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Abstract

First simulations of tungsten migration in WEST are performed with the
SolEdge2D-EIRENE and ERO2.0 codes to support experimental investiga-
tions on the erosion of plasma-facing components and plasma impurity con-
tent. The impact of varying the background density on i) the amount of tung-
sten penetrating the confined plasma, ii) the promptly redeposited fraction,
and iii) the erosion and deposition patterns on the wall is investigated under
the working assumptions of a simplified toroidally symmetric wall contour,
typical L-mode values of the transport coefficients, and deuterium plasma
with a 1% oxygen content. The lower divertor is found to be the main zone
of net tungsten erosion and deposition. This pattern is reduced at high
background density due to the higher promptly redeposited fraction.
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1 Introduction: tungsten migration in WEST

The plasma-facing components (PFCs) of tokamaks undergo severe particle
bombardment by ions and neutrals: atoms can be eroded from the surface
by momentum transfer (physical sputtering) or by forming chemical bonds
with the projectiles (chemical sputtering, chemical erosion) [1]; eroded atoms
enter the plasma, get ionized, start gyrating along magnetic field lines and
undergo collisions (transport); impurities eventually reach back to the wall
where they can be deposited as well as erode other atoms (redeposition). The
ensemble of these three phenomena, called material migration, represents a
severe issue for both lifetime and performance of the PFCs, due to material
loss, degradation of thermo-mechanical properties and enhanced fuel reten-
tion in redeposited layers, as well as for the performance of the reactor as the
plasma core is polluted by impurities which dilute the fuel mixture and cool
the plasma through radiative losses, which are stronger for elements with a
high atomic number Z. In particular, the assessment of tungsten (W) mi-
gration is mandatory due to its Z = 74 and in view of the extensive use of
this material in future machines like ITER (divertor [2]) and DEMO (diver-
tor [3] and first wall [4]). An ideal test bed is the WEST experiment [5], a
new full-W tokamak capable of long pulse operations, whose main PFCs are
sketched in the poloidal cut in figure 1.

Figure 1: WEST wall contour (black solid line) with the most relevant plasma
facing components, domain of the SolEdge2D-EIRENE simulation (green
area), inner boundary (blue dotted line) and separatrix (red dashed line).
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A number of dedicated W migration experiments are ongoing in WEST,
which is equipped with visible and VUV spectroscopy, removable W sam-
ples for post-mortem analysis, erosion markers and a collector probe. All
these diagnostics require the support of numerical modeling of the impurity
transport for the interpretation of the experimental data. For this reason we
carried out the very first simulations of W migration in WEST, by modeling
the plasma background with SolEdge2D-EIRENE [6, 7], as shown in section
2, and the tracking of eroded W particles with ERO2.0 [8], as presented in
section 3. Conclusions and future work are then discussed in section 4. This
work fits in the broader context of W migration modeling studies, following
previous investigations in DIII-D [9, 10, 11], AUG [12, 13] and JET [14, 15].

2 Modeling of plasma background: SolEdge2D-

EIRENE

The 2D multi-fluid plasma solver SolEdge2D [6], coupled with the kinetic
Monte Carlo neutral code EIRENE [7], is used to model the WEST plasma
background and calculate quantities needed for modeling impurity migration:
density n, electron temperature Te, ion temperature Ti and parallel velocity u.
In the absence of impurities, quasineutrality (ne = ni = n) and ambipolarity
(ue = ui = u) are enforced. The simulation domain, indicated by the colored
area in figure 1, consists of a 2D poloidal cross section of the device and
extends from an inner boundary (blue dotted line), located at the edge of
the confined region ' 5 cm inside the separatrix (red dashed line), to the
WEST wall contour (black solid line). The SolEdge2D-EIRENE (S2DE in
the following) mesh is based on the magnetic equilibrium of plasma discharge
#53711, part of the first experiment dedicated to the characterization of
W sources in WEST [16]. In such equilibrium, referred to as close X-point
configuration, the distance between the X-point and the lower divertor target
is of ' 3 cm. It is known that position, magnitude and shape of the top of
the plasma are affected by an uncertainty that is hard to quantify at the
time of writing: therefore, the plasma background in the upper divertor
region, as well as the corresponding erosion patterns discussed in section 3,
represent a potential source of error for this study. The main hypotheses for
the presented S2DE runs are: pure deuterium (D) plasma; input power at
the inner boundary Pin = 1.3 MW; outer midplane separatrix density nomp =
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5 × 1018 m−3 and 1 × 1019 m−3, respectively named low and high density
in the following; typical L-mode transport coefficients, constant across the
whole simulation domain, for particle D = 1 m2s−1, electron and ion energy
χe = χi = 2 m2s−1 and momentum ν = 1 m2s−1; and recycling coefficient
at the full-W wall R = 0.99. Despite the multi-fluid capabilities of S2DE,
impurities are not modeled in these simulations as currently a single plasma
background ion species is accepted as input by ERO2.0. Accounting for
differences in the spatial distribution of density and temperature between
the main ion and impurity ions is a crucial aspect that will be addressed in
future publications. The contribution of W to radiative losses is accounted
for by subtracting the core radiated power from the heating power when
setting the value of Pin.

