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Abstract

The consequences of tungsten (W) cracking on divertor lifetime and plasma operation are high priority issues for
ITER. One actively cooled ITER-like plasma facing unit (PFU) has been pre-damaged in a High Heat Flux (HHF)
facility before its installation in WEST in order to assess the damage evolution after tokamak plasma exposure.
The resulting pre-damage exhibits micrometer-size crack network and high roughness on the tungsten monoblock
(MB) top surface. A total of 10 MBs, equally distributed on the low and high field sides of the lower divertor,
have been pre-damaged among the 35 radially aligned MBs characteristic of the WEST PFU. Subsequent plasma
exposure was carried out, from the first breakdown achieved in WEST (in 2017) until the removal of the damaged
PFU three years later (2020), to assess how the pre-damaged component evolves under plasma exposure and to
evaluate the potential impact on plasma operation. On top of the whole WEST plasma exposure (covering C1-C4
experimental campaigns), a dedicated experiment has also been performed in the frame of the EU work program
to maximize the power and energy loads on one of the damaged MBs featuring the crack network pattern. The
MB top surface, including both crack network damage and “healthy” (undamaged) areas, was monitored with a
high spatial resolution IR camera to detect any potential evolution of the damage pulse after pulse. This paper
describes the full plasma exposure achieved in the WEST tokamak (including large number of steady-state and
transient heat loading cycles), the dedicated “damaged PFU exposure” experiment together with the experimental
results (heat loading on the damaged MBs). Preliminary post-mortem analysis shows that the crack network might

be more pronounced after WEST steady state plasma and transients (disruption) exposures.
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1. Introduction
Assessing how material damage can form and propagate in an ITER divertor Plasma facing Unit (PFU) under
tokamak plasma exposure is an important topic to address for future ITER divertor operation. The assumption in

the ITER Research Plan is that the ITER divertor lifetime should be longer than 10 years [1, 2], which corresponds



to a very large exposure time for plasma components covering the first plasma campaign (1 month), pre-fusion
(39 months in hydrogen/helium plasmas) and fusion (48 months of DT plasmas) power operation. Investigating
the evolution and potential degradation of ITER grade Plasma Facing Components (PFCs) in a fusion device
environment is one of the key mission of the WEST tokamak [3], complementing studies performed in high heat
flux facilities and linear devices [4]. In the first phase of WEST operation, few ITER-like divertor Plasma Facing
Units (PFUs) have been installed and tested on the lower divertor (referred here as the test divertor sector). One
of these PFUs has been pre-damaged using the JUDITH 2 HHF facility [5], using thermal shocks cycling to mimic
the impact of 10° transients of up to 0.55 GW.m and a duration of 0.5 ms in ITER, before its installation in WEST
in 2017. Three kind of damage have been generated varying the heat flux impact factor from 3 to 12 MW /m? -
5%5. The damaged W grade exhibits small cracks (damage #1), crack network (damage #2) and crack network
plus molten droplets (damage #3) distributed over 10 out of 35 MBs constituting one full PFU in WEST. The
damage procedure and the PFU characterization performed before exposure in WEST are presented in [6]. The
location of the damage on the PFU are shown in figure 1 as function of the MB number from 1 (on the high field
side) to 35 (on the low field side). Subsequent plasma exposure was carried out in WEST first, with modest heat
load (< 1 MW.m™) to avoid compromising the C3 experimental campaign (pre-damaged PFU located in minimum
heat flux area on the outer strike point). Since no significant surface aspect modification was found [6], it was
decided to move the pre-damaged component to the highest heat load area for the following experimental
campaign (C4). The goals of this study were to monitor the damage propagation under tokamak operation,
evaluate the consequence for plasma operation with damaged PFCs, get feedback on the measurement capabilities
and compare with results obtained with High Heat Flux (HHF) testing facilities. Emissivity measurement
performed on the pre-damaged PFU after full tokamak exposure (C1-C4) is shown in figure 1 to illustrate the
plasma footprint, including erosion and material deposition on the component [7]. On the top surface of the
damage area, the mean value obtained at 50°C is 0.27 £0.02. After plasma exposure, the emissivity on the pre-
damage and healthy areas (here “healthy” means without pre-damage) are very close, higher than the one
measured on pristine tungsten (below 0.1) [8].
Before tokamak exposure Emissivity (45° inclination)
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Figure 1: Pre-damaged PFU before the installation in WEST, including small cracks (MB15, 16, 27, 28), crack
network (MB17, 18, 25, 26) and crack network and molten droplets (MB11 and 32) damage type. Emissivity
measurement performed after tokamak exposure shows the erosion areas with lower emissivity on the inner
(ISP) and outer (OSP) strike point positions. Zoom on MB26 is presented on the right picture with 45°

