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Abstract. Plasma facing components temperature measurement is required to ensure safe high
power for long pulse tokamak operation and for physics studies. During the WEST phase 1, a
set of 20 thermocouples (TC) and 4 fibers Bragg grating (FBG) have been exposed to five
experimental campaigns with 3889 plasmas for a total plasma duration of about 7h15 and 21.2
GJ of cumulated injected energy. This paper presents the performances in terms of response time
and high temperature sustaining assess with high heat flux tests performed in the HADES
facility. The response time of the TC remains at the same level as before their installation in the
divertor. However, the FBG have shown clear increase of their response time depending on the
location due to a degradation of the thermal contact of the graphite adhesive and the FBG or
component. Finally, one regenerated FBG has been exposed to high temperature, showing that
absolute temperature measurement is found reliable up to 1100°C with the start of some spectrum
degradations. Full erasure of the grating is obtained after 10s at 1200°C well above the stable
temperature of 900°C of the regenerated FBG.

1. Introduction

One of the main goals of WEST is the assessment of power handling capabilities and lifetime of
tungsten divertor components under high heat flux and high fluence operation in a full W tokamak
environment [ 1]. During the first five experimental campaigns (named C1 to C5), WEST operated with
a mix of actively cooled ITER like tungsten plasma facing units (PFUs) and inertial tungsten coated
graphite components [2]. The preliminary step towards testing the tungsten ITER like components under
ITER relevant heat flux (10 MW/m? in steady state), is to characterize the heat flux deposition pattern
in terms of intensity and decay length. For this purpose, a set of complementary diagnostics allowed
characterizing properties of the heat loads on the lower divertor: arrays of embedded thermocouples
(TC) [3] and Fiber Bragg Gratings (FBG) sensors [4], infra-red thermography (IR) [5] and arrays of
flush-mounted Langmuir probes (LP) [6]. Among these diagnostics the TC and FBG diagnostics
allowed to study and built a heat flux database during the first phase of WEST: from the the first ohmic
diverted plasma [7] up to the high power (up to 8 MW total injected power during 4 s) and high energy
(up to 90 MJ total injected energy in lower single null configuration) steady state L-mode plasma
experiments were performed in the last experimental campaigns [8]. As WEST entering in his phase 2
with a full ITER-like divertor [9], the TC and FBG embedded in W-coated graphite PFU have been
removed from the machine and available for post-mortem study to evaluate their performances.

During the last campaign some sensors have shown a degradation in dynamic during heating and
cooling phases of the components with an increase of their response time. High heat flux tests have been
performed using the HADES (High heAt loaD tESt) electron beam facility [10] to evaluate the dynamic
and temperature performances on a wide range of heat flux and shot duration. The lower divertor and
its exposure during the WEST phase 1 is presented in section2. Section 3 presents the HADES electron
beam facility. Section 4 presents the response time performances of each diagnostic assessed in HADES.



Finally, last section studies the temperature measurement capability of the regenerated FBG at high
temperature up to 1200°C well above the design temperature of 900°C.

2. WEST lower divertor during the WEST phase 1

The phase 1 of operation of WEST extending from 2017 to 2020 is composed of five experimental
campaigns named from C1 to C5 [2]. During this phase, the lower divertor was composed of a mix of
actively cooled ITER-like and inertially cooled W-coated graphite PFUs. For the second phase of
operation starting in 2022, the lower divertor is fully equipped with ITER-like PFUs with ITER relevant
shaping, allowing plasma operation with long and high-energy pulses [9]. During the WEST phase 1,
3889 plasmas have been performed for a total plasma duration of about 7h15 and 21.2 GJ of cumulated
injected energy (see table 1), mainly electron heating using lower hybrid launchers (LHCD heating), in
lower single null (LSN) or upper single null (USN) configuration. During this period 2580 pulses ended
with a disruption leading to damages on the ITER-like PFU [11].