The results in terms of plasma background profiles along the outer midplane
are presented in figure 2 for both low and high density case, indicated by the
blue and red lines respectively. The prescribed density values at the outer
midplane separatrix are achieved through a feedback on the divertor gas puff
(figure 2.a). The high density case exhibits colder ions throughout the whole
scrape-off layer (SOL)(figure 2.c), whereas Te coincides with the low density
case except for the first cm outside the separatrix (figure 2.b). The decay
lengths of ne, Te, Ti are in the centimetric range, which is consistent with
experimental observations of L-mode plasmas.
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Figure 2: Background plasma profiles of a) density, b) electron temperature
and c) ion temperature along the outer midplane from SolEdge2D-EIRENE
runs at low (blue lines) and high density (red lines). Separatrix (black dashed
line) and LHCD antenna (black solid line) radial positions.

The corresponding profiles along the wall contour are presented in figure 3.
In the low density case, the peaking of the wall density (2− 3× 1018 m−3) is
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localized at lower divertor, baffle tip and upper divertor (blue line in figure
3.a). The peaking at the same locations increases by a factor ' 3.5, ' 2.5
and ' 2.4 respectively for the high density case (red line in figure 3.a). The
wall Te, profile, which for the low density simulation peaks at ' 70 eV in the
lower divertor, is also basically unchanged besides a ' 10 eV reduction of the
maximum value in the high density case (figure 3.b). A stronger effect of the
midplane density is observed on Ti, which in the high density case drops by
' 28 eV, ' 22 eV and ' 32 eV at lower divertor, baffle and upper divertor
respectively compared to the low density case (figure 3.c). The wall incident
particle flux (figure 3.d), also peaks at the divertor targets and baffle tip,
with a maximum value of Γinc ' 5× 1021 m−2s−1 and ' 1022 m−2s−1 at low
and high density respectively. The high Te and Ti values at the wall are due
to the very small radiated power in the absence of impurities, Prad ' 13 kW
and 37 kW for the low and high density case respectively.
Moreover, the fact that background quantities at the upper divertor have
comparable values to the lower divertor and baffle ones could be an artifact
due to the magnetic equilibrium reconstruction issues mentioned above. If
the simulated plasma is closer to the upper divertor than in the experiment,
the sharing of particle and energy flux between the two divertors could vary
and with it the density and temperature profiles along these components.
This could potentially impact the local erosion/deposition fluxes and there-
fore the global migration pattern. For all these reasons, the presented plasma
backgrounds have to be regarded as test cases, not necessarily representative
of the actual experimental conditions. Future work will benefit from better
diagnostics coverage: for instance, a reciprocating Langmuir probe at the top
of the machine will help identifying the separatrix position.

3 Modeling of tungsten migration: ERO2.0

The plasma backgrounds from S2DE presented in section 2 are used as input
for the 3D Monte Carlo code ERO2.0 [8] which models erosion patterns and
tracks eroded particles across the entire plasma volume, with full ion gyro-
motion resolution and accounting for all ionization states. For this very first
application of ERO2.0 to WEST, the simulation domain is obtained from
a simple 360◦ rotation of the S2DE one. Therefore, a full-W, low detail,
toroidally symmetric wall is adopted. This approximation could lead to an
overestimation of the W source related to the LHCD antenna (figure 1 on
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Figure 3: Background plasma profiles of a) density, b) electron tempera-
ture, c) ion temperature and d) particle flux along the wall contour from
SolEdge2D-EIRENE runs at low (blues lines) and high density (red lines).
Gray-shaded areas with labels indicate the location of the different PFCs.

the right), that in reality has a toroidal extension limited to ' 30◦. For
this reason, in both S2DE and ERO2.0 simulations, the antenna is retracted
with respect to its actual position in the experiment, increasing its distance
from the outer midplane separatrix to ' 15 cm. This is a strong working
assumption as, in experimental scenarios with a wide SOL and small gap be-
tween the antenna and the separatrix, this component could in principle be
the main W source. The other main assumptions for the presented ERO2.0
runs are: erosion due only to physical sputtering; trace approximation for the
eroded W particles; constant transport coefficient DW = 1 m2s−1; collision-
less magnetic sheath; reflection yields from SDTrimSP; ion incidence energy
Einc = 2Ti + 3ZTe; mean ion incidence angle = 60◦ [17], according to analyt-
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ical calculations [18] and particle-in-cell simulations [19] for divertor plasma
conditions and grazing magnetic field angles; sputtering yields from TRIM
[1] fitted with the corrected Eckstein formula [20]; and Thomson energy dis-
tribution and cosine angle distribution for eroded particles. Other species
can be treated by ERO2.0, but all with the same temperature as the main
ion and with a spatially constant concentration: within this framework, we
assume a 1% oxygen (O) content in the S2DE background D plasma. A flat
plasma background is assumed for the core by extrapolating the value at the
inner boundary of the S2DE domain.