inclination to see the exposed leading edge.



The paper is organized as follow. The experimental set-up and WEST experiments are presented in section 2.
Section 3 shows the exposure of damaged PFC experiment, the heat load calculation and the very high spatial IR
data. The last section shows the preliminary post-mortem analysis (confocal microscopy) after 3 years of tokamak

exposure (about 6 hours of cumulated plasma duration).

2. WEST experiments overview (C1-C4 experimental campaigns)

In WEST, each PFU is made of 35 W monoblocks (see figure 1) of individual size 12 mm x 26 mm (depth x
height), toroidal width varying from 28 to 32 mm on the high and low field sides, respectively, assembled with a
gap of 0.5 mm on a CuCrZr heat sink tube [9]. During its first phase of operation, WEST was 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. One of them was equipped with actively cooled ITER-like PFUs (the test divertor sector)
and the others were equipped with ineritially cooled W-coated graphite PFUs to complete the divertor ring. 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 a nominal power up to 9
MW and 7 MW respectively. 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
ranges from 60 mm for standard operation up to 112 mm, see figure 2 (green curve), for dedicated high power
operation [10]. According to the X-point height, the separatrix can reach different MBs on the inner and outer
strike points as illustrated in figure 2. In the ISP area, MB 11 featuring crack network and molten droplets (damage
#3) can be reached with very far X-point configuration (X point height > 110 mm) only, MB 15 and 16 featuring
small cracks (damage #1) can be reached with standard X-point configuration while MB 17 and 18 featuring crack
network (damage #2) can be reached with the close X-point configuration (X point height < 50 mm). In the OSP
area, MB 27 and 28 featuring small cracks (damage #1) can be reached with far X-point configuration (X point
height > 90 mm) while MB 25 and 26 featuring crack network can be reach with medium X-point height (between
70 and 90 mm).
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Figure 2: Lower single null magnetic configurations (B = 3.7 T) used in WEST: from close to far X-

point (#54721 in red, #56697 in blue, #54934 in magenta, #56541 in green).

In its first operation phase with a mix of actively cooled and inertial components, WEST has performed four
experimental campaigns, from C1 (2017) to C4 (2019) [11]. The first one was dedicated to the commissioning of
the machine and plasma breakdown strategy (C1) [12]. The second one (C2) was dedicated to the increase of the
plasma current, development of the X-point magnetic configuration and increase of the auxiliary heating systems
(ICRH and LHCD). The last two experimental campaigns were dedicated to physics studies and performance
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 standard scenario was a lower
single null configuration, L-mode operation with divertor peak heat flux up to ~5 MW/m2 as measured on the W-
coated graphite PFUs [13]. About 2600 plasma experiments have been successfully achieved. On top of that, a
large number of transients (mainly disruptions) was also reported (~ 2000 transients), each producing thermo-
mechanical stresses in the PFCs. Inspection of the components after the campaign revealed a wide variety of
damage at both leading and trailing monoblock edges [14] where magnetic field lines strike the MB surfaces with

nearly perpendicular incidence angle. Cracking, deformation, and melting occurred.



Duration LH total IC total Pre-damaged PFU

hbFlcema e (] energy (MJ) [ energy (MJ) position

(67
Nov17-Feb18 716 805 105 1553 282 95.5 0 PFU20
e 1076 818 375 7302 730 4947 105 PEU20
July-Dec18
ca-b2 1157 1004 55 9968 755 7823 1139 PFU7
July-Nov19
C4 -He ' ‘
Oct-Nov19 345 709 29 2991 275 4300 3 PFU7

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 disruptions, total energy injected with

LHCD/ICRH systems, position of the pre-damaged PFU on the test divertor sector (see figure 3).