Duration
Ip max W LH IC W IC
Nb Cumul | Disrup- | Disrup- LH LH max | total IC max total
Plasma|max (kA) (s) tions tivity | (pulse) | (MW) (MJ) | (pulse) | (MW) (MJ)
c2
Nov17-Febl8 716 805 10.5 1553 744 76% 168 2.5 95.5 0 0 0 0
c3
July-Dec18 1076 818 37.5 7329 796 74% 572 5.3 4947 186 1.4 105 3
C4-D2
July-Novl9 1112 1004 55 9678 763 69% 509 5.4 7823 339 5.7 1139 13
C4 - He
Oct-Nov1l9 330 709 30 2991 279 85% 196 4.5 4300 21 0.3 3 0
cs

Nov20-Jan21 655 806 23 4630 460 70% 280 5.4 2625 145 3.7 182 2

Table 1. Plasma exposure during WEST phase 1. C1 is not described as no sustained plasma has been obtained
in this campaign. Nb plasma: number of plasmas with Ip>100kA performed in each campaign. Ip max: maximum
plasma current performed in the campaign. Duration max: maximal during of a single pulse during the campaign.
Cumul: Cumulative time of the plasma during each campaign. Disruptions: number of plasma ended with a
disruption. LH: Low Hybrid heating. IC: Ion cyclotron heating. Boro: number of boronization performed in the
campaign.

In LSN configuration the inner strike point and outer strike point are located on the lower divertor
(see figure 1 a) which is composed by 12 independent toroidal sectors of 30°. Each sector is equipped
by 38 plasma facing units, thus a total of 456 PFUs is required to cover the full divertor ring (see figure
1 b). The W-coated graphite is divided in two separate components, one in the Low Field Side
(LFS/outer) and one in the High Field Side (HFS/inner). The WEST lower divertor is monitored by a
set of complementary diagnostics allowing the characterization of the heat load properties: 20 embedded
TCs located at 7.5mm below the surface [3], 4 FBGs [12] embedded at 3.5 and 7mm below the surface
(see figures 1 c and d). The TC are embedded in a lateral hole of 1cm with graphite adhesive and the
FBG are embedded in a lateral groove of 4mm with also graphite adhesive (see figure 1d). The
diagnostics are spread over the 12 divertor sectors keeping symmetric toroidal location of the sensors
regarding the magnetic field toroidal modulation (ripple effect). Diagnostics have been working
successfully from the first plasma breakdown achieved in WEST up to the dismantling of the uncooled
divertor done four years later. The operation of these diagnostics allowed to observe the increase of the
deposited heat flux on the outer strike point region over the campaigns up to 6 MW/m? [8] and monitor
temperature up to 830°C [13]. They also allow to study of the emissivity evolution of the PFU by
monitoring the PFU temperature between pulses [ 14].
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Figure 1. (a) Poloidal magnetic field configuration for two magnetic configurations in the WEST Tokamak. (b)
Lower divertor view of the instrumented sector with the 16 TC installed. (c) 2D poloidal cross section of the PFU
with FBG locations and corresponding poloidal TC locations below (the surface exposed to the plasma is on the
top). (d) Pictures of the instrumented PFU with TC and FBG and 2D toroidal cross section.

