increase of the external power (C2). The last two experimental campaigns were dedicated to physics studies and performances improvement (C3 and C4). The main achievements performed in WEST Phase I are summarized in table 1.

WEST had cumulated about 6 hours of plasma exposure and 17 GJ of injected energy. The main scenario was lower X-point configuration, L-mode operation with divertor peak heat flux up to ~5 MW/m 2 . About 2600 plasma experiments have been successfully achieved. On top of that, a large number of transients (mainly disruptions and MHD events) was also reported (~ 2000 transients), each producing thermo-mechanical stresses into the plasma facing components.

Table 1: Summary of the main achievements performed in WEST phase I: number of plasma, plasma current (Ip), maximum pulse duration, cumulated plasma duration, number of disurptions, number of pulses with LH/IC heating, maximum LH/IC heating power, total energy injected with LH/IC systems.

2.3) FBG measurement

For each pulse and each FBG sensor, data processing enables to get the position of the peak in the spectrum and the temperature of the component as function of time [START_REF] Gaspar | First heat flux estimation in the lower divertor of WEST with embedded thermal measurements[END_REF]. Data are synchronized with the WEST clock and recorded from the starting of the pulse up to the end of the plasma phase, with 100s more extension to access the cooling of the PFU. FBG spectrum, peak positions and temperature data are accessible by every-one in the WEST data-base. During each pulse, the temperature of the PFU is rising up to a maximum when the power switch-off, then the accumulated heat diffuses slowly through the components and the temperature of the component drops as illustrated in figure 3. The initial and maximum of temperature measured by the lower FBG during this pulse are 130°C (before LH launcher powers up) and 385°C (when LH launcher powers off) respectively and the peak heat flux is located near FBG7. As function of the duration between two experiments (20 minutes in average), the initial temperature is spanning from 70°C (first pulse of the session) up to 300°C (during full plasma exploitation). 2.4) FBG temperature data-base The maximum of temperature reported by one upper FBG probes after each pulse during the C3 (blue points) and C4 (red points) experimental campaigns are displayed in figure 4. During C3, the temperature is covering the small to medium temperature range, from 70°C up to 400°C. In this temperature range, conventional FBG measurement (without regeneration) should have worked. During C4, the progress made in WEST in terms of injected power and time duration leads to high temperature in the divertor, up to 830°C (pulse with 90 MJ cumulated injected energy, #55070), which is close to specification used for the FBG design. Using the FBG temperature measurements, we have been able to derive the heat flux and temperature distribution at the top surface [START_REF] Gaspar | First heat flux estimation in the lower divertor of WEST with embedded thermal measurements[END_REF]. So far, the maximum peak heat flux computed from the FBG database is  5 MW.m -2 on the OSP (high power experiment #54719). The maximum surface temperature computed from the same database is about 1000 °C (pulse with 90 MJ cumulated injected energy, #55070) thus below the technological limit of 1200°C to avoid any degradation of the W-coating (recrystallization, cracks and delamination). About 110 pulses experienced high temperature, typically >400°C, where conventional FBG system would failed and potentially not recover because of the erasure of the gratings. Regenerated FBG reached the high temperature domain and the 44 FBG gratings installed in WEST still survive (4 FBG probes, 11 gratings each) at the end of the campaigns. The absolute temperature achieved at the end of the pulse, is the combination of the accumulated energy through previous experiments and the heating of the divertor PFUs due to plasma heat load. To evaluate the progress achieved in WEST in term of energy accumulated in the divertor during one pulse, it is useful to subtract the initial temperature and look at the temperature rise during the overall plasma experiments ∆𝑇 = (𝑇 𝑚𝑎𝑥 -𝑇 0 ), this is plotted as function of the cumulated plasma energy in figure 5. During C3 experimental campaign the maximum temperature rise was 300°C with about 40 MJ injected energy while it reaches 600°C with 90 MJ injected energy (#55070) during C4. The large data scattering is explained by the experimental scenario which is varying from pulse to pulse: magnetic equilibrium (upper or lower single null, far or close X-point), machine conditioning (cleaning discharge, boronization), heating power settings (ICRH, LHCD, position and edge density), plasma radiation and fueling.