The monoblocks with damage #1 and #2, located in usual strike point areas, were exposed to most of the
discharges of the C3 campaign while a few discharges, requiring a dedicated magnetic configuration, were
performed to load the block with the most intense damage #3 on the high field side. Divertor steady state heat
fluxes reached during the C3 campaign (~0.5 MW/m™ on the top surface of the pre-damaged blocks, on the ISP
because of the toroidal field ripple modulation as shown in figure 3) and corresponding temperatures were
moderate [6]. As expected with regard to the heat loading conditions, no major surface aspect modification due to
the WEST plasma exposure was found. It was therefore decided to move the pre-damaged component to the
highest heat load area for the following experimental campaign (C4), taking advantage of the in/out asymmetry
in divertor load. The pre-damaged PFU was therefore moved from PFU20 to PFU7 on the test divertor sector,

corresponding to a maximum heat flux on the OSP.

3. High power test of ITER PFC: exposure of damaged PFC (C4)

3.1 Test divertor configuration:

For the C4 experimental campaign, the test divertor sector was equipped with 14 actively cooled ITER-like (flat
top geometry) and 24 inertially cooled W coated PFUs (0.5 mm toroidal bevel geometry) as shown on figure 3-a.
The damaged MBs are shown with the same symbols as used in figure 1 to distinguish the damage type (#1, #2,
#3). Figure 3-b displays the heat load pattern modelled with the field line tracing code PFCflux [15] on the test
divertor sector during typical plasma exposure experiment (Far X-Point configuration with dX = 85 mm, 500 kA
of plasma current, 4 MW auxiliary power injected in deuterium plasma #55058). The simulation was performed
with heat flux decay length Aq =10 mm and outer/inner heat flux asymmetry of 4 in the divertor (1, on the inner,
%, on the outer) as measured with embedded thermal measurement [13]. The plot shows the toroidal modulation
of the heat flux which is observed with a 20° periodicity due to the toroidal ripple effect of the magnetic field.
With the C4 divertor configuration, the MBs 24 to 28 are in the high heat flux area in the OSP, while MBs 15 to18

are in the minimum heat flux area on the ISP.
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Figure 3: (a) Picture of the test divertor sector during C4 experimental campaign. (b) PFCflux simulation of the
heat load with FXP magnetic equilibrium #55058 (dX=85 mm, Aq=10 mm on the target, PS°’=1 MW). Damaged
PFU is located in PFU7.

3.2 C4 experimental campaign

The C4 experimental campaign is characterized by a large number of plasma (about 1500) with a significant
increase of plasma power and energy compared to C3 (5 and 12 GJ cumulated injected energy in C3 and C4,
respectively), plasma duration (800 and 1300 s cumulated plasma duration in C3 and C4 respectively) combined
with a high disruption rate (67 %). The first part of the campaign has been performed with deuterium whilst the
last two weeks have been performed with helium gas fueling. In this condition, different plasma wall interaction
processes (in particular erosion and deposition pattern) have been identified and reported in [16]. Different X-
point heights have been used, resulting in different inner and outer strike point locations and consequently different
MB exposure (from R=2.21 up to 2.29 m corresponding to MB24-28 for the OSP). During C4, higher heat load
on the divertor components and longer pulse duration were achieved compared to C3 [13]. Figure 4 shows the
cumulated energy received by each MB during the deuterium (right) and helium (left) parts of the C4 campaign.
The energy received by each MB is obtained using the WEST data base as depicted in [13].On the OSP, MB24
(with no pre-damage) is the most loaded under deuterium plasma (standard magnetic equilibrium used in WEST).
The second most loaded is the MB26 featuring crack network pre-damaging (corresponding to the magnetic
equilibrium used in the dedicated exposure experiment presented in the next section). MB25 and MB27 are
moderately loaded and MB28 weakly loaded with deuterium plasma. MB25 and MB26 are the most loaded under
helium plasma. On the ISP, the MB16 is the most loaded. The VHR IR system was focus on the OSP (MB26),

which is more loaded because of the inner and outer heat flux asymmetry (3% on the outer).
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Figure 4: Accumulated energy in the C4 experimental campaign: helium (a), deuterium (b) for each MB