3. HADES facility

HADES (High heAt loaD tESt) is an electron beam facility built at CEA-IRFM [10]. The aim of this
facility is to test the PFU and to assess to their heat exhaust capabilities facing high heat fluxes. The
facility can cover thermal fatigue tests, critical heat fluxes and thermal shocks. To do so, the HADES
electron beam gun permits to simulate steady state experiments with thermal flux up to a few tens
MW/m? and transient events with thermal energy up to 1 GW/m? during a few milliseconds. A
programmable sweep system allows several kinds of power repartition (uniform and peaked). The
maximum gun power is 150kW in continuous mode. The beam diameter is about 12mm, with a Gaussian
shape. The power is deposited on the target by a programmable sweep system scanning a pattern and a
large set of various depositions is possible: line, spiral, patterns is available raster, cycloid, mesh, etc.
For this study, we used a mesh pattern, which gives uniform heat flux over the specified area (red
rectangle in the figure 2b). The facility includes a large volume vacuum vessel (8m?) suitable for
instrumented mock-up up to 2 m long, with dedicated windows for optical observations and surface
temperature measurement diagnostics (IR camera (25-1500°C) see figure 2b, pyrometers (<2700°C)).
A pumping group ensures a vacuum pressure of 10~ Pa inside the vessel. The HADES facility is
equipped with a pressurized water-cooling loop (3.5 MPa, 50 to 220 °C, 6 kg/s) allowing studies of



actively water cooling PFUs. Here only the copper shield is water cooled as the studied PFU are inertial
PFU without water cooling channel in the component.

For this study three outer PFUs have been tested in HADES, the Q6A PFU#23 with 1 TC, the Q3A
PFU#21 with 1 FBG and the Q4A PFU#21 with 1 FBG. All the PFUs were at symmetric toroidal
location leading to equivalent heat loads during their exposure in WEST. Two kinds of study have been
performed in HADES. The first one is to evaluate the response time of all sensors using heat flux of
about IMW/m? during few seconds. The second study is to evaluate the behavior of the regenerated
FBG with heat flux about 2MW/m? during tens of seconds to reach high temperature, typically above
900°C, when the erasure of the gratings is expected. Figure 2 a) shows one of the PFU mounted for
HADES test and the figure 2b shows an IR image of the PFU during the response time tests. Despite the
uniform heat flux applied on the PFU the blackbody temperature measured with the IR system is not
uniform. This is due to the high emissivity variation on the PFU due to the Tokamak exposure [15]. In
this area the emissivity varies about a factor 5 explaining the factor 2 observed in the blackbody
temperature.
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Figure 2. (a) Picture of one PFU mounted in HADES. (b) IR image during the heating of the PFU.

4. TC & FBG response time study

When a thermal sensor (TC or FBG) is submitted to a fast temperature change, it takes some time to
reach the true temperature. This sensor response time T can be characterized through a simple first order

equation giving its step response u(t) defined by:
t

u(t) = (1 - e_?) )

where 1 is the response time defined as the duration required for the sensor to exhibit a 63% change
from an external temperature step [16]. The response times of the TC and FBG have been evaluated to
be about 0.25s before their installation in WEST [7]. This response time include the response time of
the sensor itself and the response time of the graphite adhesive used to have a good mechanical and
thermal contact.

4.1. TC

Figure 3 a) shows the time evolution of the uniform heat flux deposited on the outer PFU#23 with 1
TC. The measured temperature during this shot is plotted in black in the figure 3 b). The blue curve
corresponds to the temperature calculated with the finite element method software CAST3M [17]. The
TC response time is estimated by a non-linear least square algorithm, minimizing the discrepancy
between the measured temperature and the calculated temperature convoluted with the step response
u(t) by adjusting the value of t. The best match is shown with a red dotted line in the figure 3 b) with t
=0.295 +0.01s. A total of 5 shots have been performed to evaluate the response time, an average value



of T = 0.28 + 0.02s has been found showing the reproducibility of the estimation. The response time
value is equivalent to the 0.25s evaluated before the PFU installation showing no degradation of the TC
performance after the WEST phase 1 exposure. To extend this observation to the other TCs not studied
in HADES, their time behaviours have been compared to the TC studied here during the last pulse of
last experimental campaign. As all the TC exhibit equivalent time behavior during the heating and
cooling phase of this very last pulse, one can conclude that the TC diagnostics has no degradation after
the WEST phase 1.
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Figure 3. (a) Heat flux deposited on the PFU Q6A with TC. (b) (black) TC measurement (blue) CAST3M
calculation with the deposited heat flux without response time (red, dotted line) CAST3M calculation convoluted
with equation (1) and response time of 7=0.295s.