The first ERO2.0 results we present are the poloidal maps of the total W
density nW (sum of all ionization states) for the low and high background
density cases, shown in figure 4. In both simulations the peaking of nW is
localized near divertors, baffle and VDE protection. In the low density case
(figure 4.a), the region where nW > 1014 m−3 extends further away from
the lower divertor beyond the X-point and from the upper divertor along the
high field side SOL due to the longer ionization mean free path. The analysis
of the trajectories shows that 35% of W particles are promptly redeposited,
44% locally redeposited and 21% undergo long range displacements. By
integrating nW over the simulated plasma volume, one gets a total number of
W particles NW = 1.04× 1015. The penetration of W in the confined plasma
can be quantified as the fraction of the total number of W particles found in
the edge region (between the separatrix and the simulation inner boundary),
N edge

W /NW = 23%. In the high density case (figure 4.b), the total amount
of W is ' 1.8 times lower (NW = 5.87 × 1014), the poloidal distribution is
similar but with a lower edge penetration (N edge

W /NW = 14%). These results
are consistent with the shorter trajectories of W particles (67% of prompt
redeposition, 27% of local redeposition and 6% of long range displacements)
due to the first ionization event happening closer to the erosion location in
the denser plasma [21].
The balance between the W gross erosion, deposition and net flux along
the wall contour is represented in figures 5.a and 5.b for the low and high
density cases respectively. In both simulations the W gross erosion flux Γero

W

(red line) is of the order of 1019 m−2s−1, dominated by O (not shown) and
localized mainly at the lower divertor, followed by the upper divertor and
the baffle. The W deposition flux Γdep

W (green line) shows similar amplitude
and pattern, consistently with the high fraction of promptly plus locally
redeposited particles (79% for the low density simulation and 94% for the
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Figure 4: Maps of total tungsten density (sum of all ionization states) from
ERO2.0 runs at a) low and b) high background density (1% oxygen assumed).

high density one). As a consequence, the peaking of the net W flux Γnet
W is

one order of magnitude smaller than the peaking of Γero
W and Γdep

W . In the high
density case, the peaking of Γero

W and Γdep
W is ' 2.5 times higher compared to

the low density case despite the lower Ti (figure 3.c), in virtue of the higher
incident particle flux (3.d).
By zooming on the lower divertor region, for the low density case (figure 5.c)
it is possible to detect a clear pattern in Γnet

W (blue line): two net erosion zones
are observed in the immediate vicinity of the magnetic strike lines, indicated
by the vertical dashed black lines. These are surrounded by three deposition
zones corresponding to the private flux region and inner and outer common
flux regions. Such pattern is more pronounced for the outer divertor target,
where Γero

W is ' 30% higher than at the inner divertor target due to the higher
incident particle flux. These features are less obvious for the high density
case (3.d) in which Γnet

W is smaller despite the higher Γero
W and Γdep

W . Such
difference depends on the above mentioned promptly redeposited fraction of
W particles (35% for the low density case, 67% for the high density one),
allowing more local W migration in the lower divertor of the low density
simulation than in the high density one. Following the approach proposed
in [22], the promptly redeposited fraction observed in the presented ERO2.0
simulations is found to be in qualitative agreement with the estimate of the
Fussman model [23] which, on the basis of a purely geometrical description,
predicts ' 20% for the low density case and ' 75% for the high density one.
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Figure 5: Tungsten gross erosion (red line), deposition (green line) and net
flux (blu line) along the wall contour from ERO2.0 runs at a) low and b) high
background density (1% oxygen assumed); c) and d) zoom on lower divertor.
Vertical dashed black lines indicate the strike points position.

4 Conclusion and future work

In this contribution we showcased a first application of the modeling capabil-
ities of SolEdge2D-EIRENE and ERO2.0 used in tandem to estimate W mi-
gration in a typical WEST discharge from the first year of operation. Due to
the present scarcity of experimental data to constrain the simulations, strong
working assumptions were made on input power, transport coefficients and
impurity content. SolEdge2D-EIRENE pure-deuterium simulations with two
different values of the outer midplane separatrix density (5 × 1018 m−3 and
1×1019 m−3) provided two sets of plasma background quantities. These were
used as input for ERO2.0 under the hypothesis of a spatially constant 1%
concentration of O having the same temperature as D. ERO2.0 simulations
highlighted lower and upper divertor, baffle and VDE protection as zones
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of W gross erosion/deposition with fluxes of the order of ' 1019 m−2s−1.
Increasing the background density enhanced the prompt redeposition of W
(from 35% to 67%) and consequently reduced the total number of W par-
ticles in the simulation domain (from 1.04 × 1015 to 5.87 × 1014) as well as
the penetration of W in the confined region (from 23% to 14%). In partic-
ular, the lower divertor was found to be a region of net erosion/deposition
with the strike lines identified as net erosion zones and surrounded by net
deposition zones in both private and common flux region. Such pattern is
less pronounced at higher background density as the local redeposition of W
drops (from 44% to 27%) in favour of the prompt one. Future developments
of this work include: the employment of experimentally constrained plasma
backgrounds; a full-detail, toroidally asymmetric wall contour; accounting
for asymmetries in the poloidal distribution of light impurities; and close
comparison with estimates of W gross erosion flux from visible spectroscopy.
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