3.3 Repetitive exposure of the ITER pre-damage PFC

A robust steady state plasma scenario has been developed to maximize the power and energy load on one of the
pre-damaged MBs featuring the crack network pattern. A series of dedicated high power steady state plasma
discharges was performed in the frame of the EU work program. The X-point height was set to 85 mm from the
target to put the OSP on MB26 with damage #2 (crack network). The reference pulse duration for these studies is
typically 27 s, in which LHCD systems delivers 4 MW steady-state power during 20 s. Plasma parameters are:
plasma current Ip = 500 kA, toroidal magnetic field B = 3.6 T, line-averaged density, <n¢>, in the range of 3.8 to
4 % 10" m™2 The radiated power fraction (f*¢) is in the range of 55 to 60%. Injected and radiated power are shown
in figure 5 for a typical shot repeated during the experimental sessions. Each exposure shot corresponds to about
90 MJ of cumulated energy delivered to the plasma (ohmic and RF power). After the experimental session, about
600 s and 1.9 GJ of cumulated plasma exposure time and energy delivered to the plasma have been reached using
the same magnetic equilibrium and plasma settings. About 30 plasma discharges have been repeated and no
consequence on the plasma operation were observed. A slow and tiny increase of plasma radiation pulse to pulse

has been observed, leading to a decrease of the divertor power during the sessions.
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Figure 5: (a) Pulse scenario achieved for the high power exposure of ITER-like PFC: total injected power
(ohmic + RF heating in blue), radiated power (in red) and plasma current in black. (b) Heat load on the top

surface of the pre-damage PFU using different sensing technologies: embedded fiber Bragg grating (FBGs),



thermocouples (TC), Langmuir probe (LP) and standard IR thermography as function of the power reaching the

divertor (the high power operation domain is shown in orange).

The heat loads are computed using different sensing technologies, embedded in (FBGs, TCs, LPs), or looking at
the W-coated graphite PFUs (IR thermography) as depicted in [13, 17, 18]. The experimental heat loads computed
on the top surface of the pre-damaged PFU are found to be in the range of 1.7 — 3.2 MW.m in the high power
regime (when P4V = 1.8 £0.2 MW, orange area, figure 5-b). The heat load data scattering is quite large and could
be explained by different reasons: the sensing technologies and the performances of the diagnostics are different
(in particular the spatial resolution), the toroidal location of the sensors are also different in the lower divertor
(even if the position regarding the toroidal magnetic ripple is the same) and the plasma properties can differ from
pulse to pulse because of MHD activity, RF power coupling, impurity content and transport properties (turbulence)
that could result in different electron and ion plasma temperature at the target for similar P4V, The pre-damaged
PFU exhibits a 1 mm poloidal chamfer and a flat top surface geometry (there is no shaping as foreseen in the
ITER divertor). At the OSP, the incident angle of magnetic field lines with the top surface and 1 mm chamfer are
Oop = 2.4° and aen = 47.4° respectively (#55058). The heat flux on the top surface, the 1 mm chamfer and the

poloidal leading edge of the block are computed with the optical approximation (OA):

qn = q) sina 1)

Due to the radial misalignment of 0.3 mm of the PFU7 with regard to PFU6 (previous PFU regarding the plasma
flow on the OSP), the chamfer of the leading edge is partially exposed to the plasma heat flux. Using geometrical
consideration and equation (1), the heat load on top surface and exposed chamfer of MB 26 are ~2.4 MW.m and
~55 MW.m?, respectively. The temperature of the monoblock is also calculated with Finite Element Modelling
(ANSYS code) using the experimental heat fluxes, both on chamfers sides and on the top surface. The heat load
profile is modelled by the convolution of a Gaussian in the private flux side with an exponential function in the
SOL side as depicted in [13] (S being the spreading factor and A4 the heat flux decay length). An iterative loop is
used to find the best S and A4 that matches both the poloidal and toroidal experimental temperature profiles (see

section 3.4).

