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A B S T R A C T

Numerical analysis is a useful tool to investigate tungsten (W) sources and transport across plasma in W
Environment Steady state Tokamak (WEST) plasma discharges, as it highlights physical mechanisms not always
directly observable in experiments. Modelling activities were performed to study W erosion from WEST plasma-
facing components (PFCs), as well as W migration through the plasma. For the first time, it was adopted a
toroidally asymmetric wall geometry consisting of toroidally localized objects representing WEST antennas.
To simulate WEST boundary plasma, 3D non-axisymmetric SOLEDGE transport simulations were performed
with simplifying assumptions (pure deuterium plasma, a fluid model for neutrals). Results were then used as
background for ERO2.0 runs to model W migration. On the sides of the toroidally localized objects, two thin
stripes modelled WEST W antenna protections. Simulations suggest that particles eroded from the antennas
protections may dominate the core W contamination in the analysed wall configuration. The findings suggest
that these 3D non-axisymmetric models may be needed on a broader range of plasma conditions and wall
configurations to accurately model the W migration in WEST.
1. Introduction

Studying erosion and migration of high Z elements in tokamaks is
a necessary step to understand the physics in current devices so that
next generation fusion experiments can be properly designed. Tungsten
(W) is considered to be the most suitable plasma-facing component
(PFC) material for future reactors. W has already been widely tested
in tokamaks such as ASDEX Upgrade [1] and JET-ILW [2]. Some of the
Tungsten Environment Steady state Tokamak (WEST) [3] main goals
are to study the feasibility of using W in steady operations, being a
long pulse operation machine, and to test the divertor monoblocks that
will be employed for ITER. WEST operations are largely influenced by
W erosion and migration into the confined plasma, as W represents the
bulk material of the divertor monoblocks and it is the coating material
for all of the PFCs. Some of the WEST PFCs are toroidally localized
objects, as shown in Fig. 1(a). These objects are usually located close
to the hot confined plasma, and they act as limiters. WEST limiters
in plasma discharges start-up, or the radio frequency (RF) antenna
protections during plasma discharges, are severely eroded [4] and
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suspected to have a predominant impact in influencing WEST core W
content.

In previous contributions, numerical modelling was performed to
study W erosion and migration at WEST PFCs [5–7] under the assump-
tion of axisymmetric wall geometry. In this work, we introduce for
the first time numerical analyses of W erosion and migration in WEST
using 3D simulations with an asymmetric wall geometry composed of
both axisymmetric PFCs and toroidally localized objects, as shown in
Fig. 1(b).

The next section of the document is focused on the description of the
wall geometry. It follows the set-up for SOLEDGE [8] and ERO2.0 [9]
simulations, together with the discussion of the results.

2. Wall geometry model

The wall model was modified from the previous axisymmetric ver-
sion. The former axisymmetric wall had a single wide toroidal outer
limiter (i.e. an axisymmetric toroidal ring) as shown in Fig. 2. The
vailable online 12 December 2022
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Fig. 1. (a) WEST PFCs, completely made by bulk W, or coated with W (up to C4
campaign, 2019). Inner bumpers, RF antennas, and the outboard limiter are toroidally
localized objects. (b) New simplified WEST wall model, composed of axisymmetric
surfaces and toroidally localized PFCs.

Fig. 2. Previous WEST axisymmetric wall model adopted in [5,6]. The axisymmetric
limiter being the blue component. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 3. New WEST asymmetric wall model, including toroidally localized PFCs. Grey
(axisymmetric) PFCs were always considered W sources, black PFCs were never
considered W sources. Red PFCs (antenna protections) W erosion was switched on
and off to study its impact on W confined plasma contain. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

axisymmetric limiter surface was much larger than the area wet by the
plasma of antennas and the limiter in WEST experiments. Hence, the
outboard limiter was retracted by a distance of roughly 20 cm to avoid
overestimating plasma recycling and W erosion [5]. This distance was
not chosen with any particular criteria, and it was way larger than the
usual WEST distances between the confined plasma and the closer PFCs.
For instance, the antennas have a distance from the separatrix between
1 cm and 6 cm when RF power is injected [4]. Due to the artificially
2

increased distance to the main separatrix, the limiter contribution to
the overall core W content was often negligible in simulations [6].
This underlines the intricacy of studying the effects of WEST outboard
limiter and antennas using 2D axisymmetric simulations.