4.2. FBG

Two PFUs with FBG have been tested with a total of 50 shots with different initial temperature from
100 to 350°C. This different initial temperature can be obtained thanks to the inertial behavior of the
PFU which is not water cooled.
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Figure 4. (a) Heat flux deposited on the PFU#21 Q3 A with FBG. (b) Q3A FBG measurement. (c-f) (black) FBG
measurements of the gratings 9/11/6/3 (red, dotted line) CAST3M calculation convoluted with equation (1) and
estimated response time 1 at fixed initial temperature of 240°C.

Figure 4 a) shows a typical heat flux time evolution used for the estimation, with about 1.1 MW/m?
during 4.5s. The resulting temperature measured by the FBG in the PFU#21 Q3A is plotted in the figure
4b). Despite the uniform heat flux the gratings exhibit important differences in their time behavior
showing different response time for each grating. Figures 4 c) to f) illustrate the range of response time
estimated for this shot with value from t=0.95+0.11s to t=18.01 + 0.36s, corresponding to an increase
of the response time from the nominal value (0.25s) about a factor 4 and 72, respectively. The estimated
values of T are summarized in the table 2 and plotted in the figure 5 a). The smallest response times are
for the gratings 8 to 11 which correspond to the high heat flux location in the WEST lower divertor. On
the contrary, for the FBG embedded in the PFU#21 Q4A the highest response times are in high heat flux
area of WEST as shown in the figure 5 b) and in the table 2. This illustrates that the degradation of the
FBG response time can not be directly linked to the heat load area during the WEST exposure. This
degradation is due to a loss of thermal contact between the sensor and the component due to a
degradation of the graphite adhesive used in the groove where the FBG are embedded.
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Figure 5. Estimated response time for each grating for the PFU at T;ni=250°C. (a) Q3A. (b) Q4A.

PFU FBG1 FBG2 | FBG3 | FBG4 | FBG5 | FBG6 | FBG7 | FBG8 | FBGY | FBGI10 | FBGI1
Q3A 5,86 19,95 18,01 14,11 15,26 10,04 7,25 2,82 0,95 1,40 2,10
Q4A 1,84 1,71 1,72 3.1 4,72 15,21 7,61 4,52 17,89 10,47 7,19

Table 2. Estimated response time [s] for each grating for the PFU at Ti;;=250°C. (a) Q3A. (b) Q4A.

It has to be noted that the FBG embedded in the PFU#21 Q3 A shows an evolution of the response time
for the different grating depending on the initial temperature of the PFU before the shots. Figure 6 shows
this dependency with a clear decrease of the response time with the increase of the PFU temperature.
This decrease is about a factor 2 for most of the gratings, leading to smaller value for the gratings 8 to
11 down to about 0.4s for the grating #9 compatible with good measurement of the temperature. The
other FBG embedded in the PFU#21 Q4A does not exhibit temperature dependency, equivalent response
times have been evaluated over the whole range of temperature.
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Figure 6. (a) Estimated response time for each grating for the PFU#21 Q3A function of the initial
temperature (Tini¢) during the heating. (b) Zoom in for 1<d4s.