3.4 Surface temperature measurement

The surface temperature measured with the Very High Resolution IR system during the dedicated exposure
experiment is displayed in figure 6 assuming surface emissivity of 0.3 as extrapolated from the post-mortem
analysis on the pre-damaged PFU performed at 50°C [19] to the temperature obtained during the experiment
assuming an increase of emissivity of 10 per degree [8]. On the poloidal leading edge chamfer (located on the
left side on the IR image), the temperature is about 800°C. On the middle of the MB, right above the cooling pipe,
the temperature is found to be quite homogenous, typically between 380°C and 400°C. The cracks generated by
the electron beam in the HHF test facility are of the order of few tens of micrometers size. Because of the finite
pixel size (0.095 mm/pixel in the object plane) and the optical blurring and deformation [20], such cracks are too
small and not visible with the VHR IR system. The picture taken after the C4 plasma exposure exhibits a complex
pattern: poloidal striped lines on the left side, quite homogeneous aspect in the middle part of the MB and
remaining damage marks on the right side of the MB. Toroidal cracks also appears near the 1 mm chamfer of the

pre-damaged PFU and also near the sharp leading edge on the next PFU (#8) as already reported in [14, 21].
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Figure 6 : (a) Surface temperature measured by the VHR IR system at t=15s, when the thermal equilibrium of

the PFU is reached. (b) Picture of the —pre-damaged PFU taken after the C4 experimental campaign (2019).

The temperature profiles extracted from the IR image along the poloidal and toroidal directions are displayed in
figure 7 for two similar pulses, one of the first (red) and one of the last (blue) pulse of the dedicated exposure
sessions. On the poloidal profile (a), we observe temperature decays in both, private (left) and SOL (right) areas,
suggesting a quite peaked heat load profile compared to the MB width (12 mm). The temperature found in the
toroidal gaps (0.5 mm width) exhibits higher values due to the cavity effect (local increase of the emissivity in the
gap because of the multi-reflexion on the two MB sides facing each other). Consequently, the absolute temperature
values obtained in the gaps have no physical basis. However, such local increase of temperature is useful to
localize the contour of the MB surface. The peak temperature is localized at x = 3 mm from the toroidal gap for
the two pulses, fully on the pre-damaged area (since only half of the MB was pre-damaged). The simulation gives
S =3 mm and Aq = 7.5 mm on the target to reproduce the measurement as closely as possible (black line). The
heat flux decay length derived from the VHR IR system being small compared to the one derived from standard
diagnostics, the peak heat load is consequently higher (5 MW.m peak heat load is required to reach 370°C on
the top surface of the MB with 7.5 mm heat flux decay at the target) to keep the power received by the MB
constant. The heat flux decay length is also small compared to the MB width, consequently, the healthy part
located on the low field side is colder than the pre-damaged part of the MB located on the high field side and
connected to the separatrix. No surface effect could be observed along the poloidal direction because of the small
heat flux decay length (same heat flux would be required on both “pre-damaged” and “healthy” areas in order to

make proper conclusion).

A temperature decrease of about 40°C is observed between these two pulses, which is consistent with the reduction
of power in the divertor of about 10% and confirmed by the full set of embedded temperature sensors. Even if the
injected power and plasma density are similar, the heat load on the divertor targets could be different because of
the impurity content driving the radiated power, the residual MHD activity from the plasma start-up phase or the
turbulence and heat transport properties, which could also be different from pulse to pulse. No surface evolution

was therefore observed during the dedicated plasma exposure experiment.
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Figure 7: Poloidal (a) and toroidal (b) temperature profiles obtained during the dedicated plasma exposure
experiment at the beginning (in red) and the end (in blue) of the experimental sessions, assuming constant

emissivity (0.3) over the MB surface. Surface temperature obtained with ANSYS simulation is shown in black.