Improving the accuracy of the wall geometry in the simulations by
using a new non-axisymmetric wall geometry with toroidally localized
objects (see Fig. 3) was possible thanks to new SOLEDGE developments
allowing for 3D resolved simulations [10]. The new wall was consists
of four toroidally localized antennas. The four antennas were located
90◦ apart, with their distance from the separatrix of the considered
magnetic configuration being about 1.5 cm. In WEST experiments, the
distance between separatrix and the first object in the Low Field Side
(LFS) is on average roughly 3 cm, but values between 1 cm and 2 cm
are not excluded [4], so the distance considered here can be seen as a
lower limit.

The wall PFCs were classified into three different types as shown in
Fig. 3: The Axisymmetric ones (grey objects) were always considered
W sources. The ones consisting of the body of the antennas (black
objects, 10◦ wide) were never considered W sources, as they were
aimed to represent the antennas central components, which are made of
middle Z elements such as silver (Ag) and copper (Cu). Finally, the ones
consisting of the sides of antennas (red objects, 3.5◦ wide) were not
considered W sources in a first simulation and then used as W sources
in a second run to study their impact on the overall W core content. The
purpose of those PFCs was to model W antennas protections present in
WEST. All components were considered as possible W deposition areas.
No W self-erosion of these components was considered.

Due to technological limitations that will be discussed in the next
section, in this model the wall surface was either parallel or orthog-
onal to the toroidal direction. Thus, the PFCs were intersected by the
toroidal magnetic field with an azimuthal angle that could be either
0◦, as the axisymmetric components, or 90◦, as the side surfaces of
the antennas. However, the presence of the poloidal magnetic field
prevented a null intersection between the field and the wall. Due to this
limitation, the exact geometric shape of the antenna protections could
not be resolved in these simulations, and the magnetic field intersected
the sides of the antenna protections nearly orthogonally.

3. Boundary plasma modelling

Boundary plasma was modelled by SOLEDGE [8,10]. SOLEDGE is a
fluid code solving mass, momentum, and energy conservation equations
for multiple species from the edge plasma up to the first wall in
complex geometries. SOLEDGE adopts a flux-surface aligned structured
mesh in which quadrangles in the poloidal plane are extruded in
the toroidal direction. The wall geometry is imposed through mesh
immersed boundary conditions. As a consequence, the wall surfaces
cannot be tilted with respect to the toroidal direction as mentioned in
the previous section.

The simulation here described was in pure deuterium (D), turbulent
phenomena were accounted only on ‘‘large’’ tokamak scales through
diffusive processes (i.e. a transport simulation). The mean-field trans-
port coefficients for particle cross-field diffusion 𝐷⟂ and viscosity 𝜈⟂
were such that 𝐷⟂ = 𝜈⟂ = 0.3 m2∕s, and cross-field heat conductivity
for ions 𝜒 i

⟂ and electrons 𝜒e
⟂ were such that 𝜒 i

⟂ = 𝜒e
⟂ = 1 m2∕s. Drifts

were not included in the runs. The coupling between SOLEDGE and
EIRENE, accomplished in 2D simulations [8], is still in development
for 3D simulations at the time of writing of this work. Thus, neutral
physics was handled with a diffusive model in SOLEDGDE itself.

The total power entering the scrape-off layer 𝑃SOL was set to 1 MW,
the electron density 𝑛e at the core-edge interface (the simulation inner
boundary) was set to 5 × 1019 m−3. A neutral deuterium gas injection
rate (or puff) of 7 × 1020 s−1 was located in the private flux region,
and the recycling coefficient was set equal to 97% on the whole wall
surface. Hence, 3% of the flux was not recycled to mimic neutral
pumping effects with a simple proxy. The simulation domain was
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Fig. 4. 𝑇e iso-surfaces on half of a torus, including only the surfaces with 𝑇e > 0.1 [eV]. Black dots represent the axisymmetric part of the wall, white dots represent the antennas.
Fig. 5. Plasma parallel velocity field, shown from a torus poloidal cross-section. The
magnetic field enters in the figure plane, going in counterclockwise direction seeing
the tokamak from the top. Red arrows go in the same direction of the magnetic field,
blue arrows go in the counter direction. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

symmetric with respect to a quarter of a torus. The quarter of torus
toroidal discretization consisted of 32 sectors of roughly 0.05 rad each
(2.81◦).