Dynamic of the spectrum under high temperature measurements

The highest temperature measured with FBG system is 830°C. The experiment has been specifically designed to expose pre-damaged monoblocks to significant plasma duration and heat load. Figure 6 displays the temperature time traces recorded during this experiment for each of the eleven FBGs. The main plasma parameters are kept constant for about 20s duration: injected power Pinj = 4.5 MW, plasma current Ip = 500kA, the line-averaged density 𝑛 ̅ 𝑒  4 ×10 19 m -2 . The magnetic field is BT = 3.7 T and the X-point is 75 mm above the target (far X-point magnetic configurations). The outer strike point (OSP) is located between FBG#9 and FBG#8, more likely near FBG#8 exhibiting the highest temperature. FBG#9 is located in the private flux region (toward high field side) and FBG#7 is located in the Scrape-Off Layer (SOL) region (toward low field side). The cumulated injected energy is 90 MJ, which is one of the most energetic experiment performed in WEST with the lower single null magnetic configuration so far (150 MJ has been obtained in upper single null configuration running with a fully actively cooled divertor and no FBG system). The initial temperature of the W-coated PFU (on the lower divertor) was about 210°C and final temperature is about 830°C. The heat flux computed with the 2D CGM method [START_REF] Gaspar | First heat flux estimation in the lower divertor of WEST with embedded thermal measurements[END_REF] using the FBG measurements is about 3.5 MW.m -2 on the top surface of the component and the heat flux decay length measured on the target is  𝑞 = 20 𝑚𝑚. The surface temperature computed for this pulse is 1000°C, which is below the temperature limit to avoid tungsten recrystallization. The dynamic of the peak collapsing due to temperature gradients is illustrated in figure 7. During the first couple of seconds, the peak is shifted due to temperature rise in the component. Then, after 6 s, the peak amplitude starts to decrease and becomes broader because of the multi-resonance occurring in the grating due to the temperature gradient: the temperature gradients induce a chirp of the grating pitch along its length. After power cut-off and plasma current ramp down occurring at 20s, the temperature drops and the Bragg peak is rapidly recovered because the heat diffuses along the component and the strong temperature gradient is removed in less than 2s. Despite the collapsing process, the position of the peak was properly detected allowing the temperature measurement. The hard limit for temperature measurement would be the full collapsing of the Bragg peak, which could appear under higher temperature gradients. 

Ageing of the FBG diagnostic

One of the main issue with FBG measurement is the irreversible erasure of the grating under high temperature. Regenerated FBGs is an efficient approach to get temperature-stable gratings up to 900°C during thousands of hours and even beyond in temperature over limited timescale. Even if the heat load is not continuously applied to the instrumented PFUs (as depicted in section 2), the FBG-based sensing lines must stay operational without any maintenance or replacement during several years. The use of FBG in WEST tokamak represents a unique feedback on long-term use of FBG under extreme condition (high heat load, fast temperature rise, strong temperature gradient, intense magnetic field, vacuum condition and presence of neutrons from fusion reaction).

Regarding the fusion reactions (mainly between deuterium nucleus in the WEST device), cumulated neutron measurements gives about 3.5x10 15 neutrons during the full period of operation in the overall device. The FBG probes are located at 0.7m from the plasma center and major radius is R0 = 2.5m (see figure 1). At this position, the neutron fluency is therefore about 1,5x10 10 n/cm 2 , which is actually too small to produce any damage on the fiber as shown in [START_REF] Morana | Irradiation Campaign in the EOLE Critical Facility of Fiber Optic Bragg Gratings Dedicated to the Online Temperature Measurement in Zero Power Research Reactors[END_REF]. As seen in section 2, the system was working successfully during more than 3 years in the WEST tokamak. To investigate the ageing of the system, we propose first to compare the FBG spectrum before WEST operation and after removal of the diagnostic from WEST (see figure 8). We can first observe that the baseline has decreased by about 2 dB while the peak amplitude remains constant 10 dB after three years of operation. The decrease of the baseline could be attributed to potential changes in reflection inside the fiber. However, the baseline is eliminated in the data processing (peak detection algorithm), therefore this has no incidence on the peak detection. Most importantly, the peak amplitude is the main indicator of the quality of the grating. Since we do not observe variation of the peak amplitude, we can conclude that the refractive index modulation corresponding to the FBG does not suffer any degradation. To complete this first observation, we have compared the temperature measurements provided by the FBG system with the thermocouple diagnostic, a well-established and robust system. The integration of the TC in the machine is almost identical to the FBG system. The TC and FBG are physically located in different port-plugs with exactly the same location (in the maximum heat flux region for the OSP) regarding the toroidal ripple modulation (30° toroidal symmetry). The integration in the component is slightly different, as shown in figure 9. To minimize the cabling in the divertor, we are limited to four TCs embedded in a single component. The distance between two TC is 37.5 mm, three time larger than the distance between two consecutive FBGs (12.5 mm). The TCs are inserted in 1mm diameter hole directly inside the component while FBG probes are inserted in a lateral groove running out along the component. The position of the sensing points regarding the top surface are similar to the FBG system: TCs are located 7.5 mm below the surface. The temperature time trace measured with FBG (full lines) and TC (dashed lines) diagnostic are compared in figure 9 during WEST experiment specifically designed to get the outer strike point (OSP) well aligned with TC and FBG spot measurement (namely TCMI and FBG#7) with the Xpoint located at 80 mm above the target. The plasma experiment has been performed at the end of the C4 experiment campaign, before the removal of the diagnostic. The pulse lasts for about 10s duration, the injected power is Pinj = 4.5 MW and plasma current is Ip = 500 kA. Before the pulses, the initial temperature are about 180±5 °C for TC target and 167±7 °C for FBG target, both targets being located in two different sectors at the same position regarding the toroidal modulation of the magnetic field (ripple effect). The temperature are supposed to be homogeneous in the components because the time duration between two plasma experiments is always longer than 15 minutes. The average difference between the two measurements is about 13 °C, which is perfectly on-line with laboratory measurement performed before the installation of the system in the device. As shown in [START_REF] Corre | Integration of fiber Bragg grating temperature sensors in plasma facing components of the WEST tokamak[END_REF], FBG measurements have a systematic offset of 10 °C compared to the TC. During the plasma experiment, the temperature rise are similar for FBGs and TCs. The dynamic is really different as function of the position of the sensor because of the heat flux distribution on the top surface, with the centimeter size heat flux decay length on the right side of the component (in the SOL region) and even shorter decay length in the left side of the component (in the private flux region). The overall dynamic is very well reproduced with both FBG and TC systems. After three years of operation, no particular drift in the temperature measurement is detected. 