On the toroidal profiles (b), curved temperature profiles are observed as expected from the heat transfer modelling
because of the location of the cooling pipe in the middle of the MB. The surface temperature is also higher on the
trailing (right hand side) versus leading edge (left hand side), which is consistent with the surface observation and
emissivity measurements (see figure 1 and [19]) performed after the plasma exposure: the pre-damaged pattern is
still visible and the surface emissivity is higher (g ~ 0.4) on the right and smaller on the left (near the leading edge
€ < 0.1). The temperature of the chamfers are 850°C and 900°C on the leading and trailing edges, respectively,
assuming the same emissivity as measured on the top surface (0.3). Such evaluation is not accurate here because
of the parasitic light emitted near the pre-damaged PFU (#7) and reflected on the 1 mm chamfer, due to its
inclination (45°), toward the IR camera detector located on the top of the machine as depicted in [22]. The adjacent
PFUs, uncooled W-coated graphite component on the previous (#6) and misaligned sharp leading edge component
on the next PFU (#8) exhibit high surface temperature, which therefore provides significant reflection near the 1

mm chamfers.

4. Post-mortem measurement: confocal microscopy
The test divertor sector that includes the pre-damage component was removed from the WEST device after the
C4 experimental campaign. The actively cooled ITER like components have been removed from the test divertor
sector and replaced by brand new components featuring the same shaping as foreseen in ITER (0.5 mm toroidal
bevel) to prepare the transition to the fully actively cooled divertor WEST phase I1. This provides the opportunity
to perform post-mortem analysis on the pre-damaged areas. Preliminary results obtained with confocal
microscopy in the middle of the damaged area are shown in figure 8. On the “pre-damaged” area, we observed
broadening of the cracks (as pointed in yellow) and further roughening. On the “healthy” area of the top surface
of the MB, we observe new and potentially deep cracks (as pointed in red) in the poloidal direction. Compared to

the “healthy” area, preckracking could reduce surfaces stresses that may accumulate due to a castellation of the



area in smaller sections (crack network pattern). Thermomechanical modelling and post-mortem analysis are
currently ongoing in different laboratories to crosscheck the experimental results in order to make proper
interpretation. Same analysis will also be perform on another and “healthy” PFU to check if the new and

potentially deep cracks are also detected.
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Figure 8: Confocal microscopy performed before (2017, top left) and after (2021, bottom left) tokamak exposure
(spatial sampling is 645 nm). The measurement area is shown on the right (X and Y are poloidal and toroidal

direction, respectively).

5. Conclusion
A robust steady state plasma scenario has been developed (P™ = 4 MW, I,= 500 kA, B = 3.7 T) in WEST to
maximize the power and energy load on the pre-damaged MBs featuring the crack network pattern. About 600 s
exposure time with significant steady state heat load on the damaged area top surface have been reached using the
same magnetic equilibrium and plasma setting. The heat load derived from standard and high spatial resolution
(VHR IR system) diagnostics exhibit large discrepancy, 2.5 MW.m or 5 MW.m™ assuming broad or narrow heat
flux decay lengths, respectively). On the micrometer scale in the crack cavity, the parallel heat flux impinging the
crack could be more intense (~60 or 120 MW.m™? assuming broad or narrow heat flux decay lengths, respectively)
because of the quasi-normal incident angle of the magnetic field lines with the exposed poloidally-running leading
edges (cracks featuring poloidal extension). Using the emissivity post-mortem measurement (0.3 mean value, with
standard deviation +0.02) and VHR IR data collected during the experiment, we estimate the temperature on top
surface of the damaged area to be 350°C (at the center of the MB) and higher near the 1 mm chamfer. Reduction
of the power dissipated through the divertor (10%) and heat load reported on the divertor target (10% as well) are
observed during the dedicated plasma exposure using the same injected power and plasma equilibrium. This is
consistent with 40° temperature reduction also observed with the VHR IR system. No surface evolution has been
observed or noticed during the dedicated plasma exposure. Preliminary post-mortem analysis shows broadening

of the pre-damaged cracks and also new cracks on the top surface of the component after the full plasma exposure



including steady state and significant number of transient heat loads due to disruptions. Further post-mortem and
thermomechanical analysis are planned to confirm this results and try to explain the mechanism involve in such

evolution.
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