Representative figures of the 3D simulation can be found in Figs. 4
and 5. Fig. 5 represents the parallel velocity field 𝑣∥ in a poloidal cross-
section of the torus. At the LFS, plasma flow is axisymmetric in the
magnetic field direction at the top of the machine, and flows in the
opposite direction at the bottom. The presence of toroidally localized
objects breaks the axisymmetry, with plasma flowing in opposite di-
rections at the two sides of the antenna. Despite the simplified model,
SOLEDGE results were consistent with the parameters inside WEST
operational space in L-mode [6,11,12]. Figs. 6 and 7 show electron
density 𝑛e and temperature 𝑇𝑒 at the outer midplane and divertor tar-
gets respectively in the simulation, at a toroidal angle halfway between
two antennas. 𝑛e at the outer midplane separatrix was 2.5× 1019 [m−3],
going up to 3.4 × 1019 [m−3] at the outer target due to recycling at
divertor plates. 𝑇e went from 50 [eV] at the separatrix down to 30 [eV]
at the outer target, indicating that the plasma was in conduction limited
regime. In Fig. 8 it is shown the plasma parallel velocity field at a radial
location beyond the surface of the antennas: The field lines connect 2
antennas. Therefore, to satisfy the Bohm boundary condition at both
ends of the field line, a parallel flow stagnation point is located at
3

Table 1
Average and maximum values assumed by physical quantities along the toroidal angle
𝜑 at the midplane at antenna surface radial location.

<>2𝜋 Max()2𝜋
𝑇e [eV] 31.4 31.8
𝑇i [eV] 55.2 55.8
𝑛e [1018 m−3] 6.0 7.0
𝑣∥ [104 m s−1] 0.2 2.0

Table 2
Erosion rate and confined plasma contamination computed by ERO2.0. The Antenna
protections contribute 90% of the overall W content inside the separatrix, but 85% of
the erosion comes from the rest of the PFCs.

Antenna protection Rest of PFCs

Erosion rate [s−1] 3.27 × 1019 2.54 × 1020

W ions inside separatrix [/] 9.00 × 1016 9.95 × 1015

the halfway point between the two antennas. In Fig. 9 the relative
midplane toroidal modulation at radial location of antennas surface is
shown for 𝑛e, 𝑇e, the ion temperature 𝑇i, and 𝑣∥. The relative midplane
toroidal modulation of a quantity 𝐴 at a given toroidal angle value
𝜑 is defined as 𝐴̄(𝜑) = (𝐴(𝜑) − ⟨𝐴⟩2𝜋 )∕Max(𝐴)2𝜋 , where ⟨⋯⟩2𝜋 is the
toroidal average and Max(...)2𝜋 is the maximum on the toroidal angle.
These values are reported for each physical quantity in Table 1: 𝑇i at
antennas major radius was roughly 50 [eV] and its variation along the
toroidal angle was negligible, likewise, 𝑇e modulation in the toroidal
direction was also insignificant, as visible in Fig. 4. On the other hand,
𝑣∥ strongly varied along the toroidal field, as plasma went repeatedly
from stagnant to sound speed along the magnetic lines as a result of
the Bohm condition at the antennas surfaces, as can be seen in Fig. 8.
𝑛e slightly varied along the toroidal direction as a consequence of the
plasma flow accelerating and the plasma recycling at the antennas
surface.

4. W erosion and migration modelling

W erosion and migration were modelled with ERO2.0 [9]. ERO2.0
is a code for Monte Carlo impurity tracking and surface erosion and de-
position simulation. SOLEDGE results described in Section 3 were used
as plasma background for ERO2.0 runs, with SOLEDGE and ERO2.0
simulation wall geometries being identical. Applying interpolation,
ERO2.0 would be capable of handling any wall geometry, regardless
of the one used for the plasma background. However, in these results
both SOLEDGE and ERO2.0 used the same wall geometry in order to
maintain consistency.
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Fig. 6. SOLEDGE results at the outer midplane for a toroidal angle equidistant from two consecutive antennas, showing: (a) 𝑛e, and (b) 𝑇i and 𝑇e.
Fig. 7. SOLEDGE results at divertor targets for a toroidal angle equidistant from two consecutive antennas showing: (a) 𝑛e, and (b) 𝑇i and 𝑇e.
Fig. 8. Plasma parallel velocity field beyond the antennas surface radial location.