Conclusion

Regenerated FBGs preserve all the advantages of FBG-based metrology such as low intrusivity, immunity to electromagnetic field and multiplexing capabilities. The use of regenerated FBGs in WEST tokamak represents a unique feedback in fusion research device. The system was located in the most severe condition in the machine and has been routinely used during three years. It has survived to high heat load (5MW.m -2 ), numerous plasma experiments (2600), high temperature (up to 830°C), fast temperature rise (30°/s), strong temperature gradients (20°/mm), intense magnetic field (3.7T), vacuum condition and noticeable gamma and neutron fluence from fusion reaction (1,5.10 10 n/cm -2 ). The results presented in this paper demonstrate that FBG technology provides an accurate and reliable way to measure the temperature of plasma facing components. FBG measurement have been used all along this period to crosscheck the IR thermography measurements and characterize the plasma heat load [START_REF] Fedorzak | Cross diagnostics measurements of heat load profiles on the lower tungsten divertor of WEST in L-mode experiments[END_REF]. Experimental outcomes are highly satisfactory and WEST has decided to install new FBG in the actively cooled components made of bulk tungsten monoblocs (ITER-like technology) as foreseen in the second phase of the WEST project [START_REF] Chanet | Design and integration of femtosecond fiber Bragg gratings temperature probes inside actively cooled ITER-like plasma-facing components[END_REF]. In broader extent, FBG constitutes a promising sensing technology for measurements into severe environments such as those present in Fusion-and Fission-related nuclear applications. 

Figure 1 :

 1 Figure 1: Lower single null magnetic configuration with fixed toroidal magnetic field B = 3.7 T at R0 = 2.5 m. The FBG probes are located below the OSP.

Figure 2 :

 2 Figure 2: Infrared (IR) image of the lower divertor equipped with W-coated graphite PFUs.Upper and lower FBG are located on the maximum heat load areas.

Figure 3 :

 3 Figure 3: FBG temperature measurement during WEST experiment #54033 (Ip = 500 kA, P LH = 4.5 MW) showing the temperature rise and cooling of the tile during and after the power cut-off respectively.
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 4 Figure 4: maximum temperature per pulse reported during C3 and C4 experimental campaigns.
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 5 Figure 5: Temperature rise of the divertor PFU as function of the cumulated plasma energy during the overall plasma experiments (C3 and C4 experimental campaigns).

Figure 6 :

 6 Figure 6: FBG temperature measurement during WEST experiment #55070 (upper FBG probe located 4mm below the surface).

Figure 7 :

 7 Figure 7: Spectrum of the Bragg peak FBG#8 at different time step (#55070). During heating phase (a) exhibiting peak collapsing due to T° gradient and followed by cooling phase (b) with peak recovery.

Figure 8 :

 8 Figure 8: WEST FBG spectrum before plasma exploitation (blue) and after diagnostic removal (red) recorded at room temperature.

Figure 9 :

 9 Figure 9: Comparison between TC (dashed lines) and lower FBG (full lines) measurements during pulse #54936. 7. Conclusion
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