5. High temperature sustaining of the regenerated FBG

The FBGs are temperature transducer based on a diffraction gratings photowritten by laser into the
core of an optical fiber. The FBGs are monitored in reflection by a spectrometer (spectral range of 85
nm between 1510 and 1595 nm), the measured spectrum is composed of 11 peaks at different
wavelength depending on the grating (see figure 8). These peaks are narrow spectral bands of the
incident light within the fiber reflected by successive, coherent scattering from the index variations of
each grating [18]. The principle of the temperature measurement is based on the determination of the
wavelength shift of the Bragg peak reflected by the grating. The main limitation is the erasure of the
gratings above 400°C. For WEST, regenerated FBG are used as they are high temperature resistant. The
regeneration process is to heat up to 920°C the FBG in a furnace. At this temperature the regeneration
for all the FBGs is triggering. This method [19] shows that the FBG can survive up to 900°C with long-
term use (> 9000 hours). During the WEST exposure the regenerated FBGs have been exposed to
temperature up to 830°C without any degradation of the spectrum [13]. The objective here is to
investigate the modification of the FBG spectrum for temperature higher than 900°C. HADES is used
to heat the PFU#21 Q4A to high temperature with uniform heat flux of 2MW/m?. To follow the
temperature evolution of the PFU at the FBG location a TC has been added in the groove as the
regenerated FBG are calibrated only up to 850°C.
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Figure 7. Time evolution of the PFU#21 Q4A at the FBG location measured by TC. (blue) Shot#1 with maximal
temperature of 970°C. (green) Shot#2 with maximal temperature of 1100°C. (red) Shot#3 with maximal
temperature of 1240°C. (magenta, dotted line) Temperature limit of the regenerated FBG.



Figure 7 shows the temperature evolution of the PFU at the fiber location for the three shots
performed in HADES. For the shot#1 the maximal temperature reached is 970°C. After this shot no
modification of the spectrum has been observed. During the shot#2 the maximal temperature reached is
1100°C, with a duration of about 20s above the 900°C. After this shot some modifications of the
spectrum have been observed. Figure 8 shows the spectrum before (black) and about 300s after (green)
the shot when the tile is both at about 300°C. The shot#2 induces an increase of the baseline spectrum
which is not impacting the temperature measurement. On the contrary, the Gaussian distribution of the
reflected peaks is modified as shown in the figures 8 b) and c) for the grating #2 and 10. These
modifications of the Gaussian distribution induces a shift of the maximal Bragg wavelength measured
by the system. Finally, these modifications induce acceptable error about 30°C in the temperature
measurements.
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Figure 8. Measured spectrum at 300°C (black) before and (green) after the shot#2. (a) full spectrums. (b) Zoom
in for the grating #2. (c) Zoom in for the grating #10.

For the shot#3, the temperature evolution is shown in red in the figure 7. The temperature is about
400°C at the beginning and increase up to 1240°C and finally stabilized at 1200°C during 40s. Figure 9
shows the spectrum measured during the heating from the start (black) until the full erasure of the
gratings (red). During the heating the Bragg wavelength of all the gratings shift to higher wavelength
values as expected [18]. As observed during the shot#2 the baseline of the spectrum increases from
about -58dB to a stable value of -53dB when the temperature of 1200°C is reached (cyan). Then the
gratings start to disappear with a full erasure observed after 10s at 1200°C. After the cooling the
measured spectrum remains flat without any peak confirming the erasure of the gratings.
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6. Conclusion

The performances of the TC and FBG diagnostics have been evaluated after the WEST phase 1 with
the HADES facility. During this phase, 3889 plasmas have been performed for a total plasma duration
of about 7h15 and 21.2 GJ of cumulated injected energy with a high number of disruptions about 2580.
The TC diagnostic has shown an average response time of 0.28s equivalent to the one evaluated before
the installation in the machine showing no degradation of the diagnostic dynamic. For the FBG
diagnostics, the first degradations of the response time observed during the last experimental campaign
have been confirmed with response time from 0.4 to 30s depending on the location and the temperature.
This increase of the response time is due to a degradation of the graphite adhesive thermal contact used
in the groove where the FBG are embedded and not because of any degradation/erasure of gratings.

One regenerated FBG has been exposed to high temperature showing a good sustaining for
temperature above the stable temperature of 900°C for which the fiber has been designed. The first
spectrum modification has been observed when the temperature reached 1100°C inducing a baseline
increase of the spectrum and a deformation of the Gaussian distribution of the Bragg wavelength of
different grating. These deformations induced an error of 30°C. Finally, the full erasure of the grating
happened after 10s at 1200°C well above the design temperature.
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