W sputtered by D is negligible compared to sputtering by light
impurities in L-mode discharges [13]. Thus, uniform concentration
values of oxygen (O) of 3% were set in ERO2.0 simulations as a proxy
of the different light impurities usually found in WEST such as nitrogen
(N), boron (B), and carbon (C) [14]. The abundance (i.e. relative
concentration) of O ionization states from 1+ to 8+ was set to be equal
to the values found at the WEST divertor of 2D SOLEDGE simulations in
4

Fig. 9. Relative midplane toroidal modulation of plasma physical quantities as defined
in Section 3. 𝑇i and 𝑇e vary from the average along the toroidal direction for less than
5% of the maximum assumed value. The modulations are more significant for 𝑛e and
𝑣∥.

which the O distribution was computed self-consistently and compared
to experimental data [11]. Thompson distribution [15] was used for the
energy of the sputtered particles, while a butterfly-like distribution [15]
was used for the azimuthal angle of sputtered W. Turbulent transport
was modelled with random cross-field displacements equal to

√

4𝐷⟂𝛥𝑡,
where 𝛥𝑡 is the particles time-step, and 𝐷⟂ is the diffusion coefficient.
𝐷⟂ was set equal to the value used in SOLEDGE. Inside the sheath,
the electrostatic potential 𝜙 followed the Borodkina model [16]. The
Borodkina model is a simplified version of the Chodura model [17] that
allows for computing 𝜙 distribution without solving integral equations.
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Fig. 10. W density maps: (a) without considering antenna protections W erosion, and (b) considering it.
𝑛e dropped proportionally to the Boltzmann factor exp(e𝜙∕𝑇e) [18],
where e is the electron charge. Collisional forces consisted of the kinetic
formulation for both friction forces 𝐹0 and thermal forces 𝐹∇𝑇 of the
plasma background ions on the sputtered particles as described in liter-
ature [19,20]. Contamination from W self-sputtering was not included
to keep the analyses simple and linear. Outside the sheath, the electric
force was neglected, as it is typically smaller than collisional forces
for impurities. In fact, the electric force is proportional to the particles
charge, whereas collisional forces are proportional to the square of the
charge [18]. 𝐵⃗ × ∇𝐵 drifts were self-consistently computed from the
Lorentz force, as well as 𝐸⃗ × 𝐵⃗ inside the sheath.

As explained in Section 2, simulations were runs with and without
W erosion at antenna protections. Fig. 10 shows W density maps from
the two cases results: in the case without the antenna protections
erosion, the upper divertor contributed the most to W content inside
the confined plasma. While in the second case W coming from the
antenna protections dominates the contamination of the core. The
global picture of the density map changes between the two cases, with
the edge W level being roughly one order of magnitude higher in the
case including the antenna protections erosion. As self-sputtering was
not included in the simulations, the global effect of the erosion of all
the PFCs on the overall W core content was the superposition of the
effects of the erosion of the single PFCs. Therefore, the difference in
W density between simulations is purely caused by the erosion of the
antenna protections. Table 2 reports the values of the total number
of W particles found inside the separatrix coming from the antenna
protections and the rest of the PFCs. Likewise, the erosion rates of the
two groups of PFCs are also written in the table. Plasma interaction
with the axisymmetric PFCs (lower divertor, upper divertor, baffle,
tokamak ceiling) causes 85% of the erosion rate, but 90% of W particles
found in the separatrix comes from the antenna protection. This result
may overestimate the actual impact of the antenna protection in experi-
ments, as the distance from the separatrix is a lower limit. Nevertheless,
the impact of the toroidally localized objects seems to be significant.
This is in qualitative agreement with what observed experimentally on
other full-W devices [1].

5. Conclusions

WEST boundary plasma, wall erosion, and W migration were mod-
elled in a toroidally asymmetric wall geometry by including toroidally
localized objects. SOLEDGE 3D simulations were carried out to re-
produce plasma main species (D and e) conditions, using a simple
5

fluid model for neutrals and diffusive processes as a proxy for tur-
bulent transport. ERO2.0 simulations were run to model W erosion
and migration, adopting a 3% O uniform concentration to account for
W sputtering by light impurities. Simulations were repeated with and
without accounting for W erosion at antenna protections. The impact
of the antenna protections on the overall W content inside the separa-
trix in the considered configuration suggests that taking into account
toroidally localized objects may be necessary to accurately simulate
boundary phenomena and impurity physics in WEST discharges. Results
encourage further modelling adopting 3D toroidally asymmetric walls,
scanning antennas distance from the separatrix, and analysing different
plasma regimes and scenarios.
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